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Abstract
Large‐scale design optimisation techniques enable the design of high‐performance
electric machines. Electromagnetic 3D finite element analysis (FEA) is typically
employed in optimisation studies for accurate analysis of axial flux permanent magnet
(AFPM) machines, which require extensive computational resources. To reduce the
computational burden, a FEA‐based mathematical method relying on the geometric and
magnetic symmetry of coreless AFPM machines is proposed to estimate the machine
performance indicators using the least number of FEA solutions, thereby significantly
lowering the running time. This method is generally applicable to AFPM machines with
low saturation effects and cogging torque as exemplified for a printed circuit board (PCB)
stator coreless AFPM machine. To further reduce the computation time, a systematically
simplified equivalent 3D FEA model for planar PCB coils integrated with this machine is
also proposed. The practical implementation of the introduced method is elaborated
based on an example optimisation study, and an analytical method for fast design scaling
is also discussed. The results of the proposed approach are compared with detailed
transient FEA results, and a prototype 26‐pole PCB stator coreless AFPM machine was
also used to validate the results experimentally.
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1 | INTRODUCTION

For designing high‐performance electric machines, large‐scale
design optimisation approaches with multiple independent
dimensional variables and conflicting objectives are widely
used. A large‐scale model‐based design optimisation process
consists of a machine model for evaluating performance in-
dicators and an optimisation algorithm for seeking the optimal
global designs. Finite element analysis (FEA) has been estab-
lished as the method of choice for detailed studies of the
electric machine with complex geometries and materials and
has been extensively employed for optimisation in recent years
[1–6]. The parameterised finite element (FE) model is adjusted
to increase specific performance metrics regarding the appli-
cation requirements. Power loss, cost, torque and power den-
sities, torque ripple, and power factor are typical performance

measures that comprise an optimisation problem's objectives
and constraints.

Finite element analysis models require extensive computing
power and typically have long running times, which limits their
effectiveness in large‐scale design optimisation problems.
Population‐based evolutionary algorithms are usually applied
for the optimal design of electric machines, with the differ-
ential evolution (DE) approach being a popular option. Con-
ventional DE has the drawback of requiring the evaluation of a
large number of generations and candidate designs; for
example, a design optimisation problem for a brushless PM
synchronous machine with five independent variables deman-
ded the analysis of almost four thousand candidate designs [7].

In recent years, new techniques have been introduced to
reduce the running time of FE machine models and speed up
optimisation algorithms, as described in the works of Rosu
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et al. [1], Taran et al. [7], and Sato and Igarashi [8]. The most
common solution to the aforementioned issue is to employ 2D
FE models of electric machines with lower complexity [9].
Analytical methods for the analysis of the airgap magnetic field
can also be considered as described, for example, by Xia et al.
in ref. [10].

The analysis of skew angle, overhang, or end coils in ma-
chines with 3D flux pathways, such as axial flux PM machines
(AFPM), has revealed that 2D models and analytical methods
are not sufficiently accurate [7, 11–14]. A detailed modelling of
the machine is required in any case to study the eddy current
losses in the stator winding. Therefore, there is a need for
ultrafast 3D FE models for AFPMSMs that can support per-
formance analysis, large‐scale parametric studies, and design
optimisations.

The history of ultrafast or simplified FE models goes back
decades; a brief review has been provided by Ionel and
Popescu in ref. [15] and further developed in ref. [16]. More
recent developments over the last decade will be briefly
mentioned in the following. A novel computationally efficient
modelling method for hybrid excitation synchronous machines
with radial/axial flux paths via magnetic equivalent circuit
(MEC) was proposed by Liu et al. in ref. [17].

A fast method to calculate iron loss and magnet loss caused
by pulse width modulation (PWM) in a voltage source inverter
(VSI) fed axial flux PM machine with 3D geometry, using a
state space model and multislice 2D model presented by Ser-
geant et al. in ref. [18]. A field reconstruction method for in-
duction machine simulation that utilises a small number of
finite‐element evaluations to establish basis functions of
normal and tangential flux densities was introduced by Wu
et al. in ref. [19]. A d‐q‐based simplified approach was intro-
duced by Bianchi and Alberti in ref. [20]. Other fast FE models
developed for PMSM analysis and design considering iron loss,
temperature variations, saturation effects are introduced by
Chen et al. [21], Lin et al. [22], Billah et al. [23], and Candelo‐
Zuluaga et al. [24].

A design optimisation method employing an ultrafast,
computationally efficient FE analysis technique was developed
by Sizov et al. in ref. [25]. In their technique, a minimum
number of magnetostatic solutions is used for the analysis,
which makes it possible to study thousands of candidate motor
designs. Other examples of the computationally efficient FE
models incorporated in design optimisation studies are pre-
sented by Zarko et al. [26] and Wang et al. [27].

Among the various types of AFPMSMs, the coreless stator
type offers unique features as it eliminates magnetic cores and
their related losses, leading to zero cogging torque and a uni-
form torque profile, reduced weight, and lower audible noise
and vibration [28–30]. These factors collectively contribute to
increased overall efficiency and specific torque (Nm/kg).

The integration of printed circuit board (PCB) stators in
coreless AFPM machines has become a popular topic of dis-
cussion. PCB stators allow for modularity and phase separation
for increased fault tolerance. Coil shapes can be designed with
a great deal of freedom, and the fabrication process is, in
principle, reliable and repeatable [31–33]. Integrating PCB

stators in coreless AFPM machines adds more complexity to
the machine model, and planar PCB traces should be metic-
ulously modelled in order to accurately predict the perfor-
mance of such machines. Narrow traces need fine meshing,
which results in a high number of tetrahedral elements and
consequently a high computational burden [34]. Therefore,
automating the large‐scale design optimisation of such ma-
chines would be challenging, emphasising the need for a
simplified, computationally efficient model of a coreless AFPM
machine with a PCB stator.

According to Marcolini et al., due to the complexity of PCB
winding geometry and loss mechanisms, the design procedure
cannot be easily automated with an optimisation algorithm [35].
This led the authors to developmachine geometries using an ad‐
hoc technique composed of a few easy stages. The magnetic and
geometric parameters of a PCB stator AFPM machine are
analytically derived and optimised using a genetic algorithm by
Tokgoz et al. in refs. [36, 37]. In this study, the FE analysis was
only performed to verify the selected design.

Analytical calculation methods are employed by Wang et al.
to optimise the geometric dimensions of a coreless AFPM
machine's hexagonal concentric PCB stator coil to obtain the
maximum ratio of torque to copper loss and the 3D FEA
method was only used as a reference for preliminary design
[38]. No papers on the specific topic of automated design
optimisation of coreless AFPM machines with planar PCB
conductors employing accurate, detailed 3D FE models and
population‐based evolutionary algorithms were identified by
the literature search, and this current paper fills in the research
gap by introducing a systematic, computationally efficient
FEA‐based approach.

This paper initially proposes a systematic approach to
determining the minimum required number of transient FEA
solutions to predict the machine performance indices. Then, a
simplified equivalent 3D FE model of a planar PCB coil in-
tegrated with a coreless AFPM machine is introduced. The
combination of the two drastically reduces the computation
time while maintaining an acceptable level of precision for
performance assessment, allowing for the design optimisation
of coreless PCB stator AFPM machines based on the evalua-
tion of 3D FE models for hundreds of candidate designs. An
example optimisation study is used to illustrate how the
introduced method might be put into practice. It is important
to highlight that the proposed approach is generally suitable for
AFPM machines characterised by low saturation effects and
cogging torque, as exemplified in this paper for a PCB stator
coreless AFPM machine.

Section 2 describes the systematic approach for the esti-
mation of machine performance with the minimum number of
FEA solutions. In Section 3, the concept of a simplified
equivalent 3D FE model of a planar PCB coil stator is
explained. Experimental results to validate the proposed
method are reported in Section 4. The example optimisation
study employing the proposed approach, alternative torque
calculation methods, an analytical approach for fast design
scaling, and some technical implementation aspects are dis-
cussed in Section 5.
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2 | ELECTROMAGNETIC FIELD, BACK‐
EMF, AND TORQUE ANALYSIS

In this section, a FEA‐based mathematical approach is devel-
oped to find the least required number of FEA solutions for
the performance evaluation of AFPM machines with coreless
stators. In this research, a three‐phase, double‐rotor, single
PCB stator, coreless AFPM machine is considered a case study
for analysis and optimisation. The machine configuration with
a spiral‐shaped coil shown in Figure 1 is one of the most
common structures of AFPM. This structure is often selected
for its low torque ripple and high specific power [30, 39]. The
specifications of the machine under study are tabulated in
Table 1.

Lack of a magnetic core and, consequently, saturation ef-
fects result in reduced harmonic content in the machine
waveforms. This allows for predicting the machine's perfor-
mance with fewer FE analysis solutions. This paper presents a
systematic approach to achieve the most accurate and
computationally efficient results. The proposed method is
generally applicable even in the presence of marginal saturation
due to some special designs as discussed in Section 5.

The absence of saturation in a coreless AFPM machine was
investigated by studying the machine under various conditions
through FEA‐based parametric studies, as illustrated in
Figure 2. The initial study reveals that over a wide range of
input currents, the output torque exhibits linear changes, even
up to multiple times of the rated torque, highlighting the
absence of saturation effects. Furthermore, it was observed
that beyond a certain minimum thickness of rotor back iron,
variations in back iron thickness do not affect the machine's
torque production capability [40].

Due to the symmetry of the machine geometry and the
periodicity of the magnetic flux as shown in Figure 3, only one
pole, that is, 1/26 of the machine, is needed to evaluate the
machine performance. Moreover, because of the symmetry of
flux lines in the axial direction as illustrated in Figure 4, only
one half of the model needs to be simulated in this direction.
In Ansys Maxwell, these can be achieved by considering proper
symmetry boundaries [41]. The simplifications described prior
cut the computing load in half while maintaining result
accuracy.

It should be noted that in the aforementioned configura-
tion (Figure 4), three independent PCB stators are stacked
together in the axial direction, each dedicated to one phase.
They are mechanically shifted with respect to each other by the
equivalent of 120 electrical degrees to form a three‐phase
machine. This configuration facilitates observing the machine
periodicity. Alternatively, all phases can be implemented on a
single plane either as a PCB or conventional Litz wire as
demonstrated in Figure 5, for a 24‐coil, 18‐pole coreless AFPM
machine.

In selecting the minimum portion of the machine that
needs to be modelled, one has to ensure the minimum peri-
odicity is observed. In the case of the machine shown in
Figure 5, three coils (one per phase) and two poles need to be
considered. Detailed explanations to further reduced the

computation time in such configurations have been presented
in refs. [15, 16]. It is worth mentioning that in a coreless ma-
chine, regardless of the number of coils and poles, the lack of

F I GURE 1 Exploded views of the 3D finite element analysis models
of the example 26‐pole, three‐phase, double‐rotor, single‐stator coreless
AFPM machine with spiral and wave printed circuit board stator windings
are shown. The machine on the left side, with the more common spiral‐
shaped PCB coils is studied in this paper.

TABLE 1 Specifications and main dimensions for the studied
three‐phase double‐rotor single‐stator coreless PCB stator AFPM machine.

Parameter Value Unit

Rated power 4.2 kW

Rated speed 2100 rpm

Airgap (magnet to PCB) 1.0 mm

Rotor outer diameter 304 mm

Rotor inner diameter 208 mm

Stator outer diameter 310 mm

Stator inner diameter 202 mm

No. of rotor poles 26 ‐

No. of stator coils 26 ‐

F I GURE 2 Results of parametric studies on the machine under
investigation, illustrating the absence of saturation effects in coreless AFPM
machines.

CHULAEE and IONEL - 885

 17518679, 2024, 8, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/elp2.12439, W

iley O
nline L

ibrary on [10/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



saturation effects and therefore the low harmonics in the
machine waveforms are expected. Hence, the proposed
method is generally applicable as described in the section
below.

In the following, different performance indices of the
machine under study are calculated through the proposed
method. A fair foundation for comparison was ensured by
employing identical geometry, mesh elements, and material
models for the time‐stepping FEA of the machine model with
the real coil shape. It is worth mentioning that in the following,
‘one electrical cycle’ corresponds to one electrical cycle of the
supplied sinusoidal current waveform to a given single phase.
Additionally, since this machine operates with 13 pole pairs,
one electrical cycle corresponds to 1/13 mechanical cycles.

2.1 | Flux linkage and Back‐EMF

The stator flux linkage waveform of the machine resulting
from a transient FE analysis with 36 time steps is shown in
Figure 6. The general expression of this flux linkage waveform
generated by one phase can be written as follows:

λðθÞ ¼ λ0 þ
XM

k¼1

λk cosðkθ þ ϕkÞ; ð1Þ

where

λ0 ¼
1
π

Z π

0
λðθÞ dθ;

λk ¼
2
π

Z π

0
λðθÞ cos kθ dθ;

ð2Þ

θ is rotor position in electrical degrees, and ϕ is the initial
degree for each phase.

The harmonic content of the waveform shown in Figure 6,
derived from a conventional Fourier series analysis is tabulated
in Table 2. Because of the even symmetry of this waveform, all
sinusoidal components (bk coefficients) are zero.

According to the Nyquist theorem, to derive all Fourier
components of a periodic waveform, the sampling frequency
must be at least twice the highest waveform frequency
component:

f s ≥ 2fm; ð3Þ

where fm denotes the maximum harmonic frequency. There-
fore, to construct a waveform, the number of samples, that is,
FE solutions, must be equal to or greater than twice the
maximum order of harmonics in that waveform:

s ≥ 2M; ð4Þ

where s is the number of FEA solutions andM is the maximum
harmonic order in the waveform.

Thereby, to accurately derive the flux linkage waveform
with M = 1, at least two FEA solutions are required. This
approach, which avoids unnecessary FEA solutions drastically
reduces the model analysis time while maintaining the accuracy
of the results. So, the general expression is simplified as
follows:

λðθÞ ¼ λ0 þ λ1 cosðθ þ ϕ1Þ: ð5Þ

F I GURE 3 Full model flux density lines of the studied 26‐pole, three‐
phase, double‐rotor, single‐stator, coreless AFPM machine out of 1/26 of
the machine model using symmetry boundaries.

F I GURE 4 Flux density lines across a cross section of this machine
show the symmetry of flux path in the z direction and also the fringing
effect within the airgap.

F I GURE 5 A three‐phase 24‐coil 18‐pole coreless AFPM machine
that all coils are placed on one plane. The minimum periodicity of the
machine model is highlighted.

886 - CHULAEE and IONEL

 17518679, 2024, 8, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/elp2.12439, W

iley O
nline L

ibrary on [10/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The calculated flux linkage waveform within one electrical
cycle with only two FEA solutions at 0 and 90 electrical de-
grees is shown in Figure 2. This figure illustrates that there is a
very good agreement between the calculated waveform based
on the proposed method and time stepping FE analysis.

The back‐EMF can be calculated from the derivative of the
flux linkage waveform as generally expressed in the following:

EðθÞ ¼ −
dλ
dθ

dθ
dt

n1
n2
¼ ω

XM

k¼1

k
n1
n2

λk sinðkθ þ ϕÞ: ð6Þ

It should be noted that the back‐EMF of the equivalent
coil introduced in the following section should be scaled by the
number of turns ratio, that is, n1/n2, where n1 and n2 are the
number of turns of the real and equivalent coils, respectively.
The calculated single coil back‐EMF by Equation (6) with only
two FE solutions is demonstrated in Figure 7.

2.2 | Electromagnetic torque

Following the same procedure presented in the previous sec-
tion, the torque waveform can also be derived using the
minimum number of FEA solutions. The harmonic analysis of
the torque waveform, with a period of 360 electrical degrees,
reveals that the DC component and the second harmonic
constitute the majority of the harmonic content, with the
fourth harmonic accounting for only 1.7% of the second
harmonic and all other orders being negligible.

Therefore, to further reduce computational time, harmonic
orders higher than two, which comprise only 1.7% of the
dominant component, can be neglected, resulting in M = 2.
Since the torque waveform repeats every 180 electrical degrees,
we intuitively know that only two FEA solutions are required,
similar to the flux linkage waveform. So the general expression
for torque waveform is written as follows:

TemðθÞ ¼ Tem;0 þ Tem;1 cosðθ þ ϕ1Þ; ð7Þ

The estimated waveform with this method is highly com-
parable with time‐stepping FEA results as depicted in Figure 8.

2.3 | Multi phase operation

One approach for multiphase operation is to have one PCB
per phase, as is the case with the machine under study. To form
the total output torque profile, PCB stators are rotated by 90
and 120 electrical degrees with respect to each other in two‐
phase and three‐phase configuration, respectively. The total
output torque is derived from adding single phase torque
waveforms and for the three‐phase configuration it can be
written as follows:

Tem ¼ Tem;A þ Tem;B þ Tem;C ; ð8Þ

where

Tem;AðθÞ ¼ T0;A þ
Pk¼M

k¼1
Tk;A cos½kθ þ ϕk�;

Tem;BðθÞ ¼ T0;B þ
Pk¼M

k¼1
Tk;B cos½kðθ þ 120Þ þ ϕk�;

Tem;CðθÞ ¼ T0;C þ
Pk¼M

k¼1
Tk;C cos½kðθ þ 240Þ þ ϕk�:

ð9Þ

In this configuration, which is the most unfavourable sit-
uation in terms of torque ripple, PCB stators are axially stacked
within the magnetic airgap (rotor to rotor distance) as
demonstrated in Figure 4. Due to the wide magnetic airgap in
such machines, stator conductors are exposed to uneven
magnetic flux distribution resulting from the fringing effect.
Hence, the single‐phase output torque is not exactly the same,
and it leads to a torque ripple that is based on Equations (8)
and (9) which can be calculated as follows:

F I GURE 6 Flux linkage waveforms result from transient FEA and the
proposed method, that is, Equation (5) with only two FEA solutions. The
back‐EMF can be calculated by taking a derivative of the flux linkage. FEA,
finite element analysis.

TABLE 2 Harmonic content of the single‐phase torque and flux
linkage waveforms over an electrical cycle derived from Fourier series
analysis. All harmonic orders higher than four are virtually zero.

Harmonic order a0 ak bk Unit

DC component 0.00 ‐ ‐ Wb

6.23 ‐ ‐ N.m

First ‐ 0.08 0.00 Wb

‐ 0.00 0.00 N.m

Second ‐ 0.00 0.00 Wb

‐ −6.32 0.00 N.m

Third ‐ 0.00 0.00 Wb

‐ 0.00 0.00 N.m

Fourth ‐ 0.00 0.00 Wb

‐ 0.11 0.00 N.m
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Trp ¼

Pk¼M
k¼1
�
2Tk;A − Tk;C − Tk;C

�
cosðkθ þ ϕkÞ

T0;A þ T0;B þ T0;C
: ð10Þ

It should be noted that due to a lack of stator teeth, the
cogging torque in coreless machines is virtually zero.

For an output three‐phase torque of 19 Nm, the maximum
output torque of phases A and C shown in Figure 4 is 2.2%
higher than the middle phase, B, and it leads to a torque ripple
of 1.4% for all three phases. The single phase and total output
torque waveforms are illustrated in Figure 9.

In order to capture this insignificant amount of torque
ripple, all three phases need to be modelled, and each phase
requires a lot of meh elements. Thus, to further reduce the
FEA computational burden, just one phase needs to be
modelled to predict the output electromagnetic torque of the
multi‐phase machines. In this case, finer mesh can be
considered for conductors within one phase to improve the
accuracy of the results.

2.4 | Stator windings losses

Coreless machines potentially offer superior efficiency
compared to conventional cored machines by eliminating the
magnetic core and its associated power losses. Furthermore,
power losses in the rotor magnets are negligible due to the very
low armature reaction. As a result, the primary source of power
loss lies in the stator windings. Minimising these losses must be
a key consideration in the machine design process.

The main components of stator winding losses include
Joule losses (i.e. RMS phase current ohmic losses), eddy cur-
rent losses, and circulating current losses. As illustrated in an
example provided in ref. [42] by the same group of authors as
this paper, in an integral horsepower PCB stator coreless
AFPM machine delivering 19 Nm at 2100 rpm, stator winding
losses account for approximately 83% of total power losses,
with Joule losses specifically comprising about 70%. This un-
derscores the significance of minimising them in the design
procedure.

Finite element analysis software, such as Ansys Maxwell,
employed in this research, can calculate ohmic losses, along
with various other loss components and performance indices,
including eddy current losses, hysteresis losses, and output
torque. In the case of Joule loss, the software calculates it by
considering the determined winding material, typically copper,
and the coil geometry. For a sinusoidal input current, solving
the FE model for only two steps, that is, θe = 0, and θe = 90,
zero and maximum input current is satisfactory to find the
Joule losses.

It is important to note that to derive the total Joule losses,
the FEA‐based calculated losses may need to be scaled, taking
into account the total number of coils and phases. Additionally,
if a simplified coil model is used in this step, the calculated
losses must be scaled based on the ratio of the slot fill factors
(SFF) as discussed in the next section in detail. The phase
resistance can also be calculated by dividing the Joule losses by
the RMS value of the sinusoidal input current.

In the coreless machines, 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 potentially high power losses in the stator con-
ductors caused by eddy currents. 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. These loss mechanisms
are discussed at length in the previous paper from the au-
thors [43].

Investigating eddy current and circulating current losses
necessitates comprehensive models that account for precise
turn‐by‐turn stator coils and all interconnections. Developing
such parametric 3D FEA models is exceedingly time‐
consuming and demands substantial computational resources.
Consequently, integrating such analyses into large‐scale design
optimisations, which involve evaluating hundreds of models, is
impractical, particularly on standard workstations.

F I GURE 7 Single coil back‐EMF of the real coil model and the
estimated back‐EMF of the simplified coil scaled by the ratio of the number
of turns based on Equation (6).

F I GURE 8 The single‐phase output torque results from a transient
finite element analysis with 36 time steps and an estimated waveform based
on the Equation (7) within one electrical cycle.
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Therefore, the alternative approach is to initially design and
optimise the machine geometry, including rotor and stator
dimensions, magnet shape, airgap, and coil envelope, utilising
the proposed ultra‐fast model with simplified coil geometry.
This approach can accommodate a wide range of objectives,
such as minimising Joule losses, cost, and weight, depending
on the application requirements.

Subsequently, considering parameters such as airgap flux
density, rated speed, the required back‐EMF, and the optimised
coil envelope, the number of turns and coils per phase and the
number of parallel strands are determined. In this step, the
ampere‐turns per coil are kept constant, and the Joule losses of
the designed coil can be calculated using the ratio of SFFs of
actual and initially simplified coil as described in the next
section. It should be noted that the optimisation algorithm
guarantees the given coil envelope leads to minimal Joule losses
(if selected as an objective), considering all other dimensions.

This multi‐step approach was previously practically
employed by the same group of authors, as demonstrated in
ref. [42], to design a highly efficient 4.2 kW coreless axial flux
PM machine. Following this design procedure, the authors
achieved a machine with approximately 96% efficiency, with
the rated eddy current loss comprising only about 13% of the
total power losses, while circulating current losses were virtu-
ally eliminated through the use of a novel layer transposition
technique.

Another typical source of power losses within the stator
windings is the skin and proximity effects. The skin effect
refers to the tendency of high‐frequency currents to travel
along the outer surface of a conductor, increasing resistance.
The proximity effect involves the undesirable flow of current
in alternate patterns, such as loops or concentrated distribu-
tions, caused by the magnetic fields produced by nearby con-
ductors [44–46].

The absence of the skin effect in very narrow copper traces
on the PCB stator or equivalent Litz wires was explained in
refs. [32, 47]. This is because the skin depth at the rated

frequency (less than 1 kHz) 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
within the studied machine.

The proximity effect in coreless AFPM machines is typi-
cally negligible due to a wide magnetic airgap and very low
armature reaction. To further investigate its presence between
coils in different layers, the flux linkage of the coil in the
middle layer was monitored through FEA at two different
states: first, with all other coils excited with the rated current,
and second, with them not excited. As there was no difference
in the monitored flux linkage, it can be stated that the prox-
imity effect in the stator winding of coreless AFPM machines
is negligible. This finding was also demonstrated for coreless
AFPM machines by researchers in ref. [32].

3 | SIMPLIFIED 3D FEMODEL OF a PCB
COIL

To determine the minimum required length of mesh elements
for the machine model, generally a mesh convergence study is
carried out. The result of an example study is shown in Table 3
with zero torque at zero electrical degrees and the symmetry of
the waveform as convergence criteria. The tetrahedral mesh
elements during the mesh convergence study at an example
point are illustrated in Figure 10. It is worth mentioning that a
copper trace represents a single wire in conventional stator
windings, and a turn represents a closed loop of such
conductor traces.

Following the same procedure, the real coil model needs
more than 1.7 million tetrahedral elements as reported in
Table 4. Due to the narrow dimensions of the PCB traces,
there are an extremely high number of mesh elements, so the
transient analysis with 36 steps (every 10 electrical degrees)
takes more than three hours, or about six minutes per solution,
on an Intel Xeon 3.5‐GHz workstation.

It is challenging to evaluate a wide range of candidate
designs with long running times in search of optimal coil
geometry and rotor dimensions to meet the design re-
quirements. Hence, finding a simplified, highly accurate FE
model to assess machine performance indicators is one of
the main subjects of this paper. ‘Macro coil’ modelling has
been proposed in previous research papers to model stator
coils as a solid block to cut down on machine model
computation time [4, 34]. In this approach, coils are
modelled like blocks with the dimensions of the coil enve-
lope and because of the substantially lower complexity of the
model, the running time is considerably lower than the real
coil turn‐by‐turn model.

An example macro coil with input current density vectors
is shown in Figure 11c. The analysis results relying on this
block coil for the machine under study show that the number
of tetrahedral elements and consequently the running time of
this model are considerably lower than the detailed turn‐by‐
turn model as reported in Table 4.

F I GURE 9 Total output torque is calculated by adding single‐phase
torque waveforms. The absence of stator teeth in coreless machines results
in zero cogging torque. Airgap flux density variations result in different flux
linkages in the phase windings, ultimately leading to a slight torque ripple.
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The Macro coil model does not properly resemble the
current density vector trajectories and gaps between traces as
they are in the real coil model, especially at both end coils,
where the current vectors are distorted in terms of both
magnitude and direction. Therefore, it leads to a 4% error in
the calculated maximum torque, and the estimated Joule losses
have more than a 9% error when considering the results of the
detailed 18‐turn model as a reference. This error reduces as the
number of turns in the simplified model increases and

becomes closer to the real coil shape. So, this equivalent block
model is not a viable candidate for estimating Joule losses and,
to a lesser extent, torque and back‐EMF due to over-
simplification, at least for narrow PCB traces. This error re-
duces as the coil shape becomes more like the real coil.

To ensure accurate results, it is crucial that the simplified
model's current density distribution closely resemble that of
the real coil model. For that purpose, a systematic approach
seeking a reduced‐turn equivalent coil is proposed. The results
of an example systematically exploring the proper simplified
equivalent coil are tabulated in Table 4. In this study, the
running time and three main performance indicators for 4‐turn
up to 10‐turn and macro equivalent coils are investigated.
Results show that there is a trade‐off between the accuracy of
the performance estimation and the running time.

Within these results, the 6‐turn coil is intuitively the
optimal equivalent coil because both the computational time
and result accuracy are within an acceptable range. This model
cuts the computational time by about 70% and keeps the
estimation errors below 3%. This is due to the fact that the
current density vectors of the reduced‐turn coil follow the
same pattern as the real coil model as demonstrated in
Figures 11a and 11b, respectively. The combination of this
simplified equivalent coil and the proposed method with the
minimum number of FEA solutions substantially reduces the
computational burden.

Throughout this research, single‐layer PCB coils with the
thickness of single‐phase stator have been studied to mitigate
complexity and shorten computation times. In practice, PCB
stators benefit from multi‐layer configurations that have nar-
row copper layers vertically connected through via holes with
insulation layers between them. An example cross section of a
real PCB coil side with 6 turns and 8 layers is demonstrated in
Figure 12. A basis for scaling the FEA‐driven Joule losses
based on the simplified equivalent coil to that of the real coil is
therefore needed. The coil envelope dimensions, meaning the
inner and outer diameters as well as the coil width and thick-
ness, are known to be the same in both cases. Some of these
key dimensions are highlighted in Figure 11d.

The Joule losses within one PCB coil can be written as a
function of the current density and SFF:

Pcu ¼ J2 ⋅ A2
t ⋅

ρ ⋅ Nt ⋅ NL ⋅ Lm

At
¼ J2 ⋅ At ⋅ ρ ⋅ Nt ⋅ NL ⋅ Lm

¼ J2 ⋅
Ac ⋅ SFF
Nt ⋅ NL

⋅ ρ ⋅ Nt ⋅ NL ⋅ Lm ¼ J2 ⋅ Ac ⋅ SFF ⋅ ρ ⋅ Lm;

ð11Þ

where

J ¼
I
At
¼

Nt ⋅ NL ⋅ I
Ac ⋅ SFF

; ð12Þ

and At and Ac are the trace and coil side cross section areas,
respectively. The number of turns per layer, the number of

TABLE 3 The results of the mesh convergence study to find the
minimum number of mesh elements for the simplified 6‐turn equivalent
coil model. The ratio of Tθ = 0 to Tθ = 90, which is denoted by error is one
of the convergence criteria.

No. of tetrahedral elements Tθ = 0 [Nm] Tθ = 90 [Nm] Error [%]

3,948,606 0.00 12.68 0.0

2,728,470 0.00 12.66 0.0

1,101,987 0.01 12.66 0.0

534,685 0.01 12.67 0.0

219,461 −0.27 12.51 2.1

133,204 −0.26 12.37 2.2

114,558 0.37 12.60 2.9

F I GURE 1 0 The tetrahedral mesh elements on the stator conductors,
in between them, and magnets. The zoomed‐in views marked as A and B
show mesh elements on the traces at two points during the mesh
convergence study.

TABLE 4 Comparing the accuracy of performance prediction and
computational time for several simplified coil (reduced turn) models with
the real coil model.

No. of
turns

Tetrahedral
elements

Running
time per
solution

Torque
error
[%]

Back‐
EMF
error[%]

Joule
loss
error[%]

18 1,721,397 05:42 Ref. Ref. Ref.

10 712,486 02:18 1.51 1.35 1.47

8 606,433 02:01 2.06 2.09 2.29

6 534,685 01:54 2.74 2.99 3.11

4 450,275 01:36 6.96 6.96 5.78

Macro 424,844 01:12 4.08 3.17 9.42
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layers per coil, and average length of the coil are denoted by Nt,
NL, and Lm, respectively. The slot fill factor is defined as
follows:

SFF ¼
Nt ⋅ NL ⋅ At

Ac
: ð13Þ

Substituting Equation (12) into Equation (11) we have the
following:

Pcu ¼
ρ ⋅ Lm ⋅ ðNL ⋅ Nt ⋅ IÞ2

Ac ⋅ SFF
: ð14Þ

It is assumed that both the simplified and the real coil have
the equivalent Ampere‐turn, that is, (NL.Nt.I ) to produce the
same output torque. Therefore, with respect to Equation (14),
the copper losses of the real coil, Pcu,R is derived by scaling the
copper losses of the simplified coil, Pcu,S, with the ratio of SFFs:

Pcu;S

Pcu;R
¼

SFFR
SFFS

: ð15Þ

The error of the scaled Joule losses with only one FEA
solution relying on the equivalent 6‐turn PCB coil is reported
in Table 4. In comparison to the macro coil model, the copper
loss estimation error was reduced by one‐third. As Joule losses
constitute the majority of losses in coreless machines the ac-
curacy of the Joule loss estimation plays an important role in
the machine performance analysis.

It is worth noting that, theoretically, 3D FEA models could
be substituted by multi‐stage 2D models as suggested in refs.
[12, 14]. However, with the current state‐of‐the‐art computa-
tional resources and software capabilities, the parametric 3D
FE models utilising the proposed computationally efficient
analysis method can be directly integrated into the machine
design process within minutes. This approach significantly
streamlines the process, eliminating the need to invest time in
generating multi‐slice 2D models and associated busy work.
Moreover, the proposed method overcomes the typical sim-
plifications inherent in 2D models, which may lack accuracy in
the case of axial flux machines, while still maintaining the
precision of 3D FEA models and completing computations
within minutes.

4 | EXPERIMENTAL VALIDATION

The proposed approach is experimentally validated on a
double‐sided, two‐phase coreless AFPM machine with a cen-
tral 26‐pole PCB stator. The two rotors are the same with 26
surface‐mounted NdFeB magnets. This machine is designed to
produce a rated torque of 19 Nm at 2,100 rpm with a fixed DC
bus voltage of 300 V. The principle of operation and the
specifications for this machine were described in detail by the
authors in the previous papers [33, 34]. A test fixture has been
designed and assembled to test the prototype machine at
varying air‐gap lengths, rotor numbers, phase numbers, and
stator stacking schemes. Also, a5 hp servo motor is coupled
with the coreless AFPM machine under study as a prime
mover to measure back‐EMF as shown in Figure 13.

F I GURE 1 1 Input current density vectors in (a) real 18‐turn coil, (b) 6‐turn proposed equivalent coil, and (c) block coil. In contrast to the proposed
simplified turn‐by‐turn coil model, the current density vectors at both ends of the coil in the block model are deformed, both in terms of magnitude and
direction. The main dimensions of the coil envelope, that is, inner diameter (IDc), outer diameter (ODc), average radial length (Lm), and coil width (WC) (d).

F I GURE 1 2 The cross section of a real PCB coil side with 6 turns and
8 layers, PCB manufacturers can produce up to 32‐layer PCBs. Designers
aim to maximise copper area to coil side area ratio, that is, higher slot fill
factors to reduce Joule losses. PCB, printed circuit board.
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4.1 | Single‐phase Back‐EMF

The measured single‐phase back‐EMF at 1000 rpm within one
electrical cycle is illustrated in Figure 14. This figure also shows
the back‐EMF waveform, which was calculated by using
Equation (6) and only two FE solutions from the simplified 3D
FEA model of the machine. Comparing these waveforms
shows that the proposed method can successfully estimate the
back‐EMF of the designed machine with minimum effort FE
analysis.

4.2 | Single‐phase electromagnetic torque

To investigate the accuracy of the proposed approach to pre-
dicting the output torque, the static torques at different rotor
positions within half of an electric cycle are measured and
compared with results of the proposed method in Figure 15.
This figure shows good agreement between the experimental
measurements and the calculated torque waveform based on
Equation (7). The observed variation can be explained by a
variety of factors, including the backlash of the locking
mechanism, the PCB manufacturing tolerances, imperfect
magnet placements, and magnet properties.

5 | DISCUSSION

5.1 | Saturation effect and minimum number
of FEA solutions

To ensure accurate results, the maximum order of harmonics
determines the number of FEA solutions used in the suggested
method. The use of a very low number of FEA solutions may
be adequate if the airgap flux density is sinusoidal or quasi‐
sinusoidal due to a lack of saturation effects and low arma-
ture reaction, which is mostly the case for coreless AFPM
machines.

In some designs, a very thin back iron needs to be
considered due to mechanical considerations, and it may cause
saturation. The effect of rotor back iron thickness on the
performance of coreless machines was investigated in ref. [40].
In the presence of saturation, the accuracy of the results may
be affected by an aliasing effect if the maximum harmonic
order considered is lower than the order of harmonics that still
have a meaningful contribution.

To avoid this, the harmonic analysis should be carried
out, and more FEA solutions might be used, taking into
consideration that each of them will only slightly increase
computing work while adding more accuracy to the results.
In this case, the introduced method can also be combined
with the space‐time transformation approach described in ref.
[16]. Establishing a common and accurate foundation for
comparison is challenging since a range of parameters, such
as meshing, non‐linear convergence, and so on, may exert a
major influence.

5.2 | Stator design considerations: Torque
ripple minimisation, equivalent conductor
length, and design scaling

As mentioned in Section 2.3, considering an independent set of
windings for each phase, in this case, one PCB stator per

F I GURE 1 3 The test rig for the prototype 26‐pole double‐rotor
single‐stator coreless AFPM with printed circuit board stator connected to
a PM synchronous machine as prime mover.

F I GURE 1 4 Single phase comparison of the experimental back‐EMF
waveforms and the estimated back‐EMF relying on the simplified model
and proposed approach with the minimum finite element analysis solutions
at 1000 rpm.

F I GURE 1 5 Measured and calculated static torque of the prototype
printed circuit board stator coreless AFPM machine with a current density
of 18 A/mm2. The estimated torque waveform with the proposed approach
is fairly comparable with measured static torques.

892 - CHULAEE and IONEL

 17518679, 2024, 8, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/elp2.12439, W

iley O
nline L

ibrary on [10/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



phase, results in torque ripple caused by the flux fringing effect
and unequal distances of phase windings to the rotor magnets.
To mitigate this torque ripple, one potential solution in this
case is to design all three phases on a single PCB stator.
However, this approach makes the implementation very chal-
lenging and complicated. Another approach could be to
consider two identical sets of windings, that is, two PCB stators
per phase, and distribute the phases as A‐B‐C‐A‐B‐C in the
axial direction.

In AFPM machines, the electromagnetic torque is gener-
ated through tangential forces, Fr, over a continuum of radial
elements. The output torque can thus be calculated analytically
from the Lorentz force law as the integral across stator
conductor elements, dr, in the radial direction when they carry
the coil current, ic, and are exposed to airgap flux density, Bz, in
the axial direction:

dT ¼ rdFr ¼ ðic � BzÞrdr: ð16Þ

For fast torque estimation, Equation (16) can be written as
follows:

bT ph ¼ Nc ⋅ Nt ⋅ B ⋅ bI c ⋅ rm ⋅ Lm; ð17Þ

where B and bI c are the average magnetic flux density over one
coil side and the maximum input current in coils at 90 electrical
degrees, where maximum torque occurs, respectively. The shaft
distance to the middle of the coils is also depicted by rm. The
total number of coils and total the number of turns per coil are
denoted by Nc and Nt, respectively. The torque producing
active radial length of PCB conductors (area enclosed by red
dashed line) and the average radial length for the coil, Lm are
shown in Figure 11d.

By accurately estimating the average active radial length,
the output torque produced at a specific outer diameter and
flux density can be calculated and scaled for different di-
mensions effortlessly, without the need for time‐consuming
FE analysis.

To estimate average active radial length, (17) is solved for
different values of Lm ranging from the length of the inner-
most turn to the outermost turn, and the results are compared
with the FEA results of the initial design as shown in
Figure 16. In this figure, lengths are normalised and the cor-
responding normalised active length, to zero error, LmN, is
used for calculating Lm for different designs. Considering the
ratio of stator length to rotor length for the initial and new
design, kr1 and kr2, that determines how rotor magnets cover
the stator conductors, the average active length for the new
design, Lm2, can be calculated as follows:

Lm2 ¼ ri2 þ
kr2
kr1
ðro2 − ri2ÞLmN ; ð18Þ

where ri2 and ro2 are the inner and outer stator radius of the
new design, respectively.

5.3 | Example optimisation study employing
the proposed approach

The scripting features of commercially available electromag-
netic FEA software can be used to practically implement the
proposed approach. The block diagram of a design optimisa-
tion study for a coreless AFPM machine with concentric PCB
coils based on conventional DE is demonstrated in Figure 17.
Design optimisation was done by linking ANSYS Electronics
Desktop and MATLAB through scripting to implement the
proposed method.

In this optimisation study, more than 250 candidate designs
were evaluated within lower than 24 h on the introduced
workstation towards finding optimum designs with higher ef-
ficiency and lower magnet weight. Six independent variables,
including those that determine the PCB coil geometry (shown
in Figure 11d) were considered in this study. Without
employing the proposed CE‐FEA model and the estimation
techniques, it is highly challenging to analyse this many accu-
rate and complicated 3D FE models in a short amount of time.
The model simplification process and the proposed estimation
technique are not limited by the concentric coil shape and can
be developed for various winding topologies effortlessly.

6 | CONCLUSION

This research proposed a computationally efficient simplified
3D FE model for coreless AFPM machines analysis. This
model makes full use of the machine's geometric symmetry
followed by a systematic strategy to figure out the minimum
number of transient FE solutions that are required to
accurately predict the machine performance indices like the
output electromagnetic torque, copper losses, flux linkage,
and back‐EMF, which are critical to the design process. A
simplified reduced‐turn model for stator coils with planar
conductors was also proposed to further reduce the
computation time.

F I GURE 1 6 Analytical study to find the average active radial length of
the coil conductors used for fast torque estimation and design scaling.
Corresponding normalised radial length, LmN, to zero torque estimation
error is used for design scaling based on (18).
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Employing all the aforementioned techniques leads to a
substantial reduction in the computational burden, providing
an opportunity to incorporate accurate 3D FEA models into
large‐scale design optimisations. For example, the computa-
tional time of the 3D FEA model of a coreless AFPM machine
with an 18‐turn PCB coil and 36 time steps was reduced by two
orders of magnitude, from 3.4 h to only 3.8 min, while
maintaining the estimation error below 3% compared to the
detailed real coil model.

The accuracy of the proposed computationally efficient
model was verified by comparing the estimated and experi-
mentally measured machine performance indices, that is, back‐
EMF and output torque, indicating very good agreement.
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