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Abstract

The transition toward sustainable transportation systems presents both significant
challenges and opportunities, particularly in the integration of electric architectures.
International organizations and governments have established ambitious targets for
the reduction of greenhouse gas emissions, with the transportation sector accounting
for more than 20% of global emissions. Within this sector, aviation plays a critical
role, making the electrification of aircraft powertrains and onboard systems a key

enabler for achieving these sustainability goals.

In this context, different levels of aircraft electrification have been proposed, with
the More Electric Aircraft (MEA) and All Electric Aircraft (AEA) concepts repre-
senting the most promising approaches. The MEA paradigm focuses on replacing
conventional hydraulic, pneumatic, and mechanical systems with electrically pow-
ered alternatives, thereby improving efficiency, reliability, and operational flexibility.
This approach has already been adopted in modern large-scale aircraft, contributing
to reduced operating costs. In contrast, the AEA concept aims at the complete
electrification of the propulsion system. While currently feasible only for small-scale
aircraft, its extension to regional and commercial aviation remains limited by the

performance of existing technologies.

Achieving full electrification requires substantial advancements across all power-
train subsystems, including energy storage, power electronics, power distribution,
and electromechanical energy conversion. In particular, electric machine technol-
ogy still presents considerable opportunities for improvement in terms of topology,

materials, and thermal management.

Among the various machine topologies, axial flux permanent magnet machines
(AFMs) appear as strong candidates for aerospace applications due to their high
specific torque and compact geometry. These advantages are primarily attributed to

the higher number of magnetic poles that can be accommodated for PM configura-
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tions, as well as the feasibility of multi-stage and coreless topologies. Furthermore,
synchronous AFMs are well suited for concentrated winding arrangements, which
offer reduced copper usage, lower Joule losses, and enhanced fault tolerance, features

that are particularly attractive for aircraft propulsion systems.

The development of fully electrified aircraft architectures involves long research
and development cycles, making the availability of simple and accurate design
strategies essential for optimizing electric machines. Within this context, this thesis
presents a set of methodologies for the fast sizing and analysis of axial flux machines,
aimed at facilitating their integration into design workflows, accelerating prototyping,
and reducing time-to-market for electrified propulsion systems.

First, an analytical sizing procedure is developed based on self-consistent elec-
tromagnetic formulations to determine the main machine dimensions. The approach
also estimates circuit parameters, enabling the calculation of the number of conduc-
tors per phase required to meet performance targets. The methodology is validated
through finite element simulations and experimental measurements, showing good

agreement between predicted and measured results.

Second, an electromagnetic analysis method based on magnetic equivalent circuit
(MEC) modeling is introduced. The proposed approach accounts for nonlinear mate-
rial behavior, rotor motion, leakage fluxes, and multi-stage configurations. Detailed
formulations of the reluctance network and the nonlinear solution procedure are
provided. The model is validated against finite element simulations and experimental
data from axial flux prototypes, demonstrating high accuracy in predicting machine

performance.

Finally, a thermal analysis methodology based on a lumped parameter thermal
network is presented to estimate temperature distribution within axial flux machines.
The model is specifically tailored for early-stage design, requiring limited input data
while maintaining sufficient accuracy. Analytical formulations are developed for
conduction and convection elements, including correlations adapted to disk-type
geometries. Validation against thermal simulations and experimental measurements
confirms the capability of the model to predict both steady-state and transient thermal

behavior with satisfactory accuracy.

Overall, the proposed methodologies provide a comprehensive and computa-

tionally efficient framework for the design and analysis of axial flux machines,
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supporting the development of high-performance electric propulsion systems for

future sustainable aircraft.
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Ngap
Nmot

Nturns

Pre r
Pre
PFE
P fluid

P mot

Number of phases, (-)

Mass of the winding, (kg)

Mass of the iron lamination, (kg)

Mass of the PM material, (kg)

Number of slots, (-)

Number of stator teeth within one machine periodicity, (-)
Number of conductor in one slot, (-)
Number of air gap segments, (-)

Motor rotational speed, (rpm)

Number of turns in series per phase, (-)
Nusselt number, (-)

Number of poles, (-)

Search direction for the CG solver, (-)
Stator copper losses, (W)

Rotor iron losses, (W)

Stator iron losses, (W)

Specific iron losses, (W/kg)

Pressure field, (Pa)

Rated power of the motor, (kW)
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Ppyy PM losses, (W)

pp  Pole pairs, (-)

Pr Prandtl number, (-)

qs slot per pole per phase, (-)

Q:,  Volumetric heat source, (W /m?>)

ro Initial residual, (-)

R Stator lamination inner radius, (m)
Ry Stator lamination outer radius, (m)
ri Specific radius for computation, (m)

R, Generic magnetic reluctance, (H -

R; Stator phase resistance, ()

R,  AC electrical resistance of the winding, (Q2)
reond Conductor radius, (m)

Ry DC electrical resistance of the winding, (£2)
Ryringe Reluctance of the fringe flux paths, (H -1
Rgapmin Minimum air gap reluctance, (H -1

Rgqp Magnetic reluctance of the air gap, (H )
Rpys PM to PM leakage reluctance, (H -

R, PM to rotor yoke leakage reluctance, (H -1
R;o  Stator winding resistance at a reference temperature, (€2)
Rgs  Slot leakage reluctance, (H -

Ry Magnetic reluctance of the stator tooth, (H -1

Ry, Magnetic reluctance of the stator yoke, (H )
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Ry Thermal resistance between nodes i and j, (K/W)

i,j)
Rip ew,io End-winding - inner air convection thermal resistance, (K/W)
Rip, f.ew End-winding forced convection thermal resistance, (K/W)
Rip.gap.ew End-winding - air gap convection thermal resistance, (K/W)
Rip.gap,r Rotor - air gap convection thermal resistance, (K/W)

Rip gap,s Stator - air gap convection thermal resistance, (K/W)

Rip nota Rotor holder radial conduction thermal resistance, (K/W)
Ry psg Housing - ambient convection thermal resistance, (K/W)

Rih nat,ew End-winding natural convection thermal resistance, (K/W)
R:n ppr PM axial conduction thermal resistance, (K/W)

Rip ror Rotor holder - end cap air convection thermal resistance, (K/W)
Ry Rotor yoke conduction thermal resistance, (K/W)

Ripsn  Shaft axial conduction thermal resistance, (K/W)

Rp 5 Stator tooth conduction thermal resistance, (K/W)

Ryp sy Stator yoke conduction thermal resistance, (K/W)

Rip vens Ventilation hole convection thermal resistance, (K/W)

Ripwag Winding conduction thermal resistance, (K/W)

Ra  Rayleigh number, (-)

Re Reynolds number, (-)

S Cross-sectional area (m?)

Ty Reference temperature, (°K)

tp Periodicity, (-)

T, Rated torque of the machine, (Nm)
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T,,s Absolute temperature of the surrounded surface, (°K)
T,n,» Ambient temperature, (K)

T.m  Electromagnetic torque, (Nm)

Thsg  Temperature of the housing surface, (°C)

T,,  Temperature of operation, (°K)

Tsurp  Surface temperature, (K)

Vi Volume of the body corresponding to node #, (1m>)
v, Rated voltage, (V)

Vair  Air velocity at the end-winding section, (m/s)

Veu Volume of the winding, (m3)

Vbc  DC Voltage for the thermal test, (V)

Vpy  Volume of the PM, (m?)

Viors Volume of the slots, (m?)

Viip Rotor tip speed, (m/s)

Viee  Total volume of the motor, (m3)

Vis Volume of the stator teeth, (m3)

Vyr Volume of rotor yoke, (m?)

Vys Volume of the stator yoke, (m3)

Wy Slot width, (m)

Wwso  Slot opening, (m)

wy1  Inner tooth width, (m)

wyy  Outer tooth width, (m)

Slot per pole, (-)
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Vs Coil span, (-)
Z, Number of turns in series per phase in one slot, (-)
Z,,  Conductors in series per phase, (-)

SP  Specific power, (kW/kg)



Chapter 1

Introduction

1.1 Context and motivation

Achieving carbon neutrality requires the electrification of multiple productive sectors
to meet the decarbonization targets established by governmental institutions around
the world [1]. Among these sectors, transportation electrification represented 21%
of global CO, emissions in 2024 as shown in fig.1.1, with air transport playing a

central role in global emission reduction efforts.

Power Industry 39%

Transport NN 21%

Industrial Combustion 16%
Buildings 8%
Processes 8%
Fuel Exploitation 7%

Agriculture | 0%

Waste 0%

Fig. 1.1 CO; emission by sector in 2024 [2].

In this context, the electrification of aviation represents a key strategy for reducing
emissions and achieving the sustainability targets established by countries worldwide
in the near future. To this end, the concepts of More Electric Aircraft (MEA) and All
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Electric Aircraft (AEA) have emerged over recent decades as promising approaches
to enhancing sustainability within the air transport sector. This transition is reflected
in the increasing electrical power requirements of commercial aircraft over time, as
illustrated in Fig. 1.2.

Caravelle (1962)
B737 (1966)
Concorde (1969)
A320 (1987)
A330 (1993)
Architecture

A380 (2004) I MEA
B787 (2010)

0 200 400 600 800 1000 1200
Electrical power (kVA)

Fig. 1.2 Evolution of electrical power demand by aircraft through the years [2].

Commercial aircraft comprise multiple interconnected systems that are carefully
integrated and regulated to ensure optimal performance and safety. Consequently, the
introduction of new technologies requires a rigorous systems integration approach to

prevent adverse impacts on overall aircraft performance.

The adoption of novel architectures, such as electric propulsion, represents a
complex systems engineering challenge. In particular, motors, generators, and
associated electrical components generate significant heat that must be effectively
dissipated through robust thermal management systems, which can, in turn, influence

overall aircraft performance.

More Electric Aircraft architectures have already been implemented in modern
platforms such as the Boeing 787 and the Airbus A380, enabling reductions in fuel
consumption and operating costs. However, achieving net-zero emissions in the
medium term necessitates the electrification of the propulsion powertrain. In this
context, energy storage systems (e.g., batteries and fuel cells) and electric machines
emerge as the key enabling technologies, offering the greatest potential for further

improvement.

With regard to motor technology, increasing specific power (kW/kg) and ef-

ficiency is essential to enable long-range commercial electric flight. Among the
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various machine topologies, axial flux permanent magnet (AFPM) machines have
emerged as one of the most promising solutions for aircraft propulsion systems [3].
Their inherently high specific torque and suitability for low speed operation, enables
direct-drive operation without the need for a gearbox, thereby improving overall

system efficiency and reliability.

However, achieving the performance targets required for aircraft propulsion
electrification demands fast and robust design methodologies for electrical machines.
Such approaches are necessary to efficiently explore a wide range of design candi-

dates. A typical electric machine design workflow is illustrated in Fig. 1.3.

Lamination Electromagnetic * %

Sizing analysis

—m AT
@} ‘ 9’7.(7‘\ N\ 3

Thermal evaluation

Optimization

Structural analysis

"
@

Fig. 1.3 Typical design workflow for an electric machine.

With reference to the design steps illustrated in Fig. 1.3, namely electromag-
netic sizing, electromagnetic analysis, and mechanical and thermal evaluation, the
design of axial flux machines is particularly challenging due to their inherently three-
dimensional electromagnetic behavior and the iterative nature of the design process.
Since each design iteration may require the repeated evaluation of multiple physical
domains, relying exclusively on computationally intensive numerical methods can
result in prohibitively long design cycles. Consequently, simplified and computation-
ally efficient methodologies are essential to enable rapid design iterations, facilitate
integration with optimization algorithms, and accelerate the transition from concept
to prototype. Within this framework, analytical approaches based on theoretical
formulations and empirically derived relationships provide an effective compromise
between computational efficiency and predictive accuracy, making them particularly

well suited for the early-stage design of axial flux machines.
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1.2 Research goals

To facilitate the transition from fuel-based aviation to fully electrified propulsion
systems, significant improvements in the performance of powertrain subsystems are
required to enable zero-emission air transport, such as specific power and efficiency
values. Among these subsystems, electric machines play a critical role in determining

the feasibility of regional and intercontinental commercial aviation.

However, electric machine design is inherently a multiphysics problem that
requires multiple iterations to achieve an optimal, prototype-ready solution. This
challenge is particularly pronounced for axial flux (AF) configurations, where the
three-dimensional nature of the magnetic flux paths typically necessitates computa-
tionally intensive numerical simulations for electromagnetic analysis. As a result, the
design process, from initial concept to final implementation, can be time-consuming

and resource-intensive.

In this context, the work presented in this thesis focuses on the development of
design tools based on analytical and empirical formulations, simplifying the design
procedure for less experienced machine designers and significantly reducing the time
required to achieve a viable prototype. These methodologies rely on straightforward
yet accurate approaches with low computational requirements and are validated

through both numerical simulations and experimental measurements.

The contributions of this thesis are presented in the following chapters and

summarized below.

* Chapter 1 presented the environmental and sustainability challenges currently
faced by the aviation sector. It also contextualized the scope of decarbonization
targets established by international and governmental organizations, highlight-
ing the need to advance existing electric machine technologies to enable

electric propulsion.

» Chapter 2 reviews aircraft electrification concepts, outlining the main onboard
subsystems. It covers the transition from fuel-based systems to More Electric
Aircraft architectures and examines the All Electric Aircraft concept, including
current technologies and required performance targets. Finally, a survey and
data analysis of electric machines for propulsion are presented to highlight

historical trends and future performance projections.
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* Chapter 3 provides a comprehensive review of the fundamental principles
of axial flux permanent magnet machines, which serve as the basis for the
subsequent developments in this thesis. In addition, a comparison with radial
flux topologies is presented to further justify the relevance of the proposed
work. Finally, a state-of-the-art review of modeling techniques and thermal
management approaches is included.

» Chapter 4 presents a sizing tool specifically developed for axial flux permanent
magnet machines. The procedure is described step by step, relying exclusively
on analytical formulations and incorporating sufficient simplifications to make
it accessible to designers with limited experience. In addition, the tool is

validated to assess the accuracy and applicability of the proposed methodology.

» Chapter 5 presents an electromagnetic analysis tool for axial flux permanent
magnet machines based on the magnetic equivalent circuit approach. The
network topology is described, along with the advantages and limitations of
the proposed method. All relevant formulations for the reluctance elements are
provided, together with a discussion of their role within the circuit. Finally, the
methodology is validated through comparison with prototype measurements

and finite element simulations.

» Chapter 6 presents a thermal analysis approach based on the lumped parameter
thermal network methodology. A thermal network tailored for a single-stage
axial flux machine is introduced, and each of its elements is described to-
gether with the corresponding analytical formulations. In addition, analytical
models for the evaluation of convection coefficients are provided, making
the approach suitable for early-stage design. The methodology is validated
through numerical simulations and experimental temperature measurements

on a prototype.

* Chapter 7 presents the main conclusions of the thesis and outlines potential

directions for future work.



Chapter 2
Aircraft Electrification: Current State

Before the development of heavier-than-air aircraft, flight was achieved using bal-
loons and airships. Early airships were initially powered by steam engines, later
replaced by electric motors. The first documented electric flight is attributed to the
Tissandier brothers with their La France airship in 1883. The successful flight of the
Wright brothers in 1903 marked the beginning of modern aviation and subsequent

technological advancements.

An early concept of electrically assisted propulsion was proposed by A.N. Lody-
gin in 1914, where internal combustion engines drove generators supplying electric
motors—an architecture now recognized as hybrid electric aircraft. At that time,
onboard electrical systems were limited in power and mainly used for ignition and

communication, with energy supplied by batteries and small generators.

As aircraft systems evolved, increasing power demands led to the adoption of
engine-driven generators. However, DC-based systems faced limitations in terms
of power capability and reliability, particularly due to commutation issues at high
altitudes. This prompted the transition toward AC power systems, which offered

higher power density, improved efficiency, and reduced weight.

The introduction of semiconductor technology further enabled the development of
variable-speed generation and more efficient power conversion. These advancements
laid the foundation for modern electrified aircraft architectures and the renewed
interest in electric and hybrid-electric propulsion systems. This led to the adoption
of new electrified architectures onboard such as the more electric aircraft and all
electric aircraft.
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More electric aircraft which utilize electrical power to supply non-propulsive on-
board systems, represents a paradigm shift from conventional mechanical, hydraulic,
and pneumatic architectures toward electrically driven solutions aimed at improving

efficiency and reducing operating and maintenance costs.

This transition reached a significant milestone with the introduction of the Airbus
A380 (2007) and the Boeing 787 (2011), which featured substantially increased
onboard electrical power. These aircraft adopted variable frequency generators
directly coupled to the engines, replacing traditional integrated drive generators,
and introduced bleed-less architectures that eliminate the use of engine bleed air for
secondary systems. These innovations improved propulsion efficiency and overall
system performance, contributing to notable reductions in operating costs, such as
the approximately 14% decrease achieved by the Boeing 787 compared to the Boeing
767.

Finally, the idea of electric propulsion in aviation appeared as early as the
1970s, when advances in electric motors and power electronics enabled small-scale

demonstrations. Key characteristics of early attempts:

* limited by low energy density of batteries;
e restricted to small aircraft or short-duration flights;

* mainly experimental and not commercially viable.

Early developments demonstrated the feasibility of electric propulsion, but also
highlighted the critical limitations of energy storage technologies, which remained
the primary bottleneck for several decades. More recently, advances in power
electronics, materials, and electric machine design have renewed interest in hybrid
and fully electric propulsion systems. In this context, high power-density machines,
such as axial flux permanent magnet (PM) motors, have emerged as key enabling

technologies.

2.1 More electric aviation

Aircraft can be classified according to their size, capacity, and intended operational

use. General aviation refers to all civil aircraft operations excluding commercial air
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transport. Aircraft in this category are typically designed to accommodate a limited
number of passengers (generally up to 10) and to operate over relatively short flight
ranges (typically up to 1000 km). In contrast, commercial aviation accounts for the
majority of passenger and cargo traffic and, consequently, represents the largest share
of greenhouse gas emissions within the aviation sector. Within this category, narrow-
body aircraft are generally single-aisle configurations with a passenger capacity of up
to approximately 300 and are primarily employed on short- to medium-haul routes.
Wide-body aircraft, on the other hand, typically feature twin-aisle configurations,
accommodate between 200 and 850 passengers, and are predominantly used for
long-haul intercontinental flights.

In conventional large commercial aircraft, fuel serves not only as the primary
source of propulsion but also as the energy source for secondary onboard systems.
As illustrated in Fig. 2.1, the main engine provides power to multiple subsystems,
including electrical systems via onboard generators, as well as mechanical, pneu-
matic, and hydraulic systems required for functions such as fuel and oil pumping

and aircraft actuation.

Propulsion thrust

~40 MW

Gearbox driven High pressure air Gearbox driven Fuel/oil pumps on
generators “bled” from engine hydraulic pump engine
Electrical Pneumatic Hydraulic Mechanical

200 kW 1200 kW 240 kW 100 kW

Fig. 2.1 Traditional aircraft power systems [4].

Although this architecture is widely implemented in commercial aviation, it
presents notable drawbacks, including limited overall efficiency and increased weight
due to the reliance on multiple dedicated power sources for different onboard sub-
systems [4]. Among these, electrical systems offer distinct advantages in terms of
efficiency and operational flexibility across a wide range of applications. Conse-
quently, the More Electric Aircraft concept has emerged as an attractive alternative.
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This approach is based on the centralized generation and distribution of electrical

power to supply all secondary systems through onboard electrical generators, as

l Jet fuel

illustrated in Fig. 2.2.

Propulsion thrust

~40 MW
Engine driven
generators
]

. Cabin pressurization Flight control actuation .
Existing . L . . Fuel pumping

. Air conditioning Landin gear/braking E a2

electric loads . . Engine ancillaries
Icing protection Doors

Fig. 2.2 More electric aircraft power systems [4].

Since all secondary systems must be supplied by a single type of energy source,
it 1s necessary to incorporate mechanisms capable of adapting both the supply
configuration (AC or DC) and the voltage levels to meet the requirements of the
variety of loads present in the aircraft. In this context, the integration of power
electronics is essential to ensure the efficient and reliable distribution of electrical

power to the wide variety of onboard systems.

In modern large aircraft (e.g. Boeing 787), several voltage and frequency levels
can be found (see Fig. 2.3). The commom distribution levels are listed below:
* 28V DC - For low power devices (fuel pumps, igniters, etc.) and avionics;

» 270V DC - For secondary systems such as environmental control system fans

and compressors, engine start systems, among others;
* 115V AC, 400 Hz - For larger loads such as cooling fans and heating systems;

* Newer models for wide body aviation includes higher voltage levels (540V
DC and 230V AC with variable frequency) to reduce cable size, decreasing
overall weight.
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Table 2.1 reports the different distribution levels and power electronics compo-
nents present in both conventional aircraft and airplanes models that incorporate the
MEA architectures.

T I : I :
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Fig. 2.3 MEA distribution system [5].

Table 2.1 Electrical distribution levels and power electronics in conventional aircraft and
MEA [6].

Aircraft type Conventional civil MEA
Aircraft example Airbus A320 Airbus A380 Boeing 787
Generated power 2 x 90 kVA 4 x 150 kVA 4 x 250 kVA
ACh 115V /400 Hz 115V /400 Hz 115V /400 Hz
" 115V /360-800 Hz 230V /360-800
HV DC Bus - +135V +£270V
LV DC bus 28V 28V 28V
AC/DC AC/DC
Power
AC/DC DC/AC DC/AC
converter

AC/AC AC/AC
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2.2 All electric aircraft

In all electric aircraft, all onboard power must be supplied by an energy storage
system (ESS), such as a battery pack or a fuel cell. Furthermore, the propulsion
thrust required by the aircraft is generated entirely by electric motors. The basic

layout of this architecture is illustrated in Fig. 2.4.

EIECIE Ty |

Storage System Power Converter Electric Motor Propeller

I:> Electrical Energy ‘ Mechanical Energy

Fig. 2.4 All electric aircraft layout.

Despite the numerous advantages of AEA, such as zero in-flight emissions,
reduced noise levels, and potentially lower operating costs, several significant chal-
lenges remain to be addressed before this configuration can be considered viable for
commercial aviation. At present, limitations in energy density, as well as constraints
related to power generation and voltage distribution, restrict the implementation of
AEA to small-scale prototypes. Substantial advancements in subsystem technolo-
gies are therefore required to enable the full electrification of aircraft operating on
regional and intercontinental routes. Table 2.2 summarizes the estimated power and

voltage distribution requirements for different classes of electrified aircraft.

Table 2.2 Electrical Power and voltage distribution requirements for AEA [6].

Aircraft category Powertrain power  HV DC bus

General aviation < 300 kW < 600V
Narrow body aircraft 500 kW — 3 MW < 800V
Wide body aircraft >2 MW 1000 — 3000 V

In the following, a brief overview of the current state of the art and the corre-
sponding performance requirements for each subsystem is provided. A more detailed

discussion of electric machines is presented in Section 2.3.
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2.2.1 Energy storage systems

The energy and power densities of an energy storage system are key metrics that
determine the range and overall performance of an electrically propelled aircraft.
Currently, the most widely adopted technologies for energy storage in electric aircraft

propulsion systems are electrochemical batteries and fuel cells (FCs).

Among the available battery technologies, lithium-ion (Li-ion) batteries represent
the most practical solution for aircraft electrification at present. They typically exhibit
energy density values of approximately 250 Wh/kg at the cell level, which decrease
to around 110-160 Wh/kg at the battery pack level (For reference, conventional jet
fuel has a gravimetric energy density of approximately 12,000 Wh/kg, nearly two
orders of magnitude higher than current battery technologies. However, gas turbine
propulsion systems typically operate with overall efficiencies below 30%, whereas
electric propulsion systems can achieve efficiencies above 90% [7]). In terms of
power density, values can reach up to 1500-2000 W/kg, with energy efficiencies of
up to 80% [8], [9]. Although ongoing technological developments are expected to
further improve these figures in the near future, substantial advancements are still
required. particularly in energy density, to enable the exclusive use of batteries in
aircraft with significant flight range [10], [11].

Alternatively, energy storage systems based on low-temperature fuel cells, such
as proton exchange membrane (PEM) fuel cells, offer higher energy densities in the
range of 600-800 Wh/kg [8], [12]. However, compared to batteries, fuel cell systems
generally exhibit lower power densities and efficiencies, typically not exceeding 100
W/kg and 50-60%, respectively [11], [13].

Hybrid energy storage systems are therefore often proposed to leverage the
complementary advantages of both technologies. In such configurations, the fuel cell
supplies the steady-state power required during cruise conditions, while the battery
is used to meet peak power demands, such as those occurring during take-off and

climb phases.

2.2.2 Power electronics

The variety of aircraft architectures, together with the presence of multiple electrical

distribution systems, requires the use of several types of power electronic converters.
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For example, AC/DC converters are employed in hybrid and turbo-electric architec-
tures to interface onboard electric generators with the DC distribution bus. AC/AC
converters enable the interconnection of systems operating at different voltage and
frequency levels while avoiding the need for bulky intermediate DC-link capacitors
or inductors. DC/DC converters are widely used across electrified architectures to
supply DC loads, interface additional onboard power sources, and adapt voltage
levels for low-voltage subsystems [8]. In contrast, DC/AC converters are responsible
for supplying AC electric actuators and driving the propulsion motors in electrified

aircraft.

Depending on the aircraft category, the power ratings and voltage levels of
DC/AC converters for propulsion applications can vary significantly. In general
aviation, low-voltage (< 600 V) and low-power (< 300 kW) propulsion systems are
typically sufficient to meet thrust requirements. However, for larger and long-range
aircraft, these values can increase to 1-3 kV and exceed 2 MW, respectively. In many
cases, power converters for propulsion are implemented in parallel configurations
to ensure system redundancy and to overcome the power limitations of individual

power electronic components [6].

More recently, wide band-gap semiconductor devices, such as silicon carbide
(SiC) and gallium nitride (GaN), have emerged as promising alternatives to con-
ventional silicon-based technologies. Their ability to operate at higher switching
frequencies enables a reduction in the size and weight of passive components, thereby
improving overall system power density [13]. Another key parameter influencing
the size of DC/AC converters in propulsion applications is the power factor of the
electric machine. For a given delivered power, a lower power factor results in higher
reactive power circulation, which in turn increases the required converter rating and

overall system size.

2.2.3 Electrical distribution systems

The onboard power distribution system of conventional commercial aircraft has tra-
ditionally consisted of a low-power 28 V DC bus for avionics and battery-supported
services, alongside a high-power 115 Vrms, 400 Hz AC supply for larger loads. How-
ever, the continuously increasing electrical power demand of modern more electric

aircraft has driven a transition toward alternative onboard distribution architectures,
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characterized by higher voltage levels and the introduction of variable-frequency
operation [4]. For example, in the Airbus A380, the conventional 28 V DC and 115
V/400 Hz systems are supplemented by a 115 Vrms variable-frequency distribution
operating in the range of 360-800 Hz, while the Boeing 787 incorporates 230 Vrms
variable-frequency systems and a 540 V DC (270 V) distribution network [9], [6].

The substantial power demand associated with fully electrified propulsion sys-
tems is expected to further drive the evolution of onboard electrical distribution
toward medium-voltage DC systems, with voltage levels likely exceeding the kilovolt
range [8], [13], [14]. This transition toward DC distribution is primarily motivated
by the elimination of skin and proximity effect losses, as well as the reduced corona
effects compared to AC systems [8]. Furthermore, increasing the distribution voltage
enables a reduction in current for a given power level, thereby decreasing cable size

and weight.

Nevertheless, the selection of an optimal voltage level must also account for
insulation-related challenges, particularly under high-altitude operating conditions.
These include increased susceptibility to partial discharges, insulation aging, and
arcing phenomena [14], [15]. This effect is illustrated by Paschen’s curve (Fig.
2.5), which describes the variation of breakdown voltage in insulation systems as a
function of insulation thickness and operating altitude [16]. Such issues are further
exacerbated in electric propulsion systems, where motors are typically supplied by
pulse-width modulated drives with high voltage slew rates. Moreover, the chosen
distribution voltage level directly impacts the characteristics, dimensions, and weight
of the energy storage system, further highlighting the need for a careful and integrated
design approach.

10,000 ft

Sea level 50,000 ft ——— 100.000 ft
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Fig. 2.5 Breakdown voltage at different altitudes [16].
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2.3 Electric machines for aircraft propulsion

In order to select a suitable electric machine type and topology for aircraft propulsion
applications, several key requirements must be satisfied to ensure their viability.
More generally, any onboard device must meet the following performance criteria:

* Specific power: This is one of the most critical parameters in relation to
operational cost, as aircraft are constrained by a maximum take-off weight. It
is estimated that each additional kilogram of system weight increases costs by
approximately US$1000 [17].For reference, [11] projects that specific power
values exceeding 6.5 kW/kg are required to enable all-electric architectures

for general and regional aviation.

 Reliability: All onboard components must comply with stringent safety and
certification requirements in order to meet the strict regulations governing air

transport.

* Efficiency: The losses associated with the operation of electric machines are
directly related to the energy consumption of the primary energy source (e.g.,

fuel or batteries). Lower efficiency leads to increased operational costs.

* Thermal management: The ability to effectively dissipate heat from the device
has a direct impact on the design of the cooling system, potentially increasing

system complexity and weight.

* Initial Cost: In addition to operational expenses, the initial cost must also be
considered, particularly with respect to material selection and manufacturing

processes.

Based on the criteria described above, a brief overview of the different electric
machines types is provided to assess their potential for use in aircraft propulsion

systems.

2.3.1 Induction motors

Induction motors (IMs) are a well-established and reliable technology, offering

simple construction and relatively low cost. They are capable of safely handling
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overload conditions for limited durations and can be fully de-energized in the event of
faults. This latter characteristic is particularly important in safety-critical applications,
as it prevents uncontrolled generation operation of the machine due to induced

voltages in the machine terminals.

However, compared to alternative machine types, IMs generally exhibit lower
power factor and specific power, which often limits their suitability for aircraft
propulsion applications. In addition, the presence of rotor currents increases thermal

losses within the rotor, making heat dissipation and overall cooling more challenging.

Nevertheless, the literature reports the use of induction motors in aircraft starter
and generator systems, owing to their capability to operate at high speeds and elevated
temperatures compared to permanent magnet machines. They are also employed
in applications such as fuel pumps, where high reliability and low maintenance

requirements are critical [18-20].

2.3.2 Permanent magnet synchronous motors

Permanent magnet synchronous machines (PMSMs) offer high power density and
specific power due to the presence of permanent magnets in the rotor. This results
in high efficiency and elevated power factor values, which in turn contribute to a
reduction in the size of the associated power converter. Furthermore, PMSMs are
well suited for high pole-pair configurations, enabling a reduction in the stator and
rotor yoke dimensions and, consequently, in the overall weight and volume of the
machine [21].

This type of machine can be implemented using either surface-mounted perma-
nent magnets (SMPM) or interior permanent magnet (IPM) configurations. SMPM
machines are characterized by high specific power and typically exhibit lower induc-
tance values compared to IPM machines. This leads to a higher power factor but
also results in increased short-circuit currents [22], [23]. However, in high-speed
applications, mechanical retention systems such as retaining sleeves or rings may be
required to ensure the structural integrity of the magnets [24]. Additionally, SMPM
machines generally exhibit limited flux-weakening capability, leading to a reduced
constant power speed range compared to IPM configurations.

Despite their advantages, PMSMs present certain limitations. In particular, they

are susceptible to demagnetization under high-temperature conditions or in the
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presence of large stator currents, such as during fault scenarios. Moreover, due
to the permanent excitation provided by the magnets, these machines cannot be
fully de-energized under fault conditions, which represents a potential drawback for

safety-critical applications.

2.3.3 Reluctance motors

Synchronous reluctance (SynR) and switched reluctance (SR) machines are charac-
terized by relatively simple rotor structures compared to other machine topologies.
In their basic configurations, these machines do not include windings or permanent
magnets on the rotor, resulting in enhanced robustness, as well as good overload

capability and inherent fault tolerance.

According to the literature, SR machines represent a promising candidate for
aircraft electrification applications due to their inherent modularity and improved
fault-tolerant behavior, which is largely attributed to their concentrated winding
layout [25]. Furthermore, SR machines are well suited for high-speed operation
owing to their mechanically robust rotor structure. Their structural simplicity also
contributes to reduced manufacturing costs and facilitates large-scale production.

However, SR machines are often limited by relatively low specific power and
power factor compared to other machine types. Additionally, their rotor geometry
can lead to unbalanced radial forces, which may increase mechanical stress and ac-
celerate bearing wear [26]. Finally, as their operation relies on variations in magnetic
reluctance, SR machines typically exhibit high torque ripple and increased acoustic

noise during operation, which can be critical drawbacks in aerospace applications.

2.3.4 Wound field synchronous machines

Wound field synchronous machines (WFSMs) are widely used in conventional
aircraft, primarily as onboard generators mechanically driven by the engine through
a gearbox. In motoring operation, the ability to independently control the rotor field
current allows this machine type to achieve an extended constant power speed range
while maintaining high efficiency and power factor. Furthermore, the capability to
regulate the field excitation enhances the overall controllability and fault tolerance

of the machine.
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However, WFSMs present several limitations. The presence of rotor currents
complicates thermal management, resulting in more challenging cooling require-
ments. In addition, supplying current to the rotor necessitates the use of slip rings,
multi-stage machine configurations, or wireless power transfer systems [27]. These
additional components, along with the associated power electronics, negatively
impact the specific power and increase the overall system cost.

Considering the advantages and disadvantages of each machine type discussed
above, a qualitative comparison table can be constructed assigning a grade and
corresponding color to represent how suitable is that machine for aircraft propulsion
application regarding the category analyzed. Table 2.3 depicts this comparison where
color green is associated with a good (G) performance, yellow with average (A)

performance and red with poor (P) performance.

Table 2.3 Qualitative comparison of machines across categories.

Category Induction | Permanent| Reluctance] Wound
magnets Field
Specific power A G P A
Reliability G A G G
Efficiency | G A A
Thermal management P G G P
Cost G P G A

2.4 Survey on electric motors for aircraft propulsion

It is relevant to review electric machines that have been employed in all-electric
aircraft applications or specifically developed for such purposes. Several motors
and generators reported in the literature, ongoing projects, and commercially avail-
able solutions have been investigated, and their main performance indicators are
summarized. A comprehensive list of the relevant details is provided in Table A.1
in Appendix A. The selected machines were included only if sufficient data were
available, such as rated power, specific weight, and rated speed, or if these parameters

could be derived from the reported information.

Once the complete dataset of surveyed machines was established, a data analysis
was performed to identify trends and patterns in key performance indicators, such as
specific power and, when available, technology readiness level (TRL) [28-53]. In
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Fig. 2.6 Motor survey data findings. (a) Rated power vs. rated speed, (b) Specific power
yearly growth , (c) Specific power vs. rated speed , (d) Specific power vs. rated speed for
different cooling systems, (e) Specific vs. rated power for radial and axial flux PM motors
and (f) Specific power vs. TRL

this context, Fig. 2.6 presents the results of the analysis, which are discussed in the
following paragraphs.

As summarized in Fig. 2.6a, the rated power of the considered case studies ranges
from tens of kilowatts up to several megawatts, with rated speeds approximately
between 1-20 krpm. The figure also distinguishes between systems with high and low
technological readiness levels. The former includes machines that have been installed
on aircraft demonstrators or tested on laboratory rigs, while the latter comprises
designs that remain at the research or simulation stage.
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Figure 2.6b presents the relationship between specific power and development
year. Although the available data are relatively scattered—particularly for low-TRL
case studies—the figure includes linear trend lines to highlight general tendencies.
Despite the low correlation observed in the data, these trends suggest that research-
stage developments are typically 5-10 years ahead of machines that have been
prototyped or are ready for testing on flight demonstrators.

The plot in Fig. 2.6¢ illustrates the relationship between specific power and rated
speed for the analyzed solutions. As in the previous figures, the data are categorized
according to the technology readiness level. The observed trend indicates that an
increase in rated speed generally leads to higher specific power values, resulting in
more compact machine designs. This is consistent with the fact that machine size is
primarily determined by the required torque, which decreases with increasing speed

for a given power rating.

However, at rotational speeds beyond those considered in the analyzed case
studies, the increase in power density may be limited by additional factors, such as
higher frequency losses in magnetic and conductive materials, as well as reduced

heat dissipation capability due to smaller machine dimensions.

It is also worth noting that most of the analyzed solutions are concentrated in
the lower speed range. This is likely due to the possibility of avoiding mechanical
transmission systems to match load torque-speed requirements, thereby improving
system efficiency and reliability while reducing weight and maintenance needs.
Additionally, higher rotational speeds introduce challenges related to the dynamic

and structural stability of the rotor.

Since machine performance and dimensions are strongly influenced by the
adopted cooling method, Fig. 2.6d presents the relationship between specific power
and rated speed for both air-cooled and liquid-cooled machines, where such infor-
mation is available. The results indicate that liquid cooling is the preferred solution
for achieving higher speeds and power densities. It should be noted that the few
air-cooled machines exhibiting high speed and high specific power correspond to

designs that are still at the research stage.

Figure 2.6e indicates that case studies with lower power ratings tend to exhibit
lower specific power values. This observation is particularly relevant in the context of
distributed propulsion systems [54], where the required propulsive power is provided
by multiple smaller machines rather than a single large motor.
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Nevertheless, [21] presents a broader survey of electrical machines, not limited
to aircraft applications. Although the data are scattered and no clear trend can
be definitively established, a general decrease in specific power with increasing
rated power can be observed. This behavior can be attributed to the need to reduce
electromagnetic and electrical loadings in order to maintain acceptable loss densities
and comply with thermal constraints [55]. The data in Fig. 2.6e also indicate that
axial flux machines achieve specific power values comparable to those of radial flux
machines. However, for higher power levels, radial flux machines appear to be the

preferred solution, at least among the considered case studies.

The reviewed research studies suggest that even higher specific power values are
achievable; however, many of these developments remain at an early stage. This is
further supported by Fig. 2.6f, which presents data from [56] on electrical machines
suitable for aircraft propulsion, along with their corresponding technology readiness
levels. The data clearly show that machines at higher stages of development tend
to exhibit lower specific power values. This observation highlights that ongoing
research and technological advancements in electrical machine design are essential
to meet the specific power targets required for increasing the level of electrification

in aircraft propulsion systems.

2.5 Why Axial Flux PM Machines for AEA?

The discussion presented throughout this chapter highlights that electric propulsion
systems for aircraft must satisfy demanding and often competing requirements,
including high efficiency, low weight, high reliability, fault-tolerant operation, and
effective thermal management. These stringent requirements considerably reduce

the number of electrical machine technologies suitable for fully electric aviation.

Among the available alternatives, axial flux permanent magnet (AFPM) machines
have emerged as promising candidates for aircraft propulsion. Their achievable
specific power is comparable to that of high-performance radial flux permanent
magnet machines, particularly at low rotational speeds where direct coupling to the
propeller is possible. Eliminating the gearbox not only reduces system weight but

also improves drivetrain reliability and decreases maintenance requirements.
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Beyond their competitive specific power, AFPM machines possess several char-
acteristics that closely match the requirements of electric aircraft. Their disc-shaped
geometry facilitates the design of machines with a high number of poles, allowing
a reduction of the stator and rotor yokes while maintaining the required magnetic
loading. Furthermore, in [57] is showed that, for appropriate pole/slot combinations
with more than ten poles, the magnetic coupling between phases becomes negligible,

improving the fault-tolerant capability of the propulsion system.

The axial flux topology also makes more effective use of the available active
materials. Its larger effective air-gap radius increases the torque produced for a
given machine volume, while multi-stage configurations enable the implementation
of yokeless or coreless structures, further reducing weight and increasing specific
power. In addition, multiple rotor-stator stages can be stacked while sharing the
same magnetic circuit, providing a scalable solution without significantly increasing

the machine diameter.

The compact axial geometry is another attractive feature for aerospace applica-
tions. The reduced axial length facilitates the integration of the propulsion unit within
nose-mounted propeller systems and distributed electric propulsion architectures
[54], where installation space is limited. AFPM machines are also well suited to
fractional-slot concentrated windings, whose shorter end windings reduce copper
usage and Joule losses, potentially improving efficiency, although at the expense of
increased harmonic content and additional design challenges, as discussed in Chapter
3.

Despite these attractive characteristics, AFPM machines present additional chal-
lenges compared with conventional radial flux topologies. Their three-dimensional
magnetic flux paths, complicate both the electromagnetic and thermal design pro-
cesses, making accurate analytical and numerical modeling particularly important.
The following chapters review the main technological aspects of AFPM machines, as
well as presenting modeling and analysis approaches and their associated limitations
for electromagnetic and thermal transfer phenomena.
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2.6 Enabling technologies for AEA

Throughout this chapter, it has been mentioned the big challenge that is to reach a
fully electrified commercial aircraft. With current technology available in the market
is not feasible to apply the all electric aircraft concept for regional or intercontinental
flights for commercial applications. However, several research regarding new tech-
nologies of the different powertrain subsystems are under development and appears
as promising solutions to reach carbon neutrality in the air transport sector. In the
following several of these technologies are presented and briefly discussed.

2.6.1 Battery technology

A primary limitation of current battery technologies for aircraft applications is
their relatively low energy density. This results in heavier battery packs, which
significantly constrain the achievable flight range. As discussed in [58] and [59], a
minimum energy density in the range of 600-800 Wh/kg is considered necessary for
regional commercial aviation. This target corresponds to approximately four times

the performance of the current state of the art described in Section 2.2.1.

Several emerging battery chemistries are being investigated to bridge this gap.
Among them, solid-state batteries are particularly promising, with theoretical energy
densities exceeding 800 Wh/kg [60]. However, their large-scale manufacturing
remains a significant challenge. Another potential candidate is lithium—air battery
technology, which, according to [61], can achieve theoretical energy densities ap-
proaching 3000 Wh/kg, although these values are expected to decrease at the system
level when considering complete battery pack configurations.

For this reason, lithium—air technology has attracted interest from major aerospace
companies. In particular, Airbus and EADS have explored its potential application

in the VoltAir concept, a fully electric aircraft envisioned for market entry around
2035 [62].

2.6.2 Electric motor technology

Regarding electric machines, the development of high-temperature superconductors
(HTS) offers the potential to significantly increase achievable specific power levels.
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Various machine configurations have been proposed, depending on the placement of
the superconducting material within the device [63]. The main challenges associated
with this technology include the complexity of the required cooling systems and
the sensitivity of HTS materials to operating conditions. However, the increasing
investment in hydrogen as a fuel for transportation may provide new opportunities,
as cryogenic systems could be integrated and shared across different subsystems, in-
cluding propulsion components. In terms of performance, superconducting machines
are expected to achieve specific power values exceeding 40 kW/kg, with efficiencies
above 99% [64]. These characteristics make them highly attractive for future aircraft
propulsion systems, where both efficiency and weight are critical factors.

Bearing-less motor technology represents another promising approach to improv-
ing powertrain performance. By eliminating mechanical bearings and lubrication
systems through electromagnetic suspension, these machines can enhance reliability
while reducing mechanical losses. Additionally, they enable operation at higher
rotational speeds, contributing to increased specific power [65]. Finally, the adoption
of cryogenic cooling solutions for traditional electric machines may further enhance

performance, potentially achieving specific power values of up to 25 kW/kg [66].

2.6.3 New materials developments

Regarding advanced materials, several developments are expected to significantly
impact the performance of all electric aircraft subsystems.

Among these, novel conducting materials such as carbon nanotubes (CNTSs)
represent a promising alternative to conventional conductors like copper and alu-
minum. CNTs exhibit theoretical electrical conductivity values that can exceed those
of silver, along with superior thermal conductivity, which enhances heat dissipation.
Additionally, their density is approximately six times lower than that of copper,
offering substantial potential for increasing the specific power of electrical devices.
However, the technology is not yet mature, and current production costs remain
significantly higher than those of traditional materials. A practical intermediate
solution involves combining CNTs with conventional conductors to improve overall

performance while mitigating cost and manufacturability challenges [67].

Additive manufacturing (AM) also represents a promising approach for the

design and production of electric aircraft propulsion subsystems. Commonly re-
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ferred to as 3D printing, AM is a computer-controlled process in which components
are built layer by layer. This technique offers several advantages over traditional

manufacturing methods [68]:

* reduced material waste compared to conventional subtractive processes;

* enhanced design flexibility, enabling topology optimization and weight reduc-

tion;
* cost-effective production for low-volume and highly complex components;

* improved integration of multiple components, simplifying manufacturing and

assembly processes.

Additive manufacturing can be applied using a wide range of materials, including
polymers, metallic powders, and ceramic composites, making it suitable for various
components of electric propulsion systems. As a result, AM shows significant
potential for the development of lighter and more efficient electric machines.

2.7 Chapter conclusion

This chapter has reviewed the key aspects of aircraft electrification relevant to the
scope of this thesis. From the historical perspective presented, a clear trend toward
increasing onboard electrical power demand can be observed. This evolution has led
to the adoption of the MEA concept, in which secondary systems are electrically

powered to improve efficiency and reduce operating costs.

In recent years, growing interest in electric propulsion has further driven the
development of AEA, which are already viable for general aviation and small-scale
applications. However, extending this approach to commercial aviation requires
significant advancements in powertrain subsystems, particularly in electric machine
technology. From a qualitative standpoint, permanent magnet machines emerge as
the most promising candidates due to their high efficiency, superior power and torque
density, possibility to tailor its geometry in order to fulfill volumetric constraints and
to reduce the wight adopting specific topology arrangements, as will be discussed in
Chapter 3.
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Within this context, the survey of electric machines for propulsion applications
presented highlights axial flux topologies as particularly promising. Their compact
geometry and inherently high specific power, especially in low-speed, direct-drive
configurations, make them strong candidates for future aerospace propulsion systems,
where weight and efficiency are critical design aspects.



Chapter 3

Axial Flux Permanent Magnet
Machine Technology

The concept of axial flux electrical machines predates the widespread adoption of
conventional radial flux topologies. Although modern interest in axial flux permanent
magnet machines has surged only in recent decades, their origins can be traced back

to the earliest developments in electrical machine design during the 19th century.

The earliest electrical machines, including Faraday’s disc generator (1831), in-
herently exhibited an axial flux configuration. In these early devices, the magnetic
flux flowed parallel to the axis of rotation, and torque was produced through inter-
actions in a disc-shaped geometry. These designs were mechanically simple but
suffered from low efficiency, poor material utilization, and limited electromagnetic

performance due to the absence of advanced magnetic materials.

During the late 19th and early 20th centuries, axial flux machines were explored
alongside radial flux machines. However, radial flux topologies quickly became
dominant due to their superior manufacturability, robustness, and compatibility with
laminated iron cores, which significantly reduced eddy current losses. The industrial
standardization of cylindrical machine structures further marginalized axial flux

configurations.

Between the 1920s and 1970s, axial flux machines received relatively limited
attention in mainstream industrial applications. This decline can be attributed to
several interconnected factors. First, material limitations—particularly the absence

of high-energy permanent magnets—restricted achievable torque density and overall
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performance. At the same time, manufacturing challenges played a significant role,
as disc-type structures required precise mechanical alignment and were difficult to
mass-produce using the technologies available at the time. Thermal management
also posed difficulties, since cooling disc-shaped machines was less straightfor-
ward than in conventional cylindrical radial flux configurations. In parallel, the
rapid development and industrial adoption of radial flux machines, especially in-
duction and synchronous types, further reduced the appeal of axial flux alternatives.
Consequently, axial flux machines were largely confined to niche or experimental
applications during this period.

This situation began to change with the development of improved magnetic
materials. The invention of Alnico PMs in 1931, followed by ferrite magnets in the
1950s, marked important milestones. However, the most significant breakthrough
occurred with the introduction of rare-earth permanent magnets such as samarium-
cobalt (SmCo) in the 1970s and neodymium-iron-boron (NdFeB) in the 1980s. These
materials offered significantly higher energy density, enabling compact machine
designs with improved torque output. This development, combined with growing
demand for high power density and compact electrical machines, laid the foundation

for the re-emergence of AFPM machines in modern engineering applications.

3.1 Axial flux machine configurations

Axial flux machines have magnetic paths that cross the air gap in the axial direction
as they close themselves in the rotor and stator yokes. They are characterized by a
high diameter to length ratio, suitability for high pole count, and high power density.
Axial flux machines can be designed to function with single or multiple air gaps
(also referred as single- or multi-stage configurations, respectively) depending on

the application requirements.

The most basic configuration is the single-stage where only one stator and one
rotor is considered (fig. 3.1). The biggest drawback of this arrangement is the
unbalanced magnetic pull that complicates the mounting process and increases stress

and fatigue on the mechanical parts such as bearings, the rotor disk and housing.

The distinctive disk-type geometry of axial flux machines provides significant

flexibility in terms of stator and rotor configurations, as well as in the arrangement
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(a) (b)

Fig. 3.1 Single-stage AFM. (a) 2D drawing with magnetic flux paths, (b) 3D representation.

of permanent magnets. Among the available designs, the double-stage axial flux ma-
chines (AFM) is the most commonly adopted in commercial applications, primarily
due to the elimination of axial magnetic forces and the possibility of implement-
ing coreless stator or rotor structures depending on the permanent magnet polarity
distribution. Figure 3.2 illustrates the four possible configurations of double-stage
AFMs.
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Fig. 3.2 AFM double stage configurations. (a) 2S1R-NS, (b) 2S1R-NN, (c¢) 1S2R-NN and
(d) 1S2R-NS.
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Based on the configurations shown in Fig. 3.2, four possible double-stage
AFM topologies can be identified. Figure 3.2.a illustrates the two-stator, one-rotor
(2S1R) configuration with opposing magnet polarities facing each other (NS). This
arrangement requires magnetic cores in both the stator and rotor, leading to increased
iron losses. In contrast, Fig. 3.2.b presents a 2S1R configuration with identical
magnet polarities (NN) facing at the center, which eliminates the need for a rotor

yoke, thereby reducing rotor losses and potentially decreasing machine weight.

The alternative configurations consist of a one-stator, two-rotor (1S2R) arrange-
ment. In Fig. 3.2.c, the magnets facing each other have the same polarity, requiring
a stator yoke to close the magnetic flux paths. Conversely, Fig. 3.2.d shows a 1S2R
configuration with opposing magnet polarities, enabling a yokeless stator design and

resulting in improved specific power and efficiency.

Finally, the inherent flexibility of axial flux topologies allows for the stacking of
multiple rotor and stator stages to increase torque production, as illustrated in Fig.
3.3.

Fig. 3.3 Multistage AFM principle [69].

3.2 Radial flux versus axial flux machines

An important aspect to consider is the comparison between axial flux and radial flux
machine topologies, in order to identify the application domains in which AFMs
can outperform their radial counterparts. Based on the available literature, the main

characteristics of axial flux machines can be summarized as follows [70], [71], [72]:

* higher diameter to length ratio than radial machines;
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* incorporation of adjustable air gaps [73], [74], allowing more flexible opera-
tion over a wider speed range, although introducing significant mechanical

challenges, particularly in larger machines [75].

* due to the larger outer diameters, AFMs can incorporate more pole pairs,
potentially reaching higher torque density and making them more suitable for
low speed applications [76], [77];

* better usage of active materials. Much of the rotor core around the shaft

(usually the rotor yoke) is hardly utilized as a magnetic circuit.

In [70], a methodology for comparing double-stage AFPM machines with radial
flux permanent magnet (RFPM) machines is presented. The comparison is based on
simplified thermal considerations, evaluating both topologies in terms of electromag-
netic torque and torque density under identical conditions of total machine volume,
loss density per cooling surface, and air-gap flux density. The analysis focuses on
low-speed, direct-drive applications, such as aircraft propulsion and electric vehicle

traction.

The results indicate that AFPM machines are particularly advantageous in con-
figurations with a high number of poles and short axial length. These findings
are consistent with the data reported in [3] and [21], where axial flux machines
demonstrate superior performance in low-speed operating regions, in some cases

outperforming the surveyed radial flux machines.

Additionally, [72] presents a performance comparison between a conventional
radial flux permanent magnet machine and several axial flux configurations across
five different power levels. The results indicate that AF machines achieve lower
volume and reduced active material mass for a given power rating compared to their

radial counterpart.

3.3 Winding configurations for AFM

The operating principle of electrical machines is fundamentally based on the inter-
action between magnetic fields and electric currents within the machine windings.
The specific configuration of the windings, including their spatial arrangement and

electrical connections, in conjunction with the applied currents and voltages, governs
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the mode of operation and ultimately determines the classification and performance

characteristics of the electrical machine.

The type of winding can be determined with the slot per pole per phase g given
by (3.1).

N
qs =

= (3.1)
p-m

Where, N, is the number of slots, p the number of poles and m represent the
number of phases. Based on the value computed with (3.1), the following possibilities
will define the type of winding in an electric machine.

* gy > 1, integer: Distributed windings (DW);

qs > 1, fractional: fractional slot distributed windings;

* gy = 1, integer: Concentrated winding;

qs < 1, fractional: fractional slot concentrated winding (FSCW).

The selection of the this number is a critical aspect of electric machine design,
as different values can lead to significantly different machine characteristics. In
particular, key performance parameters such as the winding factor, cogging torque,
vibration levels, rotor losses, and machine inductance are strongly influenced by the

chosen combination of slot and pole numbers.

() (b)

Fig. 3.4 Examples of Winding arrangements. (a) Distributed windings and (b) fractional slot
concentrated windings [78].
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In most applications, DW and FSCW (see Fig. 3.4) are the most common
arrangements based on the typical slot/pole combination usually considered at the
beginning of the design process. therefore, this work will focus on these arrangements

and their corresponding features.

In distributed winding, the coils are spread across multiple slots, along the air
gap periphery. This spatial distribution results in a near-sinusoidal magnetomotive
force waveform (MMF), which is beneficial for achieving smooth torque production
and minimizing harmonic content. Consequently, machines employing distributed
windings generally exhibit low torque ripple, reduced acoustic noise, and lower
additional losses associated with space harmonics. These features make distributed
windings particularly suitable for applications requiring high efficiency and smooth
operation, such as industrial drives and grid-connected machines. However, the
distributed nature of the coils leads to longer end-windings, increasing copper usage

and associated resistive losses, as well as overall machine size.

Concentrated windings means each coil is wound around a single tooth of the
stator, instead of spreading it across multiple slots. This topology enables a highly
compact design with significantly reduced end-winding length, resulting in lower
copper consumption and improved power density. FSCW configurations are therefore
widely adopted in applications where compactness and high torque density are
critical, such as electric vehicles and axial flux machines. Nevertheless, the localized
nature of the windings produces a non-sinusoidal MMF distribution with pronounced
space harmonics. These harmonics can lead to increased torque ripple, higher
acoustic noise, and additional rotor losses, particularly in PM machines due to eddy

currents induced in the magnets.

Regarding axial flux machine topologies, the higher number of poles typically
employed leads to a correspondingly large number of stator slots. However, the
available space for slot allocation is limited due to the reduced pole pitch. As a
consequence, achieving a slots per pole per phase ratio greater than unity—typically
desired to obtain a more sinusoidal MMF and thus lower torque ripple and losses
1s often not feasible in high-pole-count AFMs. As reported in [79], when the stator
axial length is smaller than the air gap diameter (diameter at the average of the
outer and inner dimensions), fractional-slot non-overlapping concentrated windings
become a favorable solution. In particular, [79] evaluates the ratio between air gap

diameter and axial length for fractional-slot machines to determine the conditions
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under which FSCW configurations are advantageous. The study compares full-pitch
overlapping windings with fractional-slot non-overlapping windings, considering
both torque production capability and copper losses. The results indicate that, for

machines with a high number of poles, non-overlapping windings provide superior

performance when the stator axial length is smaller than the air gap diameter.

To summarize the advantages and drawbacks of each winding topology, Table 3.1

presents a comparison of the different configurations with respect to key performance

indicators.

Table 3.1 Comparative performance of distributed windings and FSCW

Aspect Distributed windings FSCW

MMF waveform Nearly sinusoidal Highly non-sinusoidal

Torque ripple Low Higher (due to
harmonics)

Copper usage Higher (longer Lower

end-windings)

Thermal management

More distributed heat

Heat concentrated in

smaller area

Manufacturing More complex winding  Simpler, suitable for
complexity insertion automation
Suitability for AFM Less suitable More suitable (generally

higher amount of poles)

Rotor losses

Lower

Higher (due to

harmonics)

3.3.1 Number of winding layers

Another important concept related to the windings topology in electric machines is
the number of layers. In general, the most common choices regarding this aspect are
listed below.
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* Single layer winding (SL): Each slot allocates conductors only from one coil
(Fig. 3.5a).

* Double layer winding (DL): Each slot allocates conductors from two different
coils (Fig. 3.5b).

= = ¥
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-

Fig. 3.5 Winding layout. (a) Single layer winding and (b) double layer winding [80].

Additionally, in [81] and [82] four layer windings has also been considered to

further improve the performance of axial flux machines.

Single layer windings are particularly suitable for applications requiring high
fault-tolerant capability. In this configuration, the phases are electrically and ther-
mally isolated, short-circuit currents are inherently limited due to the high self-
inductance, and magnetic coupling between phases is minimized as a result of the
low mutual inductance. Furthermore, owing to their higher inductance compared to
double-layer windings, SL configurations are preferred in applications that require a

wide constant power speed range.

In some SL winding designs, teeth that do not carry coils are made thinner than
those accommodating conductors. This approach allows the effective coil pitch to
approach the pole pitch, leading to performance improvements such as increased
torque capability—due to enhanced flux linkage and a higher fundamental winding
factor—as well as reduced torque ripple [83], [84].

On the other hand, DL windings are generally preferred when minimizing torque
ripple and losses is a primary objective. Additionally, DL configurations offer greater
flexibility in selecting pole and slot combinations compared to SL windings. A

comparison between SL and DL configurations is reported in Table 3.2.

It is important to note that not all g, values are compatible with single-layer
fractional-slot concentrated windings. As discussed in [85] and [86], both geometri-
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Table 3.2 Comparison between single and double layer windings [80]

Aspect Single layer Double layer
Winding factor Higher Lower

Slot fill factor Higher Lower

EMF Less sinusoidal More sinusoidal
MMF harmonics Higher Lower

Self inductance Higher Lower

Mutual inductance Lower Higher

cal and electrical constraints must be satisfied to enable a valid transformation from
double-layer to single-layer winding configurations.

From a geometrical perspective, the number of slots N. must be even, since the
transformation involves removing half of the coils, and in DL windings the number
of coils is equal to the number of slots. If this condition is not met, the resulting
configuration leads to an uneven distribution, with some slots remaining empty while
others contain conductors. Additionally, the slot pitch must be an odd number to

ensure a uniform distribution of conductors across all slots after the transformation.

From an electrical standpoint, the feasibility of the transformation depends on the
machine periodicity ¢,, defined as t, = GCD(Nc, pp), where pp denotes the number
of pole pairs and GCD is the Greatest Common Divisor.

3.3.2 Pole/slot selection and winding factor

The number of poles is directly related to the nominal speed or operating frequency
of the machine. However, it must be selected in conjunction with the number of stator
slots. In multiphase machines, only specific combinations of slot and pole numbers
enable the realization of balanced winding configurations. These combinations are
determined by the following condition:

Ne

e —mk (3.2)
GCD(Ne; pp)

where k is a positive integer.
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The average electromagnetic torque of a permanent magnet synchronous machine
is directly proportional to the winding factor. A lower winding factor results in
reduced torque production capability, which must be compensated by increasing
either the current or the number of turns, both of which are inversely related to the
winding factor. The winding factor of a given winding configuration is defined as
the ratio between the magnetic flux effectively linked by the winding and the flux
that would be linked by an ideal reference winding. This reference is typically a
single-layer, full-pitch, non-skewed, integer-slot winding with the same number of

turns and one slot per pole per phase.

The winding factor k,,;, for the h-th harmonic can be expressed as the product of
three factors, the pitch factor k), 5 and the distribution factor k, , as shown in (3.3):

ko = k- Ky (3.3)

The pitch factor accounts for the fact that windings are often not fully pitched;
that is, the coil span is intentionally reduced to shorten the end-winding length and
does not extend over a full pole pitch. The distribution factor, reflects the distribution
of phase windings over multiple slots. Since the electromotive forces induced in
different slots are not in phase, their phasor sum is smaller than their arithmetic
sum. The winding factor can be calculated due to the contribution of each harmonic
generated by the winding, thus both the pitch factor and distribution factor can be
computed for the h-th as shown by (3.4) and (3.5) respectively.

. (, ym
k,p,=sin| h—— 34
Ph < Vs 2) G4
in (hZ
e = —l015) (3.5)
ds sin (l’lm&)

In (3.4) y is the coil span defined by the number of slots (which accounts for the

short pitch, if any) and y;, is the number of slots per pole.

For each combination of pole and slot numbers, multiple winding layouts can
be obtained by arranging the phase coils in different configurations within the slots.
The selection of a specific winding arrangement has a direct impact on machine

performance, as the synchronous-component winding factor (k,,1) plays a key role
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in the calculation of the average electromagnetic torque. In [80] and [87] a full
description on the calculation on the winding factor considering all the harmonics
is presented, along with tables with k,,; already computed for several slot/pole
combinations.

3.4 Modeling and simulation tools

3.4.1 Electromagnetic torque production

In axial flux permanent magnet machines, the geometric dimensions vary with the
radius (or diameter), and consequently, electromagnetic torque is produced over a
continuous radial distribution rather than at a constant radius, as in conventional
cylindrical machines. The pole pitch (7,) on an AFM with p number of poles

evaluated at a given diameter D; is defined as follows:

. tD;

T
Poop

(3.6)

A similar approach can be applied to determine the slot pitch (7) for an axial

flux machine with N, slots, as shown in (3.7).

T, = (3.7)

For an axial flux machine, the tangential force acting on the rotor disk can be

computed on the basis of the Ampere’s equation as in (3.8), shown below [88].

dF = K(r)(dS x By) (3.8)

where K,(r) is the linear current density at a given radius, dS is the vector surface
element and By is the vector of magnetic flux density in the air gap. Then, the torque

can be computed from the tangential force at a specific radius r; as:

dT =r; xdF 3.9
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The magnitude of magnetic flux density in the air gap can be obtained from the

PM remanence B,, the magnet relative permeability (1, pps and the air gap thickness

!

hgap as well as the air gap equivalent thickness /1),

corrected by the Carter factor as
follows,

heap/ trpm
B, = 8PITT B (3.10)
s <hgap/,ur,PM +hlgap) '

The Carter factor (KC) is a dimensionless number that quantify the increase in
air gap reluctance, and consequently the reduction in air gap magnetic flux—caused
by the presence of stator or rotor slots. This number is define such that

Hyap = KC - hgap 3.11)

where KC can be computed with the slot dimension and air gap dimension.
Different formulations of the Carter factor is presented in [89] and [90]. In this thesis,

the formulation presented in (3.12) will be used.

KC — Ts (3.12)

2
_ 2wy Wso _ Ntgap Wso
Ty = (arctan Fge W In |1+ Sheuy

Where, wy, is the slot opening. From (3.10), the maximum value of the funda-

mental air gap flux density B, (see Fig. 3.6), can be calculated as:

4 T
By = —sin (e 5) B, (3.13)

Where B, is the air gap flux density and apy is the PMs occupation over the
polar pitch which is considered constant with the radius. Hence, the fundamental air

gap flux density value can be considered constant with the radius as well.
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Fig. 3.6 Air gap flux density waveform over a pole pitch.

Then, the fundamental component of the linear current density at the dimeter D
can be computed as in

A
K1 = kwl-]slotn__;; (3.14)

with Jy,,; being the slot current density and A, being the copper area in the slot.

Finally, to get the electromagnetic torque produced by the AFM, (3.8) and (3.9)
can be rewritten to obtain (3.15) that computes the electromagnetic torque element
dT,, as:

dT,m = 21K, (r)Bg(0)r*dr (3.15)

Considering only the fundamental components of the linear current density and
the air gap magnetic flux density, and assuming that both are in phase to maximize

torque production, the following expressions can be written:

B,(0) =By sinf ;  K(0)= V2K, sin (3.16)

It should be noted that, in (3.16), the linear current density is expressed in terms
of its RMS value and varies with the radial position, as described in (3.14). By
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considering the average product of B, and K, and substituting (3.14) into (3.15), the

elemental electromagnetic torque becomes

V2

dTem = TkwlAquslothlra dr (317)

The total electromagnetic torque is then obtained by integrating over the active

radial region of the machine, from the inner radius R; to the outer radius R;:

R, \/5
Ton= [ Skt AcudsioBearidr (3.18)
R 2
Finally, evaluating the integral and expressing the result in terms of the inner and

outer diameters yields

V2
To = ¥ 2kirAcu (D3~ DBy e (319

with D and D», being the inner and outer diameter of the stator iron lamination
respectively. In Chapter 4 the analytical procedure is further developed to derive a
sizing methodology for determining the main dimensions of axial flux permanent

magnet machines.

3.4.2 Cogging torque and torque ripple

When a permanent magnet synchronous machine is running, the torque produced is

characterized by an oscillatory behavior for different reasons:

* cogging torque arises from the variation of the magnetic reluctance of the

stator teeth as seen by the PMs as the rotor rotates;

* interaction between the spatial harmonics in the magnetic field produced by

the permanent magnets and those generated by the stator windings;

* time harmonics induced in the phase current generated by power electronic

converters;

» imperfections in the machine construction, such as eccentricity, non-uniform

PM magnetization, and manufacturing tolerances.
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Cogging torque is a periodic phenomenon whose period is determined by the
least common multiple (LCM) of the number of stator slots and the number of poles.
The cogging period, 6., expressed in mechanical degrees, can be computed as
follows:

360

Ocops = ———— 3.20
%88 LCM(N., p) (3-20)

From (3.20), it is evident that the selection of the pole—slot combination during
the machine design directly influences the cogging period. Additionally, several
techniques have been investigated in the literature to reduce cogging torque, includ-
ing design-based approaches, such as optimized winding configurations, magnet
shaping as well as control strategies [91]. Among these methods, the introduction of
intentional asymmetries in either the stator or the rotor has emerged as a particularly
effective solution. By altering the magnetic flux distribution, such asymmetries
can significantly reduce cogging torque and enhance the overall performance of the
machine [92].

However, a low cogging torque does not necessarily imply a low torque ripple.
Torque ripple is defined as the periodic variation of the instantaneous electromagnetic
torque about its average value during machine operation. Unlike cogging torque,
which is present under no-load conditions and results from the interaction between the
permanent magnets and the stator slotting, torque ripple is typically evaluated under
load and arises from the combined effects of several electromagnetic phenomena,

including:
* gspatial harmonics generated by the permanent magnets and those produced by
the stator windings;
* magnetic flux saturation;
* time harmonics from power electronics;
The superposition of these phenomena produces periodic torque oscillations,
leading to increased vibration and acoustic noise, reduced positioning accuracy,

and potentially accelerated mechanical fatigue. Consequently, minimizing torque

ripple is an important design objective, particularly in applications requiring smooth
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operation. In general, single-layer windings exhibit higher torque ripple than double-

layer configurations due to their less favorable MMF harmonic content.

3.4.3 Simulation approaches

In general, conventional radial flux machines can be effectively analyzed using
two-dimensional finite element analysis (FEA), as their electromagnetic behavior
is predominantly planar.In contrast, axial flux permanent magnet machines exhibit
inherently three-dimensional flux paths, making 3D FEA the preferred approach for
accurately predicting their electromagnetic behavior. While 3D simulations provides
high-fidelity results, it entails significantly higher computational cost and simulation

time compared to 2D analyses.

Furthermore, the computational effort is strongly influenced by the complexity
of the machine design, including factors such as geometry, topology (e.g., cored or
coreless structures), number of poles, number of stators, slot configuration, operating
frequency, and rotor arrangement. As a result, the development of simplified and
computationally efficient modeling approaches, capable of providing reasonably
accurate predictions with reduced simulation time, is highly desirable for practical

design and optimization processes.

For the two-dimensional modeling of axial flux machines, a commonly adopted
approach consists of decomposing the axial geometry into multiple planar sections
and performing separate FEA simulations for each slice [93]. In this method, each
section is treated as an equivalent linear machine and analyzed independently. The
overall performance of the axial flux permanent magnet machine is then obtained by
combining the contributions of all slices through superposition. This procedure is
illustrated in Fig.3.7.

In [94], an alternative methodology is proposed to simulate axial flux machines
using multiple two-dimensional finite element models. As illustrated in Fig. 3.8,
the original three-dimensional geometry is progressively reduced by exploiting
symmetry and decomposed into several 2D representations. In addition to the linear
motor modeling approach (LMMA), the method introduces two further modeling
strategies.

The first is the inner rotor modeling approach (IRMA), in which the axial flux

geometry is transformed into a set of equivalent 2D inner-rotor radial machines
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Step 1: A computational plane Step 2: From the Step 3: The 3D linear

is selected at the average computational plane, a new machines is further
diameter to linearize the 3D geometry is obtained reduced to a 2D geometry.
machine. for a linear machine.

Fig. 3.7 FEA 2D modeling approach for Axial flux machines [93].

evaluated at different radial positions. The second is the outer rotor modeling
approach (ORMA), where the machine is represented as a series of equivalent
outer-rotor radial machines, also defined at different radii. The overall performance
of the axial flux permanent magnet machine is then obtained by combining the
contributions of these individual models through superposition.

Fig. 3.8 FEA 2D modeling approach for AFM [94].

These methodologies demonstrate promising performance, offering a favorable
trade-off between accuracy and computational efficiency. In particular, they achieve
results comparable to full 3D simulations while requiring only a fraction of the
computational time, making them attractive for design and optimization applications.
Finally, although the IRMA and ORMA approaches achieve accuracy and compu-
tational performance comparable to those of the linear machine model, they offer
the additional advantage of exploiting the 2D FEA templates widely available in
commercial software, thereby accelerating the modeling process.
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3.5 Thermal management

3.5.1 Losses in PM electric machines

The losses present in axial flux permanent magnet machines can be divided into the
following categories:

* winding losses (Joule losses);
* iron losses (both in the stator and the rotor, when appropriate);
* permanent magnet losses;

e mechanical losses.

Figure 3.9 depicts a power diagram illustrating the losses for an axial flux machine

working as a motor.

Output
Power

Input
power

Mechanical
losses

Rotor iron
losses

PM losses
Stator iron
Joule losses losses

Fig. 3.9 Power flow diagram of a PM axial flux motor.

Stator losses

Copper losses correspond to the resistive (Joule) losses occurring in the stator
windings of the machine. In a three-phase AC machine, the stator copper losses are
expressed as follows:

P =3-Ry-I? (3.21)

where in (3.21), Ry is the stator winding phase AC resistance and /; is the stator

phase current.
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In AFPM machines, when using concentrated windings, have the advantage of
reduced length for the end-windings. Since the active part of the winding is arranged
radially in a disc, the inactive end-turns are significantly shorter than in cylindrical

machines.

In AC machines, additional phenomena such as skin and proximity effects can
further increase the effective resistance, especially at higher frequencies.

The skin effect refers to the tendency of alternating current to concentrate near
the surface of a conductor as the frequency increases. This phenomenon reduces
the effective cross-sectional area available for current flow, thereby increasing the

AC resistance. The main parameter governing this behavior is the skin depth &gy,

defined as in (3.22) [95]:
Sykin = | —beond__ (3.22)
T f *Heond

where p..,q 1s the conductor material electrical resistivity, f is the operating

frequency and U.,,q is the conductor material magnetic permeability.

When the conductor radius r.,,, 1s comparable to or larger than the skin depth,
the current density becomes highly non-uniform, leading to a significant increase in

effective resistance, the AC resistance (R,.) can be computed by (3.23).

Rac = kskin : Rdc (323)

where, Ry, is the DC resistance of the winding (which can be measured or
computed based on the conductor geometry). kg, is the skin effect factor that can

be estimated as follows [89],

Teond
kgpin = —2 (3.24)

e 25skin
The proximity effect arises from the influence of time-varying magnetic fields
produced by adjacent conductors. These fields induce circulating eddy currents
within a conductor, distorting the current distribution and further increasing the

effective resistance.

The severity of the proximity effect depends on:
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 conductor spacing and arrangement;
* operation frequency;

* magnitude of surrounding magnetic fields.

The impact of this phenomenon is more complex to quantify. Nevertheless, a

methodology for estimating its effect is presented in [96].

For axial flux machines, although these phenomena are governed by the same
physical principles, their design characteristics often exacerbate their effects. In
particular, the use of high pole counts, fractional-slot concentrated windings, and
inherently three-dimensional magnetic field distributions can increase AC copper
losses. As a result, these losses become a more critical design consideration in
AFPM machines than in comparable radial flux machines.

Iron losses

Iron losses in the magnetic components of an electric machine, also referred to
as core or magnetic losses, arise from the time-varying magnetic fields within the
stator and rotor cores. In conductive ferromagnetic materials, these losses are
typically decomposed into hysteresis losses and eddy current losses. Hysteresis
losses are associated with the intrinsic magnetic properties of the material. When a
magnetic material is magnetized by an increasing magnetic field and subsequently
demagnetized by an opposing field, the magnetization does not follow the same path,
resulting in a hysteresis loop, as illustrated in Fig. 3.10. The area enclosed by this
loop corresponds to the energy dissipated per unit volume during each magnetization

cycle and is therefore directly proportional to the hysteresis losses.

Eddy currents are induced in conductive magnetic materials as a result of time-
varying magnetic flux, generating additional dynamic losses. These circulating
currents oppose changes in the magnetic field, both in magnitude and direction. As a
consequence, they contribute to increased energy dissipation and lead to an apparent
broadening of the hysteresis loop, effectively increasing the magnetic coercivity of
the material. These losses are reduced by using thin lamination or high-resistivity

materials.
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Fig. 3.10 B-H hysteresis curve of a ferromagnetic material for two different frequencies [80].

Regarding the different methodologies available to estimate the iron losses several
approaches has been developed to computing them. The first group of models is
based on the Steinmetz equation [97] which has the form given by (3.25).

PFE = CSEf(?;Bﬁ (3.25)

where prr are the specific iron losses in W/kg, B the peak value of the flux
density in the sheet and f;, the operating frequency. The three coefficients Csg,
o, and B are determined by fitting the loss model to experimental measurements.
It should be noted that the classical Steinmetz equation (3.25) is valid only for
sinusoidal flux density waveforms. Consequently, several modified formulations,
such as the one presented in [98], have been proposed in recent decades to extend its
applicability to non-sinusoidal flux density waveforms, such as those generated by
power electronic converters.

In addition to the various extensions of the Steinmetz equation, alternative iron
loss models decompose the total losses into physically based components. In [99], a
separation of the iron losses into hysteresis, eddy currents and excess component is
considered as shown in (3.26).
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PFE = Ciyst [B® + Coc f2B* + Cone f 1B (3.26)

In (3.26), Cpys, Cec and G,y are the hysteresis, eddy current and excess loss
coefficients, respectively. Again, o is determined based on data fitting with available

experimental measurements.

Permanent magnet losses

Permanent magnet losses arise primarily from eddy currents induced within the
magnets due to time-varying magnetic fields. Although permanent magnets ideally
generate a constant magnetic field, in practical machines they are subjected to both

spatial and temporal variations, which lead to additional losses.

Spatial harmonics originate from distortions in the magnetic field distribution
along the air-gap circumference. These distortions are mainly caused by slotting
effects, winding configurations, magnet geometry, and air gap non-uniformities. This
phenomenon is particularly pronounced in machines with fractional slot concentrated

windings and in high pole-count designs.

Temporal harmonics, on the other hand, represent variations of the magnetic
field with respect to time at a fixed spatial location. They arise when the supply
currents or voltages deviate from ideal sinusoidal waveforms, resulting in magnetic
fields containing multiple frequency components. These harmonics are typically

introduced by power electronic converters and associated control strategies.

The interaction between spatial and temporal harmonics has a significant impact
on magnet losses, torque quality, and overall machine performance. A comprehensive
analysis of permanent magnet losses, including a comparison of different modeling

approaches reported in the literature, is presented in [100].

Mechanical losses

Mechanical losses in an AC machine arise from mechanical effects associated with
its operation and can be broadly classified into two main components: friction losses
and windage losses. Friction losses are primarily attributed to bearing friction and
are proportional to the product of friction torque and rotational speed. Windage
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losses, on the other hand, result from the interaction between the rotating parts of
the machine and the surrounding air within the enclosure. These losses are strongly
dependent on rotational speed and are typically assumed to scale with the cube of

this parameter.

3.5.2 Heat transfer principles

Heat transfer in electric machines occurs through three fundamental mechanisms:
conduction, convection, and radiation. All three are driven by temperature gradients,
transferring heat from regions of higher temperature to lower temperature. In axial
flux machines, the complex three-dimensional geometry and the presence of multiple
heat transfer paths make an accurate representation of these mechanisms essential for
reliable thermal analysis. The following sections briefly describe each heat transfer

mode and its governing equations.

Conduction

Conduction is the transfer of heat through a material due to particle interactions. In
solids, heat is transmitted mainly by lattice vibrations and free electrons, whereas in
fluids it results from molecular collisions and diffusion. The conduction heat rate
depends on the material thermal conductivity, the geometry of the heat path, and the

temperature gradient, and is given by

Qcond = _kthAcE (327)

where, k;;, is the thermal conductivity of the material, A, is the cross-sectional
area normal to the plane of conduction and dT /dx represents the temperature gradient

across the medium.

Convection

Convection describes the heat transfer between a solid surface and a moving fluid,
combining the effects of conduction and fluid motion. It can be classified as forced

convection, when the fluid motion is externally driven, or natural convection, when
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it results from buoyancy forces caused by temperature differences. The convective

heat transfer rate is expressed as

Qconv — hAs(Tsurf - Tamb) (328)

where 4 is the convection heat transfer coefficient, A; is the surface area through
which convection heat transfer takes place, Ty, ¢ 18 the surface temperature, and 7y,
is the temperature of the fluid sufficiently far from the surface (usually the ambient

temperature for electric machine thermal analysis).

The convective heat transfer coefficient is not an intrinsic property of the fluid.
Instead, it is an experimentally determined parameter that depends on several factors
influencing convection, including surface geometry, flow regime, fluid properties,
and bulk fluid velocity. Nevertheless, the convection coefficient can be estimated
analytically using empirical correlations developed for specific geometries and flow
conditions. These formulations will be discussed in detail in Chapter 6, where a

thermal model for axial flux permanent magnet machines is presented.

Radiation

Radiation is the transfer of heat by electromagnetic waves and, unlike conduction
and convection, does not require a material medium. The net radiative heat transfer
between two surfaces is:

Qrad = 8GbAs(T;;rf - Tai)s) (3.29)

where € is the emissivity of the surface, that measure how closely a surface
approximates a blackbody. o} is the Stefan—Boltzmann constant and 7, is the

absolute temperature of the surrounded surface.

In electrical machines, radiation typically plays a secondary role compared
to convection and conduction, and this effect is commonly neglected in thermal
analyses. However it can become much more relevant in situations with high
temperature operation, enclose or poorly ventilated systems or vacuum or low

pressure environments where convection is limited.
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3.5.3 State-of-the-art of thermal modeling for AFM

Achieving high specific power and power density in electric machines requires careful
consideration of thermal behavior during the design phase. Accurate prediction of
the temperature distribution is particularly critical for permanent magnet machines,
as excessive temperatures may lead to partial or irreversible demagnetization of the
magnets, as well as accelerated aging of the winding insulation, ultimately degrading

machine performance.

The thermal behavior of electric machines is traditionally evaluated using numeri-
cal methods such as finite element analysis and computational fluid dynamics (CFD).
Although these approaches provide high-fidelity results, they involve significant
computational cost and time, which limits their applicability in iterative sizing and
optimization procedures typically required during early-stage design. To overcome
this limitation, analytical methods can be employed to enable rapid thermal evalua-
tion, though with a moderate reduction in accuracy. Among these, lumped parameter
thermal networks (LPTNs) are widely used, as they extend circuit-based modeling

concepts to represent heat transfer phenomena.

Lumped parameter thermal network

Lumped Parameter Thermal Networks are widely used for thermal analysis of elec-
trical machines due to their computational efficiency and simplicity. In this approach,
the machine is represented as a network of discrete thermal nodes connected by

thermal resistances and capacitances, analogous to an electrical circuit.

In an LPTN model,

* temperature is equivalent to voltage;
* heat flow is equivalent the circuit current;
* thermal resistances model the opposition to heat transfer;

* thermal capacitance represents heat storage.

The governing equation to obtain the temperature distribution in the network is
given by (3.30) shown below.
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dT
Q=GT+C (3.30)

where Q is the heat source vector representing the power losses within the ma-
chine, G is the conductance matrix describing the thermal resistance interconnections
of the network, and T is the temperature vector containing the nodal temperatures
of interest. Furthermore, C denotes the thermal capacitance matrix, while dT/dt

represents the temporal variation of the temperature within the network.

For a thermal network with n + 1 nodes, the thermal conductance matrix can be

constructed as shown in (3.31).

n
L
R R
“~ Rl,i 12 1n
n
=1 1 . —1
Ri> . Ry,
G= i=1 R, " (3.31)
L |
—1 —1
Ry, R,» 1:21 Rnl

Where R; ; is the thermal resistance between nodes i and j. The general thermal
conductivity resistance R, is proportional to the thickness of the body /5,4y, and
inversely proportional to thermal conductivity of the material k;;, and the surface area
Ag normal to the heat flow direction as defined by (3.32).

I
R, = 20w (3.32)

C; 0 0
0 G - 0

G=|. . . (3.33)
0 O C,

With, C; being the thermal capacitance connected to node i, that can be computed
with (3.34) as shown below.
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Cin=Vi-pi-ci (3.34)

with V; as the volume of the body, p; the material density and ¢; the specific heat
capacity of the material.

Finite element analysis

The Finite Element analysis method is a numerical technique widely used to solve
heat transfer problems in electrical machines by discretizing the domain into smaller
elements. In thermal analysis, FEM is primarily employed to model heat conduction
within solid components, making it particularly suitable for evaluating temperature
distributions in stator cores, windings, and permanent magnets. Unlike CFD, FEM
does not directly solve fluid flow. Instead, convection is modeled using boundary con-
ditions, where the convective heat transfer coefficient must be obtained beforehand

by the means of analytical estimations or through experimental measurements.

Computational fluid dynamics

Computational fluid dynamics enables the numerical analysis of fluid flow, mass
transfer, and heat transfer phenomena, providing accurate results even for complex
geometries. In contrast to lumped parameter thermal networks, CFD offers spatially
resolved solutions, allowing the capture of local effects and detailed flow behavior.
For the accurate modeling of convective heat transfer, particularly in axial flux
permanent magnet machines, CFD is therefore a valuable tool.

The flow and thermal phenomena within AFPM machines are governed by the
continuity, momentum (Navier—Stokes), and energy conservation equations. These

governing equations are defined in (3.35), (3.36), and (3.37), respectively.

V-u=0 (3.35)

Ju
Pfiuid (E +u- VU) = —VDfictd + fiaV>a (3.36)

pcy (aa—f +u- VT) = Oy +kV?T (3.37)
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where,

* uis the velocity vector field of the fluid;

Pfiuia 18 the fluid density;

* Driela 1s the pressure field;

* Usuiq 1s the dynamic viscosity;

* ¢ is the thermal specific heat capacity;
* T is the temperature field;

* (O, is the volumetric heat source.

3.5.4 Cooling methods for Axial flux machines

Electrical machine cooling can be classified according to the type of cooling fluid
employed, the dominant heat transfer mechanism, and the machine components
targeted for heat removal. The primary components requiring effective cooling in
an electric motor are the stator core, the slot windings, and the end-winding regions.
Fig. 3.11 illustrates different cooling methods that can be implemented in electrical

Cooling
methods
| L 1 1
Stat Stator End
ator core windings windings
——
Indirect Direct | Cooling |i8 Liquid jets
channels
B W Filling | Spray
material cooling

Heat Potting
exchanger materials

machines.

Fig. 3.11 Cooling techniques for electrical machines [101].

In the literature, several approaches have been developed to enhance the cooling
of different regions in AFPM machines. In addition to conventional forced ventilation
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systems commonly used in industrial machines, recent research has focused on
innovative air-cooling techniques that promote heat extraction through the stator

core.

In [102], a cooling system based on air jets is proposed, where airflow is directed
through the stator and impinges on the rotor surface to improve heat transfer. In
[103], an encapsulated air-cooling system is introduced, in which air is drawn through
dedicated ventilation channels, forced across the stator core, and directed toward the
rotor disk and permanent magnets before being expelled to the ambient. Furthermore,
[104] presents a study on different fan blade configurations aimed at enhancing heat

removal from the permanent magnets in a double-rotor axial flux machine.

With regard to liquid cooling approaches, [105] presents several techniques,
including water jackets surrounding the stator and submersible cooling systems, in
which the machine operates within a liquid medium such as water, oil, or a mixture
of fluids. Additional methods include wet rotor and wet stator cooling, where a
cooling fluid flows through the air gap and over the shaft and end-winding regions,

enhancing heat extraction from both rotor and stator components.

For winding cooling, more targeted techniques have also been proposed. Spray
cooling involves directing the cooling fluid through channels within the shaft and
spraying it onto the inner surfaces of the end windings, often aided by centrifugal
forces. Another approach is direct conductor cooling, such as slot water jackets,
where the cooling fluid flows through the stator slots. In such configurations, internal
ducts may be integrated within the slots to contain the fluid, or the fluid may flow

directly between the conductors.

Finally, alternative cooling strategies have been proposed that, rather than en-
hancing heat removal through convection, focus on improving heat conduction by
introducing additional thermal paths from hot spots to the ambient. In [106], a novel
approach is presented in which copper bars are used as conductive heat transfer
paths between the stator teeth and liquid cooling reservoirs located in the end shields,
resulting in reduced stator temperatures. Similarly, in [107], a potting silicone gel is
introduced in the gaps between the end windings and the machine casing of perma-
nent magnet synchronous machines, enhancing thermal conduction and improving

overall thermal management.



3.6 Chapter conclusion 57

3.6 Chapter conclusion

This chapter has provided a comprehensive overview of axial flux permanent magnet
machines, including a comparison with radial flux topologies that highlights their
potential performance advantages in specific applications. Key aspects of winding
configurations were discussed, with particular focus on distributed and fractional-slot
concentrated windings, as well as single- and double-layer arrangements. In their
synchronous PM topology, due to their suitability for high pole counts, AFMs are
well suited to FSCW configurations, offering reduced end-winding length, lower
copper losses and material usage, as well as enhanced fault tolerance and modularity

features that are highly desirable for aircraft propulsion systems.

In addition, various modeling methodologies for axial flux machines were re-
viewed. While three-dimensional simulations are generally preferred for accurately
capturing electromagnetic phenomena, they are computationally intensive. Although
reduced-order and two-dimensional approaches exist, the inherently iterative nature
of electric machine design, particularly when combined with optimization proce-
dures, motivates the development of analytical tools that can provide sufficiently
accurate results with significantly lower computational effort.

Finally, a review of loss mechanisms, heat transfer phenomena, thermal modeling
approaches, and cooling strategies for electric machines was presented, establishing

the foundation for the methodologies developed in the following chapters.



Chapter 4
Sizing tool for axial flux machines

The electromagnetic sizing of electric machines is often guided by the designer’s
expertise, prior experience, and available design databases. Subsequently, Finite
Element analysis is typically employed to iteratively refine the machine geometry
until the desired performance targets are achieved. However, this approach may
require multiple design iterations, leading to a time-consuming process, particularly

in the case of axial flux machines.

Indeed, the design and modeling of AFM topologies using FEA is more chal-
lenging than for conventional radial flux machines, owing to their inherently three-
dimensional magnetic field distribution. Consequently, the development of a reliable
analytical framework is essential to determine an initial geometry that closely ap-

proximates the final design, thereby significantly reducing the overall design time.

4.1 Lamination core sizing formulations

This chapter presents an electromagnetic sizing procedure for the preliminary design
of AFPM machines. The proposed algorithm is inspired by the methodology intro-
duced in [108], with its equations adapted to suit the axial flux topology. In addition,
further formulations are incorporated to account DW and FSCW. The proposed
approach is entirely based on analytical expressions and relies on a progressive
increase of the machine diameters until all input constraints are satisfied and the

desired performance is achieved (see fig. 4.1).



4.1 Lamination core sizing formulations 59
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Fig. 4.1 Schematic illustration of the iterative sizing procedure for the AFM. The outer
diameter is progressively increased until the thermal constraints are satisfied.

Furthermore, the method is not limited to single stator—single rotor configura-
tions and can be readily extended to multi-stage axial flux machine arrangements.
In particular, the lamination sizing procedure remains applicable to double-stage
topologies (i.e., double stator or double rotor) with different pole-facing polarities
in yoke-less designs. It should be noted that, for torus-type axial flux machines, the
proposed procedure must be adapted to account for their distinct winding geometry,
which is beyond the scope of this thesis. In particular, the underlying assumptions
regarding the magnetic flux paths and the modeling of the windings differ from those
adopted in this work.

4.1.1 User inputs and design procedure

The flowchart of the proposed sizing procedure is presented in Fig. 4.2. The required
input data include the target performance specifications, material properties, electro-
magnetic loading indicators, as well as selected geometric and winding parameters.

Table 4.1 summarizes the inputs required to begin the sizing procedure.

Among the performance specifications, the torque is dictated by the application
requirements and represents the primary design objective. The rotational speed

(and consequently the electrical frequency) is used in the evaluation of the motor
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Fig. 4.2 Sizing algorithm flowchart.

equivalent circuit parameters. Similarly, the phase voltage is required to determine
the number of conductors in series per phase.

The material specifications correspond to the designer’s selection for the active
components of the machine, including the magnetic laminations, windings, and
permanent magnets. The electromagnetic loading indicators depend on factors such
as the insulation class and the cooling system adopted. Several references in the
literature provide typical ranges for different machine topologies and configurations,

which can serve as guidelines for the initial selection [89], [90].

The aspect ratio, Aapn, is defined as the ratio between the inner and outer
diameters of the stator. This parameter influences both the geometric shape of the
machine, ranging from a more disc-like to a more ring-like structure, and its torque
capability. For example, [109] suggests that Azpym = 1/ /3 maximizes the output
torque. In the present procedure, however, this parameter is treated as a design
degree of freedom, to be selected by the user according to dimensional constraints

and allowable overall size.



4.1 Lamination core sizing formulations

61

Table 4.1 Sizing input values.

Parameter Symbol Unit
Target performance
Torque T, Nm
Speed n, rpm
Phase voltage V, A\
Material specifications
Lamination stack coefficient ke
Permanent magnet remanence B, T
Permanent magnet relative permeability U
Stress loading indexes
Max. teeth flux density By T
Max. stator yoke flux density By, T
Max. rotor yoke flux density By, T
Max. linear current density K max A/em
Slot current density Jrms A/mm?
Geometric and winding considerations
Aspect ratio AaFm
Number of poles p
Number of slots Ny
Shaft diameter Dy, mm
Air gap thickness heap mm
PM height hpy mm
PM to pole ratio opyy
Slot enclosure dimensions Wsos Mg, Res mm
Slot fill factor key
PM radial length lpp mm
Winding pitch reduction as slot number* Ngr

* Only for DW arrangements.
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The pole—slot combination affects the air gap MMF distribution, the back-EMF
waveform, and the noise and vibration characteristics during operation [110]. The
shaft diameter is related to the required torque and can be determined using standard
mechanical design formulations [111]. Within the proposed algorithm, this value
is used as the initial inner diameter for the magnetic core sizing. Other geometric
parameters, such as magnet dimensions, air gap length, and slot geometry, can be

initially selected based on prior experience or available design data.

The developed sizing procedure is valid under the assumptions listed below:

* constant permeability of the magnetic materials;
* semi-open squared-shaped slots;

* single-stage and two-stage axial flux topologies.

The algorithm should be intended as a useful preliminary design tool to obtain a

geometry that can be refined at later stages with more detailed methodologies.

4.1.2 Magnetic core sizing

The main dimensions of the axial flux machine considered in the proposed sizing
procedure are illustrated in Fig. 4.3. In particular, Figs. 4.3a and 4.3b present the
radial dimensions of the rotor and stator, respectively, while the axial dimensions are
shown in Fig. 4.3c.

The algorithm is based on an iterative inner diameter increase until the stopping
criteria is met. The most inner diameter D;,, is set to be equal to the shaft diameter
for the first iteration. This dimension is smaller than the lamination inner diameter
D1, since it must account for the end-winding encumbrance in the stator. According

to Fig. 4.3b, the angle f3,, is defined based on the winding arrangement as:

2£ for DW
Bu=4 7 (@.1)
ﬁs for FSCW

The diameter D; of the stator lamination can be obtained from the diameter D;,,
and the angle f,, as follows:
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Fig. 4.3 Main dimensions of the AFM: (a) rotor structure, (b) stator and winding coil, (c)
core, slot and magnet axial dimensions.

Dim .
M if p<6
Dy = { wsha I;tan Bax (4.2)
- if p=6

oS By — sin By

The outer diameter of the lamination D, is imposed by the aspect ratio as shown
in (4.3):

D

D, =
Arm

4.3)

Then it is possible to calculate the outer-most diameter D, with (4.4), while (4.5)

gives the lamination stack length L.

D, = D; - (sin B4 + cos Bux) 4.4)
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D, — D,
2

4.5)

Lcore =

In axial flux machines, the magnetic flux is inherently non-uniform along the
radial direction. Consequently, the flux per pole (¢,,/.) can be calculated using (4.6),
where Lpys denotes the radial length of the magnet, which can be approximated by
Lcore» Dave = (D2 + D1) /2 represents the average stator diameter and the air gap flux
density (B,) can be obtained using (3.10).

D ave OpmlPM

B 4.6
2 Iy (4.6)

(Ppole =

The stator and rotor yoke flux densities are higher at the outer diameter. Therefore,

the yoke height is calculated at this location to satisfy the maximum lamination stress
indexes specified by the designer. Assuming no leakage flux between the magnets,
the lamination yoke heights for the stator (hy,) and rotor (hy,) are computed using
(4.7) and (4.8), respectively. If the rotor yoke is not laminated, the lamination

stacking factor kg, = 1 in (4.8).

ﬂDg(XpMBg/Zp
hyg = 4.7
Vs 2B,k e 4.7
nDyopyB, /2
hyy — D200 B/ 2p (4.8)
2By kfe

Equations (4.7) and (4.8) are valid for single-stage configurations; for multi-stage
machines, the yoke heights may be reduced or even neglected, depending on the

selected configuration.

In axial flux machines, the teeth are more heavily stressed at the inner diameter

D, . Therefore, the inner tooth width wy is given by:

. BgTL'Dl/NS

Wy = 4.9)
& Btskfe

Since only the squared shape slot is being considered in this work, the dimensions

of the slot width wg and upper tooth width wy, can be computed as:
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D,

Wy = N, — Wyl 4.10)
D>

Wy = N, — Wy “4.11)

As detailed in Chapter 3, the produced electromagnetic torque comes from the
interaction between the air gap flux density and the current distribution across the
stator slots. The average electromagnetic torque of the sized AFM can be calculated
as in (3.19), considering k,,; as the fundamental winding factor, Jy,, as the slot
current density and A, as the copper area in the slot.

Therefore, equation (3.19) is used to determine the value of A, required to
achieve the desired electromagnetic torque 7, as shown in (4.12), which is related

to the output torque 7, through a factor accounting for friction losses.

167,
V2 kw1Acu(D3 — D?)Bg1Jsior

Agy = (4.12)
At this stage, by considering the conductor fill factor k., within the slot, the

useful slot area A,; can be determined and the useful slot height 4, is obtained by

dividing A, by the slot width as depicted in (4.13) and (4.14) respectively.

A
Ay = k—“‘ (4.13)
cu
A
hys = —2= (4.14)
Wy

Finally, the linear current density K; is expressed as:

N‘A"”> (4.15)

Ks = kywiJsior (71'—1)1
It should be noted that K| is evaluated at the inner diameter of the motor, D;.
Moreover, equation (3.19) is valid for single-stage AF machines; for double-stage

configurations, the expected electromagnetic torque is approximately doubled [70].
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4.1.3 Iterative procedure exit condition

The exit condition of the iterative design process is critical to obtaining a suitable
electromagnetic machine design. For each external rotor diameter satisfying the
maximum rotor yoke flux density constraint, the stator design routine determines a
slot geometry that meets the required torque. However, at low rotor diameters, the
air gap flux density and flux per pole are reduced. In high-torque designs, this may
lead to impractical solutions with tapered slots (see Fig. 4.4).

Fig. 4.4 Example of tapered slots in AFM [112].

To prevent this, the stopping criterion of the iterative procedure is based on the
maximum allowable product of the linear current density K and the current density
Jsi0r, defined as input constraints. This product is directly related to the thermal
behavior of the winding, as slot over-temperature depends on Joule losses and heat
dissipation. Therefore, it serves as an effective indicator to ensure both feasible
geometry and acceptable thermal performance. Some reference values for both
K and Jy;,; can be found on [89] and [90] depending on the cooling mechanism,
topology and rated power of the machine to be designed.

At the initial stage of the iterative design process, the slot geometry tends to
be tapered, requiring a high slot current, and consequently a high value of Kj, to
meet the target torque. As the rotor diameter increases, the air gap flux density and
the flux per pole generated by the magnets also increase. This reduces the required
slot current, leading to wider and shallower slot geometries. As a result, the linear
current density K decreases.
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To achieve a balanced torque contribution from both the magnet flux and the
stator current, the exit condition of the design procedure is defined by comparing, at
each iteration, the product Kj - Jy;,, with the constraint imposed by the designer. This
product is adopted as the stopping criterion for the sizing algorithm, as expressed
below:

K; 'Jsloz < Kv,max 'Jslot (416)

Since the motor aspect ratio is fixed from the input, the left-hand side of (4.16)
decreases with each step. Once the inequality is satisfied, the process is terminated,

and the resulting dimensions are taken as the final sizing output.

4.2 Equivalent circuit parameter computation

Once the lamination sizing process is completed, the equivalent circuit parameters
and the number of conductors in series per phase, Z,;,, can be determined. Figure
4.5 illustrates the equivalent phase circuit of an AF synchronous motor together with

the corresponding phasor diagram.

In this representation, V. is the rated phase voltage imposed as a design input, R;
is the phase winding resistance, and Lyy, is the synchronous inductance. The phasor
Ey denotes the no-load back-EMF, which is proportional to the mechanical speed
and to the flux linkage produced by the permanent magnets, while /; represents the
current required to achieve the rated torque. These parameters are used to analytically

determine Z,;, based on the imposed phase voltage.

From the phasor diagram in Fig. 4.5, and assuming that the phase current is
entirely aligned with the g-axis, the rated voltage at an electrical angular speed
®, = 27f,, can be expressed as in (4.17), where bold symbols denote phasor
quantities.

V,= E0 + Rsis + jweLsyncis 4.17)
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Fig. 4.5 Phase equivalent circuit for a no-salient PM synchronous motor (left) and the phasor
diagram (right side).

4.2.1 Phase resistance

Considering a stator winding with Z,;, conductors in series per phase, the phase
resistance Ry can be computed using (4.18), where p., 1s the winding resistivity at
the operating temperature, g, is the number of slots per pole per phase, and /1 ave

is the average winding turn length.

2
thlturn,ave

__ph T (4.18)
2(]spAcu

Ry = Pecu

The value of ;;4ave 1S computed as twice the sum of the slot length and the end-

winding length /,,, 4. evaluated along its average path, as in (4.19). The calculation

of this quantity depends on the winding configuration. For the end-winding, the
average lengths for DW and FSCW are estimated using (4.20).

lturn.,ave = Z(Lcore + lew,ave) (4 19)
] Dy +D
(1—’%‘) n(%) for DW
Lowave = 1 p (4.20)
ew,ave oW, E(W;l n Wtz)
> + 1 for FSCW

4.2.2 Inductance

In rotating electrical machines, the total magnetic flux can be decomposed into two

components: the main flux (¢,,) and the leakage flux (¢5). The main flux traverses
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the air gap, linking the stator and rotor to generate the flux linkage in the windings
responsible for electromechanical energy conversion. In contrast, the leakage flux
remains largely confined to the stator windings, the rotor permanent magnets, or
other local magnetic paths, without effectively crossing the air gap. Although it does
not contribute directly to torque production, leakage flux gives rise to stator and rotor
leakage flux linkages, increasing the amount of magnetic material or magnetizing

current required compared to the ideal case without leakage.

The calculation of synchronous inductance in AF motors is a challenging task,
as it requires a compromise between analytical simplicity and accuracy. Several
methodologies for estimating this parameter are available in the literature. In this
section, the approaches presented in [113] and [114] are adapted to account for the
axial flux geometry. The synchronous inductance Ly, is expressed as the sum of
separate contributions, as given in (4.21).

Lsync =Ln+ Lgap + Lgior + Lena + Lt (4-21)

Where the components of the inductance are described below:

L,, is related to the useful flux component;

* Lgqp is related to the air gap leakage flux;

Ly 1s related to the slot leakage flux;

Ly, 1s related to the end-winding component of the leakage flux;

Ly related to the tooth tip leakage flux.

In the following, each of the components will be discussed along with its formu-
lations.

Distributed windings

When a three-phase symmetrical system of sinusoidal currents with amplitude /i
supplies a three-phase stator winding, a rotating air gap MMF distribution is produced.
The coil inductance is generally defined as the ratio between the flux linkage of the

coil and the current flowing through it that generates such flux. In the definition
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of magnetizing inductance, the linked flux is that produced by the currents in all
winding coils. Therefore, the concept of magnetizing inductance adopted in this
section inherently accounts for the mutual coupling between phases, enabling the
evaluation of the flux linkage of a given phase as a function of the corresponding

current.

By neglecting the influence of the iron, the entire MMF distribution is assumed
to drop across the air gap. Under this assumption, the amplitude of the h"-order
MMF harmonic is given by:

. § thkw,h I

= 4.22
hemopp (4.22)

h

As a consequence, the magnetic flux density amplitude for the 4" harmonic order
results:

3 Zk
By = o2 L0y 4.23)
’ 2h-7-pp g,

The main flux linked with the stator winding is given by the sum of all the
harmonic contributions as shown in (4.24).

Amain - ZAh (424)
h

where:

3 Z k 2 DQVELCU"E
A, ( ph W) HoT I, (4.25)

“2\h-mopp 20

gap

The main magnetizing inductance is therefore given by:

(4.26)

Lm,main =

Z 3 ( thkw7h )2 ,uOﬂ:DaveLcore

=2 \h-7m-pp 2Ry,

The magnetizing inductance expressed in (4.26) accounts for all air gap harmonic
flux components. However, as discussed in the previous sections, only the funda-

mental flux component contributes to electromechanical energy conversion. The
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remaining components, corresponding to higher-order harmonics, are conventionally
treated as leakage flux. Accordingly, the air gap leakage inductance can be expressed

as:

Lgap - meain - Lm,fund (427)

where, L, funq 1s the fundamental magnetizing inductance obtained by (4.26)

substituting the harmonic order /& = 1:

(4.28)

3 (thkw,h > 2 .UOTCDaveLcore

L ==
m, fund D) TT-pp 2higap

To evaluate the slot leakage inductance it is useful to refer to the magnetic energy
stored in the slot defined by (4.29) below,

1
E; = E.uolslotllcorelszlm (429)

where Ay, is the slot leakage coefficient, and I the total current in the slot.
From 4.3c a rectangular slot shape is depicted, considering N.; conductor in the slot
The magnetic energy stored into the slot can therefore be written in the following

form:

1
Ey=3 HONZA[AL + 22 + o) o Leore (4.30)
where the slot coefficient values can be computed as:

_1hus/2+hus/2+ hls E

A = 431
! 3 Wy Wy —WS—;WSO Wso ( )
1he/2  hy h
p=-—"2 e 4.32
2= 37, +wﬁiwm e (4.32)
By /2 h h
Ao = us/ 4ol e (4.33)

Ws+Wso
s 3 Wso
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Considering the total magnetic energy stored in the slot written in the following

form:

1 2
Es - _leotl

> p (4.34)

Then, for one phase of a distributed winding it is possible to evaluate the slot
leakage inductance with (4.35):

Zzh Ngy
leol = .u04pp |:A1 + )LZ + (2 - _S) l12:| Leore (435)

N S

The end-winding leakage flux generally circulates around the end-winding con-
ductors through air, although it may also pass through steel clamping rings, parts of
the machine frame, or the end laminations of the stator. This inductance component
is inherently a three-dimensional phenomenon, therefore, its accurate evaluation
requires detailed 3-D FEA modeling, which entails significant computational effort.
Additionally, conductive solid parts, where eddy currents may arise, influence the
magnetic flux paths and consequently affect the leakage inductance. In contrast,
other leakage inductance components can be estimated with reasonable accuracy
using 2-D FEA models. For a three-phase distributed winding, it can be estimated
using the empirical expression reported in (4.36) [115].

. th ?
Loy =(0.44+-0.52) - o - p- ? * Lew ave (4.36)

It should be noted that, in (4.36), the coefficient within the range 0.44-0.52 is an
empirical end-winding geometry factor that accounts for the shape and arrangement
of the end-winding region. For preliminary machine design, the midpoint value can
be adopted as a nominal estimate. For an existing machine or prototype, however,
the coefficient should be selected or calibrated according to the actual end-winding

geometry to improve the accuracy of the inductance estimation.

Fractional slot concentrated windings

For FSCW, a similar procedure to the one used for distributed windings can be

applied to determine the magnetizing and leakage inductance components. The main



4.2 Equivalent circuit parameter computation 73

stator flux linkage (i.e., the flux linkage produced by the working harmonic of the
stator single-phase current) is generated by each phase stator current /; and the main

inductance L, while the other phases are not excited as presented in (4.37).

Zyh

2
Asp =k pp (%) ErprreBs,, (4.37)

where, By, is the air gap magnetic flux density associated to that single phase

stator current, which can be computed as,

Zon/2
! PP
hgapjr Clstpp

sp

where, ¢, represents the number of winding layers in the slots. Therefore,
the single-phase main inductance can be expressed using the peak values of the

sinusoidal flux linkage and the phase current as:

2 Ho4gsm Zph
Lsp = ETchorem (kW,pp% (4.39)

The magnetizing inductance L,, of a rotating field winding is obtained by multi-
plying (4.39) by a factor m/2, which accounts for the mutual inductance between
the phases, as the resulting current linkage wave is produced collectively by all m
phases of the machine, i.e.,

2
Ho 4qs (m th
Ly, = TyLeore—— | —k — 4.40
m P coreh(,gap N, (7’[ w.pp Ty ( )

It should be noted that, in this case, the main harmonic for the FSCW arrangement
corresponds to the pp'” frequency (i.e., the harmonic associated with the pole pair of

the AFM); therefore, the winding factor related to this harmonic is considered.

Due to the discrete nature of tooth-coil (TC) windings, the current linkage
generated by such configurations results in a highly non-sinusoidal air gap waveform.
This waveform contains a significant number of harmonic components, which give
rise to harmonic magnetic fluxes [116]. These fluxes do not contribute to useful

torque production; however, they increase the armature reaction in the windings
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and, consequently, contribute to the leakage inductance. Accordingly, the air gap

harmonic leakage inductance Ly, can be expressed as:

Leap = OsLum (4.41)

where o is the harmonic air gap leakage factor [116]:

& kwh 2
5= ). (pp'ﬁ> (4.42)
h=1 w,pp

h#pp

where k,, 5, is the winding factor of the hth spatial harmonic [116], [117]. The term
h = pp corresponds to the synchronous harmonic and, therefore, to the magnetizing
inductance component L,,. Table 4.2 reports the calculated air gap harmonic leakage
factors os for a few slot/pole combinations of FSCW PM machines. For these
configurations, the number of slots per pole and phase g; and the winding factors
of the synchronous harmonic k,,, component. A more comprehensive table with

additional slot/pole combinations can be found in [114].

Table 4.2 Harmonic air gap leakage factor for FSCW PM machines [114].

p
N 4 6 8 10
g | 112 174 | 155
6 | kupp | 0.866 0.866 | 0.5
o5 | 0.46 48 | 26
gs | 3/4 | 112 | 38 | 3/10
9 | k. pp 0.866 | 0.945 | 0.945
os 046 | 12 | 24
as | 1 | 23 | 12 | 255
12 | Ky.pp 0.866 | 0.933
os 046 | 0.96

Unbalanced magnetic pull . Invalid configuration

Since the magnetizing inductance L,, results from the combined current linkages
of all three phases, third-order harmonics are excluded from the analysis in a three-
phase system. Moreover, Table 4.2 allows a comparison among different FSCW PM
machine configurations. Combinations characterized by higher air gap harmonic
leakage factors o exhibit larger leakage inductances and typically wider field-
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weakening regions, but lower maximum torque at nominal speed (assuming the same
voltage limit). Additionally, a higher o5 may indicate increased rotor losses due
to asynchronous current linkage harmonics. Configurations with excessively high
values of o5 are generally not feasible, as their torque capability is significantly
reduced by the high leakage inductance.

For the slot leakage inductance in FSCW, similarly to DW configurations, the
current flowing in the slot conductors generates a magnetic flux, part of which
crosses the air gap, while the remaining portion flows across the slot from one tooth
to another. The latter component gives rise to the slot leakage inductance Lg,,;, which
can be estimated as:

[ _4m (@)ZL 2 (4.43)
slot N, Uo ) core/Vslot .

where Ay, is the slot leakage permeance factor [90]. The slot leakage permeance
factor is calculated assuming that the leakage flux passes straight from one side of
the slot to the other side crossing the center line of the slot in the orthogonal direction.
The parameter Ay, is calculated using the slot dimensions in Fig. 4.3c. The slot
leakage permeance factor for a double-layer winding and horizontally divided layers
can be calculated as [118]:

s — has h h
As,,,t:klh(—” ’y>+k2h(—s+ ”+(—W i >ln Ws>+ D (4.44)

3 WS WS WS() - WS() WS() WS{)

where the factors kq; and kp;, take into account the mutual inductance when the
coils of different phases are present in one slot [118]. Without making a significant
error, 4.44) can be also used for vertically divided layers. The factors ky; and k,j, are
calculated as

9 3 P
kih=1—-—¢ ; ky=1—-¢ ; €=1—— 4.45
1h 6 2h 1 N (4.45)
where € represents the short pitching of the winding. The slot leakage inductance
is modeled under the assumption that the leakage flux lines crossing the slot are
straight. However, this assumption is not entirely accurate, particularly in the region

close to the air gap, where the flux lines bend due to the proximity of the rotor iron
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[119]. This fringing flux can be accounted for by introducing a tooth-tip leakage
inductance model.

Several empirical and analytical approaches have been proposed in the literature
to evaluate the end-winding leakage inductance. However, these methods often
yield significantly different results and are predominantly developed for integer-slot
distributed windings. For instance, an empirical analytical expression for calculating
the end-winding leakage inductance L., for FSCW is presented in [90], i.e.,

L :4—m,u0 <@)2ql A (4.46)
v =N 5 stew,avelew .

where I, ave 18 the average end-winding length (computed using (4.20)), and
Aew is the end-winding leakage permeance factor. The permeance factor A, is
typically determined based on empirical values available in the literature for different
distributed end-winding geometries [120].

However, for FSCW, the end-winding sections of a PMSM around each tooth
can be approximated as halves of a solenoid. Under this assumption, the total

end-winding inductance of a double-layer winding can be expressed as:

Ny (Zpn/2)* L,
Lew = HoMrem—— G (4.47)
m c;, (s pp)*hus

The relative permeability ., will depend on the surroundings of the end-

windings.

The combined effect of slot and tooth-tip leakage inductances increases when
the slot openings are narrow and the air gap is relatively long. Conversely, when
the air gap is short and the slot openings are wide, as in PMSMs with open slots,
their combined contribution decreases, as illustrated in Fig. 4.6. In this case, the flux
within the slot tends to bend toward the rotor, reducing the slot leakage. This effect
is captured by the tooth-tip leakage inductance L;,. For large values of wy,/hgap
(open-slot configurations), L; may even assume negative values, thus requiring
corrective adjustments in the slot leakage inductance calculation [114]. Accordingly,

4m Z ph 2
Ltt - Ho Lcore k2h Aﬁ (4 4 8)
N; 2
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/(/f $ = Magnetizing flux

= Slot leakage flux
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Fig. 4.6 Magnetizing and leakage flux in the stator.

where A;; is the tooth-tip leakage permeance factor, and kyy, is a factor that takes
into account the presence of different phases in a slot (4.45). The permeance factor

can be calculated according as:

1 Ry 1 heap Pm b
= — |In[ 22 4 = ST ) arctan | ——— 4.49
P 2 [ . < w2, 3T ( Wy ) 2hgap Pm (49

For surface permanent magnet (SPM) configurations, the effective air gap length
should account for both the physical air gap and the magnet thickness, the latter
scaled by the relative permeability of the permanent magnet material, i.e., ipy /Uy Py
In contrast, for interior permanent magnet (IPM) configurations, only the physical

air gap length is considered in the tooth-tip leakage calculation.

For the reader’s convenience, Table 4.3 summarizes all the formulations presented

in this subsection for both winding arrangements considered.
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Table 4.3 Inductance formulations for different winding arrangements.

Inductance Formulation
DW
Synchronous (Lgyp) Lgyne = Ly + Lgap + Lgjor 4 Lepa 4 Lyt
Magnetizing (L,,) Ly,=3 (Zﬁ?;h) i uoné)fgjfcm
Air gap leakage (Lgqp) Lgap = Linmain — L, funa
Slot leakage (Lg,;) Lo = ,uofp% [M + A+ (2 — %) /112} Leore

2
End-winding leakage (Ley)  Lew = (0.44+0.52) - 1o - p- (%) Lot

: 7 \2
Tooth-tip leakage (L) Ly = ?V—H:I«LO (%) Leorekont
FSCW
SynChI‘Ol’lOllS (Lsync) Lsync = Lm + Lgap + leot + Lend + Ltt
) Z '\
Magnetizing (Ly,) L, = ‘L'pr,eh’,:'—ip%qj <%kw7h %’)
Air gap leakage (Lgap) Leap = OgapLm
7 2
Slot leakage (Lgior) Lsior = ?V_THO (%) LeoreAsior
2
. Z
End-winding leakage (L,,) Lew = 4NL:’ o <%h> GslewAew
. Zon\ 2
TOOth'tlp leakage ) Ly = Z]1\]_r:l.uO (%) Lcorekth'rt

4.2.3 Conductors in series per phase

The no-load back-EMF can be computed using (4.50), with the operation frequency
determined by the mechanical speed and the number of poles of the motor and where

®pole1 1s the amplitude of the fundamental component of the magnetic flux per pole.

27 Z h
Ey= Efo,,kwl ¢p0161§ (4.50)

The armature current /; can be obtained dividing the slot current by the number

of conductors in series in the slots.
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N,
I = (JomsAcy) —— 4.51)

mth

It can be noted that the above equations, as well as those related to the circuit
parameters, depend on the value of the conductors in series per phase Z,,. Therefore,
these parameters can be expressed as in (4.52), where Kg, K;, Kg, and Kj are obtained

by rearranging the previous formulations.

Ry=Kg-Zy,  Lene=Kr-Z,

(4.52)
Eo=Kg-Zp I, =K;i/Z

Finally, using (4.17) and (4.52), the turns in series per phase can be computed as
shown in (4.53), completing the whole sizing procedure.

V,
Zop = (4.53)
d V (K. + KgK;)? + (0K K} )?

4.2.4 Volume and weight computation for active materials

One crucial value to estimate is the specific power of the machine to assess its
performance and to compare it with other candidates during the design workflow.
For this purpose, the volumes and then, the mass of each part of the machine has to

be calculated.

The volumes of the single-stage AFPM machine are evaluated by simple geo-
metrical considerations starting from the main dimensions calculated in the electro-
magnetic iterative sizing process. The stator and rotor yokes occupied volumes are
calculated by (4.54) and (4.55).

D2 . D2
Vis=1 (%) hys (4.54)

D3 —D?
Vyr = n( 2 I 1) - (4.55)

Similarly, the permanent magnet volume is calculated by (4.56).
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D3 —D?
Vem = - Otpy ( 2 ) 1) lpm (4.56)

The volume of the stator teeth are evaluated with the following:

DZ . D2
Vls = |:7T ( 2 4 1) hts:| _Vslots (457)

where V., 1s the total slots volumes evaluated by (4.60).

Viiors = AtsNeLcore (4.58)

Taking into account the average turn length evaluated by (4.19), the stator winding

volume is given by:

ch - AcuNthum.ave (459)

The total volume of the machine active materials is therefore obtained adding the

previous quantities:

Vit = Vys + Vyr +Vey + Vis + Vslots +Veu (460)

Finally, to obtain the active material mass, the total iron volume, the conductor
material and permanent magnets volumes are multiplied by the respective material
density. This can be computed with (4.61), (4.62) and (4.65) as shown below:

Mfe = Pfe- (Vys+Vyr+Vts) (4.61)
mpy = Ppem - Vem (4.62)
Mey = Peu Veu (4.63)

The total active materials weight of the machine is obtained adding the previous

quantities:
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Mior = M fe -+ Mpp + Mey (4.64)

Finally, the specific power (SP) of the machine (only considering the active
materials) can be computed as follows

Myor

SP, mot — Pmot

(4.65)

with P, being the rated motor power considered at the beginning of the sizing

procedure.

4.3 Validation of the methodology

In order to validate the procedure, a comparison with both finite element simulations

and experimental tests is carried out.

4.3.1 FEA validation

The lamination sized with the proposed methodology has been 3D modeled and
simulated on a commercial finite element software. Two different motors, referred to
as M1 and M2, are used as case studies to validate the approach. These motors are

characterized as follows:

* M1 is a 48-slot, 8-pole, double-stator (2S-1R) motor with DW.

* M2 is a 12-slot, 10-pole, single-stage (1S-1R) motor with FSCW.

The general dimensions and input parameters of the two machines are provided
in Table 4.4. Figure 4.7 and Fig. 4.8 present the 3D-FEM models of the M1 and
M2 machines, respectively. Comparative results, including air gap and core flux
densities, back-EMF, torque, and inductance values, are summarized in Table 4.5
and Table 4.6. The FEA results show good agreement with the predictions obtained
from the proposed sizing procedure.

In detail, the deviations in flux density are within 10%, while the differences in
back-EMF and torque values are below 5%. The larger discrepancies observed in the
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Table 4.4 Case studies design data.

Parameter M1 M2
Topology 2S-1R 1S-1R
Slot number 48 12
Pole number 8 10
Inner diameter 120 mm 128 mm
Outer diameter 192 mm 221 mm
Air gap thickness 1 mm 1 mm
Winding arrangement DW FSCW
PM height 4 mm 5 mm
PM remanence 1.1T 1T
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Fig. 4.7 3D model of the M1 AF motor (at the top) and magnetic flux density distribution (at

the bottom).
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Fig. 4.8 3D model of the M2 AF motor (at the top) and magnetic flux density distribution (at
the bottom).

Table 4.5 M1 FEA validation results.

Parameter Tool FEA A%

Bygap, (T) 0.61 058 5.0%
By, (T) 1.85 195 -5.1%
By, (T) 140 1.52 -7.9%
back-EMF (V) 1039 100.5 3.4%
Torque, Nm 35 3381 3.5%

Synchronous inductance, mH 96 102 -5.9%
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Table 4.6 M2 FEA validation results.

Parameter Tool FEA A%

Bgap, (T) 0.82 0.85 -35%
By, (T) 1.80 1.68 7.1%
By, (T) 140 149 -6.4%
By, (T) 140 153 -85%
back-EMF (V) 959 928 3.5%
Torque, Nm 40 404 -1.0%

Synchronous inductance, mH 24 21 -14%

core flux densities can be primarily attributed to the accurate modeling of magnetic
saturation in the FEA simulations, which is not accounted for in the analytical
expressions used in the sizing algorithm. Additionally, variations in the selection
of reference values within the FEA model, which may differ from point to point,
contribute to these differences. In terms of performance, specifically back-EMF and
torque, the results show closer agreement with the predictions from the proposed
procedure, since they are less sensitive to the magnetic behavior assumptions of the
lamination material (particularly the back-EMF). For the inductance value prediction,
higher differences can be expected from analytical computations as the analytical
approach relies heavily on empirical formulations and geometric simplifications
introduced to ease the computational process. Finally, Fig. 4.9 and Fig. 4.10 depict
the back-EMF for M1 and M2 from 3D simulations, respectively, while the torque
of both motors during load conditions is shown in Fig. 4.11.

Voltage (V)
o

_100 I B NW

0 50 100 150 200 250 300 350
Electrical angle (deg)

Fig. 4.9 Back-EMF simulation for M1.
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Fig. 4.10 Back-EMF simulation for M2.
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Fig. 4.11 3D FEA torque simulation for both study cases.

4.3.2 Experimental validation

To further validate the proposed procedure, a reverse engineering approach is adopted.
Experimental tests are conducted on two motors, and the measured torque values are
used as target inputs for the sizing algorithm. The resulting predicted dimensions are

then compared with the actual machine dimensions.

The first prototype tested is a double-stage, 12-slot/10-pole axial flux PM motor
with FSCW. The second experimental setup features a single-stage, 48-slot/8-pole
motor with distributed windings. The specifications of both machines, hereafter

referred to as P1 and P2, respectively, are summarized in Table 4.7.

The experimental setups shown in Fig. 4.12 and Fig. 4.13 are tested by operating
both machines as generators connected to a resistive load. For P1, an induction motor
was used to drive the machine and for P2, a DC motor was used as the prime mover,

measuring the shaft torque for both prototypes.
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Table 4.7 Prototypes specification data.

Parameter P1 P2
Topology Double-stage Single-stage
Slot number 12 48
Pole number 10 8
Inner diameter 155 mm 170 mm
Outer diameter 286 mm 282 mm
Air gap thickness 6 mm 1.5 mm
Winding type FSCW DW
PM height 20 mm 4 mm
PM material SmCo NdFeB

Lamination material  M400-50A M235-35A

Fig. 4.12 Experimental setup for P1.

The validation process involves determining the input parameters listed in Table
4.1 through a combination of direct measurements and design specifications. For the
stress loading indices, the slot current density is calculated based on the current mea-
sured during testing as well as the maximum linear current density. The maximum

magnetic loading indices are obtained via FEA simulations. Subsequently, using the
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Fig. 4.13 Experimental setup for P2.

torque measurements from both prototypes, the sizing procedure is carried out, and

the resulting outputs are compared to the dimensions of both machines.

jwe Lsyncls

610 ad _ |
v, R I

Fig. 4.14 Phasor diagram of an AFPM in generator mode connected to a resistive load.

An additional consideration before comparing the measured and expected di-
mensions is the need to adjust the experimental torque values. Since the axial flux
machine operates as a generator, the load angle will impact on the machine’s output
torque. Therefore, determining the electrical circuit parameters, specifically, the
phase resistance R, and the phase synchronous inductance Ly, is essential. In the
phasor diagram shown in Fig. 4.14, 8,44 is the unknown load angle. The phase
inductance was experimentally determined following the test procedure described in
[121], while the phase resistance was obtained through a simple DC test. Based on
the phasor diagram, the load angle was subsequently computed as shown in (4.66).
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I weLsync) (4 66)

81,44 = arctan
load < Vr T Is Rs

Table 4.8 and Table 4.9 present the predicted and measured values for proto-
types P1 and P2, respectively. According to these results, the comparison shows
differences within 5% between the predicted dimensions from the sizing tool and
the measurements from both prototypes with the only exception of the inner tooth
width which present a deviation around 12%. As mentioned in the previous section,
this larger discrepancy can be primarily attributed to the assumptions regarding the
iron material in the sizing procedure. In particular, the inner region of the stator
tooth operates under higher saturation (see Fig. 4.15), leading to greater deviations.
Additionally, although the relative error appears significant, the absolute error re-
mains below 3 mm, which is not considered critical. These outputs further validate
the effectiveness of the proposed methodology and demonstrate its suitability as a

reliable early-stage design tool for axial flux permanent magnet motors.

1sovAL_1

£luz density / Vector

)

Magnet

Fig. 4.15 Magnetic flux density distribution in one tooth.

4.4 Chapter conclusion

This chapter presented a self-consistent algorithm for the preliminary sizing of
permanent magnet axial flux motors. The proposed procedure follows an iterative
approach, wherein the machine dimensions are incrementally adjusted at each step to
satisfy the imposed electromagnetic loading constraints. The formulations presented
in this work are based on analytical formulations considering several material stresses

indexes provided by the user. Owing to the simplicity and clarity of the equations,
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Table 4.8 Tool results comparison with P1.

Parameter Tool (mm) Measured (imm) A%

Stator outer diameter 281.8 286 -1.5%
Stator inner diameter 152.7 155 -1.5%
Slot height 59.8 60 -0.3%
Slot width 22.5 23 -2.2%
Tooth inner width 17.5 20 12.5%
Tooth outer width 51.3 52 -1.3%
Stator yoke height 16.8 16.5 1.8%

Table 4.9 Tool results comparison with P2.

Parameter Tool (mm) Measured (mm) A%

Stator outer diameter 278.9 282 -1.1%
Stator inner diameter 168.1 170 -1.1%
Slot height 19.5 19.8 -1.5%
Slot width 6.3 6.6 -4.5%
Tooth inner width 4.7 4.6 2.2%
Tooth outer width 12 12 0%

Stator yoke height 38 40 -5.0%
Rotor yoke height 29.6 30 -1.3%

the procedure is accessible and suitable for implementation even by less-experienced
designers. The proposed sizing procedure was validated through 3D finite element
simulations conducted on two selected case studies. Additionally, two prototypes
were tested, and experimental data were used to further assess the accuracy and
reliability of the procedure through a reverse engineering method. The observed
discrepancies between predicted and measured values remained within acceptable
limits, proving the consistency of the analytical-based approach since the preliminary
electromagnetic sizing stage.

One of the main advantages of the presented procedure is its straightforward

integration with more sophisticated design and analysis tools. For instance, this



90 Sizing tool for axial flux machines

methodology can be coupled with optimization algorithms, magnetic equivalent
circuit procedures, thermal analysis tools, mechanical stress analysis and finite
element analysis methodologies to further refine the sizing procedure. This flexibility
enables the development of more accurate and robust designs prior to the prototyping

phase, thereby reducing development time and improving overall design efficiency.



Chapter 5

Electromagnetic analysis tool for axial
flux machines

As discussed in the introduction, the design of electric machines requires a multi-
physics approach, encompassing electromagnetic, thermal, and mechanical analyses
to accurately evaluate performance. Electromagnetic analysis, in particular, is typi-
cally carried out using finite element analysis tools. However, FEA is associated with
high computational costs and long simulation times. Consequently, analytical meth-
ods are often considered a valuable alternative, as they enable faster computations
and facilitate integration with other modeling tools and optimization frameworks.
Among these methods, the magnetic equivalent circuit (MEC) approach offers an

effective compromise between accuracy and computational efficiency.

The MEC methodology discretizes the electric machine into distinct regions,
each represented by a reluctance (or permeance) element to model its magnetic
behavior. By applying principles analogous to electrical circuit theory, MEC models
can effectively predict machine performance. Moreover, this approach allows the
inclusion of phenomena such as magnetic leakage, rotor motion, and different

winding configurations, making it a versatile tool for electromagnetic analysis.

In this context, this chapter presents a magnetic equivalent circuit model for
PM axial flux machines, capable of accommodating various configurations under
both no-load and load operating conditions [122]. The proposed MEC accounts for
nonlinear magnetic behavior, rotor motion, and permanent magnet subdivision to

improve resolution and accuracy. It is based on a quasi-3D representation, enabling
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the user to define the number of layers considered in the analysis. In addition, PM
leakage effects are included, which are particularly relevant in machines with large

air gaps and opys values.

A key feature of the proposed methodology is its flexibility in representing dif-
ferent axial flux machine topologies. The objective is to achieve a balance between
model complexity and computational effort, without compromising result accuracy.
This characteristic makes the approach particularly suitable for design workflows,
where rapid evaluation is essential for analyzing a large number of candidate solu-

tions.

5.1 Magnetic equivalent circuit methodology

The 2D representation of the developed MEC for a general single-stage AFPM
machine at a given diameter D; is shown in Fig. 5.1. The circuit represents only a
section of the machine; however, the same topology can be replicated as required to
model the complete geometry.
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Fig. 5.1 Magnetic equivalent circuit with magnetic flux meshes.

The total number of reluctances depends on the number of distinct sections
used to discretize the machine. In particular, the number of stator yoke (Ryy) and
stator tooth (Ry) reluctances corresponds to the number of teeth within one machine
periodicity (n,), while the number of air gap reluctances (Rg,,) depends on the
number of air gap segments (744,). This discretization directly affects both the

accuracy of the results and the computational cost.
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The MEC model also accounts for leakage flux paths, represented by slot leakage
reluctances (R,s) and permanent magnet leakage reluctances (R,s and Rpys). A
preliminary assessment of these effects indicates an improvement in electromagnetic
torque prediction accuracy of approximately 2—3% for the considered case studies.
Furthermore, the inclusion of these additional reluctances has a negligible impact on
computational cost, as their number remains small compared to that of the air gap

reluctances.

In the proposed model, no specific reluctance element is assigned to the stator
shoe region. This simplification is adopted to facilitate integration into design
workflows and to reduce computational time by limiting the network complexity. The
effects of saturation in the stator shoe can, if necessary, be evaluated in subsequent

stages of the design process.

The proposed circuit is a mesh-based model, in which Kirchhoft’s voltage law
is applied to determine the unknown magnetic fluxes in each loop based on the
imposed magnetomotive forces and magnetic reluctances [123]. Since the reluctances
associated with ferromagnetic regions are nonlinear elements, the resulting system
of equations is nonlinear and must be solved numerically to evaluate machine

performance.

To solve the MEC, each reluctance in the network must be computed. The general
expression for the magnetic reluctance R,, is given in (5.1), where [/ is the length
of the magnetic flux path, § is its cross-sectional area, U, is the relative magnetic
permeability, and L is the permeability of free space. This expression simplifies
for prismatic or cylindrical geometries, where both the cross-sectional area and the
relative permeability remain constant along the path length /.

as __
di l s _

Rp= | —— R, = i 5.1
| 5 = = s oD

dio _
o =0

The following formulations of the reluctances are based on the dimensions
reported in Fig. 4.3 for the considered diameter D;.
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5.1.1 Stator and rotor iron reluctance

The j — th stator tooth reluctance can be computed as in (5.2), where w; is the tooth
width at a given diameter, [, ; is the relative permeability of the flux tube iron and

Lcore 1s the radial length of the stator core.

Ty
Ry i = (5.2)
" Holly,st, choreWt

In (5.2), W,; is function of the magnetic flux passing through the reluctance
Ry, j as defined in (5.3).

.ur7st,j == f(q)s,jfl _chJ) (53)

As shown in (5.3), the permeability of the stator tooth is determined by the
resultant flux between adjacent loops, as illustrated in Fig. 5.1. This resultant flux
corresponds to the actual flux flowing through the element, leading to iron saturation
and, consequently, a relative permeability defined by the material’s BH curve.

Similarly, the j-th stator yoke reluctance and the j-th rotor yoke reluctance can
be calculated using (5.4) and (5.5), respectively. Here, N. denotes the number of
stator slots; U,y j and U, ; represent the relative permeability of the j-th flux tube
in the stator and rotor yokes, respectively; Ay and hy, are the stator and rotor yoke
thicknesses; p is the number of poles; and L, is the radial length of the iron core.

nD;/N,
Ryj=— _’,/ T (54)
Ho - Hr,sy,j * Leore * Nys
nD;
Ry j= /) (5.5)

Mo - Urry,j - Leore - hyr

In this case, the flux passing through the reluctances directly corresponds to the
loop flux (see Fig. 5.1). Therefore:

Wrsy j = f(q)s,j) 5 Hrry,j = f(q)mt,j) (56)
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5.1.2 Slot leakage reluctance

To account for the effects of slot leakage flux, several formulations are available in the
literature, many of which have demonstrated good agreement with experimental re-
sults. In this work, the permeance expressions proposed in [89] and [90] are adopted
to compute the slot leakage reluctance for distributed windings and fractional-slot
concentrated windings, respectively. Accordingly, the following expression is used

to evaluate the slot permeance for both winding configurations.

Aos = - () ~(3) —m(5)-2 for DW
(o) Wr2 Wit o N2 , _
(-0-(:4)’) o

hov = kun ("5 ) +hauK + 5 . for FSCW

3wy

In (5.7), w1 and wy; are the inner and outer tooth width. While 4, is the distance
between two winding layers, k1, and k»;, are the coefficients that consider the number

of winding layers, calculated as in 4.45, while K is defined as follows:

K:@+@+(L>mﬁ (5.8)
Wy

Wy Wso — Wso Wso

5.1.3 Air gap reluctance

The relative motion between the rotor and stator teeth results in a continuous variation
of the MEC topology at each operating point. To accurately capture this behavior
within the reluctance network, an appropriate air gap reluctance model must be
adopted. In this study, four distinct operating scenarios are identified, as illustrated
in Fig. 5.2.

The number of sections into which the air gap is subdivided is a user-defined
parameter that directly influences both the model accuracy and the computational
effort. As shown in Fig. 5.2, Case A corresponds to the condition in which the
air gap section fully faces both the stator tooth and the permanent magnet. Case B
represents the situation where the air gap section faces the permanent magnet and
only a portion of the stator tooth, resulting in an increased reluctance. In Case C, the

air gap section faces the permanent magnet and the stator slot entirely. Finally, Case



96 Electromagnetic analysis tool for axial flux machines

D corresponds to the condition in which the air gap section does not include any

portion of the permanent magnet, making the associated magnetic flux negligible.

The detailed formulations for the first three cases are provided in (5.9), (5.10),
and (5.11).

Ngap segments

Fig. 5.2 Air gap subdivision principle.

Rgapmin
Rgap,j = kgapRgap,min + (1 - kgap)Rfringe (59)
Rfringe
Reap min = hgap (5.10)
.LLOSgap
1 /4
Rfringe = ,LLOTgap (hgap + Zlfringe,’) (5-11)

where Rgqp min 1 the minimum air gap reluctance, kg, defines the portion of an
air gap section facing a stator tooth, Ag), is the air gap thickness, and Sg,), is the area
of the air gap section. The term R 7,;,¢. represents the fringe flux reluctance, modeled
as an additional flux path with a length equal to a quarter of a circumference and a
radius /f,ing, defined as the distance between a tooth edge and the air gap section

under consideration.
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5.1.4 Permanent magnet reluctance

Each permanent magnet segment is modeled as a magnetomotive force source
connected in series with a magnetic reluctance. The amplitude of this MMF can
be calculated as in (5.12), where B, is the remanent flux density at the operating
temperature, ipy 1s the magnet axial thickness, and ;. py 1s the relative permeability

of the permanent magnet material.

Fpy = M (5.12)

It is worth noting that the sign of the PM MMEF, is given by the polarity of the
magnet and should be assign accordingly in the MEC. The reluctance of each PM

segment can be computed as:

h
Rpy = M (5.13)

Mo - Mypy - TpOpyLpy

where, Lpys 1s the magnet length in the radial direction.

5.1.5 Rotor leakage reluctances

The developed MEC also accounts for flux leakage occurring in the regions between
adjacent permanent magnets. In particular, this includes leakage flux passing through
the air gap between two adjacent PMs, as well as flux circulating between a PM
and the rotor yoke without linking to the stator iron, as described in [124]. Fig. 5.3

illustrates these situations.

= PMo-rotor leakage flux

= = PM-PM leakage flux

Fig. 5.3 Rotor leak fluxes considered in the MEC.
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To model these effects, two types of reluctances are introduced in the MEC
between the permanent magnets. The formulations for these reluctances are derived
from [124]. Although some assumptions related to no iron saturation and negligible
magnetic field contribution from the armature windings are considered, the authors
in [124] achieve good agreement with finite element simulation results.. These
reluctances can be computed as:

L Thyap\ ]~
R = [uo ;"’ In (1+ thM”)} (5.14)
L Th' -1
R = O In 14+ —252 5.15

where, R,s 1s the PM-rotor leakage reluctance, Rpys 1s the PM-PM leakage

reluctance, and #’

gap 18 the effective air gap that considers the slotting effect.

5.1.6 Multi-stage configuration

The MEC shown in Fig. 5.1 is developed for a single-stage configuration. However,
the circuit topology can be readily adapted to the various multi-stage machine con-
figurations presented in Fig. 3.2. This adaptation requires only minor modifications
to the baseline model.

Figure 5.4a illustrates the modified circuit topology for the 2S1R-NN configura-
tion, in which the rotor yoke reluctances are removed, as the PM-to-rotor leakage
paths can be neglected under the assumption that the PM holder is made of non-
ferromagnetic material. Figure 5.4b shows the circuit for the 1S2R-NS configuration,

where the stator yoke reluctances are omitted compared to the baseline model.

For the 2S1R-NS and 1S2R-NN configurations, the performance can be directly

obtained by doubling the electromagnetic torque values of the baseline MEC.

5.2 The system of non-linear equations

To solve the proposed MEC, Kirchhoff’s voltage law is applied to each loop, resulting

in the system of nonlinear equations expressed in matrix form in (5.16).
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Fig. 5.4 Magnetic equivalent circuit for: (a) 2S1R-NN and (b) 1S2R-NS.

Ar-®=F (5.16)

Here, A, represents the reluctance matrix associated with the network, & is the
vector of the loop magnetic fluxes, and F denotes the vector of magnetomotive force

sources.

The matrix Ay is constructed from the previously computed reluctances and
arranged according to the network topology. Its partitioning into sub-matrices is
shown in (5.17), where the diagonal matrices Ag, Agap, Apm, and Ayet correspond to
the reluctances of the stator, air gap, permanent magnets (including leakage paths),
and rotor, respectively. The off-diagonal terms represent the interactions between

these machine components.

As As,gap As,PM 0

A= ASgap  Agap  AgapPM  Agaprot (5.17)

! /
AS7PM Agap,PM Apm APM,rot

! !
0 gap,rot PM,rot Arot
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The matrix is assembled according to circuit theory principles for mesh-based
network analysis. In particular, each diagonal element at position (i,7) represents the
sum of all reluctances associated with the i-th loop. Conversely, each off-diagonal
element at position (i, ) is equal to the negative of the reluctances shared between
the i-th and j-th loops.

Special attention must be given to off-diagonal elements associated with boundary
reluctances, for which symmetry conditions must be enforced. In particular, if the

machine periodicity is odd, the sign of the boundary reluctance must be reversed.

The vector F in (5.16) represents the magnetomotive force associated with each
magnetic flux loop. In the proposed MEC, two sources of MMF are considered: the
stator windings and the permanent magnets. The MMF contribution of the permanent
magnets is calculated using (5.12) and assigned to the corresponding loops. The
MMF generated by the windings is instead determined using (5.18), which accounts
for the total magnetomotive force produced by the stator currents.

Fwdg = iabc : Nwdg (5.18)

In (5.18), F,,4, denotes the MMF vector associated with the windings, iy is the
vector of instantaneous phase currents, and N,,4, is the winding matrix that describes
the distribution of turns within the slots.

The stator winding matrix N,,q, is constructed based on the specific stator wind-
ing configuration, such as distributed or concentrated, and single or double-layer
arrangements. It ultimately depends on the number of slots per pole and per phase
gs, as well as the number of turns in series per phase per slot Z.. An example is
provided in (5.19) for a 10-pole, 12-slot axial flux machine with single-layer FSCW.

Ze=Ze 0 00 0 —Z.Z.0 0 0 0
Nygg=10 0 220 0 0 02 -Z 0 0 (5.19)
00 0 0Z~Z 0 00 0 —Z Z

Finally, the vector ® contains the magnetic fluxes associated with each loop and
represents the unknown of the system. It is important to note that these loop fluxes
do not always correspond directly to the physical fluxes in the machine. For instance,
the reluctances in the stator yoke are directly traversed by the loop fluxes, whereas,
in the stator teeth, the actual flux is given by the difference between the fluxes of
adjacent loops, as expressed in (5.3).
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Fig. 5.5 Procedure workflow.

5.2.1 Numerical solution procedure

The MEC solution is obtained numerically using an iterative method suited for

large, sparse, and symmetric systems of the form A - x = b. The complete solution

procedure is illustrated in Fig. 5.5.
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The process begins with an initial estimate of the loop flux vector ®qy. This
initial guess is obtained by: (i) computing the network reluctances under unsaturated
conditions (i.e., assuming maximum magnetic permeability), (ii) assembling the

reluctance matrix A,, and (iii) solving (5.16) using its inverse.

The loop flux vector is then used to determine the flux in each circuit branch
and, consequently, the magnetic flux density associated with each discretized ele-
ment of the network. These magnetic flux density values are used to compute the
corresponding magnetic permeabilities based on the BH curve of the material. With
the updated permeability values, the reluctances are recalculated and the reluctance
matrix A, is consequently updated. This procedure is therefore applied iteratively

until a convergence value defined beforehand is achieved.

5.2.2 Mechanical rotation

The proposed MEC accounts for mechanical rotation by updating the reluctance
network at each rotor position, requiring the procedure outlined in Fig. 5.5 to be
repeated for every considered rotor step. To enable this, the machine is modeled as
an infinitely extended stator by replicating the slot pattern multiple times, thereby
emulating continuous rotation. Appropriate boundary conditions, such as periodicity,

are applied to accurately represent the magnetic field behavior within the domain.

At each position, the procedure determines the connectivity between stator teeth
and air gap sections based on their relative alignment. Using this information, the
mesh loops are redefined and the reluctance matrix is reconstructed accordingly.

This approach allows the algorithm to handle arbitrary slot/pole combinations,
winding arrangements, and slot geometries, as it relies on both the relative positioning
between stator teeth and permanent magnets and the periodicity of the machine, and
it is not tailored for some specific topologies. Furthermore, it enables the evaluation
of the extent to which each air gap section faces a stator tooth, which is particularly
important for accurately modeling fringe flux effects since the approach presented in
Fig. 5.2 is applied at each mechanical step.

Finally, a sufficiently fine discretization is recommended to accurately capture

the magnetic interactions between individual magnet segments and the stator iron.
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5.3 Electromagnetic performance computation

This section provides the formulations used to estimate the performance of the AFM
predicted by the magnetic equivalent circuit developed in this chapter. For the no-
load operation the MMF produced by the stator currents are set to zero, while for

load condition, the dg-axis currents are provided as inputs.

5.3.1 Magnetic flux density

Once the system of equations from the MEC has been solved for each considered
mechanical position, the magnetic flux density on each element B, ; can be obtained
by dividing the corresponding flux by the surface area of the flux tube, as shown
below:

o ¢m,i

B, =
" Aflux

El

(5.20)

where ¢, ; 1s the magnetic flux flowing through a given MEC element, obtained
by solving (5.16), and A 7, is the corresponding cross-sectional area, which depends
on the geometry of the flux tube under consideration. By collecting the results at
each mechanical step, the magnetic flux and flux density over one period can be

reconstructed, allowing the computation of peak and RMS values.

5.3.2 No-load air gap flux density and voltage

The MEC can be used to simulate the machine under no-load conditions. For a given
rotor position, the air gap flux density can be obtained by dividing the flux in each
air gap element by the corresponding flux tube area. The fundamental component
of the no-load magnetic flux density can then be used to compute the fundamental

component of the no-load voltage E; as follows:

27
El — ﬁmernskw,l(aPMBgITpLPM) (521)



104 Electromagnetic analysis tool for axial flux machines

Where Ny 1s the number of turns in series per phase, and k,, 1 is the fundamen-
tal winding factor and By is the peak value of the fundamental component of the air
gap flux density.

5.3.3 Electromagnetic torque

The analytical computation of the electromagnetic torque is based on the dg-axes
formulation given in (5.22):

3 : :
Tom = Epp(?tdlq — Agla) (5.22)

where 7, is the electromagnetic torque, A, and A, are the flux linkages along the
d- and g-axes, respectively, and iy and i, are the corresponding d- and g-axis currents,
obtained from the stator phase currents through reference frame transformations.
The flux linkages in the windings can be calculated using (5.23) [125]:

Aabe = pp- Nwdg : cI)sy (5.23)

Here, Ayp is the linked flux in the abc reference frame and ®j, is the stator yoke
flux vector.

5.4 Validation of the methodology

In order to validate the proposed reluctance network, a comparison with both finite

element simulations and experimental tests is carried out.

5.4.1 FEA validation

For the FEA validation, two single-stage axial flux motor models with different
pole/slot combinations and periodicities are considered. Figure 5.6 presents the
3D geometries of the case studies (M1 and M2, respectively), while Table 5.1

summarizes their main dimensions.
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(@) (b)

Fig. 5.6 3D sketches of the study cases: (a) M1, (b) M2.

Table 5.1 Main specifications for the study cases.

Parameter M1 M2
Slot number 6 12
Pole number 4 10

Stator Inner diameter 120 mm 155 mm

Stator Outer diameter 180 mm 286 mm

Air gap thickness I mm 6 mm
PM remanence 080T 1.05T

The results are evaluated in terms of no-load magnetic flux density in the air gap,
back electromotive force, and electromagnetic torque under load conditions. For
the MEC analysis, a fine discretization of the air gap is adopted, with at least 50
elements per pole.

Figure 5.7 shows the air gap magnetic flux density obtained using both the
proposed MEC and 3D FEA simulations. The largest discrepancies are observed
in regions where slotting effects are more pronounced, with differences reaching
up to 10%. These deviations are primarily attributed to the neglect of tooth-tip
geometry in the MEC and to the analytical evaluation of fringing flux, which relies
on assumptions regarding the length of the flux lines entering the sides of the teeth
(see Fig. 5.2, Cases B and C).

The fundamental component of the air gap magnetic flux density obtained from
the MEC is then used to compute the fundamental component of the back electromo-
tive force, as given in (5.21). A comparison with the fundamental component of the
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Fig. 5.7 Air gap flux density comparison between MEC and FEA for: (a) M1, and (b) M2.

Table 5.2 No-load and load results comparison for the analyzed study cases.

M1 M2
MEC FEA A % MEC FEA A %
B, 0.65T 0.66T 1.5% 0.61 0.61 0.1%

Ey 1293V 1309V 12% 107.8V 107.8  0.1%
Towy 247Nm 250Nm 1.1% 40.6Nm 403Nm 1%

back electromotive force obtained from FEA is reported in Table 5.2, showing an
average error of less than 1.5% for both cases.

Figure 5.8 compares the MEC and FEA models under load conditions in terms
of electromagnetic torque for both motors. While the torque ripple predicted by the
MEC differs from that obtained with the 3D FEA model, primarily due to the limited
number of air gap reluctance elements considered in the network, the average torque
values show good agreement between the two approaches.
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Fig. 5.8 Electromagnetic torque comparison between MEC and FEA for: (a) M1, and (b)
M2.

This is confirmed by the results reported in Table 5.2, which indicate that the
maximum error in the average electromagnetic torque for the two case studies is on
the order of 1%. These findings demonstrate that the developed MEC is suitable for
integration into fast design and optimization procedures. Accordingly, the model
accuracy is considered satisfactory when the mean torque and the fundamental
components of the electromotive force and air gap magnetic flux density are in good
agreement with the validation results.

One limitation of the proposed MEC model lies in its reduced capability to
accurately capture secondary effects such as torque ripple and air gap flux density
harmonics. Although these phenomena are typically analyzed using FEA within the
design workflow of electrical machines, they could be partially addressed within the
MEC framework by increasing the number of air gap reluctance elements per pole,
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including the reluctances of the tooth tips and increasing fringe flux computation

accuracy.

An additional comparison under high-saturation conditions was carried out for
M2 to assess the performance of the model under overload operation. In this case, an
operating point exceeding twice the rated current was considered. The results show
a deviation of approximately 2% of the torque, indicating that the MEC maintains a

high level of accuracy even under such conditions.

It 1s also worth highlighting that the MEC-based results are obtained with a
significantly reduced computation time compared to FEA. For the M2 case study,
the computation time decreases from 5270 seconds for the 3D FEA model to 13
seconds for the MEC, making the proposed approach approximately 400 times faster.
Both simulations were performed on the same workstation, equipped with 128 GB
of RAM and 20 CPU cores.

5.4.2 Experimental validation

To further validate the proposed reluctance network, the MEC results are compared
with experimental data obtained from an AFPM prototype. The specifications of the
tested machine correspond to those of M2 reported in Table 5.1.

Figure 5.9 illustrates the experimental setup, in which the prototype operates as a
generator connected to a resistive load. The machine is driven by a prime mover and

equipped with a torque meter.

AFPM prototype :
3

0

e
///

Fig. 5.9 Experimental set-up for validation.
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To replicate the test conditions in the MEC, the load angle &;,,4, shown in the
phasor diagram in Fig. 5.10, must be determined. This requires the evaluation of
the machine circuit parameters, namely the phase resistance R, and the synchronous

inductance Ly

In the phasor diagram, V; represents the terminal voltage, E is the open-circuit
electromotive force aligned with the g-axis, I is the phase current, and § is the load
angle to be determined. Since the machine is connected to a resistive load, the power
factor is unity. Additionally, as the permanent magnets are surface-mounted, the
saliency is negligible, and the inductances along the d- and g-axes can be considered
equal. The phase inductance is obtained as described in Section 4.3.2, following the
test procedure presented in [121], while the phase resistance is measured through a
DC test.

Based on the phasor diagram, the load angle is then computed using (4.66). The
resulting parameters and the corresponding load angle are reported in Table 5.3.
Finally, it is worth noting that the developed MEC follows the motor convention;

therefore, the computed angle must be shifted by 180° to obtain a positive torque

value.
Rs. L N -axis .
._‘_—/\/\(/\/ sync a N ] We Lsyncls
I
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Fig. 5.10 Phasor diagram of the AFM working as generator on a resistive load.

Table 5.3 Winding parameters and load angle.

Phase resistance (R;) 0.18 ()
Synchronous inductance (L;) 13.60 (mH)
Load angle (8) 11.17 (deg)
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With regard to the materials used in the MEC model, the BH curve provided in
the lamination datasheet has been implemented for both the stator and rotor cores.
The remanent flux density of the permanent magnets has been determined through
calibration based on no-load voltage measurements. It is worth noting that the
permanent magnets are made of SmCo. Owing to their high thermal stability, their
remanent flux density can be assumed constant between the no-load condition and
the evaluated operating point. However, for permanent magnet materials with higher
temperature sensitivity, the remanent flux density should be adjusted according to
the operating temperature.. Figure 5.11 shows the comparison between the measured
and calibrated MEC no-load voltage.

The resulting calibrated model is then used to predict the electromagnetic torque
corresponding to the load angle obtained from the experimental test. Figure 5.12
presents the comparison between measured and MEC-predicted torque, showing

minor discrepancies, with an average error below 3%.
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Fig. 5.12 Torque comparison.
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The discrepancies observed in Fig. 5.12 can be primarily attributed to two factors.
First, the MEC does not capture the torque ripple with the same level of accuracy as
FEA models, owing to the lower geometric discretization adopted in the reluctance
network. Second, the experimental measurements are affected by noise introduced
by both the torque sensor and the data acquisition system.

5.5 Chapter conclusion

This chapter has presented a magnetic equivalent circuit for the analysis of axial flux
permanent magnet synchronous machines. The proposed methodology effectively
incorporates nonlinear iron behavior, rotor motion, and leakage effects, enabling
accurate prediction of key performance quantities such as magnetic flux density, back
electromotive force, and electromagnetic torque. Furthermore, the approach can
be adapted to a wide range of axial flux machine configurations, from single-stage

topologies to double-stage arrangements with multiple stators or rotors.

Given its accuracy, computational efficiency, and adaptability, the proposed MEC
represents a valuable tool for the rapid and preliminary design of axial flux ma-
chines. Owing to its analytical formulation, the model can be readily integrated into
optimization algorithms, sizing procedures, and multiphysics frameworks, thereby
enabling a more automated and efficient design process.



Chapter 6

Lumped parameter thermal network
development for axial flux machines

Determining the temperature distribution within an electric machine is of critical
importance, as it defines the operational limits and directly affects material properties.
In permanent magnet machines, the most thermally critical components are the

winding insulation and the permanent magnets.

With regard to the windings, the insulation system determines the maximum
allowable operating temperature according to its thermal class, as defined by in-
ternational standards such as IEC 60034. In addition, the electrical resistance of
the windings is temperature-dependent. In particular, the variation of the winding

resistance R with temperature is defined by (6.1).

Rs - RS,O[l + acu<Top - TO)] (61)

where Ry 1s a known resistance value at a reference temperature, o, is the
temperature coefficient of resistivity of the conductor material, 7, is the operating

temperature, and 7y is the reference temperature.

With regard to permanent magnets, these materials are highly sensitive to temper-
ature variations, which may lead to partial or irreversible demagnetization, directly
affecting machine performance. Similar to winding resistance, the remanent flux
density B, and coercive field H. of the magnets vary with temperature, as expressed
below.
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B, :Br()[l +OCB(TOP—T())] (6.2)

H. = Heo[1+ By (T,p — To)] (6.3)

where B,q, H.o are the known remanence and the PM coercivty at the reference
temperature respectively. ap and By are temperature coefficients that define the
variation of remanence and coercivity with temperature, respectively. For reference,
Table 6.1 reports the typical values for thermal properties that influence the magnetic
performance of the most common permanent magnet materials used in electric

machines.

Table 6.1 Properties of PM materials.

Material Max. temperature* op By

Ferrite 200 °C -0.20 0.27
SmCo 350 °C -0.03  -0.20
NdFeB 100 °C -0.10  0.40

* Depends on the PM grade.

From Table 6.1, it can be observed that ferrite and NdFeB materials are particu-
larly sensitive to operating temperature, making them less suitable for applications
where overload conditions may occur frequently. In contrast, SmCo magnets exhibit
more stable properties with respect to temperature, making them more suitable for
high specific power applications and scenarios where fault tolerance is critical.

6.1 Thermal model of axial flux PM machine

This section presents the lumped parameter thermal network proposed for permanent
magnet axial flux machines. As discussed in Chapter 3, in order to accelerate the
machine design process and facilitate the integration of thermal analysis with other
design stages, a fast and simplified methodology is highly desirable.
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The model is formulated based on the analogy with electrical circuit theory, where
thermal resistances, thermal capacitances, and heat sources correspond to electrical
resistances, capacitances, and current or voltage sources, respectively. Moreover,
due to the inherent geometry of axial flux machines, an accurate representation of
heat transfer paths requires a modeling approach with network elements in multiple
directions.

To construct the thermal network, the following simplifying assumptions are
introduced:

* the heat flow in radial and axial directions is independent from each other;

* heat generation within each machine component is considered to be concen-
trated;

¢ circumferential heat flow is not considered;

¢ radiation is not taken into account.

Under these assumptions, the dominant heat transfer mechanisms for the axial

flux machine are conduction and convection.

The proposed LPTN is shown in Fig. 6.1, where axial conduction thermal
resistances are indicated in blue, radial conduction resistances in red, and convection
paths in yellow. The heat sources considered in the model include iron and permanent
magnet losses, evaluated through finite element analysis, and Joule losses in the
windings, calculated analytically based on resistance and operating current values.
Bearing and windage losses are not explicitly included; however, their contribution
can be incorporated by assigning the corresponding heat sources to the appropriate
nodes of the thermal network.

6.1.1 Conductive thermal resistances

Based on the reference machine dimensions shown in Fig. 6.2, the conductive
thermal resistances are determined by subdividing the machine into its primary
components involved in the heat transfer process.
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Fig. 6.1 Lumped parameter thermal network proposed for the AFM.
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Fig. 6.2 AFM dimensions, (a) radial view, (b) cross section view.

Stator iron thermal model

The stator lamination can be described by two conductive thermal resistances corre-
sponding to the stator yoke (R 5,) and the stator tooth (R;, i) in the axial direction.
The formulation for both components is described in (6.4) and (6.5), respectively.
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_ hys
Ry = n(D%_D%)k (6.4)
4 lam
h
Ry = s (6.5)

coreklam

Nc (Wzl ;‘sz) L

where, hy; is the stator yoke thickness, Dy and D are the inner and outer diameter
of the lamination, w;; and wy, are the inner and outer tooth width, L., is the
lamination stack length, N, is the number of slots and k;,,, is the lamination thermal

conductivity.

Stator winding thermal model

The stator winding is modeled as a composite structure consisting of multiple
materials. Although an equivalent thermal conductivity can be derived analytically,
factors such as conductor arrangement and the condition of the winding and insulation
significantly influence its effective value. As an alternative, the equivalent thermal
resistance between the winding and the stator iron, and thus the effective thermal
conductivity of the winding bulk, can be determined experimentally through short-
time thermal transient tests, as described in [126] and [127]. These studies report
dedicated experimental campaigns to evaluate the equivalent thermal conductivity of

the winding insulation system, denoted as kjy;.

In this work, empirical values from these studies are adopted for the thermal
conductivity of the winding insulation. Accordingly, the winding thermal resistance
is computed as given in (6.6), where /;,,; represents the equivalent insulation thickness
and [y, is the slot perimeter as depicted in Fig. 6.3.

lins
Rihywde = —— (6.6)
s Nclslothorekins
The equivalent insulation thickness can be computed from the slot dimensions
and the slot fill factor k., as given by (6.7).

o Wshus(l - kcu)

lins -

6.7)

lslot

In (6.7), hys 1s the slot height.
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Fig. 6.3 Representation of the equivalent insulation thickness [126].

Rotor thermal model

Similarly to the stator yoke, the rotor iron can be modeled as a hollow cylinder with
a thickness hy,. The corresponding resistance can thus be defined as in (6.8).

hyr

T(Dpv =) k
4 lam

Rth,ry = (6.8)

For the permanent magnet, the proposed model includes an axial thermal resis-

tance Ry, py, whose formulation is:

hpym

2
DPMI)

Rinpm = — (6.9)
TC(DPM24_ apykpu

In (6.9), apys is the PM to pole ratio, hpys is the magnet thickness, Dpysq and

Dpyro are the inner and outer PM diameter respectively and kpys is the thermal

conductivity of the magnet material.

Finally, the rotor holder is modeled as a radial thermal resistance extending from
the average diameter Dy, to the shaft diameter Dy, with a thermal conductivity k4.
The corresponding thermal resistance is given by (6.10).

Dave
ln(D—sh)

_— (6.10)
2T hporakhola

Riphota =

Shaft thermal model

In the proposed thermal network, the thermal conduction resistances of the endplates

and housing are neglected due to their limited impact on the overall temperature
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distribution. In contrast, the axial thermal resistance of the shaft, R, g, is included
to account for conduction heat transfer from the rotor to the ambient through the
housing. The formulation for this resistance is presented in (6.11), where Ay, denotes
the shaft axial length; Dy, is the shaft diameter; and kg, represents the thermal
conductivity of the shaft material

hsh

wD?
43h ksh

Rth,sh = (6.11)

6.1.2 Convection modeling

Convection is considered at the external surfaces (e.g., the housing exposed to
ambient air), at the end-windings in contact with the surrounding air, and within the
air gap due to rotor rotation. Empirical correlations are used to evaluate relevant
dimensionless numbers, from which the convective heat transfer coefficients are
derived. This approach is widely adopted in the literature for the thermal analysis of
electric machines across different topologies [128], [129]. The general expression

for the convective heat transfer coefficient /. is given in (6.12).

b Nuikf1yia

c A2
7 (6.12)

Where, kfj,iq 1s the thermal conductivity of fluid and L. is the characteristic
length of the surface. Nu; is the Nusselt number whose formulation will depend on
whether natural or forced convection is being considered.

Natural convection

Natural convection arises from temperature differences between the machine surface
and the surrounding ambient, which induce fluid motion. The modeling of this
phenomenon is based on empirical correlations developed for simplified geometries
such as cylinders, plates, and disks. These correlations are expressed in terms of

dimensionless numbers, whose formulations are provided in (6.13)-(6.16) [130].

Tourt — Tump ) L2 -
Gri — gaccﬁ( su cz amb) c,i (6.13)
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v

Pr=— 6.14

r=- (6.14)

Ra; = Gr;- Pr (6.15)
0.387-Ra/°

Nu; =1 0.6+ L (6.16)

[1+ (%)9/16]8/27

where g, denotes the gravitational acceleration; f3 is the thermal expansion
coefficient; Ty, s represents the surface temperature; 77, is the ambient temperature;
v is the kinematic viscosity of air and o represents the thermal diffusivity. Gr; is
Grashof number that represents the ratio of the buoyancy force to the viscous force
acting on the fluid. The Prandtl (Pr) number determines whether momentum or heat
diffuses faster in convective heat transfer. The Rayleigh number (Ra;) describes the
relationship between buoyancy and viscosity within the fluid and Nu; is the Nusselt
number that represents the enhancement of heat transfer across fluid layers of the
convection phenomena in comparison to pure conduction. In the proposed model,
natural convection is considered between the housing and the ambient as well as

between the end-winding and the internal air.

Forced convection heat exchange

The proposed thermal network accounts for forced convection induced by rotor
rotation, which generates airflow within the machine. This mechanism enhances heat
transfer through fluid motion over the surfaces, with the corresponding convective

heat transfer coefficient depending on both surface geometry and flow conditions.

As in the case of natural convection, these coefficients can be evaluated analyt-
ically using empirical correlations. However, due to the geometric complexity of
the stator, particularly the presence of slotting, correlations derived for simplified
geometries must be suitably adapted. In [129], analytical formulations and empirical
correlations specific to disk-type machines, such as axial flux configurations, are

presented. The expressions adopted in this work are summarized below.
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Qo D3
Re = % (6.17)
h
G= Di‘;f’z (6.18)

Where €2, is the rotational speed in (rad/s) and hg,, is the air gap thickness.
Equation (6.17) defines the Reynolds number Re that characterizes how laminar or
turbulent the fluid is, impacting its cooling capabilities. Additionally, in (6.18) G is
defined as the air gap ratio.

To evaluate the convective heat transfer coefficient, the Nusselt number must first
be determined. In [129], empirical correlations are provided for the rotor-side Nusselt
number, Nu,, and the stator-side Nusselt number, Nug. The value of Nu, depends on
the flow regime being laminar or turbulent (where for a flat plate, Re = 5 x 10° is
considered for the transition value between regimes) and the air gap ratio, with the
corresponding formulations given in Table 6.2. For the stator side, Nu; is calculated

using the general expression defined in (6.19), as reported below.

Nu;, = A - Re® (6.19)

where A and B are empirical coefficients reported in Table 6.3.

Table 6.2 Rotor heat transfer correlations [129].

G Regime Correlation
0.01 Lam. Nu, =7.46 - ReV3?
0.02-0.06  Lam. Nu, = 0.5 (1+ figgse' 129) Re0
0.01 Turb. Nu, = 0.044 - Re®7>

0.02-0.06  Turb. Nu, =0.033 (12'57 ) 6733.186) ReO.6+25(;12/7

Finally, the convective heat transfer coefficients are obtained using (6.12). In
the proposed LPTN, forced convection is considered for the stator teeth and end
windings exposed to the air gap, as well as for the rotor surface facing the air
gap and the rotor yoke in contact with the internal air. For simplicity, a common

convective coefficient is assumed for the stator teeth and end-windings, while a
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Table 6.3 Stator heat transfer correlations [129].

G A B
0.0106 0.0790 0.640
0.0127 0.0888 0.633
0.0170 0.0406 0.682
0.0212 0.0315 0.691
0.0297 0.0347 0.679
0.0467 0.0234 0.712

second coefficient is adopted for both the rotor disk and the back of the rotor facin

the end cap air.

Convection resistance computation

Based on this procedure, the convective thermal resistances illustrated in Fig. 6.1 are

determined as follows.

R, = (6.20)

The expression in (6.20) defines the convective thermal resistances as functions
of the corresponding convective heat transfer coefficients and the associated heat

exchange surface areas, depending on the subscript x. This subscript denotes:
* ew,ia for natural convection of the portion of the end-winding exposed to the
internal air within the housing;
* hsg for natural convection between the housing and the ambient;
* gap,s for forced convection between the stator and the air gap;
* gap,r for forced convection between the rotor and the air gap;
* gap,ew for forced convection of the end-winding surface facing the air gap;

* rot for forced convection between the rotor yoke and the internal air;
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The surface areas associated with each convective element can be readily deter-

mined from the machine geometry as detailed in section 4.2.4.

Thermal capacity computation

To account for transient thermal effects, thermal capacitances are assigned to each
node of the lumped parameter thermal network. Given the volume V;, specific
weight p; and specific heat capacity c; of each component, the corresponding thermal

capacitance C;;, can be computed using (6.21).
Cin=Vi-pi-ci (6.21)

Heat source components

The heat sources in the LPTN are associated with the losses generated in the corre-
sponding machine components. In particular, the Joule losses in the windings can be
calculated using (3.21).

The iron losses in both the stator and rotor, as well as the permanent magnet
losses, are obtained through finite element simulations to ensure accurate evaluation
under different operating conditions. Finally, a temperature source is connected to
each convection resistance element to represent the ambient temperature surrounding

the machine.

6.2 FEA Validation of the methodology

To validate the proposed thermal model, a 48-slot, 8-pole axial flux motor with
distributed windings and a single-stage configuration is selected as a case study. The
motor specifications are summarized in Table 6.4, while the materials used for each
component, along with their corresponding thermal properties, are reported in Table
6.5. The computed convective heat transfer coefficients are presented in Table 6.6.
Copper losses are calculated using (3.21), whereas stator iron losses and permanent

magnet losses are obtained from electromagnetic finite element simulations.
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Table 6.4 Study case machine data.

Parameter Symbol  Value
Slots N, 48
Poles p 8
Inner diameter D 119 mm
Outer diameter D, 191 mm
Core stack length Lcore 36 mm
Tooth inner width Wil 2.6 mm
Tooth outer width W 7.6 mm
Slot depth hys 24.5 mm
Slot width Wy 5.2 mm

Stator yoke thickness hys 14.6 mm

Air gap thickness heap I mm
PM height hpy 4 mm
PM to pole ratio opym 0.64
Shaft diameter Dy, 20 mm
Housing length hyp, 151 mm

Table 6.5 Study case material data [90], [126].

Motor part Conductivity Specific heat Density (kg/m3)
(W/mK) (J/kgK)

Stator/rotor iron 40 500 7650

Winding 0.1 1000 1200

insulation

Permanent 9 440 7700

magnet

Housing 44 500 7700

Shaft 47 450 7850

Rotor holder 167 896 2710
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Table 6.6 Convective coefficient values computed for the study case.

Motor part Symbol Value (W/m?K)
Stator iron - air gap heap.s 20.50
rotor—air gap heap,r 37.36
End-winding—internal air /¢y jq 15.50
housing surface—ambient hpsg 9.98

For validation purposes, a three-dimensional thermal finite element model is
developed to simulate heat transfer within the machine. The model geometry and the
resulting temperature distributions, presented in both isometric and cross-sectional
views, are shown in Fig. 6.4. The steady-state temperatures at the nodes identified in
Fig. 6.1 are reported in Table 6.7. A comparison between the predicted and simulated

temperatures shows good agreement, with discrepancies below 5% for all nodes.

Temperature (°C)

99.839
5 93.826
87.814

81.801
75.789
69.776
63.764
57.751
51.739
45.726

() (b)

Fig. 6.4 FEA results: (a) isometric view, (b) cross section view.

In addition, transient simulations are carried out using both finite element analysis
and the lumped parameter thermal network. Fig. 6.5 compares the temperature
profiles obtained with the two approaches for all the nodes depicted in fig. 6.1. The
results show good agreement over the simulated time interval, with a maximum
deviation of 10%.

The larger discrepancies observed at earlier time instants can be attributed to the

inherent limitations of the LPTN approach. In order to preserve model simplicity



6.2 FEA Validation of the methodology

125

Table 6.7 Temperature results comparison with FEA.

Motor part (node) LPTN FEA A (%)
Housing (A) 6331 6379 1%
Stator yoke (B) 64.08 6525 2%
Winding (C) 72.69 76.61 5%
Permanent magnets (D) 6743 66.77 -1%
Shaft (E) 65.74 63.01 -4%
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Fig. 6.5 Temperature over time comparison. (a) Stator yoke, (b) winding, (c) PM, (d) housing,

(e) shaft.
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and limit the number of nodes, relatively large thermal masses are aggregated and
represented by a reduced number of thermal capacitance elements.

6.3 Experimental validation of the methodology

An additional validation is performed comparing with temperature measurements
on the AFM prototype shown in Fig. 6.6, whose main specifications and operating
conditions are summarized in Table 6.8. During the experimental tests, the tempera-
tures of the three stator phases were recorded over time. When the proposed LPTN
is applied without modifications, the predicted temperatures show significant dis-
crepancies compared to the experimental results. This behavior is mainly attributed
to the specific topology of the prototype, particularly the presence of ventilation
holes in the housing near the end-winding regions. These openings promote airflow

induced by rotor rotation, enhancing heat dissipation from the end-windings.

/N

AFM

T d [/
orque at { Prototype

Speed

WAV 3-phase

AA Wattmeter

Data
Recorder

(b)

Fig. 6.6 (a) AFM prototype under testing, (b) experimental setup layout [131].

To account for this modified cooling scenario, additional convective thermal
resistances, as illustrated in Fig. 6.7, are incorporated into the proposed LPTN.
These represent: (i) forced convection in the end-windings due to airflow induced by
rotor rotation, (ii) convection between the internal air flowing through the openings
and the ambient, and (iii) natural convection at the rear portion of the end-windings

exposed to the openings.
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R th,vent R th,f,ew

T omb R th,nat,ew

Fig. 6.7 Additional heat path to represent forced ventilation.

Table 6.8 Prototype machine data.

Parameter Value
Topology Double stage AFM
Slots 48
Poles 8
Inner diameter 119 mm
Outer diameter 191 mm
Core stack length 36 mm
Tooth inner width 2.6 mm
Tooth outer width 7.6 mm
Slot depth 24.5 mm
Slot width 5.2 mm
Stator yoke thickness 14.6 mm
Air gap thickness I mm
PM height 4 mm
PM to pole ratio 0.64
Housing inner diameter 270 mm
Housing outer diameter 290 mm

Testing conditions

RMS phase current 4.17 A
Winding phase resistance (@75°C) 5.62Q
Speed 900 rpm

Ambient temperature 16 °C
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By approximating the end-winding region as a cylindrical surface, the correspond-
ing Reynolds number (Re,,,), Prandtl number (Pr,,,) and Nusselt number (Nu,,,) can
be computed with (6.22), (6.23) and (6.24) respectively [130].

V.. L
Re,,, = M (6.22)
Wair
Pro, = HairCair (6.23)
kair
4/5
3 0.62Reiv/VzPriv/v3 Re,,, 5/81%/
Nuey = — + 273 1+ (6.24)
10 [1+(0.4/Pry; )]l/4 282000

where, p,i is the air density, V,;, is the air velocity at the end-winding section,
L ¢y 1s the characteristic length of the end-winding, ;. is the dynamic viscosity and
cqir 18 the specific heat of the air. To estimate the air velocity, the rotor tip speed V;;;,

is first calculated using (6.25), based on the motor rotational speed 7,,,; expressed in
rpm.

T
Vtip = @”motD2 (6.25)

To estimate the air velocity in the end-winding region, an empirical coefficient C
is adopted based on literature data, in the absence of experimental measurements or
CFD simulations [132-134]. Fig. 6.8 shows the fanning function C for axial flux
machines. This function defines the relative air velocity at the end-winding region as
a function of the rotor radius. Although these values may vary for different machines,
they can be used as a reference for reasonable estimations. For the study presented

in this section a value of 0.3 was choose.
Accordingly, the air velocity in the end-winding region is calculated using (6.26).
Vair = Vtip -C (626)

For this model, the velocity at the top of the end-winding region is considered
to be 30% of V;;,. Once (6.22)—(6.24) are evaluated, the convective heat transfer
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Fanning function C(N,Z,R)

Equation (10), R = 26 mm

= == Equation (10), R=52mm
. Equation (10), R =78 mm

o1 1

®  CFD,R=26mm
® CFD,R=52mm
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0 5 10 15 20 25
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Fig. 6.8 Internal air velocity over the winding (left) and in the end-cap region (right) [133].

coefficient /¢ ., is determined using (6.12). The corresponding thermal resistance is
then computed using (6.27), based on the upper end-winding surface area A,y ;0p-

1

—_ (6.27)
hf,ewAew,top

Rfew =

The heat exchange between the internal air and the external ambient through the

ventilation openings is modeled by the thermal resistance R,.;,;, which is estimated
using (6.28).

1
Rvenl = (628)

PairAvent Vexit Cair

In (6.28), c,ir 1s the specific heat of the air, A, denotes the total surface area
of the ventilation openings, and V,,; represents the estimated air velocity at the
outlet, also approximated based on typical values reported in the literature [132, 134].
Moreover, for this work V,,;; is considering again the fanning function from the air
velocity over the end-winding region. Finally, the thermal resistance associated with
natural convection between the rear portion of the end-windings and the ambient

Ryt ew can be computed as follows.

1

nat .,ewA ew

Rnat,ew = h (629)

In (6.29), A,,, is the area of the end-winding portion facing the ventilation hole
and 7,4 ¢w 18 the natural convective coefficient.
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In addition to the experimental tests carried out using the setup shown in Fig.
6.6b, an additional set of measurements was performed to determine both the thermal
resistance between the housing and the ambient and the equivalent resistance between
the winding and the motor iron. For the housing thermal resistance computation, a
DC test was conducted by connecting all stator windings in series and recording the
temperatures of the housing and each phase. The experimental setup is shown in Fig.
6.9, with all instruments detailed, while the tested machine is depicted in Fig. 6.10.

Data acquisition computers

Ve

& ﬂ
o Amblent
/ temperature sensor

Temperature data
acquisition unit

Fig. 6.10 AFM under the DC thermal test.

The test was conducted until steady-state conditions were reached. According
to the IEEE 115-2019 standard, steady state is achieved when the temperature rise
remains below 1°C over a 30-minute interval [135]. The temperature recorded over
time is presented in Fig. 6.11. Once the measurements were completed, the housing
thermal resistance was computed using (6.30), as shown below.
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Fig. 6.11 Housing temperature measurements.

where Tj,, is the housing surface temperature, and Vpc and Ipc are the DC
voltage and current applied during the thermal test, respectively. It is worth noting
that the convection coefficient obtained from (6.30) shows only a 3% deviation

compared to the value estimated using the methodology presented in Section 6.1.2.

To determine the equivalent thermal resistance between the winding and the iron,
a short thermal transient test was performed as described in [136]. Using the setup
shown in Fig. 6.9, the machine was supplied with DC current for a short duration

(Iess than 10 minutes), during which Joule losses are the only active heat source.

From the measured voltage Vpc and current Ipc, the variation of the winding
resistance and the thermal energy stored in the winding capacitance can be accu-
rately determined. According to (6.31), the equivalent thermal capacitance C, is
determined by fitting the time evolution of the thermal energy W,,4, as a function of

the winding temperature T;,4, using linear regression.

o _ AWy

= 6.31
T T (6.31)



132 Lumped parameter thermal network development for axial flux machines

The thermal energy stored in the winding thermal capacitance is computed
by means of the measured electrical quantities as the DC power Ppc = Vpc - Ipc
accumulated in time ¢ as defined below.

Wwdg =Ppc-t (6.32)

The equivalent thermal resistance Ry, 4, ¢, 1S determined by fitting the measured
winding temperature evolution using a least-squares method. The fitting is based
on the first-order differential equation describing a first-order thermal network, as
defined in (6.33).

-1
Ti = Ti—1 + (Tomp + RudgegPi—1 — Ti—1) (1 —e R“"’g’e‘fceq) (6.33)

where the subscript k defines the current sample of the variable measured and
tr — tr—1 defines the sample time.

For the prototype presented in Fig. 6.12, the energy storage in the winding with
its linear regression equation and the winding temperature evolution over time with
the fitted curve after the equivalent thermal resistance was computed.
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Fig. 6.12 Temperature over time comparison. (a) Energy stored in the winding, (b) Winding
temperature over time.

Once all the parameters were computed, they were used for the thermal network
developed and Figure 6.13 compares the measured temperature profiles with the pre-
dictions obtained from the proposed LPTN model. The results show good agreement
between the experimental data and the model, with a maximum deviation of less
than 5% relative to the measured values.
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Fig. 6.13 Comparison between measurements and LPTN predictions.
6.4 LPTN sensitivity analysis

An additional aspect of interest is the impact of further simplifying the thermal
network while maintaining acceptable accuracy. The winding representation con-
stitutes the most critical part of the model, due to the high associated losses, the
difficulty in accurately estimating bulk material properties, and the complexity of
heat transfer paths to the surrounding air. This section therefore investigates different

simplification approaches for modeling the windings within the LPTN.

First, the convective resistance Ry ¢y,iq» COrresponding to the heat exchange
between the upper part of the winding and the internal air within the housing, is
neglected (Case 1). In a second scenario (Case 2), both Ry, ¢, i and the convective
resistance between the end-winding and the air gap, Ry ¢qp w, are omitted. The
resulting temperature distributions are compared with those obtained from the finite
element thermal simulation and the original proposed thermal network (used as the
benchmark). The comparison of the different approaches is presented in Fig. 6.14
for the winding temperature, as this represents a critical node in the thermal behavior
of the machine.

The results indicate that neglecting the convective elements associated with the
winding region in the LPTN leads to significant deviations in temperature predictions
compared to the reference finite element simulations. In particular, when convection
in the winding region is omitted, the average winding temperature is overestimated by
up to 20%. This increase can be attributed to the low thermal conductivity between
the windings and the stator iron, which becomes the only available heat dissipation
path for Joule losses in Case 2.
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Fig. 6.14 Thermal network topology sensitivity analysis results.

In the same context, it is also important to quantify the impact of the equivalent
thermal conductivity of the insulation system on the temperature distribution within
the AFM. To this end, two additional scenarios are evaluated against both the FEA
results and the original LPTN as reference cases. These scenarios consider a 50%
increase (Case A) and a 50% decrease (Case B) in the insulation thermal conductivity.
The resulting winding temperatures under these conditions are presented in 6.15.
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Fig. 6.15 Thermal network insulation conductivity sensitivity analysis results.

The results shown in 6.15 indicate that variations in the thermal conductivity of
the insulation system have a significant impact on heat dissipation in the windings.
In particular, Case A exhibits a temperature increase of 24%, while Case B shows a
temperature reduction of approximately 11%.

This sensitivity analysis leads to two main conclusions regarding insulation
modeling in LPTNs. First, for accurate thermal analysis, a precise estimation
of the insulation thermal conductivity is essential, as it strongly influences the

predicted temperature distribution. Second, from a design perspective, the selection
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of insulation materials with higher thermal conductivity can significantly enhance

the thermal performance of the machine.

6.5 Chapter conclusion

This chapter presented a simplified lumped parameter thermal network tailored for
axial flux permanent magnet machines. The proposed model achieves a balance
between accuracy and simplicity, avoiding the need for excessive model detail, which
often limits the applicability of thermal methodologies in early-stage design. By
incorporating representative equivalent thermal parameters from the literature, the
methodology enables reliable temperature prediction with reduced modeling effort.

A generalized thermal network topology was first developed, including analytical
formulations for all conduction and convection elements. Empirical correlations
specific to disk-type geometries were integrated to accurately capture convective heat
transfer mechanisms. Validation against three-dimensional finite element thermal
simulations showed strong agreement, confirming the capability of the model to
represent the dominant heat transfer paths. Additional experimental validation
demonstrated good agreement between predicted and measured temperatures, further

supporting the effectiveness of the proposed approach.

Finally, a sensitivity analysis highlighted the critical role of end-winding convec-
tion and insulation thermal conductivity in determining the temperature distribution.
Neglecting or inaccurately estimating these effects was shown to result in significant
deviations from finite element predictions, emphasizing their importance in both

modeling and design.
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Conclusion and future work

7.1 Conclusion

This thesis has addressed the analysis and design of axial flux permanent magnet
machines in the context of aircraft electrification, with a particular focus on develop-
ing efficient, accurate, and computationally affordable methodologies for early-stage
design. The increasing electrification of aircraft systems, driven by the need to reduce
emissions, improve efficiency, and lower operating costs, represents a fundamental
shift in aerospace engineering. In this transition, electric machines play a pivotal
role, especially in the evolution from More Electric Aircraft toward fully electric
propulsion concepts.

From the analysis presented, it is evident that the electrification of propulsion
systems constitutes one of the most promising pathways toward sustainable aviation.
However, this transition imposes stringent requirements in terms of power density,
efficiency, thermal management, and reliability. Within this framework, axial flux
permanent magnet machines emerge as particularly suitable candidates due to their
compact geometry, high torque density, and compatibility with direct-drive con-
figurations. These characteristics make them especially attractive for applications
where weight reduction and efficiency are critical, such as distributed propulsion and
hybrid-electric aircraft architectures.

Building on this context, the core contribution of this thesis lies in the devel-
opment of a set of complementary methodologies that enable a fast, reliable, and

integrated design workflow for axial flux machines. Particular emphasis has been
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placed on analytical and reduced-order approaches, which are essential to support
iterative design and optimization processes while maintaining manageable computa-

tional requirements.

The first key contribution is the development of a self-consistent analytical
sizing procedure for axial flux permanent magnet machines. The proposed method
allows designers to obtain an initial machine geometry that satisfies electromagnetic
constraints through an iterative yet computationally efficient process. Its validation
against finite element simulations and experimental prototypes demonstrates that
analytical approaches, when properly formulated, can provide reliable predictions
even at early design stages. This is particularly relevant in the context of electric
machines design workflows, where reducing development cycles and enabling rapid

design exploration directly contributes to accelerating energy transition strategies.

The second major contribution is the formulation of a magnetic equivalent circuit
model capable of capturing the electromagnetic behavior of axial flux machines
with high fidelity. By incorporating nonlinear material properties, rotor motion,
and leakage effects, the proposed MEC achieves a balance between accuracy and
computational efficiency. Its flexibility allows the analysis of different machine
configurations and operating conditions, making it a powerful tool for design space
exploration and optimization. Compared to conventional finite element approaches,
the significant reduction in computation time enables the evaluation of a large number
of design candidates, which is essential for identifying optimal solutions in complex,

multidisciplinary problems such as aircraft propulsion systems.

The third key contribution is the development of a lumped parameter thermal
network tailored to axial flux machines. Thermal management is a critical aspect in
high-performance electrical machines, particularly in aerospace applications where
cooling capabilities are limited and reliability requirements are stringent. The pro-
posed thermal model provides accurate temperature predictions while maintaining a
simplified structure suitable for early-stage design. Its validation against both nu-
merical and experimental results confirms its capability to capture the dominant heat
transfer mechanisms. Moreover, the sensitivity analysis highlights the importance of

accurately modeling end-winding convection and insulation properties.

Taken together, these three methodologies form a coherent and integrated de-
sign framework that addresses electromagnetic and thermal aspects in a consistent

and computationally efficient manner. Their analytical nature enables seamless
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integration into optimization algorithms and multiphysics workflows, supporting
the development of advanced electric machine designs tailored to the demanding

requirements of aircraft electrification.

In conclusion, this thesis demonstrates that analytical and reduced-order mod-
eling approaches, when carefully developed and validated, can play a crucial role
in the design of next-generation electric machines. By bridging the gap between
accuracy and computational efficiency, these methods provide valuable tools for

supporting the transition toward more sustainable and electrified aviation systems.

7.2 Future work

Despite the promising results achieved in this work, several opportunities remain for
further development and extension of the proposed methodologies, particularly to

address a broader range of operating conditions and design requirements.

The magnetic equivalent circuit model can be further enhanced by incorporating
the capability to predict secondary electromagnetic effects, such as cogging torque
and torque ripple. Moreover, the inclusion of electromagnetic force calculations for
single-stage configurations would enable straightforward integration with mechanical
and vibration analysis tools, supporting a more comprehensive multiphysics design

framework.

With regard to the thermal model, additional experimental validation is recom-
mended to further assess its robustness. In particular, future testing campaigns
should include not only winding temperature measurements but also stator core and
permanent magnet temperature data, allowing a more complete evaluation of the

thermal behavior and heat transfer mechanisms within the machine.

Future developments may also extend the proposed methodologies to account
for additional physical phenomena, such as advanced cooling strategies, mechan-
ical stress and structural analysis, and fault-tolerant operation. Furthermore, their
application to emerging machine topologies and hybrid propulsion architectures
represents a promising direction for future research. In this context, conducting a
comprehensive trade-off analysis based on a real application—such as the design of
an electric motor for small aircraft propulsion—would provide valuable insights into

the practical implementation of the proposed approaches.
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Finally, the integration of the developed models into fully automated optimization
environments represents a key opportunity for accelerating the design process. Such
integration would enable efficient exploration of large design spaces and support the
development of high-performance, sustainable electric propulsion systems for future
aircraft applications.



List of publications

The following papers were published during the realization of the Ph.D program:

* N. Reyes, M. Jiménez, A. Hoffer, C. Madariaga, C. Gallardo, J. A. Tapia,
W. Jara, and M. Degano, “Structural Feasibility and Electromagnetic Anal-
ysis of an Ironless Rotor Axial Flux Permanent Magnet Synchronous Ma-
chine,” in Proc. 2023 IEEE Energy Conversion Congress and Exposition
(ECCE), Nashville, TN, USA, Oct. 29-Nov. 2, 2023, pp. 4297-4301, doi:
10.1109/ECCES53617.2023.10362936.

* M. J. Molina, F. Graffeo, S. Vaschetto and A. Tenconi, "Application and
Performance Trends of Electric Motors for Aircraft Propulsion,"” 2024 IEEE
Transportation Electrification Conference and Expo (ITEC), Chicago, IL, USA,
2024, pp. 1-8, doi: 10.1109/ITEC60657.2024.10598961.

¢ A. Tenconi, F. Crescimbini, M. Tursini, A. Tani, M. Jiménez Molina, L.
Vita, A. Credo, A. Bellini, L. Perilli, G. Fabri, G. A. Cagliari, and G. Sala,
“Multi-Phase Fault Tolerant MW Range Synchronous Machine Drives for
Hybrid-Electric Aircraft,” in Proc. 2024 IEEE Int. Conf. Electrical Systems
for Aircraft, Railway, Ship Propulsion and Road Vehicles & Int. Transporta-
tion Electrification Conf. (ESARS-ITEC), Nov. 26-29, 2024, pp. 1-7, doi:
10.1109/ESARS-ITEC60450.2024.10819864.

* M. J. Molina, F. Graffeo, S. Vaschetto, A. Tenconi and A. Cavagnino, "Fast
Procedure for the Electromagnetic Sizing of Axial Flux PM Motors," 2024
International Conference on Electrical Machines (ICEM), Torino, Italy, 2024,
pp- 1-8, doi: 10.1109/ICEM60801.2024.10700359.

¢ F. Graffeo, S. Rubino, M. J. Molina, S. Vaschetto and A. Tenconi, "Effi-
ciency Mapping of Electrically Excited Synchronous Motors with Different



7.2 Future work 141

Control Strategies," 2025 IEEE Workshop on Electrical Machines Design,
Control and Diagnosis (WEMDCD), Valletta, Malta, 2025, pp. 1-6, doi:
10.1109/WEMDCD61816.2025.11014137.

* M. Recabarren, C. Madariaga-Cifuentes, C. Gallardo, F. Graffeo, M. Jimenez,
G. Perez-Guirriman, and J. A. Tapia, “Comparison of Optimized Electri-
cally Excited Wound-Field and Permanent Magnet Synchronous Motors
for Light EV Applications,” in Proc. IECON 2025 — 51st Annu. Conf.
IEEE Industrial Electronics Society, Madrid, Spain, 2025, pp. 1-6, doi:
10.1109/IECON58223.2025.11221476.

* M. Jiménez, F. Graffeo, S. Vaschetto, A. Tenconi, and A. Cavagnino, “Mag-
netic Equivalent Circuit for Multistage Axial Flux Surface Permanent Magnet
Machines,” IEEE Open Journal of Industry Applications, vol. 7, pp. 327-337,
2026, doi: 10.1109/0J1A.2026.3665408.

* A. Hoffer, F. Alarcon, M. Jiménez, D. Obando, B. Pavez, H. Young, J. Coloma,
J. Mac-kay, F. Ruiz, and J. Rodriguez, “Study of Demagnetization in a Core-
less Axial-Flux Permanent Magnet Synchronous Generator for Small Hybrid
Vertical-Axis Wind Turbines,” in Proc. IEEE Chilean Conf. Electrical, Elec-
tronics Engineering, Information and Communication Technologies (CHILE-
CON), 2025, in press.

* M. Jiménez, F. Graffeo, S. Vaschetto, A. Tenconi, and A. Cavagnino, “Sim-
plified Thermal Network for Early-Stage Design of Axial Flux Permanent
Magnet Machines,” submitted to Int. Conf. Electrical Machines (ICEM),
2026.



References

[1]

(2]

[3]

[8]

[9]

[10]

United Nations Department of Economic and Social Affairs, “The Sustainable
Development Goals Report 2025,” New York, NY, USA, Jul. 2025. [Online].
Available: https://unstats.un.org/sdgs/report/2025/

European Environment Agency. (2025) Greenhouse gas emissions from
transport in europe. European Environment Agency. [Online]. Available:
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emissions
-from-transport

M. J. Molina, F. Graffeo, S. Vaschetto, and A. Tenconi, “Application and
performance trends of electric motors for aircraft propulsion,” in 2024 IEEE
Transportation Electrification Conference and Expo (ITEC), 2024, pp. 1-8.

P. Wheeler and S. Bozhko, “The more electric aircraft: Technology and
challenges,” IEEE Electrification Magazine, vol. 2, no. 4, pp. 612, 2014.

G. Buticchi, P. Wheeler, and D. Boroyevich, “The more-electric aircraft and
beyond,” Proceedings of the IEEE, vol. 111, no. 4, pp. 356-370, 2023.

L. Dorn-Gomba, J. Ramoul, J. Reimers, and A. Emadi, “Power electronic
converters in electric aircraft: Current status, challenges, and emerging tech-

nologies,” IEEE Transactions on Transportation Electrification, vol. 6, no. 4,
pp- 1648-1664, 2020.

B. A. Adu-Gyamfi and C. Good, “Electric aviation: A review of concepts and
enabling technologies,” Transportation Engineering, vol. 9, p. 100134, 2022.
[Online]. Available: https://www.sciencedirect.com/science/article/pii/S266
6691X2200032X

J. Benzaquen, J. He, and B. Mirafzal, “Toward more electric powertrains
in aircraft: Technical challenges and advancements,” CES Transactions on
Electrical Machines and Systems, vol. 5, no. 3, pp. 177-193, 2021.

A. Damiano, M. Porru, A. Salimbeni, A. Serpi, V. Castiglia, A. O. D. Tom-
maso, R. Miceli, and G. Schettino, “Batteries for aerospace: A brief review,”
in 2018 110th AEIT International Annual Conference (AEIT), 2018, pp. 1-6.

V. Viswanathan and B. M. Knapp, “Potential for electric aircraft,” Nature
Sustainability, vol. 2, pp. 88—89, 2019.


https://unstats.un.org/sdgs/report/2025/
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emissions-from-transport
https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emissions-from-transport
https://www.sciencedirect.com/science/article/pii/S2666691X2200032X
https://www.sciencedirect.com/science/article/pii/S2666691X2200032X

References 143

[11] National Academies of Sciences, Engineering, and Medicine, “Commercial
aircraft propulsion and energy systems research: Reducing global carbon
emissions,” 2016.

[12] A. Misra, “Energy storage for electrified aircraft: The need for better batteries,
fuel cells, and supercapacitors,” IEEE Electrification Magazine, vol. 6, no. 3,
pp. 54-61, 2018.

[13] H. Schefer, L. Fauth, T. H. Kopp, R. Mallwitz, J. Friebe, and M. Kurrat,
“Discussion on electric power supply systems for all electric aircraft,” IEEE
Access, vol. 8, pp. 84 188-84 216, 2020.

[14] A. Barzkar and M. Ghassemi, “Electric power systems in more and all electric
aircraft: A review,” IEEE Access, vol. 8, pp. 169 314-169 332, 2020.

[15] J. Jiang et al., “A review on insulation challenges towards electrification of
aircraft,” High Voltage, vol. 8, no. 2, pp. 209-230, 2023.

[16] J. Hu, X. Zhao, L. Ravi, R. Burgos, and D. Dong, “Enhanced gate driver
design for sic-based generator rectifier unit for airborne applications,” in 2021
IEEE Applied Power Electronics Conference and Exposition (APEC), 2021,
pp- 2526-2531.

[17] X.Roboam, B. Sareni, and A. D. Andrade, “More electricity in the air: Toward
optimized electrical networks embedded in more-electrical aircraft,” IEEE
Industrial Electronics Magazine, vol. 6, no. 4, pp. 6-17, 2012.

[18] F. Bu et al., “Induction-machine-based starter/generator systems: Techniques,
developments, and advances,” IEEE Industrial Electronics Magazine, vol. 14,
no. 1, pp. 4-19, 2020.

[19] R. Bojoi, A. Cavagnino, A. Tenconi, and S. Vaschetto, “Control of shaft-line-
embedded multiphase starter/generator for aero-engine,” IEEE Transactions
on Industrial Electronics, vol. 63, no. 1, pp. 641-652, 2016.

[20] E. Sayed, M. Abdalmagid, G. Pietrini, N. M. Sa’adeh, A. D. Callegaro,
C. Goldstein, and A. Emadi, “Review of electric machines in more-/hybrid-

/turbo-electric aircraft,” IEEE Transactions on Transportation Electrification,
vol. 7, no. 4, pp. 2976-3005, 2021.

[21] X. Zhang, C. L. Bowman, T. C. O’Connell, and K. S. Haran, “Large electric
machines for aircraft electric propulsion,” IET Electric Power Applications,
vol. 12, no. 6, pp. 767-779, 2018.

[22] A. M. El-Refaie and T. M. Jahns, “Optimal flux weakening in surface pm
machines using fractional-slot concentrated windings,” IEEE Transactions on
Industry Applications, vol. 41, no. 3, pp. 790-800, 2005.



144 References

[23] E. Carraro and N. Bianchi, “Design and comparison of interior permanent
magnet synchronous motors with non-uniform airgap and conventional rotor
for electric vehicle applications,” IET Electric Power Applications, vol. 8,
no. 6, pp. 240-249, 2014.

[24] J. Dong, Y. Huang, L. Jin, and H. Lin, “Comparative study of surface-mounted
and interior permanent-magnet motors for high-speed applications,” /IEEE
Transactions on Applied Superconductivity, vol. 26, no. 4, pp. 14, 2016.

[25] M. Tursini, M. Villani, G. Fabri, and L. D. Leonardo, “A switched-reluctance
motor for aerospace application: Design, analysis and results,” Electric Power
Systems Research, vol. 142, pp. 74-83, 2017.

[26] T. C. O’Connell, J. R. Wells, and O. A. Watts, “A lumped-parameter off-axis-
capable dynamic switched reluctance machine model including unbalanced

radial forces,” IEEE Transactions on Energy Conversion, vol. 30, no. 1, pp.
161-174, 2015.

[27] Y. Wang, S. Nuzzo, H. Zhang, W. Zhao, C. Gerada, and M. Galea, “Challenges
and opportunities for wound field synchronous generators in future more

electric aircraft,” IEEE Transactions on Transportation Electrification, vol. 6,
no. 4, pp. 14661477, 2020.

[28] P. Guglielmi, G. Pellegrino, G. Griva, F. Villata, P. Maggiore, M. Bruno,
R. Lamberi, and F. Gadrino, “A direct-drive solution for hydrogen supplied
all-electric airplane,” in Proceedings of the 35th Annual Conference of the
IEEE Industrial Electronics Society (IECON), Porto, Portugal, 2009.

[29] Alice — built to make flight the sustainable, affordable, quiet solution
to regional travel. Accessed March 2026. [Online]. Available: https:
//www.eviation.com/aircraft/

[30] X-57 maxwell. NASA. Accessed March 2026. [Online]. Available:
https://www.nasa.gov/aeronautics/x-57-maxwell/

[31] Itaipu sora-e powered by a 60 kw emrax 188. Accessed March 2026. [Online].
Available: https://emrax.com/e-motors/emrax-188/

[32] Spirit of innovation. Rolls-Royce. Accessed March 2026. [Online]. Available:
https://www.rolls-royce.com/media/press-releases/2021/19-11-2021-spiri
t-of-innovation-stakes-claim-to-be-the-worlds-fastest-all-electric-vehicle.a
Spx

[33] eflyer 2 powered by a 100 kw engineus 100. Bye Aerospace. Accessed March
2026. [Online]. Available: https://byeaerospace.com/electric-airplane/

[34] Project dragonfly, powered by a 90 kw saluqi pSO motor. Accessed March
2026. [Online]. Available: https://projectdragonfly.nl/


https://www.eviation.com/aircraft/
https://www.eviation.com/aircraft/
https://www.nasa.gov/aeronautics/x-57-maxwell/
https://emrax.com/e-motors/emrax-188/
https://www.rolls-royce.com/media/press-releases/2021/19-11-2021-spirit-of-innovation-stakes-claim-to-be-the-worlds-fastest-all- electric-vehicle.aspx
https://www.rolls-royce.com/media/press-releases/2021/19-11-2021-spirit-of-innovation-stakes-claim-to-be-the-worlds-fastest-all- electric-vehicle.aspx
https://www.rolls-royce.com/media/press-releases/2021/19-11-2021-spirit-of-innovation-stakes-claim-to-be-the-worlds-fastest-all- electric-vehicle.aspx
https://byeaerospace.com/electric-airplane/
https://projectdragonfly.nl/

References 145

[35] Airlander 10. Collins Aerospace. Accessed March 2026. [Online]. Available:
https://www.collinsaerospace.com/news/news/2022/07/collins-produces-fir
st-prototype-500kw-electric-motor-for-hybrid-air-vehicles-airlander- 10

[36] E-fan x. Airbus. Accessed March 2026. [Online]. Available: https:
/lwww.airbus.com/en/innovation/low-carbon-aviation/hybrid-and-electric-f
light/e-fan-x

[37] L. Shadbolt, “Technical study: Electric aviation in 2022,” 2022. [Online].
Available: https://www.hdi.global/globalassets/_local/international/downloa
ds/specialty/aviation/e-flight_whitepaper.pdf

[38] H3x motors. Accessed March 2026. [Online]. Available: https://www.h3x.tech

[39] Ciag 250_50. Motres. Accessed March 2026. [Online]. Available:
https://www.motresres.com/products/ciag-250_50

[40] Sp260d-0. Siemens. Accessed March 2026. [Online]. Available: https:
/Ipress.siemens.com/global/en/feature/electric-flight

[41] Emrax motors. Accessed March 2026. [Online]. Available: https:
/lemrax.com/e-motors/

[42] Magni250 epu. magniX. Accessed March 2026. [Online]. Available:
https://www.magnix.aero/services

[43] P. Ragot, M. Markovic, and Y. Perriard, “Optimization of electric motor for
a solar airplane application,” in /[EEE International Conference on Electric
Machines and Drives, 2005, pp. 1487-1493.

[44] A.D. Pizzo, L. P. D. Noia, and A. Pizza, “Analysis of a five phase electrical
drive for the propulsion of all electric aircraft,” in 2016 AEIT International
Annual Conference (AEIT), 2016, pp. 1-6.

[45] T. Wolnik, T. Jarek, J. Golec, R. Topolewski, and D. Jastrzgbski, “High
power density motor for light electric aircraft — design study and lab tests,” in
2023 IEEE Workshop on Electrical Machines Design, Control and Diagnosis
(WEMDCD), 2023, pp. 1-6.

[46] D. Golovanov, D. Gerada, Z. Xu, C. Gerada, A. Page, and T. Sawata, “De-
signing an advanced electrical motor for propulsion of electric aircraft,” in
2019 AIAA/IEEE Electric Aircraft Technologies Symposium (EATS), 2019, pp.
1-12.

[47] A.Dubois, M. van der Geest, J. Bevirt, R. Christie, N. Borer, and S. Clarke,
“Design of an electric propulsion system for sceptor’s outboard nacelle,” in
16th AIAA Aviation Technology, Integration, and Operations Conference,
2016.


https://www.collinsaerospace.com/news/news/2022/07/collins-produces-first-prototype-500kw-electric-motor-for-hybrid-air-vehicles -airlander-10
https://www.collinsaerospace.com/news/news/2022/07/collins-produces-first-prototype-500kw-electric-motor-for-hybrid-air-vehicles -airlander-10
https://www.airbus.com/en/innovation/low-carbon-aviation/hybrid-and-electric-flight/e-fan-x
https://www.airbus.com/en/innovation/low-carbon-aviation/hybrid-and-electric-flight/e-fan-x
https://www.airbus.com/en/innovation/low-carbon-aviation/hybrid-and-electric-flight/e-fan-x
https://www.hdi.global/globalassets/_local/international/downloads/specialty/aviation/e-flight_whitepaper.pdf
https://www.hdi.global/globalassets/_local/international/downloads/specialty/aviation/e-flight_whitepaper.pdf
https://www.h3x.tech
https://www.motresres.com/products/ciag-250_50
https://press.siemens.com/global/en/feature/electric-flight
https://press.siemens.com/global/en/feature/electric-flight
https://emrax.com/e-motors/
https://emrax.com/e-motors/
https://www.magnix.aero/services

146

References

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

A. Yoon, X. Yi, J. Martin, Y. Chen, and K. Haran, “A high-speed, high-
frequency, air-core pm machine for aircraft application,” in 2016 IEEE Power
and Energy Conference at Illinois (PECI), 2016, pp. 1-4.

R. H. Jansen et al., “High efficiency megawatt motor preliminary design,” in
2019 AIAA/IEEE Electric Aircraft Technologies Symposium (EATS), 2019, pp.
1-13.

H. Lin, H. Guo, and H. Qian, “Design of high-performance permanent magnet
synchronous motor for electric aircraft propulsion,” in 2018 21st International
Conference on Electrical Machines and Systems (ICEMS), 2018, pp. 174-179.

A. Swanke, D. Bobba, T. M. Jahns, and B. Sarlioglu, “Design of high-speed
permanent magnet machine for aerospace propulsion,” in 2019 AIAA/IEEE
Electric Aircraft Technologies Symposium (EATS), 2019, pp. 1-12.

H. Andersen et al., “High specific power permanent magnet synchronous
machine for a megawatt-class integrated motor drive technology demonstrator,”
in AIAA AVIATION 2023 Forum, 2023.

D. Lee et al., “Design and prototype of a high power density slotless pmsm for
direct drive aircraft propulsion,” in 2021 IEEE Power and Energy Conference
at Illinois (PECI), 2021, pp. 1-6.

M. T. Fard, J. He, H. Huang, and Y. Cao, “Aircraft distributed electric propul-
sion technologies—a review,” IEEE Transactions on Transportation Electrifi-
cation, vol. 8, no. 4, pp. 4067-4090, 2022.

P. Wheeler, T. S. Sirimanna, S. Bozhko, and K. S. Haran, “Electric/hybrid-
electric aircraft propulsion systems,” Proceedings of the IEEE, vol. 109, no. 6,
pp- 1115-1127, 2021.

CORDIS. (2020) Hybrid electric small commuter aircraft conceptual
design. European Commission. Accessed March 2026. [Online]. Available:
https://cordis.europa.eu/project/id/865089

A. J. Mitcham, G. Antonopoulos, and J. J. A. Cullen, “Favourable slot and
pole number combinations for fault-tolerant pm machines,” IEE Proceedings —
Electric Power Applications, vol. 151, no. 5, pp. 520-525, Sep. 2004.

V. Lvovich and J. Lawson, “Integrated computational-experimental
development of lithium-air batteries for electric aircraft,” NASA, Tech. Rep.,
2019. [Online]. Available: https://ntrs.nasa.gov/citations/20190000487

A. Bills, S. Sripad, W. L. Fredericks, M. Singh, and V. Viswanathan, “Perfor-
mance metrics required of next-generation batteries to electrify commercial
aircraft,” ACS Energy Letters, vol. 5, no. 2, pp. 663-668, 2020.


https://cordis.europa.eu/project/id/865089
https://ntrs.nasa.gov/citations/20190000487

References 147

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

S. Kim, H. Oguchi, N. Toyama, T. Sato, S. Takagi, T. Otomo, D. Arunkumar,
N. Kuwata, J. Kawamura, and S.-i. Orimo, “A complex hydride lithium
superionic conductor for high-energy-density all-solid-state lithium metal
batteries,” Nature Communications, vol. 10, p. 1081, 2019.

G. Girishkumar, B. McCloskey, A. C. Luntz, S. Swanson, and W. Wilcke,
“Lithium air battery: Alternate energy resource for the future,” Journal of
Electrochemical Science and Technology, vol. 3, no. 1, pp. 14-24, 2012.

S. Stiickl, J. v. Toor, and H. Lobentanzer, “Voltair - the all electric propulsion
concept platform: A vision for atmospheric friendly flight,” in Proceedings of
the 28th Congress of the International Council of the Aeronautical Sciences

(ICAS), 2012.

I. Santos Perdigdo Peixoto, “Approaches for electromagnetic and loss analysis
in electrical machines with superconducting ac windings,” 2025. [Online].
Available: https://iris.polito.it/handle/11583/3001933

C. A. Luongo, P. J. Masson, T. Nam, D. Mavris, H. D. Kim, G. V. Brown,
M. Waters, and D. Hall, “Next generation more-electric aircraft: A potential
application for hts superconductors,” IEEE Transactions on Applied Super-
conductivity, vol. 19, no. 3, pp. 1055-1068, 2009.

T. Pei, D. L1, J. Liu, J. Li, and W. Kong, “Review of bearingless synchronous
motors: Principle and topology,” IEEE Transactions on Transportation Elec-
trification, vol. 8, no. 3, pp. 3489-3502, 2022.

T. F. Tallerico, J. J. Scheidler, and A. D. Anderson, “Cryogenic copper and alu-
minum litz wire motors for electric aircraft,” in 2025 IEEE/AIAA Transporta-
tion Electrification Conference and Electric Aircraft Technologies Symposium
(ITEC+EATS), 2025, pp. 1-6.

T. P. Dever, K. P. Duffy, A. J. Provenza, P. L. Loyselle, B. B. Choi,
C. R. Morrison, and A. M. Lowe, “Assessment of technologies for
noncryogenic hybrid electric propulsion,” NASA Glenn Research Center,
NASA Technical Paper NASA/TP-2015-216588, 2015. [Online]. Available:
https://ntrs.nasa.gov/citations/20150000747

H. Tiismus, A. Kallaste, T. Vaimann, and A. Rassdlkin, “State of the art of
additively manufactured electromagnetic materials for topology optimized
electrical machines,” Additive Manufacturing, vol. 55, p. 102778, 2022.

Mirmex Motor. Custom-made axial flux bldc micromotors. Mirmex Motor.
Accessed March 2026. [Online]. Available: https://www.mirmexmotor.com/
products/axial-flux-bldc-micromotors

A. Cavagnino, M. Lazzari, F. Profumo, and A. Tenconi, “A comparison be-
tween the axial flux and the radial flux structures for pm synchronous motors,”
in Conference Record of the 2001 IEEE Industry Applications Conference.


https://iris.polito.it/handle/11583/3001933
https://ntrs.nasa.gov/citations/20150000747
https://www.mirmexmotor.com/products/axial-flux-bldc-micromotors
https://www.mirmexmotor.com/products/axial-flux-bldc-micromotors

148 References

36th IAS Annual Meeting (Cat. No.0ICH37248), vol. 3, 2001, pp. 1611-1618
vol.3.

[71] J. E. Gieras, R.-J. Wang, and M. J. Kamper, Axial Flux Permanent Magnet
Brushless Machines, 2nd ed.  Springer, 2008.

[72] K. Sitapati and R. Krishnan, “Performance comparisons of radial and axial
field, permanent-magnet, brushless machines,” IEEE Transactions on Industry
Applications, vol. 37, no. 5, pp. 1219-1226, 2001.

[73] D. Liu, D. Hari, C. Vagg, L. Ash, S. Akehurst, and C. Brace, “Test and
simulation of variable air gap concept on axial flux electric motor,” in 2013
IEEE Vehicle Power and Propulsion Conference (VPPC), 2013, pp. 1-6.

[74] Z. Nasiri-Gheidari and H. Lesani, “Optimal design of adjustable air-gap,
two-speed, capacitor-run, single-phase axial flux induction motors,” IEEE
Transactions on Energy Conversion, vol. 28, no. 3, pp. 543-552, 2013.

[75] D. Liu, D. Hari, C. Vagg, L. Ash, S. Akehurst, and C. Brace, “Test and
simulation of variable air gap concept on axial flux electric motor,” in 2013
IEEE Vehicle Power and Propulsion Conference (VPPC), 2013, pp. 1-6.

[76] K. Sitapati and R. Krishnan, “Performance comparisons of radial and axial
field, permanent-magnet, brushless machines,” IEEE Transactions on Industry
Applications, vol. 37, no. 5, pp. 1219-1226, 2001.

[77] A. Cavagnino, M. Lazzari, F. Profumo, and A. Tenconi, “A comparison be-
tween the axial flux and the radial flux structures for pm synchronous motors,”
in Conference Record of the 2001 IEEE Industry Applications Conference.
36th IAS Annual Meeting (Cat. No.01CH37248), vol. 3, 2001, pp. 1611-1618
vol.3.

[78] GR Winding. Concentrated winding vs distributed winding comparison.
GR Winding. Accessed March 2026. [Online]. Available: https:
//grwinding.com/concentrated-winding-and-distributed-winding/

[79] N. Bianchi, S. Bolognani, and P. Frare, “Design criteria for high-efficiency
spm synchronous motors,” IEEE Transactions on Energy Conversion, vol. 21,
no. 2, pp. 396-404, 2006.

[80] F. Meier, ‘“Permanent-magnet synchronous machines with non-overlapping
concentrated windings for low-speed direct-drive applications,” PhD thesis,
School of Electrical Engineering, Electrical Machines and Power Electron-
ics, 2008, school of Electrical Engineering, Electrical Machines and Power
Electronics.

[81] A. Hemeida and P. Sergeant, “Impact of single layer, double layer and four
layer windings on the performance of afpmsms,” in 2016 19th International
Conference on Electrical Machines and Systems (ICEMS), 2016, pp. 1-6.


https://grwinding.com/concentrated-winding-and-distributed-winding/
https://grwinding.com/concentrated-winding-and-distributed-winding/

References 149

[82] A. Tessarolo, M. Mezzarobba, and N. Barbini, “Improved four-layer winding
design for a 12-slot 10-pole permanent magnet machine using unequal tooth
coils,” in IECON 2016 - 42nd Annual Conference of the IEEE Industrial
Electronics Society, 2016, pp. 1686—-1691.

[83] N. Bianchi, M. D. Pre, L. Alberti, and E. Fornasiero, Theory and Design of
Fractional-Slot PM Machines. CLEUP, 2007.

[84] D. Ishak, Z. Zhu, and D. Howe, “Permanent-magnet brushless machines with
unequal tooth widths and similar slot and pole numbers,” IEEE Transactions
on Industry Applications, vol. 41, no. 2, pp. 584-590, 2005.

[85] N. Bianchi and M. D. Pre, “Use of the star of slots in designing fractional-
slot single-layer synchronous motors,” IEE Proceedings - Electric Power
Applications, vol. 153, no. 3, pp. 459-466, 2006.

[86] N. Bianchi, S. Bolognani, and M. D. Pre, “Magnetic loading of fractional-
slot three-phase pm motors with non-overlapped coils,” in IEEE Industry
Applications Society Annual Meeting, vol. 1, 2006, pp. 37-43.

[87] F. Libert and J. Soulard, “Investigation on pole-slot combinations for perma-
nent magnet machines with concentrated windings,” in IEEE International
Conference on Electrical Machines (ICEM), 2004, pp. 1-6.

[88] F. La Greca, “Design of axial flux motors for automotive purpose,” 2021.
[Online]. Available: https://webthesis.biblio.polito.it/id/eprint/18952

[89] T. A. Lipo, Introduction to AC Machine Design. Wiley-IEEE Press, 2017.

[90] J. Pyrhonen, T. Jokinen, and V. Hrabovcova, Design of Rotating Electrical
Machines, 2nd ed. Wiley, 2014.

[91] M. Bahrami-Fard, J. Liang, P. Chen, C. Hair, M. Moallem, S. Pekarek, and
B. Fahimi, “Cogging torque minimization strategies in interior permanent
magnet synchronous motors,” IEEE Access, vol. 13, pp. 49 597-49 610, 2025.

[92] Z.-Q. Zhu and Y. Xiao, “Novel magnetic-field-shifting techniques in asym-
metric rotor pole interior pm machines with enhanced torque density,” IEEE
Transactions on Magnetics, vol. 58, no. 2, pp. 1-10, 2022.

[93] A. Parviainen, M. Niemela, and J. Pyrhonen, “Modeling of axial flux
permanent-magnet machines,” IEEE Transactions on Industry Applications,
vol. 40, no. 5, pp. 13331340, 2004.

[94] M. Gulec and M. Aydin, “Implementation of different 2d finite element
modelling approaches in axial flux permanent magnet disc machines,” IET
Electric Power Applications, vol. 12, no. 2, pp. 195-202, 2018. [Online].
Available: https://ietresearch.onlinelibrary.wiley.com/doi/abs/10.1049/iet-e
pa.2017.0434


https://webthesis.biblio.polito.it/id/eprint/18952
https://ietresearch.onlinelibrary.wiley.com/doi/abs/10.1049/iet-epa.2017.0434
https://ietresearch.onlinelibrary.wiley.com/doi/abs/10.1049/iet-epa.2017.0434

150 References

[95] W. H. Hayt and J. A. Buck, Engineering Electromagnetics, 8th ed. McGraw-
Hill, 2012.

[96] Y. Yuan, M. A. Darmani, Y. Bao, X. Zhang, D. Gerada, and H. Zhang,
“Analysis of proximity loss of electrical machines using mesh-based mag-
netic equivalent circuit,” IEEE Transactions on Transportation Electrification,
vol. 10, no. 4, pp. 9467-9477, 2024.

[97] C. Steinmetz, “On the law of hysteresis,” Proceedings of the IEEE, vol. 72,
no. 2, pp. 197221, 1984.

[98] J. Reinert, A. Brockmeyer, and R. De Doncker, “Calculation of losses in ferro-
and ferrimagnetic materials based on the modified steinmetz equation,” IEEE
Transactions on Industry Applications, vol. 37, no. 4, pp. 1055-1061, 2001.

[99] G. Bertotti, “General properties of power losses in soft ferromagnetic materi-
als,” IEEE Transactions on Magnetics, vol. 24, no. 1, pp. 621-630, 1988.

[100] S. Sirimanna, T. Balachandran, and K. Haran, “A review on magnet loss
analysis, validation, design considerations, and reduction strategies in
permanent magnet synchronous motors,” Energies, vol. 15, no. 17, 2022.
[Online]. Available: https://www.mdpi.com/1996-1073/15/17/6116

[101] R. Roy, S. Ramasami, and L. N. Chokkalingam, “Review on thermal behavior
and cooling aspects of axial flux permanent magnet motors—a mechanical
approach,” IEEE Access, vol. 11, pp. 6822—6836, 2023.

[102] J. Pellé and S. Harmand, “Heat transfer study in a rotor—stator
system air-gap with an axial inflow,” Applied Thermal Engineering,
vol. 29, no. 8, pp. 1532-1543, 2009. [Online]. Available: https:
/lwww.sciencedirect.com/science/article/pii/S1359431108003049

[103] S. Berndl and A. Kleimaier, “Encapsulated air cooling system for scalable
axial flux motors,” in 2021 International Conference on Electrical Drives
Power Electronics (EDPE), 2021, pp. 43—49.

[104] A. S. Fawzal, R. M. Cirstea, K. N. Gyftakis, T. J. Woolmer, M. Dickison,
and M. Blundell, “Fan performance analysis for rotor cooling of axial flux
permanent magnet machines,” IEEE Transactions on Industry Applications,
vol. 53, no. 4, pp. 3295-3304, 2017.

[105] M. Popescu, D. A. Staton, A. Boglietti, A. Cavagnino, D. Hawkins, and
J. Goss, “Modern heat extraction systems for power traction machines—a

review,” IEEE Transactions on Industry Applications, vol. 52, no. 3, pp.
2167-2175, 2016.

[106] J. Pyrhonen, P. Lindh, M. Polikarpova, E. Kurvinen, and V. Naumanen,
“Heat-transfer improvements in an axial-flux permanent-magnet synchronous
machine,” Applied Thermal Engineering, vol. 76, pp. 245-251, 2015.
[Online]. Available: https://www.sciencedirect.com/science/article/pii/S135
9431114009910


https://www.mdpi.com/1996-1073/15/17/6116
https://www.sciencedirect.com/science/article/pii/S1359431108003049
https://www.sciencedirect.com/science/article/pii/S1359431108003049
https://www.sciencedirect.com/science/article/pii/S1359431114009910
https://www.sciencedirect.com/science/article/pii/S1359431114009910

References 151

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

Y. Sun, S. Zhang, W. Yuan, Y. Tang, J. Li, and K. Tang, “Applicability study
of the potting material based thermal management strategy for permanent
magnet synchronous motors,” Applied Thermal Engineering, vol. 149, pp.
1370-1378, 2019. [Online]. Available: https://www.sciencedirect.com/scienc
e/article/pii/S1359431118332903

S. Vaschetto, A. Tenconi, and G. Bramerdorfer, “Sizing procedure of sur-
face mounted pm machines for fast analytical evaluations,” in 2017 IEEE
International Electric Machines and Drives Conference (IEMDC), 2017, pp.
1-8.

P. Campbell, “Principles of a permanent-magnet axial-field d.c. machine,”
Proceedings of the IEEE, vol. 121, no. 12, 1974.

T. Wolnik, V. Styskala, and T. Mlcak, “Study on the selection of the number
of magnetic poles and the slot—pole combinations in fractional slot pmsm
motor with a high power density,” Energies, 2022.

J. E. Shigley, R. G. Budynas, and J. K. Nisbett, Shigley’s Mechanical Engi-
neering Design. McGraw-Hill, 2014.

W. Jara, J. A. Tapia, N. Bianchi, J. Pyrhonen, and R. Wallace, “Procedure
for fast electromagnetic design of axial flux permanent magnet machines,”
in 2014 International Conference on Electrical Machines (ICEM), 2014, pp.
1396-1402.

A. Boglietti, A. Cavagnino, and M. Lazzari, “Computational algorithms for
magnetic flux density—motor equivalent circuit parameter determination—
part i: Resistances and leakage reactances,” IEEE Transactions on Industrial
Electronics, vol. 58, no. 9, pp. 3723-3733, Sep. 2011.

P. Ponomareyv, Y. Alexandrova, 1. Petrov, P. Lindh, E. Lomonova, and J. Pyrho-
nen, “Inductance calculation of tooth-coil permanent-magnet synchronous
machines,” IEEE Transactions on Industrial Electronics, vol. 61, no. 11, pp.
5966-5973, Nov. 2014.

S. Vaschetto, “Design and development of permanent magnet synchronous
machines shaft-line embedded in aeronautic engines,” 2014. [Online].
Available: https://hdl.handle.net/11583/2615701

P. Ponomarev, P. Lindh, and J. Pyrhonen, “Effect of slot-and-pole combination
on the leakage inductance and the performance of tooth-coil permanent-
magnet synchronous machines,” IEEE Transactions on Industrial Electronics,
vol. 60, no. 10, pp. 4310-4317, 2013.

F. Scuiller, E. Semail, and J.-F. Charpentier, “General modeling of the wind-
ings for multi-phase ac machines,” European Physical Journal: Applied
Physics, vol. 50, no. 3, pp. 1-15, 2010.


https://www.sciencedirect.com/science/article/pii/S1359431118332903
https://www.sciencedirect.com/science/article/pii/S1359431118332903
https://hdl.handle.net/11583/2615701

152

References

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

J. R. Hendershot and T. J. E. Miller, Design of Brushless Permanent Magnet
Motors. Magna Physics, 1994.

H. Grop, J. Soulard, and H. Persson, “Stator slot leakage in ac machines
equipped with fractional conductor windings,” in Proceedings of the Interna-
tional Conference on Electrical Machines and Systems (ICEMS), 2009, pp.
1-6.

G. Miiller, K. Vogt, and B. Ponick, Berechnung elektrischer Maschinen, ser.
Berechnung elektrischer Maschinen. Wiley, 2008, vol. 2.

A. Cavagnino, G. Pellegrino, S. Vaschetto, and E. B. Agamloh, “Contribution
to offline measurements of pmsm and syrm inductances,” IEEE Transactions
on Industry Applications, vol. 55, no. 1, pp. 407-416, 2019.

M. Jiménez, F. Graffeo, S. Vaschetto, C. Madariaga-Cifuentes, J. A. Tapia,
A. Tenconi, and A. Cavagnino, “Magnetic equivalent circuit for multistage ax-
ial flux surface permanent magnet machines,” IEEE Open Journal of Industry

Applications, vol. 7, pp. 327-337, 2026.

H. W. Derbas, J. M. Williams, A. C. Koenig, and S. D. Pekarek, “A compar-
ison of nodal- and mesh-based magnetic equivalent circuit models,” IEEE
Transactions on Energy Conversion, vol. 24, no. 2, pp. 388-396, 2009.

R. Qu and T. Lipo, “Analysis and modeling of air-gap and zigzag leakage
fluxes in a surface-mounted permanent-magnet machine,” IEEE Transactions
on Industry Applications, vol. 40, no. 1, pp. 121-127, 2004.

R. Wang, S. Pekarek, M. L. Bash, A. Larson, and R. V. Maaren, “Incorporating
dynamics in a mesh-based magnetic equivalent circuit model of synchronous

machines,” IEEE Transactions on Energy Conversion, vol. 30, no. 3, pp.
821-832, 2015.

A. Boglietti, E. Carpaneto, M. Cossale, S. Vaschetto, M. Popescu, and D. Sta-
ton, “Stator winding thermal conductivity evaluation: An industrial produc-

tion assessment,” in 2015 IEEE Energy Conversion Congress and Exposition
(ECCE), 2015, pp. 4865-4871.

A. Boglietti, M. Cossale, S. Vaschetto, and T. Dutra, “Thermal conductivity
evaluation of fractional-slot concentrated-winding machines,” IEEE Transac-
tions on Industry Applications, vol. 53, no. 3, pp. 2059-2065, 2017.

D. Staton, A. Boglietti, and A. Cavagnino, “Solving the more difficult aspects
of electric motor thermal analysis in small and medium size industrial induc-
tion motors,” IEEE Transactions on Energy Conversion, vol. 20, no. 3, pp.
620-628, Sep. 2005.

D. A. Howey, P. R. N. Childs, and A. S. Holmes, “Air-gap convection in
rotating electrical machines,” IEEE Transactions on Industrial Electronics,
vol. 59, no. 3, pp. 1367-1375, Mar. 2012.



References 153

[130]

[131]

[132]

[133]

[134]

[135]

[136]

Y. A. Cengel and A. J. Ghajar, Heat and Mass Transfer: Fundamentals &
Applications. McGraw Hill LLC, 2025.

A. Cavagnino, “Motore a flusso assiale, a magneti permanenti, anisotropo per
applicazioni di trazione elettrica leggera. realizzazione e caratterizzazione del
prototipo,” 1999.

K. Takahashi, H. Kuwahara, K. Kajiwara, and T. Obata, “Airflow and thermal
conductance in a totally enclosed induction motor,” Heat Transfer—Asian
Research, vol. 31, no. 1, pp. 7-20, Jan. 2002.

M. Vukotié, S. Lutovski, N. Sutar, D. Miljavec, and S. Corovié, “Thermal
effects in the end-winding region of electrical machines,” Energies, vol. 16,
no. 2, p. 930, Jan. 2023.

A. Boglietti and A. Cavagnino, “Analysis of the endwinding cooling effects in
tefc induction motors,” IEEE Transactions on Industry Applications, vol. 43,
no. 5, pp. 1214-1222, Sep. 2007.

IEEE Guide for Test Procedures for Synchronous Machines, IEEE Std. IEEE
Std 115-2019, 2019.

A. Boglietti, E. Carpaneto, M. Cossale, A. Lucco Borlera, D. Staton, and
M. Popescu, “Electrical machine first order short-time thermal transients
model: Measurements and parameters evaluation,” in IJECON 2014 - 40th
Annual Conference of the IEEE Industrial Electronics Society, 2014, pp.
555-561.



Appendix A

Motor Survey Data

This appendix reports the data collected and used to generate the analysis presented
in Fig. 2.6 in subsection 2.4.

The following remarks apply to the data reported in the table:

* In the topology column, a distinction is made for PMSMs between inner rotor
(IR) and outer rotor (OR) configurations;

* The liquid cooling category may include both water and oil cooling, depending
on the specific case;

* The total mass is calculated considering the motor mass reported in the refer-

ences, including the cooling system when such information is available;

* In the specific power column, values highlighted in red indicate quantities
computed from the available data, whereas values in black correspond to those
explicitly reported in the references;

* The results shown in Fig. 2.6 include only cases for which sufficient data is

available; therefore, some entries may appear in certain plots and not in others.
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Table A.1 List of study cases included in the electric machine survey

Study Case Topology Rated Power Rated speed ‘ Cooling type Total Mass Specific Power | Year ‘ Reference
(kW) (rpm) (kg) (kW/kg)
| Skypark | PMSM-OR | 60 | 2500 |  LQUD | 30 | 2.00 | 2009 | [28] |
| ALICE |  PMsM | 350 | 2089 | LIQUD | 128 | 273 | 2022 | 1291 |
| NASA X-57 Maxwell | | 72 | | AIR | 53 | 1.36 | 2016 | [30] |
| ACS-Ttaipu Sora-E | AFPM | 37 | 6309 |  LQUD | 7.6 | 4.87 | 2015 | [31] |
| Spirit of Innovation | AFPM | 200 | 2200 | AIR | 0 | 5.00 | 2021 | [321 |
| Bye Aerospace cFlyer 2 | | 100 | 3000 | - | 0 | 3.50 | 2018 | 1331 |
| Project DragonFly | - | 60 | 7162 | - | 18 | 333 | 2019 | [34] |
| Airlander 10 | PMSM | 500 | 2000 | - | 55.6 | 9.00 | 2022 | [351 |
| E-Fan X | | 2000 | 6500 | LQUD | 261 | 7.66 | 2017 | (36 |
| RRP70D, e-Flyer2 | - | 70 | 2600 | AIR | 26 | 5.22 | 2020 | 1371 |
| RRP200D | - | 206 | 1300 | | 49 | 5.22 | 2020 | 1371 |
| HPDM-30 |  PMSM | 33 | 19945 | LQUD | 4.1 | 8.00 | 2023 | [38] |
| HPDM-250 | PMSM | 200 | 19999 | LQUD | | 14.29 | 2023 | [38] |
| HPDM-3000 | PMSM | 2800 | 1671 | - | | 1273 | 2022 | [38] |
| CIAG-250-50 | | 20.1 | 1600 | AIR | | 1.20 | 2023 | 1391 |
| SP260DO0 Siemens | PMSM | 260 | 2500 |  LQUD | | 5.20 | 2015 | [40] |
| EMRAX 348 (liquid cooling) |~ AFPM | 178 | 3999 | LIQUD | 439 | 4.05 | 2016 | [41] |
| EMRAX 348 (air cooling) | AFPM | 168 | 4011 | AIR | 43.1 | 3.90 | 2016 | [41] |
| MAGNIX 250 | - | 280 | 1900 | - | | 5.50 | 2018 | [42] |
| Solar Plane | pMDC | 6 | 800 | AIR | 18 | 0.50 | 2005 | 1431 |
| 5-phase Motor |  PMSM | 735 | | AIR | 459 | 1.60 | 2016 | [44] |
| HPD Motor | PMSM-OR | 45 | 3500 |  LQUD | 18 | 5.00 | 2023 | [45] |
| Nottingham Motor | PMSM-IR | 500 | 3000 | LIQUD | 116 | 4.80 | 2019 | [46] |
| SCEPTOR | PMSM-OR | 60 | 2400 | AIR | 35 | 273 | 2016 | [47] |
| Air-core | PMSM-OR | 1000 | 18000 | AIR | 7094 | 14.00 | 2016 | [48] |
| HTS Motor | WESM-HTS | 1400 | 6800 | LIQUD | 81.9 | 17.40 | 2019 | 1491 |
| High performance PMSM | PMSM-IR | 20 | 3000 | AIR | 9.09 | 2.20 | 2018 | [50] |
| High Speed Wisconsin | PMSM-IR | 1000 | 20000 | - | 422 | 23.70 | 2019 | [51] |
| MIT Motor | PMSM-IR | 1000 | 12500 | AIR | 574 | 17.00 | 2023 | [521 |
| Slot-less Motor | PMSM-OR | 300 | 3600 | AIR | 54 | 5.56 | 2021 | [531 |
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