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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 ((jT\t/’ 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

30.7%
Publisher

Il EEE

BN ET 48.7%

N US Patent

[ IMDPI

EOthers 2.1%

7.9%

10.6%

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.
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[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






