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Abstract: The rapid advancement of technology has increased our reliance on axial flux
permanent magnet machines (AFPMMs), making Printed Circuit Boards (PCBs) essential
for modern, lightweight designs. This study reviews PCB roles in AFPMMs for low- and
high-power applications by examining research from 2019 to 2024. Using the PRISMA
methodology, 38 articles from IEEE Xplore and Web of Science were analyzed. This review
focuses on advancements in PCB manufacturing, defect mitigation, winding topologies,
software tools, and optimization methods. A structured Boolean search strategy (“Printed
Circuit Board” OR “PCB” AND *“axial flux permanent magnet machine” OR “AFPM”)
guided the literature retrieval process. Articles were meticulously screened using the
Rayyan software for titles, abstracts, and content, with duplicate removal performed via the
Mendeley software V2.120.0. Findings show significant progress in lightweight AFPMMs
with PCBs, improving power quality and performance. Research activity over the 6 years
showed inconsistent growth, with concentrated trapezoidal winding emerging as the
dominant configuration, followed by distributed winding designs. These configurations
were particularly applied in single stator double rotor (SSDR) coreless AFPM machines,
characterized by minimal defects, minimal losses, and optimized single-layer winding
designs utilizing tools such as ANSYS and COMSOL. Growing interest in double stator
single rotor (DSSR) and multi-disk configurations highlights opportunities for innovative
designs and advanced optimization techniques.

Keywords: axial flux machine; multi-layer winding; permanent magnet; printed circuit
board; systematic review

1. Introduction

The growing need for energy-efficient, compact, and high-performance electric ma-
chines has prompted major advancements in design and production [1-3]. Among these,
coreless axial flux permanent magnet synchronous machines (CAFPMMs) have surfaced
as a compelling technology because of their distinctive design and performance benefits.
They are brushless AC machines with optimal electromagnetic performances. In contrast
to conventional radial flux machines, CAFPMMs do away with a ferromagnetic core in the
stator, which greatly decreases core losses, rendering them suitable for situations where ef-
ficiency and weight savings are essential [4]. These advantages have positioned CAFPMMSs
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as the preferred option in fields like electric vehicles (EVs) such as solar cars and flywheels,
renewable energy, and robotics, where compactness, efficiency, and dependability are
crucial [1,3]. A significant development in CAFPM design is the incorporation of Printed
Circuit Boards (PCBs) for executing winding configurations. Traditional copper windings,
while commonly utilized, present issues concerning manufacturing intricacy, weight, and
accuracy. On the other hand, PCBs provide a lightweight, compact, and scalable option,
facilitating accurate planar winding arrangements that are simpler to produce [5]. The flat
design of PCB windings makes the assembly process easier and allows for more design ver-
satility, especially in attaining an even magnetic field distribution. Additionally, PCBs can
support multi-layer configurations, allowing for intricate interconnections and enhanced
current density [6].

PCB technology has revolutionized the design of CAFPM generators, pushing the
boundaries of compact and efficient energy conversion systems [7]. These innovative
devices employ single-layer PCB designs for both the stator and the rotor, creating a
lightweight and streamlined configuration. Shaped into circular forms, the stator and
rotor are constructed using Flame retardant 4 (FR-4) as the substrate, with radial copper
electrodes etched into the copper layer [8]. These innovations emphasize the adaptability
of PCB technology, broadening its use well beyond traditional electronics into areas such as
renewable energy, intelligent sensing, and autonomous systems. Nonetheless, despite the
benefits, incorporating PCBs into CAFPMMs presents various difficulties. These involve
concerns regarding thermal management arising from the restricted heat dissipation abili-
ties of PCB substrates, electrical reliability at elevated current densities, and mechanical
strength when subjected to dynamic loads [9].

Moreover, challenges in manufacturing, like attaining accurate alignment and lowering
expenses for high-performance PCBs, continue to be points of worry. Tackling these
challenges necessitates a methodical comprehension of the design principles, material
choices, and performance effects of PCB-based CAFPMMs. Through a systematic review
of the current literature, as presented in Table 1, this paper seeks to offer perspectives on
the advantages, obstacles, and future paths for incorporating PCBs in CAFPM designs. By
tackling these goals, this paper seeks to provide a thorough insight into the use of PCBs in
CAFPMs, highlighting their transformative capabilities while recognizing the challenges
that come with them [10]. This paper is organized as follows: Introduction, Methodology,
and Results/Data analysis.

Table 1. Presentation of some related works.

Ref./Year

Findings/Limitations

[11]

Carried out a comparative analysis of two variants of planar winding topologies employing
slim PCBs. The study is restricted to a specified concentrated and wave winding.

[7]

Examined the performance of SSDR CAFPMMs with a PCB stator suited for high-speed
application. Limited exploration on their advancement stated.

[12]

Investigated losses and thermal effects of hybridizing PCBs with a specific SSDR CAFPMM.
The coverage does not extend to other topologies.

[13]

Conducted a comprehensive review of different PCB defects based on deep learning
approaches. The review ignored defects in PCB winding and CAFPMMs.

[4]

Presented an in-depth review of CAFPMMs utilizing coreless technology with their
optimization strategies. However, failed to explicitly address PCB integration.

Our work

Conducted the state-of-the art systematic review with an in-depth coverage on PCB
integration on CAFPMMs accompanied with winding topologies, advancement,
and optimization.
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2. Methodology
2.1. Review Method

A systematic literature review (SLR) utilizes a structured approach that includes the
steps of planning, performing, and documenting, as detailed in [14,15]. The process starts
with a detailed examination of the most recent improvements in PCB applications for
AFPM machines, pinpointing important developments, research inquiries, and pertinent
sources. During the conducting phase, definitive inclusion and exclusion criteria are set
to guarantee the selection of relevant studies, and subsequently, a strong data extraction
method is created to compile essential information and tackle the research questions. The
reporting phase includes systematically examining the gathered data, using organized
methods to integrate results, and displaying them in a clear format. This method not only
emphasizes trends and challenges but also recognizes research gaps, offering important
insights for enhancing PCB implementation in lightweight AFPM machines.

2.2. Research Questions

The research questions (RQs), as detailed in Table 1, serve as the guiding compass for
this study, shaping the trajectory of the analysis. Spanning diverse domains, these questions
delve into the intricate features of Printed Circuit Boards (PCBs), their seamless integra-
tion into axial flux permanent magnet machines (AFPMMs), and the innovative winding
configurations employed. Furthermore, they explore the evaluation metrics essential for
assessing performance, efficiency, and design optimization, offering a comprehensive
framework to uncover insights and address critical aspects of PCB applications in modern
motor technologies.

1. What are the recent advancements in PCB manufacturing or design technology?
2. How does the integration of PCBs into AFPM machines affect its performance?
3. What are the classifications of PCB-based winding designs?

4. How do they minimize the effects of thermal losses experienced?

2.3. Review Strategy

To ensure a high-quality and relevant literature search, we evaluated two prominent
databases: IEEE Xplore and Web of Science, both of which offer extensive collections of
scholarly content. While Web of Science provides a more comprehensive selection, we
selected IEEE for its balanced approach, offering access to a substantial pool of pertinent
sources while prioritizing peer-reviewed materials. This strategic selection ensures a
robust and reliable foundation for the review, encompassing both breadth and scholarly
rigor. The literature search utilized keywords such as Printed Circuit Boards (PCBs), axial
flux permanent magnet machines (AFPMMs), winding configurations, electromagnetic
performance, and thermal management. Boolean operators (AND/OR) were used to refine
search results. The search was filtered to include only peer-reviewed sources, focusing on
recent publications relevant to the research objectives.

2.4. Inclusion and Exclusion Criteria

Inclusion criteria focused on peer-reviewed studies related to PCBs in AFPMMs, cover-
ing topics such as winding configurations, electromagnetic performance, and thermal man-
agement. Exclusion criteria removed studies unrelated to these areas, non-peer-reviewed
sources, or those lacking rigorous methodology, ensuring the review included only relevant,
high-quality literature. All criteria are presented in Table 2.
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Table 2. Inclusion and exclusion criteria.

Criteria Conditions

Articles considered include conferences and journals
Article published from IEEE and WoS

Articles published between 2019 and 2024

Articles on PCB utilization for AFPMMs

Inclusion

Articles published in book chapters and notes
Articles on PCB utilization unrelated to AFPMMs
Articles published in non-English language

Exclusion

2.5. Data Extraction and Analysis

Figure 1 outlines a systematic review process conducted from 2019 to 2024, following
the PRISMA framework guideline, to identify relevant studies on the utilization of PCBs in
axial flux permanent magnet machines (AFPMs). Initially, 24,026 articles were retrieved
from IEEE Xplore (15,295) and Web of Science (8731). After removing 11,598 duplicates,
12,428 unique articles remained. Title screening excluded 11,278 articles unrelated to
AFPMs, leaving 1150 for abstract review, where a further 1092 articles unrelated to PCBs
in AFPMs were removed. The full-text assessment of 58 articles excluded 19 due to low
quality (17) or non-English language (2), resulting in 38 articles selected for critical analysis.
One article was inaccessible, but the process ensured the inclusion of high-quality and
relevant studies. To refine the analysis and ensure its precision, we adopted a meticulous
filtering process, guided by well-defined criteria, as illustrated in Figure 1. This approach
narrowed our focus to a curated collection of 38 papers, each directly contributing to the
exploration of PCB utilization in AFPMMs, ensuring relevance and quality throughout
the review.

lldcnliﬁmlion of new studies via databases within the time frame 2019 - 2024 Keys

) Records identified through Iteration Process
IEEE Xplore database (15,295)
Excluded Data
Total Articles Retrieved ]
H (n=24,026) Included Data
s Rec tified through
& Web of database (8731)
: v
Records after deduplication 5 Duplication (n=11,588)
(n=12,428)
)
— v
Records after title Screening Excluded (n=11,278)
20 (n=1150) Not related to AFPM
2 Excluded (n=1092)
Records after abstracts Not about AFPM utilizing PCB
Screening (n=58)
J ¢
Excluded (n=19)
Full-text articles assessed for Studies with low assessment (17),
eligibility —>| Articles with language not
(n=39) English (2)

Aricles included for review
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(n=38)
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Figure 1. PRISMA.

3. Results for Data Synthesis
3.1. Advancements in PCB Manufacturing

Recent progress in Printed Circuit Board (PCB) manufacturing has greatly changed
the design and production of windings in axial flux machines (AFMs), improving their
efficiency and compactness [16]. A key innovation is the introduction of flex-PCBs and
rigid-flex PCBs, which allow for complex and space-efficient designs for AFM windings.
Flex-PCBs, made from pliable materials, facilitate straightforward integration into small
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motor designs, whereas rigid-flex PCBs merge the durability of rigid boards with the
adaptability of flex-PCBs [17]. By utilizing materials such as PTFE or ceramics, these PCBs
guarantee that electrical signals retain their quality during high-frequency operations, a
property essential for accuracy and performance in electric machines. For AFPMMs, these
materials facilitate excellent current conduction and better electromagnetic performance,
minimizing losses and boosting efficiency [18].

The emergence of high-density interconnect (HDI) PCBs and miniaturization methods
has transformed AFM winding production. HDI PCBs, featuring narrower traces, stacked
microvias, and greater circuit density, allow for the fabrication of super-slim and compact
PCBs [19]. This enables CAFPMMs to deliver greater torque and power in smaller sizes,
catering to the need for lightweight and compact designs. Miniaturization has resulted
in the creation of micro-PCBs that enable exact control over winding configurations and
decrease the total weight of the machine, thereby enhancing the motor’s efficiency and
portability [20]. Advances in 3D printing and new materials have opened additional possi-
bilities for CAFPMMS winding production [21]. Three-dimensional printing technologies
enable the rapid prototyping of custom PCB designs, allowing manufacturers to experiment
with complex and innovative winding geometries [22]. Additive manufacturing, which
eliminates traditional etching processes, offers flexibility and faster production cycles,
enhancing the adaptability of PCB designs. Furthermore, the exploration of alternatives to
copper, such as graphene and carbon nanotubes, has introduced lighter and more thermally
efficient materials into PCB manufacturing [9]. These advancements collectively enable
axial flux machines: single stator single rotor (SSSR), single stator double rotor (SSDR),
double stators single rotor (DSSR), multi stator multi rotor (MSMR), to achieve unprece-
dented levels of performance, reliability, and design flexibility, aligning with the evolving
needs of electric machine technology [4,23].

Figure 2a shows that the research activity from 2019 to 2024 demonstrates a fluctuating
trend in scholarly interest and output. The year 2019 marked the peak with 11 publications,
indicating significant momentum and attention in the field. However, this was followed
by a decline, with seven studies in 2020 and six in 2021, suggesting a gradual reduction in
research efforts. The downward trend continued into 2022, with only three publications,
marking the lowest point during the period. Interestingly, 2023 saw a resurgence with eight
studies, reflecting renewed interest or advancements in the field. Despite this uptick, 2024
recorded just three publications, mirroring the output of 2022. This pattern highlights the
dynamic nature of research priorities, possibly influenced by a maturing field that requires
more targets. Figure 2b highlights the distribution of research contributions across various
publication platforms. IEEE conferences lead significantly with eighteen contributions,
followed by IEEE journals with nine, showcasing a strong preference for IEEE-affiliated
articles. IET journals and other conferences contribute equally, with four publications
each, while other journals account for the smallest share at three. This distribution indi-
cates a clear emphasis on IEEE platforms for disseminating research, particularly through
conferences, reflecting their importance in the research community.

Figure 2c presents the percentage contributions of different machine topologies: SSSR,
SSDR, DSSR, MSMR, and ND (not defined). Among these, the SSDR topology dominates,
with the highest contribution at 60.5%, indicating its substantial importance due to the
symmetrical rotor design eliminating unbalanced axial forces and improving cooling,
power, and torque density. DSSR follows as the second most significant topology with
21.1% having symmetrical stator design, enhanced torque and power density, and structural
complexity, while MSMR and ND contribute more modestly at 10.5% and 5.3%, respectively.
However, MSMR further increases electromagnetic performance but comes with design
and manufacturing complexity. SSSR has the smallest impact, contributing only 2.6% as a
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Figure 2. (a) Segment of research content. (b) Research progress and article component contribution.
(c) AFPMM contributions.

3.2. Defect Mitigation Strategies

Flaws in PCBs pose a serious issue for CAFPMM winding designs, as they can greatly
impact the machine’s performance, efficiency, and reliability [18]. These machines depend
greatly on PCB windings for compact size, accuracy, and enhanced power density, rendering
flawless PCB production a necessity. As the use of multi-layered and adaptable PCBs grows,
the likelihood of defects like incomplete circuits, short circuits, or misaligned patterns has
emerged as a challenge [13,24]. These flaws may cause irregular current distribution,
higher thermal losses, and the deterioration of electromagnetic performance, ultimately
affecting the machine’s overall efficiency and longevity. Avoiding PCB defects in the
winding designs necessitates a strong strategy throughout the design and production
stages [24]. By adhering to Design for Manufacturability (DFM) guidelines, designers
can verify that the PCB’s layout, trace width, and spacing conform to the machine’s
specifications and the capabilities of the fabrication process [25]. Moreover, a meticulous
choice of materials, especially for insulation and copper layers, is crucial to endure the
thermal and electromagnetic stresses faced during machine operation, minimizing the
chances of defects such as delamination or warping.

Automated optical inspection (AOI) systems integrated with X-ray analysis are uti-
lized to identify problems like incomplete vias, misaligned parts, or soldering faults that
might affect the winding’s efficiency [26]. Functional testing tailored to the electrical and
magnetic specifications of AFPMMs guarantees that the PCBs can withstand the neces-
sary current density and magnetic flux without failing [27]. Innovative manufacturing
processes, including additive technologies and laser drilling, also improve the accuracy
and dependability of the PCB windings, making them more resistant to defects and more
appropriate for challenging operating environments [8,28]. By tackling potential flaws
and implementing strong manufacturing methods, the quality and efficiency of PCBs in
AFPMMs can be greatly enhanced. Kanygina et al. [18] highlighted the importance of
optical and electrical testing to address common defects such as open circuits and shorts
caused by etching and inclusions. Tokuda et al. [29] explored flexible PCB (FPCB) de-
sign challenges in high-density hard disk drives, focusing on specification optimization
and reliable mounting processes. These studies collectively underscore the critical role of
innovative manufacturing, inspection, and optimization in advancing PCB technology.

3.3. PCB-Based Winding Configurations

PCB-based winding designs have risen as a groundbreaking method in the creation
of CAFPMMs. These setups utilize the accuracy, compactness, and adaptability of PCBs
to create efficient and high-performing winding structures. In contrast to traditional
copper wire windings, PCB windings incorporate conductive traces directly on the board,
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allowing for intricate and accurate shapes that enhance current flow and magnetic field
arrangement [30]. This approach increases the machine’s productivity, minimizes material
waste, and streamlines the assembly process. When utilizing PCB stator windings in
AFPM machines, selecting an optimal winding pattern is crucial for achieving the desired
performance and efficient use of the limited board area [31]. Winding configurations are
primarily categorized into concentrated and non-concentrated windings, each suited to
specific operational demands, as depicted in Figure 3. Windings that use PCB technology
are generally constructed in flat layers, which enables multi-layer stacking to enhance coil
density and attain greater power outputs. Patterns like spiral and wave configurations
are frequently used. These designs also allow for improved thermal management, since
the flat shape of the PCB promotes effective heat dissipation. Moreover, the capability to
modify the arrangement of traces offers enhanced flexibility in fine-tuning winding factors,
minimizing eddy current losses, and increasing torque density.
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Figure 3. PCB-based winding.

Nevertheless, utilizing PCB-based winding configurations introduces difficulties, such
as the compromises between electrical conductivity and thermal performance, especially
when selecting PCB materials such as FR4 or polyimide. The restricted current-carrying
capacity of thin copper layers, in contrast to conventional wires, necessitates meticulous
design to prevent overheating and guarantee dependable performance under high power
demands. PCB windings in AFPMMs enable higher current densities with improved
thermal performance [32] and facilitate low-profile, high-torque designs, with trapezoidal
windings showing superior torque production [33]. Innovations in winding patterns, such
as radial and parallel configurations, further reduce losses and enhance performance [8].
Manufacturing processes are also evolving, with intelligent optimization systems improv-
ing PCB assembly efficiency and yield [34]. Advanced conductor technologies, including
Litz wire and PCB windings, mitigate eddy current losses in coreless AFPM designs,
optimizing power density and reducing copper losses [35].

3.3.1. Concentrated Planar Windings (CPWs)

Planar windings are a specialized configuration of coil arrangements, typically fabri-
cated using PCB or similar flat substrates, offering a compact and efficient alternative to
traditional wire windings [36]. These windings are characterized by their flat, 2D design,
where conductive traces replace conventional wires, enabling precise geometric patterns
that optimize electromagnetic performance. In CAFPMMs, planar windings significantly
enhance performance by reducing the coil’s end lengths, which minimizes resistance and
copper losses. This design contributes to higher power density and efficiency. Moreover,
the precision of planar windings ensures the uniform distribution of the magnetic field,
reducing undesired harmonics and improving machine stability [37]. Thermal management
is another advantage, as the flat configuration facilitates better heat dissipation, reducing
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the risk of hotspots. The use of planar windings also streamlines manufacturing, offering
repeatability and scalability, particularly in applications requiring lightweight and compact
designs [38]. Planar windings are increasingly favored in advanced electrical machines due
to their ability to integrate seamlessly with PCB technologies.

3.3.2. Concentrated Spiral Windings (CSPs)

Spiral configurations are innovative winding approaches used in modern electrical
machines, including coreless axial flux permanent magnet machines (CAFMs), to enhance
performance and efficiency. These configurations leverage unique geometries to optimize
electromagnetic properties and streamline machine designs. Spiral configurations, often
implemented using planar or PCB-based technologies, feature concentric or spiral patterns
of conductive traces [23]. These patterns maximize the use of the available space while
reducing the copper losses associated with conventional winding techniques. The pre-
cise geometry of spiral windings also ensures a well-distributed magnetic field, leading
to improved torque generation and reduced harmonic distortions [8,30]. The ability to
integrate seamlessly with thermal management systems further enhances their applica-
bility in high-performance machines, paving the way for more efficient and sustainable
machine designs.

3.3.3. Non-Concentrated Wave Windings (NCWWs)

Wave windings are specialized configurations aimed at optimizing the performance
of the machine’s stator winding [11]. These windings are particularly effective in appli-
cations requiring smooth sinusoidal electromotive force (EMF) generation and reduced
harmonic distortion for achieving high efficiency. In CAFPMMSs, wave windings are typi-
cally implemented by routing the winding pattern in a continuous, wave-like path across
multiple poles [39]. This design allows the winding to span a larger area of the stator
while maintaining a sinusoidal EMF profile. The overlapping arrangement of conductors
ensures consistent magnetic interaction with the rotor’s permanent magnets, making wave
winding particularly suitable for multi-pole designs, where smooth torque and low cogging
are desired. Furthermore, wave windings provide a relatively uniform current distribu-
tion, which helps minimize hotspots and improve thermal performance [40]. However,
implementing wave windings also presents challenges. Their complex layout requires
precise PCB design and manufacturing processes, particularly in multi-layer PCB configu-
rations. Additionally, wave windings may increase the total length of copper traces, which
can lead to higher copper losses compared to more compact winding configurations like
concentrated windings.

Despite these challenges, wave winding remains a promising option for applications
prioritizing low harmonic distortion and smooth operation. Studies, including those
by [40,41] explored innovative winding designs like wave and spiral topologies, multi-
layer configurations, and unequal-width windings, optimizing power density, efficiency,
and torque through finite element analysis (FEA). Hybrid analytical and numerical methods,
such as those by [30], have proven effective in estimating losses and optimizing conductor
paths. Thermal modeling, as examined by [12], is critical for managing temperature rise
in PCB stators, with design strategies like increasing conductor linewidth improving heat
dissipation. Additionally, comparative analyses by [42] revealed that slotted machines excel
in torque density, while non-slotted ones reduce torque ripple, making each suitable for
specific applications. Overall, these advancements in PCB winding design and multiphysics
optimization pave the way for high-performance AFPM machines in compact, efficient,
and versatile configurations. Figure 4a,b showcase the simulated model of a CAFPMM
utilizing the PCB winding configuration.
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Figure 4c’s funnel chart illustrates the proportional contributions of four categories,
totaling 100%. CPW dominates with 47.4%, nearly half of the total, followed by CSW at
26.3% and NCWW at 21%, representing moderate contributions. ND accounts for the
smallest share at 5.3%. This distribution highlights CPW as the most significant contributor,
with CSW and NCWW playing notable roles, while ND has a minimal impact. However,
their individual contributions are presented in Table 3.

Table 3. Comparative analysis of PCB-based windings [23,40,43].

Feature

CPW CSW NCWW

Definition

Flat, planar windings. Spiral pattern. Wave-like fashion.

Design Structure

Traces are laid out on a flat PCB
surface.

Traces spiral outward or inward
in a concentric design.

Continuous winding patterns
spread across multiple poles.

Torque Production

High torque density due to
localized winding.

Moderate torque density,
dependent on spiral spacing.

Smooth torque production with
reduced cogging.

Utilization of PCB Area

Less efficient use of the PCB area,
as traces span widely.

Efficient use of the board area in
concentrated regions.

Utilizes the space in a compact,
circular fashion.

Copper Losses

Lower losses due to even current
flow across extended windings.

Moderate, dependent on trace
length and concentration.

Higher losses in dense spirals due
to overlapping traces.

Manufacturing Complexity

A relatively simple planar PCB
layout.

Moderate complexity due to
precise spiral trace routing.

High complexity, requiring
precise alignment.

3.4. Optimization of Design Utilizing Software Tools

The optimization of PCB-based winding designs in CAFPMMs is essential for attaining
peak performance, efficiency, and reliability. Sophisticated software applications are crucial
in simplifying the design workflow, guaranteeing accurate simulations, and enhancing
overall machine efficiency [30]. These instruments help in examining electromagnetic
properties, refining winding arrangements, and tackling thermal and mechanical issues.
A key goal of utilizing software tools is to enhance the winding pattern, which directly
influences the machine’s torque density, efficiency, and thermal characteristics [44]. Pro-
grams like ANSYS Maxwell, COMSOL Multiphysics, and ALTAIR Flux facilitate in-depth
electromagnetic simulations to assess various winding configurations, including wave
winding, planar concentrated windings, and spiral windings. These simulations offer an
understanding of the magnetic flux distribution, EMF waveform quality, and torque ripple,
enabling engineers to optimize their designs for particular applications [45]. Additionally,
software applications such as MATLAB/Simulink, Motor-CAD, and Altium Designer offer
a unified platform for co-simulating the electrical, thermal, and mechanical features.

3.5. PCB Winding Wiring Strategy

Particularly in CAFPMMs and other synchronous permanent magnet machines, the
PCB wiring strategy for variant windings requires a careful consideration of electrical,
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thermal, and mechanical factors. Currently, FR4 materials serve as the optimal substrate
for PCB designs as they have a small loss tangent, implying that the power loss due to the
material is negligible at a temperature gradient of >170 °C [5]. Effectively controlling high
currents and lowering resistive losses require choosing the right values for the following
parameters: PCB thickness, copper thickness, trace clearance, trace width, number of layers
and turns, vias design, and core thickness. The requirements of the Institute of Printed
Circuits (IPC-2221) for trace width and spacing should be followed to ensure adequate
current-carrying capacity without undue heating. Employing many vias for interlayer
connections is advised to further improve performance [46]. To accomplish the necessary
turns while retaining the ideal current density, high-power PCBs require several winding
layers (top and bottom) or tracks. Wider traces are required to manage high currents due
to the limited copper thickness. PCB windings can be efficiently designed and modified
using professional tools, and to optimize current flow, through-hole vias require proper
overlap between successive turns, thereby allowing multiple vias to handle maximum
current efficiently.

Performance and size must be balanced by optimizing certain aspects of the parame-
ters. To satisfy DC bus voltage requirements and reduce circulating currents, either CPW,
or NCWW winding designs incorporate many coupled traces. Variations in PCB thick-
ness have an impact on the design, affecting the fill factor due to manufacturer-defined
trace dimensions and spacing [5]. Effective layout techniques improve performance while
maintaining manufacturability, such as optimizing route density. The voltage and current
constraints of the system should determine whether to use series or parallel winding config-
urations, with careful end-turn length optimization to reduce copper losses [44]. To enhance
durability and conductivity, an appropriate surface finish like ENIG (electroless nickel
immersion gold) ought to be used. Following these design approaches allows PCB-based
windings to attain improved efficiency, greater reliability, and optimized performance in
contemporary machine applications. A schematic representation, a quasi-3D schematic,
and a full 3D model design of NCWW on a PCB substrate are shown in Figure 5a—c.

Copper trace

Substrate

Atomet Stator Core

(b) (o)

Figure 5. (a) A 2D representation of a PCB on a substrate [46]. (b) PCB wave winding design with
dimensions. (c) Prototype of the winding [5].

3.6. PCB-Based Winding and Their Practical Applications

This section underscores the authors’ specialized expertise and contributions. A critical
aspect of their work involves addressing PCB manufacturing tolerances, particularly the
selection of appropriate trace widths [47]. The inadequate selection of PCB manufacturing
tolerances, such as specifying narrow traces, leads to higher electrical resistance and power
loss, thereby reducing machine efficiency. The strong correlation between simulation
models and experimental results, with negligible error margins, underscores the robustness
of their methodologies for various applications as presented in Table 4. By adopting a
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methodically simplified equivalent three-dimensional finite element analysis (FEA) model,
many of these challenges are effectively addressed. This approach not only enhances
computational efficiency but also maintains high accuracy in the analysis of complex
systems. Research by [48] optimized CAFPMMs for vertical-axis wind turbines using the
NSGA-II algorithm, demonstrating the importance of air gap adjustments to minimize
eddy current losses and mechanical stress, with results validated via 3D finite element
analysis (FEA). Matin [49] proposed an AFPM motor for electric aircrafts, optimizing its
coreless structure for high power density and efficiency while addressing fault tolerance
and thermal management using evolutionary algorithms and FEA.

Table 4. Comparative analysis of PCB-based windings.

.1 Power Den- Torql‘le Efficiency -
Ref./Windings  Methods Power(W) . Torque (Nm) Density o Losses (W) Applications
sity(Wikg) (Nm/kg) o)
[38]/NCWW FEA/Exp. 60 - 12 - - - Low power
[4]/CPW Num/FEA 92/100 - 0.062 - 92 8 Pico-Hydro
Gimbal
[40]/CPW Num/FEA/Exp.  29/40 - 0.18 71.97 11 camera for
aviation
[27]/NCWW  Num/FEA/Exp. - 615 0.29 -
[7/NCWW  FEA/Exp. 58/60 0.02 94 10.5 Hlilfoigfed
Electric
[49]/CPW FEA/Exp. 1.5M 38K - - 98.7 - Aircraft
Propulsion

Note: Num—numerical, Exp—experimental, and FEA—finite element analysis.

Earlier, Tokgoz [8] demonstrated that PCB windings could address manufacturing
challenges in AFPMs by enabling precise and cost-effective mass production. In their
extended work in [50], they explored a PCB-stator AFPM with an integrated GaNFET
drive, achieving 90% efficiency and effective passive cooling under high-speed operation
and introducing methods to measure and mitigate eddy losses. The work conducted
by [47] introduces a computationally efficient FEA-based method for large-scale design
optimization, leveraging symmetry and simplified models to cut runtime while maintain-
ing accuracy. These studies collectively pave the way for optimized, high-performance
CAFPMMs suitable for various applications, balancing efficiency, manufacturing feasibility,
and computational scalability. However, based on the analysis records, ANSYS is the most
prioritized tool for PCB modeling, accounting for a greater percentage of the usage, fol-
lowed closely by COMSOL and ALTAIR Flux. Moreover, Figure 6a—c display the validated
experimental model, respectively, of the SSDR CAFPMM utilizing PCB stator technology
with optimal performances.
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PCB holding
disc (SS)

PCB stator

Halbach rotor

Figure 6. (a) Integrated PCB stator with concentrated winding [27]. (b) SSDR CAFPM motor with
PCB winding [7]. (c) SSDR CAFPMM based on concentric PCB winding [49].

3.7. Thermal Control and Related Losses from PCB Winding Arrangements for AFPMM

PCB winding technology has surfaced as a viable substitute for conventional copper
windings in axial flux permanent magnet machines (AFPMs) because of its compact size, ac-
curacy, and exceptional reliability. Nonetheless, thermal management becomes an essential
design factor when employing PCB windings, as their distinctive arrangement affects heat
production and dispersion. Effectively addressing thermal issues linked to PCB winding
setups is crucial for maintaining the machine’s performance, efficiency, and durability.

3.7.1. Thermal Management Challenges in PCB Winding Configurations

PCB winding designs are highly compact and often utilize multi-layer configurations
to maximize the number of turns per unit volume. While this improves the electromagnetic
performance of the CAFPMMs, it increases the risk of heat accumulation due to limited
airflow between layers and the insulating properties of the PCB substrate [30]. Furthermore,
variations in winding layouts such as spiral, wave, or interleaved configurations affect the
distribution of heat within the machine. The axial flux topology itself, with its inherent
compactness and limited cooling surfaces, further complicates the dissipation of heat from
PCB windings. Inadequate thermal management can lead to performance degradation,
reduced efficiency, and even premature failure of the machine [12,27].

1.  Optimized Winding Design: the careful design of the trace geometry, such as in-
creasing trace width and optimizing the copper fill factor, can reduce resistance and
minimize I?R losses.

2. Advanced Materials: high-conductivity copper and thermally enhanced PCB sub-
strates, such as ceramic-filled composites, are used to improve heat dissipation.

3.  Efficient Cooling Mechanisms: Incorporating direct liquid cooling channels into the
PCB structure allows for active heat removal. For instance, adding thermal vias within
the PCB can enhance vertical heat transfer to external cooling systems.

4. Thermal Simulations: these simulations guide the placement of thermal vias and the
optimization of trace layouts for uniform heat distribution.

3.7.2. Loss Mitigation

Estimating eddy current losses in PCB traces is a complex yet essential task in the
design of high-performance electric machines. These losses can be evaluated using de-
tailed 2D or 3D FEA with other approaches. For CAFPMMs, addressing eddy current
losses becomes even more critical during both the design and optimization stages [30].
To overcome this, a hybrid analytical numerical approach is proposed. This innovative
method integrates seamlessly with multi-objective optimization algorithms, enabling the
efficient and accurate estimation of eddy current losses. The result is a robust, time-saving
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strategy that preserves the fidelity of loss predictions while accelerating the path to opti-
mized machine designs. PCB stators reduce manufacturing costs and complexities while
minimizing losses such as eddy currents and circulating currents, though challenges like
limited copper fill factors and AC losses in high-speed applications remain significant [16].
Studies have explored optimized winding layouts, such as wave and spiral designs, to
improve efficiency and mitigate loss [46,51,52]. For small-scale applications, novel motor
architectures leverage PCB stators to increase torque density and simplify production.
Overall, PCB-based CAFPM machines promise scalable, efficient, and lightweight solutions
for diverse industries, but overcoming manufacturing and performance trade-offs remains
key to unlocking their full potential.

4. Recommendations

The future of PCB manufacturing is driven by the need for faster, smaller, and more
efficient electronic systems. The key trends likely to shape the future include the following:

1. Nanomaterials: the development of nano-scale materials will enable PCBs with even
better performance characteristics, including faster signal transmission, higher ther-
mal conductivity, and improved mechanical strength;

2. Artificial Intelligence and Machine Learning: these algorithms can be applied to optimize
PCB design and detect defects, enhancing the reliability and lifespan of PCBs;

3. Smart PCBs: future PCBs may feature integrated sensors, microprocessors, and wire-
less communication capabilities, making them more intelligent.

5. Conclusions

This study reviews the role of PCBs in axial flux permanent magnet machines (AF-
PMMs), analyzing 38 articles from 2019 to 2024 using the PRISMA methodology. PCBs
are vital for lightweight AFPMMs, particularly in single stator double rotor (SSDR) con-
figurations, optimized using tools like ANSYS and COMSOL. Concentrated trapezoidal
winding is the dominant topology, with growing interest in DSSR and multi-disk designs.
The findings highlight advancements in PCB manufacturing, winding optimization, and
defect mitigation, emphasizing their evolving role in future AFPMM innovations.
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