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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
e�orts 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 CO2 equivalent, representing
15.9% of total global emissions. The aviation industry accounts for 2% of total global emissions,
corresponding to approximately 1 gigaton of CO2 emissions per year. Commercial aviation is
responsible for around 90% of these emissions [4], [5].

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

However, focusing solely on CO2 signi�cantly 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-CO2 e�ects account for
approximately 66% of aviation's total e�ective radiative forcing [7]. Consequently, the industry's
contribution to global warming is roughly three times higher than suggested by its CO2 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 speci�c engineering mandates required to align aviation with the
Paris Agreement. These goals are signi�cantly 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 CO2 emissions per
passenger kilometer to support the ATAG target and a 90% reduction in NOx emissions.
The perceived noise emission of �ying 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, speci�cally the 90% reduction in NOx and emission-free taxi-
ing, is di�cult 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 e�ciency improvements typically in the range of 1 to 2% [9]. Meanwhile,
the aviation sector is projected to emit approximately 21.2 gigatons of CO2 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
signi�cant impact on the environment. In contrast, electric propulsion o�ers a paradigm shift in
energy conversion. Electric motors typically operate at 90 to 95% e�ciency, a stark contrast to the
maximum 25 to 40% e�ciency 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 e�ciencies as high as 99.5% for large synchronous motors [12].

Figure 2: Global applications of electric motors across sectors

Beyond e�ciency, electric motors o�er distinct operational advantages for �ight. 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 e�cient �ight paths at higher altitudes.
Electric powertrains are signi�cantly 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 CO2, NOx , or particulates during operation, directly addressing the
non-CO2 climate e�ects.

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 di�er largely in
scale and reliability.

1.1 Electri�cation

An electric motor is a device that converts electrical energy into mechanical energy with high
reliability and limited critical parts. The classi�cation 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 speci�c power densities of 1 to 3 kW/kg [3], aviation imposes far
stricter requirements. According to NASA's research on electri�ed propulsion, the speci�c power
of electric machines must be drastically increased to make electric �ight viable. To enable electric
�ight, high power densities are required to o�set the signi�cant weight penalty of energy storage
systems [13]. NASA has identi�ed that for single-aisle commercial transport, electric motors must
achieve speci�c powers greater than 13 kW/kg with e�ciencies exceeding 96% while operating at
the megawatt (MW) power level [13].

Figure 3: Classi�cation 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 e�ciency, 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 su�er 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, �ux weakening
can be utilized to increase the speed range.

Despite the advantages of PMSMs, signi�cant challenges remain regarding thermal management
and materials used. Unlike the stator, which is stationary and can be cooled via liquid jackets or
housing �ns, 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.

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,� a high-frequency, single-phase
machine where the magnetic �ux was modulated by a robust, non-excited rotor, while both the
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 �ux switching machines is di�erent from the permanent magnet
synchronous machines with rotor magnets. The FSM has a unique stator-excited con�guration,
which is di�erent 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 �ux switching mechanism, which changes the path of the magnetic
�ux 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 �ux-focusing e�ect. The arrangement concentrates the magnetic �ux from two adjacent
magnets into a single stator tooth, resulting in an air-gap �ux density that exceeds the remanence
of the magnets themselves. The generation of back-EMF and the torque is driven by the reversal of
�ux linkage polarity in the armature windings as the rotor moves. This process is best understood
by analyzing the magnetic �ux path at four distinct rotor positions over one electrical period, as
illustrated in Figure 5.

Figure 5: Illustration of the �ux-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 �ux 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 �ux linkage in the armature coil wound around the stator tooth
reaches its maximum positive �ux linkage value as shown in the �ux 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 inposition B . In this intermediate
position, the magnetic circuit essentially short circuits or balances such that the net �ux passing
through the armature coil drops to zero. This point corresponds to the zero crossing of the �ux
linkage waveform. As the rotor rotates in the same direction, it aligns with the adjacent pole of
the same U-shaped stator tooth as inposition C . Since the magnet is alternatively polarized
on this side, the �ux achieves a peak in the opposite direction. Consequently, the �ux 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 �ux linkage returns to zero before the cycle
repeats. This continuous switching of �ux polarity from positive to negative produces a bipolar �ux
linkage waveform. This is a critical distinction from the unipolar �ux 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 �ux 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):

f =
pN
60

: (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 o�ers 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 e�ciency.

Doubly Salient Permanent Magnet (DSPM) Machines

In 1995, Y. Liao et al. [18] �rst 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 �ux
linkage in the coil is unipolar, and the motor operates on the �ux 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 �ux path. The magnet arrangement allowed the
concentration of �ux into the air gap, resulting in high air-gap �ux 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.

Figure 6: 2D cross-section of the DSPM machine [18]

Torque is produced primarily through the interaction of the stator current and the permanent
magnet �ux, 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 o�ered high
e�ciency 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 �ux 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 �ux reversal mechanism that produces a bipolar �ux 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 �ux linking the
stator coil reverses polarity. When the rotor pole aligns with the north magnet, �ux �ows in one
direction, and as it moves to align with the south magnet on the same tooth, the �ux direction
reverses. This natural reversal creates a bipolar variation of the �ux 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 �ux 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, o�ering good fault tolerance. Though this topology o�ers 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 signi�cant amount of �ux leaks between
the adjacent magnets on the stator tooth without crossing the air gap to the rotor. This short-
circuiting of �ux reduces the e�ective 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 e�ect and the strong interaction between the surface magnets and rotor saliency.

Flux Switching Permanent Magnet (FSPM) Machines

While the foundational principles of �ux 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
�ux into a single stator tooth increasing the air-gap �ux density. This study detailed the bipolar
�ux 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 signi�cantly higher torque density



Introduction 8

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 �ux focusing e�ect. Furthermore, the research
con�rmed 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 �ux-weakening operation,
enabling the machine to maintain constant power over wide speed range signi�cantly beyond the
base speed.

These three machines namely, DSPM, FRM and FSPM primarily di�er in the magnets placement
within the stator, which critically in�uences their electromagnetic performance. While all three
machines share a salient rotor structure and concentrated windings, their torque production capa-
bility and �ux 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 modi�cations are performed
to enhance the torque density and to minimize the cogging torque. A signi�cant 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 �ux variation without increasing the
mechanical speed, which allowed for an investigation of studies on 2, 4, and 6 teeth per stator pole.
A signi�cant 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.

Figure 9: 2D cross-section of multi-tooth FSPM machine [24]
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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 signi�cantly 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.

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 �ux focusing e�ect. 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 con�guration, a higher winding �ll factor, higher
torque density, and lower copper mass were achieved compared to a conventional 12-slot/10-pole
structure.

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 signi�cantly enhances the �ux focusing e�ect, concentrating more �ux 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 con�gurations, the speci�c 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 �nite element analysis (FEA), demonstrating that this outer-
rotor con�guration achieves higher torque density than comparable inner-rotor counterparts. A
key �nding was the machine's robust �ux weakening capability. The research also highlighted
that the 22-pole rotor was optimal for minimizing the cogging torque while maximizing back EMF
symmetry.

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-
ti�es that cogging torque is the dominant component of torque ripple in this topology rather than
the interaction between armature and PM �elds. Their analysis explicitly showed that magnetic
saturation in the stator iron bridges signi�cantly a�ects the inductance pro�les and back EMF
waveforms, leading to nonlinear torque behaviors under load. By comparing the results of 2D and
3D �nite element analyses, the authors found that end e�ects reduce the average torque due to
axial �ux leakage.

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 �ux 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 signi�cant design parameters a�ecting torque and e�ciency. Less in�uential variables
were �ltered ut using this process, thereby reducing the computational burden for subsequent
optimization. The �nal level of this study involved multi-objective optimization, where a response
surface methodology (RSM) combined with a genetic algorithm was used to �nd the optimal
tradeo� between maximizing average torque while minimizing torque ripple. The �ndings from
this study demonstrated that the optimized OR-VFSPM could achieve a signi�cant reduction in
cogging torque and torque ripple without compromising the high torque density inherent to the
V-shaped magnet con�guration.

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 con�gurations,
and using di�erent 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, e�ciency, and torque
ripple pro�les through the systematic adjustment of geometric parameters and multi-objective
optimization strategies [37]. Although these methodologies have yielded signi�cant performance
enhancements, they are formulated under idealized design scenarios characterized by considerable
geometric �exibility, 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. E�ects
such as localized magnetic saturation, complex �ux 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 e�ectiveness of di�erent 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/mm 2 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 signi�cantly 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 �xed constraints on the stator inner diameter and active stack length. The
current density limit and adaptation of the Hacker Q150 geometry were de�ned through discussions
with M.Eng. Enrico Teichert. Hence, this work adopts a constraint driven design approach, where
the optimization will be performed with prede�ned mechanical and electrical boundaries. Conse-
quently, the design space is signi�cantly 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, in�uence each other in a non-linear manner. There-
fore, a multi-objective optimization framework is required to simultaneously maximize average
torque and e�ciency 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 e�ectiveness 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 �ux-switching machines, focusing on their operating principles
and sizing approaches. Subsequently, an automated simulation framework is developed to enable
e�cient 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 e�ciency while minimizing torque ripple under the de�ned 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 E�ects
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:

ˆ 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.

ˆ 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.

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

ˆ Chapter 5: Extends from improved 2D design to 3D model to evaluate end e�ects, axial
�ux leakage, and overall performance.

ˆ 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.

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

ˆ 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 �rst 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 con�rmed the machine's
suitability for the proposed application, owing to its relatively high e�ciency and �ux-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 Con�guration

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 con�guration 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 slotsNs must be
a multiple of the number of phasesm. Furthermore, Ns 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 polesN r is dictated by the relationship
from [30],

N r =
(12 � n)Ns

6
; (2)

where n is a positive integer that is not a multiple of three. It is preferable that N r remains
an even number. An even rotor pole count guarantees a symmetrical spatial distribution of the
�ux density in the air gap, which nulli�es 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 con�guration 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 de�ned the baseline dimensions, locking
the shaft diameter at 100 mm and restricting the active stack length to 25 mm.

ORD =
�

7
6

+
�

2Ns

�
OSD + AG; (3)
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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. Speci�cally, 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 de�ned by fundamental angular pitches, speci�c 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.

Figure 14: Geometric parameters and dimensionless ratios in the 2D base model

2.3.1 Fundamental Angular Pitches

Fundamental angular pitches re�ect the structural repetition of the machine, which is inherently
dictated by the �xed number of stator and rotor poles. The fundamental pitches de�ne the exact
angular sectors required to capture one complete, repeating unit of the active magnetic circuit.
The stator pole pitch � S is mathematically de�ned as the full circumference divided by the total
number of stator slots Ns, expressed by,

� S =
360�

Ns
: (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 � R is determined by dividing the total circumference by the chosen number
of rotor poles N r , expressed by,

� R =
360�

N r
: (5)

For the established 14-rotor-pole con�guration, 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 �ux-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 � s and the total stator pole arc
� S. 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,

� S = 2 � s + � PM : (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,

2� s + � PM + � Slot = � S: (7)

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

� s = � PM = � R =
� S

3
=

�
3Ns

: (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
� s 5�

� PM 5�

� R 5�

� Slot 15�

This speci�c geometric derivation analytically veri�es 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 �nalized 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
�

� S

2

�
: (9)

The explicit thickness of the rectangular permanent magnetM T utilizes the identical trigonometric
projection logic applied to the magnet's designated arc, given by,

M T = OSDsin
�

� PM

2

�
: (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
�

� R

2

�
: (11)

2.3.4 Dimensionless Optimization Coe�cients and Yoke Sizing

To �nalize the geometric parameterization of the machine, speci�c dimensionless optimization
coe�cients such as 
 S and 
 R are de�ned. These coe�cients establish proportional sizing for the
stator and rotor yokes directly from the calculated linear component widths. The stator yoke
thickness ratio coe�cient 
 S 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 de�ned as a mathematical
fraction of the linear stator tooth width, given by the expression:

SYW = 
 SSTW: (12)

This speci�c 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 
 R parameter de�nes 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 coe�cient
is initialized at a �xed multiplier of 1.5. The exact physical dimension of the rotor yoke width is
de�ned mathematically as,

RYW = 
 R SYW: (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 �ux return path.

2.4 Phase Winding Resistance Calculation

To compute the copper losses and the e�ciency of the machine, the phase resistance must be
calculated using the physical dimensions of the phase winding during optimization. The analytical
model �rst 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 �nding the mean coil pitch angle � pitch , geometric mean
radius Rmean and the e�ective coil overhang diameterS. Figure 15 shows the graphical cut section
of the base model representing the winding parameters used for calculating the phase resistance of
the windings.

Figure 15: Visual representation of winding parameters

The mean coil pitch angle� pitch is determined by,

� pitch =
� S + � S

2
: (14)

The geometric mean radiusRmean is determined by,

Rmean =
�

Sdia

2
+ SYW

�
+

�
IRD

2 � AG � hs0
�

�
� Sdia

2 + SYW
�

2
: (15)

The e�ective coil overhang diameter S is,

S = Rmean

�
� pitch

�
180

�
: (16)

The Mean Length of a Turn (MLT) is,

MLT = 2L active + �S: (17)

With the MLT determined, the framework computes the �nal electrical phase resistance by ac-
counting for the thermal conditions. The temperature-dependent copper resistivity� Cu is adjusted
for speci�c ambient Tamb and operational temperature riseTrise and calculated as,

� Cu = � 20 [1 + � 20(Tamb + Trise � 20)] : (18)

The electrical resistance of a single concentrated coilRcoil is,

Rcoil =
n� Cu MLT

Acond Strands
: (19)

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

Rphase =
�

Ns

m

�
Rcoil

 
1

N 2
pph

!

: (20)
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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 mm2. By selecting an
appropriate combination of wire diameter, number of parallel paths, number of turns, and number
of strands to achieve a �ll 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 e�ective �ll 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

� S 30�

� R � 25.7�

� S 15�

� PM 5�

� s 5�

� R 5�

� Slot 15�


 S 1/3


 R 0.5

Sdia 100 mm

OSD 144 mm

AG 0.5 mm

Parameter Value

IRD 145 mm

ORD 180 mm

L active 25 mm

M T � 6.3 mm

M H � 20.7 mm

SYW � 6.3 mm

STW � 6.3 mm

STH � 18.8 mm

RYW � 9.4 mm

RTW � 6.3 mm

RTH � 8.1 mm

Table 3: Base model design parameters - electrical

Parameter Value

No. of Phases (m) 3

No. of Stator Poles (Ns) 12

No. of Rotor Poles (N r ) 14

No. of Coil Turns (n) 10

No. of strands (Strands) 2

Parallel paths Number (Npph ) 1

Winding Slot Fill Factor � 53%

Current Density ( Jmax ) 5 A/mm 2

Rated Speed (N ) 2500 rpm

DC Voltage Limit ( VDC ) 100 V

Phase RMS current Limit ( I phase,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 simpli�ed 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 di�erent numerical
methods that are prevalently used, each suited to a speci�c physical phenomenon. The Finite
Di�erence Method (FDM) is one of the oldest numerical methods, most suitable for solving di�er-
ential equations by approximating derivatives with �nite di�erences over structured grids [39]. The
Finite Volume Method (FVM) is suitable for solving problems involving �uids and is used largely
in �uid dynamics [40]. This method calculates the �ux of the conserved quantities across the
boundaries of small control volumes. The Boundary Element Method (BEM) simpli�es calculation
by discretizing only the boundary of the domain rather than discretizing the entire domain [41].
This advantage makes this BEM method highly e�cient for in�nite 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 di�erent 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 �ux
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 �elds are
generated and undergo change under each other's in�uence as well as by the charges and currents.
The complete set in di�erential form are as follows:

Gauss's Law for Electricity

r � D = �; (21)

where

D = � E: (22)

This law states that the electric �ux through a surface depends on the enclosed charge. In other
words, it relates the electric displacement �eld D to the free charge density� . The electric �eld
displacement is further de�ned by the relation (22), where � represents permittivity of the material
and E represents electric �eld intensity.
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Gauss's Law for Magnetism

r � B = 0 (23)

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

Faraday's Law of Electromagnetic Induction

r � E = �
@B
@t

(24)

It describes the fundamental principle of voltage generation. It mathematically tells how a time-
varying magnetic �eld @B

@t creates an electromotive force or an electric �eldE. In other words,
changing magnetic �elds create an electric �eld (induced voltage).

Ampere Maxwell Law

r � H = J +
@D
@t

(25)

This law relates magnetic �eld intensity H to the electric current density J and the time-varying
electric �eld @D

@t . In other words, electric currents and changing electric �elds generate magnetic
�elds.

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

r � H = J: (26)

From the equation r � B = 0 , the magnetic �ux density B has 0 divergence. A vector �eld with 0
divergence can be expressed as the curl of another vector �eld. Therefore,B can be represented
in terms of the magnetic vector potential A , which can be expressed as,

B = r � A : (27)

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

H = � B =
1
�

B : (28)

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

Substituting the relations B = r � A and H = � B into the simpli�ed equation (26) yields,

r � (� r � A ) = J: (29)

An equivalent form is,

r �
�

1
�

r � A
�

= J: (30)

This partial di�erential equation forms the basis of magnetostatic �nite element formulations.
FEM takes this continuous di�erential equation and solves it by discretizing the motor's geometry.
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Deconstructing the Finite Element Method

The �nite 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
�nite 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 i (x; y). These interpolation polynomials de�ne how the �eld varies between the
discrete nodes of the element. Rather than calculating an in�nite 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.

A(x; y) �
nX

i =1

N i (x; y)A i : (31)

The important feature of this method lies in the sti�ness 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 sti�ness matrix representing the
entire machine. By applying boundary conditions, the solver evaluates the global system of linear
equations.

[K ]f A g = f Fg: (32)

In this system, [K ] is the global sti�ness matrix or reluctance matrix, f A g is the column vector of
unknown magnetic potentials at every node, andf Fg 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 speci�c switching intervals per electrical revolution. Based on the feedback from three Hall
e�ect sensors placed inside the machine, only two of the three motor phases are energized at any
given time. This creates a rotating magnetic �eld in 60-degree increments, pulling the rotor along.
While simple and e�ective for applications like fans and pumps, the commutation transitions cause
noticeable torque ripple.

Field-oriented control (FOC) adopts a di�erent 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 simpli�ed by transforming the stationary
three-phase system into a rotating two-coordinate system, e�ectively making the AC motor be-
have mathematically like a separately excited DC motor where �ux 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 whereI a + I b + I c = 0 , the matrix equation expressing � and �
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Figure 16: Current, voltage, and rotor �ux space vectors in all three reference frames [45]

currents is given by,

�
I �

I �

�
=

2
3

2
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6
4

1
� 1
2

� 1
2

0

p
3

2
�

p
3

2

3

7
7
5

2

4
I a

I b

I c

3

5 : (33)

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

�
I d

I q

�
=

"
cos� sin �

� sin � cos�

# �
I �

I �

�
: (34)

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

I peak =
q

I 2
d + I 2

q ; (35)

Vpeak =
q

V 2
d + V 2

q : (36)

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

I d =
p

2I rms cos�; (37)

I q =
p

2I rms sin �: (38)

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

Te =
3
2

P(� m I q + ( L d � L q)I dI q); (39)
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�
� d

� q

�
=

�
L d 0
0 L q

� �
I d

I q

�
+

�
� m

0

�
; (40)

�
Vd

Vq

�
=

�
Rphase � ! eL q

! eL d Rphase

� �
I d

I q

�
+

�
0

! e� m

�
: (41)

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

Te =
3
2

P � m I q: (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 di�erent 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 o� 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.

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 vectorV s on the complex plane using the following
mathematical relationship:

V s =
2
3

�
Va + Vb � ej 2 �

3 + Vc � ej 4 �
3

�
(43)

Figure 18: Space vector diagram of SVPWM
showing voltage vectors and sector

division [47]

Vector Q1 Q2 Q3

U1 1 0 0

U2 1 1 0

U3 0 1 0

U4 0 1 1

U5 0 0 1

U6 1 0 1

U7 0 0 0

U8 1 1 1

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 vectorUref . This method is preferred in modern drives because it utilizes DC bus
voltage more e�ciently than SPWM and inherently reduces harmonic distortion.

3.4 Methodology Justi�cation: Sizing Versus Control Dynamics

It is essential to de�ne the parameters separating the electromagnetic machine design from the
dynamic control simulation, while recognizing that both domains inherently in�uence each other
in a complete drive system. Sophisticated control strategies like FOC and SVPWM are mandatory
for assessing the transient response, and drive cycle e�ciency of the �nished system, however,
they introduce computational overhead. Simulating thousands of high-frequencies PWM switching
events requires tiny time steps in �nite 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 speci�c nominal torque at a
speci�c base speed. The torque density, magnetic saturation levels, and air-gap �ux 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 o�ers 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 �nite element 2D base model of outer-rotor FSPM machine for this thesis study is
de�ned within the ANSYS Maxwell 2D. This �nite element study is split into two computational
stages, the �rst stage involves net inductance computation using magnetostatic solver and the
second stage is the transient analysis using transient solver.
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