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Abstract

Axial-flux permanent-magnet (AFPM) machines are becoming an increasingly promising

solution for electromechanical systems requiring high power density. In particular, their

use is expanding to electric vehicles (EVs), the aerospace industry, and advanced industrial

applications, such as renewable energy applications. Their compact design, high torque-to-

mass ratio, and relatively high efficiency make AFPM machines an attractive alternative

to traditional radial-flux solutions. However, their integration for widespread application

remains limited due to challenges in design, manufacturing, thermal management, and

control systems, which ultimately also have an economic impact. This article presents a

comprehensive and systematic review of AFPM machines, covering key aspects, including

topology classification, design methodologies, electromagnetic modelling, optimisation

methods, materials and manufacturing processes, and advanced control strategies. A struc-

tured, multi-level classification of AFPM machines is presented, incorporating stator and

rotor configurations, magnetic circuit structures, winding types, and materials, thereby pro-

viding a unified overview of existing designs. Furthermore, the article presents an in-depth

analysis of the sizing equations used to calculate and estimate the parameters, approaches

to electromagnetic modelling (including the finite element method and magnetic equiva-

lent circuits), and modern optimisation methods based on artificial intelligence. Particular

attention is paid to materials science and new manufacturing technologies, such as soft

magnetic composites, printed circuit board stators, and additive manufacturing, as well as

to thermal management solutions required for high-power-density applications. This work

provides a unified reference framework for researchers and engineers and outlines future

directions for the development and industrial adoption of AFPM machines.

Keywords: axial-flux permanent-magnet (AFPM) machines; design optimisation;

electromagnetic modelling; materials and manufacturing; thermal management;

control strategies

1. Introduction

The last decade has seen a steady transition toward the use of various electric motors

in passenger and specialised ground vehicles. Leading manufacturers and start-ups are
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striving to develop new technological solutions and improve/optimise existing designs.

Among the wide variety of electric motor designs, a large group of permanent-magnet

(PM) machines stands out, predominantly used in EVs, where size and weight are im-

portant factors. The permanent-magnet disc machine, developed in the 1970s, attracted

considerable research attention in the 1980s. Campbell, for example, proposed an axial-field

DC machine with a disc-shaped armature in the late 1970s [1,2]. The parameters of this

novel motor topology were calculated using a computer program [3], and subsequently,

permanent-magnet disc motors were investigated. This group of motors can be divided

into two major categories: radial-flux permanent-magnet synchronous motor (RFPMSM)

and AFPM synchronous motor (AFPMSM) technologies.

This review article comprehensively and holistically investigates aspects of AFPM

motors, as this type of machine is less common and less researched, despite promising

characteristics that have attracted increasing practical interest in expanding its use. These

days, AFPM motors are becoming more and more attractive options for many applications,

including new energy vehicles (alternative power vehicles such as the primarily battery EVs

and plug-in hybrid EVs) [4,5], aerospace [6], marine propulsion [7], and other industrial ap-

plications [8,9]. Compared with traditional radial-flux permanent-magnet (RFPM) motors,

AFPM machines are particularly attractive for compact applications because they provide

higher torque and power density while maintaining high efficiency. Their favourable

electromagnetic geometry enables efficient utilisation of active materials and improved

heat dissipation, whereas modular and scalable configurations further enhance design

flexibility. Recent advances in power electronics, magnetic materials, and manufactur-

ing technologies, including additive manufacturing, have mitigated many conventional

limitations of AFPM machines, making them promising candidates for next-generation

electromechanical systems with enhanced dynamic performance [10].

In parallel with the rapid development of AFPM machines, considerable efforts have

also been devoted to conventional radial-flux permanent-magnet machines and other

advanced permanent-magnet machine topologies. While RFPM machines remain the

dominant and most mature solution for electric drives, recent studies have demonstrated

the potential of partitioned stator flux-switching PM machines with strongly coupled

flux-reversal effects for transportation electrification [11], as well as hybrid-magnet multi-

layer interior permanent-magnet synchronous motors (IPMSMs) intended for low-voltage

electric truck applications [12]. These developments underline the growing diversity of

PM machine technologies and further emphasise the importance of investigating AFPM

machines as a promising alternative for high-efficiency and high-power-density electrome-

chanical systems.

To provide a comprehensive and in-depth state-of-the-art overview of the current

status of AFPM motors, which is also conducted in slightly different ways by several

scientific and engineering groups [13–16], it is important to highlight specific sections in

this study, including those that distinguish it from similar articles:

• Literature survey;

• Various novel topological structures of AFPM machines;

• Design and optimisation (sizing equations, electromagnetic modelling and simu-

lation, optimisation design methods, materials and manufacturing processes, and

thermal management);

• Overview of control strategies and techniques for AFPM machines;

• Conclusion, research gaps, and future directions.

In these sections, important design factors and characteristics of electric motors are

presented and discussed, along with technological solutions that enable comprehensive

development in this field.
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Regarding topological structures, research primarily focuses on optimising rotor

shape, stator design, winding structure, and permanent magnet selection. Research on

AFPM machine topologies primarily focuses on rotor and stator configurations, winding

structures, and permanent magnet arrangements, with performance commonly evaluated

in terms of air-gap flux density, back electromotive force, flux linkage, cogging torque, and

torque ripple [17–19]. In addition, design optimisation relies on electromagnetic modelling,

advanced materials, manufacturing technologies, and effective thermal management, all of

which are essential for improving the performance and industrial applicability of AFPM

machines. Due to specific designs, this topic requires special attention.

Furthermore, in terms of control techniques, efforts should be directed toward simpli-

fying the control system architecture and improving the accuracy of control algorithms to

achieve superior dynamic performance, high reliability, and robustness [20,21]. In addition,

various options are currently being considered for materials that improve motor properties

and characteristics or reduce production costs while maintaining similar specifications. For

example, changing the composition of magnet alloys, particularly by reducing the concen-

tration of rare-earth elements, reduces dependence on expensive, often imported materials,

thereby addressing strategic challenges for the entire manufacturing sector. Also, research

is underway to replace the winding material, and copper may be replaced with aluminium.

Unlike many existing review papers that mainly focus on specific aspects of AFPM

machines, such as topology, electromagnetic modelling, or control methods, this work

combines these topics within a single review and discusses them from the perspective

of practical machine development. Particular attention is given to the proposed six-level

topology classification, the comparison of sizing approaches and modelling techniques,

and recent developments in materials, manufacturing processes, thermal management, and

control strategies. Rather than addressing these subjects separately, this review summarises

their current state and highlights the main challenges that still limit wider industrial

adoption of AFPM machines. The novelty of this review lies in the fact that it provides a

structured reference for researchers and engineers involved in the design and optimisation

of future AFPM drives and is also organised in a way that makes the main trade-offs easier

to compare across topology, modelling, materials, and application constraints. In addition,

the conclusions summarise the main research gaps identified from the reviewed literature

and outline several future directions that may support further technological development

and wider industrial adoption of AFPM machines.

The paper is organised as follows: Section 2 reviews the literature on AFPM motors.

Section 3 states the main challenges in this area: torque, flux leakage, demagnetisation, con-

trol strategies, materials, and other key issues. Section 4 provides AFPM motor topologies.

Section 5 addresses design-optimisation investigations and solutions. Section 6 evaluates

control strategies, and Section 7 presents the discussion and conclusions.

2. Literature Survey

In the process of preparing materials and research for this review article, the results of

publication activity in key scientific citation databases and publishing houses were also

analysed. It is clear that there is a trend toward an increasing number of articles on this topic,

and, in recent years, more research groups have been engaged in scientific and technological

research related to AFPM motors. To present the results of the publication analysis, the

table below shows the databases, keywords, and general metrics by publication type.

In addition, for greater clarity, the number of publications by keywords is given (from

Table 1), and several popular publishers on this topic of the automotive industry have

been selected: MDPI—166 (115), Elsevier (ScienceDirect)—256 (110), and IEEE Explore—

960 (333).
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Table 1. An overview of literary sources and databases based on the keywords of this topic.

Scientific
Database

Keywords Type of Publication Results

Scopus

Axial-flux permanent magnet,
topological structure,

modelling,
optimisation,

control techniques (methods)

Article (992)
Conference paper (971)
Conference review (34)

Review (20)
Book chapter (5)

Book (2)
Erratum (1)

Total amount—2025,
The last 5 years—805

Web of Science

Article (856)
Review Article (13)

Early Access (5)
Editorial Material (2)

Correction (1)
Proceeding Paper (112 *)

Total amount—872,
The last 5 years—393

* not included in the final total amount.

Consecutively, the literature used in this scientific article was divided into three main

periods (Figure 1). Early research conducted before 2000 (approximately 5%) focused on

the fundamental principles of axial-flux machines. In the period from 2000 to 2015 (about

27%), research focused mainly on the development of machine topologies and modelling

methods. Since 2015, there has been a significant increase in research activity (by about

68%), driven by the rapid development of EV technology and the demand for EVs with

high power density.

Figure 1. Bibliometric distribution of AFPM-related publications grouped by time periods (before

2000, 2000–2015, and 2015–2025), illustrating the rapid increase in research activity in recent years.

3. Challenges in AFPM Motors

3.1. Mechanical Challenges

A significant amount of mechanical complexity is involved in rotor–stator align-

ment in AFPMSMs, especially in coreless and dual-rotor systems. Operational stabil-

ity and reliability can be adversely affected by eccentricity and axial force imbalance

caused by assembly-induced misalignments [22]. As a result, to accomplish strict tolerance

control, new manufacturing techniques—such as automated assembly procedures and

https://doi.org/10.3390/app16146854
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high-precision laser-based alignment—are needed, particularly in architectures that use

segmented stator structures or Halbach magnet arrays [23].

3.2. Cogging Torque and Torque Ripple

Axial-flux motors have a planar magnetic flux path, which increases cogging torque

and torque ripple, thereby reducing control accuracy and acoustic performance [24]. De-

spite their effectiveness, mitigation strategies such as magnet skewing, fractional-slot

winding configurations, and auxiliary slotting often come with trade-offs, such as lower

power density or greater structural and manufacturing complexity [25]. As a result, there

remains a substantial research gap in developing reliable multi-objective optimisation tech-

niques that can concurrently optimise torque smoothness, efficiency, and manufacturability

across a variety of AFPMSM topologies.

3.3. Flux Leakage and Demagnetisation

AFPMSMs are vulnerable to irreversible demagnetisation and flux leakage, especially

in high-load or high-temperature environments. Halbach arrays increase flux concentra-

tion, but they also introduce cost inefficiencies and production complexity [22,26]. Un-

derstanding the dynamic demagnetisation characteristics of rare-earth magnets under

transient or fault conditions, which are crucial for automotive and aerospace applications,

remains limited.

3.4. Control Strategies and Limitations

AFPMSMs lag behind radial-flux motors in fault-tolerant methods and sensorless

control [25]. Fault detection in multi-phase systems and position estimation at low speeds

are still difficult, especially in encoderless applications. Although they require further

experimental validation, emerging methods, such as machine-learning-based diagnostics

and high-frequency signal injection, show promise.

3.5. Manufacturing and Material Exploitation

The most important goals of motor design optimisation are lightweighting and per-

formance enhancement. Additionally, the mechanical robustness of lightweight core-

less designs remains a significant challenge, underscoring the value of ongoing research

into complex composite materials and modular structural approaches. Furthermore, the

thermal behaviour of novel materials, such as soft magnetic composites (SMCs), under

high-frequency operation remains underexplored.

3.6. Difficulties in Thermal Management

Because AFPMSMs have high power density, they generate concentrated heat in a

limited axial region, rendering traditional radial cooling techniques ineffective [27]. This

research suggests axial cooling channels or integrated liquid-cooling systems, but these

solutions need to be validated using multiphysics simulations that combine electromagnetic

loss models with computational fluid dynamics (CFD) [27].

3.7. Diversification and Application in Various Fields of Industry

As is well known, AFPM motors are currently limited to a narrow range of vehicles,

and in cars, they are primarily used in premium, sports, or deep-specialised segments.

In addition to technical and engineering challenges, this also poses challenges for the

commercial and social spheres, expanding the possibilities for introducing these types of

motors into broader segments of consumer passenger transport. The issues of optimisation,

both in the production process and in the use of materials, raised above, have a direct
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impact on the solution to this problem. Several scientific projects are already working on

this and are seeking to solve this problem [28].

This paper advances the development of high-efficiency AFPM motors by systemati-

cally examining achievements, performance results, technological solutions, and material

choices in manufacturing.

4. Topology of AFPM Motors: Systematic Structure

A wide variety of AFPM motor topologies have been proposed, and several publi-

cations describing different types were reviewed [29–34] to analyse designs. Some au-

thors provided a wide range of topological structures implemented in a single summary

scheme [16,35]. On the other hand, the current review article applies a more thorough,

modular approach, including categories and levels.

The classification of AFPMSM topologies can be represented using six levels:

The first level divides AFPMSMs into four types based on the number of stators and

rotors [36]: single-stator single-rotor (SSSR), single-stator double-rotor (SSDR), double-

stator single-rotor (DSSR), and multi-stator multi-rotor (MSMR) [29]. AFPMSMs can also

be classified based on magnetic structure topology, such as axial-flux internal rotor (AFIR)

and toroidal stator (Torus).

The second level distinguishes AFPMSMs based on their magnetic topology. Rep-

resentative topologies include axial-flux internal rotor (AFIR), axial-flux outer rotor

(AFOR), toroidal stator (Torus), and yokeless and segmented armature (YASA) config-

urations. These topologies differ in magnetic flux paths, structural arrangement, and

performance characteristics.

To facilitate understanding, detailed block diagrams illustrating the topology of the

main types of AFPM motors have been prepared in Figure 2, which shows the classification

of topologies and the construction of AFPMSMs.

The third level classifies structures as iron-core and coreless. Iron-core machines

contain ferromagnetic material in the stator and generally provide higher torque den-

sity, whereas coreless machines eliminate stator iron, reducing cogging torque and iron

losses [30].

The fourth level classifies the stator-slot structure as slotted and slotless configura-

tions [31]. Slotted machines provide improved magnetic coupling and torque capability,

while slotless designs reduce torque ripple, acoustic noise, and cogging effects. Coreless

machines are inherently slotless.

The fifth level classifies AFPMSMs into parallel “NN” and series “NS” magnetic

circuit structures. The relative orientation of magnetic poles across the air gap in electric

machines with multiple air gaps (SSDR, DSSR, and MSMR) is determined by the pole-

polarity configuration. In the “NN” configuration, identical poles face each other, causing

magnetic repulsion that reduces effective air-gap flux density and increases leakage flux,

though it can improve mechanical stability and reduce axial forces. By contrast, the “NS”

configuration aligns opposite poles, creating a strong flux path across the air gap and

enhancing magnetic attraction, air-gap flux density, and torque or force production.

At the sixth level, AFPMSMs are classified into different winding arrangements. A

winding structure called “drum winding” surrounds the stator in the radial and circum-

ferential directions. Another option is toroidal winding, which wraps around the stator

in both radial and axial directions and is always non-overlapping, as shown in Figure 3.

Other winding types include concentrated, distributed, PCB, and hairpin windings. All of

these winding types affect the winding factor, manufacturability, cooling capability, and

achievable power density of AFPMSMs [32].

https://doi.org/10.3390/app16146854
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Figure 2. Six-level hierarchical framework for the classification of axial-flux permanent-magnet

synchronous motors. The framework summarises the principal stator–rotor configurations, machine

topologies, stator structures, slot configurations, magnetic circuit arrangements, and winding struc-

tures used in AFPMSMs. Note that levels represent independent classification coordination. The

combinations among the options across different levels are possible.

Figure 3. Schematic illustration of the three-phase winding structure for AFPMSMs—drum (a) and

toroidal (b). Arrows indicate the winding direction of the concentrated coils around the stator teeth.

(based on [15]).

Unlike most existing classifications, which are usually limited to a single design aspect,

such as stator–rotor arrangement or machine topology, the proposed framework introduces

a six-level hierarchical structure that combines electromagnetic topology, stator architecture,

slot configuration, magnetic circuit arrangement, and winding technologies. Since each

level represents an independent classification dimension, different combinations can be

described systematically, providing a more comprehensive and extensible representation

of AFPMSM designs. This approach facilitates the comparison of existing machines and

offers a structured basis for future topology development and design optimisation.

The SSSR motor, which consists of a stator with a winding, an iron disc, and a rotor

formed of a steel disc, is the most basic structural configuration. Because there is only

https://doi.org/10.3390/app16146854
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one air gap, the rotor produces a significant axial force on the stator, which could cause

mechanical damage if the design or assembly is insufficient. Furthermore, the rotor’s

alternating magnetic field within the stator increases magnetic losses, thereby lowering

the motor’s overall efficiency. As a result, SSSR motors have not been widely used in

practical applications.

In SSDR-type and AFPM motors with a toroidal stator (Torus), the stator between

the two rotors provides a symmetrical structure that effectively balances axial forces. In

general, this symmetry helps reduce vibration and enhances motor durability throughout

its operational lifespan. Slotless machines experience less copper loss and improved heat

dissipation due to their shorter end windings. Additionally, by reducing leakage and

mutual inductance, this configuration eliminates slot-related problems such as cogging

torque, flux ripple, high-frequency rotor losses, and stator tooth problems.

Mostly, this type of motor is a Torus. As seen in Figure 4, the Torus motor’s stator is

placed between two permanent-magnet rotors formed by steel discs with NdFeB permanent

magnets and a shaft. There are two types of Torus motors: slot (torus-S) and slotless (torus-

NS). With its straightforward stator construction, low motor leakage inductance, and

minimal torque fluctuations, the torus-NS motor performs effectively, but it requires more

permanent magnets, which increases production costs [33].

Figure 4. Schematic illustration of the Torus-NS motor structure with magnetic circuit (a), stator (b),

and rotor structure (c). The blue and red colours correspond to the PM poles.

Based on the shape of the magnetic circuit, Torus-S motors can be further divided

into “NN” and “NS” types [26,27]. The two rotors of the “NN” type Torus-S motor have

homopolar magnetic poles, as seen in Figure 5a. With the air gap, windings, and a portion

of the stator core on this side, the N and S magnetic poles on both sides of the rotors

generate a parallel magnetic circuit. When the stator core is thick enough, the two parallel

magnetic circuits flow through it circumferentially without interfering with one another.

The two rotors of the “NS” type Torus-S motor have heteropolar magnetic poles, as

seen in Figure 5b. With the air gap and windings on this side, the N and S magnetic poles

on either side of the rotors generate a series magnetic circuit that axially penetrates the

stator core.

In DSSR-type AFPM motors, where the rotor is positioned between two stators, the

PM is either inside or on top of the rotor. Embedding the PM inside the rotor offers better

protection against impact and corrosion than surface placement [34]. DSSR AFPM machines

have a relatively high copper loss due to their long end windings. A slotted stator design

exhibits lower copper losses than a slotless structure, thereby improving efficiency [37].

https://doi.org/10.3390/app16146854
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Figure 5. Schematic illustration of the magnetic circuit structure of the Torus S motor. NN (a) and NS

(b) types. The blue and red colours correspond to the PM poles.

An intermediate rotor and two stators mounted on either side of the rotor form a

dual-stator single-rotor AFPMSM with an axial-flux internal rotor (AFIR) design. The

AFIR motor’s two stators create a revolving magnetic field. As a result, it has a broader

high-efficiency coverage and more flexible control. Thus, it is necessary to investigate a

continuous, stable, and highly effective control method for AFIR motors [38]. In contrast to

a Torus motor, the AFIR motor’s rotor is composed of axially magnetised NdFeB permanent

magnets and a shaft without a steel disk. Non-magnetic materials are used to fill the gap

between the magnets to create a rigid framework that can support the magnets without a

rotor disc [39], as seen in Figure 6.

Figure 6. Schematic illustration of the AFIR-NS motor structure with the magnetic circuit (a), stator

(b), and rotor structure (c). The blue and red colours correspond to the PM poles.

The permanent magnets can be mounted either on the rotor surface or embedded

within it. Compared with surface-mounted magnets, embedded magnets offer better

protection against mechanical impact and corrosion. AFIR motors come in two varieties:

slotless (AFIR-NS) and slotted (AFIR-S). The construction of an AFIR-S motor is depicted

in Figure 7 [40].

The rotor of the AFIR motor with magnetic circuit type “NS” often lacks a steel disc.

However, other experiments have separated the rotor’s steel disc into two sections and

positioned permanent magnets facing the stators on both sides to create an “NN” type

magnetic circuit, facilitating control.

https://doi.org/10.3390/app16146854
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Figure 7. Adapted Schematic illustration of the AFIR-S motor structure with its components [15].

MSMR-type AFPM

A multi-disc motor consists of N stators and (N + 1) rotors. Multiple stacked AFIR

and torus-structure motors combine to form this type of motor. The MSMR motor typically

increases the disc diameter to enhance motor torque [41]. However, the torque can only be

increased to a certain degree due to the constraints of the axial force applied by bearings

and the rigidity of the disc. For high-torque transmission systems, a multi-disc motor is

therefore an excellent alternative. Additionally, the number of stators can be increased to

enhance the motor’s output power because the power of an AFPMSM is independent of

its axial length [42]. This configuration significantly increases torque and power density

without enlarging the motor diameter, making it particularly suitable for high-torque

applications such as ship propulsion.

The advantages and disadvantages of different AFPMSM structures, as well as typical

torque (power) density with performance basis, according to the number of stators and

rotors, were discussed in the Sections above, and Table 2 provides an overview.

Table 2. Comparison of advantages and disadvantages of major AFPM machine topologies.

Structure Advantages Disadvantages
Typical Torque

(Power) Density
Performance Basis Ref.

SSSR

Simple and robust
structure; low cost;

good cooling
capability

High axial-flux
imbalance; high axial
force; increased flux

leakage; limited
electromagnetic

utilisation

Low–Medium
<30–40 kNm/m3

A single air-gap
configuration limits

magnetic flux
interaction and active
torque-producing area.

[43–46]

SSDR

Smoother torque
production; balanced

axial forces;
improved flux

utilisation

Increased
mechanical

complexity; higher
rotor inertia; higher
manufacturing cost

High
40–70 kNm/m3

The dual-rotor
structure creates two

active air gaps,
increasing

electromagnetic
interaction.

[47–49]
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https://doi.org/10.3390/app16146854


Appl. Sci. 2026, 16, 6854 11 of 42

Table 2. Cont.

Structure Advantages Disadvantages
Typical Torque

(Power) Density
Performance Basis Ref.

DSSR

Enhanced magnetic
coupling; reduced
leakage flux; high

efficiency potential

Increased stator
mass, more complex
cooling, higher cost

and assembly
complexity

Very High
70–100 kNm/m3

Dual stators maximise
active electromagnetic
surfaces and improve

torque generation
capability.

[50–54]

Torus-NS

Very low torque
ripple and acoustic

noise; reduced
core losses

Lower overload
capability; complex

winding; higher
manufacturing cost

Medium
~40 kNm/m3

A slotless toroidal
structure reduces

losses and ripple but
limits magnetic

loading.
[55–59]

Torus-S

Improved magnetic
flux concentration;

compact
construction

Increased torque
ripple; more

complex stator
manufacturing

High
40–70 kNm/m3

Slotted toroidal stator
enhances air-gap flux

density and
electromagnetic

loading.

AFIR

Compact and
mechanically

protected rotor; fast
dynamic response

More difficult
thermal

management (at
high load); complex

assembly and
maintenance

Very High
70–100 kNm/m3

The internal rotor
configuration enables

efficient use of the
active radius and a

compact
electromagnetic

design.

[23,47,57,60]

Multi-disc
(MSMR)

Scalable for
high-power

applications; very
high output
capability

Difficult cooling
implementation;

high manufacturing
and control
complexity

Extremely High
>100 kNm/m3

Multiple active
rotor–stator interfaces
significantly increase

the total
torque-producing area.

[23,47,61–63]

Note: Typical torque (power) density marks are qualitative comparisons summarised from the reviewed literature
and representative AFPM machine configurations.

The wide variety of AFPM machine configurations demonstrates that no single topol-

ogy is universally optimal. In general, higher torque density and improved electromagnetic

utilisation achieved by dual-rotor, dual-stator, and multi-disc arrangements are accompa-

nied by increased manufacturing complexity and more demanding thermal management.

Conversely, simpler structures offer easier implementation and lower cost at the expense

of output capability. Therefore, AFPM machines can be tailored to specific requirements

and applications by balancing dimensional constraints, weight, power density, torque

capability, manufacturability, and cooling requirements, rather than by maximising a single

performance index.

5. An In-Depth Investigation of Design Optimisation

For the progressive, methodical design of AFPM motors, the first stage typically begins

with size constraints and performance requirements to analyse all relevant aspects. Then,

the selection and optimisation of key parameters begin, followed by the final preparatory

stage, in which the mechanical characteristics of the entire design are evaluated [29,64,65].

Typical design and analysis methods for AFPM motors were developed over many years

of research in academic and industrial settings. This section discusses various approaches

to dimensioning and summarises the latest developments in electromagnetic modelling

equations, AFPM motor-design optimisation, and simulation modelling. It also presents a

mathematical comparison method for axial and radial motors that accounts for similarities

in characteristics and requirements.

https://doi.org/10.3390/app16146854

https://doi.org/10.3390/app16146854


Appl. Sci. 2026, 16, 6854 12 of 42

5.1. Sizing Equations

To achieve the required power/torque characteristics within the specified limitations

(e.g., maximum permissible geometric dimensions, rated/peak torque, rated/peak speed,

peak voltage/current, etc.), the design process begins by determining the external dimen-

sions of AFPM motors [66,67]. Equation (1) can be used to determine the output power

of AFPM motors Pout. If the stator resistance and leakage inductance are minimal, these

values can be neglected [68,69]. Here, η is the motor efficiency; np is the number of motor

phases; T is the periodic cycle of the motor electromotive force (EMF); e(t) is the phase

air-gap EMF; i(t) is the phase current; Kp is the electrical power waveform factor; and Epk

and Ipk are the peak values of phase air-gap EMF and phase current, respectively:

Pout = η
np

T

∫ T

0
e(t)i(t)dt = ηnpKpEpk Ipk (1)

where Kp and Epk can be defined from ref. [70]:

Kp =
∫ T

0

e(t)i(t)

Epk Ipk
dt (2)

Epk = KeNphBg
f

p
(1 − λ2)Do

2 (3)

where Ke is the EMF factor per unit air-gap area; Nph is the number of windings turns per

phase; Bg is the flux density in the air gap; f is the electrical frequency; p is the motor pole

pairs; and l is the ratio of the inner diameter Di to the outer diameter Do of the motor.

By combining all of the equations presented above, researchers [71] derived a general

size equation. Here, Kφ is the ratio of electrical load on rotor and stator; n1 is the number

of phases of each stator; Ki is the current waveform factor; KL is the aspect ratio coefficient

related to the motor structure, considering such factors as energy consumption loss, tem-

perature rise and demand efficiency; A is the total electrical load; Le is the effective axial

length of the motor; and KL = Do/Le.

Pout =
1

1 + Kφ

np

n1

π

2
KeKiKpKL ηBg A ×

f

p
(1 − λ2)(

1 + λ

2
)Do

2Le (4)

Other researchers proposed their own approach to size determination using specific

equations [72]. Equations for electric motor sizing (both axial and radial flux) correspond

the machine’s output to the dimensions of the motors as well as the design parameters of

electric loading Â and magnetic loading B̂δ. The electromagnetic torque of electric machines

can be computed by integrating the air-gap field quantities generated by the electric and

magnetic loading using the Maxwell stress tensor, as shown in ref. [72]. In contrast to

RFPM motors, an AFPM motor does not have a single air-gap radius. This introduces

complexities in determining the proper radius r to specify the electric loading for an AFPM.

The electric loading will not be identical at any radius because the air gap expands radially.

Consequently, it is necessary to consider the electric loading Â as a function of the radius

r ∈ [Rin, Rout] (Figure 8).

Researchers [73] have provided a comprehensive derivation of the AFPM motor sizing

equation that accounts for the electric loading as a function of radius. This equation can be

presented in terms of the geometric ratio λ = Rin
Rout

for the coreless and single-sided AFPM:

T =
π

2
B̂δ ÂR3

outλ(1 − λ2) (5)
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where T is the electromagnetic torque, Rout is the outer air-gap radius, and L is the axial

length. The AFPM motor’s electromagnetic torque is observed to vary with the cube of its

outer radius, and the geometric ratio λ is once more a crucial design factor. For power-dense

designs, the range λ ∈ [0.65, 0.75] has been described [74].

Figure 8. The basic radial dimensions of AFPM motors.

These two sizing Equations (3) and (5) are based on similar geometric and electro-

magnetic assumptions and describe the same active zone of an axial electric motor. Both

the use of the parameter λ, which establishes the radial ratio of the active area, and the

presence of the multiplier
(

1 − λ2
)

, which characterises the effective working area, show

how comparable they are. The fact that the output characteristics in both situations are

highly correlated with the magnetic induction in the air gap highlights their common

electromagnetic basis. The difference between the equations is due to the physical nature of

the calculated quantities. Equation (5) describes the electromagnetic torque and scales with

the cube of the characteristic radius, reflecting the force nature of the interaction. Equation

(3) determines the output power and scales with the area of the active zone and frequency,

which corresponds to the energy description of the electromechanical conversion process.

Thus, these equations are complementary and together provide a comprehensive picture of

the power and energy capabilities of an axial electric motor at the preliminary design stage.

Therefore, in AFPM motors, the diameter ratio λ is a crucial design element that

significantly affects their performance characteristics [75]. Researchers demonstrated that

the diameter ratio λ directly controls the power density of AFPM motors for a given number

of pole pairs, reaching a maximum at a certain value [76]. However, the ideal diameter

ratio in real-world applications varies with the optimisation objective. The ideal value

of λ changes with rated power requirements, the number of pole pairs, and the motor

topology, even when the electrical loading and magnetic flux density are the same [77,78].

Furthermore, experiments reported in ref. [79] indicated that the rational selection of key

parameters—such as magnetic flux density, electrical loading, and current density—enables

accurate estimation of the primary geometric dimensions of AFPM motors. This approach

facilitates effective parameter matching and supports subsequent design optimisation and

performance analysis of AFPM machines.

5.2. Comparison of Design Variants (AFPM—RFPM)

Numerous reports have compared axial-flux and radial-flux permanent-magnet ma-

chines. Researchers in ref. [71] examined the power density characteristics of toroidal

AFPM, double-stator AFPM, and RFPM designs, revealing that both axial-flux configu-

rations demonstrate higher power density than the radial-flux machine. Furthermore,

investigations by Taran et al. [80] and Nishanth et al. [81,82] indicated that single-sided

AFPM motors produce similar torque levels when the permanent-magnet volume is held
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constant. This finding suggests that the single-sided AFPM motor configuration reduces

the amount of active material, which minimises manufacturing costs and provides about

double the torque per unit rotor volume.

To provide a complete comparison, it is important to derive a dimensional equation

for the radial motor as well. To do this, refer to ref. [72], where T is the electromagnetic

torque, Ro is the air-gap radius, and L is the axial length.

T = πLB̂δ ÂR2
o (6)

These sizing Equations (5) and (6) can be used to compare the torque capability of

single-rotor single-stator AFPM and RFPM designs for different RFPM rotor aspect ratios.

Combining these equations, the following equation can be derived:

Ta f pm

Tr f pm
=

π
2 B̂δ ÂR3

outλ(1 − λ2)

πLB̂δ ÂR2
out

=
Doutλ(1 − λ2)

4L
(7)

where Dout = 2Rout is the outer diameter of the AFPM and RFPM rotors, and Dout
L is the

aspect ratio of the RFPM rotor.

The torque per rotor volume (TRV) is also useful for comparing RFPM and AFPM

systems. Considering Equation (6), it might be expressed that TRV for RFPM designs

is given by TRVr f pm = ÂB̂δ, and the TRV for AFPM motors can be computed as

TRVa f pm = λRout

2(tm+ty)
ÂB̂δ. In the majority of effective designs, AFPM designs have a

greater TRV than RFPM designs because of the combined thickness of the PM and rotor

yoke tm + ty <
λRout

2 .

The torque per PM volume (TPM) as a further significant indicator for comparing axial-

and radial-flux PM machines. To lower system costs and avoid supply chain problems

when obtaining PMs, most drive systems should reduce PM volume. Using Equations (7)

and (8), the torque-to-PM-volume ratio can be calculated to compare radial- and axial-flux

topologies. The RFPM and AFPM variations are assumed to have the same outer radius,

air-gap length, and electric and magnetic loading in Equation (8). For every machine that

can be physically realised, λ < 1 and tm < Dout.

TPM,a f pm

TPM,r f pm
=

Doutλ(1 − λ2)

4L
×

π
(

R2
out − (Rout − tm)

2
)

L

πR2
out(1 − λ2)tm

= λ(1 −
tm

Dout
) (8)

This suggests that AFPM motors require a higher PM volume than comparable RFPM

motors to achieve the same torque output.

5.3. Electromagnetic Modelling

Electromagnetic modelling of an AFPM motor is an important step in electric motor

analysis, following the definition of the dimensional equation, and serves as the basis for

optimising the AFPM design and evaluating performance [83]. The methods for creating

an electromagnetic model and analysing the electromagnetic characteristics of AFPM

motors include two main approaches: finite element analysis (FEA) [84–86] and magnetic

equivalent circuit (MEC) [60].

The core concept of the magnetic equivalent circuit is to simplify the complex magnetic

field by treating it as a simple circuit. Compared with FEA, MEC is considered a simpler

method for analysing the electromagnetic models and performance of AFPM motors [32].

The MEC technique analyses and solves magnetic-field problems using circuit theory.

The magnetic circuit can be weakly or strongly linked to the machine geometry, leading to

simple [87,88] or very complex [89,90] grid-like circuits, which, in extreme cases, are similar
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to finite element meshes. In most situations, however, the circuit is of medium complexity,

as seen in other works [91,92], with nodes defined for individual sub-zones of the machine

and the nearest nodes linked via wires. Lumped resistors (reluctances) indicate the magnetic

conductivity of materials and media, whereas voltage sources represent the magnetomotive

force of magnets and coils. The dimensions and resolution of the entire circuit can vary

within a single model, depending on the flexibility with which the equivalence between the

real geometry and the circuit can be defined. Additionally, without converting to a linear

equivalent machine, the MEC can directly represent the ring shape of the AFPM motor

as a 2D circuit, a multi-slice 2D circuit, or a 3D circuit if the reluctances are characterised

as segments [88]. The MEC technique allows the use of nonlinear reluctances, which are

very simple to calculate using circuit theory, to model the ferromagnetic properties of soft

magnetic cores. Furthermore, inductances in the magnetic circuit can be used to simulate

even dynamic behaviour. By modelling eddy-current or hysteresis effects, these magnetic

inductances can be solved dynamically in the MEC, directly accounting for reaction-field

effects [93]. Also, an electrical circuit linked to the MEC can represent the eddy-current

effect based on the geometry of a cross-section [94,95]. Therefore, the MEC has significant

potential for accurately and dynamically modelling the behaviour of soft magnetic materials.

On the other hand, using MECs to represent low-permeability zones, such as air or PMs, is

more difficult than using Fourier-based analytical models, for example. These zones can

still be accurately modelled using a variety of techniques, including flux tubes [92,96,97],

conformal mapping [91], and high-resolution MEC networks [98,99]. However, the last

option incurs a higher computational cost, while the first two require prior knowledge

of the field directions. Finally, another problem is the relative motion between the stator

and rotor, which can be resolved by interpolating on a sliding interface [98], gradually

modifying the values of the air-gap reluctances [92,96], and reconnecting wires stepwise

or zone-wise [99]. As an alternative, the circuit remains identical, while the rotor circuit

components are configured to switch their characteristics to simulate motion [89].

In conclusion, MECs can compute target variables, account for specific effects, and pro-

vide a wide range of functionalities, including dynamic material behaviour. To determine

the strategy with the greatest precision and computational efficiency, the various options

for modelling the air gap and movement should be compared and assessed uniformly.

From an engineering perspective, MEC models are particularly suitable for preliminary

design studies and sensitivity analyses because they provide rapid evaluation of machine

characteristics while retaining acceptable accuracy. However, their predictive capability

becomes increasingly dependent on the representation of leakage flux paths and air-gap

regions, which limits their use for detailed local-field analysis.

5.4. Numerical Simulation FEA (2D FEA and 3D FEA)

With 2D FEA, all target AFPM motor quantities may be computed, except the end

winding components of the AC winding losses and the exact eddy current. For the transient

winding loss calculation, only radially oriented conductors can be modelled in the cylinder

surface, the same as in ref. [100]. Nevertheless, there is no confidence that the magnetic

field at the radial ends would resemble the field that exists in the windings between two

neighbouring stator teeth. The winding loss computation may become inaccurate as a

result. Additional models in refs. [101,102] should be applied, along with the magnetic

simulation to model eddy currents, particularly in solid, conductive PMs. Apart from the

objective quantities, the ability to model the unique impacts of the AFM for several 2D FEA

methods is investigated.

Initially, the single-slice 2D FEA is analysed using analytical extensions, as reported

by Sun et al. [103]. The 2D model accounts for saturation but not for radial changes in
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saturation. The radial tooth tips, the corresponding radial field components, and the radial

notch effects cannot be included in this method, even though the radial change in the outer

contours of the active components, such as the PMs, can be simulated. Additionally, neither

the radial overhang nor the radial end-effects are accounted for. The basic multi-slice 2D

FEA was been explained in ref. [104] and reviewed. Although it shares many characteristics

with the single-slice 2D FEA with analytical extension, discrete slices allow radial modelling

of various saturation levels. However, radial field components, radial notch effects, and

radial end effects are not simulated because the slices are not linked. Therefore, an extension

is proposed in ref. [105] to account for radial end effects using an analytical function like

those used in the section on analytical models. Another development is proposed in

ref. [106], where a steady field result in the radial direction is obtained by interpolating

between radial adjacent slices. To build leakage channels at the radial ends, account for

radial notch effects, and allow magnetic flux to enter the radial tooth tips, radial field

components are modelled at this level. These methods make the 2D multi-slice FEA

methodology an attractive choice by extending its applicability and gradually simulating

the entire capabilities of 3D FEA with less computational effort.

The most used electromagnetic modelling simulation technique for AFPM motors is

3D FEA. 3D FEA is the primary method in about 45% of publications, and another 45%

use it to validate other simulation techniques. This is because 3D FEA can obtain all target

values and estimate all special effects of AF motors. The main disadvantage of this approach

remains the computational cost, particularly when all effects and targets are accounted

for in a time-stepping dynamic simulation. Although the magnetic vector potential is the

dependent variable in most 3D FEAs, methods exist to significantly reduce simulation time

by using the magnetic scalar potential in both the coil and magnet regions, as shown in

refs. [107–109]. However, in a postprocessing phase, all time-dependent effects and losses

must be computed using alternative techniques. The field reconstruction method is another

approach for accelerating 3D FEA. The magnetic field distribution from a few finite-element

simulation steps is replicated using the geometrical symmetry and periodicity, as well as

the time-based periodicity of the AFPM motors [110,111]. Using both of those techniques

can result in an acceleration of one or two magnitudes, increasing 3D FEA suitability for

axial-flux motors.

Despite its high computational cost, 3D FEA remains indispensable for validating final

designs and investigating local electromagnetic effects that cannot be accurately captured

by simplified models. Consequently, practical AFPM motor development often relies on a

multi-stage procedure in which simplified analytical or equivalent-circuit models are used

during the initial stages, whereas detailed FEA is reserved for final verification.

5.5. Optimisation Design

Reliability, cost, and performance must all be carefully evaluated while designing

AFPM motors. Consequently, the motor’s ideal design is a multi-variable, multi-mode

problem [112]. Studies typically begin with the key parameters for the optimal design of

AFPM motors and use optimisation algorithms to refine the critical parameters. Common

optimisation algorithms include neural networks (NN) [113], genetic algorithms (GA) [114],

and least squares (LS) [115]. Meo et al. [116] presented a novel hybrid strategy that combines

artificial neural networks (ANN) and multi-objective particle swarm optimisation. A

preliminary design based on the sizing equations was created in order to generate the ANN

training and verification datasets. Additionally, the algorithm’s FEA for various values

was developed. The input layer, hidden layer, and output layer of the ANN model have

five, fifteen, and one neuron, respectively. The input layer of the ANN incorporates the

principal geometric and design parameters that define the structure and electromagnetic
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configuration of the AFPM machine. These parameters include the number of stator turns

(Ns), the number of rotor elements (Nr), the stator tooth width (Wts), the rotor tooth

width (Wtr), the permanent-magnet width (WPM), and the stator winding window width

(Wo). Together, these variables determine the machine’s main geometric proportions and

strongly affect the electromagnetic field distribution, magnetic flux paths, and the motor’s

torque production capability. Variations in these parameters lead to significant changes

in the machine’s operational characteristics, including efficiency, torque generation, and

electromagnetic behaviour. The ANN’s output layer represents the predicted performance

indicators of the AFPM motor, obtained through the learning process. These outputs

include efficiency (η), magnetic flux density (B), electromagnetic torque (C), output voltage

(V), and total harmonic distortion (THD). These quantities describe the key electromagnetic

and energy performance characteristics of the machine and are typically used as objective

functions or evaluation criteria in the optimisation process. By establishing a nonlinear

mapping between the design variables and the resulting performance metrics, the trained

ANN model enables rapid prediction of motor characteristics and significantly reduces

computational cost compared to repeated FEM simulations. To determine the highest

torque density and the minimum cogging torque, Fard et al. presented a hybrid approach

based on an ANN and the non-dominated sorting genetic algorithm II (NSGA II) [117].

To identify the optimal parameter combination, Patel et al. [118] proposed using GA

to optimise the diameter ratio, air-gap flux density, and current density in the design of

AFPM motors for EVs. The 3D-FEA model was used to validate the optimised design

combination, and the results showed that the AFPM motor’s efficiency could reach 91.5%.

A hybrid genetic algorithm (HGA) that combines simulated annealing and father-offspring

selection [119], the elitist genetic algorithm (EGA) [120], the non-dominated sorting genetic

algorithm (NSGA-II) [121], and other hybrid algorithms with GA have also been applied in

some studies to optimise the design of AFPM motors.

Considering a specific drive cycle, Sun et al. investigated the analysis, design, and

optimisation of a PMSM intended for an EV specified for campus patrol [122]. The rated

power and speed range for the PMSM are first determined by dynamic calculations using

data such as characteristics and speed obtained from a test EV on campus roads [123].

After that, some basic design parameters and a first design are developed. An optimisation

procedure is then carried out to improve the planned PMSM’s performance [124]. This in-

cludes enhancing the stator core shape, air-gap length, and PM structure shown in Figure 9.

To accomplish several objectives simultaneously, a variety of optimisation techniques are

implemented, all of which are evaluated using FEA with the corresponding cycles.

New multi-objective optimisation algorithms, including particle swarm optimisation

(PSO) [125], bat optimisation (BO) [126], and the Taguchi algorithm [127], have been used

to improve the design of AFPM motors. Rostami [128] designed an AFPM motor for EVs

using quasi-3D and PSO algorithms, assessing the impact of driving cycles (NEDC and

US06) on machine parameters. The 3D finite element model was used to evaluate the

reliability of the AFPM motor’s design characteristics optimised for different driving cycles,

which can vary significantly. Chakkarapani et al. [129] presented three multi-objective opti-

misation strategies for the design and analysis of slot-less permanent-magnet brushless DC

motors: the weighted-sum method (WSM), the multi-objective genetic algorithm (MOGA),

and the niched Pareto genetic algorithm. The proposed multi-objective optimisation tech-

niques consider the rotor radius, stator/rotor axial length, magnet thickness, and winding

thickness to maximise torque while minimising volume and power loss. In ref. [126], a

multi-objective design optimisation technique for AFPM brushless DC micromotors is

proposed, combining response surface modelling and a unique MOMVO algorithm. With

the limitations of the minimum recommended torque and the maximum required back
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EMF, the optimisation’s two goals were to reduce the micromotor volume and increase

joule efficiency. Along with the fundamental design goals of torque and power, limiting

torque ripple, reducing power loss, and reducing vibration and noise were all significant

factors in the optimised design and analysis of AFPM motors for new energy vehicles.

The features of the aforementioned optimisation and design techniques are compared and

summarised in a table to provide an understandable overview.

Figure 9. Example of stator optimisation procedure. Adapted from ref. [123].

As summarised in Table 3, the optimisation approaches employed for AFPM motor

design can be broadly classified into evolutionary algorithms (EA). Although several

optimisation techniques have been implemented in AFPM motor design, their practical

applicability is highly dependent on the optimisation targets, computational resources, and

desired solution fidelity. Evolutionary algorithms, in particular GA-based approaches and

NSGA-II, are among the most extensively used methods due to their potential to handle

highly nonlinear and contradictory objectives, such as increasing torque density while

decreasing losses, cogging torque, and magnet volume. These approaches provide a variety

of Pareto-optimal solutions, but they typically require a significant number of objective

function evaluations, making them computationally expensive when paired with 3D-FEA.

Particle swarm optimisation achieves convergence faster and requires fewer tuning

parameters than evolutionary algorithms, making it suitable for problems with medium-to-

high dimensionality and limited computational budgets. However, PSO is more sensitive

to premature convergence and may produce less diverse solutions in multi-objective opti-

misation applications. Similarly, newer algorithms, such as MOMVO and bat optimisation,

have significant exploration capabilities and can produce competitive results, but their

industrial validation and practical use remain limited.
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Table 3. Optimisation methods with highlights.

Method
(Verification)

Optimisation Targets and Design
Variables

Strengths Limitations Ref.

EGA
(3D-FEA)

Minimisation of
permanent-magnet mass, THD,

and losses; maximisation of
efficiency and torque density via

optimisation of magnet dimensions,
slot geometry, winding configuration,
air-gap length, and current density

Robust global search;
effective for nonlinear

multi-objective
problems; good

diversity preservation

High computational cost;
slow convergence;

requires tuning
[130]

NSGA-II
(3D-FEA)

Multi-objective optimisation of
torque ripple, electromagnetic
noise, and efficiency through

adjustment of slot shape, pole arc,
skew angle, winding turns, and

magnet segmentation

Produces
Pareto-optimal

solutions; widely
validated; effective for
conflicting objectives

Computationally
expensive; sensitive to

initialisation;
long runtime

[89]

PSO
(3D-FEA and
experiment)

Maximisation of air-gap flux
density and dynamic performance;

minimisation of harmonic
distortion and cogging torque via

optimisation of rotor geometry,
magnet placement, slot opening, and

air-gap size

Fast convergence;
simple implementation;

few parameters

Risk of local minima;
weaker multi-objective

performance
[91]

MOMVO
(against NSGA-II)

Minimisation of machine volume
and losses; maximisation of

efficiency and power density by
optimising core dimensions,

conductor size, slot/pole combinations,
and geometric scaling

Strong exploration
capability; effective for

nonlinear problems

Less mature; limited
industrial validation

[95]

Surrogate-assisted techniques based on artificial neural networks and response surface

models have recently acquired popularity for reducing the computational burden associated

with repetitive finite element simulations. By creating nonlinear correlations between

design variables and machine performance characteristics, these techniques allow for rapid

performance prediction while significantly reducing optimisation time. Their accuracy,

however, is highly dependent on the quality and representativeness of the training data.

Overall, no single optimisation design is universally preferable. Genetic-algorithm-

based approaches are often chosen when multiple competing objectives and Pareto-optimal

solutions are required, although PSO-based methods are attractive for faster convergence

and lower computational requirements. Surrogate-assisted optimisation is particularly

useful for high-dimensional issues that require computationally intensive electromagnetic

simulations. As a result, the option of an optimisation approach should be determined

by the unique design objectives, available computing resources, and acceptable trade-offs

between solution quality, convergence speed, and computational costs.

5.6. Materials and Manufacturing Processes

During the preparation of this review article, it was identified that one of the reasons for

the lower level of commercial implementation of this type of electric motor is the complexity

of manufacturing key parts of AFPM motors using traditional technologies, which results

in high product prices in comparison with similar technical solutions or performance

specifications. This section discusses the latest trends in AFPM motor production and

materials. This section highlights the relative benefits of the popular technologies for

producing windings, stators, and PM rotors reported in the literature.
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5.6.1. Design and Materials of the Stator

Between AFPM motor design variations, the stator structures might differ substan-

tially. They might be yokeless with segmented armature (YASA), coreless, or iron-cored.

Laminated electrical steel is commonly used in the production of electric machine stator

cores to minimise eddy-current losses. AFPM motors require radial laminations, which are

more challenging to assemble than in RFPM machines, where laminations can be mounted

axially. Here is a summary of several AFPM stator production techniques.

(1) PCB stator: Printed circuit board (PCB) stators are an innovative and specific type

of stator winding for AFPM motors, where copper traces on a multilayer PCB replace tradi-

tional copper wire and an iron core. They are ideal for compact, high-speed applications

(e.g., EVs, drones, and HVACR). PCB stators have been investigated and applied to AFPM

motor design [123–126], while ref. [131] provided a detailed assessment. Tsai et al. [132]

present a PCB stator with rhomboidal windings for a small spindle motor. In ref. [133], it

was demonstrated that trapezoidal winding outperforms the rhomboidal pattern in terms of

torque production and board area. Wave winding schemes for PCB stators were compared

in ref. [134], and non-overlapping radial wave winding was identified to have the highest

fundamental back-EMF and torque capability. The performances of a laminated stator and

a PCB stator were compared in ref. [135]. When the output power was the same, the device

with the PCB stator was more efficient and compact. Nevertheless, the PCB stator faced

significant thermal limitations when attempting to achieve higher current densities. While

PCB windings appear promising for low-voltage and low-current applications, they may

not be suitable for higher-voltage and higher-current-density applications, given current

technology levels.

(2) Soft magnetic composites: For the manufacture of AFPM stators, the use of soft

magnetic composites (SMC), which are described in publications such as refs. [122,136,137],

is receiving increasing attention. Compared to laminated steel, this technology may entail

a higher initial cost for SMC moulds. The characteristics of SMC and laminated stator cores

for a 14-pole 12-slot AFPM machine were compared in ref. [138]. It states that at lower

operating speeds (lower frequency), the laminated core worked better. However, SMCs

had higher efficiency than laminated cores at higher operating frequencies. This was due

to increased eddy-current losses in multilayer steel. In particular, SMC can provide an

isotropic three-dimensional magnetic flux, reducing losses by 20–50% at high frequencies

(>1 kHz) compared to laminated plates, thanks to its isolated iron particles (10–100 microns).

SMC obtained by pressing into a given shape simplifies designs with YASA, reducing iron

weight by up to 80% and noise and vibration levels by eliminating magnetostriction [139].

(3) Laminated steel: Toroidal slotless AFPM stators, such as those shown in

refs. [140–142], have been produced by using tape-wound cores constructed from thin-

gauge electrical steel. This is a common, reasonably uncomplicated method that is not

required for specific production equipment or processes. Slotted-stator AFPM motor varia-

tions can be constructed by creating slots in the tape-wound cores. Sahin [143] formed slots

in a tapewound core for a 30 kW, 16,000 RPM axial-flux generator using the wire electrical

discharge machining (EDM) technique. In ref. [144], a similar strategy was used, but the

slots were machined rather than cut. It was observed that short circuits between the lami-

nation layers could be introduced during slotting machining. Conventional AFPM motors

employ laminated silicon steel (e.g., M19–M36 grades) for stators and rotors, offering low

core losses at low frequencies (<400 Hz) via radial punching or spiral winding. However,

complex geometries increase manufacturing costs and eddy currents at high speeds (>3000

rpm). Therefore, new materials and production solutions are currently being developed.

(4) Additive manufacturing: Additive manufacturing (AM), particularly laser powder

bed fusion (LPBF) or binder jetting of Fe-Si or Fe-Co powders, fabricates intricate cores with

https://doi.org/10.3390/app16146854

https://doi.org/10.3390/app16146854


Appl. Sci. 2026, 16, 6854 21 of 42

tailored microstructures. These techniques are currently being investigated for AFPMs e.g.,

Refs. [145,146]. Sun et al. [122] compared laminated, SMC, and additively manufactured

stators in a multi-stage AFPM motor test. The additively manufactured stator has lower

core losses than laminated and SMC stators at both low and high frequencies (above 1 kHz).

In addition to the stator core, windings for additive manufacturing can be produced using

various techniques.

Moreover, stator design can reduce cogging torque by optimising slot openings, tooth

pairing, teeth notching, displacement, skewing of stator teeth, dummy slots, filling slot

openings, and displacement of dual stators [147]. Letelier et al. [148] studied how to reduce

cogging torque in a single-stator dual-rotor AFPM motor using stator-slot displacement and

skewing. Combining stator-slot displacement with skewed-rotor PM can reduce cogging

torque by up to 60%. Wanjiku et al. [147] investigated the effect of stator-slot dimensions

and tooth profiles on the cogging torque of AFPM motors. Four alternative tooth shapes

were tested to demonstrate that implementing a parallel tooth profile with a trapezoidal

slot profile reduced cogging torque by 24% without modifying the rotor construction. The

evaluation of several strategies to reduce cogging torque in AFPM motors in ref. [149]

demonstrated that shifting the slots and slot openings can decrease cogging torque. It was

demonstrated that a 1/2-slot-pitch displacement of the stator-slot openings can reduce the

cogging torque by about 25%. Skewing stator slots can minimise cogging torque, but it also

increases leakage inductance and copper loss due to increased winding length [148]. In

addition, depending on the manufacturing technique used, creating stators with skewed

slots can be problematic.

In summary, the cost, efficiency, and compactness of AFPM machines are significantly

impacted by the selection of stator materials and manufacturing methods. While SMC ma-

terials and additive manufacturing offer benefits for high-frequency operation and complex

shapes, laminated steel remains the optimal conventional solution. Compact and effec-

tive low-power designs are made possible by PCB stators, although they are constrained

by thermal issues. Overall, ongoing advances in materials science and manufacturing

processes are expected to improve the performance, scalability, and economic viability of

AFPM machines.

5.6.2. Design and Materials of Rotor

Non-standard PM shapes are typically required for AFPM rotors, and they can be

expensive to produce. High-performance rotors using conventional-shaped PMs have

been modified in the literature to reduce costs (e.g., Refs. [150–152]), and they use smaller

PM segments per pole, which are considered cost-effective and help to reduce induced

eddy-current losses. Vansompel et al. [150] analysed a 4 kW, 2500 RPM YASA machine

with a T-shaped pole configuration and various magnet segment numbers. This final pole

structure comprises 14 cuboidal NdFeB segments per pole, resulting in an 8x reduction in

eddy-current losses compared to unsegmented poles.

Reports on Halbach arrays rotors for AFPM motors can be found in various research

studies [153–155]. Because of their intrinsic sinusoidal air-gap field distribution and flux-

focusing capacity, these rotors are commonly employed in ironless-stator AFPM machines.

A comprehensive mechanical design of a Halbach array rotor for a 50 kW coreless AFPM

motor was published by Zhang et al. [154]. The prototype demonstrated mechanical

stability while reaching up to 9000 RPM. In comparison to an axially magnetised PM array,

a quasi-Halbach array rotor was found to improve a torus machine’s torque density by

12% [153].

Additionally, PM forms can be applied as a design handle to enhance machine per-

formance. In refs. [156–158], the impact of PM shape on AFPM motor performance was
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investigated. To minimise the cogging torque of double-rotor AFPM machines, various

commercial PM forms and skewing methods, depicted in Figure 10, have been investigated

and evaluated.

Figure 10. Rotor disk PM forms and skewing techniques for AFPM motors: (a) unskewed, (b) con-

ventional, (c) triangular, (d) parallel-sided, (e) trapezoidal, (f) circular, and (g) dual-skewed.

Different stator tooth and slot geometries are used in AFPM machines to improve

electromagnetic performance and reduce cogging torque. Circular and curved profiles

offer improved magnetic-flux distribution and reduced stress concentration, but they are

more difficult to produce. Triangular and trapezoidal shapes minimise cogging torque and

enhance flux shaping, but they may also increase local magnetic saturation and manufac-

turing complexity. Conventional and parallel-sided slot designs remain common due to

their simple construction, ease of winding placement, and low production costs; however,

they often exhibit higher torque ripple than optimised geometries. Unskewed stators

offer high torque density and ease of production, but they often generate greater cogging

torque and vibration. Dual-skewed and inclined slot layouts minimise cogging torque

and acoustic noise but increase winding length, copper losses, and production complexity.

Overall, optimised irregular or variable-arc geometries can deliver optimal electromagnetic

performance, but this typically comes at the cost of more complex production techniques.

Regarding the unskewed design, the triangular skew was found to significantly reduce

cogging torque and achieve performance comparable to the traditional skew. For a coreless

AFPM motor, an interior permanent-magnet (IPM) rotor design with sinusoidally curved

magnets was suggested in ref. [157]. Compared to a standard conventional coreless AFPM,

this design had 60% lower THD and was 35% more torque-dense. Wanjiku et al. [147] tested

the following PM configurations to lower the cogging torque: (i) a pole-arc ratio of 0.81,

(ii) alternating pole-arc ratios of 0.61 and 0.81, and (iii) skewed by one pole pitch. Switching

pole arcs successfully reduced cogging torque by 73% when compared to a 0.81 pole-arc

rotor, although skewed poles reduced cogging torque by 48%.

Using 3D FEA, Aydin et al. [149] evaluated the effectiveness of several cogging-torque-

minimisation strategies for AFPM machines and showed that skewing the rotor PM or

the stator slots effectively reduced cogging torque. It was demonstrated that adding an

18.75 degree magnet skew decreased the peak-to-peak cogging torque of a p = 4-pole-pair

machine from 16 Nm to about 3 Nm. Techniques such as triangular skew, trapezoidal skew,

parallel magnets, circular skew, and dual-skewed magnets were assessed in addition to

traditional skewing. According to the findings, the circular and triangular skews provided
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cogging torque reductions of roughly 77.5% and 84.3%, respectively, with comparatively

small additional expenses for the unique PM forms.

Ali et al. [159] investigated curved PM and curved PM with skew, demonstrating

that they achieved approximately 40% and 44% reductions in cogging torque, respectively,

compared to skewed PM with a conventional flat PM face profile. Further novel PM

geometries, such as curved and elliptical PM face profiles, were also investigated in ref. [160]

to reduce cogging torque in AFPM motors. The authors suggested an elliptical face profile

and contrasted it with the curved and flat PM face profiles to demonstrate that, compared

with the traditional flat PM face profile, the elliptical profile offered a roughly 17% reduction

in cogging torque.

In AFPM electric machines, the windings are usually placed on a toroidal magnetic

core and form a three-phase system consisting of concentrated or distributed coils. The

conductors are laid in the radial slots of the toroidal core or arranged in a slotless config-

uration directly in the air-gap zone. In this case, the active parts of the coils are oriented

radially, while the end parts are oriented axially, resulting in shorter end parts and lower

hysteretic losses than in FPM machines [161].

The conductor material is almost always high-purity electrolytic copper (Cu-ETP or

Cu-OF) due to its high electrical conductivity (≈58 MS/m) and good thermal characteristics.

Highly efficient AFPM machines widely use conductors with rectangular or square cross-

sections, as this geometry provides a higher slot fill factor, reduces air gaps between

turns, and improves heat transfer to the magnetic circuit. For example, the experimental

machine described by Caricchi et al. [162] used a rectangular copper wire measuring

5 mm × 1.12 mm, placed in slots 12 mm deep, enabling the formation of compact coils with

low resistance and high current density.

The requirements for efficiency, frequency, and thermal conditions of the motor de-

termine the wire shape and winding structure. The following types of conductors are

most common:

• Round wire—Used in small and medium-sized machines due to its ease of winding,

but it has a lower fill factor.

• Rectangular or profile wire—Provides denser packing, reduced resistance, and im-

proved thermal contact; widely used in traction AFPM motors.

• Litz wire (multi-strand insulated wire)—Used in high-frequency machines to reduce

losses from skin effect and eddy currents.

• Pre-formed coils—Used in high-power machines to improve reproducibility and

fill factor.

Aluminium may also be used as a winding conductor in AFPM machines, especially

in applications where weight and cost are critical. Due to its lower electrical conductivity

compared to copper, a larger conductor cross-section is generally required to achieve

comparable resistance. Nevertheless, aluminium offers a significant advantage in mass

reduction due to its much lower density. This makes it particularly attractive for lightweight

systems such as robotic and aerospace drives. Certain challenges, including oxide formation

and lower mechanical robustness, must be addressed through appropriate design and

manufacturing techniques. Recent work has demonstrated the use of anodised aluminium

foil windings in axial-flux machines, showing promising results in terms of reduced weight,

good thermal performance, and suitability for compact direct-drive robotic actuators [163].

Therefore, optimising the material, conductor shape (rectangular profile), and winding

topology (concentrated or distributed) is critical to achieving high power density, efficiency,

and thermal stability in axial-flux permanent-magnet electric machines.

To complement the advantages and limitations discussed above, these four routes

differ markedly in industrial maturity. SMC cores are the closest to industrial maturity,
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as they are commercially produced and used in series motors—their main constraints

being the press-tonnage limits on large cores and the reduced saturation polarisation that

restricts high-torque designs. PCB stators have also reached the market, although only

in compact, low-power, and high-speed machines. They inherit the repeatability and

low unit cost of conventional board manufacturing, but the thin conductors and modest

thermal headroom keep them far from traction power ratings. Aluminium windings rely

on a mature, low-cost, and lightweight material, yet their use in AFPM stators remains

largely at the prototype stage owing to higher resistivity and joining difficulties that

erode efficiency. Additive manufacturing is the least mature, remaining at the laboratory-

validation level. It is attractive for integrated cooling and topology-optimised parts but is

still constrained by throughput, build volume, and cost, which prevent volume traction

production. Overall, for near-term readiness and scalability in high-power traction, the

technologies rank approximately as SMC > PCB stators > aluminium windings > additive

manufacturing. Taken together, only SMC and, in their niche, PCB stators can presently be

regarded as production-ready, whereas aluminium windings and additive manufacturing

are better viewed as promising routes that still require development before they suit

high-power traction.

5.7. Thermal Management

Higher current density and electric loading are only possible with efficient thermal

management, which can increase the overall power density of electric machines [81]. Addi-

tionally, it may reduce the likelihood that the rotor PM will thermally demagnetise. Since

AFPM motors typically implement torque-dense and power-dense designs, temperature

control is also a crucial design factor for these machines. This section reviews the thermal

management strategies applied to AFPM. Most of these methods focus on cooling the stator

windings, whereas there is little research on rotor cooling methods.

Numerous methods for cooling AFPM stators have been described in the literature,

including refs. [164–167]. In turn, ref. [168] provides an in-depth evaluation of AFPM

motor thermal-control strategies. Lindh et al. [165] directly cooled the stator windings

of a dual-stator single-rotor AFPM motor using a specially adapted Litz wire. It was

demonstrated that replacing the coolant-carrying tube in the core of the conductor bunch

increased the continuous current density by a factor of 3.5. Rahman et al. [169] cooled the

stator end windings of a toroidally wound AFPM motor by wrapping the stator windings

with an aluminium jacket, as seen in Figure 11a. Direct oil cooling of the end windings,

as suggested in ref. [170] and illustrated in Figure 11b (above the oil flows, of course, an

aluminium jacket is also assumed). According to the results reported in ref. [170], direct oil

cooling can achieve stator-winding current densities approximately twice those obtained

with conventional water-jacket cooling.

There have also been reports of methods for cooling AFPM motor rotors, such as in

refs. [171,172], which proposed a combination of forced air and a hollow rotor shaft with

water channels and compared it with stator water-jacket cooling and forced-air cooling.

Coolant flowing through the hollow rotor shaft may affect rotor dynamics and pose an

issue at high speeds, despite the method’s ability to efficiently cool the rotor.

In ref. [173], the thermal management demands of AFPM and RFPM motors were

compared at various aspect ratios (the ratio of outer diameter to axial length). Analysing

the different aspect ratios of AFPM and RFPM motors revealed that, on average, the

AFPM motor requires less cooling than the equivalent RFPM motor. For the specified

application and machine ratings, the AFPM motor achieved a temperature rise that was

about 26% lower at an aspect ratio of 0.38. These analytical findings were confirmed by

experimental data from a prototype coreless AFPM motor. These results indicate that, in
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comparison to similar RFPM motors, AFPM motors have comparatively lower thermal

management requirements.

Figure 11. Cooling techniques for stator end windings of torus machines: (a) water and aluminium

jacket; (b) direct oil cooling (the jacket is also supposed above the coils). Adapted and modified from

ref. [170].

Another example of oil-cooling system architecture for an AFPM machine by Traxial

BV illustrates the circulation of lubricant through the machine and its auxiliary components

(Figure 12). Configurations of this type typically combine pumps, filters, a heat exchanger,

and an external reservoir, which are commonly considered in direct oil-cooling applications.

Since the arrangement and dimensions of individual components depend strongly on the

machine topology, thermal requirements, and available installation space, the scheme is

intended only to demonstrate one possible layout rather than a specific industrial design. A

similar concept was examined during the initial stages of the CliMAFlux project; however,

the final solution was substantially adapted to satisfy project-specific requirements and

is therefore not publicly available. Consequently, the configuration shown in Figure 12

should be viewed as a generic example of an oil-cooling and lubrication circuit and not as

the final implementation integrated in the project.

The closed-loop oil circuit consists of a scavenger pump, an oil feeding gear pump,

a reservoir, a heat exchanger, and a multi-stage filtration system. Oil is supplied to the

machine through the inlet channel to provide direct cooling and lubrication of critical motor

components, and it is collected through the outlet and dry sump sections. Temperature (T),

flow (F), and pressure (P) sensors are integrated throughout the system for real-time condi-

tion monitoring. Additional rotor and stator outlet filters, together with a fine membrane

filter (10 µm, β > 75), ensure oil cleanliness and operational reliability. The heat exchanger

regulates oil temperature to maintain optimal thermal performance of the AFPMSM. In

brief, thermal management remains one of the most challenging design concerns for AFPM

machines due to their high torque and power density. Existing research indicates that

effective cooling solutions, particularly direct-winding cooling and oil-based thermal man-

agement systems, can significantly increase acceptable current density while improving

operational reliability. While most research has focused on stator cooling, rotor-cooling

methods are also being explored, especially for high-speed applications. Comparative

studies also show that AFPM machines may have lower thermal management needs than

identical RFPM machines under certain operating situations. Overall, efficient cooling is
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critical to ensure stable thermal behaviour, minimise PM demagnetisation, and realise the

high-performance potential of AFPMS.

Figure 12. Schematic representation of the oil-cooling and lubrication circuit for the AFPM motor by

Traxial BV.

6. Control Strategies

Axial-flux permanent-magnet motors are widely used in modern industrial and trans-

portation applications that demand outstanding performance, high precision, and reliable

operation. Their compact structure, high torque density, and superior efficiency make them

particularly attractive for advanced drive systems. By contrast, torque linearisation in

separately excited DC machines is relatively straightforward because torque and magnetic

flux can be controlled independently, allowing for simpler control strategies. However,

despite the inherent nonlinear characteristics of AFPM motors—arising from magnetic

saturation, coupling effects, and parameter variations—they are increasingly preferred over

DC motors in medium- and high-power drive applications due to their higher efficiency,

reduced maintenance requirements, and improved dynamic performance. Various control

techniques have been developed to linearise and decouple AFPM motors. They typically

use several control approaches, including field-oriented control (FOC), direct torque control

(DTC), model predictive control (MPC), and others. All of the techniques listed above are

discussed in the current section of this review.

6.1. Field-Oriented Control

Among traditional control systems, FOC or vector control is frequently used to regulate

the AFPM motor. FOC requires the use of a frequency converter to regulate the excitation

and torque currents autonomously [174]. Tsai et al. [132] proposed a vector-control tech-

nique for an AFPM motor powered by a current source inverter (CSI), which offers several

advantages over voltage-source inverters. The control system provides precise control and

rapid dynamic reaction thanks to its 2-DOF speed controller, multi-loop current controller,

and space-vector pulse-width modulation (SVPWM).
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Wilson et al. [175] evaluated the performance characteristics of a double-rotor–axial-

flux PMSM for in-wheel EV applications using a sensorless optimal vector-control approach.

The performance research was carried out using a sensorless vector-control technique based

on a higher-order sliding mode observer (SMO) with a super-twisting algorithm. Because

mechanical sensors were no longer required, the system was smaller and less expensive,

which is beneficial for EVs. A particle swarm optimisation technique was applied to

optimise the proportional-integral speed controller gains in the vector-control scheme,

thereby minimising speed and torque ripples. The novel hybrid-excited motor, termed the

hybrid axial-field flux-switching permanent-magnet machine (HAFFSPMM), combines the

benefits of axial-field flux-switching and hybrid-excited synchronous machines.

Zhao et al. [176] investigated the HAFFSPM machine’s performance over the entire

working range and suggested mathematical modelling of the device using vector con-

trol. The performance of traditional PI-based FOC in drive systems deteriorates due to

parameter changes caused by ageing and increased temperature. Akhil et al. examined

the performance of an LUT-based FOC with SMC for EV drivers [177]. A sensorless AFPM

motor-control technique is presented in ref. [178] for in-wheel EV applications. Starting

and rotor-position rotation estimates are part of the sensorless control strategy for the

proposed flux-modulation motor. An SMO is applied to estimate the rotational position,

and a rectangular-pulse-voltage injection is used to estimate the starting rotor position,

providing a new online self-adjustment technique for the SMO that addresses saturation

effects on inductances caused by rectangular-pulse voltage injection. This impact reduces

the SMO’s precision and alters stator characteristics under different loads (see Figure 13).

Figure 13. Adapted block diagram of vector control for AFPM machines [179].

Liu et al. [180] developed an accurate evaluation technique to maximise the torque

performance of a single-sided permanent-magnet axial-flux motor (SPMAM), which suc-

cessfully identified the optimal operational torque trajectory. The study concluded that

ideal conditions can be achieved by appropriately adjusting the current shifting angle.

SPMAM’s propulsive and axial forces were analysed within the operating limits to meet

mechanical design criteria and maximise application benefits. The SPMAM provides full

operational control via the current-shifting angle, and its linear torque control and axial

force reduction capabilities improve overall performance in applications such as EVs when

used with the appropriate controller.

6.2. Direct Torque Control

Among the many different motor-control strategies, direct torque control is a signifi-

cant one. By selecting the correct voltage vector, it independently controls the torque and

flux linkage [181]. The fundamental idea of DTC is to calculate the instantaneous flux

and torque from the stator machine variables, then apply a preset switching table to select
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a suitable voltage vector. DTC enables direct, independent control of these parameters

by selecting optimal inverter-switching states and limiting flux and torque errors with

hysteresis controllers [182]. By measuring and computing the shaft torque and magnetic-

flux linkage vector, comparing the results with reference points, and making successive

adjustments to maintain the intended performance, DTC regulates shaft torque. Malyshev

et al. [183] presented a DTC algorithm for the AFPM motor, and their findings showed

a notable reduction in torque and stator magnetic-flux vibrations compared to the basic

FOC. The model’s output showed little torque ripple and good dynamic and steady-state

performance. This technique had sufficient control settings, resulting in a short rising

time (0.049 s), an acceptable steady-state error (0.23%), and little overshoot (0.1%) [70] (see

Figure 14).

Figure 14. Adapted block diagram of direct torque control for AFPM machines [179].

Fard et al. proposed a twisted model that outperformed traditional AFPM machines in

efficiency and back-EMF, with the controller serving only as a speed loop, with no current

or hysteresis control, thereby improving the AFPM motor’s dynamic performance. A new

yokeless, segmented, axial-flux, flux-switching, sandwiched-permanent-magnet (YASA-

AFFSSPM) motor for in-wheel drive applications was proposed to enhance torque and

winding area [117]. Sensorless control drives were used to analyse the static and dynamic

performance of the YASA-AFFSSPM, resulting in lower cogging torque and higher torque

density [184]. An algorithm for sensorless direct torque control of AFPM motors using

back-EMF was presented by Anisi et al. [185]. Without requiring a powerful processor, it

was able to estimate the rotor location and speed and function well even at low speeds.

This approach provides effective control over a wide speed range, making it ideal for

hybrid EVs. Although it depends on the motor’s internal settings and creates higher torque

ripple, it allows direct wheel control, compact electronic components, and an immediate

torque response.

6.3. Improved FOC and DTC

To improve control performance, some studies have proposed modified FOC and DTC

systems to address their shortcomings. For example, in ref. [186], a sliding-mode vector-

control system for EVs based on cooperative optimisation of AFPMSMs was proposed. The

torque-tracking capability, speed-limiter features, and operating characteristics of EVs could

all be enhanced by the proposed sliding-mode vector-control method. Yang et al. [187]

proposed a novel vector control based on three magnetisation state (MS) manipulations

for axial-field flux-switching memory machines (AFFSMMs) to address excitation copper

loss and a limited speed range. The modified FOC control algorithm reduced speed and
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torque overshoot and improved the dynamic performance of AFFSMMs compared with

the PI technique. Based on the efficiency-optimal torque-distribution approach, Zhao

et al. [22] developed a deadbeat current-predictive vector-control system using the three-

stator double-rotor AFPMSM as the study object. The torque-tracking characteristics were

significantly improved by the suggested deadbeat current-predictive vector-control method,

which also achieved minimal torque ripple and no torque overshoot in the steady state.

Furthermore, to improve the control performance and accuracy of AFPM motors, some

studies have proposed control strategies based on sliding observers [16,175] and extended

disturbance observers [188,189].

An adaptive sliding mode observer (ASMO)-based improved control strategy was

developed by Zhai et al. [190]. This method uses a phase-locked loop (PLL) combined

with an improved ASMO to generate an extended electromotive force, enabling accurate

monitoring of the rotor-pole position. The second-order generalised integrator (SOGI) is

integrated into the PLL to improve position estimation accuracy, reduce vibration, and

enhance system robustness. The updated ASMO with SOGI improves the machine’s

effectiveness and accuracy.

The performance of AFPMSMs is affected by unexpected ripples in the electromagnetic

torque. Farhan et al. [191] proposed an intelligent control technique to improve the dynamic

performance of AFPM motors and minimise torque ripple. The technique enhances speed

and torque regulation by utilising FOC and decoupling. Using PI-PSO data for training, the

adaptive neuro-fuzzy inference system (ANFIS) was implemented to continuously manage

torque and speed limitations. This method significantly improved speed performance

in several scenarios. A speed-constrained and current-vector-control strategy employing

SMC was proposed and investigated to improve torque-tracking precision, speed limits,

and overall operational performance [186]. Tests of endurance and acceleration indicated

that this control approach substantially improved the cruising range and accelerating

capability of EVs. Building on the average torque distribution strategy, Zhao et al. [22]

presented an optimum torque distribution method to increase the range of high efficiency.

A backpropagation (BP) neural network was used to find an efficient torque distribution.

A current-control strategy based on deadbeat current prediction was also introduced to

improve torque-tracking performance (see Figure 15).

Figure 15. Adapted schematic diagram of deadbeat predication control for PMSMs [22].
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6.4. Novel Control Strategies

MPC [192] and adaptive robust control (ARC) [193] are unique control strategies

proposed by several researchers to improve the dynamic response performance of AFPM

motors, driven by advances in control and optimisation theory. A continuous-control-

set MPC (CCS-MPC) technique was introduced in ref. [176] for an AFSFPM machine

to evaluate its operational performance throughout the entire speed range. The control

technique combined a maximum torque per ampere (MTPA) in the constant torque area

with a maximum output power flux-weakening method in the constant power region.

Additionally, the MPC technique enhanced the system’s resistance to load disturbances

and improved dynamic performance (see Figure 16). Given its ease of implementation,

quick dynamic response, and excellent tracking precision, MPC is widely used in vehicles

and the control industry [25].

Another variation of predictive control, known as model predictive torque control

(MPTC), has also been applied to AFPM machines. An MPTC approach for a 13-pole, 6-slot

AFFSPM motor was proposed by Yuan et al. [179] after evaluating the motor’s topological

structure. The reference flux-linkage amplitude was set to a fixed value, ψs, and the torque

reference value was collected via the speed outer loop’s PI controller. The suggested MPTC

approach achieved the least torque ripple and the fastest torque response speed compared

to VC and DTC. Additionally, the flux-linkage ripple of the MPTC was only around 1.5%,

which was significantly smaller than the 15.3% flux-linkage ripple under DTC.

To further enhance the performance of predictive torque control, an improved strategy,

MPTC with duty-cycle control (MPTC-DCC), was developed. This approach optimises the

duration of the active voltage vector to minimise torque and flux ripples, thereby improving

the drive system’s steady-state characteristics. The MPTC-DCC method demonstrates

superior performance compared with the conventional MPTC approach, particularly in

terms of ripple suppression. In addition, the integrated flux-adjustment strategy enhances

the load capacity across the entire speed range and effectively extends the constant-power

operating region.

Figure 16. Adapted block diagram of MPC method for AFPMSMs [179].

The adaptive robust control (ARC) approach can modify the controller’s structure and

continuously collect the input, state, output, and performance parameters of the controlled

system [187,194]. As a result, ARC can achieve the best control performance while main-

taining the system’s robustness. With a focus on anti-disturbance control, Wang et al. [78]
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investigated and suggested an adaptive robust drive control system for an AFPMSM of

an electric medium-sized bus based on the optimal torque distribution approach. Zhang

et al. [195] investigated sensorless control methods based on the model reference adaptive

system (MRAS) for a hybrid excitation axial-field flux-switching permanent-magnet ma-

chine (HEAFFSPMM). Simulation and experimental results demonstrated that the proposed

ARC method enhanced the drive system’s control accuracy and effectively suppressed

disturbances. Three speed-sensorless control algorithms—stator currents, stator flux links,

and simplified stator currents—were included in the MRAS observer for speed, which

was implemented using the FOC technique. The MRAS method, based on simplified

stator-current measurements, demonstrated high control accuracy and good performance,

as evidenced by simulation and testing results.

7. Discussion and Conclusions

This review article brings together and analyses key aspects of AFPM motors. The

focus of the research was on recent advances in topologies, design optimisation meth-

ods, materials and manufacturing, and control techniques for these complex devices. In

general, this type of PMSM has enormous potential for use in ground vehicles due to its

high-power density and the potential to minimise cogging torque. Among the various

topologies, the YASA and AFIR variants are the most popular according to the literature

reviewed. In addition, modern developments place considerable emphasis on the materials

used. For example, AFPM motors with printed circuit board (PCB) windings can provide

improved electromagnetic performance through optimised winding layouts, although the

increased effective air-gap length generally results in a lower air-gap flux density. The

use of aluminium windings also shows promising results in optimising production and

the technological process. Of course, in the future, it is necessary to continue simplifying

the design and exploring the use of more affordable materials, both in terms of price and

supply chain. For design and optimisation, the starting point is determining the diameter

ratio. Subsequent specification indicators, such as power loss, torque ripple, and vibration

noise, are also important considerations in the design of AFPM motors. Existing design

optimisation methods, including genetic algorithms, particle swarm optimisation, and

artificial neural networks, have proven their effectiveness in certain scenarios and have

demonstrated efficiency gains of up to 15% under realistic driving cycles. As for simulation

methods and models, an optimised method is being developed in this area. It includes

the ability to transform the three-dimensional model of AFPM motors into a quasi-three-

dimensional model by leveraging FEA and MEC analyses. Based on this, it is possible to

integrate multi-objective optimisation-design theories into AFPM optimisation, enabling

maximum modelling accuracy and effective analysis with moderate computational require-

ments. Multi-objective frameworks have also effectively balanced torque ripple, magnet

cost, and core saturation.

The control techniques discussed in this review place high demands on the control

system as a whole, particularly in terms of stability, reliability, and computational simplicity.

Strategies such as MPC, sliding mode control (SMC), and sensorless vector control have

been reported to enhance dynamic performance and to reduce the harmonic distortion of the

output torque compared with classical methods such as FOC and DTC. The magnitude of

these improvements, however, is strongly case-dependent, varying with machine topology,

power and speed range, and operating conditions, so the values reported in individual

studies should be regarded as specific to those conditions rather than as general figures

for AFPM drives. It is expected that control strategies for AFPM motors will be further

investigated and refined in the future, with a focus on intelligence level, dynamic response,

and robust performance.
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This study suggests important research paths in multiphysics modelling, adaptive

control techniques, and cost-effective manufacturing processes, benchmarking these areas

against technological limitations today. The findings provide an in-depth basis for the de-

velopment of next-generation PMSM systems with improved fault tolerance, compactness,

and high efficiency.

Based on the conclusions discussed above, it is expected that new topologies, precise

optimisation processes, material analysis, and advanced control strategies will contribute

to the continuous improvement of AFPM motor performance. Therefore, to meet the high

demands of modern EVs, future research will focus on optimising motor design, including

reducing manufacturing costs and end-product prices, as well as improving the dynamic

characteristics of AFPM motors.

Research Gaps and Future Directions

Even though there have been significant advancements in recent years, there are still a

number of important issues that prevent AFPM technology from being effectively used.

The following research topics should receive special attention in this context:

1. Multiphysics modelling and thermal management.

This represents the most immediate challenge for AFPM machines. As these motors

are increasingly used in high-power-density applications, such as electric vehicles,

aerospace systems, and marine propulsion, electromagnetic, thermal, mechanical, and

fluid-dynamic phenomena become strongly coupled. Accurate multiphysics models

are therefore essential for predicting machine behaviour, improving reliability, and

avoiding excessive temperatures and irreversible demagnetisation.

2. Materials and manufacturing technologies.

The cost and availability of rare-earth magnets, together with the demand for

lightweight and sustainable solutions, remain major barriers to the widespread adop-

tion of AFPM machines. Consequently, further research on soft magnetic composites,

reduced rare-earth magnet compositions, aluminium windings, PCB technologies,

and additive manufacturing is particularly important for improving cost-effectiveness

and enabling large-scale industrial deployment.

3. Control strategies and fault tolerance.

Although considerable progress has been achieved in sensorless control and intelligent

diagnostic techniques, fault-tolerant operation remains insufficiently developed. This

issue is particularly important for safety-critical applications, including aerospace,

marine propulsion, and high-reliability electric drives, where continuous operation

and robustness are essential.

4. Digital engineering and X-in-the-Loop architecture.

The development of model-, software-, and hardware-in-the-loop methodologies,

together with digital twin technologies, is expected to accelerate the design process

and improve system validation. These approaches can also support predictive mainte-

nance and reduce development time. However, compared with thermal management

and material optimisation, their industrial implementation can be regarded as a

medium- to long-term objective.

Overall, multiphysics modelling and thermal management currently represent the

highest priority, as they directly limit the achievable power density and reliability of AFPM

machines. Material innovations are essential for improving economic competitiveness,

whereas advanced control strategies and digital validation environments are expected to

support the next generation of highly reliable and intelligent electric drive systems.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Definition

AFPM Axial-Flux Permanent Magnet

AFPMSM Axial-Flux Permanent-Magnet Synchronous Motor

RFPM Radial-Flux Permanent Magnet

RFPMSM Radial-Flux Permanent-Magnet Synchronous Motor

PM Permanent Magnet

SSSR Single-Stator Single-Rotor

SSDR Single-Stator Double-Rotor

DSSR Double-Stator Single-Rotor

MSMR Multi-Stator Multi-Rotor

AFIR Axial-Flux Internal Rotor

YASA Yokeless and Segmented Armature

PCB Printed Circuit Board

SMC Soft Magnetic Composite

FEM Finite Element Method

FEA Finite Element Analysis

MEC Magnetic Equivalent Circuit

CFD Computational Fluid Dynamics

ANN Artificial Neural Network

GA Genetic Algorithm

PSO Particle Swarm Optimization

NSGA-II Non-Dominated Sorting Genetic Algorithm II

HGA Hybrid Genetic Algorithm

EGA Elitist Genetic Algorithm

MOMVO Multi-Objective Multi-Verse Optimization

LS Least Squares

THD Total Harmonic Distortion

EMF Electromotive Force

EV Electric Vehicle

BEV Battery Electric Vehicle
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PHEV Plug-in Hybrid Electric Vehicle

CSI Current Source Inverter

SVPWM Space-Vector Pulse-Width Modulation

FOC Field-Oriented Control

DTC Direct Torque Control

MPC Model Predictive Control

PI Proportional Integral

SMO Sliding Mode Observer

IPM Interior Permanent Magnet

EDM Electrical Discharge Machining

LPBF Laser Powder Bed Fusion

NdFeB Neodymium-Iron-Boron

TRV Torque per Rotor Volume

HVACR Heating, Ventilation, Air Conditioning, and Refrigeration

NEDC New European Driving Cycle

US06 United States Supplemental Federal Test Procedure
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