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Abstract—This paper proposes a systematic multi-step de-
sign procedure for highly efficient printed circuit board (PCB)
stator coreless axial flux permanent magnet (AFPM) machines
with minimal eddy and circulating current losses. The process
begins with initial sizing, providing specific coefficients based
on experience with multiple design projects. It continues with
the optimization of the machine envelope design using an
evolutionary algorithm and computationally efficient 3D finite
element analysis (FEA) models. The subsequent step focuses
on the detailed design of a PCB stator, aiming to minimize
eddy and circulating current losses. Several open circuit loss
mitigation techniques are proposed based on analytical equations
and 3D FEA, while considering PCB manufacturing limitations
and standards. The effectiveness of this design procedure is
showcased through the design of an integral horsepower PCB
stator coreless AFPM machine for HVAC applications, which
was prototyped and tested. The experimental results indicated
significantly reduced eddy current losses and virtually zero
circulating currents, achieving 96% efficiency at a speed of
2,100rpm and an output torque of 19Nm. This outcome validates
the efficacy of the proposed approach.

Index Terms—Axial-flux, coreless machines, FEA, optimiza-
tion, differential evolution, permanent-magnet machines, PCB
stator, winding losses, eddy current, circulating current.

I. INTRODUCTION

Permanent magnet synchronous machines (PMSMs), par-
ticularly those of axial flux type are being researched and
developed for various applications, such as HVAC systems,
aviation propulsion, and electric vehicles [1], [2]. The core-
less (air-cored) stator axial flux permanent magnet (AFPM)
machine topology offers notable advantages over conventional
designs by eliminating magnetic cores and their associated
losses, including potentially higher efficiency, zero cogging
torque, and reduced audible noise and vibration [3], [4].

Lack of a magnetic core in coreless stator machines can also
lead to potentially lower weight and volume, depending on the
application and system integration. Eliminating the magnetic
core allows for more effective cooling systems, wherein the
coolant can be in direct contact with the stator windings within
liquid-cooled motors, enabling the opportunity to increase
current density multiple times that of a conventional cored
machine [5], [6]. This can potentially improve power density
and specific torque (Nm/kg).

Currently, designers are confronted with the challenge of
mitigating stator winding losses, which serves as the primary

source of loss in coreless machines. In this type of machine,
where there is no magnetic core in the stator, the copper
conductors are directly exposed to fluctuations in the airgap’s
magnetic flux density. This exposure can lead to consider-
able losses caused by eddy currents [7], [8]. Furthermore,
machines with a wide magnetic airgap suffer from an uneven
distribution of magnetic flux density and notable flux fringing.
Consequently, parallel conductors experience varying induced
voltages, resulting in circulating current losses [9], [10].

Lack of a magnetic core presents an opportunity to incorpo-
rate printed circuit board (PCB) stators in coreless AFPM ma-
chines, which have gained popularity due to their potentially
reliable and highly repeatable fabrication process, high mod-
ularity, and lightweight nature [11]. The significant flexibility
in PCB coil shape designs and their interconnections, with
minimal impact on manufacturing setup, presents an excellent
opportunity to enhance the efficiency of coreless machines
through optimized stator coil designs. As a result, there has
been a surge of studies focusing on the design and optimization
of PCB coils with the primary objective of minimizing losses
and enhancing torque density.

Five different PCB winding topologies were studied and
compared in terms of induced voltage, torque, and losses
through analytical calculations and finite element analysis
in [12], where a novel unequal-width parallel winding was
proposed and compared with parallel winding. The trace width
of this novel unequal-width parallel winding increases as the
radius increases, decreasing the resistance of the copper trace
and improving the utilization of the PCB surface area and
cooling performance. Another AFPM machine with unequal-
width PCB windings with the aim of improving the output
power for a small scale wind generator was presented in [13].

A modeling and design procedure for a high-speed 1kW
coreless PCB stator multi-phase AFPM machine with non-
overlapped windings was proposed in [14], where closed-
form equations for torque, eddy current losses, and circulating
current losses were utilized. A single-sided axial flux machine
with a Halbach array rotor and PCB stator for high-speed
applications was introduced in [15], where the machine fea-
tures distributed non-overlapping coils and the possibility of
circulating currents and proximity effects.

A framework for the design and analysis of a commercially
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Fig. 1. The flowchart of the introduced multi-step design procedure for PCB stator coreless AFPM machines.

available AFPM machine with a coreless PCB stator and fully
integrated variable frequency was presented in [16]. Another
example of an integrated compact motor-drive system with a
PCB stator was presented in [17], where a genetic algorithm
for machine optimization and investigation of open circuit
losses was used.

A multi-objective design optimization study for coreless
AFPM machine with PCB stator considering AC winding
losses was presented in [18]. A PCB stator coreless AFPM
machine with wave winding topology was optimized consid-
ering a macro coil model to reduce computational burden in
[19]. For a coreless stator AFPM machine designed for electric
aircraft propulsion systems two PCB stator coil shapes, wave
and spiral (concentric), were presented in [20]. Printed circuit
board windings can also be utilized for radial flux machines
as introduced in [21].

The minimization of eddy current, circulating current, and
Joule losses as the stator loss components represents con-
flicting objectives and cannot be prioritized exclusively. A
detailed discussion of the trade-off between stator power loss
components was presented by the same group of authors
as this paper in [10]. Therefore, a systematic approach is
imperative in designing coreless PCB stator AFPM machines
that comprehensively considers all stator loss components and
the trade-offs between them, while also taking into account
PCB stator fabrication limitations and adhering to industry
standards. This approach is vital for achieving high efficiency
and unlocking the full potential of PCB stator coreless AFPM
machines.

This paper is a follow-up expansion of [22] and proposes a
systematic multi-step design procedure for PCB stator core-
less AFPM machines, considering all stator windings loss
components and manufacturing limitations and standards. An
exemplary highly efficient integral horsepower PCB stator
coreless AFPM machine was specifically designed using this
approach, showcasing the effectiveness of the process. All
FEA results were obtained from 3D models created in Ansys
Electronics Desktop, utilizing the transient solution type [1],
[23]. Furthermore, a prototype of the machine was fabricated,
and its performance was evaluated through various experimen-
tal tests.

II. DESIGN PROCEDURE

The proposed multi-step design procedure is described in
this section. In the following sections, an integral horsepower
PCB stator coreless AFPM machine is designed and experi-
mentally tested, showcasing the effectiveness of this approach
summarized in Fig. 1.

The design procedure begins with the provided specifica-
tions of the machine for the designated applications and then
continues with problem formulation. In this study, a double-
rotor single-stator AFPM machine for a fan application serves
as an example. Axial flux machines have various configura-
tions, and among them, the dual rotor single-stator design is
prevalent due to its robustness and high torque density [16].
The exploded view of this configuration is demonstrated in
Fig. 2a. This machine is expected to deliver a rated torque
of 19Nm at 2,100rpm (~4.2kW) with an outer diameter
of 310mm, constrained by the dimensional requirements for
mechanical integration.

A. Initial Sizing

The AFPM machines sizing equation reveals that the elec-
tromagnetic torque varies cubically with its outer diameter,
D,, as detailed in [2], [4]. Another crucial design factor is
the ratio of inner to outer diameter, denoted as kg = D,/D,.
This ratio should fall within the range [0.65,0.75] for designs
targeting high power density [2].

For a non-salient double rotor AFPM machine as shown in
Fig. 2a, the fundamental component of the airgap flux density
in the axial direction can be expressed as [24]:

B.1(0,z) = Bcosh <W2> cos (0), (1)
Tp
with the peak value of:
~ 4B, sinh[n(kskphm /)] ™
B = *k’m 9
7w sinh[r(k.g/27,)] . (2 ) @

where B, is the remanence of the PMs, 7, the pole pitch,
h,, the magnet thickness, g the airgap length, i.e. magnet
to magnet distance as shown in Fig. 4, and k,, = 7,/7p
the magnet arc length to pole-pitch ratio. Considering this
equation, for a target airgap flux density and a specified magnet
type the dimensions of the magnets can be decided [25].



Fig. 2. The exploded view of the double-rotor single PCB stator coreless
AFPM machine configuration (a). Full model flux density lines of the example
coreless AFPM machine (b). The design optimization and other studies were
done based on 3D FEA models, but employing an ultra-fast model that takes
advantages of the machine symmetry and minimum number of FEA solutions.

Carter’s and PM leakage coefficients are represented by k,
and k., respectively. Both can be approximated with a unity
value for surface PM (SPM) coreless machines. The coefficient
kp is equal to the number of PMs that provide the polar flux
with a unity value for SPM. The calculated waveform based
on (1), is shown in Fig. 4.

For a given fundamental rated phase voltage, me, and
considering the calculated magnetic flux density in the airgap,
the number of turns per phase can be estimated as:

_ ku ‘/;Jh,l _ 427 ku Vph,l

21 f1 Ypm w2f) Kun Kavg km B D2 (1 — kg)(;)
where k,, represents the ratio of back-EMF (i.e., open circuit
voltage) to induced voltage (i.e., generated voltage at the
rated current), which is typically close to one for coreless
machines, f; the rated fundamental frequency, p the number
of pole-pairs, k1 the fundamental winding factor, and kg
the ratio of the fundamental to the average value of the airgap
flux density, which depends on certain geometrical dimensions
such as magnet arc length. Typically, for SPMSMs, kg, falls
between 1.1/k,, and 7/2 [25]. In this equation, ¥ p; denotes
the open-circuit PM flux linkage.

The electromagnetic torque can be estimated by:

Ny

Tem - % P \IIPM ers SFF Cuw éc/Nta (4)

where m is the number of phases, J,,,s the current density
in copper conductors, ¢, the coil side width, ¢, the coil axial
thickness, and SFF' the slof-fill-factor.

The 3D flux pathways, multiple geometry-dependent co-
efficients, and complicated PCB coil geometry affect the
accuracy of the analytical equations, leading to unsatisfactory
results. The calculated fundamental component of the airgap
flux density, based on (1), was compared with FEA results,
showing an approximately 15% error in the average value,
as depicted in Fig. 4. This average value was then used to
calculate the flux linkage ¥ p),. The inaccuracy is mainly due
to the large variations in flux lines, both in the circumferential
and axial directions, as shown in the cross-sectional view of
Fig. 4, which are not captured in the analytical equations.

Fig. 3. The 3D FEA parametric model of one pole with the simplified PCB
coil employed in the design optimization study. The detailed view of the real
PCB coil cross section is also shown.

Hence, there is a need for 3D FEA models to ensure the
accuracy of performance estimation. These models demand
extensive computational power and long running times. The
computation time becomes even more prolonged in the case of
PCB stator machines with complex models, including narrow
copper traces that necessitate a large number of mesh elements.

Solving hundreds of such 3D FEA models within an op-
timization study on regular workstations poses a significant
challenge. Therefore, there is a need for computationally
efficient 3D FEA models for AFPM machines. To address this
issue, a FEA-based mathematical method is introduced, using
the minimum number of FEA solutions possible and thereby
significantly reducing running time.

B. Computationally Efficient 3D FEA (CE-FEA) Model

The single-phase output torque waveform of an example
coreless AFPM machine resulting from a transient FEA with
36 time steps is shown in Fig. 5. The single-phase torque
here refers to the output torque generated solely by one phase
(one PCB stator), while the total output torque is derived by
summing such waveforms that are shifted by 120 degrees with
respect to each other. The general expression of single-phase
torque waveform in the form of a Fourier series can be written
as follows:

M
Tem(e) - Tem,O + Z Tem,k cos(k9 + ¢k) 5 (5)
k=1
where L
Tem,O = 7/ Tem(e) de 5
™
0 (6)
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6 is rotor position in electrical degrees, ¢ the initial degree for
each phase, and M is the highest order of harmonics present
in the signal.

The harmonic content of the single-phase torque waveform
was derived from a conventional Fourier series analysis and is
tabulated in Table I. Here, one electrical cycle, i.e., 0 to 360
electrical degrees, was considered as its period. The results
indicate that the DC component and the second harmonic
contribute the majority of the harmonic content, while the
fourth harmonic order represents only 1.1% of the second
harmonic, and the rest of the harmonic orders are virtually
ZEero.

According to the Nyquist theorem, for a complete repre-
sentation of Fourier components in a periodic waveform, the
sampling frequency, f;, must be at least twice the highest
frequency component, f,,. Consequently, to construct a wave-
form, the number of FEA solutions, s, must be equal to or
greater than twice the maximum harmonic order, M: s > 2M .

To accurately capture the torque waveform under investiga-
tion, considering up to the second harmonic yields satisfactory
results as it contains the majority of its harmonic content.
Hence, with M =2, a minimum of four FEA solutions are nec-
essary. Since the torque waveform repeats every 180 electrical
degrees, we intuitively know that only two FEA solutions
are required. This method, circumventing unnecessary FEA
solutions, significantly cuts down the time required for model
analysis while upholding result accuracy.

The calculated torque waveform within one electrical cycle,
with only two FEA solutions at 0 and 90 electrical degrees, is
shown in Fig. 5. It is worth mentioning that there is no need
to have the two FEA solutions exactly at 0 and 90 electrical
degrees. Exactly the same analysis approach is applicable to
flux linkage and by taking the derivative of it and considering
the motor speed, the machine back-EMF was derived, as
depicted in Fig. 5.

It is important to highlight that the absence of a mag-
netic core, and consequently, saturation effects, leads to a
reduced harmonic content in coreless machine flux density and
torque waveforms. This facilitates predicting the machine’s
performance with fewer finite element analysis solutions. The
systematic approach introduced to achieve the most accurate
and computationally efficient results is generally applicable to
coreless machines, even in the presence of marginal saturation
due to specific designs. The absence of saturation in coreless
AFPM machines was investigated in [24] and [26] by studying
their performance under various conditions through FEA-
based parametric studies.

Taking into account the geometric and magnetic symmetry
of the machine, only one pole with a reduced-turn PCB coil
that is able to effectively replicate the current trajectories in
real PCB coils was modeled, as shown in Fig. 3. This model
results in a significant reduction in computational time.

C. Stator Design and Loss Minimization

The next step is dedicated to optimizing the machine
envelope, i.e., stator and rotor dimensions, to achieve predeter-
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Fig. 4. The airgap flux density, B, of the double-rotor coreless AFPM
machine derived from FEA within half of an electrical cycle. The amplitude
of the fundamental component of B, based on FEA is 1.01T. The analytically
calculated fundamental component, B 1, based on (1), is also shown.
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Fig. 5. The single-phase output torque and back-EMF derived from a transient
FEA with 36 time steps. The calculated waveforms based on only two FEA
solutions at 0 and 90 electrical degrees (marked by ¢), are also shown.

mined objectives, which are considered based on the require-
ments of any specific application. In the design optimization
of electric machines, geometrical variables, the number of
pole pairs, and material constants are typically treated as
independent variables. The optimization is done by evaluating
hundreds of candidate designs that in this case are 3D FEA
models of the machine. Within the optimization study, the
independent variables are adjusted by a systematic algorithm,
seeking the optimum designs that satisfy the objectives. It is
also essential to establish a stopping criteria for the optimiza-
tion algorithm.

The final step focuses on designing the PCB stator layout
for the given optimized envelope. All details of the PCB coils
such as number of turns, number of layers, trace width, trace
thickness, clearance between traces, and interconnections are
determined in this step. The designed PCB stator must deliver
the desired output power requirement with a minimized power
losses in the windings. Within this step, analytical equations
for calculating eddy and circulating current losses along with
several proposed loss mitigation techniques are described.



TABLE I
THE SINGLE-PHASE TORQUE WAVEFORM HARMONIC CONTENT. ALL
HARMONIC ORDERS HIGHER THAN FOUR ARE ZERO.

Harmonic order ag [Nm] ap [Nm] by [Nm]
DC Component 6.23 - -
First - 0.00 0.00
Second - -6.32 0.00
Third - 0.00 0.00
Fourth - 0.07 0.00

III. DESIGN OPTIMIZATION

This step involves optimizing the machine envelope for
predetermined objectives through the use of the multi-objective
differential evolution (MODE) optimization algorithm and
CE-FEA models. For HVAC fan motors that were consid-
ered as the target application in this research, manufacturers
and customers typically prioritize cost competitiveness and
efficiency [27]. Therefore, two objectives were considered:
the minimization of magnet mass Mpys;, which is the main
contributor to the machine’s total cost, and the minimization
of Joule losses Py, the major source of power losses:

s
Fi=Mpy =7 p km hm (D7, — DZ) |
Fy=P;=m N, pey tm lc cw SFF J?

rms?

)

where p is the mass density of PMs, N, the total number
of coils per phase, p., resistivity of copper, and ¢,, average
length of a coil. The magnet material is Neodymium (NdFeB),
with a mass density of 7400 kg/m? and a relative permeability
of 1.05.

It needs to be mentioned that eddy and circulating current
losses within the stator windings will be separately studied and
minimized for the designed layout based on the optimized coil
envelope. The absence of a magnetic core in stator coreless
machines results in a very low armature reaction, meaning
negligible magnetic field generation by stator windings and,
consequently, virtually zero eddy current losses in the rotor
magnets and back iron.

For this optimization study, seven geometric independent
variables were considered, as listed in Table II and illustrated
in Fig. 3. The outer diameter of the stator was set to 310mm,
and its inner diameter was determined by the stator split
ratio, k.. The overhang ratio, represented by k., governs the
proportion of the magnet radial length to the stator coil radial
length. When k., is equal to one, the rotor magnets completely
cover the end coil. To avoid saturation, the thickness of rotor
back iron was also fixed at 10mm [24].

The optimization algorithm discovers optimal designs, i.e.,
the Pareto front, by adjusting the independent variables. The
design optimization process was fully automated by integrat-
ing Ansys and MATLAB using the scripting feature. The
population size of each generation was set to 40, which is
six times larger than the number of independent variables. If
there is only a minor improvement in three selected points

TABLE II
GEOMETRICAL INDEPENDENT OPTIMIZATION VARIABLES AND
CORRESPONDING LIMITS FOR THE TARGETED MACHINE SPECIFICATIONS.

Var.  Description Min  Max
g Airgap [mm] 0.75 150
ksr  Stator split ratio, % 0.65 0.85
korn  Overhang ratio, % 0.57 1.00
Cw Coil side width [mm] 7.00  9.00
km PM coverage ratio, :—m 0.80 1.00
P
hym  PM thickness [mm] 3.00 7.00
St Stator thickness [mm] (single phase) 1.12  3.00
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Fig. 6. All the designs evaluated in the optimization study, with the Pareto
front shown as orange dots (a). The overhang ratios, i.e., rotor length to stator
length ratios, for all the designs within the optimization results are shown as
color code (b).

on the Pareto front for several consecutive generations, the
optimization process is terminated.

The search space for the optimal design is designated to
be extensive, indicating that the optimization variables have
wide ranges, with the sole exception of geometrical restric-
tions. These restrictions are implemented to avoid interference
between different geometric components and to account for
mechanical limitations, such as the minimum air gap and
standard PCB thicknesses.

The design optimization process concluded after 12 genera-
tions, during which 480 candidate designs were evaluated. All
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Fig. 7. The normalized distribution of the independent variables for the Pareto
front designs.

designs and the Pareto set are illustrated in Fig. 6a. It’s worth
noting that all designs produce the same predetermined rated
output torque with their corresponding current densities.

Solving the proposed simplified 3D FEA model for two
solutions takes approximately 6 minutes on the available
workstation in the research laboratory equipped with an Intel®
Xeon® 3.5-GHz processor, and the entire optimization process
was finished in less than 42 hours. Solving the detailed turn-
by-turn 3D model of the PCB coil shown in Fig. 8 requires
millions of mesh elements and approximately 10 hours to solve
for just one solution, rendering its integration into large-scale
optimization studies impractical.

The normalized distributions of the optimization indepen-
dent variables for the Pareto front designs are demonstrated
as box plots in Fig. 7. Apart from the airgap, all the variables
seem to be positioned comfortably far away from the bands,
indicating that appropriate limits have been predetermined. It
is also observed that the optimal designs within the Pareto
front tend towards having a narrower airgap. Furthermore, the
corresponding overhang ratio for each design is shown in Fig.
6b as a color code.

The results indicate that most of the relatively heavyweight
designs with low copper losses have higher overhang ratios,
meaning that rotor PMs cover the majority of the end coils.
The reason for this is that larger magnets in the radial direc-
tions cover the corners of the coils at both ends, leading to the
production of more torque with lower current and consequently
fewer Joule losses, as well as a higher magnet volume.

It should be noted that assuming designs with higher over-
hang ratios will result in superior efficiencies is inaccurate.
Larger magnets in radial directions cover the end coils (i.e.,
copper conductors in the circumferential direction) that do not
contribute to torque production and only increase eddy current
losses, which lowers efficiency.

Designs that are positioned close to the knee point on the
Pareto front have rotor PMs that partially encase the end
coils. These designs exhibit lower eddy current losses while
maintaining a favorable balance between magnet mass and
Joule losses. Therefore, such designs can feature potentially
lower total copper losses as it has been demonstrated for the

Fig. 8. Flux lines of the 3D FEA model and the tetrahedral mesh elements
on the designed PCB coil model for eddy current loss calculation. To ensure
the accuracy of the results, a mesh convergence study was carried out.

designed layout in Fig. 12.

It should be noted that, according to (7), the copper losses
of the actual coil can be derived by scaling the copper
losses of the simplified coil with the ratio of SF'F's. It is
assumed that both the simplified and the actual coils have an
equivalent magnetomotive fore (MMF), producing exactly the
same output torque. At this stage, a typical SF'F of 0.20 for
PCB coils, based on previous research studies by the same
group of authors, was considered for scaling [19], [20].

Considering the rated specifications and taking into account
manufacturing restrictions and standards, a preliminary cal-
culation was conducted, and out of the designs that met the
criteria of weighing less than 2.5kg and having Joule losses
under 150W, one was chosen for the subsequent stage of the
design process. The selected design is marked by a star as
shown in the zoomed-in view in Fig. 6a. It should be noted
that the actual PCB coil will be designed in the next step,
considering the optimized coil envelope established at this
stage.

IV. DETAILED DESIGN OF PCB STATOR LAYOUT

This step focuses on the detailed design of the PCB stator,
taking into account the provided stator coil envelope for the
selected design. During this process, the simultaneous mini-
mization of all stator loss components, namely eddy current
losses, circulating current losses, and Joule losses, is taken
into consideration. The optimized coil envelope is shown in
Fig. 3.

A. Eddy Current Loss Analysis and Proposed Mitigation Tech-
nique

The eddy current losses per phase for PCB traces with
rectangular cross sections, as demonstrated in Fig. 3, can be
calculated as follows:
772 Ncs Nt Np f2 tw 2‘:h lm

6p

where N represents the number of coil sides. The terms B,
and By refer to the axial and tangential components of the

P.,= (t2, B2 +t; B3), (®)
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Fig. 9. The induced voltages in nine parallel coils under one pole (Cy 7,1 to
C1,L9) placed in nine layers (a) and corresponding circulating currents within
these coils due to voltage difference between parallel paths in the absence of
layer transposition (b). It highlights the necessity of having layer transposition
to balance induced voltages and eliminate circulating currents.

flux density, respectively. Furthermore, ¢,, denotes the trace
width, t;, represents the trace height in the z-direction, and f
denotes the frequency of flux variations [28], [29].

This equation implies that the magnitude of eddy cur-
rent losses is proportional to the cube of the trace width,
emphasizing the minimization of trace width to avoid high
eddy current losses. The minimum trace width is limited by
the PCB manufacturer’s capabilities and standards. Moreover,
decreasing the trace width has the disadvantage of lowering the
SFF and the current-carrying capacity of the phase winding.

The proposed approach is designing PCB coils with narrow
but axially thick traces. Since the tangential component of the
airgap flux density, By, is insignificant, designing PCB coils
with relatively thick traces compensates for the reduction in
SFF and current-carrying capability caused by narrow traces,
with no considerable impact on eddy current losses. The
detailed trace by trace model employed for eddy current loss
analysis with different trace width and thickness is shown in
Fig. 8.

Fabricating thick copper traces with a narrow width is
challenging, and one must consider the minimum trace width
to trace height ratio, i.e., t,,/tp, provided by the manufactur-
ers. Hence, the practical and effective approach to enhance
current-carrying capability and reduce Joule losses, while

Fig. 10. The diagram of the layer transposition for a 9-layer PCB stator with
9 coils in series. Each parallel path is denoted by a distinct color for better
demonstration.

(a) (b)

Fig. 11. The coils distributions around the PCB stator within one phase (a) and
(b). Coils in each parallel path are shown in the same color. Evenly distributing
coils around the stator, as shown in (b), effectively reduces circulating currents
between parallel paths in the presence of rotor imbalances and an uneven
airgap.

concurrently minimizing eddy current losses, is to first increase
the thickness of traces as much as possible, and then use
multiple identical coils in different layers connected in parallel.
However, this may lead to high circulating current losses in the
stator, a loss component addressed in the following section.

B. Circulating Current Loss Analysis and Proposed Mitigation
Techniques

Due to the non-uniform airgap flux density in coreless
AFPM machines caused by a wide magnetic airgap and flux
fringing effect, axially distributed parallel coils experience
varying magnetic flux, resulting in different induced voltages
and, consequently, circulating current losses. For the designed
machine an example of circulating currents caused by varia-
tions in induced voltages within nine coils axially distributed
between two rotor magnets are illustrated in Fig. 9a and 9b.
These results were derived from FEA and in this case the
distance between the first and last coil is only two millimeters
(the PCB thickness). A detailed investigation of circulating
current losses was presented in [10] and [30].

The circulating current losses within n parallel paths, each
with an equal resistance of R and an induced voltage denoted
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Fig. 12. The variations in eddy current losses and Joule losses versus the
copper trace width at the rated condition. The accumulated copper losses
of the designed prototype, with a trace width of 0.22mm, are close to the
minimum value.

by E; for the i*" path, can be expressed as given in [10]:

n

n n 2
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i=1

To mitigate circulating currents, it is necessary to balance the
flux linkages within parallel paths. To achieve this balance,
a complete layer transposition is proposed as an effective
technique to geometrically balance the induce voltages within
parallel paths. This ensures that all axially distributed parallel
paths are equally affected by the airgap flux density variation,
thereby creating similar induced voltages.

Effective implementation of layer transposition requires
numerous interconnections between coils in different axial po-
sitions, as well as precise coil placement. Hence, PCB stators
are highly suitable candidates for such arrangements due to
the flexibility in designing coil shapes and interconnections,
as well as the automated, precise CAD-based manufacturing
process.

A complete layer transposition for nine parallel sets of coils,
each including nine coils in series, is demonstrated in Fig. 10.
In the presence of layer transposition, although the induced
voltages in axially distributed coils, such as C 1 to Ci,ro,
remain as depicted in Fig. 9a, circulating currents are virtually
zero, as all nine parallel paths have the same potential. This
is achieved because each parallel path, denoted by a distinct
color in Fig. 10, includes nine coils distributed across all nine
layers of the PCB, representing different axial positions.

For a complete and effective implementation of layer trans-
position, coordination among the number of parallel layers,
coils in series, and poles is necessary. The optimal combination
is when the number of coils in series equals the number
of parallel coils (PCB layers), as illustrated in Fig. 10. It
should be noted that the number of coils in series per phase is
determined by the number of turns per coil and the required
rated back-EMF. For a constant back-EMF, a lower number of
coils in series leads to coils with a higher number of turns and
very narrow traces, and vice versa. Therefore, the number of
poles plays a key role in implementing complete transposition.

This number needs to be divisible by multiple numbers to
facilitate the design process. In this instance, 36 poles were
selected because this number allows for divisibility by 2, 3, 4,
9, 12, and 18, thereby offering flexibility in the design process.

It is worth mentioning that coreless machines can be
designed with a higher number of poles since frequency-
dependent core losses have been eliminated, resulting in
smoother operation. It should be noted that if the number
of coils in series or the number of pole pairs does not meet
other design considerations, one should return to the previous
step and make modifications accordingly. It is important to
highlight that within a PCB stator with n layers, the implemen-
tation of layer transposition does not affect production costs;
rather, it only demands careful consideration in the layout
design procedure.

Axial flux machines are also susceptible to manufacturing
imperfections, such as uneven airgaps and rotor eccentricity.
These imperfections may result in circulating current losses
between the parallel coils distributed around the stator. For
instance, if, in this case, each set of nine series coils within one
parallel path is grouped together to reduced interconnections,
as shown in Fig. 1la, one group of coils may experience
higher flux linkage due to a smaller airgap in the presence
of an unbalanced rotor. This imbalance leads to a higher
induced voltage in one path and, consequently, circulating
current losses [10].

To address this issue, coils in different parallel paths need to
be evenly distributed around the stator, as demonstrated in Fig.
11b. This coil configuration effectively enhances the stator’s
tolerance against rotor manufacturing tolerances.

C. Selection of Final PCB Stator Layout

Considering the proposed methods to mitigate winding
losses, the design of the PCB stator begins by choosing a trace
width as narrow as 0.22mm, which is close to the minimum
limit for a copper thickness of 30z. It should be noted that 30z.
is the maximum copper mass equivalent to a copper thickness
of 0.105mm, in order to keep the ¢,,/t;, ratio within the range
allowed in the standard PCB manufacturing process.

To fulfill the back-EMF requirement at the rated speed, a
total of 162 turns per phase is needed. To accommodate the
given optimized coil side width without violating the minimum
standard clearance between traces (approximately 0.20mm),
nine coils in series, each with 18 turns, need to be considered.

Additionally, to meet the required MMF while maintaining
the current density in PCB traces within the standard range
and improving the SFF, nine sets of such coils need to be
connected in parallel. These sets of coils are distributed across
a ten-layer PCB, with one layer dedicated to interconnecting
them. To enhance further current-carrying capability, four sets
of coils, as shown in Fig. 10, were distributed around the
stator and connected in parallel, resulting in a 36-pole stator,
as depicted in Fig. 11b. It should be noted that the previously
introduced layer transposition must be considered to mitigate
circulating current losses.
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Fig. 13. The prototype 3-phase double-rotor coreless AFPM machine with a rated torque of 19Nm at 2,100rpm (a) and (b). The fabricated PCB stators are
stacked together and mechanically shifted by 6.66 degrees, equivalent to 120 elec. deg., to form a 3-phase stator (c). The 36-pole permanent magnet rotor

with NdFeB PMs (d).

Fig. 14. The designed 36-pole PCB stator with 9 active layers and one layer
for other connections. Note the very narrow traces with a width of 0.22mm,
which greatly reduce eddy current losses.

The CAD model of the designed PCB stator for fabrication
is illustrated in Fig. 14. The connections between coils in
different layers, necessary for the implementation of layer
transposition, were established through via holes, as depicted
in the zoomed-in view of this figure.

A parametric study illustrating variations in eddy current
and Joule losses versus trace width at the rated power for the
designed PCB stator, derived from a 3D FEA, is shown in Fig.
12. This study reveals that the stator designed following the
proposed approach has accumulated losses near the minimum
value. The detailed experimental investigation of power losses
is presented in the next section.

V. PROTOTYPE MACHINE AND EXPERIMENTAL RESULTS

The designed machine was prototyped, and the accuracy of
the developed 3D FEA models, as well as the effectiveness of
the proposed loss mitigation techniques, were experimentally
validated. The assembled prototype machine along with a view
of the rotor magnets and the fabricated PCB stator are shown
in Fig. 13.

The performance and dimensional specifications of the
prototype are provided in Table III. It is worth mentioning that
the slot fill factor (SFF) of the fabricated PCB coils is 0.20, and

the substrate material is FR4. It should be noted that PCB coils
typically exhibit a low SFF due to manufacturing standards and
limitations, such as predetermined minimum ¢, /t; ratio and
minimum insulation layer thickness. Employing new substrate
materials or heavy copper PCBs within advanced premium
manufacturing processes can potentially improve SFF.

To measure back-EMFs, the prototype machine was cou-
pled to a three-phase 3.8kW PMSM servomotor (AKM2G
series) as the prime mover, with its speed controlled by a
4.0kVA drive system (AKD2G series), both manufactured by
Kollmorgen, as shown in Fig. 15a. The prototype machine
rotated up to its rated speed of 2100rpm and a YOKOGAWA
DL850 oscilloscope was used to record waveforms with high
resolution. The measured three-phase rated back-EMFs are
compared with FEA results in Fig. 16, demonstrating a high
level of agreement. The mechanical airgap (magnet to stator)
was set to 1.3mm for the preliminary experiments.

The torque constant was verified by measuring static torque
at different input currents. For static torque measurement, the
rotor was locked in position at 90 electrical degrees with re-
spect to the phase A axis, where it generates maximum torque
per ampere, using a 14kW electronically controlled hysteresis
brake (HD series) manufactured by Magtrol. Subsequently,
a gradually increasing DC voltage was applied to the motor
phases. The test setup, along with the standard circuit diagram
for static torque measurement, is depicted in Fig. 15b [31].

A non-contact torque sensor was placed between the proto-
type motor and the brake to measure the output torque. The
applied current corresponding to the rated torque was used to
calculate Joule losses, taking into account the measured phase
resistance. The measured and calculated torque constant and
Joule losses are reported in Table I'V.

To measure the open circuit winding losses, i.e., eddy
and circulating current losses, several spindown tests were
conducted. As part of the spin-down test, the introduced prime
mover initially rotated the tested prototype, with the terminals
of the phase windings left unconnected (i.e., in open circuit).
Once the machine reached its rated speed, the prime mover
was disengaged using a fast actuator, and the speed profile
from the rated value to zero was recorded using a Hall effect
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Fig. 15. The test setup includes (a) a PM synchronous speed-controlled
servomotor used as a prime mover for back-EMF measurement and spindown
tests, and (b) a prototype machine coupled with an electronically controlled
hysteresis brake for static torque measurements. The standard circuit diagram
for static torque measurement is also shown [31].

speed sensor. For this prototype, it took approximately 50
seconds to decelerate from the rated speed to zero due to the
large inertia of the rotor. It is worth mentioning that axial flux
machines feature relatively high inertia compared to radial flux
counterparts, primarily because of the large diameter of the
rotor and its narrow axial length.

Based on the fundamental torque equation of motor-load
systems and using the measured speed profile and calculated
rotor inertia the total open circuit power losses, including
eddy and circulating current losses, can be derived [32], [33].
To separate mechanical losses (i.e. friction and windage) the
described test needs to be repeated with dummy plastic stators.

To differentiate between eddy and circulating current losses,
the terminals of the parallel paths were brought out of the PCB
stator during the design process. The tests were then repeated
with and without connecting the parallel paths. Subtracting
the measured losses in these two tests provided the circulating
current losses. The calculated power loss profiles result from
the spindown tests are depicted in Fig. 17 and detailed in Table
IV at the rated speed.

The repeatability of the spindown tests was evaluated by
analyzing the standard deviation of measured losses across
ten repetitions of each test. The standard deviations for the
rated open circuit losses of the stator windings and mechanical
losses were 1.7W and 1.2W, respectively. Averaged values
were used in the efficiency calculations to ensure result
accuracy against measurement noise. All the measured power
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Fig. 16. The measured three-phase back-EMFs of the prototype machine,
when compared with the results of the finite element analysis, show a very
good agreement between the two sets of results.
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Fig. 17. Spindown tests results for measuring the mechanical and the stator
open circuit losses.

loss curves are shown in Fig. 17.

The conducted tests, i.e., static torque measurement and
spindown, are the optimal approaches to ensure that losses
due to the electric machine specifics are separated from those
caused by the drive system specifics. Hence, no voltage source
inverter or control loop was involved throughout the testing,
as the goal was to assess the effectiveness of the proposed
loss mitigation techniques and the accuracy of FEA models
without addressing power losses due to switching frequency
harmonics and challenges with a control system, which are
beyond the scope of this paper.

The measurements and FEA results collectively showcase
a high level of consistency, encompassing torque and back-
EMF constants, as well as phase resistance and inductance.
The experimentally measured eddy current losses through
spindown tests (Fig. 17) at the rated speed are less than
15% of the total rated losses, and the circulating current
losses are below 1W, as reported in Table IV. The slight
difference between the measured and calculated eddy current
losses is due to the manufacturing tolerances in the PCB coils
fabrication process. These results underscore the effectiveness
of the proposed methods for loss reduction. The machine
exhibits an efficiency of 95.8% under rated conditions, where
it delivers 19Nm at 2100rpm, classifying the machine as ultra-



TABLE III
SPECIFICATIONS AND MAIN DIMENSIONS OF THE SELECTED OPTIMUM
DESIGN FOR PROTOTYPING.

Parameter Value Unit
Rated power 4.18 kW

Rated speed 2,100 rpm

Torque density (natural cooling) 6.6 Nm/L
Airgap (magnet to stator) 1.3 mm

Stator thickness 6.0 mm

Rotor inner/outer diameter 208/304 mm

Stator inner/outer diameter 202/310 mm

No. of rotor/stator poles 36/36 -

premium efficiency (IES class) according to the IEC 60034-
30-2 Standard.

VI. DISCUSSION
A. Phase Arrangements

The back-EMF waveforms depicted at the rated speed in
Fig. 16 exhibit a 2.7% imbalance, with the phase A and
C windings generating higher back-EMF as they are closer
to the rotor magnets. In the case of the designed machine,
the voltage imbalance level falls below the standard limit.
The use of thicker PCB stators to accommodate more MMF
leads to a higher voltage imbalance and torque ripple. A
potential solution is to consolidate all three phases onto a
single PCB stator. However, it poses significant challenges
and complexities in implementation. An alternative method
involves employing two identical sets of windings, meaning
two PCB stators per phase, and arranging the phases as A-
B-C-A-B-C along the axial direction. Note that separation of
phases as shown in Fig. 3, provides useful phase insulation.

B. Skin and Proximity Effects

The skin effect refers to the inclination of high-frequency
currents to travel along the outer surface of a conductor. The
proximity effect involves the undesirable flow of current in
alternate patterns, such as loops or concentrated distributions,
caused by the magnetic fields produced by nearby conductors
[34], [35]. The power losses in the windings due to skin and
proximity effects were investigated in [34], [36].

The absence of the skin effect in narrow copper traces on
the PCB stator was explained in [10], [15], as the skin depth
at the rated frequency (<1kHz) is considerably higher than
the diameter of the conductors. Hence, there is no increase in
copper losses across the speed range due to AC resistance.

The proximity effect in PCB stator windings, where coils
are closely stacked on top of each other, should be studied. To
investigate the presence of the proximity effect between coils
in different layers, the flux linkage of the coil in the middle
layer was monitored through FEA at two different states. First,
all other coils were excited with the rated current, and second,
they were not excited. As there was no difference in the
monitored flux linkage, it can be stated that the proximity
effect in the stator winding of coreless AFPM machines is
negligible. It was also demonstrated by the authors in [15].

TABLE IV
THE EXPERIMENTALLY MEASURED AND CALCULATED PARAMETERS AND
POWER LOSSES OF THE PROTOTYPE MACHINE AT THE RATED CONDITION
WHERE THE MACHINE IS DELIVERING 19NM AT 2100RPM.

Parameter Exp. Calc. Unit
Torque constant 2.1 2.1 Nm/A
Phase resistance 0.57 0.55 Q
Phase inductance 323 28.2 uH
Joule losses 1295 1254 w
Eddy current losses 22.6 24.7 w
Circulating current losses <1 0 w
Mechanical losses 304 304 w
Efficiency 95.8 95.8 %
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Fig. 18. The efficiency map of the prototype machine derived by scaling the
experimentally measured torque and power losses.

To further investigate the proximity effect, the power losses
of the prototype machine were measured in generator mode.
The output power and losses of the generator were measured
at 30% and 60% electric loading while keeping the shaft speed
constant by controlling the prime mover. Using the phase
current and stator resistance, the Joule loss was separated from
the total losses. The results analysis showed that frequency-
dependent power losses, including eddy and circulating current
losses, remained constant. There were no additional losses as
electrical loading increased, indicating that proximity losses
are negligible.

C. Efficiency Map

Lack of stator core saturation effects in coreless machines
results in a linear relationship between output torque and input
current up to at least the rated value [24]. According to (8),
eddy current losses are directly proportional to the square of
the operating frequency, i.e., shaft speed. Mechanical losses,
including bearing and windage losses, are proportional to the
square of the shaft speed [32]. Therefore, utilizing the scaling
logic outlined, the efficiency map of the machine can be
derived by scaling the experimentally measured output torque
and power losses (Table 1V), as illustrated in Fig. 18.



This map reveals that the machine has a high efficiency over
a wide speed range. Under heavy loading conditions and at
high speeds, the machine exhibits higher efficiency due to the
absence of frequency-dependent core losses and significantly
reduced eddy and circulating current losses. For the prototype
machine, an ultra-high efficiency of approximately 96% was
experimentally verified at the rated torque of 19Nm and
2,100rpm.

D. Challenges with the Control Systems

Lack of a magnetic core and consequently very low phase
inductance, as reported in Table IV, in coreless machines
leads to some challenges in their control systems. Firstly, high
current ripple and total harmonic distortion (THD) in inverter-
fed coreless machines may result in additional power losses
and performance degradation. Voltage source inverters based
on wide bandgap semiconductor devices with high switching
frequency can be employed to address this issue.

Low phase inductance also limits the flux weakening ca-
pability of the machine, narrowing down the constant power
mode region. Better utilization of the inverter DC link or the
addition of a boost converter stage to the drive system can
potentially improve the machine’s constant power operation.
These challenges and the effectiveness of the aforementioned
solutions were presented by the same group of authors in [37].

E. PCB Coils and Conventional Litz Wires

The PCB stator technology has the potential of lower cost,
especially for high volume production, as compared with the
more traditional Litz wire constructions, which require not
only special and expensive electric wire, but also special coils
on a supporting stator structure. Furthermore, it is expected
that the manufacturing of PCB stators, which is highly re-
peatable, require less capital investment for highly automated
production.

In principle, a major limitation with the PCB technology
is represented by the potentially relatively high eddy current
losses. The present paper addresses this challenge and pro-
poses novel methods of equivalent transposition of the PCB
traces, series and parallel connection of the equivalent coils,
which result in very low eddy current losses, comparable with
those from the more expensive Litz wire typical designs.

VII. CONCLUSION

This paper presented a systematic design procedure for
PCB stator coreless AFPM machines, taking into account the
minimization of all stator loss components, as well as PCB
manufacturing limitations and standards. The efficacy of the
proposed design procedure was showcased by designing a
coreless PCB stator AFPM machine for fan applications.

The designed machine was prototyped, and the effectiveness
of the proposed loss mitigation techniques, and the accuracy
of the 3D FEA models were experimentally validated. This
validation included spindown tests, as well as measurements
of static torque and back-EMFs. The experimental results

demonstrated a high level of agreement with the analytical
calculations and 3D FEA simulations.

Eddy current losses were significantly reduced without ad-
versely affecting Joule losses. This was achieved by designing
PCB coils with a narrow width and relatively thick copper
traces in the axial direction, considering multiple parallel
paths. Circulating current losses within parallel paths were
virtually eliminated with the implementation of the proposed
layer transposition technique, which balances the flux link-
ages within the coils in different layers. The experimentally
measured power losses indicated a 96% efficiency at the rated
condition, delivering 4.2kW at 2,100rpm.
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