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Abstract

To meet the strict targets of the Paris Agreement and Flightpath 2050, the aerospace sector is
transitioning toward electric propulsion. While Permanent Magnet Synchronous Motors are widely
used due to their high efficiency and power density [1], they face challenges related to cooling and
magnet demagnetization, motivating the need to re-evaluate machine topologies. In this study,
an outer-rotor Flux Switching Permanent Magnet (FSPM) machine is developed, which involves
designing the machine with mechanical constraints derived from utilizing the Hacker Q150 motor
components. In addition, electrical constraints such as a maximum DC supply voltage limit of 100
V and a phase RMS current limit of 80 A arising from the existing experimental test setup are
also included. These constraints enable the performance enhancement of the machine under study
through the geometric optimization of the magnetic circuit. The parametrically developed 2D
base model was analyzed for electromagnetic performance characteristics through magnetostatic
and transient analyses. Three optimization approaches, Parametric Sweep Optimization, Direct
Optimization, and Meta-Model-Based Optimization, are implemented and compared to find opti-
mal tradeoffs between average torque, efficiency, and torque ripple. The chosen design is validated
through 3D finite element analysis to account for end-winding effects and axial flux leakage. Finally,
the chosen design is translated into a manufacturable prototype, involving mechanical assembly
development and technical drawing preparation. In addition, a structured failure mode analysis
is conducted through a technical workshop to identify potential risks across electromagnetic, me-
chanical, and manufacturing domains, ensuring robustness and practical reliability of the proposed
design with the help of a 3D-printed functional mock-up. The results show that a constraint-driven
optimization approach enables the realization of a high-performance FSPM machine while main-
taining practical feasibility and highlights the effectiveness of advanced optimization methodologies
for highly coupled electromagnetic systems.
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Introduction 1

1 Introduction

The global climate crisis has reached a pivotal juncture. The average temperature around the
world exceeded 1.48°C for a short time in 2024 and 2025, which was very close to the 1.5°C limit
set by international treaties. The increase in global mean temperature over the last century shown
in Figure 1, is an accelerating trend that puts the stability of planetary ecosystems at risk. A
total of 196 parties signed the legally binding Paris Agreement in 2015 at the Conference of the
Parties (COP 21) to halt this trend. The agreement established a global framework to keep the
rise in global average temperature well below 2°C above pre-industrial levels, while also pursuing
efforts to limit it to 1.5°C [2]. All industries are under pressure to reduce carbon emissions, yet the
transportation sector remains a major contributor to global warming. The Cragoson 2024 report [3]
states that the global transportation sector emitted 8.4 gigatons of COs equivalent, representing
15.9% of total global emissions. The aviation industry accounts for 2% of total global emissions,
corresponding to approximately 1 gigaton of COs emissions per year. Commercial aviation is
responsible for around 90% of these emissions [4], [5].

-
o

o

Global Temperature Anomaly (°C)

-1
1850 1875 1900 1925 1950 1975 2000 2025

Time in years

Figure 1: Global land and ocean temperature anomaly over time [6]

However, focusing solely on CO, significantly underestimates aviation’s total climate impact. Un-
like ground transport, aircraft emit pollutants in the upper troposphere and lower stratosphere.
These non-CO2 emissions including nitrogen oxides, soot, and water vapor trigger the formation
of persistent contrails and cirrus clouds that trap terrestrial radiation. Recent studies by the Eu-
ropean Union Aviation Safety Agency (EASA) indicate that these non-COy effects account for
approximately 66% of aviation’s total effective radiative forcing [7]. Consequently, the industry’s
contribution to global warming is roughly three times higher than suggested by its CO emissions
alone. In response to these escalating environmental pressures, the European aviation sector has
established rigorous technical performance goals. Issued by the European Commission, the “Flight-
path 2050” vision provides the specific engineering mandates required to align aviation with the
Paris Agreement. These goals are significantly more technical than the Paris Agreement, setting
strict environmental targets.
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The key objectives of Flightpath 2050 regarding environmental protection and energy supply
area [8].

1. In 2050 technologies and procedures available allow a 75% reduction in COy emissions per
passenger kilometer to support the ATAG target and a 90% reduction in NO, emissions.
The perceived noise emission of flying aircraft is reduced by 65%. These are relative to the
capabilities of typical new aircraft in 2000.

2. Aircraft movements are emission-free when taxiing.
3. Air vehicles are designed and manufactured to be recyclable.

4. Europe is established as a center of excellence on sustainable alternative fuels, including those
for aviation, based on a strong European energy policy.

5. Europe is at the forefront of atmospheric research and takes the lead in the formulation of a
prioritized environmental action plan and establishment of global environmental standards.

Meeting the Flightpath 2050 targets, specifically the 90% reduction in NOx and emission-free taxi-
ing, is difficult with the current gas turbine technology. Even with the introduction of Sustainable
Aviation Fuels (SAF), combustion engines continue to emit NOx and contrail-forming particles.
The industry needs to look beyond thermodynamic improvements and fuel blends to reach true
climate neutrality and meet the strict standards of Flightpath 2050. A suitable solution to this
problem is to completely change how planes are powered and make them electric.

Conventional propulsion systems currently used in aviation are reaching their thermodynamic
limits, with annual efficiency improvements typically in the range of 1 to 2% [9]. Meanwhile,
the aviation sector is projected to emit approximately 21.2 gigatons of COy between 2021 and
2050 under a business-as-usual scenario, which must be mitigated to achieve net zero targets [10].
Achieving this magnitude of reduction is not viable without a fundamental shift in propulsion
technologies. ICE systems have been the mainstay of aviation for decades, but they have had a
significant impact on the environment. In contrast, electric propulsion offers a paradigm shift in
energy conversion. Electric motors typically operate at 90 to 95% efficiency, a stark contrast to the
maximum 25 to 40% efficiency of various ICE architectures. This technology is already ubiquitous
in other sectors; in fact, electric motor systems account for approximately 53% of the world’s total
electricity consumption [11]. Figure 2 illustrates typical applications of electric motors across these
industries. In the heavy industrial and marine sectors, pioneers in electric machine manufacturing
have already achieved efficiencies as high as 99.5% for large synchronous motors [12].

| Global Electric Motor Applications |

1. -{E?ns;:tﬁﬁ;m Mi-n Tg%;?;lg [ 3. Fluid Mgnagement ] [ 4. Curisumer ] 5. EI'I;:?[UV
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Figure 2: Global applications of electric motors across sectors

Beyond efficiency, electric motors offer distinct operational advantages for flight. Unlike air-
breathing ICEs, electric motors do not require oxygen to produce torque and provide consistent
power regardless of altitude or air density, enabling more efficient flight paths at higher altitudes.
Electric powertrains are significantly quieter, a critical factor for the acceptance of Urban Air
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Mobility (UAM) and reduced noise pollution. Moreover, an electric motor has vastly fewer mov-
ing parts than a piston or turbine engine, reducing maintenance complexity and cost. Crucially,
electric motors produce zero CO45, NO,, or particulates during operation, directly addressing the
non-CQOs climate effects.

Globally the automotive industry has served as a proving ground for this transition, successfully
adapting electric motors to create hybrid and battery electric vehicles (BEVs). The maturity of
these technologies provides a foundation for aviation, although the requirements differ largely in
scale and reliability.

1.1 Electrification

An electric motor is a device that converts electrical energy into mechanical energy with high
reliability and limited critical parts. The classification of common electrical drives is illustrated
in the Figure 3. While the automotive industry currently utilizes motors in the power range of
several hundred kilowatts with specific power densities of 1 to 3 kW /kg [3], aviation imposes far
stricter requirements. According to NASA’s research on electrified propulsion, the specific power
of electric machines must be drastically increased to make electric flight viable. To enable electric
flight, high power densities are required to offset the significant weight penalty of energy storage
systems [13]. NASA has identified that for single-aisle commercial transport, electric motors must
achieve specific powers greater than 13 kW /kg with efficiencies exceeding 96% while operating at
the megawatt (MW) power level [13].
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Figure 3: Classification of common electric motor topologies adopted from [1]

Among various motor topologies used in the automotive industry, primarily Induction Machines
(IM), Permanent Magnet Synchronous Machines (PMSM), and Switched Reluctance Machines
(SRM), the PMSMs have emerged as the dominant choice for high-performance applications [1],
[14]. PMSMs are favored for aviation due to their superior power density, high efficiency, and
compatibility with modern low-cost electronic control strategies. Within the PMSM category, two
primary control and construction variants exist.

In control variants, Brushless DC motors are characterized by a trapezoidal back electromotive
force (EMF) and driven by rectangular current waveforms. While they allow for simpler control
and lower-cost position sensing, they suffer from higher torque ripple. Brushless AC motors have
a sinusoidal back EMF and are powered by sinusoidal currents. These need very precise position
sensors like resolvers and comparatively complicated vector control strategies, but they provide
torque smoothly with little ripple, which makes them ideal for aviation propulsion. In terms of
mechanical construction, PMSMs are grouped by where the magnets are placed. The magnets on
Surface Permanent Magnet (SPM) motors are on the rotor’s surface and face the air gap. At higher
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speeds, such rotor design can have trouble holding onto magnets, which often means adding non-
magnetic bandage that makes the air gap bigger. Interior Permanent Magnet (IPM) motors have
magnets embedded into the rotor laminations. No retaining bandage is required which makes these
motors suitable for high-speed operation. Furthermore, due to increased saliency, flux weakening
can be utilized to increase the speed range.

Despite the advantages of PMSMs, significant challenges remain regarding thermal management
and materials used. Unlike the stator, which is stationary and can be cooled via liquid jackets or
housing fins, the rotor is isolated. Heat generated in the rotor due to eddy currents and core losses
must be evacuated through the shaft or bearings, a passive process that poses a risk of overheating.
Excessive heat is particularly dangerous for Neodymium-Iron-Boron (NdFeB) magnets, which are
the industry standard for high power density. Manufacturers add dysprosium (Dy) to the magnet
alloy to keep it from becoming permanently demagnetized at higher temperatures. Adding more
dysprosium raises the thermal limit, but it also makes the product much more expensive. The
supply chain for these rare earth elements is also full of political tensions and environmental issues.
The mining of neodymium and dysprosium is associated with environmental pollution. As shown
in Figure 4, the volatility in raw material costs presents a strategic risk for the widespread scaling
of electric aviation motors.
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Figure 4: Price evolution of neodymium and dysprosium over the last decade [15]

1.2 Emergence of Stator-Permanent-Magnet Motors

To mitigate the reliance on expensive, heavy rare earth elements like dysprosium and to minimize
the risk of thermal demagnetization, new electric machine topologies utilizing stator-mounted mag-
nets have emerged. By relocating the excitation source from the rotating rotor to the stationary
stator, these designs address the critical thermal limitations of conventional PMSMs. This arrange-
ment enables easier cooling of the magnets via housing cooling jackets and allows for a simple, ro-
bust, and low-cost salient pole rotor, while retaining the high-power density of permanent magnets.
The foundational study establishing this concept was published in 1955 by S.E. Rauch and L.J.
Johnson. Their work introduced the “Flux-Switching Alternator,”
machine where the magnetic flux was modulated by a robust, non-excited rotor, while both the

a high-frequency, single-phase

magnets and armature windings remained stationary on the stator [16]. This topology laid the
groundwork for modern Flux-Switching Machines (FSM).

Working Principle of FSM

The principle of operation of flux switching machines is different from the permanent magnet
synchronous machines with rotor magnets. The FSM has a unique stator-excited configuration,
which is different from traditional synchronous machines, where the excitation source rotates. The
stator holds both the armature windings and the permanent magnets. The rotor in the FSM
machine carries no magnets or excitation windings as in the SRM design; this design combines the
advantages of both SRM and PMSM machines.

The basic idea depends on the flux switching mechanism, which changes the path of the magnetic
flux made by the stationary magnets when the salient rotor poles rotate. The stator in a con-
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ventional FSM consists of U-shaped modular cores with permanent magnets sandwiched between
them. Crucially, these magnets are magnetized circumferentially in alternating directions, which
creates a flux-focusing effect. The arrangement concentrates the magnetic flux from two adjacent
magnets into a single stator tooth, resulting in an air-gap flux density that exceeds the remanence
of the magnets themselves. The generation of back-EMF and the torque is driven by the reversal of
flux linkage polarity in the armature windings as the rotor moves. This process is best understood
by analyzing the magnetic flux path at four distinct rotor positions over one electrical period, as
illustrated in Figure 5.
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Figure 5: Illustration of the flux-switching principle

In the initial position A, a rotor pole is perfectly aligned with one of the stator teeth belonging
to a U-shaped core. The magnetic flux generated by the adjacent permanent magnets is guided
through the stator tooth, across the air gap into the rotor pole, and loops back into the adjacent
stator unit. At that instant, the flux linkage in the armature coil wound around the stator tooth
reaches its maximum positive flux linkage value as shown in the flux linkage versus rotor position
plot in Figure 5 . As the rotation continues, the rotor pole moves away from the alignment with
the stator tooth and enters the slot region between teeth as in position B. In this intermediate
position, the magnetic circuit essentially short circuits or balances such that the net flux passing
through the armature coil drops to zero. This point corresponds to the zero crossing of the flux
linkage waveform. As the rotor rotates in the same direction, it aligns with the adjacent pole of
the same U-shaped stator tooth as in position C. Since the magnet is alternatively polarized
on this side, the flux achieves a peak in the opposite direction. Consequently, the flux linkage
reaches its maximum negative value. Finally, the rotor moves past the stator pole and come in
alignment with the magnet as in position D, and the flux linkage returns to zero before the cycle
repeats. This continuous switching of flux polarity from positive to negative produces a bipolar flux
linkage waveform. This is a critical distinction from the unipolar flux linkage found in conventional
switched reluctance machines. Z. Q. Zhu et al. [17] studied that this bipolar capability allows the
FSPM to utilize the full magnetic cycle, resulting in a sinusoidal back-EMF waveform.

Furthermore, the frequency of this flux switching is high; the electrical frequency (f) is proportional
to the number of rotor poles (p) and the mechanical speed (N) in rpm, where (p) is equivalent to
number of pole-pairs (P):

_ PN
f="% (1)
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This relationship implies that FSPM machines operate at twice the electrical frequency than con-
ventional machines for the same mechanical speed, necessitating careful consideration of iron losses
in the stator laminations. However, the stationary location of the magnets offers a decisive thermal
advantage; heat generated by the magnets due to eddy currents can be easily evacuated through the
stator housing, preventing the risk of thermal demagnetization that plagues conventional interior
permanent magnet (IPM) rotors.

1.3 Evolution of Flux Switching Machines

This section presents the evolution of FSMs, highlighting the key topologies and design improve-
ments developed over time to enhance performance, torque density, and efficiency.

Doubly Salient Permanent Magnet (DSPM) Machines

In 1995, Y. Liao et al. [18] first introduced the DSPM machine built with the magnets placed
in the stator yoke as shown in Figure 6, enabling high-speed capability of the rotors. The flux
linkage in the coil is unipolar, and the motor operates on the flux switching principle. The rotor is
a simple stack of laminated steel with no active components. As the rotor rotates, its poles align
and unalign with the stator poles, modulating the flux path. The magnet arrangement allowed the
concentration of flux into the air gap, resulting in high air-gap flux density. The interaction between
the rotor and stator produces a trapezoidal back EMF. Consequently, the motor is electrically
similar to a square wave BLDC motor and can be driven using 6-step commutation strategies.

WINDING COIL

SHAFT
MAGNET

ROTOR

STATOR

Figure 6: 2D cross-section of the DSPM machine [1§]

Torque is produced primarily through the interaction of the stator current and the permanent
magnet flux, rather than pure reluctance torque. This allows for a linear relationship between
torque and current. Their study concluded that the DSPM machine achieved a higher torque-
to-volume ratio than an equivalent induction motor. The prototype in their study offered high
efficiency due to the use of high-energy magnets and the absence of rotor losses, as there are no
rotor windings. The motor exhibits a high torque-to-current ratio and a low inertia, making it
highly responsive for dynamic applications.

Flux Reversal Permanent Magnet (FRM) Machines

To address the unipolar flux linkage in the stator coils limiting the use of magnetic material and
the high cogging torque of the DSPM machine. R. P. Deodhar et al. in 1997 [19] proposed FRM
with a change in the magnet placement. The FRM machine retained the advantages of the DSPM
machine such as robust rotor, high-speed capability, but the core innovation was the placement of
the magnets. Instead of placing the magnets in the stator yoke, the magnets were placed on the
stator tooth tips, creating a flux reversal mechanism that produces a bipolar flux linkage in this
study. The FRM machine is also a doubly salient machine where the stator tooth tip carries 2
alternating pole magnets, e.g., a north pole on the right half and a south pole on the left half, as
shown in Figure 7.
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Figure 7: 2D cross-section of the FRM machine [19]

The rotor is a simple, robust stack of laminated steel with no windings or magnets, similar to
an SRM machine. As the rotor pole rotates past a stator tooth, the magnetic flux linking the
stator coil reverses polarity. When the rotor pole aligns with the north magnet, flux flows in one
direction, and as it moves to align with the south magnet on the same tooth, the flux direction
reverses. This natural reversal creates a bipolar variation of the flux linkage with rotor position,
which is ideal for generating AC back EMF. This allows the FRM to be driven with AC drives or
brushless DC controllers without the need for the specialized unipolar converters often required by
SRM or early DSPM machines.

Their study concluded that sinusoidal bipolar flux linkage reduced the inductance variation com-
pared to the DSPM machine. This leads to lower torque ripple and better compatibility with
standard AC drive electronics. The phase inductance, being low and constant, improved the power
factor and allowed for fast current control response. Like SRM machines, the phase windings are
electrically isolated, offering good fault tolerance. Though this topology offers advantages over the
DSPM machine, the placement of magnets on the tooth surface increases the risk of mechanical
damage if the rotor were to rub against the stator. A significant amount of flux leaks between
the adjacent magnets on the stator tooth without crossing the air gap to the rotor. This short-
circuiting of flux reduces the effective torque density compared to the DSPM, where the magnets
are in the yoke. Although better than DSPM, the FRM still exhibits notable cogging torque due
to the slotting effect and the strong interaction between the surface magnets and rotor saliency.

Flux Switching Permanent Magnet (FSPM) Machines

While the foundational principles of flux switching were established in 1955, the topology remained
largely impractical for high-performance industrial applications due to its single-phase nature and
the limitations of early magnetic materials. The modern evolution of this machine, capable of
competing with IPM machines, is bracketed by two seminal contributions: the introduction of the
polyphase topology by Hoang et al. in 1997 [20] and the rigorous electromagnetic characterization
and modeling by Z. Q. Zhu et al. in 2005 [21]. The 2D cross section of FSPM machines from
Hoang’s design and Z. Q. Zhu's design are shown in Figures 8 (left) and (right), respectively.

Hoang et al. introduced a novel stator structure that departed from the conventional distributed
windings of AC induction motors. Their design featured a stator composed of elementary ‘U-
shaped’ magnetic cores. The critical innovation was the placement of the permanent magnets.
Instead of placing the magnets on the surface as in FRMs, Hoang et al. sandwiched the magnets
between the U-shaped stator segments. This arrangement allowed two adjacent magnets to drive
flux into a single stator tooth increasing the air-gap flux density. This study detailed the bipolar
flux linkage principle in a polyphase context and distinguished the FSPM from the unipolar DSPM
machine, theoretically allowing for a higher torque capability for the same volume of iron and
copper. Z. Q. Zhu et al. presented a comprehensive analysis of the FSPM machine, validating its
electromagnetic performance using a nonlinear adaptive lumped parameter magnetic circuit model.
The study demonstrated that the FSPM topology achieves significantly higher torque density
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Figure 8: 2D cross-section of the FSPM machines - Hoang et al. design[20] (left) and Z. Q. Zhu
et al. design [21] (right)

than conventional SPM machines [22] due to the flux focusing effect. Furthermore, the research
confirmed that unlike other doubly salient machines, the FSPM produces an essentially sinusoidal
back-EMF waveform and negligible cogging torque when the rotor pole width is optimized. The
analysis also highlighted the machine’s relatively high winding inductance, though it limits the
rate of current rise, the study concluded it is highly advantageous for flux-weakening operation,
enabling the machine to maintain constant power over wide speed range significantly beyond the
base speed.

These three machines namely, DSPM, FRM and FSPM primarily differ in the magnets placement
within the stator, which critically influences their electromagnetic performance. While all three
machines share a salient rotor structure and concentrated windings, their torque production capa-
bility and flux interaction mechanisms vary. A comparative evaluation [23| shows that the FSPM
machine exhibits the highest air-gap torque for the given machine volume among others, making
it suitable for high torque density applications.

Multi-tooth Flux Switching Machines

Following the development of conventional FSPM machines, structural modifications are performed
to enhance the torque density and to minimize the cogging torque. A significant advancement is
the multi-tooth FSPM topology by Chen et al. in 2008 [24]. In the multi-tooth topology, a complex
stator structure is introduced where each stator pole is split into multiple smaller teeth as shown in
Figure 9. Their study focused on increasing the frequency of flux variation without increasing the
mechanical speed, which allowed for an investigation of studies on 2, 4, and 6 teeth per stator pole.
A significant 30% improvement in output torque was achieved in a design that used 4 teeth per
pole compared to a conventional 12-slot/2-tooth-per-pole FSPM machine. Further studies involved
reducing the permanent magnet usage while optimizing the stator core structure to enhance torque
density.
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Figure 9: 2D cross-section of multi-tooth FSPM machine [24]



Introduction 9

E-core and C-core Flux Switching Machines

E-core and C-core FSPM topologies were studied by Chen et al. [25], [26], which addressed the
constraints of slot area and permanent magnet volume as shown in Figure 10 (left) and (right),
respectively. These topologies were designed with significantly enlarged slot openings with wider
slots to accommodate more armature winding, thereby increasing the electric loading capability.
Also, these structures utilize only half the volume of permanent magnets compared to the con-
ventional U-core design. The C-core topology was shown to achieve a torque density comparable
to or higher than conventional designs, primarily due to the increased slot area compensating for
the reduced magnet volume. Also, the E-core FSPM structure separates the phases physically
and magnetically, which makes it easier to handle faults [27]. The alternate wound tooth struc-
ture makes the phases’ self-inductance much higher while lowering the mutual inductance between
them. This high self-inductance helps keep short-circuit currents low, which makes the machine
naturally fault tolerant.
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Figure 10: 2D cross-section of an E-core FSPM machine [25](left) and a C-core FSPM machine
[26](right)

II-shaped and V-shaped Flux Switching Machines

While cost reduction can be achieved by minimizing permanent magnet volume within E-core
and C-core topologies, researchers Fei et al. [28] and Y. J. Zhou et al. [29] studied II-shaped
and V-shaped magnet arrangement in FSPM respectively, which increase the magnet volume to
increase the flux focusing effect. Fei et al. study involved a 6-slot, 10-pole topology where, unlike
conventional designs with single magnets, two parallel magnet pieces are embedded in each stator
pole as shown in Figure 11 (left). With this configuration, a higher winding fill factor, higher
torque density, and lower copper mass were achieved compared to a conventional 12-slot/10-pole
structure.
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Figure 11: 2D cross-section of FSPM machine with II-shaped magnet arrangement (left) and
V-shaped magnet arrangement [29] (right)

Building on this concept, Y. J. Zhou et al. proposed the V-shaped topology in their study in 2013
as shown in Figure 11 (right). Instead of simple parallel placement, this design inclines the two
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magnet, pieces within each stator tooth to form a V-shape. This study found that this V-shaped
arrangement significantly enhances the flux focusing effect, concentrating more flux into the air
gap than parallel or single magnet designs leading to a 13.8% increase in output torque compared
to the II-shaped arrangement.

Outer-Rotor Flux Switching Machines

While most FSPM topologies initially focused on inner rotor configurations, the specific require-
ments of in-wheel electric vehicle drives, namely high torque density and direct mechanical integra-
tion with the wheel, prompted the development of outer-rotor topologies. Weizhong Fei et al. [30]
proposed a novel outer-rotor 12-slot, 22-pole FSPM machine built for light traction. This design
features a stationary inner stator with the armature windings and permanent magnets surrounded
by a robust passive outer rotor as shown in Figure 12. In this study, analytical sizing equations
were derived and validated through finite element analysis (FEA), demonstrating that this outer-
rotor configuration achieves higher torque density than comparable inner-rotor counterparts. A
key finding was the machine’s robust flux weakening capability. The research also highlighted
that the 22-pole rotor was optimal for minimizing the cogging torque while maximizing back EMF
symmetry.
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Figure 12: 2D cross-section of an outer-rotor FSPM machine [30]

Furthermore, in a subsequential study published in 2014 [31], the authors used frozen permeability
method to rigorously decompose and analyses the machine’s torque production. This study iden-
tifies that cogging torque is the dominant component of torque ripple in this topology rather than
the interaction between armature and PM fields. Their analysis explicitly showed that magnetic
saturation in the stator iron bridges significantly affects the inductance profiles and back EMF
waveforms, leading to nonlinear torque behaviors under load. By comparing the results of 2D and
3D finite element analyses, the authors found that end effects reduce the average torque due to
axial flux leakage.
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Figure 13: Outer-rotor FSPM machine with V-shaped magnet arrangement [32]
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Further research on the outer-rotor topology by X. Zhu [32] led to the development of a V-shaped
arrangement of magnets combining the advantages of the outer rotor with the superior flux focusing
capabilities of V-shaped magnets as shown in Figure 13. The study conducted a multi-objective
optimization where the initial design was established using analytical sizing equations in computing
the electromagnetic performance. It is followed by sensitivity analysis, which is used to identify
the most significant design parameters affecting torque and efficiency. Less influential variables
were filtered ut using this process, thereby reducing the computational burden for subsequent
optimization. The final level of this study involved multi-objective optimization, where a response
surface methodology (RSM) combined with a genetic algorithm was used to find the optimal
tradeoff between maximizing average torque while minimizing torque ripple. The findings from
this study demonstrated that the optimized OR-VFSPM could achieve a significant reduction in
cogging torque and torque ripple without compromising the high torque density inherent to the
V-shaped magnet configuration.

1.4 Research Gap and Problem Statement

Research on FSPM Machines has largely concentrated on enhancing electromagnetic characteris-
tics through topological alterations, including multi-tooth stators, V-shaped magnet configurations,
and using different stator cores structures. Simultaneously, numerous investigations have exam-
ined the optimization of FSPM machines employing analytical techniques [33], parametric design
optimizations [34], and metaheuristic algorithms like genetic algorithms [35], and response sur-
face methods [36]. These studies primarily seek to improve torque density, efficiency, and torque
ripple profiles through the systematic adjustment of geometric parameters and multi-objective
optimization strategies [37]. Although these methodologies have yielded significant performance
enhancements, they are formulated under idealized design scenarios characterized by considerable
geometric flexibility, with comparatively limited consideration given to practical constraints such
as mechanical integration, manufacturability and experimental validation. Although analytical
sizing methods provide an initial framework for machine design, they are limited in capturing the
highly nonlinear electromagnetic behavior inherent to doubly salient FSPM topologies. Effects
such as localized magnetic saturation, complex flux paths, and torque ripple depend on geomet-
ric interactions requiring FEA-based optimization strategies to improve the prediction accuracy.
However, FEA-based studies on such machines have limited focus on electromagnetic performance
optimization with practical boundary conditions. Also in particular, only limited studies investi-
gate the comparative effectiveness of different optimization approaches under constrained design
spaces.

Research focused on electromagnetic optimization of an FSPM topology with electrical and ther-
mal constraints are limited. In practical applications, considering the existing experimental test
setup supply capabilities, the allowable electrical loading is restricted. In this thesis study, the
current density is limited to 5 A/mm2 to ensure thermal stability and prevent excessive copper
losses and overheating during operation. Alongside this, the system is constrained by a DC voltage
supply below 100 V and phase RMS current below 80 A, derived from the test bench available at
Hybrid Electric Propulsion Cottbus (HepCO). These constraints significantly limit the ability to
increase torque through electrical loading, thereby shifting the design challenge toward maximizing
performance through geometric optimization of the magnetic circuit rather than increasing exci-
tation. In addition to electrical constraints, the mechanical design is bounded by the requirement
to integrate with components derived from the commercially available outer-runner Hacker Q150
motor. This imposes fixed constraints on the stator inner diameter and active stack length. The
current density limit and adaptation of the Hacker Q150 geometry were defined through discussions
with M.Eng. Enrico Teichert. Hence, this work adopts a constraint driven design approach, where
the optimization will be performed with predefined mechanical and electrical boundaries. Conse-
quently, the design space is significantly reduced, and the interaction between geometric variables
becomes highly coupled.
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Due to this strong parameter coupling, traditional one variable at a time optimization approach are
inadequate for identifying optimal solutions. Key design parameters including stator pole arc, rotor
pole arc, magnet arc and yoke dimensions, influence each other in a non-linear manner. There-
fore, a multi-objective optimization framework is required to simultaneously maximize average
torque and efficiency while minimizing torque ripple within the imposed electrical and mechanical
constraints. Although multi-objective optimization techniques such as Pareto-based evolutionary
algorithms (EAs) are widely reported in the literature, there remains limited understanding of
their comparative effectiveness when integrated with FEA under realistic constraints.

To address these limitations, this thesis is structured as a sequence of interrelated steps. The study
begins with a detailed review of flux-switching machines, focusing on their operating principles
and sizing approaches. Subsequently, an automated simulation framework is developed to enable
efficient parametric modeling and optimization. Based on this framework, the FSPM machine is
designed and sized using the reference geometry of the Hacker Q150 motor, with the objective
of maximizing torque and efficiency while minimizing torque ripple under the defined constraints.
This study integrates FEA with multiple optimization approaches, including Parametric Sweep
Optimization, Direct Optimization, and Meta-Model-Based Optimization, within a constrained
design space. In addition, a comparative evaluation of two-dimensional and three-dimensional FEA
is carried out. The work further extends toward practical realization through the development of
a manufacturable CAD model and preparation of technical drawings. A prototype mock-up is also
considered to evaluate manufacturability, assembly challenges, and potential failure modes.

The selection of the FSPM topology and the use of optimization strategies were initially suggested
by M.Eng. Enrico Teichert, during early discussions. The incorporation of Failure Mode and Effects
Analysis (FMEA) was later proposed by Dr.-Ing. Stefan Kazula, leading to the workshop presented
in this thesis. While these suggestions guided the research direction, all detailed implementation,
analysis and development were carried out independently by the author.

1.5 Thesis Outline

This thesis work is split into eight chapters, including the Introduction and Literature Review. A
brief overview of the remaining chapters is provided below:

e Chapter 2: Develops the analytical foundation for the base model. The machine geometry
is derived using established sizing equations, and a fully parameterized geometric model is
developed for further optimization.

e Chapter 3: Describes the implementation and analysis of the machine in ANSYS Maxwell.
Both magnetostatic and transient analyses are conducted to evaluate performance, including
torque and inductance characteristics.

e Chapter 4: Presents the core contribution of the thesis by applying and comparing multiple
optimization strategies.

e Chapter 5: Extends from improved 2D design to 3D model to evaluate end effects, axial
flux leakage, and overall performance.

e Chapter 6: The optimized electromagnetic design is translated into a manufacturable proto-
type. This includes mechanical assembly design, integration with existing motor components,
and preparation of technical drawings.

e Chapter 7: Addresses FMEA and includes a technical workshop to identify and discuss
potential failure modes across electromagnetic, mechanical, and manufacturing domains.

e Chapter 8: Concludes the thesis and outlines directions for future work as an extension of
the current study.
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2 Machine Sizing

This chapter deals with analytically sizing the 2D base model geometry for the outer-rotor FSPM
following the geometric relations in [30] by Weizhong Fei et al. Though [38] was the first study
published by Weizhong Fei et al. on the outer-rotor FSPM topology, the design in this study was
based on an analytical approach to address the electromagnetic design issues with no experimental
validation. Whereas in [30], the authors conducted experiments on the prototype machine and
found reasonable agreements with the predicted results from FEA. This confirmed the machine’s
suitability for the proposed application, owing to its relatively high efficiency and flux-weakening
capability over the operational speed range. The analytical sizing equations based on [30] are
derived to determine the main design parameters of the base model for this thesis study.

2.1 Slot and Pole Configuration

The FSPM machine is distinguished from conventional topologies by housing all active excitation
sources on the stator. In this thesis study, the baseline design developed has each stator pole
constructed from two laminated iron teeth that sandwich a rectangular permanent magnet similar
to the configuration proposed in [30]. However, small iron bridges are incorporated at the radial
ends of the magnets slot to enable manufacturing of the stator as a single integrated piece. These
stator poles are circumscribed by fractional slot concentrated armature windings. This design
choice was established following discussions between the author and M.Eng. Enrico Teichert.
The selection of stator and rotor pole combinations is subject to electromagnetic constraints to
ensure balanced multi-phase operation. According to [30], the number of stator slots Ny must be
a multiple of the number of phases m. Furthermore, Ny must be an even integer to accommodate
the alternating face-to-face magnetization polarities of the PMs in adjacent stator poles. For any
three-phase machine (m = 3), the stator pole count is inherently restricted to multiples of six. For
an outer-rotor FSPM topology, the feasible number of rotor poles N, is dictated by the relationship

from [30],

N, = %’ (2)

where n is a positive integer that is not a multiple of three. It is preferable that N, remains
an even number. An even rotor pole count guarantees a symmetrical spatial distribution of the
flux density in the air gap, which nullifies the resultant radial magnetic forces. From a mechanical
standpoint, avoiding unbalanced magnetic pull is crucial. If left unaddressed, this imbalance causes
asymmetric bearing loads, increases acoustic noise, and degrades the machine’s structural integrity.
Driven by these dual electrical and mechanical requirements and based on the study results from
[30], a 12-slots/14-poles configuration is adopted for this study, following discussion between the
author and M.Eng. Enrico Teichert.

2.2 Mechanical Constraints and Boundary Dimensions

The dimensional sizing of the baseline machine is bounded by the physical constraints of the
Hacker Q150 motor. Mechanical integration requirements defined the baseline dimensions, locking
the shaft diameter at 100 mm and restricting the active stack length to 25 mm.
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Although the preliminary sizing equation (3) from [30] yielded an optimal outer-rotor diameter
of 188 mm, this dimension had to be adjusted for the experimental test setup. Specifically, the
machine must be mounted with a horizontal shaft axis during testing. To prevent any physical
interface between the rotating housing and the stationary testbed surface, the absolute maximum
permissible oute-rotor diameter is capped to 186 mm as it guarantees safe operational testing.

2.3 Geometric Parameterization and Dimensionless Ratios

Establishing a robust 2D geometric model is a prerequisite for systematically evaluating the elec-
tromagnetic performance and executing subsequent parametric optimizations. Utilizing a fully
parametric approach defined by fundamental angular pitches, specific component arcs, and di-
mensionless ratios allows the machine’s geometry to scale proportionally during the iterative FEA
sweeps. This mathematical framework prevents simulation boundary violations such as overlap-
ping geometry or the generation of non-physical structural dimensions. Figure 14 shows the base
model design with geometric parameters.
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Figure 14: Geometric parameters and dimensionless ratios in the 2D base model

2.3.1 Fundamental Angular Pitches

Fundamental angular pitches reflect the structural repetition of the machine, which is inherently
dictated by the fixed number of stator and rotor poles. The fundamental pitches define the exact
angular sectors required to capture one complete, repeating unit of the active magnetic circuit.
The stator pole pitch ag is mathematically defined as the full circumference divided by the total
number of stator slots Ny, expressed by,

360°
ag = .
S N.

(4)

For the selected design utilizing 12 stator poles, the fundamental stator pitch is 30°. This 30°
angular sector marks the strict spatial footprint for one complete stator section. Physically, a
single stator pole pitch encapsulates one complete stator pole assembly comprising two separate
laminated iron teeth and one sandwiched permanent magnet alongside one adjacent armature
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winding slot. This pitch serves as the master spatial boundary for all subsequent stator-side
geometric parameter deviations.

The rotor pole pitch ag is determined by dividing the total circumference by the chosen number
of rotor poles V;, expressed by,

~360°
-

QR (5)
For the established 14-rotor-pole configuration, this parameter equates to ~25.7°. This angle
governs the spatial period of the rotor’s geometric saliency. A complete rotor pitch encompasses
exactly one salient rotor iron tooth and one adjacent open rotor slot. The dimension of the rotor
pole pitch directly dictates the fundamental electrical frequency of the induced back-EMF during
the flux-switching process.

2.3.2 Component Arc Dimensions and Geometric Deviation

To formulate a balanced initial baseline geometry, the 30° fundamental stator pole pitch is analyt-
ically divided between its active solid components and the open winding slot. A critical geometric
distinction is maintained between the individual stator tooth arc 85 and the total stator pole arc
Bs. The total stator pole arc represents the entirety of the solid magnetic material situated on the
stator per pitch, which is the combination of the two iron teeth and the central magnet. It can be
calculated by,

Bs = 265 + Brm. (6)

The spatial equation governing the entirety of one complete stator pitch requires the summation
of its physical parts which includes two individual stator teeth, one permanent magnet, and one
slot, given by,

2085 + Bpm + Bsior = O (7)

For this initial outer-rotor design, the individual stator tooth arc s, the permanent magnet arc
Bpm, and the rotor tooth arc fg are intentionally constrained to be exactly one-third of the
total stator pole arc fBg, as followed in [30]. This initialization maximizes the available area for
the armature windings while maintaining symmetric magnetic flux paths. This mathematical
constraint is expressed as,

ﬁs:ﬂPMzﬁR:%:37VS~

(8)

Solving equations (7) and (8), the individual component arcs for the baseline design are sized as
shown in Table 1.

Table 1: Component arc dimensions of the 2D base model

Component Arc Angle

Bs 5°
BpMm 5°
Br 5°
Bslot 15°

This specific geometric derivation analytically verifies that the 30° stator pole pitch is split with
symmetry into exactly 15° of core material with solid magnets and 15° of open winding slot area.
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2.3.3 Linear Widths and Trigonometric Projections

To transition from angular arcs to finalized 2D structural cross-section ready for automated multi-
objective optimization, the angular dimensions are converted into explicit physical linear widths.
The linear stator tooth width STW is the physical width of a single stator pole, derived via a direct
trigonometric projection. The mathematical formulation is given by,

STW = OSDsin (%) . (9)

The explicit thickness of the rectangular permanent magnet Mt utilizes the identical trigonometric
projection logic applied to the magnet’s designated arc, given by,

My = OSDsin (51;“4) . (10)

Unlike the stator components, the physical width of the salient rotor pole RTW is calculated
directly at the inner diameter of the outer rotor, given by,

RTW = IRD sin (%‘) . (11)

2.3.4 Dimensionless Optimization Coefficients and Yoke Sizing

To finalize the geometric parameterization of the machine, specific dimensionless optimization
coefficients such as vg and yg are defined. These coefficients establish proportional sizing for the
stator and rotor yokes directly from the calculated linear component widths. The stator yoke
thickness ratio coefficient g dictates the proportional sizing of the stator yoke. It is initialized at a
baseline value of 1/3. The physical dimension of the stator yoke width is defined as a mathematical
fraction of the linear stator tooth width, given by the expression:

SYW = vsSTW. (12)

This specific fraction of 0.333 ensures the stator back iron provides the necessary magnetic return
capacity to prevent severe saturation, without unnecessarily increasing the static core mass of the
machine.

The rotor yoke thickness ratio g parameter defines the proportional sizing of the active rotor
yoke. Instead of scaling the rotor tooth, the rotor yoke thickness ratio scales the rotor yoke width
directly from the computed stator yoke dimensions, adhering to relations from [30]. The coefficient
is initialized at a fixed multiplier of 1.5. The exact physical dimension of the rotor yoke width is
defined mathematically as,

RYW = 7RSYW. (13)

Maintaining this 1.5 multiplicative ratio over the stator yoke width serves a dual engineering pur-
pose in an outer-rotor topology. It absorbs vibrations in the rotor while simultaneously providing
a robust magnetic flux return path.

2.4 Phase Winding Resistance Calculation

To compute the copper losses and the efficiency of the machine, the phase resistance must be
calculated using the physical dimensions of the phase winding during optimization. The analytical
model first determines the Mean Length of a Turn MLT, by evaluating the physical arc length of
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the end windings. MLT is calculated by finding the mean coil pitch angle fpitch, geometric mean
radius Rpyean and the effective coil overhang diameter S. Figure 15 shows the graphical cut section
of the base model representing the winding parameters used for calculating the phase resistance of
the windings.

WINDING
COIL CENTRE

epltch

ROTOR

STATOR

Figure 15: Visual representation of winding parameters

The mean coil pitch angle fpi¢cn is determined by,

Opitch = L‘FBS. (14)
2
The geometric mean radius Ryean is determined by,
Sai IBD _ AG — hso) — (542 4 SYW
Riean = ( ;“ +SYW) + 5 802) (%% )- (15)
The effective coil overhang diameter S is,
T
= Iimean o i c17> . 1
S=R ( Piteh 180 (16)
The Mean Length of a Turn (MLT) is,
MLT = 2Lactive + 7S. (17)

With the MLT determined, the framework computes the final electrical phase resistance by ac-
counting for the thermal conditions. The temperature-dependent copper resistivity pcy, is adjusted
for specific ambient T, and operational temperature rise T}isc and calculated as,

PCu = P20 [1 + a2O(Tamb + Trise - 20)] . (18)

The electrical resistance of a single concentrated coil R.qy is,

npcuMLT

Regyg = — 100722
coll = A naStrands

(19)

The total equivalent phase resistance Rphase calculated from the individual coil resistance is,

Ng 1
Rphase = <m) Reoin (]\72}1> : (20)
pp
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Based on the geometrical constraints and sizing ratios established in this chapter, the total available
winding area per slot for the base 2D model is computed to be 106.5 mm?. By selecting an
appropriate combination of wire diameter, number of parallel paths, number of turns, and number
of strands to achieve a fill factor close to 50%, the design results in 10 turns with 2 parallel
strands. The bare conductor diameter of SWG 15 is 1.829 mm, which increases to 1.9025 mm
with insulation, resulting in an effective fill factor of approximately 53%. Assuming an ambient
temperature of 40°C and an operational temperature rise of 60°C, the resulting phase resistance

is calculated to be approximately 21.6 m) for the 2D base model design.

A summary of the Machine Sizing design parameter values are shown in Tables 2 & 3.

Table 2: Base model design parameters - mechanical and geometrical

Parameter Value Parameter Value
as 30° IRD 145 mm
aR ~25.7° ORD 180 mm
Bs 15° Lactive 25mm
Brm 5° My ~6.3 mm
Bs 5° My ~20.7 mm
Br 5° SYW ~6.3 mm
Bslot 15° STW ~6.3 mm
s 1/3 STH ~18.8 mm
TR 0.5 RYW ~9.4mm
Sdia 100 mm RTW ~6.3 mm
OSD 144 mm RTH ~8.1mm
AG 0.5 mm

Table 3: Base model design parameters - electrical

Parameter Value
No. of Phases (m) 3
No. of Stator Poles (Ny) 12
No. of Rotor Poles (N;) 14
No. of Coil Turns (n) 10
No. of strands (Strands) 2
Parallel paths Number (Nppn) 1
Winding Slot Fill Factor ~53%
Current Density (Jmax) 5 A/mm?
Rated Speed (V) 2500 rpm
DC Voltage Limit (Vpc) 100 V

Phase RMS current Limit (Iphase,rms) 80A
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3 2D Electromagnetic Modeling and Analysis

Engineering problems involving complex geometries and non-linear materials rarely possess ac-
curate analytical solutions, as the analytical methods rely on simplified mathematical models.
Experimental methods are helpful but are often cost-intensive to utilize at the initial design stage,
particularly when testing multiple design iterations or materials is required. One suitable solution
is to use numerical methods, which address the limitations of analytical and experimental methods.
Numerical methods provide approximate yet highly accurate solutions by breaking down contin-
uous physical domains into discrete computable segments. There are several different numerical
methods that are prevalently used, each suited to a specific physical phenomenon. The Finite
Difference Method (FDM) is one of the oldest numerical methods, most suitable for solving differ-
ential equations by approximating derivatives with finite differences over structured grids [39]. The
Finite Volume Method (FVM) is suitable for solving problems involving fluids and is used largely
in fluid dynamics [40]. This method calculates the flux of the conserved quantities across the
boundaries of small control volumes. The Boundary Element Method (BEM) simplifies calculation
by discretizing only the boundary of the domain rather than discretizing the entire domain [41].
This advantage makes this BEM method highly efficient for infinite space problems like acoustics.
The Method of Moments (MOM) is predominantly used in high-frequency electromagnetics for
analyzing wire antennas and scattering problems [42].

Finite Element Method (FEM) is the most predominant industry standard for designing electric
machines [43]. Electric motors have complex structures, featuring different stator slot geometries,
narrow air gaps, and highly non-linear magnetic materials like electrical steel lamination used in the
stator and rotor core. With the help of FEM, these geometric complexities can be handled through
adaptive meshing and accurately computes magnetic saturation, eddy currents, and localized flux
densities.

3.1 Governing Maxwell Equations

In electromagnetic design, the core behavior of a motor is universally governed by Maxwell’s
equations [44]. These four fundamental equations describe how electric and magnetic fields are
generated and undergo change under each other’s influence as well as by the charges and currents.
The complete set in differential form are as follows:

Gauss’s Law for Electricity
V.-D =p, (21)

where

D = E. (22)

This law states that the electric flux through a surface depends on the enclosed charge. In other
words, it relates the electric displacement field D to the free charge density p. The electric field
displacement is further defined by the relation (22), where e represents permittivity of the material
and E represents electric field intensity.
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Gauss’s Law for Magnetism

V-B=0 (23)

This law dictates that there are no magnetic monopoles; that is, the divergence of the magnetic
flux density B is always 0. In other words, magnetic field lines never begin or end, they always
form loops.

Faraday’s Law of Electromagnetic Induction

0B

(24)

It describes the fundamental principle of voltage generation. It mathematically tells how a time-
varying magnetic field %—1? creates an electromotive force or an electric field E. In other words,
changing magnetic fields create an electric field (induced voltage).

Ampere Maxwell Law

oD
H=J+ — 2
V x +8t (25)

This law relates magnetic field intensity H to the electric current density J and the time-varying
electric field %—[t’. In other words, electric currents and changing electric fields generate magnetic
fields.

For standard electric machines operating at low frequencies, the displacement current term is
negligible compared to the conduction current. Therefore, the equation simplifies to the quasistatic
form given as,

VxH=J. (26)

From the equation V - B = 0, the magnetic flux density B has 0 divergence. A vector field with 0
divergence can be expressed as the curl of another vector field. Therefore, B can be represented
in terms of the magnetic vector potential A, which can be expressed as,

B=VxA. (27)

Assuming an isotropic material, the constitutive relation between B and H is

H-vB- 1B, (28)
"

In electrical steel, the magnetic permeability p is highly nonlinear and depends on the magnetic
flux density B.

Substituting the relations B = V x A and H = vB into the simplified equation (26) yields,

Vx (vVxA)=1J. (29)
An equivalent form is,
1
V x (VxA) =J. (30)
I

This partial differential equation forms the basis of magnetostatic finite element formulations.
FEM takes this continuous differential equation and solves it by discretizing the motor’s geometry.



2D FElectromagnetic Modeling and Analysis 21

Deconstructing the Finite Element Method

The finite element method functions by transforming a continuous physical problem into a larger
system of algebraic equations that a computer can solve. The process begins with discretization,
commonly known as meshing. The entire geometry of the motor, including the stator, rotor, coil
windings, magnets and the surrounding air, is divided into small simple geometric shapes called
finite elements, which are typically triangles in 2D or tetrahedra in 3D. Once the meshing is done,
the continuous magnetic vector potential A within any single element is approximated using the
shape functions, N;(z,y). These interpolation polynomials define how the field varies between the
discrete nodes of the element. Rather than calculating an infinite number of points, the solver only
determines the values at the nodes. The potential at any point within an element is the sum of
the nodal values weighted by their respective shape functions.

n

i=1

The important feature of this method lies in the stiffness matrix created. For each separate
element, a local matrix is formed based on the material properties and the shape functions. These
local matrices are systematically assembled into a massive global stiffness matrix representing the
entire machine. By applying boundary conditions, the solver evaluates the global system of linear
equations.

[KJ{A} = {F}. (32)

In this system, [K] is the global stiffness matrix or reluctance matrix, { A} is the column vector of
unknown magnetic potentials at every node, and {F} represents the source vector containing the
excitation from currents or permanent magnets.

3.2 Motor Control Methods

After constructing the 2D base model design, an external circuit representing a controller with an
inverter involving a specialized control scheme is required to run the designed machine. The choice
of control method heavily depends on the motor type and the machine’s dynamic requirements.

The 6-step control method is the industry standard for trapezoidal Brushless Direct Current
(BLDC) drives. It is not a continuous but a discrete process where the inverter steps through
six specific switching intervals per electrical revolution. Based on the feedback from three Hall
effect sensors placed inside the machine, only two of the three motor phases are energized at any
given time. This creates a rotating magnetic field in 60-degree increments, pulling the rotor along.
While simple and effective for applications like fans and pumps, the commutation transitions cause
noticeable torque ripple.

Field-oriented control (FOC) adopts a different mathematical approach and is primarily used for
PMSM drives. Controlling three distinct, continuously varying AC currents is not easy as com-
pared to the 6-step BLDC control. In FOC, this is simplified by transforming the stationary
three-phase system into a rotating two-coordinate system, effectively making the AC motor be-
have mathematically like a separately excited DC motor where flux and torque can be controlled
independently. This decoupling relies on two crucial mathematical transformations, namely the
Clarke and the Park transforms. The Clarke transform takes the three-phase stationary reference
frame currents and projects them onto a two-axis orthogonal stationary reference frame denoted
by « and (. Figure 16 shows all three reference axes.

Assuming a balanced system where I, + I, + I. = 0, the matrix equation expressing « and f3
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C

Figure 16: Current, voltage, and rotor flux space vectors in all three reference frames [45]

currents is given by,

1 -1
I 2 Uy 3| [
{“]_ Il . (33)
Iﬁ 3 \/g _\/g I
0 5 — 1t

Next, the Park transform takes these stationary a and S components and projects them onto a
reference frame spinning in synchronization with the rotor at the electrical angle 8. This defines
the direct d and the quadrature ¢ axes currents given by,

[Id} cosf sin@ {] ] (34)
— o, 34
I —sinf cos@| LIs

The peak phase current and voltage values from the d-q reference frame can be obtained as,

Ipeak =\ Ig + I(?v (35)
Vpea = 1/ V2 + V2. (36)

Similarly, the d and g axis currents in terms of phase RMS current can be expressed as,

Iy = V/2Ims cos 3, (37)

Iq = \/ijrms sin 6 (38)

In steady state, the sinusoidal AC currents appear as flat DC values in this d-q frame. The d-
q equivalent electromagnetic torque 7., flux linkages and voltages of the machine can then be
expressed as,

3
T, = SP(Anly + (La — Ly)1a1,), (39)

T2
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For a surface-mounted PMSM where L4 ~ L, the reluctance torque term disappears, and torque
becomes directly proportional to the g-axis current. The control algorithm forces the d-axis current
to zero (I; = 0) to avoid wasting energy against the permanent magnets, directing all current
into the g-axis to maximize the torque production which is purely electromagnetic. In this case,
Equation (39) becomes,

3

T. = 5PAuly.

= (42)
Since the back-EMF waveform of FSM is sinusoidal [21], the FOC control algorithm can be used
to run the machine designed in this thesis.

3.3 PWM Switching Techniques

Modern inverters act as the bridge between a DC power source and the AC motor, using the Pulse
Width Modulation (PWM) to synthesize the sinusoidal voltages. Like different control methods
exist, there are also many switching methods for inverter operation.

In sine PWM (SPWM), a high-frequency triangular carrier wave is continuously compared against
a fundamental sinusoidal reference wave. When the sine wave is higher than the triangular wave,
the upper switch of an inverter leg turns on, supplying the motor phase with positive voltage.
When the sine wave is lower than the triangular wave, the upper switch turns off and the bottom
switch turns on, supplying the motor phase with negative voltage. Figure 17 shows the typical sine
PWM switching operation with carrier wave, sinusoidal reference wave, and the generated PWM
pulse.

AMPLITUDE

TRIANGULAR SIGNAL

TIME
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ﬂ_l:‘ == B BASIC COMPONENT
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Figure 17: Sinusoidal PWM using triangular carrier and reference signal [46]
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Space Vector PWM (SVPWM) is a more advanced approach. Instead of treating three motor
phases separately, SVPWM treats the inverter as a single cohesive unit. The three-phase voltages
are transformed into a single rotating space vector V4 on the complex plane using the following
mathematical relationship:

Vs =

[N )

(Va+%~ej2%+%-ej%) (43)

Vector Q1 Q2 Q3
U1
U2
U3
U4
U5

/ U6
@ = Sector number Us | ‘6
' u7

_ O = O O O = =
— o O O = = = O
_ O = = = O o O

Figure 18: Space vector diagram of SVPWM U8
showing voltage vectors and sector
division [47]

Table 4: SVPWM switching states

This equation generates a hexagon with eight possible switching states, as shown in Figure 18,
comprising six active vectors (U1, U2, U3, U4, U5, U6) and two zero vectors (U7, U8). Table 4
shows the 8 possible switching states across three phases. By calculating the precise time durations
to dwell on adjacent active vectors and zero vectors, SVPWM constructs a smoothly rotating
reference voltage vector U,es. This method is preferred in modern drives because it utilizes DC bus
voltage more efficiently than SPWM and inherently reduces harmonic distortion.

3.4 Methodology Justification: Sizing Versus Control Dynamics

It is essential to define the parameters separating the electromagnetic machine design from the
dynamic control simulation, while recognizing that both domains inherently influence each other
in a complete drive system. Sophisticated control strategies like FOC and SVPWM are mandatory
for assessing the transient response, and drive cycle efficiency of the finished system, however,
they introduce computational overhead. Simulating thousands of high-frequencies PWM switching
events requires tiny time steps in finite element software.

The primary objective of this thesis study was the fundamental electromagnetic sizing of the ma-
chine. Sizing dictates the physical geometry required to deliver a specific nominal torque at a
specific base speed. The torque density, magnetic saturation levels, and air-gap flux characteristics
depend on the machine’s geometry and the fundamental electrical currents, which are described
by the d-q equations. Therefore, introducing high-frequency inverter switching circuits during the
purely geometric sizing phase offers limited additional insight into the machine’s absolute torque
capability while exponentially increasing simulation times. By utilizing an ideal sinusoidal current
source in ANSYS Maxwell to lock the machine into its rated torque-speed operating point, the
fundamental electromagnetic parameters were isolated and improved. This approach ensures a
mathematically rigorous sizing process, providing an optimized physical machine that can accom-
modate advanced control methods like FOC in subsequent development stages.

The foundational finite element 2D base model of outer-rotor FSPM machine for this thesis study is
defined within the ANSYS Maxwell 2D. This finite element study is split into two computational
stages, the first stage involves net inductance computation using magnetostatic solver and the
second stage is the transient analysis using transient solver.
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3.5 Geometry Setup and Magnetostatic Inductance Computation

The first stage involves magnetostatic simulation, where the core physical and electrical parameters
of the machine are established. The process starts with the geometric construction of all fundamen-
tal machine components, including the inner stator, the outer rotor, the permanent magnets, and
the coil windings based on the analytical sizing from chapter 2. Figure 19 shows the constructed
2D geometry in the Maxwell environment.
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Figure 19: 2D base model geometry built in ANSYS Maxwell 2D

Following the geometry creation using boolean operations in the Maxwell environment, specific
electromagnetic materials are assigned to each respective component, as defined in the Table 5,
to accurately model their permeability and saturation characteristics. The B-H and J-H curves
corresponding to Vacodym 633HR magnets used for this study are shown in Appendix A. After
the completion of the material assignment, an electromagnetic boundary circle is drawn with its
radius 5 mm larger than the outer-rotor diameter, where the magnetic vector potential (A = 0) is
assigned. This boundary is created to prevent the solver from computing magnetic fields outside
this boundary. This Dirichlet boundary condition effectively contains the magnetic flux within the
required boundary.

Table 5: Material specifications of motor components

Component Material

Stator & Rotor Vacoflux 48 (0.1 mm)
Magnets Vacodym 633HR (150°C)
Windings Electrical-grade Copper

The coil windings in 2D geometry are chosen and assigned with current excitations, where both the
current direction and the required number of turns are defined. A crucial computational advantage
provided by ANSYS Maxwell is its ability to simplify complex coil geometries. If a coil winding
physically consists of n turns and m strands, it is not required to draw every individual conductor
cross section. Instead, a simple rectangular or trapezoidal cross section can be modeled inside the
slots, depending on whether the corresponding stator pole geometry is rectangular or trapezoidal.
The base 2D model in this study utilizes a trapezoidal geometry for copper windings. The winding
pattern for the design is shown in Figure 20.
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Figure 20: Winding pattern generated for the base model using ANSYS Motor-CAD

After the current excitations are assigned to every coil winding, a matrix parameter is created to
group the respective coils into three phases, namely Phase A, Phase B, and Phase C, which is
helpful in calculating the inductance profiles of individual phases. Then, the outer rotor is selected
individually, and a torque parameter is assigned to it. This specific parameter assignment is needed
for measuring the static torque generated by the rotor during the magnetostatic computation.

Before starting the analysis, the created 2D geometry needs to be meshed with finite elements. In
order to capture the flux density at the air gap, a non-model object in the form of a circle is drawn
exactly at the center of the air gap. Two air-gap bands with different radii are drawn in the shape
of a hollow cylinder within the air gap as shown in detailed view in Figure 19. These bands are
chosen, and a mesh element size of 0.5 mm is assigned; the line drawn to capture the air-gap flux
density is assigned with an element size of 0.2 mm.

Aspect ratio is defined as the ratio of maximum edge length to the minimum edge length in a mesh
element.

Maximum Edge Length

Aspect Ratio = (44)

Minimum Edge Length
For a triangular mesh element, maintaining an aspect ratio close to 1 enables the mesh element to
form an equilateral triangle. Higher aspect ratios would result in stretched, skewed, or flattened
mesh elements that make it difficult to achieve an accurate mathematical interpolation across the
element’s volume, leading to inaccurate results. An aspect ratio of 3 is applied to every part,
including the vacuum, inside the magnetic vector potential boundary. Finite element analyses
have been conducted by keeping an aspect ratio of 1 and 3; it was found that by keeping the aspect
ratio as 3, the difference in results between when the aspect ratio is kept as 1 is less than 0.5%,
but this helps in reducing the computation time. The meshed 2D cross section of the base model
is shown in Figure 21.

The main objective of this step is to extract air-gap flux density, specifically the radial flux density
component which can be calculated using the fields calculator in ANSYS Maxwell. The computed
radial flux density plot in the air gap is shown in Figure 22 with the peak value of flux density
reaching close to 2.1 T in the air gap . This step also helps to capture the net inductance value of the
phase coils, which is required for running the transient simulation in the next step. This calculated
inductance value is needed to assign all three-phase inductor components in the external circuit
used during transient analysis. To accurately compute this net inductance, the matrix parameter
is used. This process involves energizing Phase A coils with a current of 1 A, when the rotor
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Figure 21: Meshed 2D base model highlighting the air-gap region
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Figure 22: Radial flux density distribution in the air-gap region (half-model using 180° symmetry)

is aligned with Phase A stator poles. The self-inductance of Phase A coils, the average value of
the mutual inductances between Phase A and the other two phases are computed and the net
inductance value for the Phase A coil is calculated as,

Mup + MAC)

5 (45)

LnetA = LselfA - (

From the computation, the values of Lges,, Map, and Mac are found and the net inductance of
Phase A is found to be,

—35.7puH 4 (—35.8 uH
Ll’letA =739 /,IIH - < 3 K +2( 5 8’“ )> ) (46)
Luet, = 73.9H — (—35.7 uH), (47)
Luet, = 109.7 uH. (48)

3.6 Transient Analysis and Results

After extracting L., from step 1, the methodology transitions to step 2. In this step, the solver
within the Maxwell environment is changed from magnetostatic to transient type, with the same
2D geometry from step 1 with minor changes. The material assignments are the same, but the
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excitations are converted to coil excitations rather than current excitations to couple the external
circuit with the windings. The specific number of turns n, and the coil polarity are defined
during this assignment. During this configuration, the physical nature of the conductors must be
specified; a stranded geometry is chosen over a solid structure to accurately reflect the true winding
composition and to prevent the solver from computing larger eddy current losses within the copper

area.
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Figure 23: External circuit used for transient analysis

To accurately simulate the dynamic behavior of the outer-rotor FSM machine under load, an exter-
nal circuit shown in Figure 23 is used. Each phase in this circuit has one sinusoidal current source,
an inductor L, Ly, Lc, a resistor Ra, Rp, Rc, and another inductor for Back EMF measurement
Ly gmr,A, LB.EMF,B, LB.EMF,c connected in series. An ammeter is connected in series next to the
current source to measure the three phase supply currents I, Iz, Ic and three voltmeters per
phase are connected in parallel across the inductors, resistors and the windings to measure the
inductance voltage drop Vi, a, Vi B, Vi c, resistance voltage drop Vg a, Vr.B, Vr,c and the Back
EMF Vg gmr.a, VB.EMF,B, VB.EMF,C, respectively. The three AC current sources supply currents
exactly at 120° phase shift between phases. The calculated net inductance value is assigned to all
the inductor components across three phases in this external circuit.

An additional motion band is defined in the form of a hollow cylinder enclosing the outer rotor
as shown in orange color in Figure 19. To ensure proper mesh generation at the sliding interface,
the inner radius of this hollow cylindrical band is set to be 0.1 mm less than the rotor’s inner
radius, while the outer radius is extended to be 2 mm greater than the rotor’s outer diameter and
is enclosed by the enclosure with the boundary condition (A = 0). The matrix and the torque
parameters from the previous step are removed, as the transient solver dynamically computes these
values across the time period. The meshing is left unchanged from Step 1, except the line drawn
at the center of the air gap to capture the air-gap flux density is removed. And the time steps
across one electrical period is kept as 60. One electrical period Tge and each time step At in ms
for the base design is calculated as follows,

60000
elec = Np ms. (49)
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60000
Tolec = 2500 < 14 = 1.71429 ms. (50)
Telee 1000
At = = —. 1
t 60 Np (51)
1.7142
At = 50 9 _ 0.02857 ms. (52)

Before starting the analysis, it is necessary to identify the maximum flux position, or the d-axis
position, when the phases are unenergized. This allows for the physical or virtual alignment of
the rotor pole to a known reference frame. To maximize torque production, the phase currents
must subsequently be applied 90 electrical degrees ahead of this maximum flux linkage position.
Mathematically, the initial d-axis position can be calculated based on the machine geometry [48]
as follows,

(3600)
N,
Oinitial = ﬁ
For the base design configuration with N, = 14, Ny = 12, and m = 3 phases, the substitution and
final value are,

(53)

=

360°
( 4 ) _25.714°
(%)

To verify this through FEA, a transient analysis is performed where the external circuit is decoupled

= 6.4285°. (54)

Oinitial =

and the phases are supplied with 0 A. The simulation is executed for one full electrical period,
and the flux linkage of Phase A is plotted against the rotor position in mechanical degrees. The
mechanical rotor position at which the maximum flux linkage occurs corresponds to the d-axis.
The relationship between the Phase A flux linkage and the rotor position is illustrated in Figure 24.
Figure 24 shows the Phase A flux linkage peak occurs exactly at the calculated rotor position of
6.4285° and the FEA validates the mathematical equation in finding the maximum flux linkage
position. The rotor position is then set to #i,itia1 and the current angle (8 is set to 90° electrical
degrees ahead of the rotor position.

002 Max (A,)= 0.010 Wb
0.006
°
2
=
= 6.4285°
3 0.000
< 0 5 10 30
o
(%]
<]
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o.
-0.006
-0.012

Rotor Position 8, (°)

Figure 24: Phase A flux linkage versus rotor position
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To analyze the machine’s performance, a series of critical waveforms are extracted. Figure 25
shows the plot of the instantaneous torque curve captured across one electrical period when the
external circuit is coupled and supplied with three-phase currents. Figure 26 shows the three-phase
sinusoidal back EMF waveforms generated by the 2D base model making it suitable to run with
FOC control.

Instantaneous Torque (Nm)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Time T, (ms)

Figure 25: Transient torque curve of the base model
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Figure 26: Transient three-phase back EMF waveforms

A critical observation is derived from the d and ¢ axis inductances extracted during this transient
study to analytically verify the torque production as per the equation (39). To obtain the induc-
tance values, it is necessary to enable the apparent matrix computation before starting the transient
analysis. As shown in Figure 27, the transient profiles of Ly and L expose that the numerical
difference between the two waves is 7.6 % which is positive and negligible. Also, from Figure 28, it
can be seen that all the current is supplied through ¢ axis and no current through the d axis as the
current angle is set to 90°. Because of this negligible d-q inductance difference, the saliency ratio
of the machine is close to 1. Recalling the equation (39), this negligible difference between L4 and
L along with 0 d-axis current effectively nullifies the reluctance torque component. Therefore, it
is conclusively understood that the torque produced in this outer-rotor FSPM base model design is
predominantly electromagnetic torque, due to the interaction between the permanent magnet flux
linkage and the stator currents. If the difference between d- and g-axis inductances is significant,
the current vector should be positioned in either the first or second quadrant of the d-¢ coordinate
system, depending on the Lq and Lq values. The logic is expressed mathematically in the Table 6.
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Figure 27: Transient d-q inductance characteristics
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Figure 28: Transient d-q current waveforms

Table 6: Reluctance torque saliency conditions with corresponding quadrant mapping

Case  Saliency Type Inductance Condition Current Vector Quadrant

Case 1  Positive Saliency Lq > Lg I3 >0,I,>0 Quadrant I
Case 2 Negative Saliency Lq < Lg 13 <0,I4>0 Quadrant IT

Following the conditions in Table 6, when there is a difference between the d- and g-axis induc-
tances, the current angle 8 can be positioned either in the first or second quadrant, depending on
whether the saliency is positive or negative. In this way, the reluctance torque, although negligible,
can still be utilized. A parametric sweep study of the current angle from 0° to 180° is done to find
the optimal current angle at which the resultant torque magnitude is maximum. Figure 29 shows
the study results of average torque versus current angle for the 2D base model. It can be seen from
the curve that the maximum torque occurs at an angle lesser than 90° due to positive saliency.
Though the difference in the resultant torque is negligible, this analysis helps understand that the
maximum torque not always occurs at a current angle of 90°.

Losses in the copper windings are computed using the standard expression (I3 + I2 + I2) Rphase-
The phase resistance used in this calculation is temperature-dependent, as defined in equation (20)
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Figure 29: Current angle sweep study results

in Chapter 2, accounting for both ambient conditions and operational temperature rise. Using the
instantaneous three-phase supply currents, the total transient copper loss is evaluated at each time
step, and its average value over one electrical period for the base model is 45 W.

For the core loss computation in the stator and rotor steel, the “Electrical Steel” loss model is se-
lected during the material assignment phase in ANSYS Maxwell. To enable the solver to accurately
calculate losses across a range of operating frequencies, it is critical that the assigned material def-
inition includes empirical B-H curve data and high-frequency power loss curves. Figures 30 and 31
show the B-H curve used for Vacoflux 48 (0.1 mm) and the corresponding B-P curves at different
frequencies, obtained from the material library within the Maxwell solver.

2.5

Magnetic Flux Density B (T)

0 2000 4000 6000 8000 10000 12000 14000 16000
Magnetic Field Strength H (A/m)

Figure 30: B-H curve for Vacoflux 48 (0.1 mm)

The total core loss calculation evaluates three distinct phenomena: the hysteresis loss compo-
nent P;, the classical eddy current loss component P,, and the excess loss component P.y. The
mathematical expressions for these individual loss components are defined as follows:

P, =knfB2. (55)

P, = ke(fBm)?. (56)
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Figure 31: B-P curves for Vacoflux 48 (0.1 mm)

Pex = kex(fBw)*. (57)

Consequently, the fundamental core loss equation summarizing these elements is given by,

Peore = kthr2n + ke(me)2 =+ keX(me)LS- (58)

Where the utilized core loss coefficients values are ky, = 87.299, ke = 0, and kex = 6.648, which
were derived within ANSYS Maxwell from the existing B-P curves at different frequencies available
for Vacoflux 48 0.1 mm. The total core loss obtained from the transient analysis for the base model

is 17 W. The results obtained from this transient analysis, when current angle equals 88° are listed
in Table 7.

Table 7: Electromagnetic performance results of the base model

Outputs  Value

Tove ~7.7 Nm
Tripple a7 %
Pout 2 kW
Nave 96.5 %
Vbe 54.6 V

Iphase,rms 26.3 A
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4 Multi-Objective Optimization

Electrical machine performance is highly influenced by geometric configurations, necessitating op-
timization of the geometry to achieve the required performance characteristics, such as maximum
torque, maximum efficiency and minimum torque ripple. Different optimization approaches are
studied using the 2D base model developed in ANSYS Maxwell 2D for this thesis. Parametric
Optimization is performed within ANSYS Maxwell 2D to establish an understanding of the key
geometric parameters that affect machine performance. Following this sweep study, the later sec-
tions detail about multi-objective optimization, problem formulation, explaining key objectives,
constraints, and input design variables chosen for the study. The selection of optimization ap-
proaches, including the use of an evolutionary algorithm and the development of the automation
framework, was guided by discussions with M.Eng. Enrico Teichert. The automation framework
required to create the necessary coupling between ANSYS Maxwell 2D and optiSLang for efficient
evaluation of multiple design iterations is also explained. Further subsections provide an overview
of the selected evolutionary algorithm, followed by the execution and results of direct optimization
approach. To further explore the design space, a subsequent sensitivity analysis is performed,
paving the way for the Meta-Model-Based Optimization study.

4.1 Parametric Optimization

To begin the refinement of the machine geometry, the parametric sweep study was performed
utilizing the built-in capabilities of Maxwell 2D. As outlined in the sequence of interrelated steps
described in the Research Gap and Problem Statement section, the initial stage of the optimization
process involves a parametric sweep study. The selection of input variables for this initial stage
required consideration of the software’s computational limits. A parametric study with a large
number of variables experiences exponential growth in design combinations. Exceeding 32000
combinations causes Maxwell 2D software to stop, making large-scale sweeps computationally
unfeasible. Consequently, the parameter space was limited to two critical geometric variables, the
permanent magnet arc Spyr, and the rotor tooth arc Sr for this study. These variables govern the
respective thicknesses and angular spans of the permanent magnet and the rotor tooth respectively.

Stator geometric parameters, specifically the stator tooth thickness STW dictated by the stator
tooth arc s, were excluded from this sweep study. Altering the stator tooth dimensions, both
the tooth thickness and the yoke thickness SYW, directly modifies the available slot area for the
phase windings. To maintain a slot fill factor constraint under such variations, the number of turns
and parallel wire strands must be dynamically recalculated and adjusted for every combination
during the simulation setup. Because automated dynamic winding reconfiguration was not practical
within this parametric sweep study, the winding layout and the stator geometry were held constant.
Furthermore, the initial magnetostatic study utilized to compute the net inductance of a phase,
was bypassed during this study, as that specific process relies on winding modifications that were
omitted from this step to reduce the simulation time. The parametric sweep was defined by discrete
boundary limits and step sizes for the chosen variables. The permanent magnet arc placed in the
stator was varied from 1° to 5° in increments of 0.5°, while the rotor tooth arc was varied from
1° to 5° in increments of 1°. Now, as the magnet arc increases, the thickness of the adjacent
stator tooth decreases simultaneously keeping the S5 constant. This specific discretization yielded
a mathematically bounded design space comprising 54 unique combinations. For each geometry
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combination, the transient analysis was performed for one electrical period. Despite the limited
variable count, the computational expense remained significant.

Following the completion of the parametric sweep, critical performance output metrics were ex-
tracted for post-processing evaluation from Maxwell 2D. The primary operational objectives as-
sessed were the average electromagnetic torque, the average efficiency and the transient torque
ripple. The extracted data from the Maxwell was processed using a custom-made python script
shown in Appendix B. Since these parameters have individual physical units and numerical scales,
a linear minimum-maximum normalization transform is performed on the extracted data to a uni-
form dimensionless parameters (Tavg norm, Mave,norm, Lripple,norm) Whose scale range from 0 to 1 prior
to comparative evaluation. For objectives intended to be maximized, such as average electromag-
netic torque and average efficiency, standard linear scaling is applied, which are mathematically
expressed as,

o Tavg - Tavg,min
Tavg,norm = T T (59)
avg,max _ 4avg,min

Tavg — Tavg,min
Tlavg,norm = . (60)
77avg,max - navg,min
Conversely, performance parameter requiring minimization, like the transient torque ripple uti-
lize an inverted normalization logic to ensure lower values translate to higher normalized scores,
formulated as,

Tripple,norm _ Tripple,max - Tripple ] (61)
Tripple,max - Tripple,min

Following this independent mathematical normalization, the definitive optimal geometry is iden-
tified by aggregating these individual metrics into a singular composite index using a weighted
average. Because this preliminary design phase prioritizes overall torque production, efficiency,
and torque quality equally, an equal weighting distribution is applied across the objectives, yield-
ing the final scoring function given as,

Stotal = wlTavg,norm + W2Tavg,norm + wSTripple,norm- (62)

Where the individual priority coefficients are established as w; = wy = w3 = % The corresponding
phase voltage and phase RMS current for each design combination were also evaluated during the
transient simulations and observed that all designs operated within acceptable electrical limits.

Parametric Optimization Results

The post-processed contour plots of this sweep study are visualized in Figures 32, 33 and 34 which
provide a comprehensive understanding of the interaction between the design variables and their
combined effect on performance metrics. The torque ripple response surface shows a highly non-
linear behavior with respect to both Spy and Sr. The torque ripple varies from approximately
35% to 75% across the design space. Higher torque ripple values above 65% are predominantly
associated with lower Sr angles (4° to 5°) and mid-level Spy; values (2.5° to 3.5°). In contrast, lower
torque ripple values below 45% are achieved at higher rotor arc angles (8r = 9° to 10°) combined
with larger magnet arc values (Bpy = 4° to 5°). This trend indicates that increasing the rotor
arc improves the magnetic flux distribution in the air gap, thereby reducing torque fluctuations.
The average efficiency response surface shows a smoother and more gradual variation compared
to torque ripple. Efficiency values range from approximately 92% to 97%, with higher efficiencies
achieved at larger values of both Spy and Sr. Conversely, lower arc values (Bpym < 2°, 8r < 6°)
result in reduced efficiency due to weaker electromagnetic interaction between the poles and also
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Figure 32: Torque ripple response surface
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due to increased saturation. The average torque response demonstrates a clear increasing trend

with respect to both design variables. Torque values range from approximately 3 Nm to 9.5
Nm, with the highest torque values obtained at larger fpy and Sg angles. At lower arc values

(Bpm = 1°, Br = 5°), the torque decreases significantly to below ~4 Nm due to reduced effective air-

gap flux density. This highlights the importance of adequate arc values in achieving electromagnetic

coupling and higher torque production. Although the optimal design was identified at Spy = 5°

and fr = 10°, it is important to note that this point lies at the boundary of the explored design
space, as evident from the response surface plots. This indicates that the obtained solution is not
necessarily a global optimum, but rather the best solution within the constrained and discretized
parameter range considered in this study. The average torque and efficiency response surfaces show
a consistent trend of improving performance with increasing Spy and SR, suggesting that further
improvements may be achievable beyond the current upper bounds. Therefore, the present study
represents a preliminary design space exploration rather than a complete optimization. The results
of the chosen design in comparison with the base design is shown in Table 8.

This Parametric Sweep Optimization approach is restricted by the combinatorial explosion of the
design space. Expanding this preliminary 54 permutation sweep includes essential stator parame-
ters exponentially increasing the combinations, causing the Maxwell solver to stall. Furthermore,
relying on the rigid discrete steps of 0.5° and 1° inherently overlooks continuous optimal values
that could exist fractionally between these rigid boundaries. Also, the finite element sweeps lack
dynamic phase windings design change to maintain a constant slot fill factor when stator dimen-
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Table 8: Comparison of electromagnetic performance between the base model and parametric
sweep design

Outputs Base Design Parametric Sweep Design Difference

Tove 7.7 Nm 8.97 Nm +16.49%
Tripple 57% 33% —42.11%
Pout 2 kKW 2.35 kW +17.50%
Tave 96.5% 97% +0.52%
Vb 54.6 V 67.3V +23.2%
Tohaserms 26.3 A 26.3 A -

sions are modified. These constraints necessitate the transition to the continuous, multi-variable
multi-objective optimization framework detailed in the subsequent sections.

4.2 Multi-Objective Optimization

The Parametric Optimization approach discussed in section 4.1 is suitable for initial refinement,
but it is limited. To overcome these limitations and to explore continuous multidimensional design
space, a formal mathematical optimization framework is necessary. Mathematical optimization is
a fundamental process in engineering design, utilized to systematically identify the best possible
solution from a vast array of feasible alternatives. At its core, an optimization problem requires
translating real world design goals and physical limitations into a mathematical framework [49].
This involves defining a specific objective function to evaluate the quality of a design, alongside a
set of constraints that the design must obey to be considered valid.

In a standard, single objective constrained optimization problem, the goal is to find a vector of
design variables, x, that minimizes a scalar objective function f(x) [49]. Mathematically, this basic
optimization is expressed as,

min f(x) (63)

subject to,

x € (64)

Here, ) represents the feasible space, the bounded region containing all physically, geometrically,
and electrically viable designs. This feasible space is defined by the mathematical boundaries known
as functional constraints, which consist of inequality constraints g;(x) and equality constraints
hj(x), the feasible set is formally written as,

gl(x)goa i=1,...,7 } (65)

Q:=<xeR”
i(x)=0, j=1,...,m

In this formulation, R™ denotes the n-dimensional Euclidean space of real numbers, where n rep-
resents the number of independent design variables. Any generated design x that violates these
constraints falls outside the feasible space and is rejected by the solver. While single objective op-
timization is highly effective for linear problems, advanced electrical machine design rarely involves
a single, isolated goal. Instead, it requires simultaneously satisfying multiple, often intrinsically
conflicting objectives such as maximizing average torque while simultaneously attempting to min-
imize torque ripple. In these complex scenarios, the problem transitions into Multi-Objective
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Optimization (MOO). Instead of minimizing a single scalar function f(x), MOO evaluates a vector
of objective functions simultaneously,

min F(x) = [f1(x), fa(x), ..., fe(x)]. (66)

Because these objectives inherently conflict, there is almost never a single perfect design that
achieves the absolute minimum for all functions concurrently. Improving one objective such as
increasing average efficiency typically results in the degradation of another. Consequently, a MOO
solver does not search for a single global minimum. Instead, it searches for a set of optimal
compromises, mathematically referred to as the Pareto-optimal front. A specific design candidate is
considered Pareto-optimal if no single objective can be further improved without directly penalizing
at least one other objective. The ultimate goal of the MOO algorithm is to discover and populate
this Pareto front, presenting a clearly defined boundary of the absolute best theoretical trade-offs
available within the designated feasible space.

4.2.1 Problem Formulation

Unlike the sweep study, the optimization algorithms can dynamically evaluate complex geometric
permutations while simultaneously adhering to interrelated physical and electrical boundaries. To
successfully deploy the algorithms within the ANSYS optiSLang environment, the design prob-
lem must be rigorously defined. This formulation establishes the precise operational targets the
algorithm must pursue and the absolute boundaries it cannot violate.

For the primary iteration of the multi-objective optimization, three core operational objectives
were established.

Maximize Thyg
Objectives: Maximize Nayg (67)

Minimize T}ipple

In addition to these objectives, electrical constraints were imposed to ensure the algorithm only
converges on designs that are practically realizable and safely testable with the existing experi-
mental setup as explained in the problem statement. The physical machine prototype can only be
electrically excited by the inverter and power supply hardware that is available in the experimental
test setup. This hardware has a maximum DC bus supply limit of 120 V and a maximum phase
current capacity of 100 A. To provide a necessary safety margin and operational headroom, the
optimization constraints were established below these absolute hardware limits expressed as,

. Voo <100V
Constraints: (68)
Iphase,rms <80A

Any evaluated geometry that violates either of these electrical boundaries is classified as unfeasible
regardless of its resulting electromagnetic performance.
Input Variables

The input variables chosen for this design study are listed with the respective description and
symbol in Table 9.

Note: Rotor tooth taper ratio Router,taper 1S Used as a scaling factor in the analytical expression
defining a polyline in ANSYS Maxwell 2D. This polyline is composed of two arcs and one line



Multi- Objective Optimization 39

Table 9: Definition and description of input design variables for the optimization study

Symbol Parameter Name Description
8. Stator Arc Ratio Ratio of stator pole arc to pole pitch (Ss/as).
TR Rotor Yoke Independent coefficient for rotor yoke thickness.

Thickness Ratio

s Stator Yoke Independent coefficient for stator yoke thickness.
Thickness Ratio

Router taper  Rotor Tooth Defines the rotor tooth taper angle at the yoke intersection.
Taper Ratio

Riooth,ratio  Rotor Tooth Independent rotor tooth thickness ratio, equivalent to Sg.
Thickness Ratio

Rinick Magnet Thickness Independent magnet thickness ratio, equivalent to Spy.
Ratio

Ry Fillet Ratio Fillet radius at the rotor tooth-yoke intersection.

n Number of Turns Total number of wire turns in each coil.
per coil

Strands Parallel Strands Number of parallel conductors per turn.

segment, representing one half of the rotor tooth geometry. Varying this factor modifies the
effective taper of the tooth while preserving geometric continuity.

sin () - (0.5TRD+RTH) | 15

atapcr = Routcr,tapcr - | tanh (69)

cos (%) (05IRD + RTH) ) T

4.2.2 Automation Framework

The fundamental limitation of the conventional parametric sweep is its exponential increase in
computations as the design space expands, making more additions of input variables to the opti-
mization unfeasible along with the input variable value selection being discrete, and not continuous.
To overcome this limitation and to enable multi objective optimization, an automation framework
is necessary and it was developed using python. The developed script is added in the Appendix C.

The script acts as a bridge between ANSYS Maxwell and ANSYS optiSLang. This framework
eliminates the limitation of testing only predefined, discrete values as in Parametric Optimization.
It also automatically adjusts interrelated physical boundaries ensuring the algorithm can identify
the best possible design without generating impossible geometries. The automation framework
developed is shown in Figure 35.

The execution begins by setting up a secure workspace. To prevent software crashes or file corrup-
tion when running hundreds of tests, the script creates a separate unique folder for every single
design combination. It then copies the original simulation template into this safe folder before
making any parameter changes. After setup, the script dynamically calculates the machine’s ge-
ometry from the chosen input variable values. Instead of directly defining linear dimensions like
length and thickness, the script parameterizes the geometry using ratios defined in the machine
sizing chapter, which are used to determine the exact geometry of the active materials.

Once, the input variables are chosen from the defined range. The magnet height is kept constant
as the shaft and the stator diameters remain unchanged, whereas the magnet thickness Mr is
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Figure 35: Automation framework flowchart

calculated from the inner rotor diameter IRD, air gap AG, and the stator pole angle 5 using,

Bs = Qs Bg (171-%) . (70)
Mt = Ripniek(IRD — 2AG) sin (%) . (71)

An advancement of this framework is its automated winding area and wire sizing routine, which
bypasses the limitations of the conventional parametric sweep. As optiSLang iteratively alters
stator geometry parameters, the physical space available for the copper phase windings inherently
fluctuates. To determine the exact available slot area, the script mathematically reconstructs the
stator geometry from the inside out. It first calculates the physical dimensions of the stator teeth
and yoke based on the optimizer’s geometric ratios s and ~s,

STW = (IRD — 2AG) sin (g) . (72)

SYW = 7,STW. (73)

STH — (IRD;S‘*) — (AG + SYW). (74)
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With these fundamental dimensions established, the script computes the cross-sectional areas of
the internal non-winding components. The area of the shaft Agphag, the stator yoke Aygke, and the
total area occupied by the stator teeth Aieetn, are derived as follows,

2
Aty = “in, (75)

4
Ayore = % ((Saia + 2SYW)? — 52,.) . (76)
Ateetn = Ny ((IRD - 2AG)52$> STH. (77)

To account for the precise geometry of the slot openings, the script calculates the trapezoidal area
of the slot shoe Ays. It determines the untoothed circumference at the air-gap interface X and at
the depth of the slot opening height Y, at depth hsy and aggregates them across all slots,

Ape = (X ;r Y) (2hsoNL). (78)

Finally, the script calculates the total internal stator area Aggator and subtracts all previously
derived structural components to isolate the precise copper winding area available per individual
slot Aglot,

7(IRD — 2AG)?

. (79)

Astator =

Astator - (Ashaft + Ayoke + Ateeth + Ahs)

Aot =
slot 2Ns

. (80)

Upon calculating this precise available slot area, the script programmatically interrogates an exter-
nal database containing standard industrial wire sizes (SWG Table) which is attached in Appendix
D. It automatically isolates the specific standard wire gauge that provides the requisite copper
cross section to satisfy the chosen number of turns, the required number of parallel strands, and
the 50% fill factor constraint. This dynamically selected wire diameter is then written directly
into the Maxwell model, ensuring the design remains physically manufacturable. Based on the
calculated stator geometry, the mean length of a turn is calculated as explained in chapter 2 and
is sent to Maxwell for phase resistance calculation.

To guarantee the generated machine operates within the designated thermal boundaries, the script
subsequently performs a dynamic current derivation. Utilizing the physical cross-sectional area of
the automatically selected wire Aconq and the designated number of parallel strands, the script
calculates the absolute maximum phase RMS current Iphase,rms that can be injected into the coils
while respecting the predefined current density limit Jyax,

Iphase,rms = JmaxAcondStrand& (81)

If the derived current mathematically exceeds the current constraint limit, the script immediately
flags the design as a constraint violation for the optimizer.

The script also incorporates an adaptive filleting mechanism via physical edge measurement. Prior
to the electromagnetic simulation, the script commands the Maxwell 2D environment to measure
the two rotor edge lengths 1 & 2 as mentioned in Figure 36. To establish a safe physical dimension
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Figure 36: Measured edge lengths on the rotor

and prevent broken geometry generation, the lowest length value is assigned to Ledge,min- Then,
utilizing the optimizer-chosen fillet ratio Ry, the localized fillet radius Rgjet is calculated as,

Ledge,min = min(Lh L2)7 (82)
Le e, min
Rener = dgT’RL (83)

Once the geometry and electrical boundaries are established, the script executes a sequential two-
step FEA in Maxwell 2D. It first initiates a magnetostatic simulation to extract the net phase
inductance. This inductance value is dynamically used in the subsequent transient simulation
to evaluate the average torque, torque ripple, average efficiency, and three-phase voltages. Upon
successful completion of each solver, the python framework analyses the exported raw waveform
data files and calculates average torque, torque ripple, average efficiency, three-phase voltages
and currents. Based on three-phase voltage values, the script computes the necessary DC bus
voltage to verify inverter compatibility, and returns the dataset back to the optiSLang environment.
This continuous loop allows the optimizer to mathematically evaluate the fitness of the current
generation and proceed with navigating the multidimensional design space. The DC voltage is
computed from the total voltage drop measured across the winding resistance, inductance and
back-EMF as,

Vphase,peak

Voo = =366

(84)
The factor 0.866 accounts for the maximum linear modulation index achievable by a standard
three-phase inverter utilizing SPWM.

4.2.3 Evolutionary Algorithm

The design space of an electrical machine is highly non-linear, highly dimensional, and defined by
conflicting objectives, classical gradient based optimization methods are often insufficient. Clas-
sical methods typically require a single starting point, rely on differentiable objective functions,
and struggle to autonomously balance multi-objective trade-offs, often requiring highly complex
mathematical extensions just to approximate a multi-objective tradeoff [50]. Consequently, modern
electrical machine optimization relies on evolutionary algorithms (EAs), more specifically the Non-
dominated Sorting Genetic Algorithm IT (NSGA-II), because evaluating contradictory parameters
rarely yields a single optimal design, but rather necessitates finding a set of Pareto optimal solu-
tions [51]. This algorithm is favored for ability to balance conflicting objectives, such as maximizing
average torque while minimizing torque ripple [52].



Multi- Objective Optimization 43

To work out the complex multi-objective optimization problem formulated for this study, the
developed framework leverages the specific evolutionary algorithm integrated within the ANSYS
optiSLang environment. Evolutionary algorithms are stochastic search methods that mimic the
biological processes of natural evolution, specifically selection, recombination, and mutation. The
algorithm begins by generating an initial diverse population of individual motor designs. In the
optiSLang environment each individual design is computationally evaluated for its fitness based on
the defined objective functions and physical constraints. The algorithm then applies evolutionary
operators, it selects the highest performing designs to act as parents, recombines their specific
input variable traits through crossover to create new offspring and introduces random mutations
to maintain genetic diversity and prevent the search from mathematically stalling in local optima.
This iterative cycle allows the optiSLang evolutionary algorithm to efficiently search different design
landscapes, handle problems with unfeasible designs and simultaneously process both discrete and
continuous variables.

Within the scope of this thesis, the optiSLang evolutionary algorithm is strategically deployed us-
ing two distinct operational methodologies to solve the formulated problem. The first approach is
the Direct Optimization, where the evolutionary algorithm assumes direct control over the param-
eter generation from the defined input variables range and interacts exclusively with the custom
python automation script. Every design created per cycle is evaluated using a full, computationally
expensive FEA in ANSYS Maxwell. The second approach is Meta-Model-Based Optimization. To
reduce the heavy computational burden of hundreds of direct finite element analyses, advanced
statistical sampling techniques like Advanced Latin Hypercube Sampling (ALHS) is utilized to
perform a sensitivity analysis. ANSYS optiSLang then constructs an approximate mathematical
surrogate, known as the Metamodel of Optimal Prognosis (MOP). Then the evolutionary algorithm
is applied directly to the MOP model rather than creating and validating designs using a finite
element solver. Because calculating a design on the MOP takes only a fraction of a second, this
approach drastically accelerates the discovery of the optimal Pareto front while maintaining suffi-
cient prediction accuracy. Furthermore, this Meta-Model-Based Optimization approach provides
flexibility in a way that once the MOP is generated, the fundamental optimization objectives and
boundary constraints can be dynamically redefined. This allows for the immediate generation and
analysis of entirely new optimal Pareto fronts in seconds, entirely skipping the need for additional
FEA. These two distinct approaches of the evolutionary algorithm for this thesis study are detailed
and compared in the subsequent sections.

4.3 Direct Optimization Approach

In this traditional computational approach, the evolutionary algorithm evaluates the fitness of
every individual design by directly involving the ANSYS Maxwell 2D finite element solver. This
method relies purely on raw simulations rather than statistical approximations, guaranteeing the
highest level of electromagnetic accuracy for every evaluated generation, but at a significant com-
putational cost. The optimization environment is initialized by importing the python automation
script directly into the optiSLang optimization wizard, where the input variables along with their
ranges are defined and output responses are chosen. The chosen input variables and their ranges
for optimization are mentioned in the Table 10. The multidimensional design space is formally
established by enabling nine specific active optimization parameters, which encompasses seven con-
tinuous geometric boundary ratios and two discrete winding variables namely, number of turns and
number of parallel strands per coil. Concurrently, constant values are locked into the algorithm to
define the baseline structural frame of the machine as shown in Table 11.

Respect to the experimental test setup capabilities, constraint boundaries are mathematically en-
forced using a rank-order method, heavily penalizing and rejecting any design combination that
results in a phase RMS current exceeding 80 A or a required DC bus voltage exceeding 100 V.
To systematically explore this complex global design space, Nature Inspired Optimization module
within optiSLang is deployed using a custom configured evolutionary algorithm. The search strat-
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Table 10: Optimization ranges and classification of design variables

Symbol Parameter Type Range

Y8, Continuous 0.4-0.55

TR Continuous 0.4-0.6

s Continuous 0.2 - 0.25

Router taper  Continuous 0.8 -2.2

Riooth ratio  Continuous 0.6 -0.9

Rinick Continuous 0.25 - 0.35

Ry Continuous 0.6 -0.8

n Discrete 7,8,9,10,11,12,13,14
Strands Discrete 1,2,3,4

Table 11: Fixed structural constants of the baseline machine frame

Description Values

IRD 145 mm
OSD 180 mm
AG 0.5 mm
N 2500 rpm

egy is biased toward global exploration rather than local refinement. The evolutionary process
begins with a starting population of 30 unique, randomly generated motor designs Ngamples- Fol-
lowing this initial explanatory scatter, the core population size Npp, is reduced to 20 individuals
per generation. The solver is constrained to a maximum of 14 evolutionary generations Nge, and
a termination limit of 290 total finite element evaluations, ensuring the computational timeline
remains manageable. A stagnation limit of 14 generations is also defined, meaning the algorithm
will continue searching until the maximum evaluations are reached unless the Pareto front fails
to improve. In optiSLang, the initial population is treated as the first generation; therefore, the
maximum number of samples is computed as,

Nsamples = Ngtart + (Ngen - 1)]Vpop =30+ (14 - 1)20 = 290. (85)

The progression from one generation to the next is governed by defined mathematical evolutionary
operators. To evaluate multi-objective success without requiring arbitrary weightings, the algo-
rithm utilizes a Pareto dominance fitness method. To select the highest performing parents for
reproduction, it applies a Pareto ranking system paired with tournament selection. A tournament
size of 2 is used, meaning 2 designs are randomly drawn from the population and the superior
design is selected for breeding. To preserve the optimal trade-offs discovered during the run, an
external achieve size of 20 is maintained, permanently storing the best non-dominated solutions.
During the recombination phase, the algorithm leverages a hybrid crossover strategy to generate
offspring parameters. It assigns an equal 50% probability to both uniform crossover and simulated
binary crossover, allowing the algorithm to dynamically choose how parent traits are mathemat-
ically blended. Finally, to actively prevent the population from experiencing genetic stagnation
and becoming trapped in local optimums, a normally distributed mutation operator is applied
with an 11% mutation rate. This ensures that a sufficient degree of random parameter variation is
continuously introduced into the design pool, thereby forcing the algorithm to consistently explore
various regions of the feasible design space.
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Direct Optimization Results

Upon completion of the 290 finite element analyses, the Direct Optimization framework success-
fully evaluated all 290 distinct geometric and electrical permutations. The algorithm effectively
navigated the mathematical boundaries, rejecting unfeasible combinations while systematically
pushing the surviving population toward the limits of theoretical performance. The resultant 2D
scatter plots in Figures 37 and 38 shows the emergence of a 2D Pareto optimal front, showing
the inherent conflict between the established objectives. It should be noted that the optimization
problem involves three conflicting objectives, while the presented plots show only two-dimensional
projections of this multi-dimensional design space. As a result, these projections limit the visual
continuity of the Pareto front, leading to a non-smooth and partially scattered appearance, since
the influence of the third objective is not explicitly represented. Furthermore, the Pareto front
is constructed from a limited number of FEA evaluations, and the presence of discrete design
variables such as number of turns and strands, introduces additional discontinuities in the design
space. Consequently, the resulting the resulting Pareto boundary appears irregular, reflecting the
discrete and finite nature of the evaluated optimal solutions.
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9667 & VALID DESIGN = -
e INVALID DESIGN
& —e— PARETO FRONT DESIGN o ©
€ 965 ® CHOSENDESIGN ° . . . . b
:§ [ ]
&=
© [ ]
o - 7 °
8 970
<]
S
©
>
< 721
o
2
=
7}
11
T -97.4
(e}
-97.6 . . | | | |
-12 -1 ~10 5 % i

Objective: Average Torque

Figure 38: 2D Pareto front for average torque and efficiency objectives



Multi- Objective Optimization 46

Despite this, Figure 37 illustrates a direct correlation between the maximization of average elec-
tromagnetic torque and the increase in the transient torque ripple. Particularly, after 11 Nm,
when average torque increases, the transient ripple also increases. The algorithm’s distribution
of evaluated designs proves that attempting to scale the torque density created problem with the
smooth mechanical rotation of the machine in terms of increased ripple. This confirms that no sin-
gle absolute maximum exists without a corresponding electromagnetic compromise. Furthermore,
Figure 38 demonstrates clustering of highly efficient designs near the left bottom corner indicating
that the algorithm identified specific geometric parameter combinations that minimize losses across
varying torque outputs.

Table 12: Design variables for Design 144 Table 13: Performance outputs for Design 144
Inputs Value Outputs Value
V8, 0.515 Tave 11.5 Nm
TR 0.563 Tripple 19 %

s 0.218 Pout 3 kW
Router taper  0.911 Navg ~97.5 %
Rioothratio  0.665 Vbe 88.5V
Rinick 0.289 Iphaserms  31.8 A
Ry 0.798

n 10

Strands 4

From this diverse set of Pareto optimal solutions, a single optimal compromise had to be selected
for the final comparison study. The selection process required identifying a design that offered a
high mechanical power output while maintaining a stable, low torque ripple profile and remaining
strictly within the designated experimental hardware limits. Based on a balanced evaluation of
the multi-objective trade-offs, Design 144 was selected as the optimal global solution from the
Direct Optimization approach. Design 144 represents a refined, mathematically balanced machine
geometry whose corresponding input variable values and the output response values are presented
in Tables 12 and 13. These output response values of Design 144 ensures that the improved
design discovered by the Direct Optimization approach is not only theoretically performing but
also entirely feasible to run within the existing test setup limits.

4.4 Meta-Model-Based Optimization Approach

Relying solely on the finite element solver as followed in the Direct Optimization approach imposes
computational bottlenecks. A maximum budget of a few hundred simulations is often insufficient
to fully map a highly dimensional, non-linear electromagnetic design space, increasing the risk of
premature convergence on a localized optimum. To systematically overcome this sparse sampling
and identify a global optimal Pareto front, a Meta-Model-Based Optimization is necessary. A
meta-model, commonly referred to as a surrogate model, functions as a efficient mathematical
approximation of the complex time intensive FEA. Instead of simulating every new geometric
iteration through ANSYS Maxwell, the framework trains a statistical model to instantly predict
the electromagnetic responses of the motor based on initial sample data. Once this mathematical
surrogate is validated for accuracy, the evolutionary algorithm is applied directly to the surrogate
model rather than running an FEA. This shift allows the optimizer to evaluate thousands of
design iterations in seconds, exploring the boundaries of the design space without the intensive
computational costs.
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4.4.1 Sensitivity Analysis and Results

The foundational step in constructing a highly accurate predictive surrogate is performing a com-
prehensive sensitivity analysis (SA). SA is a statistical process that systematically investigates how
variations in the input geometric and electrical parameters influence the target objective functions.
This analytical phase is crucial for two primary reasons, the first reason is that it quantifies the
relative importance of each design variable, allowing to identify and filter out influential parame-
ters. This reduces the overall dimensionality of the problem and prevents the surrogate model from
mathematically overfitting to simulation noise. Second, the discrete designs generated during the
analysis serve as the Design of Experiments (DOE), providing the essential, foundational training
dataset required to construct the predictive multidimensional surface of the meta-model.

Within ANSYS optiSLang environment, the sensitivity analysis is configured using an Advanced
Latin Hypercube Sampling (ALHS) strategy. Unlike basic, random sampling methods, which can
inadvertently cause data points to cluster and leave large regions of the design space entirely
unexplored, ALHS guarantees a highly uniform, space filling distribution. It systematically divides
the multidimensional space into equal intervals, ensuring that the entire functional range of every
parameter is adequately represented in the training data. For this specific evaluation, the ALHS
algorithm is allocated a maximum budget of 100 initial sample designs.

To maintain a direct comparative analysis with the previous Direct Optimization approach, the
sensitivity study is done with the identical parameter boundaries as in the previous study. The
sampling algorithm changes 9 active input variables, encompassing the continuous geometric ratios
and discrete winding parameters while adhering to the established dimensional constants for the
inner stator diameter, outer-rotor diameter and the air gap thickness. Unlike the Direct Optimiza-
tion method, no objectives and constraints are setup during the sensitivity analysis. The primary
goal of this study is the exploration of designs rather than performance optimization at this stage.
Therefore, the algorithm simply calculates and records the output responses such as the average
torque, operational efficiency, torque ripple, phase current and required DC bus voltage across
the initial design samples. This unbiased, unconstrained data collection provides the training set
necessary to construct the surrogate model required for Meta-Model-Based Optimization.
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Figure 39: Coeflicient of prognosis matrix

The study was performed and the surrogate model was mathematically constructed within the
Advanced Metamodel of Optimal prognosis (AMOP) framework, which determines the best fit
using a combination of Polynomial Regression, Moving Least Squares (MLS), and Isotropic Kriging.
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After filtering out minor important parameters, it can be seen from the coefficient of prognosis
(COP) matrix in Figure 39 that the output responses such as DC voltage and Phase current exhibit
high predictability with COP values of 95.3% and 88.3% respectively. Both outputs are strongly
dominated by the number of turns n, which contributes more than 80% to their evaluation. This
indicates that the winding configuration play a major role in determining the electrical behavior of
the machine. In contrast, torque ripple shows a different behavior with a high COP value of 85.5%
but without a single dominant parameter. Instead, it is mainly influenced by vs, and Riooth,ratios
each contributing approximately 40 to 45%.

The average torque exhibits a very low COP value of 12.8% indicating that the selected design
parameters and their chosen ranges do not sufficiently explain its variation. The contribution
from all parameters is relatively small and evenly distributed, suggesting that average torque is
influenced by more complex nonlinear electromagnetic effects that are not fully captured in the
parameter set. Similarly, the average efficiency shows a moderate COP value of 40.9%, with
contributions distributed across multiple parameters such as g, Rioothratio, and Riip taper- In
addition, a moderately strong correlation was observed between average efficiency and average
torque, suggesting improvements in torque lead to increase in efficiency.

4.4.2 Multi-Objective Trade-off Analysis

Despite the low predictive quality observed for the average electromagnetic torque and efficiency
during the sensitivity analysis, the Meta-Model-Based Optimization was executed utilizing the gen-
erated surrogate model. This decision is justified as the surrogate model has high predictability for
the critical electrical constraints and the transient torque ripple. By relying on these mathematical
boundaries, the evolutionary algorithm can navigate the multidimensional space, discarding elec-
trically unfeasible geometries and filtering for smooth mechanical operation with the least ripple
values. The advantage of this approach is computational efficiency, by executing the search algo-
rithm directly on the mathematical meta-models rather than invoking the physical finite element
solver, the framework can evaluate thousands of discrete machine topologies in mere seconds.

To systematically perform this multi-objective exploration, the framework was configured to eval-
uate the surrogate responses against the exact performance criteria established in the previous
Direct Optimization study. Consistent with the Direct Optimization approach, the run was driven
by three simultaneous and inherently conflicting objectives which are maximization of the average
torque, the maximization of operational efficiency, and the minimization of transient torque ripple.
Concurrently, the operational viability of every evaluated design was mathematically enforced us-
ing an identical experimental test setup constraint. Any geometric combination that violated these
electrical constraints was immediately penalized by the algorithm’s rank order constraint handling,
ensuring the optimizer focused on practically drivable solutions, just as it did during the previous
study’s FEA evaluations.

The optimization process was run by the evolutionary algorithm, configured to execute a global
search strategy across the identical 9-dimensional parameter space, encompassing the same 7 con-
tinuous geometric boundary ratio and two discrete winding variables while respecting the same
locked structural constants utilized previously. However, the sheer computational scale vastly dif-
fered. While the Direct Optimization approach was computationally restricted to a termination
limit of 290 total evaluations, the Meta-Model-Based Optimization framework was allocated a mas-
sive budget of 5000 surrogate evaluations. Similar to the core population structure of the Direct
Optimization method, the evolutionary process maintained a constant active population size of
20 discrete machine designs throughout the run. The framework was permitted to evolve over a
maximum span of 250 generations and utilized a stagnation limit, cleanly terminating the process
if the Pareto front failed to improve for 20 consecutive generations.

To continuously improve the quality of the machine designs, the algorithm mirrored the mathe-
matical evolutionary operators defined in the Direct Optimization approach. It utilized a Pareto
dominance fitness method to evaluate multi-objective success and selected parent geometries using
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a Pareto ranking system paired with a tournament size of 2. The creation of new offspring was gov-
erned by the same hybrid crossover strategy, assigning an equal 50% probability to both uniform
and simulated binary crossover methods to dynamically blend parent traits. Finally, to actively
prevent mutation rate closely aligning with the 11% utilized in the Direct Optimization approach
and a fixed standard deviation of 0.1. Through these consistent, biologically inspired mechanisms,
the algorithm rapidly mapped the global Pareto front shown in Figures 40 and 41, allowing for a
direct mathematically sound comparison against the traditional optimization methodology.
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Figure 40: 2D Pareto front for average torque and ripple objectives
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Figure 41: 2D Pareto front for average torque and efficiency objectives

The algorithm had explored spaces and from the results, it can be seen in Figures 40 and 41 that
as average torque increases beyond 10.5 Nm, the efficiency decreases gradually with steep increase
in torque ripple. In order to validate the theoretical results, an automated validator system is
added to the corresponding optimization node within the OptiSLang environment to strategically
filter the optimal designs from the generated Pareto front. These filtered design geometries are
then automatically evaluated using the ANSYS Maxwell 2D finite element solver.



Multi- Objective Optimization 50

4.4.3 Optimization Results and Model Validation

Eight final designs were filtered and validated by the finite element solver. The result from the
filtered designs were compared with the corresponding surrogate models predictions and presented
in the Tables 14 and 15.

Table 14: Comparison of FEA validation results and surrogate model predictions for average
efficiency, average torque, and torque ripple of selected Pareto-optimal designs (percentage error
with respect to FEA results)

Design Efficiency (%) Torque (Nm) Ripple (%)

FEA  Surrogate Error FEA Surrogate Error FEA Surrogate Error
1 97.294 96.877 -0.43%  9.333 10.679 14.42% 14.648 22.604 54.31%
2 97.156 96.894 -0.27%  9.492 10.125 6.67%  15.520 21.882 40.99%
3 97.338 96.887 -0.46% 10.801 11.411 5.65%  16.033 25.455 58.77%
4 97.309 96.834 -0.49%  9.133 11.983 31.21% 27.529 29.556 7.36%
5 97.278 96.866 -0.42%  9.498 11.830 24.56%  29.868 32.839 9.95%
6 97.241 96.857 -0.39%  9.552 10.233 7.13%  13.691 20.688 51.10%
7 97.320 96.900 -0.43%  9.815 10.928 11.34% 23.718 28.250 19.11%
8 97.281 96.888 -0.40%  9.578 11.446 19.50% 27.869 31.731 13.86%

Table 15: Comparison of FEA validation results and surrogate model predictions for phase RMS
current and DC-link voltage of selected Pareto-optimal designs (percentage error with respect to
FEA results)

Design fms (A) Vae (V)

FEA Surrogate Error FEA Surrogate Error
1 23.350 25.859 10.74%  86.444 90.335 4.50%
2 23.350 25.551 9.43% 88.045 91.069 3.43%
3 27.402 26.193 -4.41% 92.375 88.750 -3.92%
4 23.350 26.824 14.88%  83.834 87.401 4.25%
5 23.835 26.518 11.25%  85.830 90.519 5.46%
6 23.835 25.504 7.00% 91.076 92.493 1.56%
7 23.835 25.878 8.57% 89.440 93.414 4.44%
8 23.835 26.248 10.12%  88.472 92.873 4.97%

Surrogate — FEA y

Error (%) = TEA

100 (86)
This comparison indicates that while the surrogate model successfully captures the overall trends,
there are noticeable quantitative deviations present across the performance metrics. These devi-
ations are consistent with the findings of the sensitivity analysis. The efliciency prediction show
relatively good agreement, with deviations generally within 0.3 to 0.5%, which aligns with its
moderate COP value of 40.9% indicating that the surrogate model captures its behavior with rea-
sonable accuracy. In contrast, the average torque is consistently overestimated by the surrogate
model across all designs, with deviations exceeding 2 Nm in some cases. This behavior directly
reflects its very low COP value of 12.8% confirming that the selected input variables do not suffi-
ciently explain its variation. Similarly, the phase RMS current and the DC voltage which exhibited
high COP values of 88.3% and 95.3% respectively, show comparatively smaller and more consis-
tent deviations, validating the strong predictive capability of the surrogate model for electrically
constrained quantities. Torque ripple despite having a high COP value of 85.5% is systematically
overestimated by the surrogate model. However since its behavior is influenced by multiple pa-
rameters rather than a single dominant variable, the surrogate model is still able to preserve the
relative ranking of designs.
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Overall the validation results confirm that the predictive accuracy of the surrogate model is cor-
related with the sensitivity analysis results. Outputs with high COP values demonstrate reliable
prediction, whereas those with low COP values, particularly average torque exhibit larger devia-
tions. Despite these limitations, the surrogate model remains effective for rapid exploration of the
design space and identification of promising candidate solutions. The final FEA validation step
is therefore essential to ensure physically accurate performance evaluation, resulting in a robust
optimization framework that combines computational efficiency with high accuracy.

Utilizing the same methodology as in Parametric Optimization to find the improved design by
applying equal weights to the normalized FEA values of average efficiency, average torque, and
torque ripple, Design 3 was identified as the improved overall solution among the validated can-
didates from Meta-Model-Based Optimization. This design achieved the highest combined score
due to its superior torque and efficiency while maintaining an acceptable low ripple level relative
to the other candidates.

Table 16: Comparative analysis of performance metrics across baseline and improved designs

. Meta-Model-
. Direct
. Parametric .. . Based
Outputs Base Design . Optimization .. .
Sweep Design . Optimization
Design .
Design
Tavg 7.7 Nm 8.97 Nm 11.5 Nm 10.8 Nm
Tlipple 57 % 33 % 19 % 16 %
Pout 2 kW 2.35 kW 3 kW 2.83 kW
Navg 96.5 % 97 % ~97.5 % ~97.3 %
Vbe 54.6 V 67.3V 88.5 V ~92.4 V
Iphase,rms 26.3 A 26.3 A 31.8 A 274 A
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Figure 42: Magnetic flux density distribution of the selected Direct Optimization design

From the comparison shown in Table 16, the Meta-Model-Based optimized design offers the best
overall performance when equal importance is given to average torque, average efficiency and
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torque ripple. However, the Direct Optimization design delivers the highest torque and power
output, making it the preferred candidate for further 3D FEA validation. To further examine the
electromagnetic behavior of the selected Direct Optimization design, the magnetic flux density
distribution of the optimized 2D model is evaluated, as shown in Figure 42. The contour plot
provides additional physical insight into the utilization of the active iron regions after optimization.
The flux density is concentrated mainly in the stator iron bridges, stator teeth, rotor teeth, and
air-gap region, where electromagnetic energy conversion is dominant. However, certain regions of
the rotor yoke exhibit comparatively low flux density, indicating that these sections are not fully
utilized magnetically. This suggests that although the Direct Optimization design provides the
highest torque and output power among the investigated designs, there remains scope for further
material reduction or geometric refinement in the low-flux rotor regions.

To visualize the geometric differences in the 2D cross-section, the finalized designs from each
optimization method, along with the 2D base model are presented in Figure 43.
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Figure 43: Comparison of improved designs with the base design

4.5 Comparison of Optimization Approaches

The three optimization approaches executed in this study demonstrates distinct characteristics in
terms of computational efficiency, solution quality, and applicability to complex design problems.
Parametric Sweep Optimization represents the most straightforward method involving systematic
variation of design variables within predefined ranges. Its primary advantage lies in its simplicity
and transparency, allowing clear visualization of the relationship between input variables and
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performance metrics. This method is particularly effective for preliminary design exploration,
where the objective is to understand the influence of individual parameters. However, its major
limitation is the exponential growth in computational cost with increasing dimensionality. For
problems involving multiple variables, such as FSPM machine design, parametric sweeps become
computationally infeasible and inefficient in identifying global optima.

Direct Optimization implemented using evolutionary algorithms offers a powerful alternative ca-
pable for handling nonlinear and multi-objective problems. This approach directly interacts with
the FEA model, enabling evaluation of design candidates without approximation. It is particularly
well-suited for problems with strong parameter coupling. The ability to generate Pareto fronts
provides valuable insight into trade-offs between competing objectives. However, the primary
drawback of Direct Optimization is its high computational demand, as it requires a large number
of finite element analyses. This makes it time-intensive, especially when detailed models are used.
Meta-Model-Based Optimization addresses the computational limitations of Direct Optimization
by introducing surrogate models that approximate the relationship between input variables and
performance outputs. Techniques such as ALHS are used to construct these models based on a
limited set of FEA simulations. The key advantage of this approach is its significant reduction
in computational cost while still enabling efficient exploration of the design space. Additionally,
sensitivity analysis was integrated to identify the most influenced variables, further improving op-
timization efficiency. However, the accuracy of the results depends on the quality of the surrogate
model, and errors may arise if the model fails to capture nonlinear behaviors. From this study, it
is understood that Parametric Sweep Optimization is preferred during the initial design phase for
finding critical input variables, understanding system behavior and validating model setup. Direct
Optimization is most suitable when high accuracy is required and computational resources are
available, particularly for final design refinement. Meta-Model-Based Optimization is preferred for
complex multi-objective problems where computational efficiency is critical, offering a practical
balance between accuracy and speed.
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5 3D Electromagnetic Modeling and Analysis

The extensive multi-objective optimization approaches detailed in the chapter 4 identified a re-
fined machine geometry capable of meeting the desired performance criteria. However, both the
Direct and Meta-Model-Based Optimizations were executed with the 2D FEA. R. De Weerdt et al.
[53] identified that 2D FEA studies assumes an infinite axial length for mathematical calculation
and this caused the 2D planar models to confine the magnetic flux density vectors to radial and
tangential components. This fundamentally neglects 3D electromagnetic phenomena such as the
axial fringing flux escaping at the physical boundaries of the core. Furthermore, the 2D models
do not include end windings in simulations. S. T. Lundmark et al. [54] states that failing to
include end windings in simulation models underestimates stator leakage inductance, which can
yield prediction failures. Hence, their study [54] concludes that 3D FEA is considered an suitable
option for theoretically determining stator winding inductances and comprehensively capturing
these complex spatial end effects. Beyond structural and end winding effects, 3D modeling is also
necessary to compute the eddy current losses induced within the permanent magnets. Because
planar 2D solvers force induced currents to flow in the infinite axial direction, they inherently
limited to capture the complex, three-dimensional circulation paths, particularly the end winding
loops, leading to underestimations of localized magnet heating. Therefore, while 2D FEA provides
a preliminary approximation, this transition to a comprehensive 3D electromagnetic analysis is
necessary to evaluate the selected design and predict its physical performance prior to prototype
manufacturing.

5.1 Model Configuration and Mesh Generation
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Figure 44: 3D finite element model of the chosen 2D design

The transition from the 2D design to a 3D simulation model requires defining the axial boundaries
and the end winding connections. To significantly reduce the computational time associated with
3D simulation, geometric symmetry was strategically exploited during the model configuration.
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Rather than simulating the full 25mm stack length, the optimal cross-sectional geometry was
extruded to exactly half of the active stack length (12.5mm). The most critical geometric addition
to the 3D model is the definition of the end windings. The constructed 3D model prior to the
application of symmetry reduction for 3D FEA is shown in Figure 44.

Furthermore, executing 3D FEA requires significantly complex meshing. Unlike 2D mesh, which
only consists of planar triangles, 3D mesh utilizes thousands of volumetric tetrahedrons. Applying
a uniformly dense mesh across the entire three-dimensional space would result in an exponentially
high mesh elements, making the simulation unsolvable in a reasonable time frame. Therefore, com-
ponents targeted meshing was implemented, directly assigning specific maximum element length
to individual physical components and constructed boundary regions based on their electromag-
netic significance, similar to the mesh configuration used in ANSYS benchmark models from the
example library. The mesh configuration assigned for specific components are listed in Table 17.

Table 17: 3D FEA mesh configuration

Mesh Types Magnets Copper Windings Electrical Steel Vacuum
Element Size 6 mm 7 mm 6 mm
Surf: = : - .

uriace SD = 0.037; ND — 30° SD = 0.06; Adaptive Meshing
Approximation ND = 30° ND = 30°
Surface
Representation Normal Normal Normal
Priority

*SD: Surface Deviation *ND: Normal Deviation
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Figure 45: 2D cross-section of the 3D meshed geometry showing a cut section of the air-gap
region in the XY-plane

To manage the surrounding air and non-actives spaces, a nested regional strategy utilizing math-
ematically defined boundaries was deployed. The global computational domain is defined by an
outer region, configured as a large encompassing cylinder. Rather than applying strict manual
mesh constraints, the mesh configuration inside this region relies on the solver’s automatic adap-
tive meshing algorithm. Because the magnetic leakage flux decays in the air space far from the
active machine, the solver generates a highly relaxed coarse mesh in this region as shown in Fig-
ure 45, significantly reducing unnecessary computational overhead. Conversely, an inner region,
modeled as a hollow cylinder enclosing the rotor structure was also established. The most critical
aspect of the 3D meshing is the configuration of the motion boundary, which mathematically sepa-
rates the stationary stator domain from the rotating rotor domain. This was achieved by defining
a motion band, constructed as a hollow cylinder nested between the stator bore and inner region.
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A specific ‘cylindrical gap treatment’ mesh was applied to this boundary. This specialized meshing
operation ensures that the tetrahedral elements on the rotating inner face align with the elements
on the stationary outer face during every simulated transient time step. This mathematical treat-
ment is vital for preventing artificial numerical noise and interpolation errors from corrupting the
calculation of the transient torque ripple as the three-dimensional mesh physically slides across the
air-gap interface.

Beyond spatial discretization, a major highlight of the 3D simulation is the effective calculation
of magnetic losses, particularly the eddy currents induced within the permanent magnets. To
capture these complex three-dimensional circulating currents, the eddy effect computation must
be explicitly enabled with in the core solver settings. Crucially, all individual magnets must
be manually selected and assigned an ‘insulating” boundary condition. This electrical isolation
prevents the solver from calculating artificial current paths between adjacent components, ensuring
that the induced eddy currents circulate within the geometric volume of each discrete magnet.

5.2 3D Electromagnetic Performance Results

2D & 3D TRANSIENT TORQUE CURVES
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Figure 46: Comparison of 2D and 3D transient torque curves

Table 18: Comparison of 2D and 3D electromagnetic results

Outputs 2D Model 3D Model

Tive 11.5 Nm 8 Nm
Tlipple 19 % 36.4 %
Pout 3 kW 2.1 kW
77an ~97.5 % 92.4 %
Vbe 88.5'V 89.6 V
Iphase,rms 31.8 A 31.8 A
Pmagnet - 11.4 W

Table 18 shows the comparison in performance outputs between 2D and 3D analyses. The transition
from 2D to 3D FEA results in significant performance metrics change, highlighting the limitations
of 2D approximations. Since 2D simulations assume an infinite axial length, they neglect axial
fringing and end-winding flux leakages. As a result of this, 3D analysis shows a reduction in average
electromagnetic torque, dropping by nearly 30% from 11.43 Nm in 2D to 8 Nm in 3D. The plots
of instantaneous torque from both 2D and 3D FEA are shown in Figure 46. With the operating
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speed remaining constant, the 30% drop in torque brings down the output mechanical power from
3 kW to 2.1 kW. This reduction occurs due to the flux leaking through the end windings rather
than linking the poles for torque production. The smooth, periodic torque waveform simulated in
2D becomes distorted in the 3D simulation as torque ripple nearly doubles from 19% to 36.4%.
This can be attributed to the localized magnetic saturation well exceeding 2.1 T in the stator
teeth, structural bridges, and rotor poles as shown in the Figure 47. Operating in this nonlinear
saturation region increases magnetic reluctance, leading to higher flux leakages.

CONTOUR MISSING

PATCHY DISTRIBUTION

Figure 47: Magnetic flux density contour plot

This comparison has shown that the overall efficiency has dropped to 92.4 % from 97%. While
the copper losses remain identical due to constant phase currents, the core losses surged to a 4.7X
increase from 20 W to 94.5 W. This increase is attributed to the three-dimensional flux paths,
which introduce localized flux variations that are not captured in 2D simulations. Furthermore,
the eddy current losses in magnets have been computed to be 11.4 W. These losses arise due to the
circulating current paths within the magnet volume, which cannot be represented in 2D analysis.
It is important to note that the deviations observed between 2D and 3D results are not unique to
this study. Similar trends have been observed in the benchmark models provided within the AN-
SYS Maxwell example library, where identical machine geometries exhibit noticeable reductions in
torque and efficiency when analyzed using 3D FEA. Compared to the refined and structured mesh
employed in 2D simulations, the 3D model utilizes a tetrahedral mesh with relatively coarser ele-
ment sizing due to computational constraints. In particular, the absence of a refined air-gap mesh
configuration such as dual air-gap band strategy implemented in the 2D model may introduce the
localized inaccuracies in the flux density distribution and contribute to the irregularities observed
in the contour plots. However, these meshing effects are secondary and do not significantly alter
the overall performance trends observed in 3D. In conclusion, while 2D FEA serves as an efficient
tool for preliminary design and optimization, it does not fully capture machine performance by
neglecting critical 3D-effects. In contrast, 3D FEA provides a realistic representation of electro-
magnetic behavior by capturing end effects, saturation and magnet eddy current losses. However,
careful attention must be given to mesh configuration to ensure numerical accuracy and reliable
results.
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6 Mechanical and Manufacturing Design

The transition from theoretical electromagnetic optimization to physical manufacturing requires a
robust mechanical design strategy. The primary objective of this design phase is not to engineer
a completely novel structural housing, but rather to strategically integrate the newly optimized
electromagnetic topology with the pre-existing components from the Hacker Q150 motor. Fig-
ure 48 shows the 3D model of the Hacker Q150 motor. By dismantling the critical structural
components from the Hacker Q150 specifically the stator bracket, bearings, and the rotor shaft,
the newly designed machine can be seamlessly mounted into the existing test bench setup. This ap-
proach provides physical compatibility for experimental testing while drastically reducing custom
machining costs and assembly complexity. Consequently, this chapter details the 3D mechanical
modeling required to adapt the optimized active components to the Hacker motor’s structural com-
ponents, alongside the preparation of production-ready technical drawings and physical mock-ups
for verification.

Figure 48: CAD rendering of the Hacker Q150 motor

6.1 3D Mechanical Modeling

The mechanical development and assembly were executed within the Siemens NX computer-aided
design (CAD) software. The optimal 2D stator and rotor cross-sections finalized during the opti-
mization phase were exported from ANSYS Maxwell as DXF files. These profiles were imported
into Siemens NX and extruded to a stack length of 25 mm to create the 3D active solid bodies.
The new rotor housing geometry was specifically adapted to interface securely with the existing
shaft, while the stator laminations were dimensioned and provided additional projections to mount
into the original Hacker stator bracket. A critical aspect of this assembly is to mechanically verify
that the air gap of 0.5 mm is strictly enforced between the new active components, ensuring the
physical prototype closely aligns with the design parameters used in simulations.

The construction of the machine within the Siemens NX environment was systematically catego-
rized into three distinct mechanical sub-assemblies: the shaft assembly, the stator assembly, and
the rotor assembly. The shaft assembly forms the rotational foundation of the machine, consisting
entirely of the unmodified components from the Hacker motor, specifically the main drive shaft,



Mechanical and Manufacturing Design 59

SHAFT

BEARING 6005

BEARING 6004

LOCKNUT ASSEMBLY

Figure 49: Shaft assembly showing the unmodified Hacker Q150 components

two primary support bearings 6005 and 6004, and the locknut assembly as shown in Figure 49.
The locknut assembly ensure the bearing position relative to stator bracket. The remaining two
assemblies were designed to integrate the newly optimized electromagnetic cores.

6.1.1 Stator Assembly

The stator assembly illustrated in Figure 50 integrates the newly designed stator core, permanent
magnets, and copper windings with the pre-existing stator bracket, twist protection, and axial
clamping components. To ensure mechanical stability under high electromagnetic torque, specific
securing mechanisms existing in the Hacker motor were adapted into this new model.

PERMANENT MAGNET

STATOR AXIAL CLAMP

STATOR CORE

STATOR BRACKET

Figure 50: Stator assembly of the machine

To prevent any rotational movement of the stator core during operation, a stator twist protection
system was implemented. This utilizes four numbers of @3 mm x 24 mm cylindrical pins that
physically lock the stator into the corresponding recesses of the stator bracket and the core, thereby
acting as a rigid anti-rotation key. Such axial projections shown in orange color in Figure 51 were
provided at four different places on the inner circumference of the stator core exactly 90° apart.
Furthermore, to prevent the stator core from migrating axially out of the bracket, a compressive
retention system from the Hacker motor was also utilized. Once the coil-wound stator core is
seated within the bracket, four mechanical clamps from the Hacker motor are positioned over the
assembly and securely bolted to the bracket. These clamps apply a continuous axial compression
shown as interference in Figure 52, preventing axial movement. In the electrical context, to prevent
short circuits between the same phase windings strands or with the stator core due to insulation
damage under high thermal loads, the copper conductors coated with dielectric should be utilized.
Different insulation class offers different maximum operating temperature. Modified polyester
resins categorized as standard Class F insulation allow for continuous operation up to 155°C. This
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AXIAL PROJECTION

EXTRUDED STATOR

Figure 51: Stator core with axial projections

STATOR CLAMP

INTERFERENCE BETWEEN
CLAMP & STATOR CORE

STATOR CORE

STATOR BRACKET

STATOR TWIST PROTECTION PIN

Figure 52: Clamping arrangement from the Hacker Q150 motor shown in sectional view

thermal limit can be further increased to 180°C by using Class H polyamide-imide enamels. This
increase in thermal limit directly helps in increasing the allowable current supplied to the motor
without the risk of thermal breakdown.

6.1.2 Rotor Assembly

The rotor assembly shown in Figure 53 involves a precise, shrinkage-fit assisted integration between
the rotor core and a custom-designed outer-rotor housing machined from 6061-T6 aluminum alloy.
Both the outer diameter of the rotor core and the inner diameter of the outer-rotor housing have
a nominal dimension of 180 mm. To securely mate these two components without inducing radial
compressive stress on the electrical steel laminations, a specialized pinned interference fit was
engineered. The design features seven semicircular slots of @3 mm X 25 mm machined along
the boundary interface. Crucially, the pitch circle diameter (PCD) of the slots on the aluminum
housing is intentionally offset to 179.9 mm, while the corresponding slots on the rotor core maintain
a PCD of 180 mm. During the proposed heat shrink assembly process, the aluminum housing will
be heated in an industrial oven to induce thermal expansion, allowing the rotor core to be inserted
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into it with zero interference. Subsequently, cylindrical retaining pins will be inserted into the
aligned circular gaps. As the 6061-T6 aluminum cools and naturally contracts, the 0.1 mm PCD
offset ensures that the thermal shrinkage force clamps onto the inserted pins rather than crushing
the outer diameter of the rotor core. This mechanism transforms the pins into robust shear keys,
establishing a high-strength lock between the core and the housing that can withstand the dynamic
operational torque of the machine.

RETAINING PIN

ROTOR CORE

ROTOR HOUSING

Figure 53: Rotor assembly of the machine

6.1.3 3D Mock-up Creation and Assessment

Final assembled outer-rotor FSPM motor developed for this thesis study is shown in Figure 54. It
consists of components listed in Table 19 , which are organized into three distinct sub-assemblies
for mechanical integration.

Figure 54: CAD rendering (left) and 3D printed mock-up (right) of prototype FSM machine
developed in this study

Following the mechanical assembly in the CAD environment, a full-scale 3D printed mock-up
model of the entire motor assembly was created to validate the design physically. The purpose of
this mock-up was not to achieve exact manufacturing tolerances, which are difficult with standard
3D printing, but to verify whether the components assemble properly without major geometric
errors. The mock-up preparation and assembly were also used for the initial validation of the
stator, rotor, and housing integration. Additionally, the 3D printed stator was used to perform
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manual winding trials on two adjacent teeth using the intended winding configuration to assess the
feasibility of achieving the desired slot fill factor of 50%. It was observed that manual winding at
such a high fill factor is quite challenging. A key issue identified during this process was related to
the end winding overhang length. In the planned mechanical design, a clearance of 10.45 mm was
maintained between the top plane of the stator core and the bottom surface of the rotating rotor
housing rib.

Table 19: Components used in the machine assembly with origin classification

Assembly Type Part Name Quantity Origin
Shaft 1 H Q150
Shaft Assembly Bearing 6004 1 H Q150
Bearing 6005 1 H Q150
Locknut 1 H Q150
Stator bracket 1 H Q150
Stator core 1 Designed
Magnets 12 Designed
Stator Assembly  3-phase copper windings 12 Designed
Twist protection pins 4 H Q150
Axial clamps 4 H Q150
Clamp screws 8 H Q150
Rotor housing 1 Designed
Rotor Assembly Rotor core 1 Designed
Shrink fit pins 7 Designed
Housing to shaft assembly screws 6 H Q150

However, during manual winding, the overhang length reached approximately 11 mm, which would
result in interference with the rotor housing. Based on this observation, it was decided to outsource
the winding process for machine-assisted winding to ensure better control and maintain the over-
hang length below 8 mm. Furthermore, the mock-up assembly highlighted the need for a dedicated
guiding system for the shrink fit process. Specifically, a mechanism is required to guide the rotor
into the heated rotor housing and to assist in inserting the shrink fit pins, as the time available
for completing the assembly is very limited. It was also confirmed, as initially anticipated, that
the star point connection must be positioned on the rear side of the machine due to limited space
on the top side. Other than these concerns, the axial projections created on the stator core inner
diameter for twist protection, and the clamping arrangement of the core fit properly as intended.
Overall, the 3D mock-up study identified practical manufacturing and assembly challenges before
proceeding to the final prototype.

6.2 Preparation of Technical Drawings

Following the mechanical assembly in Siemens NX, comprehensive 2D technical drawings were
created to facilitate the physical manufacturing of the steel laminations, magnets and rotor housing.
These production drawings serve as the definitive communications tool for fabrication, detailing the
exact geometric dimensioning and tolerancing (GD&T) required for the cutting process. The most
critical geometric parameters, specifically the ISO fit tolerances governing the structural interfaces
and the precise dimensional offsets for the thermal assembly, are summarized in Table 20.

Special attention was dedicated to the ISO tolerance classes at these specific mechanical interfaces
to ensure that the final manufactured active components assemble smoothly with the Hacker motor
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parts. The specification of an H7/h6 sliding fit for the 180 mm outer-rotor boundary ensures that

the core can be precisely seated within the housing prior to the shrink fit process. The complete,

production-ready manufacturing drawings including material specifications and geometric toler-

ances for all sub-assemblies are provided in Appendices E, F, G, and H. The assembly procedure

for the machine developed in this thesis study is provided in Appendix I.

Table 20: Summary of mechanical interface tolerances and ISO fit classes

Mechanical Nom. Dia. (mm) ISO Fit Component Tol. Limits (mm) Dimensions (mm)
Interface Type
Outer-Rotor Housin
Housing / 180 HS / h8 J +0.063 / 0.000 180 / 180.063
(Hole)
Rotor Core
Core (Shaft) 0.000 / -0.063 179.937 / 180
Rotor Slot . . .
PCD offset 180 Shrink Fit  Housing Slots - 179.9 (offset)
Core Slots - 180 (Base)
Rotor Housin
Housing / 49 HT / 7 & 40.025 / 0.000 49 / 49.025
(Hole)
Shaft
Shaft (Shaft) -0.025 / -0.050 48.950 / 48.975
Stator
Bracket / 100 H7 /h6  Core (Hole) 40.035 / 0.000 100 / 100.035
Stator Core
Bracket
(Shaft) 0.000 / -0.022 99.978 / 100
Air Gap
(Stator to 145/144 H7 ) o7 Stator ID 40.040 / 0.000 145 / 145.040
(Hole)
Rotor)
Rotor OD

(Shaft)

-0.085 / -0.125

143.875 / 143.915
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7 Multidisciplinary Design Evaluation

The transition toward electric aircraft and electrified aerospace propulsion systems demands elec-
trical machines that not only has high-power density but also is characterized by high reliability
and fault tolerance. Aerospace protocols dictate that no single-point failure can precipitate a
catastrophic loss of the system. This requires exhaustive redundancy, rigorous Failure Mode and
Effects Analysis (FMEA), and validation of all operational boundaries before a prototype is made
flight-worthy. PMSMs used in current aerospace subsystems have been certified through existing
certification structures, although certification practices are still evolving for high-power electric
propulsion applications. However, transitioning from PMSM to FSPM topologies brings a fun-
damentally altered mechanical and electromagnetic aspect that nullifies many traditional failure
baselines.

In conventional PMSMs, primary failure modes at high speeds often involve the mechanical reten-
tion of rotor magnets, where centrifugal forces can cause magnet detachment. The FSPM topology
overcomes this problem by accommodating both the armature winding and the permanent magnets
entirely within the static stator, leaving the rotor as a salient iron structure. While this solves high
speed rotor retention problems, it consequently creates the thermal and structural complexities
into the stator housing. The close placement of heat generating windings to temperature sensitive
permanent magnets could create an environment susceptible to local saturation, thermal degra-
dation, and cascading thermomechanical failures. Hence, a custom, detailed failure mode analysis
is necessary. Such an analysis is needed to understand how the coupled effects of aerospace tem-
perature gradients, microscopic manufacturing tolerances, and localized electromagnetic hotspots
interact to influence the machine’s integrity during flight operations.

It is important to note that the idea for performing the FMEA presented in this chapter was
initiated during the later stages of this thesis. Therefore, this chapter is structured to document
the recommendations provided by the expert panel, along with targeted validation studies for
selected design improvements. These outcomes are intended to guide the next design iteration of
the machine, ensuring a more robust and manufacturable solution in future development phases.

7.1 Workshop Design and Evaluation Framework

To identify and analyze these failure modes, a cross-functional technical design review workshop was
convened on March 16, 2026 at Hybrid Electric Propulsion Cottbus (HepCO) hall. A structured
peer-review methodology was implemented, aimed at interrogating the designed FSPM machine
across three engineering domains, Electromagnetic, Mechanical and Manufacturing. To ensure
a diverse and robust brainstorming session, 5 participants from different areas of expertise were
invited. To avoid idea convergence and to avoid reflecting on the same idea, the participants were
split and grouped into three teams (2-2-1). Following a presentation detailing the machine’s cur-
rent iteration, the workshop was structured around three, 20-minute tasks. After every 20-minutes,
the teams were made to switch their focus between the electromagnetic, mechanical, and manufac-
turing contexts. This rotating, multidisciplinary structure ensured that the geometric constraints,
material choices, and performance metrics were scrutinized from multiple engineering focus, yield-
ing a summary of design vulnerabilities. The discussions conducted during the workshop across the
three engineering domains were compiled into structured failure mode assessments. Tables 21-25
in the following sections summarize the identified failure modes, their causes, associated effects
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and recommended mitigation strategies, providing an overview of the key design vulnerabilities.

7.1.1 Manufacturing Feasibility, Tolerances, and Assembly Complexities

Table 21: Summary of manufacturing feasibility, tolerances, and assembly complexities for the
proposed FSPM prototype (Part 1)

Shaft-rotor

Missing GD&T

tolerancing allows

explicit runout/-

Part/ Failure Mode Failure Cause(s) Effect(s)/ Recommended
Assembly (short) Statement Consequence Mitigation(s)
Exceptionall
. P Y Relax
tight tolerances; .
. non-functional
L. simulated model
. Critical . Rework or scrap; tolerances;
Technical . . assumes ideal .
. Out-of- dimensions are . . high cost; delayed preserve only
drawings / . rigidity /material . . L.
. tolerance not achieved . prototype build; function-critical
machined . . . behavior;
dimensions repeatably in non-repeatable fits; run tolerance
parts standard .
manufacture. L. assembly. stack-up review;
machining .
- confirm supplier
capability may be capabilit
insufficient. P v
Add explicit
Inadequate
GD&T per
geometric Drawings lack P

Rotor wobble;

eccentric running;

function; retain
the stated 0.02

inaccurate.

. wobble, misfit, or concentricity .
housing / runout . interference; mm
. mechanical controls; datum K . .
interface control . . . degraded air-gap | perpendicularity;
interference at the insufficiently
. control. add runout/con-
shaft—housing defined. .
. centricity
interface.
controls.
Create a
The shrink-fit Compounded controlled SOP;
operation fails to tolerance chain; Incomplete calculate
Shrink-fit Shrink-fit achieve the narrow thermal seating; insecure interference
joint assembly failure intended assembly window; | torque transfer; formally; define
interference joint high process possible scrap. heating/cooling
during assembly. sensitivity. window and
assembly timing.
Poor .
Components are . Increase guidance;
Assembly- guidance/load .
. . permanently .. . Permanent use alignment
Shrink-fit induced X distribution; . .
. damaged while damage; hidden tooling; define
mating faces component . K rushed assembly; . L.
mating during .. defects; scrap. force/time limits;
damage . . limited contact
shrink-fitting. . perform dry runs.
points.
Rotor and casing . Introduce
. Insufficient .. .
Rotor and Decentering are not centered . Eccentricity; centering features;
. . . centering features; | . . . ..
casing during correctly during air-gap variation; | verify coaxiality
tolerance-stack . . . .
subassembly manufacture manufactur- . vibration risk. before bearing
. accumulation. . .
ing/assembly. installation.
Ambiguous Define detailed
. . Premature
Bearing . bearing assembly | Unclear sequence . assembly
. Bearing bearing damage;
locations / . steps lead to and preload . procedure and
. : misassembly . misalignment; . .
bearing build incorrect control. . verification
. . reduced life.
installation. checks.
Manual insertion Design a
. Unsafe or of the rotor into . Component controlled
Magnetized . . Strong magnetic .
imprecise the fully . damage; safety non-magnetic
stator / rotor . attraction; no . .
. . manual magnetized stator | . . hazard; insertion fixture;
insertion . . insertion fixture. L. .
insertion becomes unsafe or misalignment. prohibit manual

insertion.
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Table 22: Summary of manufacturing feasibility, tolerances, and assembly complexities for the
proposed FSPM prototype (Part 2)

Part/ Failure Mode Failure Cause(s) Effect(s)/ Recommended
Assembly (short) Statement Consequence Mitigation(s)
Apply adhesive on
Inadequate Magnets can . . Magnet PPy .
Stator Single-sided all faces; validate
magnet debond under . movement; .
magnets / . . bonding; thermal with
; retention thermal expansion . secondary
adhesive bond . . mismatch. thermal-cycle and
(inferred) or radial load. damage. .
load testing.

7.1.2 Thermomechanical Vulnerabilities and Structural Integrity Limits

Table 23: Summary of thermomechanical vulnerabilities and structural integrity limits for the
proposed FSPM prototype

Part/ Failure Mode Failure Cause(s) Effect(s)/ Recommended
Assembly (short) Statement Consequence Mitigation(s)
Model coupled
Thermal growth Pin thermal P
. . . Reduced torque thermal-
. of shrink-fit pins expansion; . . .
Air-gap . . quality; possible mechanical
Rotor support . and radial loads radial-load . .
. deformation . . . rubbing; deformation;
/ shrink-fit distort the deformation; high . K R
! . and loss of . . . s electromagnetic | review pin geome-
pins / air gap L. primary air gap | air-gap sensitivity .
concentricity asymmetry; try /material;
and push the of FSPM .
efficiency loss. define allowable
rotor off-centre. topology.

eccentricity limits.

Stator core
iron bridges

Local yielding
of narrow
bridges

Narrow stator
bridges yield
locally under
combined radial
force and thermal
expansion.

Single-piece stator
with narrow
bridges; high
radial forces;

thermal expansion

effects.

Permanent
geometry change;
altered air-gap;
reduced stiffness;
possible crack
initiation.

Optimise bridge
geometry; reassess
one-piece vs
segmented stator;
define stress
margins and
minimum

thickness.

7.1.3 Electromagnetic Constraints and Thermal Management Strategies

Table 24: Summary of electromagnetic constraints and thermal-management risks for the
proposed FSPM prototype (Part 1)
Part/ Failure Mode Failure Cause(s) Effect(s)/ Recommended
Assembly (short) Statement Consequence Mitigation(s)
Magnet . Additional Adopt the slicing
Long axial K .
. eddy-current loss . magnet heating; | concept: split 25
High magnet . magnet piece .
Permanent remains reduced thermal | mm magnet into 5
eddy-current . . supports larger . . .
magnets unnecessarily high margin; possible pieces; loss

loss (inferred)

in the unsliced
configuration.

circulating loss
paths.

demagnetisation
risk if severe.

reduction about
3.5%.

Outer-rotor
electromag-
netic
geometry

Excess torque
ripple (inferred)

Rotor geometry
without suitable
skew exhibits high
torque ripple.

Harmonic content

and discrete rotor

geometry without
validated skew
optimisation.

Torque pulsation;
vibration/NVH;
possible control
and mechanical-

loading
penalty.

Use stepped-skew
optimisation: 5
steps, 4° skew,

79% ripple

reduction with 6%

torque drop.




Multidisciplinary Design Evaluation

67

Table 25: Summary of electromagnetic constraints and thermal-management risks for the
proposed FSPM prototype (Part 2)

Part/ Failure Mode Failure Cause(s) Effect(s)/ Recommended
Assembly (short) Statement Consequence Mitigation(s)
Rotor-induced ' Asymmejtric Validate cool‘%ng
. . internal airflow Local thermal symmetry; adjust
. . Asymmetric airflow cools one . . .
Air-cooling . . from rotating imbalance; uneven | ducts/flow guides
cooling and side more than . " .
path / . geometry; no aging; additional if needed;
L. temperature the other, creating . .
windings non-uniformit uneven windin validated asymmetry in allowable
- Vi W
v & CFD/thermal machine behavior. | side-to-side AT
temperature. .
model yet. unspecified.
Persistent Qualify the
hotspots; Short circuit; insulation system
If local thermal POLS; ety Y
L. non-uniform destructive for expected
Stator . limits are . . .
. . Insulation cooling; asymmetrical thermal/electrical
insulation exceeded, the . . .
breakdown . . underestimated operation; stresses; introduce
system insulation system . . .
. losses; insufficient | potentially severe temperature-
fails. . . .
thermal machine behavior. | based protection
qualification. until validated.
Highly Benchmark
Ambient air concentrated Continuous against
. cooling cannot losses; limited operation not comparable
. Insufficient .
Cooling . remove enough heat-transfer sustainable; motors; evaluate
continuous-duty . .
concept cooli heat at path; no overheating; enhanced air
1m
g continuous rated comprehensive derating; reduced cooling or
aerospace load. thermal analysis | mission capability. | alternate cooling
yet. concept.
Sizing around a
single critical Peak-point- Lower mission Extend
System-level . operating point c.enFere.d eﬂicien(.:y; excess optimizatior? to
. Off-design causes optimization; off-design heat; representative
operating . .. .
efficiency loss unacceptable limited reduced flight-envelope
envelope . L .
efficiency drop multi-point system-level points and
over the wider mission analysis. benefit. continuous mode.
flight envelope.
Excitation source Local
Localized stator and armature overtemperature; Add detailed
heat generation windings are accelerated thermal model,
Stator Concentrated . . . . .
. creates thermal concentrated in insulation aging; | redistribute losses
winding thermal . . .
. hotspots in the stator; heat magnet heating; where feasible;
region hotspots . .
windings and sources are reduced improve local heat
nearby magnets. spatially continuous extraction.
clustered. capability.
Run sensitivity
tudi
High local studies on
. . material
saturation and Local magnetic .
material-propert saturation; Under-predicted properties;
Tooth / yoke Non-linear . Y . T . include worst-case
uncertainty uncertain material | heating; collapse . .
saturated temperature . .. margins; validate
. . trigger characteristics; of thermal .
regions spike . loss assumptions
unexpected loss-model margin. .
R . experimentally;
non-linear uncertainty. .
temperature rise saturation
P ' threshold
unspecified.

Despite the depth and technical value of these multidisciplinary discussions, it is important to define
the scope boundaries of this thesis. The electromagnetic design and optimization performed in this
work focus on a specific operating point under a defined temperature limit, in accordance with
the initial task definition. Based on the critical electromagnetic design recommendations provided
by the expert’s panel, targeted follow-up analyses were done to evaluate the impact of proposed
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Table 26: Results of magnet slicing study

Magnet Length Eddy Current Loss

5 mm 3.4 W
25 mm 12 W

1 35%
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Figure 55: Results of outer-rotor skew study

electromagnetic modifications such as rotor skewing and magnets slicing. 3D FEA modeling study
was done with sliced magnets and the results in Table 25 show a 3.5X drop in magnet eddy current
losses when the 25mm magnet dimension defining its length proportional to the stack length is
split into 5 pieces of bmm each. Further, a stepped skewing of the outer rotor with five axial steps,
and a parametric sweep of the skew angle from 0° to 15° with 1° increment is executed. The results
shown in Figure 55 demonstrates almost a flat torque ripple zone between 4° and 12° skew angle,
with a negative slope of the average torque. However, beyond 12°, a sharp increase in torque ripple
is observed. This behavior is consistent with studies on flux-switching machines [55], which show
that torque ripple depends on skew angle and step configuration. The increase in ripple at higher
skew angles can be attributed to reduced harmonic cancellation and the discrete nature of stepped
skew. Based on this analysis, a skew angle of 4° is identified for next design iteration, resulting in
a torque ripple of 4%, corresponding to a 79% reduction compared to the unskewed design, with
6% decrease in average torque to 10.84 Nm.

7.2 Future Work and Design Validation Road map

The evaluation of magnet slicing and rotor step skewing shows the practical value of this design
review, particularly in addressing key electromagnetic performance limitations. Building upon
these outcomes, the workshop discussions highlighted several important directions for further de-
velopment toward a fully validated machine. One of the primary extensions of this work is the
need to expand the design evaluations beyond the single operating point considered in this the-
sis. Future studies should investigate the performance of the machine across the complete flight
envelope. In addition to electromagnetic performance, the mechanical integrity of the machine
requires further investigation. While potential risks such as radial deformation and dynamic ec-
centricity were identified during the workshop, a detailed structural validation of the machine has
not been carried out within the scope of this thesis. Future work should therefore include com-
prehensive three-dimensional structural and thermomechanical analyses to evaluate the robustness
of critical components, including the stator bridges, rotor assembly, and air-gap stability under
combined thermal and mechanical loading conditions. Thermal management also represents a key
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area for further study. Due to the localized heat generation in FSPM topologies, advanced thermal
modeling is required to understand temperature distribution and hotspot formation. This may
also involve evaluating alternative cooling strategies to ensure reliable continuous operation under
realistic loading conditions. Furthermore, the acoustic and vibrational behavior of the machine
should be considered in future investigations. For aerospace and UAM applications, minimizing
noise, vibration, and harshness (NVH) is an important requirement that was beyond the analytical
scope of the present work. Overall, these future investigations extend the present study from a
constrained electromagnetic design toward a more comprehensive, multi-physics validated machine
design.



Conclusion 70

8 Conclusion

This thesis study explored the design, and preparation processes involving the manufacturing of an
outer-rotor Flux Switching Permanent Magnet machine under non-ideal engineering constraints.
This study addressed gap in the existing literature by integrating electromagnetic optimization
with practical mechanical, electrical, and manufacturing constraints. In contrast to the stud-
ies conducted under idealized conditions, this research study employed a constraint driven design
methodology that reflects real-world application requirements. Beginning with the analytical sizing
of the machine, this study developed a parametric geometric model based on established design re-
lations. This parameterization enabled systematic control over essential geometric variables. These
parameters were defined using dimensionless ratio, ensuring geometric consistency and scalability
throughout the optimization process. This analytical framework provided a 2D base model while
highlighting limitations of analytical approaches in capturing nonlinear electromagnetic effects such
as saturation and flux leakage. To overcome these limitations, a comprehensive FEA-based model-
ing framework was developed using ANSYS Maxwell. Both magnetostatic and transient analyses
were conducted to evaluate key performance indicators, including average torque, efficiency, torque
ripple, and inductance characteristics. The results demonstrated the nonlinear coupling between
geometric variables and electromagnetic performance, thereby validating the necessity of advanced
optimization strategies.

The core contribution of this thesis lies in the implementation and comparative evaluation of
three distinct optimization methodologies which are Parametric Sweep Optimization, Direct op-
timization, and Meta-Model-Based Optimization. Each approach was applied within the same
constrained design space to identify optimal trade-offs between competing objectives, namely max-
imizing torque and efliciency while minimizing torque ripple. The results showed that no single
optimization method universally outperforms the others, rather their effectiveness depends on the
complexity of the design space and computational resources. Parametric Sweep Optimization pro-
vided valuable insight into the sensitivity of design variables and enabled initial exploration of the
design space. However, due to the exponential increase in computational cost with the number
of variables, it proved inefficient for high-dimensional optimization problems. Direct optimization
using evolutionary algorithms demonstrated strong capability in identifying Pareto optimal solu-
tions, effectively handling nonlinear and complex objective functions. Nevertheless, this approach
required a significant number of FEA evaluations, resulting in high computational expense. In
contrast, the Meta-Model-Based Optimization approach offered a balanced trade-off between ac-
curacy and computational efficiency. By constructing surrogate models using sampled FEA data,
this method significantly reduced the number of required simulations while maintaining acceptable
prediction accuracy. The validation results confirmed that the Meta-Model predictions closely
matched time intensive FEA results, demonstrating its effectiveness for complex multi-objective
optimization problems.

Following optimization, the selected design was evaluated through 3D FEA analysis to account
for end-winding effects and axial flux leakage. The comparison between 2D and 3D results re-
vealed reductions in performance due to these effects, insisting the importance of 3D evaluation
for performance prediction. Beyond electromagnetic design, this thesis extended into mechanical
and manufacturing domains. A complete mechanical assembly was developed by adapting the im-
proved electromagnetic design with components derived from the Hacker Q150 motor. Technical
drawings and tolerancing considerations were prepared to ensure manufacturability. Furthermore,



Conclusion 71

a structured failure mode analysis conducted through a technical workshop identified potential
risks related to electromagnetic performance, structural integrity, and manufacturing feasibility.

In conclusion, this work suggests that a constraint driven optimization framework is an effec-
tive approach for the design of high performance FSPM machines. The integration of FEA, ad-
vanced optimization techniques, and practical design considerations shows potential for developing
machines that are both efficient and manufacturable. The findings highlight the importance of
selecting appropriate optimization strategies based on problem complexity and computational re-
sources. This thesis provides a comprehensive methodology that can be extended to other electric
machine topologies, contributing to the advancement of electrified propulsion systems, particularly
in aerospace applications where performance reliability, and feasibility are critical.

8.1 Future Outlook

Beyond the design recommendations from Chapter 7, one additional improvement identified in this
study is the inclusion of cogging torque as an optimization objective. Cogging torque, arising from
the interaction between permanent magnets and stator slots, partially contributes to torque ripple
[31]. While torque ripple was considered in the present work, cogging torque has direct influence on
vibration, acoustic noise, and low-speed performance, and treating it independently could further
enhance machine behavior. In addition to that, incorporating the minimization of active machine
mass as an additional objective would help achieve higher power density.
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Appendices 7

Appendix B: Post-Processing Script for Parametric Sweep Results

Script 1: Python script for parametric sweep data processing, constraint evaluation, and 3D
surface generation.

import pandas as pd

import numpy as np

import matplotlib.pyplot as plt
from matplotlib import cm
import os

# ========================s=======================s===================s============
# SECTION 1: Setup and Directory Definition

# ===========================================s==s==s==s==s=============s==s==s==========
base_dir = ’./Parametric_Sweep_Results’

torque_file_path = os.path.join(base_dir, ’Torque_Plot.csv’)
efficiency_file_path = os.path.join(base_dir, ’Efficiency_Plot.csv’)
voltage_file_path = os.path.join(base_dir, ’SPhase_Total_Voltage_Drop.csv’)
current_file_path = os.path.join(base_dir, ’BranchCurrent_Plot.csv’)

merge_cols = [’$Beta_M[degl’, ’>$Beta_Ryldegl’]

# ==========================s==========s===s==========s==========s===================
# SECTION 2: Data Processing and Constraint Evaluation

# =============================================================z=======z==z====z====
df _torque = pd.read_csv(torque_file_path, float_precision=’round_trip?’)
torque_col = ’Movingl.Torque,[NewtonMeter]’

df _torque[torque_col] = df_torquel[torque_col].astype(np.float64)

# Calculate Torque Statistics

torque_stats = df_torque.groupby(merge_cols).head(61).groupby(merge_cols) [torque_col].agg(
Tavg=’mean’, Tmax=’max’, Tmin=’min’

) .reset_index ()

torque_stats[’Torque_Ripple_[%]’] = ((torque_stats[’Tmax’] - torque_stats[’Tmin’]) /
torque_stats[’Tavg’]) * 100

# Calculate Efficiency Statistics

df _efficiency = pd.read_csv(efficiency_file_path, float_precision=’round_trip?’)

eff_col = ’Efficiencyyl[]’

df _efficiencyl[eff_col] = df_efficiencyleff_col]l.astype(np.float64)

eff_stats = df_efficiency.groupby(merge_cols).head(61).groupby(merge_cols) [eff_col]l.agg(
Avg_Efficiency=’mean’

).reset_index ()

# Evaluate Voltage Constraints

df _volt = pd.read_csv(voltage_file_path, float_precision=’round_trip’)

v_cols = [’NodeVoltage (IV_ph_A_Total) [V]’, ’NodeVoltage(IV_ph_B_Total) [V]’, ’NodeVoltage(
IV_ph_C_Total) [V]’]

volt_stats = df_volt.groupby(merge_cols).head(61).groupby(merge_cols).apply(
lambda g: max(glv_cols[0]].abs().max(), glv_cols[1]].abs().max(), glv_cols[2]].abs().max())

/ 0.866
) .reset_index (name=’Req_V_DC_[V]’)

# Evaluate Current Constraints
df _curr = pd,read_csv(current_file_path, float_precision=’round_trip’)
i_cols = [’BranchCurrent(Vi_a)_ [A]l’, ’BranchCurrent(Vi_b)_ [A]’, ’BranchCurrent(Vi_c)_ [A]"’]
curr_stats = df_curr.groupby(merge_cols).head(61).groupby(merge_cols).apply (
lambda g: max([np.sqrt(np.mean(glcl**2)) for c in i_cols])
).reset_index (name=’Max_I_RMS_[A]’)

# =================z===z==z===z==z===z==========z=========s====z==z========z===z============
# SECTION 3: Normalization and Ranking

# =S======S==S==S==S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S==S========
df _master = pd.merge(torque_stats, eff_stats, on=merge_cols)

df _master = pd.merge(df_master, volt_stats, on=merge_cols)

df _master = pd.merge(df_master, curr_stats, on=merge_cols)

# Apply Hardware Constraints
df _master [’Hardware_Valid’] = (df_master[’Req_V_DC_[V]’] < 100.0) & (df_master[’Max_I_RMS_[A]’]
< 80.0)

# Normalize metrics for scoring
w=1.0/ 3.0
for ¢, norm in [(’Tavg’, ’Norm_Tavg’), (’Avg_Efficiency’, ’Norm_Efficiency’)]:
df _master [norm] = (df_master[c] - df_master[c].min()) / (df_master[c].max() - df_master[c].
min ())
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df _master [’Norm_Ripple’] = (df_master[’Torque_Ripple_[%]’].max() - df_master [’>Torque_Ripple_[%]
>]) / (df_master [’Torque_Ripple_[%]’].max() - df_master[’Torque_Ripple_[%]’].min())

# Calculate Total Score and Rank

df _master [’Total_Score’] = (df_master[’Norm_Tavg’] * w) + (df_master[’Norm_Ripple’] * w) + (
df _master [’Norm_Efficiency’] * w)

df _master_ranked = df_master.sort_values(by=’Tota1_Score’, ascending=False).reset_index(drop=
True)

F N Y R Yy L r E E Xy Y P Yy N S YL P XY F Y Y Y Y F L]

# SECTION 4: 3D Response Surface Generation

# =S====s==s==s==S=s=-S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=S=SSSS=S=SSSSSSSSSSSSSSSSSSS=SS=SS=SS=SSsSSsS=S=S=S=S==S=====

valid_designs = df_master_ranked[df_master_ranked[’Hardware_Valid’] == True]

best_design_coords = valid_designs.iloc[0] if not valid_designs.empty else Nomne

beta_m_axis = np.sort(df_master_ranked[’$Beta_M, [degl’].unique())
beta_r_axis = np.sort(df_master_ranked[’$Beta_R,[degl’].unique())
X, Y = np.meshgrid(beta_m_axis, beta_r_axis)

metrics_to_plot = [
(’Tavg’, ’AverageTorque (Nm)’, ’Surface_Plot_Average_Torque.png’),
(’Torque_Ripple_[%]’, ’Torque Ripple,(%)’, ’Surface_Plot_Torque_Ripple.png?’),
(’Avg_Efficiency’, ’Average Efficiency (%)’, ’Surface_Plot_Average Efficiency.png’)

for col, z_label, filename in metrics_to_plot:
Z_matrix = df_master_ranked.pivot(index=’$Beta_R, [degl’, columns=’$Beta_M [degl’, values=
col) .values
fig = plt.figure(figsize=(10, 8))
ax = fig.add_subplot (111, projection=’3d’)
surf = ax.plot_surface(X, Y, Z_matrix, cmap=cm.coolwarm, edgecolor=’black’, linewidth=0.5,
alpha=0.65)

if best_design_coords is not None:
ax.scatter(best_design_coords[’$Beta_M, [degl’], best_design_coords[’$Beta_R, [degl’],
best_design_coords[coll,
color=’red’, s=150, marker=’o’, edgecolor=’black’, zorder=50, label=’0Optimal
uDesign?’)
ax.legend (loc=’upper right’)

ax.set_xlabel(r’Magnet Arc, ($~\circ$)?)
ax.set_ylabel (r’Rotor Arc ($~\circ$)’)
ax.set_zlabel(z_label)
ax.set_title(f’Response Surface: {z_labell}’)

fig.colorbar (surf, ax=ax, shrink=0.5, aspect=12, pad=0.1, label=’Magnitude’)
ax.view_init(elev=40, azim=135)

plt.tight_layout ()
plt.savefig(os.path. join(base_dir, filename), dpi=300)
plt.close()
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Appendix C: Automation Framework Script

Script 2: Python script for PyAEDT automated geometry generation, constraint calculation, and
two-step FEM simulation.

math

os

shutil

time

pandas as pd

import
import
import
import
import

from pyaedt import Maxwell2d,
import numpy as np

Desktop

base_project_name "Base_Machine_Model"
original_template_path = r“./Templates/Base_Machine_ModelAaedt"
swg_lookup_path = r"./Reference_Data/swg_lookup.csv"

if not ’0SL_REGULAR_EXECUTION?
OSL_REGULAR_EXECUTION =

in locals():
False

if not OSL_REGULAR_EXECUTION:
wdir = r"./Simulation_Runs"
design_name_suffix =
project_path = original_template_path
output_folder = os.path.join(wdir,
swg_path = swg_lookup_path

"test_run"
"output_" + design_name_suffix)
if not os.path.exists(output_folder):

os.makedirs (output_folder)

# Standalone Test Parameters

osl_ORD = 180

osl_IRD = 145

osl_SDia = 100

osl_AG = 0.5

osl_Ntc = 10

osl_Strands = 4
osl_Gamma_Beta_S = 0.515207
osl_Gamma_S = 0.217847
osl_hsO = 1

osl_Gamma_R = 0.562551

osl_R_tip_taper_Outer = 0.910889
osl_R_tooth_ratio = 0.66467
osl_RMSCurrentDensity = 5.0
osl_rotor_rpm = 2500
osl_Thick_Ratio = 0.288585
osl_Len_Ratio = 0.94
osl_R_Fillet = 0
osl_F_Ratio = 0.797786
else:
wdir = OSL_DESIGN_DIR
design_name_suffix = OSL_DESIGN_NAME
project_path = os.path.join(wdir,
output_folder = os.path.join(wdir,
swg_path = swg_lookup_path

base_project_name + + design_name_suffix + ".aedt")

"output_" + design_name_suffix)

if not os.path.exists(output_folder):
os.makedirs (output_folder)

if not os.path.exists(project_path):

shutil.copyfile(original_template_path,

project_path)

param_dict = {

"$ORD":
"$IRD":
"$SDia":
"$AG": (osl_AG,
"$Ntc": (osl_Ntc,
"$Strands":
"$Gamma_Beta_S":
"$Gamma_S":
"$hs0": (osl_hsoO,
"$Gamma_R":

(osl1l_ORD,
(os1_IRD,

"$R_tooth_ratio":
"$Ic": (0.0, "AM)

(osl_SDia,
l|mmll) .

(osl_Strands,
(osl_Gamma_S,

(osl_Gamma_R,
"$R_tip_taper_Outer":

"mm") ,
"mm") ,
"mm") ,

I|Il)’
||Il)’
(osl_Gamma_Beta_S,

ey,

|Ill),
I|mmll)’

||Il)’
(osl_R_tip_taper_Outer,
|ll|),

" I|)
(osl_R_tooth_ratio,

>
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"$rotor_rpm": (osl_rotor_rpm, ""),
"$Thick_Ratio": (osl_Thick_Ratio, ""),
"$Len_Ratio": (osl_Len_Ratio, ""),

"$R_Fillet": (0.0, "mm"),

"$F_Ratio": (osl_F_Ratio, ""),
"$L_Stack": (25, "mm"

"$Phases": (3, ""),

"$S_Slots": (12, ""),

"$R_Poles": (14, ""),
"$WIre_Diameter": (2.946, "mm"
"$Rho_Copper_20": (1.72E-08, "Ohmm"),
"$T_ambient": (40, "cel"),
"$Temp_Coefficient": (0.0039, "per_cel"),
"$T_rise": (60, "cel"),

"$Npph": (1, ""),

"$R_tip_taper": (1, ""),
"$Bridge_Thickness": (0.5, "mm"),
"$alpha_Is": (90, ""),

"$Ind": (29.10908, "uH"),

"$n": (60, "")
}
# ==========================s==============s=======z=======s===s====z===z===z===z========
# SECTION 2: Dynmamic Geometry and Winding Area Calculations
# ==========================s===========s==========z==========s====z===z====z==z========

IRD_val = float(param_dict["$IRD"][0])

AG_val = float(param_dict["$AG"][0])

SDia_val = float(param_dict["$SDia"][0])

Thick_Ratio_val = float(param_dict["$Thick_Ratio"]1[0])
Len_Ratio_val = float(param_dict["$Len_Ratio"][0])
Gamma_Beta_S_val = float(param_dict["$Gamma_Beta_S"]1[0])
S_Slots_val = int(param_dict["$S_Slots"][0])

pi = math.pi

alpha_s_deg_for_magnets = 360.0 / S_Slots_val

beta_s_rad_for_magnets = Gamma_Beta_S_val * alpha_s_deg_for_magnets * (pi / 180)
stw_for_magnets = (IRD_val - 2 * AG_val) * math.sin(beta_s_rad_for_magnets / 2)
Mag_Thickness = Thick_Ratio_val * stw_for_magnets

Mag_Length = Len_Ratio_val * (IRD_val / 2 - AG_val - SDia_val / 2)

param_dict ["$Mag_Thickness"] = (Mag_Thickness, "mm")
param_dict ["$Mag_Length"] = (Mag_Length, "mm"

Gamma_S = float(param_dict["$Gamma_S"]1[0])

Alpha_S = 30

hs0 = float(param_dict["$hs0"][0])

Ntc = int(param_dict["$Ntc"][0])

Strands = int(param_dict["$Strands"][0])

slot_fill_factor = 0.5

Beta_S = Alpha_S * Gamma_Beta_S_val * (pi / 180)

STW = (IRD_val - 2 * AG_val) * math.sin(Beta_S / 2)

STW_elongated = (IRD_val - 2 * AG_val) * (Beta_S / 2)

SYW = Gamma_S * STW

STH = ((IRD_val - SDia_val) / 2) - (AG_val + SYW)

A_shaft = pi * (SDia_val ** 2) / 4

A_yoke = (pi / 4) * (((SDia_val + 2 % SYW) *% 2) - (SDia_val ** 2))
A_teeth = S_Slots_val * STW_elongated * STH

tip_circ = pi * (IRD_val - 2 * AG_val)

total_tip_circ = ((IRD_val / 2) - AG_val) * Beta_S * S_Slots_val

X = (tip_circ - total_tip_circ) / (2 * S_Slots_val)

hs_dia_circ = pi * (IRD_val - 2 * (AG_val + hsO0))

total_tip_circ_hs = ((IRD_val / 2) - AG_val - hsO) * Beta_S * S_Slots_val
Y = (hs_dia_circ - total_tip_circ_hs) / (2 * S_Slots_val)

A_hs = ((X +Y) / 2) * (hsO * 2 *x S_Slots_val)

A_stator = (pi * (IRD_val - 2 * AG_val) ** 2) / 4

A_winding = (A_stator - (A_shaft + A_yoke + A_teeth + A_hs)) / (2 * S_Slots_val)

df _swg = pd.read_csv(swg_path)

df _swg["Total_Area_Required"] = df_swgl["Area, [mm~2]"] * Ntc * Strands / slot_fill_factor
df _swg["Diff"] = np.abs(df_swg["Total_Area_Required"] - A_winding)

best_match = df_swg.loc[df_swg["Diff"].idxmin ()]

wire_diameter = best_match["Diameter, [mm]"]

wire_area_single_strand = best_match["Area,[mm~2]"]

param_dict ["$WIre_Diameter"] = (wire_diameter, "mm")
o_WireDiameter_Chosen = round(wire_diameter, 3)

rms_current_density_input =

calculated_ic = rms_current_

float (os1_RMSCurrentDensity)
density_input * wire_area_single_strand * Strands
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param_dict ["$Ic"] = (calculated_ic, "A")
o_Ic = round(calculated_ic, 3)
calculated_current_density = (calculated_ic / Strands) / wire_area_single_strand
o_CalculatedCurrentDensity = round(calculated_current_density, 3)
o_CurrentDensityExceeded = 1 if calculated_current_density > rms_current_density_input * 1.001
else O
§ Exsssssrs s s E ST SRR EE S E SRR R E R E S R R R E S EE N R R EEEEEE R EEEE S EEEEEEEEEEEEEEEEN
# SECTION 3: FEM Simulation Exzecution and Eztraction
F N Y R Yy L r E E Xy Y P Yy N S YL P XY F Y Y Y Y F L]
desktop = None
app = None
transient_app = None
try:
desktop = Desktop(specified_version="2024.1", non_graphical=False, new_desktop_session=
False)
# --- Magnetostatic Simulation ---
mag_static_name = "Step_1_MagnetoStatic"

app = Maxwell2d(project=project_path, design=mag_static_name, solution_type="Magnetostatic"
, non_graphical=False)

for name, (val, unit) in param_dict.items():
app[name] = f"{val}{unit}" if unit else str(val)

target_edge_id_1 = 39561

target_edge_id_2 = 39692

measured_length_edge_1 = app.modeler.get_edge_length(target_edge_id_1)

measured_length_edge_2 = app.modeler.get_edge_length(target_edge_id_2)

lowest_measured_length = min(filter (lambda x: x > O, [measured_length_edge_l,
measured_length_edge_2]), default=0.0)

calculated_r_fillet = (lowest_measured_length / 2) * float(param_dict["$F_Ratio"1[0])

param_dict ["$R_Fillet"] = (calculated_r_fillet, "mm")
app["$R_Fillet"] = f"{calculated_r_fillet}mm"
o_MeasuredEdgelLength = round(lowest_measured_length, 3)
o_R_Fillet_Calculated = round(calculated_r_fillet, 3)

app.variable_manager["i_a"] = "1"
app.variable_manager["i_b"] = "0"
app.variable_manager["i_c"] = "0"

app.analyze ()

app.post.export_report_to_csv(output_folder, "Self Inductance")

app.post.export_report_to_csv(output_folder, "Mutual,Inductance")

df _self = pd.read_csv(os.path.join(output_folder, "Self, Inductance.csv"))

df _mutual = pd.read_csv(os.path.join(output_folder, "Mutual,Inductance.csv"))

avg_Laa = df_self["Matrix1l.L(PhaseA,PhaseA) [uH]"].mean()

avg_M = (df_mutual["Matrixl.L(PhaseA,PhaseB) [uH]"].mean() + df_mutual["Matrix1l.L(Phasel,
PhaseC)[uH]"].mean()) / 2

net_Ind = round(avg_Laa - avg_M, 3)

o_Inductance = net_Ind

# --- Transient Simulation ---

transient_name = "Step_2_Transient"

transient_app = Maxwell2d(project=project_path, design=transient_name, solution_type="
Transient", non_graphical=False)

for name, (val, unit) in param_dict.items():
transient_app[name] = f£"{vall}{unit}" if unit else str(val)

transient_app["$Ind"] = f"{net_Ind}uH"
transient_app.analyze ()

transient_app.post.export_report_to_csv(output_folder, “Torque")

df _torque = pd.read_csv(os.path.join(output_folder, "Torque.csv"))

torque_col = [col for col in df_torque.columns if "Torque" in col][0]

processed_torque_data = df_torque[torque_coll]

o_AvgTorque = round(processed_torque_data.mean(), 3)

o_TorqueRipple = round(((processed_torque_data.max() - processed_torque_data.min()) /
o_AvgTorque) * 100, 3) if o_AvgTorque != 0 else 0.0

transient_app.post.export_report_to_csv(output_folder, "Efficiency")

df _eff = pd.read_csv(os.path.join(output_folder, "Efficiency.csv"))
o_AvgEfficiency = round(df_eff["Efficiency,[]1"].mean(), 3)

transient_app.post.export_report_to_csv(output_folder, "Total_Voltage")

df _volt = pd.read_csv(os.path.join(output_folder, "Total_Voltage.csv"))

v_peaks = [df_volt[col]l.max() for col in ["NodeVoltage (IV_ph_A_Total) [V]", "NodeVoltage (
IV_ph_B_Total) [V]", "NodeVoltage (IV_ph_C_Total) [V]I"]]
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o_VphasePeak = round(max(v_peaks), 3)
o_VdcCalculated = round(o_VphasePeak / 0.866, 3)
o_VoltagelLimitExceeded = 1 if o_VdcCalculated > 100.0 else O

finally:
if app: app.save_project ()
if transient_app: transient_app.save_project ()
if desktop: desktop.release_desktop(close_projects=True)
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Appendix D: Standard Wire Gauge (SWG) Reference Table

Standard Wire Gauge (SWG) Dimensions and Corresponding Areas.

SWG # Diameter (mm) Area (mm?)

(7/0) 12.700 126.6769
(6/0) 11.786 109.0921
(5/0) 10.973 94.5638
(4/0) 10.160 81.0732
(3/0) 9.449 70.1202
(2/0) 8.839 61.3643
0 8.230 53.1921
1 7.620 45.6037
2 7.010 38.5989
3 6.401 32.1780
4 5.893 27.2730
5 5.385 22.7735
6 4.877 18.6793
7 4.470 15.6958
8 4.064 12.9717
9 3.658 10.5071
10 3.251 8.3019
11 2.946 6.8183
12 2.642 5.4805
13 2.337 4.2888
14 2.032 3.2429
15 1.829 2.6268
16 1.626 2.0755
17 1.422 1.5890
18 1.219 1.1675
19 1.016 0.8107
20 0.914 0.6567
21 0.813 0.5189
22 0.711 0.3973
23 0.610 0.2919
24 0.559 0.2452
25 0.508 0.2027
26 0.4572 0.1642
27 0.4166 0.1363
28 0.3759 0.1110

Continued on next page
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— continued from previous page

SWG # Diameter (mm)

Area (mm?)

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

0.3454
0.3150
0.2946
0.2743
0.2540
0.2337
0.2134
0.1930
0.1727
0.1524
0.1321
0.1219
0.1118
0.1016
0.0914
0.0813
0.0711
0.0610
0.0508
0.0406
0.0305
0.0254

0.0937
0.0779
0.0682
0.0591
0.0507
0.0429
0.0358
0.0293
0.0234
0.0182
0.0137
0.0117
0.0098
0.0081
0.0066
0.0052
0.0040
0.0029
0.0020
0.0013
0.0007
0.0005
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Appendix I:
Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Step 9:

Step 10:

Step 11:

Step 12:

Step 13:

Step 14:

Prototype FSM Assembly Procedure

Place the rotor housing in the oven at the specified temperature for the required
duration. Remove the heated rotor housing and place it on a thermally insulated
flat surface.

Insert the integrated rotor core into the heated rotor housing. Ensure that the
rotor core is not tilted and is properly seated on the horizontal surface provided
inside the housing, as shown in Figure 56.

Align the semi-circular hole of the rotor core with the corresponding semi-circular
hole in the rotor housing, as shown in Figure 57.

Insert the seven rotor shrink-fit pins (@3 mm x 25 mm) into the designated holes
in the assembly. After insertion, allow the rotor housing to contract and secure
the rotor core and pins firmly in place, as shown in Figure 58.

Assemble the shaft with the rotor housing using six countersunk screws (M3 x 10
mm), as shown in Figure 59.

Insert bearing 6005 onto the shaft from the opposite side, as shown in Figure 60,
and ensure that it is properly seated at the designated position on the shaft.

Set the rotor assembly aside. Take the integrated stator core and insert the 12
magnets, applying adhesive on the circumference and in the slots provided in
the stator core. Allow sufficient curing time before proceeding with the winding
process, as shown in Figure 61.

After winding the core, insert the wound stator core into the stator bracket. Align
it with the axial projection provided on the inner diameter of the stator core, as
shown in Figure 62. The winding illustrated is a representative depiction and does
not correspond to the actual winding geometry.

Insert the twist-protection pins into the four holes between the stator bracket and
the stator core, as shown in Figure 63.

Attach four axial compression clamps to secure the stator core to the bracket. Use
two countersunk screws (M3 x 10 mm) per clamp to prevent any axial movement
of the core, as shown in Figure 64.

Insert the completed stator assembly into the prepared rotor assembly. Ensure that
the clamped stator side is inserted into the rotor housing, as shown in Figure 65.

Insert bearing 6004 into the assembly onto the shaft side and ensure that it is
properly seated, as shown in Figure 66.

Install the locknut onto the shaft, as shown in Figure 67. Tighten it to prevent
axial movement during operation.

Secure the locknut using the lock washer and shaft keyway to prevent loosening
due to vibrations, as shown in Figure 68.

<«—— ROTOR CORE

FLAT PLANE INTERSECTION

| . | <«—— HEATED ROTOR HOUSING

Figure 56: Rotor core seated inside heated rotor housing
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ALIGNED
— SHRINK FIT
HOLE

Figure 57: Alignment of semi-circular holes in rotor core and housing

SHRINK FIT
PIN
INSERTION

Figure 58: Insertion of rotor shrink-fit pins

COUNTERSUNK
SCREW

Figure 59: Shaft assembly with countersunk screws
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BEARING 6005

Figure 60: Installation of bearing 6005 on shaft

VACODYM 633HR (150°C)
MAGNET

Figure 61: Magnet insertion into stator core

STATOR CORE
ALIGNED
WITH BRACKET

STATOR BRACKET

COPPER WINDING

Figure 62: Stator core alignment with bracket
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TWIST
PROTECTION PIN

CLAMP
SCREWS

COMPLETED STATOR ASSEMBLY

Figure 64: Clamping of stator core to bracket

STATOR ASSEMBLY

ROTOR ASSEMBLY

Figure 65: Insertion of stator assembly into rotor assembly
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BEARING 6004

Figure 66: Installation of bearing 6004 on shaft

LOCKNUT

Figure 67: Installation of locknut on shaft

ASSEMBLED
BEARING
LOCK WASHER

Figure 68: Bearing lock washer securing the locknut
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