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Abstract—Axial flux permanent magnet (AFPM) machines
with entirely or stator coreless configurations offer significant
advantages, including low rotational losses, the absence of
cogging torque, minimal torque ripple, and the potential for
high specific power density. Advances in permanent magnet
(PM) technology and cooling techniques have enabled fully
coreless AFPM machines to achieve high magnetic and current
loadings without core saturation, making them suitable for high-
performance applications like electric aircraft propulsion. This
paper reviews recent advancements in coreless AFPM machines,
tracing their historical and chronological development. Various
topologies, including single- and double-sided and multi-disk
designs, are examined to identify the advantages and emerg-
ing trends in each configuration. Different winding configu-
rations are compared, and their performance characteristics
are discussed. Recent innovations in winding materials, such
as printed circuit boards (PCBs), are highlighted. The rotor
configurations are reviewed, with a focus on the development
of flux density equations and specific attention to Halbach array
PM rotor due to its relevance for electric aircraft propulsion.
The paper also discusses electromagnetic modeling techniques,
including proposed analytical and 2D approaches that reduce
the computational burden of traditional 3D calculations. Sources
of power loss are identified, along with mitigation strategies
based on existing literature. A preliminary design procedure
and sizing evaluation are presented, utilizing analytical torque
and back electromotive force (B-EMF) calculations through an
equivalent 2D linear model. Finally, recent advancements in
electric machines designed for aircraft propulsion are reviewed,
showcasing their electromagnetic performance and highlighting
the potential benefits of coreless machines in this field.

Index Terms—Review, axial flux PM machines, coreless stator,
Halbach array, electric aircraft.

I. INTRODUCTION

Axial flux PM machines, characterized by an air-gap flux
path perpendicular to the radial direction, present a compelling
alternative to the more prevalent radial flux machines, which
feature an air-gap flux parallel to the radial direction. These
AFPM machines are particularly advantageous in applications
requiring high torque density in a compact form factor with a
short axial length relative to the outer diameter [1]-[3].
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Fig. 1. Classifications for AFPM machines with and without the core. SSSR -
single stator and single rotor; SSDR - single stator and double rotors; MSMR
- multi-stators and multi rotors.

Axial flux PM machine designs and classifications vary sig-
nificantly based on the construction and topological combina-
tion of rotors and stators. An example subset of classifications
is shown in Fig. 1 between those that have a ferromagnetic
core and those that do not. This paper focuses specifically on
coreless AFPM machines and considers only designs operating
at typical temperatures above ambient and does not include
cryogenically cooled superconducting machines.

In coreless stator machines, the torque production mecha-
nism can be explained based on the Lorentz force theorem,
which involves the interaction between the rotor’s rotating
magnetic field and the current-carrying conductors [4]. Interest
in coreless stator designs has grown in recent years due to
their advantages in eliminating core-related losses, simplified
construction, and the enablement of special cooling.

A typical example design and the main components of a
coreless stator AFPM machines are illustrated in Fig. 2. In this
case, the stator consists of a three-phase winding without any
ferromagnetic material, while the rotor features PMs mounted
on a back iron. The stator winding can be implemented with
conventional stranded or Litz wire or in planar printed circuit
boards (PCB), as demonstrated in [5], using copper traces en-
capsulated in FR4 laminate. Conventional wire-based windings
are potted in a thermally conductive and electrically insulating
epoxy. These potted coils are subsequently embedded into
a non-ferromagnetic, electrically non-conductive plate, such
as plastic, for improved structural stability, as exemplified in
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Fig. 2. Exploded view of an example double-sided eight pole, twelve coil
axial flux permanent magnet (AFPM) machine with a coreless stator.

[5]. The surface-mounted rotor within the example design
resembles that of the conventional AFPM machines, with
magnets glued to a ferromagnetic disk.

The absence of steel material in the stator compared to
its iron-cored counterparts offers several advantages. These
machines exhibit significantly lower torque ripple, vibration,
and noise due to the lack of ferromagnetic saliency, cog-
ging, and reluctance torque. Additionally, ferromagnetic core
losses, including eddy current and hysteresis components, are
eliminated, allowing coreless AFPM machines to potentially
achieve higher efficiencies than iron-cored alternatives [6], [7].

The absence of an iron core, which is the primary source
of inductive reactance in conventional electric machines,
significantly reduces reactive power components in coreless
machines. Consequently, coreless AFPM machines have a low
phase inductance and achieve a power factor close to unity
[8]. This low phase inductance in these machines results in
a high %, leading to increased current ripple. This issue
can be effectively mitigated by employing higher switching
frequencies, necessitating the use of Silicon Carbide (SiC)
or Gallium Nitride (GaN) devices due to their low switching
losses [9], [10].

Aircraft propulsion electrification replaces the thrust gener-
ated by traditional combustion engines with electric motors
driving propellers. This transition demands electric propul-
sion systems with high power output, increased reliability,
low mass, and high efficiency [11]. Ongoing projects in the
United States aim to achieve a target specific power density
exceeding 10 kW/kg for electric motor propulsion by leverag-
ing advanced topologies and optimized thermal management
systems. This goal marks a substantial advancement compared
to the current world-record aviation motor, which achieves 5
kW/kg and was developed by Siemens [12].

Coreless stator machines offer the potential for high specific
power density by eliminating the ferromagnetic core in the
stator, which reduces mass and enables advanced cooling
through improved access to all coil surfaces. These features,
combined with low noise and vibration characteristics, make
coreless stator machines suitable for aircraft propulsion sys-
tems. Axial flux implementation enhances these advantages
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Fig. 3. Publisher distribution of the surveyed literature on coreless AFPM
machines in this paper. Others in the figure include but are not limited to the
reports and papers published by the Department of Energy, NASA, European
patents, Springer, Elsevier, IOPscience, Taylor & Francis, and dissertations.
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Fig. 4. Chronological distribution of the surveyed publications reviewed on
coreless AFPM machines. Special attention was given to reviewing the state-
of-the-art and recent developments.

by leveraging inherent benefits such as higher torque density
and improved ability to achieve a modular design compared
to conventional radial flux counterparts. For instance, multiple
axial flux machines can be independently stacked along the
axial direction, significantly improving fault tolerance and
system reliability.

Previous review publications on AFPM machines, such
as [13]-[15], have predominantly concentrated on iron-cored
stators due to their more frequent development. In contrast,
this paper considers coreless AFPM machine constructions and
topologies. It provides a literature review of the latest electro-
magnetic modeling techniques and loss mitigation methods,
tracing their development from a historical perspective.

The surveyed papers consider a wide range of applications,
including but not limited to fans [17], [18], alternators and
generators [17], [19], direct-drive wind turbines [20], [21],
electric mobility [22], [23], and electric aircraft [24], [25].
Insights gained from literature on other applications are, in
some instances, discussed in the context of their potential
use in electric aircraft. As a result, this paper offers helpful
information and can serve as a guideline for employing and de-
signing coreless AFPM machines across various applications.

Some of the more common applications of coreless AFPM
machines beyond aircraft propulsion and alternators include



Fig. 5. Example aviation application including (a) stratospheric unmanned
solar-powered aircraft concept designed in the early 2000s for border patrol
and forest fire detection [16], (b) multi-disk coreless stator AFPM electric
propulsion engine proposed by Eastham er al. [5], and (c) the prototyped
machine.

HVAC systems, wind turbines, and marine turbines. For
instance, coreless stator AFPM machines with PCB stators
have been investigated for HVAC systems, demonstrating high
efficiency enabled by automated and high-speed manufactur-
ing processes [18], [26]. In the field of wind energy, these
machines have been explored for direct-drive wind turbine
generators due to their elimination of normal forces between
the stator and rotors, which reduces mechanical complexity
and the overall mass of the turbine system [20], [27]. Sim-
ilarly, the advantages of lightweight structure and simplified
mechanics have motivated the development of coreless AFPM
generators for marine current turbine applications [28], [29].

The literature reviewed is in the form of papers, patents,
and reports of which the authors had prior knowledge or
were identified using a mixture of IEEExplore and Scopus,
as illustrated in Fig. 3. The chronological distribution of the
surveyed literature shown in Fig. 4, indicating significant
increase in publications in the last decade, corresponding to
major research efforts and advancements.

This review paper benefits from the historic and state-of-
the-art perspectives of the two senior co-authors, who have
followed and worked on the subject matter over the last
three decades. Their groups’ contributions span from the 90’s
work on the first European high-altitude unmanned aircraft
[5], [16], [24], [30], [31], all the way to more recent US-
based projects sponsored by industry, the National Science
Foundation (NSF), and the National Aeronautics and Space
Administration (NASA) for special EVs traction and electric
propulsion [23], [25], [32]-[34].

The paper is structured in multiple sections, and following a
brief historical perspective, including examples of significant
developments over the years in Section II, main topologies
with combinations of stators and rotors are discussed in

Section III. The stator windings, types, materials, and man-
ufacturing technologies are reviewed in Section IV, followed
by a similar discussion for rotors, including configurations
and magnetization schemes in Section V. Electromagnetic
modeling methods, which are key to machine design, are
covered in Section VI, followed by a review of losses,
components, and mitigation techniques in Section VII. The
general sizing approach and equations for coreless AFPM
machines are outlined in Section VIII and are followed by
a comparative study of topologies and performance, including
recent developments for electric aircraft propulsion.

II. BRIEF HISTORICAL PERSPECTIVE

Axial flux machines with coreless stators have been de-
veloped since the 1960s and have been described with terms
ranging from “air-cored” to descriptors of the stator including,
for example, “ironless,” “plastic,” and “non-ferromagnetic.”
The first published mention of an axial flux machine of the
coreless type was in 1963 by William Kober of The Garrett
Corporation, Los Angeles, California, U.S., for an armature
winding with “no associated ferromagnetic or other supporting
structure” or “having no iron” [35]. In the early 1970s,
the National Aeronautics and Space Administration (NASA)
developed an “ironless” AFPM prototype using double-sided
rotors with samarium-cobalt magnets and a coreless stator
[36], [37]. In the 1980s and ’90s, researchers at Imperial Col-
lege, London, patented an axial flux machine with proposed
variants including “multi-stranded coreless winding” within
“rigid insulating substrate,” which spun off into Turbo Genset
Co. Ltd. for commercialization [38], [39].

The coreless stator AFPM machines attracted more attention
for various applications by the end of the 1990s as the PM
industry developed more powerful magnets, especially with
advances in rare earth PM production. In 1996/98, Caricchi et
al. [40], [41] designed and prototyped a coreless stator AFPM
generator with water-cooled and rhomboidal-shaped coils for
ships, aircraft, or hybrid electric vehicle applications. In 1998,
Mecrow et al. [42], [43] proposed and designed an in-wheel
coreless stator AFPM machine with the Halbach array rotor for
solar-powered vehicles. Lombard et al. [44] presented a design
methodology for coreless stator AFPM machines using both
lumped circuit modeling and finite element analysis in 1999.
In the early 2000s, Eastham et al. [5], [24], [45] introduced a
multi-stacked coreless stator AFPM motor for propeller-driven
stratospheric aircraft, as demonstrated in Fig. 5.

With increased proposed applications of coreless axial flux
machines, came attempts at commercialization by numerous
companies. Some of the earliest patents found, other than
Turbo Genset, include an “aircore” armature machine from
Revolution Motor Company, Inc in 2005 [46], an axially
stacked printed circuit board motor from Core Motion Inc.
in 2006 [47], a machine with silicon steel supporting struc-
ture from Toshiba in 2007 [48], and a printed circuit board
generator for wind turbine applications from Boulder Wind
Power Inc. in 2011 [49]. Early commercially available motors
include those from LaunchPoint Technologies for aerospace
[50], [51] and Marand Precision Engineering for solar cars
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Fig. 6. Example AFPM machine topologies with (a) conventional yoked stator, (b) YASA yokeless and segmented armature stator, and (c) coreless stator.
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Fig. 7. An example single-stator single-rotor (SSSR) coreless stator AFPM
machine (a) topology and (b) 3D flux distribution at no load calculated with
3D FEA. The rotor is of the surface-mounted PM type, and the stator has a
single-layer, three-phase winding.

[22], [42], both of these used Halbach array magnetization.
Options for commercial coreless stator AFPM machines are
continually developing for a range of applications and sizes
from companies, for example, such as E-Circuit Motors, Inc.
[52] and Infinitum [17].

III. TOPOLOGIES

A coreless AFPM machine can be developed from tradi-
tional AFPM machines that utilize ferromagnetic materials in
both the rotor and stator. The comparison of the coreless stator
AFPM machine with a conventional AFPM machine and the
yokeless and segmented armature (YASA) AFPM introduced
by McCulloch ef al. [53] is shown in Fig. 6. A conventional
AFPM machine with a yoked stator structure is depicted in
Fig. 6a. The YASA topology, which replaces the conventional
yoked stator with a segmented stator, eliminating the stator
back iron, is shown in Fig. 6b. A coreless stator AFPM
machine, in which the segmented iron pieces in the coils of
the YASA machine are removed, is illustrated in Fig. 6c.

The performance and cost comparison of conventional
cored and coreless stator AFPM machines across multiple
applications and power ratings is numerically analyzed and
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Fig. 8. Examples of force distribution of the stators on coreless machines
in two configurations: (a) single-stator and single-rotor and (b) single-stator
and double-rotor, illustrating that the use of two rotors minimizes the normal
forces and variations.

discussed in [4]. The findings suggest that coreless AFPM
machines are potentially lighter and more efficient, while
conventional AFPM machines remain more cost-effective.
Similarly, a study in [23] optimized and compared coreless
and conventional AFPM machines for solar car propulsion.
The results demonstrated that, given the same dimensions and
current loading, the coreless AFPM machine is significantly
lighter with reduced torque production compared to a cored
variant. The reduced mass allows for the use of two coreless
AFPM machines in a two-wheel drive configuration to meet
the required torque while still being lighter than a conventional
AFPM machine.

This section explores the topological variations in the sur-
veyed literature for coreless AFPM machines. These topolo-
gies are categorized similarly to conventional AFPM machines
based on the number of rotor and stator disks in their configu-
rations [13], [15], [54]. Each topology is detailed, highlighting
its unique features, along with a discussion of its advantages
and limitations.

A. Single-Stator and Single-Rotor

The single-stator and single-rotor (SSSR) topology, shown
in Fig. 7, represents the most fundamental form of a coreless
stator AFPM machine, serving as the basis for more complex
structures [1]. This topology consists of a stator with windings
and a rotor featuring an iron disk on which PMs are mounted.
Examples of employing this topology in the literature include
the work by Neethu et al. [55], [56], which presented an SSSR
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Fig. 9. An example single-stator double-rotor (SSDR) coreless stator AFPM
machine (a) topology and (b) no load 3D flux distribution calculated via 3D
FEA. This topology is the most typical structure employed in the surveyed
literature.

coreless AFPM machine designed for high-speed, low-power
applications, and the study by Barmpatza et al. [57], which
compared the impact of PM demagnetization faults on the
performance of SSSR and double-sided topologies.

In an SSSR, the flux encloses its path through the air to
adjacent poles, whereas in a double-sided rotor configuration,
the flux primarily crosses the air-gap in the normal direction.
This difference results in SSSR having a higher tangential
flux density component and a lower normal flux density
component compared to the double-sided configuration. In
coreless stator AFPM machines, torque generation is explained
by the Lorentz force law, where the interaction between the
rotor’s magnetic flux density and the current density in the
conductors produces force; specifically, the normal component
of the flux density contributes to tangential force (torque),
while the tangential component causes normal forces between
the stator and rotor [4]. As a result, the SSSR configuration
exhibits lower torque and higher normal forces between the
stator and rotor compared to the double-sided structure when
both use the same stator, and it also achieves a lower power-
to-mass ratio when the same volume of PMs is used. Due to
these challenges and performance limitations, coreless AFPM
machines on the market are not single-sided.

In conventional AFPM machines with ferromagnetic core
stators, torque production can be calculated using the Maxwell
stress tensor. In this context, the tangential component of the
stress tensor, responsible for torque generation, is directly
proportional to the tangential flux density in the air-gap. This
relationship was examined in [58], which showed that single-
and double-sided conventional AFPM machines with YASA
topology exhibit comparable torque capabilities when using
the same volume of PMs.

Based on the findings reported in [55], [56], the SSSR
topology is a suitable choice for high-speed, low-power appli-
cations as the absence of the second rotor eliminates normal
forces between rotors compared to a double-sided topology,
though requiring a detailed investigation of AC losses. The
normal forces between the stator and rotor remain low due
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Fig. 10. Efficiency map for an example single-stator double-rotor design rated
at 19Nm and 2,100 rpm.

to the machine’s reduced power and current loading, resulting
in lower mechanical stress. From a cost perspective, using
a single rotor reduces the amount of PM material required,
and the lower mechanical stress allows for more economical
mechanical components and bearings.

The higher tangential flux density also results in higher
eddy current losses in the stator conductors and a higher
normal force acting between the stator and rotor in SSSR
compared to the double-sided topology. The high eddy current
losses reduce efficiency and increase the heat generated in the
stator conductors. Meanwhile, the large normal force increases
noises, vibration, and stress on the bearings, reducing their
lifespan and increasing friction losses [59]-[61].

An example of normal force density on the stator for an
SSSR topology and the double-sided configuration is com-
pared in Fig. 8, indicating higher normal force in SSSR topol-
ogy. The tangential flux density is also present in double-sided
structures, and its magnitude varies with the distance from the
rotor surface. This variation leads to different normal force
values exerted on conductors depending on their proximity
to the rotor surfaces. However, when the rotor is perfectly
balanced, the normal forces exerted by the two rotors act in
opposite directions on the conductors and effectively cancel
each other out.

The normal force between the stator and rotor in an SSSR
topology is generally lower than that of a similarly sized con-
ventional cored AFPM machine. This reduction is primarily
attributed to the significantly smaller flux density generated by
the armature winding in coreless stator designs. As a result,
normal force is typically not a critical concern in coreless
stator AFPM machines, except in cases where the machines
have a very large outer diameter, such as wind turbine gen-
erators, or operate at a high current density, such as those
designed for electric aircraft propulsion systems. It should
also be noted that careful rotor balancing and implementing
advanced control algorithms to minimize current harmonics
are essential to reducing normal forces and vibrations.

One advantage of using the SSSR topology is improved
thermal management. With the stator not confined between
two rotors, there is more surface area available for heat sinks



Rotfr 1 Rotfr 2 Rotor 3
’ l Rotor 2
Rotor 1 l Rotor 3
g |
Stator 1 Stator 2
(a) (b)

Fig. 11. An example of a multi-stator multi-rotor (MSMR) design featuring a
middle rotor with PMs mounted on both sides of the back iron: (a) exploded
view and (b) flux pattern within a two-pole-pitch sector of the machine.

or other cooling systems, allowing for more effective heat
extraction from the stator. Additionally, there are no inherent
limitations on the thermal management system except those
imposed by the mechanical size constraints. This flexibility
permits the use of larger cooling systems with higher cooling
capabilities, enabling the machine to handle higher current
densities.

B. Single-Stator and Double-Rotor

A single-stator and double-rotor (SSDR) coreless stator
AFPM machine consists of two rotors on either side of a single
stator, as shown in Fig. 9. This double-sided structure modifies
the air-gap flux path so that flux lines pass axially from one
rotor to the other, significantly reducing the tangential compo-
nent of the air-gap flux density. This configuration balances
the normal forces between the stator and rotors, although
normal forces between the rotors themselves still occur. To
address this challenge, multiphysics design procedures that
consider the electromagnetic and mechanical performances of
the SSDR topology have been presented in several studies
[62]-[65]. Additionally, the AC losses are reduced by an order
of magnitude, allowing for the use of thicker conductors and
reducing DC losses, which further improves efficiency.

The SSDR topology offers a higher active power-to-mass
ratio (specific power density) compared to the single-sided
structure. This means that, given the same stator temperature,
current density, and PM mass, the SSDR topology generates
more power. Due to these advantages, the SSDR topology
is the most commonly referenced in coreless stator AFPM
machine literature. According to Habib er al. [7], more than
65% of the coreless stator AFPM machines discussed in the
literature utilize the SSDR topology. This configuration is
well-suited for medium-power, cost-effective electric machines
used in applications such as fans [17], alternators [19], and
electric mobility [22].

The efficiency map of an SSDR coreless AFPM machine,
designed for HVAC systems and rated at 19 Nm and 2,100
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Fig. 12. An example of an MSMR design featuring a middle rotor with PMs
embedded in a non-ferromagnetic composite material: (a) exploded view and
(b) flux pattern within a two-pole-pitch sector of the machine.

rpm [18], is presented in Fig. 10. Efficiency maps for the
conventional cored and coreless machines vary such that the
efficiency contours are circular in conventional machines and
more linear in coreless ones. Comparing the SSSR and the
SSDR of the same rating, the pattern in efficiency contours
is the same, however, the overall efficiency is lower. This
reduction is attributed to the need for a higher current density
to compensate for the lower flux density—resulting from the
absence of one rotor—and the increased eddy current losses
in the conductors due to the higher tangential flux density
component compared to the double-sided topology.

C. Multi-Stator and Multi-Rotor

Enlarging the motor diameter to increase torque in AFPM
machines is limited because it increases axial forces on the
bearings and adds stress to the mechanical joints between discs
and shafts [4]. To meet the required torque without enlarging
the machine’s diameter, another strategy is to use multiple
stacks of AFPM machines. The multi-stators and multi-rotors
(MSMR) topology increase output power by maintaining a
constant diameter while extending the axial length.

Conventional AFPM machines with iron cores on both the
stators and rotors can have various MSMR topology variants
based on rotor types and whether the topology features an
outer rotor or outer stator. These variants are discussed in [66],
[67]. However, such variations are not found in coreless stator
AFPM machines due to low specific power density, efficiency,
and high normal forces between stators and rotors in outer
stator topologies. Therefore, multi-stage coreless stator AFPM
machines are typically configured with inner stators consisting
of N stators sandwiched between N + 1 rotors.

The multi-disk topology within coreless stator AFPM ma-
chines has two variants based on the flux pattern and structure
of the middle rotor, with examples depicted in Figs. 11 and
12. In the first configuration, termed MSMR-Parallel in this
paper, the middle rotor features a yoke with PMs mounted
on both sides, forming two parallel magnetic flux paths under
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Fig. 13. Example three-phase winding structures employed in coreless stator AFPM machines, including (a) a conventional concentrated winding that may
operate with 8 or 16 poles, (b) a phased-group winding that may operate with 10 or 14 poles, (c) an overlapping (distributed) winding that may operate with

12 poles, and (d) a wave winding that may operate with 26 poles.

each pole, as illustrated in Fig. 11a. The magnetic flux lines
for this topology are displayed in Fig. 11b, indicating that the
flux lines are enclosed through the middle rotor yoke, one
air-gap, and an outer rotor back iron.

While the outer rotors are the same as in the MSMR-
Parallel, the middle rotor of the MSMR-Series uses a single
layer of magnets embedded in a composite non-ferromagnetic
material with the structure of this topology is illustrated in Fig.
12a. The flux lines under each pole in the MSMR-Series have
longer paths compared with the MSMR-Parallel, as they pass
through two rotor back irons and multiple air-gaps, as shown
in Fig. 12b. If the back-to-back PMs in the middle rotor of
an MSMR-Parallel have the same magnetization direction, the
machine can be classified as MSMR-Series.

The first coreless AFPM machine with MSMR topology
was proposed, designed, and prototyped by Eastham et al.
[51, [24], [45] for use in stratospheric aircraft propeller drives.
They utilized plastic materials as the support structure for the
middle rotors and stators, rather than aluminum, to mitigate
eddy current losses and improve overall specific power density.

Taran et al. [23] concluded that MSMR coreless AFPM
machines can achieve higher specific power density and
greater efficiencies compared to single-disk conventional cored
AFPM machines, although the coreless type exhibits more
torque limitations when using the same thermal management
system. Vatani et al. [33] showed that the MSMR coreless
AFPM machine not only provides higher specific power
density compared to its SSDR counterpart but also enhances
reliability through redundancy techniques. They also discussed
that the surface area available for heat extraction increases
proportionally with the number of stacks, allowing for better
thermal management.

In an ideal scenario, the axial forces between the rotors
within an MSMR topology are balanced due to equal air-
gaps on both sides. However, manufacturing imperfections can
lead to significant axial forces between the rotors, especially
in applications with larger outer diameters, such as direct-
drive wind turbine generators. Mueller et al. [20], [28], [68],
[69] designed and prototyped MSMR coreless stator AFPM
generators for direct wind turbine and tidal current turbine

applications. To control the axial forces between rotors and
reduce stress on the bearings, they proposed a C-shaped
mechanical structure for the rotor. This structure transfers the
axial forces to the C-shaped frame instead of the bearings,
thereby improving the overall reliability and performance of
the generator.

Coreless AFPM machines with MSMR topology have been
proposed for multiple applications, ranging from electric air-
craft and electric vehicles to direct-drive wind turbine gener-
ators. Examples of literature employing MSMR topology can
be found in the following sources: [70]-[89].

IV. WINDING

Windings in coreless AFPM machines can have a variety
of configurations and be implemented with different mate-
rials. This section reviews the types of windings, materials,
and manufacturing techniques used in coreless stator AFPM
machines, as found in the literature.

Although various winding topologies and configurations
exist in the literature, windings in coreless stator AFPM ma-
chines can generally be categorized into three types: overlap-
ping, non-overlapping (or concentrated), and phase group non-
overlapping windings [4]. Figure 13 illustrates the topology
and coil arrangement for each of these winding types in a
three-phase coreless stator AFPM machine.

In overlapping windings, depicted in Figs. 13c and 13d,
the coils of different phases overlap each other. Conversely,
non-overlapping windings, shown in Fig. 13a, consist of coils
that do not overlap, with all coils positioned in a single layer.
Lastly, phase-group windings, as shown in Fig. 13b, are a
variant of the non-overlapping type, featuring a distinct coil
arrangement compared to conventional non-overlapping.

A. Overlapping Windings

Among the winding types in coreless stator AFPM ma-
chines, overlapping (distributed) windings offer the highest
output torque due to their superior winding factor compared
to non-overlapping types [90], [91]. However, this advantage
comes with specific challenges, including increased complex-
ity in coil assembly and manufacturing, as well as a longer



(b)
Fig. 14. Example coreless machines with varying winding types including (a) a coreless stator with a concentrated winding structure prototyped by Eastham

et al. [5], a PCB stator with (b) concentrated and (c) wave winding structures designed by the SPARK research group [18], [92], and (d) a bent end-winding
concept with overlapping winding to place all active coil segments at the same distance from the rotor [93].

end-winding length compared with non-overlapping windings.
The longer end winding leads to higher copper losses without
enhancing output torque, thereby reducing overall machine
efficiency. Figures 13c and 13d illustrate common structures
of overlapping windings, showing the regular and wave over-
lapping configurations, respectively.

The overlapping winding shown in Fig. 13c is a three-layer
winding, each corresponding to a single phase. Within each
phase, the number of coils matches the number of poles, with
two adjacent coils positioned under two opposite poles. As a
result, these adjacent coils are wound in opposite directions.
Finally, the coils are connected in series to meet the induced
voltage and to form the phase. The overlapping wave winding
shown in Fig. 13d features a similar three-layer structure,
where the number of poles equals the number of coil sides.

Jore et al. [47] introduced a new manufacturing method for
overlapping windings using a PCB stator, which significantly
reduces the complexity of the manufacturing process. Their
approach involves using separate PCBs for different parts of
the winding, including the coil sides and inner and outer end
windings. After positioning the coil sides in their appropriate
locations, the end windings are connected through designated
holes and axial bars. While this method simplifies the man-
ufacturing of overlapping windings, it may not be ideal for
machines with a high number of poles and coils due to the
increased number of necessary connections. Additionally, this
method results in a relatively large end-winding length, which
contributes to increased copper and eddy current losses.

In coreless stator AFPM machines, the normal component
of the air-gap flux density directly contributes to torque pro-
duction, and its value decreases exponentially with increasing
distance from the magnet surface. In conventional overlapping
windings, each phase is positioned in a single layer at varying
distances from the rotor surface. This arrangement causes
the phase located farther from the rotor surface in SSSR
topology and the phase sandwiched between two others in
SSDR topology to experience lower flux density, leading to
unbalanced back EMF and potentially increased torque ripple.

To address this issue, Smith et al. [94] introduced a six-layer
winding configuration instead of the standard three layers and

(c) (d)

employed a transposition technique to achieve balanced back
EMF. Another approach to balancing the back EMF involves
shaping the end winding so that the coil sides of different
phases are equidistant from the rotor surface [93], [95], [96], as
illustrated in Fig. 14d. However, this method restricts the coil
side width, which is directly related to the torque capability
in coreless AFPM machines.

Wave winding construction helps reduce the end-winding
length in overlapping windings [92], [97] but does not resolve
the issue of differing induced voltage levels between layers. To
address this, Greaves et al. [98] proposed a new manufacturing
technique for wave windings. They implemented a winding
configuration similar to a two-layer wave winding used in
conventional cored machines. This approach results in a two-
layer winding where the induced voltage in all phases is bal-
anced while benefiting from the reduced end-winding length of
wave windings. This implementation offers the potential for
a very high winding factor and enhanced torque production
capability. Further examples of wave winding applications in
coreless AFPM machines can be found in [99]-[101].

B. Concentrated Windings

Most existing coreless stator AFPM machines utilize regular
non-overlapping windings, also known as concentrated wind-
ings. The concentrated winding adopts a similar structure to
that of conventional cored machines. The example concen-
trated winding illustrated in Fig. 13a consists of twelve coils
and can operate with 8 or 16 poles. In this design, consecutive
coils are wound in the same directions and connected in series
to form a phase.

Although concentrated windings typically exhibit a lower
winding factor and torque capability than overlapping wind-
ings, their performance can be comparable or even superior
in specific pole-to-coil ratios, such as 4/3 and 14/12 [102]
for coreless AFPM machines. Additionally, the manufactur-
ing process for concentrated windings is significantly more
straightforward compared to overlapping windings, particu-
larly in fully automated winding constructions with PCBs.

Eastham et al. [24] calculated and compared the total
winding factor for three different winding configurations: a



three-layer overlapping winding, a concentrated winding with
a 120-degree electric coil span, and a concentrated winding
with a 240-degree electric coil span. Their calculations showed
that the concentrated winding with a 240-degree electric coil
span had the highest winding factor, even surpassing that of
the distributed winding. Xia ef al. [103] compared three types
of windings: regular and wave-type three-layer overlapping
windings and a two-layer concentrated winding with a 240-
degree electric coil span. In the concentrated winding, the two
layers are similar but have a 180-degree electric phase shift.
Their results indicated that the concentrated winding produced
more torque than its overlapping winding counterparts.

Concentrated windings produce more MMF harmonics
compared to overlapping windings. While this may not pose
a significant issue in coreless AFPM machines due to their
low armature reaction, it can lead to considerable losses in
the rotor back iron and magnets if they operate under high
electric loading or speeds. To address this, Rallabandi et
al. [104], [105] proposed a multi-layer concentrated winding
to reduce non-torque-producing MMF harmonics in coreless
stator AFPM machines. Their approach involved dividing the
concentrated winding into multiple layers and appropriately
shifting them, which allowed the stator MMF to become
comparable to that of overlapping windings and reduced rotor
losses due to MMF harmonics to 5% of those in the single-
layer winding configuration.

The geometric shape of the concentrated coils also affects
torque production and harmonic distribution. For example, the
circular-shaped concentrated winding studied in [73], [106]-
[108] offers advantages in manufacturing simplicity and low
harmonic values but has significantly lower torque capability
compared to trapezoidal coil windings. On the other hand, a
hexagonal-shaped concentrated coil, as studied in [109], [110],
aims to reduce copper loss, albeit at the expense of reduced
output torque compared to trapezoidal coil windings.

C. Phased-Group Winding

In phase group windings, such as the example shown in
Fig. 13Db, the stator’s periphery is divided into sections corre-
sponding to the number of phases, with the coils of each phase
positioned adjacent to one another. This arrangement simplifies
the electrical connections between coils of the same phase
due to their proximity. Additionally, phase group windings
tend to have lower harmonic values compared to concentrated
windings [91].

Multiple phase group windings for coreless AFPM ma-
chines have been explored in the literature concerning weight
optimization and slot-pole combinations [111]-[114]. Phase-
group winding can be designed with pole-to-coil ratios of
10/12 or 14/12, grouping two consecutive coils per phase, or
8/9 or 10/9, grouping three consecutive coils per phase. For
other pole-to-coil ratios, the winding factor can be significantly
lower, which limits torque production.

D. Advanced Winding Materials

A significant portion of the literature on coreless stator
AFPM machines focuses on material investigations for the

Fig. 15. Exploded view of an example coreless AFPM machine with a multi-
layer PCB stator produced by Core Motion Inc. [119].

stator, particularly the use of printed circuit board (PCB)
stators. This type of stator offers repeatable, low-cost, and
highly reliable production capabilities, making them well-
suited for rapid mass production [9], [89]. Their computer-
aided design and automated manufacturing processes eliminate
the complexities associated with winding production using
regular or Litz wires [115], [116]. A comprehensive review of
PCB stator windings for coreless or slot less AFPM machines
is presented in [117]. Kesgin er al. [118] also explored the
design aspects of Litz wire and PCB stators in coreless AFPM
machines, offering a brief overview of the state-of-the-art PCB
winding technology.

Figures 14b and 14c showcase PCB stators employing
regular and wave overlapping windings, designed by the
SPARK research group. Compared to traditional designs, as
shown in Fig. 14a, the use of PCB technology can result in
significant cost and time savings, especially in mass production
scenarios. However, one major drawback of PCB stators
compared to Litz wire is their lower copper fill factor with
current PCB technologies [115], which limits their application
in high-performance motors [21]. The design considerations,
optimization, and mathematical modeling of coreless AFPM
machines with PCB stators have been extensively discussed in
the literature, including references such as [120]-[122].

Another design challenge for PCB stators is mitigating eddy
current losses in the conductors. While Litz wire reduces
conductor eddy current loss through multiple strands and
transposition, similar techniques must be manually integrated
into the design of PCB stators [18]. This requires a coil config-
uration capable of accommodating full conductor transposition
in multi-layer PCB technology, which limits the selection of
pole numbers and the pole-to-coil ratio. To fully leverage the
advantages of PCB stators, a multiphysics design approach is
necessary to balance loss mitigation and thermal performance.
Several studies have employed multiphysics design for PCB
stators in coreless AFPM machines to analyze their thermal
and loss behavior [123]-[126].

The industry showed a keen interest in coreless AFPM ma-
chines with PCB stators, leading to the emergence of several
companies, such as Infinitum, that produce these machines
in various sizes for the market. Another notable example is
Core Innovation, which was licensed in 2009 to develop a
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Fig. 16. Example rotor types that can be employed for coreless stator or
fully coreless AFPM machines, including (a) a surface-mounted PM rotor,
(b) a spoke-type PM rotor, and (c) a Halbach array rotor.
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PCB stator AFPM generator based on a previously presented
concept, shown in Fig. 15, for a direct-drive wind turbine
project sponsored by the U.S. Department of Energy [119].
Another promising stator material for coreless AFPM ma-
chines is carbon nanotube (CNT) wires. Recent advancements
in CNT technology have opened up significant potential for
their use in electromagnetic devices. CNT wires offer several
advantages, including low mass density, negligible skin effect,
and a low coefficient of resistance increase with temperature.
Rallabandi et al. [79], [127] explored the feasibility of using
CNT windings in coreless stator AFPM machines and pro-
vided a systematic design procedure. Their study suggested
that the power-to-mass ratio of coreless AFPM machines with
CNT stators is higher than that of machines using copper. For
the same power output, the weight of machines with CNT
coils is only 66% of that of machines with copper coils.

E. Mutual Coupling and Mitigation Techniques

The ratio of mutual to self-inductance in the windings
of a coreless machine is comparable to that of a conven-
tional machine at approximately one-third [9]. This ratio
can vary depending on the winding type and configuration,
yet a comprehensive review of this topic is lacking in the
literature. While the low mutual inductance may not initially
appear critical, the higher short-circuit fault current in coreless
machines than in conventional machines can pose a challenge,
potentially disrupting the regular operation of other phases.

For electric aircraft propulsion, mutual coupling between
phases is a critical factor as it directly affects the machine’s
fault-tolerant capability. Coreless AFPM machines offer in-
herent geometric advantages that help reduce or mitigate the
effects of phase coupling. One approach is to use a two-
phase winding as the phases are electrically perpendicular such
that mutual coupling between phases is eliminated [128]. This
method is particularly suitable for overlapping windings like
the examples depicted in Figs. 13c and 13d.

To convert from the three-phase winding to a two-phase
configuration, one phase can be removed, and the angular
difference between the remaining two phases can be adjusted
from 120 to 90 electrical degrees. As shown in [9], eliminating
one phase in coreless AFPM machines with overlapping

(b)

Fig. 17. An unrolled 2D view of two pole pitches of an example surface-
mounted PM rotor showing (a) geometrical parameters parameters used for
the analytical flux density calculation and (b) magnetic flux line distribution.

winding structures results in a smaller M2M gap, which leads
to higher flux density and compensates for the reduction in the
number of phases. Therefore, a two-phase overlapping winding
coreless AFPM machine can potentially perform as effectively
as a three-phase machine, with the added benefit of eliminating
mutual coupling between phases.

Another approach, discussed in [129], involves using two
identical stators of any type, which are separated by a ferro-
magnetic disk. This disk is connected to the shaft and rotates
at synchronous speed along with the PM rotors. The ferromag-
netic plate effectively short-circuits the magnetic flux produced
by each stator, mitigating the coupling between stators with
the trade-off of slightly increased mass and volume.

V. ROTOR

Coreless AFPM machines can be designed using one of
three rotor types, as illustrated in Fig. 16: surface-mounted
PM, spoke-type PM, and Halbach array PM. This section
describes and compares these rotor types, with a particular
emphasis on the Halbach array, which is particularly appealing
for electric motors proposed for electric aircraft propulsion.
Additionally, the flux density distribution equations for the
two most prevalent rotor topologies, surface-mounted PM and
Halbach array, are presented.

A. Surface-mount

The surface-mounted PM rotor consists of multiple PMs
mounted on a back iron, with alternating polarities positioned
adjacent to each other. This rotor type is the most com-
monly used in coreless stator AFPM machines due to its
straightforward manufacturing process and potentially lower
cost compared to the other rotor variants, as it requires less PM
materials for a given outer diameter. The essential geometric
parameters for this rotor type include the ratio of pole arc to
pole pitch, PM length, back iron thickness, and pole number.

The impact of these geometrical parameters on the perfor-
mance of a coreless AFPM machine with a surface PM rotor
can be captured from this rotor type’s flux density equation.
Considering a cylindrical cut at an arbitrary radius for two pole
pitches of an example axial flux double-sided surface-mounted
PM rotor and unfolding it results in a 2D linear design as
shown in Fig. 17a and with its flux line distributions shown in



Fig. 17b. For this 2D model, the normal and tangential air-gap
flux density components can be calculated from [130]:
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where B, is the remanence of the PMs, n = 1 + 2¢ with ¢
denoting the harmonic order, 7, represents the pole pitch, and
z and y are positions in the Cartesian coordinates. The value
of B,, can be derived from:
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where wy,,, denotes the width of the PM, L, represents the
length of the PM, and gpsops is the magnet-to-magnet gap
distance. It should be noted that these equations were derived
under the assumption of infinite relative permeability for the
back iron, and therefore, do not account for saturation.

The effect of the PM axial length is modeled using a
hyperbolic sinusoid, which indicates that a longer PM length
results in increased air-gap flux density. However, it is es-
sential to consider the ratio of PM length to pole pitch, as
seen in (3); a larger pole pitch necessitates a proportionally
longer PM length. For the magnet-to-magnet gap gasans, the
relationship is modeled using an inverse hyperbolic sinusoid,
suggesting that the flux density decreases exponentially as
gamans increases. This parameter is also influenced by the
pole pitch, as a larger pole pitch allows for a greater gnsons.
With a larger gpsons, there is more space to accommodate
additional conductors in the air-gap of a coreless AFPM
machine, potentially increasing the torque produced.

The pole pitch, which depends on the number of poles,
is a crucial design parameter for this rotor type as it in-
fluences all other geometrical variables. Therefore, during
the design optimization process, the pole number should be
treated as an independent variable, with other geometrical
parameters—including wpm,, Lpm, and gareps—normalized
based on the pole pitch. It is evident that a lower pole number
enables larger wy,,, and L,,,, which increases the magnetic
loading and allows for a wider gproas to accommodate more
conductors. However, this comes at the cost of increased mass.

The ratio of PM width to pole pitch is an influential
geometric parameter in a coreless AFPM machine. Although
increasing this ratio might initially suggest higher flux density
and torque production, it also leads to greater flux leakage
between adjacent poles, limiting the torque enhancement. This
ratio has no specific optimal value, as it is highly dependent
on other geometrical variables, such as the magnet-to-magnet
gap, pole number, and outer diameter, requiring a trade-off
between these parameters. The literature suggests that a ratio
of approximately 0.8 is generally preferable, as indicated in
[18], [131]. This ratio also influences the required thickness of
the back iron; a larger pole arc to pole pitch ratio necessitates
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a thicker rotor back iron to prevent core saturation.

In coreless AFPM machines, the back iron is typically
made from solid ferromagnetic material, offering a significant
advantage over cored machines due to the reduced armature
reaction. However, when operating under heavy electric load-
ing, as is common in electric aircraft applications, the stator
MMF harmonics can induce eddy current losses, requiring the
use of laminated steel. Fabricating laminated steel for AFPM
machines is more challenging than for radial flux machines
because the electrical steel layers must be stacked radially. The
methods for fabricating laminated cores in AFPM machines
were reviewed in [4].

In surface-mounted PM rotors, the magnets are typically
trapezoidal, featuring a single arc angle and varying widths
across different radii. The shape and arrangement of the
PMs significantly influence the harmonic distribution and
magnitude of the air-gap flux density. Taqavi et al. [132]
compared various PM geometries, including trapezoidal and
circular-shaped magnets. Circular-shaped magnets are thin
cylindrical magnets magnetized in the axial direction. Their
study concluded that trapezoidal-shaped magnets achieve the
highest air-gap flux density, whereas circular-shaped magnets
generate a more sinusoidal flux waveform. Circular-shaped
magnets are more cost-effective compared to trapezoidal PMs
and have been investigated in several studies, including those
reported in [73], [107], [108], [133].

In another study, Praglowska [134] reported that horseshoe-
shaped PMs achieve the highest air-gap flux density and are
the most effective, although the trapezoidal shape was not con-
sidered in this study. Additionally, Yazdi et al. [135] proposed
a novel topology for surface-mounted rotors, which combines
features of surface-mounted PMs and spoke-type rotors. This
design enhances the air-gap flux density at a constant pole
number by incorporating tangentially magnetized PMs in the
back iron.

B. Spoke-type

The spoke PM rotor, also known as a flux-focusing rotor,
consists of PMs magnetized tangentially to the air-gap and
positioned between ferromagnetic cores. A 3D view of an
example axial flux spoke rotor is shown in Fig. 16b. This
rotor type has been widely studied in the literature for both
radial and axial flux machines with cored structures, primarily
due to its significant advantage of high flux concentration.
This results in more efficient use of PM material [136] and
offers the potential for designs with very few stator coils using
high rotor pole counts, thereby simplifying stator winding
manufacturing [137].

Multiple researchers have studied the use of spoke rotors
within coreless stator structures for two primary reasons: (1)
the spoke-type rotor in cored machine structures suffers from
relatively high torque ripple and cogging torque, which can be
mitigated by employing a coreless stator, and (2) to leverage
the flux concentration capability of this rotor type in coreless
stator configurations. Marcolini et al. [138] discussed and
compared the design considerations of a coreless AFPM with
surface-mounted PM and spoke rotors using equivalent 2D



FEA. Their study indicated that the spoke rotor allows for a
larger magnet-to-magnet gap, enabling the accommodation of
more conductors.

The spoke-type rotor cannot be used within an SSSR
coreless AFPM machine, as an opposing rotor is required
to attract the flux lines and guide them through the air gap.
Without this opposing rotor, half of the PM flux travels in the
opposite direction, failing to contribute to torque production.

In an SSDR coreless AFPM machine with spoke rotors,
flux leakage occurs on the rotor side that does not face the air
gap. This leakage results from the large gap between rotors
in coreless stator machines and does not contribute to torque
production. This flux leakage can be mitigated to some extent
by optimizing the shape of the PMs. For example, Marcolini et
al. showed that a rotor flux leakage and higher air-gap flux
density could be achieved when the PMs are rectangular shape
and the core segments are trapezoidal shape [138].

Other variations of spoke-type rotors have been explored
to enhance air-gap flux density further. Aydin et al. [139]
investigated a coreless stator with sinusoidal-shaped rotor core
segments, demonstrating a significant improvement in air-gap
flux density compared to conventional spoke rotors. However,
this sinusoidal pole shape introduces additional manufacturing
complexity. Radulescu et al. [140] proposed a modification
to the spoke rotor by incorporating a normally magnetized
PM within the rotor core segments, creating a quasi-Halbach
configuration. This design not only increases air-gap flux
density due to the added PM but also improves flux line
guidance towards the air-gap, thereby reducing flux leakage on
the opposite side. Nevertheless, this approach also complicates
the manufacturing process.

The flux concentration capability of spoke rotors enables the
use of cost-effective magnets, such as ferrite, in large-scale and
cost-sensitive designs. Chirca et al. [141]-[144] leveraged this
advantage to propose a coreless stator AFPM machine with a
double-sided spoke rotor for micro-wind power applications.
By optimizing the spoke rotor’s geometry to maximize flux
concentration, they achieved a maximum air-gap flux density
of 0.52 T despite the ferrite magnets’ remanence being 0.4 T.

C. Halbach Array

This subsection presents a thorough literature review on the
Halbach array rotor, examining it from geometrical, perfor-
mance, application, and field analysis perspectives. Given the
high interest in Halbach PM array rotors for electric machines
in aircraft propulsion systems, this review is more comprehen-
sive than the two previous subsections. Additionally, while the
primary focus of this paper is on coreless AFPM machines,
this subsection also covers the application of the Halbach array
in conventional cored machines.

The concept of the Halbach array was first introduced by
John C. Mallinson in a 1973 paper [145]. Mallinson demon-
strated a previously unrecognized class of magnetization pat-
terns in planar structures with the unique property that all
magnetic flux emerges from one surface while none exits the
opposite side, as exemplified by a constant-amplitude rotating
vector magnetization where the rotation direction dictates

Fig. 18. An unrolled 2D view of a single rotor in a typical Halbach PM array:
(a) geometrical variables and coordinate definitions; and (b) magnetic flux line
distribution showing the concentration of flux on one side while minimizing
it on the other side.

the flux-free surface. The practical implementation of this
concept using PM was later demonstrated by Klaus Halbach
[146], who aimed to achieve strong, sinusoidal magnetic fields
with rare-earth cobalt PMs. Halbach further developed the
analytical equations governing the magnetic field in such PM
arrangements in [147]. The Halbach PM array is named in
recognition of his contributions to the theory and development
of one-sided flux PM configurations.

The Halbach PM array rotor consists of discrete PM seg-
ments, each with a magnetization vector oriented at different
angles relative to the axial direction. The simplest form of a
Halbach array, illustrated in Fig. 18, comprises four magnets
per wavelength: two are axially magnetized toward the air gap,
while the other two are tangentially magnetized.

The Halbach PM array weakens the magnetic flux on one
side while intensifying it on the other, as shown in Fig. 18b.
The flux lines complete their path through the tangentially
magnetized PMs, allowing for the elimination of the rotor back
iron, which reduces the rotor mass. This improvement in rotor
mass directly enhances the specific power density of electric
motors, making Halbach PM array rotors highly attractive for
electric aircraft applications.

To compare the performance of a Halbach PM array ro-
tor with a conventional surface-mounted PM rotor, consider
a double-sided linear surface-mounted PM rotor where the
magnet span equals the pole pitch, meaning the entire rotor
surface is covered with magnets of uniform size but alternating
polarity. Now, assume a double-sided Halbach array rotor with
magnets of the same length as those in the surface PM rotor
and without a back iron. In this scenario, both rotors use the
same amount of magnet material, but the Halbach variant
lacks rotor back iron. Under these conditions, the surface
PM rotor exhibits a higher air-gap flux density. Therefore,
while the Halbach array rotor is lighter due to rotor back iron
elimination, it still requires more magnet material to achieve
comparable performance to the surface PM rotor.

In a study conducted by Chulace er al. [148], it was
concluded that in the scenario described earlier, if the PM
length in the Halbach array is increased to match the total
length of the surface PM rotor—including both the PM and
back iron—the Halbach configuration achieves approximately
30% higher flux density. Assuming the same mass density



(a) b

Fig. 19. An unrolled 2D view of two rotors each using an example Halbach
PM array with (a) geometrical parameters used for the analytical flux density
calculation and (b) flux line distribution.

for both the PM material and electric steel, this translates
to a 30% increase in specific torque density for the Halbach
array within the same rotor mass and overall dimensions. To
achieve the same performance as a surface-mounted PM rotor,
a Halbach rotor would require less overall mass, making it a
more lightweight alternative.

These observations suggest that the Halbach array is ad-
vantageous in applications where minimizing mass is a higher
priority than cost. However, to achieve the required torque
with minimal mass in a machine utilizing a Halbach PM array
rotor, careful consideration must be given to the geometrical
parameters of the array. The following paragraphs review the
equations governing the air-gap flux density of the Halbach
array and discuss the impact of these variables.

First, the normal component of air-gap flux density for a
linearized single-sided Halbach PM array rotor is presented.
This formulation is applicable for field analysis in conventional
machines with small air-gaps and cored structures, as well
as in single-stator and single-rotor (SSSR) coreless AFPM
machines. The air-gap flux density of a single-sided Halbach
PM array can be calculated from [149]:
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where € is typically set to one, n = 1 4+ msi, with m
representing the number of PMs per wavelength and ¢ denoting
the harmonic order. B, is the remanence of the PMs, L, is
the PM length, 7, = % is the pole pitch, where D is the
arbitrary diameter and P is the number of poles. The variables
x and y refer to the positions along the x and y axes, as defined
in Fig. 18a.

The flux density distributions between two Halbach array
disks, shown in Fig. 19a, are calculated in [147], [150] by
solving Poisson equations and using Fourier transform as:
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Fig. 20. An unrolled 2D view of flux line distribution for an example Halbach
PM array with eight PMs per wavelength (four in pole pitch).

where B can be calculated from:
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where gprons 18 the magnet-to-magnet gap distance.

The flux density equations for the Halbach PM array show
that the number of PMs per wavelength significantly influ-
ences the flux density amplitude and its harmonic spectrum.
Robertson [151] and Ubani et al. [152] both observed that
the flux density amplitude increases with a higher number of
PMs per wavelength. This trend can also be deduced from
the term W where, for the fundamental component
(n = 1), the value of the term increases as m increases. Figure
20 shows the flux line distribution for a Halbach array with
m = 8, where the design features the same PM dimensions as
the design with m = 4 shown in Fig. 19b. The figure illustrates
a reduction in flux leakage on the side not facing the air-gap
for the design with a higher number of PMs per wavelength.

Vatani et al. [130] indicated that increasing m from four to
eight enhances the flux density amplitude by approximately
10%; however, increasing it further from eight to twelve
does not result in additional flux density amplification. They
also analyzed the air-gap flux density’s harmonic spectrum,
which causes stator eddy current losses and concluded that
the harmonic content significantly diminishes when m changes
from 4 to 8, with negligible harmonics observed for m = 12.
Galea [153] investigated the impact of the number of PMs per
wavelength on the demagnetization of the Halbach PM array.
The study indicated that when m = 4, there is negligible
demagnetization at the corners of the tangential PMs under
no load; however, this can become critical at high operating
temperatures. In contrast, when m = 8, the risk of demagne-
tization is significantly reduced.

The next Halbach array geometrical variable to discuss is
the PM axial length Lpp,. Ubani [131] conducted parametric
studies based on (7) which indicated that the air-gap flux
density increases approximately linearly with increasing L pjs
until it reaches half the pole pitch. Beyond this point, the
flux density continues to increase with further enlargement
of Lpys, but at a reduced rate, and it ceases to increase for
L pys values exceeding one pole pitch. Although a larger Lpj,
enhances flux density, this comes at the cost of increased mass,
making it crucial to determine the optimum Lpp; for the
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Fig. 21. Air-gap flux density at the midpoint of the air gap for an example
design of a double-sided Halbach array, illustrating variations in flux density
with differing widths of the normally and tangentially magnetized magnets
while maintaining a constant pole pitch.

Halbach PM array rotor to achieve the highest specific power.
A parametric study based on the flux density equations for
PM length in [130] showed that the optimum L pj; in terms of
specific power depends on the magnet-to-magnet gap (gar2ar)-
They showed that the optimal range for Lp,, is between 0.25
and 0.4 times the pole pitch, with larger gasons requiring a
correspondingly larger PM length.

The final geometrical parameter, particularly important for
coreless machines, is the gprons. A larger gasops allows for
more conductors in the air-gap, which increases the torque.
However, this comes at the cost of increased machine mass
and reduced efficiency. A parametric study similar to the
one conducted for Lp,s was performed to assess the impact
of gnrons on specific power density, as reported in [130].
The study found that the optimal gps2ps occurs when it is
between 0.35 and 0.5 times the pole pitch, depending on
L pys. Additionally, since copper losses rise with larger gasans
due to the increased conductor volume in the air-gap, careful
consideration must be given to thermal management.

Both Lpjs and gprops depend on the pole pitch, which is de-
termined by the number of poles. Consequently, the number of
poles influences the machine’s magnetic and electric loading.
For a given outer diameter, low pole numbers require larger
Lpyr and gasons to achieve their optimal ranges, as discussed
in the previous paragraph. This increases the magnetic and
electric loading of the machine, albeit at the expense of higher
mass. Therefore, if the Lpys and gasons are to be selected
based on their optimal ranges, the key remaining decision is
the number of poles.

The discussions on the geometric variables of the Halbach
array PMs presented so far assume equal widths for PMs
magnetized normally and tangentially. A parametric study in
[154] indicated that using a wider PM width for the normally
magnetized magnets expands the normal flux density window
in the air-gap. This also leads to a decrease in flux density
amplitude due to increased flux leakage on the side of the
Halbach array that does not face the air-gap, necessitating the
use of a back iron as exemplified in [153], [155].

In a coreless AFPM machine with a rotor utilizing a Halbach
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Fig. 22. A coreless AFPM with Halbach array rotors, two stators, and an
integrated cooling feature based on the concept proposed in [25].
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Fig. 23. A coreless AFPM machine of the MSMR type with Halbach array
outer rotors and a conventional PM array for the coreless inner rotor [85].

array configuration where the normally magnetized PMs are
wider than the tangential ones, torque generation may or may
not exceed that of a machine using a conventional Halbach
array. The torque produced depends on the width of the
coil sides, which is influenced primarily by the pole-to-coil
number ratios and the machine’s diameter. This relationship is
illustrated in Fig. 21, which shows the flux density for varying
normal PM widths at a constant pole pitch for an example
double-sided Halbach array. The simulated air gap flux densi-
ties indicate that a wider flux density window, resulting from
increased normal PM width, overlaps a larger portion of the
coil sides, potentially enhancing torque production. The simul-
taneous reduction in flux density amplitude may counteract
this benefit. The interplay between these two opposing effects
determines the overall torque production change.

The performance comparison between the Halbach PM
array and surface-mounted PM rotors was discussed earlier
in this subsection. Additionally, Wang et al. [62] compared
the performance of coreless AFPM machines equipped with
Halbach PM array and spoke rotors. Their findings indicate
that the machine with the Halbach PM rotor variant delivers
nearly 30% higher torque than a similarly sized spoke rotor.
Furthermore, due to the higher magnetic loading provided by
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Fig. 24. An example of a fully coreless AFPM machine for aerospace applications, showing (a) a compact view of the machine, (b) an exploded view with
mechanical parts, and (c) an assembled engine and coreless AFPM generator. Photo courtesy of LaunchPoint Electric Propulsion Solutions, California, U.S.

[156]-[159].

the Halbach rotor, it achieves greater efficiency when both
machines generate the same power.

Coreless AFPM machines with a Halbach PM array rotor
have been proposed in the literature for various applications,
some of which are reviewed below. Mecrow et al. [42], [43]
developed and optimized such a machine for an in-wheel,
solar-powered electric vehicle. Their optimized motor achieved
an efficiency of 97.5% and a mass of 8.3 kg, significantly out-
performing other brushless DC motor technologies available
at the time, which had efficiencies ranging from 92% to 95%
and masses between 12 to 16 kg.

Another application is in wind turbine generators, where
the high efficiency, zero torque ripple, and lightweight con-
struction of coreless AFPM machines, combined with the size
and mass reduction offered by Halbach rotors, make them
ideal for direct-drive wind turbines. For instance, Subotic et
al. [112], [114] conducted a multiphysics design study for
a coreless AFPM generator with a Halbach PM rotor for
airborne wind turbines. Similarly, Ubani et al. [152] and
Vatani et al. [21] investigated coreless AFPM generators with
Halbach PM rotors for direct-drive wind turbine applications.

The applications discussed are highly cost-sensitive, making
the use of Halbach PM arrays potentially impractical. The
most promising application for coreless AFPM machines with
Halbach PM array rotors is potentially in electric aircraft
propulsion systems, where the cost can be justified by the
stringent requirements for electric motors and the compara-
tively high overall cost of an aircraft. This type of machine
has been explored in research projects funded by the National
Aeronautics and Space Administration (NASA), as reported in
[25], [160], [161]. The concept featuring a Halbach PM rotor
proposed in [25], shown in Fig. 22, incorporates direct axial
cooling to enable high current density levels.

Multi-stator and multi-rotor (MSMR) coreless AFPM ma-
chines with Halbach PM array rotors, as illustrated in Fig.
23, have also been proposed for electric aircraft propulsion
systems. In this configuration, the outer rotors use Halbach
arrays, while the middle rotor(s) consist of conventionally
magnetized PMs with alternating polarity mounted in a non-
ferromagnetic material. As discussed in [33], the MSMR

topology can enhance specific power compared to the single-
stator and double-rotor (SSDR) topology and also provides
higher fault tolerance.

An example of the application of coreless AFPM machines
with Halbach PM array rotors in the aviation industry can
be found in the products of LaunchPoint Electric Propulsion
Solutions, as shown in Fig. 24. The engine and coreless AFPM
motor in Fig. 24c roughly produce the same power, while
the coreless AFPM is significantly lighter and smaller. They
developed a unique Halbach PM array with four PMs per
wavelength, in which the tangentially magnetized PMs are
divided into three sections, with the middle section replaced by
non-ferromagnetic material [156]. Although this configuration
may slightly increase leakage flux from the side not facing the
air gap, it significantly enhances mechanical robustness.

VI. ELECTROMAGNETIC MODELING

Axial flux machines present complex 3D electromagnetic
problems due to two effects: the radial dependency of flux
distribution and the fringing fluxes at the outer and inner
radii [1]. The radial dependency in the rotor and stator causes
varying flux distributions across different radii, commonly
referred to as the curvature effect. Additionally, the fringing
flux, or edge effect, particularly exists at the outer and inner
radius of axial flux machines. This issue is even more severe
in coreless stator AFPM machines due to the larger air-gap
and the absence of a stator core.

One method for accelerating the modeling of AFPM ma-
chines is the use of equivalent 2D electromagnetic analytical
or numerical methods. The simplest 2D model involves cutting
the 3D model at the mean radius and unfolding it to create an
equivalent 2D linear model. This technique can be integrated
into FEA modeling and further expedited by applying match-
ing and symmetry boundary conditions. However, this type of
modeling neglects curvature and edge effects, which reduces
calculation accuracy. The influence of curvature effect in pole
widths and coil side distributions across three 2D planes at
varying radii in a coreless AFPM machine is depicted in Fig.
25. As the cutting plane radius approaches the machine’s outer
radius, both the pole width and the distance between coil sides
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Fig. 25. A diagram illustrating a method to calculate the field in AFPM
machines using the selected 2D analysis planes for unrolling different radii
based on the method proposed by Eastham et al. [162].

increase. This leads to distinct flux distributions in different
cut planes of the original model.

To enhance the accuracy of the equivalent 2D model by
incorporating the curvature effect in AFPM machines, East-
ham et al. [24], [162] proposed cutting the 3D model at several
radii, forming cylindrical surfaces, and unrolling each to create
multiple equivalent 2D linear models. The final solution is
then obtained by superimposing the results from each slice.
Gulec et al. [163] further explored the modeling of various
AFPM machines using three types of 2D models: linear, inner
rotor radial, and outer rotor radial models. Their comparative
analysis revealed that coreless AFPM machines could be
accurately modeled using a few 2D models at different radii,
employing either inner rotor, outer rotor, or linear approaches.

While the curvature effect in coreless and slotless AFPM
machines is similar to that of conventional cored counterparts,
the edge effect is generally more pronounced and requires
careful consideration in 2D modeling. For instance, Bumby et
al. [164] presented an analytical model of a slotless AFPM
machine using an equivalent 2D model at the mean radius.
To account for the significant fringing flux at the outer and
inner radii, they introduced a coefficient to compensate for
the edge effect in the 2D model. More examples of 2D and
quasi-3D modeling of coreless AFPM machines can be found
in [130], [165]-[168]. These studies consistently indicate that
2D modeling is well-suited for performance evaluation and the
early stages of the design process.

To accurately consider curvature and edge effects for de-
tailed simulations in the final stages of design, 3D modeling

is essential. While 3D FEA provides the most precise results,
it entails significant computational burdens. To mitigate this,
two main approaches are found in the literature: ultra-fast FEA
techniques and 3D analytical modeling.

There is a growing need for ultrafast 3D FEA models for
AFPM machines that support performance analysis, extensive
parametric studies, and design optimizations. Out of the sur-
veyed literature, foundational work on ultrafast FE models was
found in [169] and [170] with very recent examples including
one for coreless AFPM machines [171]. This model leverages
the geometric symmetry in the machine’s topology and em-
ploys a systematic approach to determine the minimal number
of transient FE solutions necessary for torque prediction.

Three-dimensional analytical methods, although less accu-
rate, offer much faster computation times. This makes them
ideal for preliminary design phases where quick evaluations
are crucial [172], [173]. The conventional analytical approach
for modeling coreless AFPM machines employs subdomain
modeling to determine the air-gap flux density generated by
the rotors. This flux density is then combined with the winding
factor and the Lorentz force theorem to compute the resulting
torque. Several studies utilizing this approach can be found in
[130], [174]-[176]. Other well-established methods, such as
conformal mapping, can also be utilized for modeling coreless
AFPM machines due to the absence of ferromagnetic material.

Another method for analytically modeling coreless stator
AFPM machines is the magnetic equivalent circuit (MEC)
technique, which offers faster but less accurate results com-
pared to 3D FEA. The primary challenge in MEC modeling of
electric machines lies in accurately predicting flux distribution,
particularly in the air-gap, which is highly dependent on the
machine’s dimensions and rotor positions [177]. Zhang et al.
[178] and Zhao et al. [179] presented MEC models for coreless
AFPM machines that showed good agreement with 3D FEA
results and experimental measurements.

While these studies validated the MEC models for a few
specific designs, other references in the literature, such as those
by Ding et al. [180], Aydin et al. [181], and Daghigh et al.
[182], have employed MEC models for design optimization.
These studies indicated that designs selected through MEC-
based optimization can achieve performances comparable to
those obtained through 3D FEA.

VII. POWER LOSSES

Electromagnetic losses in coreless stator AFPM machines
primarily include Joule and eddy current losses in the con-
ductors and PMs. The absence of electrical steel in the
stator eliminates eddy current and hysteresis losses typically
associated with stator cores. Additionally, eddy current core
losses in the rotor back iron are generally negligible due to
the low amplitudes of harmonic fields produced by the stator.

In coreless stator AFPM machines, the stator windings are
directly exposed to the rotating flux generated by the PMs, as
there are no stator teeth to shield them. This direct exposure
induces alternating eddy currents in the stator conductors,
resulting in losses. Within the air-gap, both tangential and
normal magnetic flux density components are present. The



normal component induces eddy currents across the width of
the conductor, while the tangential component induces eddy
currents in the depth of a conductor [4]. These eddy current
losses can become significant at relatively high speeds and
frequencies, leading to increased temperatures and a reduction
in the machine’s efficiency [183].

Accurate calculation of eddy current in coreless stator
AFPM machine requires modeling every single planar conduc-
tor with 3D FEA, leading to a considerable computation bur-
den and being highly time-consuming. A common approach to
reducing these memory-intensive calculations is to model only
a fraction of the machine and its coils while applying appropri-
ate boundary conditions. The results are then extrapolated to
estimate eddy current losses in the unsimulated coils. Another
well-known method is to calculate the flux density through
2/3D FEA and feed that into analytical equations to calculate
the eddy current losses [183]-[185].

The eddy current losses in the conductors of a coreless or
slotless stator AFPM machine are influenced by the conduc-
tor’s cross-sectional geometry, the amplitude of the flux den-
sity it encounters, and the operating frequency. For conductors
with a rectangular cross-section, the total eddy current losses
can be determined from [185]:
7TZ]\/vc]\']tchtwthlc
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where N, represents the number of coils with an average
length [., and Ny denotes the number of turns per coil. The
variables B, and By correspond to the axial and tangential
components of the flux density, respectively. Additionally, ¢,,
is the trace width, ¢, is the trace height, and f is the frequency.
This relationship indicates that eddy current losses increase
proportionally with the cube of the trace width and height.

A well-known method for reducing stator eddy current
losses is to design the machine with smaller conductor cross-
sections using multiple parallel paths or Litz wires. While Litz
wires can significantly reduce conductor eddy current losses,
they are more expensive than conventional conductors or PCB
stators. To minimize eddy current losses in stators made of
conventional wire or PCB, multiple parallel conductors with
small cross-sections must be employed.

However, using multiple parallel paths introduces another
type of loss in the conductors. Since the parallel conductors
are at varying distances from the rotor surface, each layer
experiences different flux density levels, leading to higher in-
duced EMFs in the conductors closer to the magnets than those
farther away. This difference in potential between conductors
can result in circulating currents among the parallel layers,
causing additional losses. To minimize these circulating eddy
currents, the induced EMFs in all parallel layers must be equal-
ized through conductor transposition or twisting techniques.

Reducing eddy current losses by selecting a thinner cross-
section conductor may lead to an increase in Joule losses due
to the higher resistance. Achieving an optimal balance between
eddy current and Joule losses requires careful selection of
the wire size at the rated speed of the coreless stator AFPM
machines [186], [187].

Due to the trend and the benefits PCB stators offer to core-
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Fig. 26. Winding geometrical parameters for half of a SSDR machine of the
concentrated winding topology where 7. = %Tp. The second rotor is omitted
for clarity.
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less stator AFPM machines, numerous previous publications
have studied the eddy current within PCB stator machines
considering the existing technology in PCB production. These
papers have considered the size and limitation in traces’ cross-
section geometry to minimize eddy current and the availability
of the number of stacked layers to decrease the circulating
losses. For example, Francois et al. [188] proposed adding
slits along the conductive traces to mitigate eddy current losses
and Chulaee et al. [18], [26] mitigated both eddy current and
circulating losses by employing multi-layer PCB technology
to design a stator with multiple parallel paths and transposing
the conductors across the PCB layers.

Another type of electromagnetic loss that may be observed
in coreless AFPM machines is eddy current loss in the
PMs. Due to the high conductivity of NdFeB magnets, they
are prone to induced eddy currents and associated losses.
Typically, these losses can be neglected in coreless stator
AFPM machines because of the low harmonic flux produced
by the stator and the large air-gap [187]. However, in heavily
loaded machines and at relatively high rotor speeds, eddy
current losses in the magnets can become significant, leading
to increased temperatures and the potential for permanent
demagnetization of magnets.

The literature lacks studies specifically addressing eddy cur-
rent losses in the magnets of coreless stator AFPM machines
since these losses are insignificant except in very specific cases
involving heavy loads and high-speed operation. Nevertheless,
methods used in AFPM machines with iron-cored stators to
reduce eddy current losses in the magnets can also be applied
to coreless stator designs. A well-known approach is to use
segmented PMs rather than a uniform magnet [189], [190].

VIII. DESIGN AND SIZING

This section details a preliminary design procedure and siz-
ing evaluation for coreless stator AFPM machines, leveraging
analytical calculations of torque and back electromotive force
(B-EMF). Given specified parameters such as outer diameter,
torque, speed, and efficiency, this design approach facilitates
the estimation of critical geometric and electromagnetic char-
acteristics. The equations developed are derived from the 2D
modeling of AFPM machines at arbitrary diameters, allowing
for the use of either single or multiple radial cuts in the 2D
modeling process. These equations are general and can be
applied to various winding and rotor configurations.

In coreless stator machines, force generation derives from
the interaction between the magnetic flux density of the perma-



TABLE I
POSSIBLE COMBINATIONS OF COIL-TO-POLE NUMBER RATIOS FOR
CONCENTRATED WINDINGS IN CORELESS AFPM MACHINES, ALONG WITH
THEIR CORRESPONDING SYMMETRY COEFFICIENT, NUMBER OF COILS,
AND THE COEFFICIENT K1 USED IN THE TORQUE EQUATION.

Coil to pole Analysis frac.

N, K
ratio coeff. (Kj)
312 £ s 3
3/4 £ & 3
9/8 £ & 2
9/10 £ oL 2
12/10 £ Lr 3
12/14 £ LE 3

nent magnets, B,,, and the current density in the conductors, J.
This interaction, known as the Lorentz force, can be described
by [191]:

\%4

where B can be calculated through (3) and (7) for surface PM
and Halbach rotors, and J can be derived from:

_ Nelpyky

J = (10)
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The number of turns per coil is denoted by V;, I, represents
the peak current, h. and w, are the axial length and side width
of the coil respectively, as illustrated in Fig. 26, and k,, is the
winding factor.

To calculate the single phase maximum tangential compo-
nent of force, the normal component of flux density, together
with the current in the Z-directed conductor must be inserted
in 9, resulting in:

A—1

o an
where B; is the peak value of flux density fundamental
component, which can be calculated using (3) and (7) when
i = 0, D,, is the rotor’s outer diameter, and A is the ratio

of the rotor’s outer diameter to its inner diameter, defined as
A= Lro
D,;

The average torque for a three-phase machine at an arbitrary
diameter can be determined by multiplying equation (11) by
the matching boundary coefficient, the arbitrary radius, and a
factor of % In this paper, the torque equation is derived at the
average diameter, as numerous studies, including [130], have
indicated that analytical torque equations at this diameter show
good agreement with results from 3D FEA.

A2 -1
T(wg = Kthkau;BlPDq%oW7

where P denotes the number of poles, and K is a constant
that depends on the fraction of the total model to be analyzed
and the radius at which the torque is calculated. The values
of the coefficient K; for different coil-to-pole number ratios
are provided in Table 1. For coreless stator machines utilizing
Neodymium Iron Boron (NdFeB) magnets, the peak air-gap

Fmaz(z7 7’) = NtkawBlDro
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flux density typically ranges from 0.5 T to 0.7 T for surface
PM rotors and from 0.7 T to 1.0 T for Halbach array rotors,
depending on the rotor design, PM grade, and M2M gap.

The rotor diameter ratio, A, is one of the key design
variables in coreless stator AFPM machines, exerting a notable
influence on machine characteristics. The optimal selection of
A highly depends on the design objectives and varies across
different rated powers, pole pairs, and materials [13].

When choosing a value for A\ for the surface PM rotor
variant, it is essential to account for the saturation of the
back iron. In AFPM machines, the radius effect causes the
flux density in the backing iron to be greater at the outer
radius than the inner radius. This difference can lead to varying
saturation levels in the back iron core at different radii. In
the case of the Halbach rotor configuration, the impact of A
becomes even more significant. It was shown that for rotor
radial lengths exceeding one pole pitch, the generated power
does not increase proportionally with the rise in A [21], [25].

The number of turns can be determined from the B-
EMF equation, and the phase voltage supplied by the power
electronic and drive systems. The peak value of B-EMF can
be expressed as:

N -1
Az

T

240

E = KyN;Bikyn,D?, (13)

where K5 is a constant with a value of
the synchronous speed in rpm.

and ns represents

The winding factor is determined by multiplying the coil
pitch, k,, by the distribution factors in both the X- and
Y-directions, kg, and kgy. In contrast to slotted windings,
coreless windings require an additional distribution factor in
the Y-direction. This is because conductors located further
from the PM surface experience a lower flux density. Detailed
calculations for the winding factor in coreless stator machines
were outlined in [102]. The fundamental component of the
winding factor, which depends on the coil and rotor geome-
tries, can be calculated as:

T S (14)
1-K
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where K3 = “==, K, is the analysis fraction coefficient that
can be determined based on Table I, 7. and 7, denote the coil
and pole pitches, w.s; and h, are the width and axial length of
the coil side, and w, represents coil width. The coil and rotor
geometries are defined in Fig. 26 for an example coil-to-pole

ratio of 3/4.

Based on the required efficiency and rated power, the power
loss can be estimated. The primary electromagnetic losses in
coreless AFPM machines are copper and stator eddy current
losses. Typically, if appropriate Litz wire or a PCB stator with
fine conductor transposition is used, stator eddy current losses
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Fig. 27. The proposed hybrid analytical and FEA design process for coreless
stator AFPM machines.

amount to 15% to 20% of the copper losses. Therefore, from
the estimated copper losses, the peak current value can be

calculated using:
2Pcy,
I, =] =2
3Rpy,

where Pc,, represents the total copper loss and Rpy, is the

(18)

phase resistance, which can be calculated using:

PNNy (20+ Cye + 4re)
RPh = )
hcwckf

19)

where p is the resistivity of copper, N, is the coil number that
can be determined based on the Table I, ky is the copper fill
factor, and w, and h, are the width and axial height of the coil
sides. The lengths ¢, ¢,., and ¢;. represent the active length,
the upper end winding length, and the lower end winding
length of the coils, respectively, and can be calculated using:
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The coefficient k., which varies between 0 and 1, determines
the active length of the stator coils by adjusting the stator’s
outer diameter as:

Do = Dyo + 2k we. (23)

The impact of k. has been explored in [18], suggesting that
k. = 1 results in minimal PM usage, k. = 0 leads to
the highest power losses, and k. = 0.5 offers a balanced
compromise between PM mass and efficiency.

Based on the presented analytical modeling, 3D FEA, and
an evolutionary optimization algorithm, a systematic design
process is proposed and illustrated as a flowchart in Fig. 27.
Given the required power, speed, efficiency, outer diameter,
and cooling conditions— which determine the allowable cur-
rent density— the flowchart outlines a structured approach to
designing the machine for a specific application. The proposed
optimization methodology comprises two sequential stages. In
the first stage, an initial sizing procedure using fast analytical
modeling is conducted to establish the preliminary design of
the machine and define the variable ranges for the subsequent
optimization process. In the second stage, 3D FEA models are
used within an evolutionary optimization algorithm to explore
the design space and identify the Pareto front.

The design process assumes a fixed coil-to-pole ratio, al-
lowing it to be iterated multiple times for different ratios to
determine the optimal ratio. The geometric design variables
are normalized as follows: PM length and magnet-to-magnet
gap are normalized based on the pole pitch width at the
radius where the calculations are being conducted; pole arc
is normalized based on the pole pitch angle (2%); the inner
diameter is normalized relative to the outer diameter; and K,
is defined as a fraction of coil width, changing between 0 and
1. This normalization system is chosen based on the analytical
equations developed for flux density and torque calculations.

The design process begins by assigning initial values to all
geometric variables. The phase resistance is then calculated,
allowing the determination of the maximum phase current
based on the required efficiency. Next, the flux density, wind-
ing factors, and torque are computed. The winding factors are
determined using the equations 14 to 17 and the following
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TABLE I
PERFORMANCE CHARACTERISTICS OF EXAMPLE PM MACHINES DESIGNED FOR ELECTRIC AIRCRAFT PROPULSION. VALUES REPORTED IN PARENTHESIS
CONSIDER ONLY THE ELECTROMAGNETIC ACTIVE COMPONENTS.

Flux Power Speed OD  Spec. PWR Spec. TRQ Eff. Current dens. .
Ref.  Year Structure 9 Cooling
pattern [kW]  [rpm] [mm)] [kW/kg] [N.m/kg] [%] [A/mm~]
[43] 1999 AFPM Coreless, SPM 1.80 1,060 360 0.2 0.002 97.4 3.12 Natural
[43] 1999 AFPM Coreless, Halbach ~ 1.80 1,060 360 0.2 0.002 98.2 2.47 Natural
[24] 2001 AFPM Coreless, SPM 225 1,000 280 0.5 0.005 94.7 4.8 Natural
[50] - AFPM Coreless, Halbach ~ 5.20 8,400 152 8.2 0.01 95.0 - Natural
[50] - AFPM Coreless, Halbach 112 3,500 457 7.5 0.02 97.0 - Natural
[193] 2022 AF/RFPM Slotless, Halbach 250 5,000 - 8.0 (29.9) 57.1 97.0 29.0 Refrigerant
[189] 2022 AFPM YASA, Halbach 250 5,000 270 (33.3) 63.7 94.0 35.6 Water
coil geometry equations: W, = %, Wes = %, and reduced performance of coreless AFPM machines under flux-

he = gvan — 2.

At this stage, the evaluated design must be checked to
ensure it is within an acceptable range of the rated power
and allowable current density, which is decided by the ma-
chine’s cooling conditions. If the design does not meet these
requirements, new geometric variables—except for the pole
number—are assigned, and the process is repeated.

In the subsequent step, the design is evaluated against
specific objectives such as required specific power, power
density, cost, and other performance criteria. If the design
fails to fall into an acceptable range for the objectives, the
pole number is changed, and the previous stage is repeated.
This iterative process continues until a preliminary design
is established, along with variable limits that satisfy both
the required torque and current density while meeting the
predefined objectives.

In the second stage, the 3D FEA parametric model of the
machine is coupled with an evolutionary optimization method
to explore the variable ranges identified in the first stage
and to determine the optimal Pareto front accurately. The
algorithm generates an initial population of random designs
and iteratively refines them over successive generations until
the stopping criteria are met. The final design is typically
chosen from the knee region of the Pareto front, where an
optimal balance between competing objectives is achieved.
A comprehensive discussion of electric machine optimization
and effective evolutionary methods for this application can be
found in [192].

IX. REVIEW OF RECENT AND RELEVANT ADVANCES IN
ELECTRIC AIRCRAFT PROPULSION TECHNOLOGY

This paper has reviewed extensively surveyed coreless stator
AFPM machines from topological, material, and electromag-
netic performance and design perspectives. This section dis-
cusses several examples of recent projects and publications on
electric aircraft propulsion technologies using AFPM motors
with coreless stators. Coreless AFPM machines have also
been proposed and studied for propulsion systems that do
not necessarily require constant power operation over a wide
speed range, such as solar cars [23], [43] and e-bikes [194].
Due to the relatively low phase inductance and consequently

weakening conditions [122], [195] compared to conventional
cored machines, their use in electric vehicle powertrains is
somewhat constrained.

As specified in the introduction, this paper focuses on
machines operating at higher than ambient temperatures. The
current review does not include machines operating at very low
temperatures, such as those specific to cryogenic applications
and superconducting machines, some of which may also
employ coreless axial flux topologies and PMs in their special
implementations, e.g. [196], [197].

The aviation industry is currently responsible for approx-
imately 3% of global CO, emissions, but, most importantly,
according to a forecast by Roland Berger [198], this figure
could increase to 24% by 2050 if other sectors decarbonize
as expected and no significant technological breakthroughs
occur in conventional propulsion systems. Current electric
powertrains require advancements in both power density and
efficiency to facilitate the realization of fully decarbonized
aviation. Examples of recent and ongoing projects include
those from the US Department of Energy ARPA-e ASCEND
program [199] and NASA Integrated Zero-Emission Aviation
(IZEA) University Leadership Initiative (ULI) [200]. Ultra-
high performance benchmarks for a fully integrated all-electric
powertrain with a minimum power density of 12 kW/kg and
an efficiency above 93%, demonstrated at a typical 250kW
at 5,000rpm, have been studied through multiple ASCEND
projects, including the examples outlined in the following.

An axial flux yokeless and segmented armature (YASA)
machine with two Halbach PM array rotors and an integrated
cooling system was proposed and developed by Talebi et al.
[189]. The machine employs a six-phase winding with a very
high slot fill factor and operates at a very high current density.
The Halbach array-oriented PMs are segmented radially to
reduce rotor eddy current losses and are mounted on a carbon
fiber backplate. The stator segments are made of grain-oriented
electrical steel for higher permeability and reduced core losses.
The thermal management system incorporates mini-channel
heatsinks attached to the end windings at the outer edge and a
circulating water ethylene glycol cooling system to dissipate
heat from the heatsinks. This machine has a calculated active
specific power for electromagnetic components of 33 kW/kg
and an efficiency of 94% [201].



A special 3D rotor with two radial and one axial air-gap
surfaces for electromagnetic torque production was proposed
and developed by Du er al. [193]. The machine’s stator
features a concentrated slotless winding made of Litz wire
wound around a laminated cobalt iron circular core with an I-
shaped cross-section. In order to leverage the end winding for
torque production, a D-shaped core composed of soft magnetic
composite is incorporated at the bending radius between the
end windings and the I-shaped stator core. The three rotor
sections employ Halbach PM arrangements, with the axial part
contributing significantly more to the torque than the radial
ones. An additively manufactured heat exchanger with parts
separating the coils and internal micro-channels for circulating
dielectric refrigerant coolant, summarized in the Table I as re-
frigerant, is designed for stator cooling, enabling high current
density of larger than 20 A/mm? [202]. This motor has active
specific power for electromagnetic components higher than 29
kW/kg and a total specific power, including all components, of
8 kW/kg. The efficiency at rated torque and speed is reported
as 93.4% [203]

A third example of high power, specific power, and effi-
ciency machine for electric aircraft was proposed and devel-
oped by Mason et al. [204]. In this case, the topology is of
the radial type, but nevertheless the motor is included in the
review as is of the coreless type, which is possible due to
the use of inner and outer rotors with Halbach PM arrays,
and also employs Litz wire and special highly effective direct
liquid cooling. It is noted that the rotor is based on a novel PM-
wire technology, consisting of a single-piece, ring and helix
Halbach array with continuously varying magnetization. This
approach eliminates the need for a rotor back iron, simplifies
manufacturing, and enhances robustness compared to conven-
tional Halbach rotors. Its cooling system relies on immersing
the stator coils in a circulating water-glycol coolant to dissipate
heat efficiently. Experimental tests have demonstrated that
this motor can operate at an extremely high current density
of approximately 60 A/mm?. The machine was reported to
achieve the electromagnetic and total power density of 26 and
11.9 kW/kg, respectively, and 94.5% rated efficiency [205].

The mechanical design of motor envelopes should also be
optimized to enhance the specific power density of AFPM
machines. For example, unlike radial flux machines, axial flux
machines lack a stator that can serve as a protective barrier
in the event of a rotor burst. The aluminum housing used in
these machines may require reinforcement or be thicker than
that of the radial flux machine for safety; however, increasing
its thickness would negatively impact specific power density.

The example AFPM machines compiled in Table II illus-
trate power rating increase and performance improvements
over the years, benefiting from a combination of design,
electromagnetic, mechanical and thermal advancements. This
progress can be further enhanced by employing advanced
cooling techniques, such as cryogenic cooling, and utilizing
higher-density materials like aluminum for windings. A study
by Manolopoulos et al. [206] demonstrated that at cryogenic
temperatures, the electrical resistivity of aluminum becomes
lower than that of copper. Since aluminum has a density nearly
three times lower than copper at room temperature, employing
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aluminum Litz wire combined with cryogenic cooling may
significantly improve specific power density.

X. CONCLUSION

This paper provided an independent review of the many
concepts and developments of axial flux permanent magnet
machines with coreless stators, including recent advancements.
The review reflects the authors’ many decades of cumulative
experience on the subject matter and the contributions by many
other professional colleagues. These have been acknowledged
and cited in the list of references, which includes 187 ref-
erences. The topic continues to be of great timely interest,
including applications for electric propulsion. The following
is a short summary of the sections presented in this paper.

« Topologies: Various topologies of coreless AFPM ma-
chines in the literature are reviewed that identify double-
rotor and single-stator as the most dominant types. Multi-
stators and multi-rotors were used whenever high power
was required in a fixed diameter. Single stator and single
rotor topology are not very popular because of low
magnetic loading, but they can be used with much higher
current loading since the topology allows the employment
of effective cooling systems.

o Winding: Winding topologies and materials within
AFPM machines with coreless stator types are reviewed,
which indicates the recent trend in employing concen-
trated winding rather than overlapping due to the more
straightforward manufacturing and design. Special atten-
tion is given to reviewing publications that employ printed
circuit board (PCB) coreless stators that benefit from high
reliability, mass production capability, and low cost from
the manufacturing perspective.

+ Rotor: Rotor configurations proposed in the literature
for coreless AFPM machines include surface-mounted,
spoke, and Halbach array PM, of which the surface-
mounted is the most popular. Halbach array PM rotors
can significantly improve the torque density of the ma-
chine in a constant envelope, at the disadvantage of being
more expensive and having manufacturing complexity.

o Electromagnetic modeling: Electromagnetic methods
presented for coreless AFPM machines in the literature
and the methods that have been studied for cored AFPMs
but applicable to the coreless type were reviewed. One
contribution to reducing the computation burden of 3D
electromagnetic problems for either cored or coreless
type AFPM machines, is using equivalent 2D modeling
with the cost of lower accuracy. Different approaches are
reviewed, indicating that for preliminary design steps, 2D
numerical or analytical approaches are acceptable, but
accurate assessment needs 3D finite element analysis to
consider the curvature and edge effects.

« Power losses and mitigating methods: Existing electro-
magnetic power losses in coreless AFPM machines were
identified, showing that copper and eddy and circulating
current losses are the most dominant. It can be concluded
from the reviewed literature that to mitigate eddy current
and copper losses, a trade-off between conductor sizes is



needed and that transposition between layers of windings
helps reduce circulating losses.

Design and sizing: A design procedure for coreless
AFPM machines was established based on equivalent 2D
modeling. This procedure can be used for the primary
estimation of the required electromagnetic and geometric
parameters for a specified power output, speed, and effi-
ciency. Additionally, the impact of both electromagnetic
and geometric parameters on torque development was
discussed.

Review of Recent and Relevant Advances in Electric
Aircraft Propulsion Technology: This section reviewed
axial and radial flux PM machines proposed and devel-
oped over the years as well as very recently for electric
aircraft propulsion. The focus was on configurations of
the axial flux type and/or with coreless stators.
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