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Abstract— Extensive electromagnetic (EMAG) studies are
necessary to fully realize the potential of axial flux machines
(AFMs). However, the disc-shaped air gap and the complex
three-dimensional path of magnetic flux pose challenges in
modelling AFMs compared to conventional radial flux
machines. This study reviews current research on EMAG
modelling and simulation of AFMs, highlighting the need for
tools that address AFM-specific effects. Existing approaches are
analysed based on the requirements composed by fundamental
objectives of EMAG simulations and AFM-specific effects,
revealing limitations in flexibility and the ability to capture
emerging trends in the field of AFMs. While computationally
expensive 3D finite element analysis (FEA) offers
comprehensive flexibility in EMAG modelling, it lacks efficiency
to carry out extensive studies on such trends. Therefore, there is
a need to either further accelerate 3D FEA or to increase the
flexibility of existing alternatives to facilitate and thereby
promote research in the field of AFM and other 3D flux
machines. While the integration of some production-specific
effects, such as manufacturing tolerances, already is
investigated for EMAG simulations of AFMs the future
research on the early estimation of manufacturability based on
EMAG simulations is crucial for evaluating designs and
anticipating manufacturing influences.

Keywords—axial flux machine, electromagnetic simulation,
literature review, multi-domain, manufacturing effects

I. INTRODUCTION

Due to the potential of high torque density and efficiency
as well as the possibility of modularisation and extension, the
axial flux machine (AFM) is increasingly the focus of industry
and research [1], [2]. In contrast to the radial flux machine
(RFM), which has already been extensively investigated, there
is still a need for further research into the AFM. Different
topologies and designs of AFMs promise various advantages
but also challenges [3], [4]. In addition to the construction and
measurement of prototypes, computer-based modelling and
simulation play an important role due to the significantly
shortened feedback loop. This enables the efficient
comparison of different topologies, designs, geometries and
materials, the identification of sensitivities of these
parameters, and the further enhancement of the overall
performance of this type of machine. Electromagnetic
(EMAG) simulation is at the centre of the simulative analysis
of electrical machines. Similar to the transverse flux
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machine [5], the magnetic flux in the AFM is formed in three-
dimensional space. In contrast to the RFM, where the
magnetic flux is mainly restricted to a 2D plane, the
electromagnetic simulation of the AFM is therefore
significantly more challenging [6], [7]. As with the machine
type of the AFM itself, different concepts and approaches
have also been presented for its EMAG simulation and no
method has yet been finally established to solve the conflict of
objectives between efficient computing time, accuracy,
flexibility, modelling detail and diversity of the target
variables. Consequently, an overview and analysis of existing
simulation methods is presented below, based on the structure
of the AFM and its special effects. This analysis identifies
potential gaps and research opportunities in the field of
EMAG simulation of AFMs.

II. METHOD

An initial search is conducted as the starting point for the
literature study. In order to obtain the broadest possible picture
and publications from different institutions and publishers,
"Google Scholar" is chosen as the search engine. In this
search, the titles of scientific publications are checked for the
search term shown in Fig. 1 which is composed of multiple
parts that are linked via logical operators. The first two blocks
ensure the focus on AFMs, while the last block is responsible
for focusing on modelling and simulation methods. Patents are
excluded from the search, as there is no focus on the
simulation methodology. Furthermore, the articles are filtered
manually to exclude false positive results that do not deal with
the modelling and simulation of AFMs. At the same time,
articles on AFMs as an induction machines are also filtered
out, as the functional principle is different and the focus here
is on machines that can be operated as synchronous machines.

In the first phase, based on the search term described in
Fig. 1, articles were identified that deal with the development,
validation or extension of simulation methods for AFMs, but
also articles that exclusively describe the application of
simulation methods, such as 3D finite element analysis (FEA),
without focusing on the methodology. In order to enhance the
focus on the approaches of EMAG modelling and simulation
of AFMs, further articles on the method development of
EMAG AFM simulations are identified in the second phase
through citation links to the articles of the first phase. The
result from the first and second phases is a literature collection
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of 85 categorised articles. These articles are presented in the
following in the form of distribution diagrams for different
topics.

| "axial flux" OR "axial field" |
AND

| "motor" OR "machine" |
AND

"investigation" OR "examination" OR "analysis" OR
"model" OR "simulation" OR "study" OR
"analytic" OR "fea" OR "fem" OR
"finite element” OR "magnetic equivalent circuit" OR
"subdomain" OR "fourier"

Fig. 1. Search term for first literature acquisition

In addition to the EMAG simulation methodology for
AFMs, an overview of possible designs of AFMs is required
at the beginning, as the requirements for the simulation
methods in this article are partly derived on the basis of the
structure of the AFM. For this reason, overview papers on the
design of AFMs are reviewed in an additional step and
supplemented with related articles.

III. OVERVIEW OF AFM TOPOLOGIES AND DESIGNS

For the design analysis of the AFM, the seven overviews [§],
[31,191,[4],[10],[11] and [12] were analysed. The articles [9],
[11] and [12] summarise the entire topology structure in a
single diagram. Instead, in this work Fig. 2 provides an
overview of the main topologies, which is detailed in Fig. 3
and Fig. 4 by subcategories for the stator and rotor design
respectively. Overall, this enables a higher level of variety in
the description of possible AFM topologies and designs. By
combining a topology from Fig. 2 with specific choices for the
stator and rotor design in Fig. 3 and Fig. 4 an overall design is
generated. For instance, the topology of single stator double
rotor (SSDR) with a pole orientation of north/ south, a core
based and slotted but yokeless stator with concentrated ring
windings as well as core based but slotless rotors with surface
permanent magnets (PMs) leads to the well-known yokeless
and segmented armature (YASA) design [13].

Topology
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Fig. 5. Distribution of topologies in the EMAG simulation articles.

Changing the pole orientation to the north/ north
orientation, the winding to a ring winding and adding a yoke
leads to the so-called TORUS-NN design. As being illustrated
in Fig. 5 both aforementioned design variants are represented
extensively in the literature collection. The SSDR topology is
therefore the most prevalent topology in the literature,
followed by the SSSR topology.

As a design feature which is not included in the diagrams
of [9], [11] and [12] the tooth tip design of stators with core
and slots is included in Fig. 3 with the label "tooth tip". This
design feature is explained in Fig. 6 where the different
versions are shown for a half section of an YASA stator
segment in a 3D section view and a front view respectively.
The different forms of this feature are derived by analysing the
overview papers and the reviewed literature. While the
configuration without shoe is the most common, according to
Fig. 7, the azimuthal tooth tip is widely used as well. This is
because, both of these configurations come with less
challenges in manufacturing the soft magnetic components as
laminated steel cores [14], [15], [16], [17], [18] and also in the
EMAG simulations, because the magnetic field is forced into
2D cylinder shell surfaces, thereby mainly behaving like a 2D
flux machine [15], [18], [19], [20], [21], [22]. However, using
a basic equation for the torque production of AFMs the benefit
of radial tooth tips becomes evident. Based on [3] and [23] the
average torque of an AFM is

T= Bag,avg m INkw (Razg,out - Razg,in) (l)
where B,z avg 1S the average flux density in the air gap, m is
the number of phases, NV is the number of windings per phase,

kw is the winding factor and / is the rms phase current. Ragin
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and Ragou are the inner and outer radii of the air gap zone
respectively. The radial tooth tip increases Ragow and
decreases Ragin While the outer dimensions remain constant, as
these are defined by the inner and outer radii of the coils.
Therefore, the radial tooth tips increase the torque output of
the machine with a quadratic effect without changing the outer
dimensions, thereby increasing the volumetric torque density.
For this reason, tooth tip designs with a radial shoe as in the
second column of Fig. 6 are of importance for the research on
AFMs although such designs are underrepresented in the
literature collection as is shown in Fig. 7. Nevertheless, in [1],
[24], [25], [26] AFMs with radial tooth tips are investigated
whereas in [27], [28], [29] and [30] the combination of radial
and azimuthal tooth tips are shown.

In summary, the diagrams in this section expand the
classifications from existing reviews by screening additional
articles on the EMAG simulation methods of AFMs, thereby
building the basis to evaluate special effects occurring in the
AFM compared to the RFM.

no radial tooth tip

radial tooth tip

3D section view

no azimuthal tooth tip

front view

3D section view

azimuthal tooth tip

front view

Fig. 6. Possible shapes of the stators tooth tip.

Stator tooth tips
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4

Fig. 7. Different forms of stator tooth tips.

IV. SPECIAL EFFECTS FOR EMAG MODELS OF AFMS

Due to the different shape of the air gap, the AFM has
different magnetic flux paths compared to the RFM. This

leads to effects that have a greater influence in the EMAG
simulation of AFMs than in the simulation of RFMs. These
effects are illustrated for AFMs with core in Fig. 8 and for
AFMs without stator core in Fig. 9. Both figures show a half
pole and a half coil of an exemplary AFM with simplified flux
paths. The magnetic fields along the active length of an RFM
are often neglected for simulation. With the AFM, however,
the active length is orientated in the radial direction of the
machine and is therefore comparatively short. For this reason,
edge effects have a decisive influence on the magnetic field.
The “radial leakage” effect, the “radially varying (air gap)
field” effect and the “end winding effect” from Fig. 8 and
Fig. 9 can mainly be attributed to the shorter active length and
the associated end effects as well as the radial change in the
magnetic circuit due to the change of circumference.
However, as explained in the previous section, AFM designs
can also include radial changes in geometries, such as special
magnet, core or coil shapes. These design variations are
complemented by radial and azimuthal tooth tips as well as
radial diameter differences (“radial overhangs”) between the
rotor and stator. The design differences have a direct influence
on the EMAG conditions of the AFM and lead to further
indirect effects. The saturation in the core material can vary
radially ("radially varying saturation" effect). Radial notches
in the core material lead to locally highly saturated zones
("radial notches" effect). Radial tooth tips in particular lead to
radial magnetic field directions occurring in the cores, which
cannot be neglected ("radial field direction" effect).

The effects mentioned here can be understood as
requirements for the EMAG modelling and simulation
methods of AFMs. The more of these effects can be replicated
by a simulation method, the more generalised the
corresponding approach can be applied to different types of
AFMs and the better the suitability of the approach for
comparisons between different AFM types.

radial
overhang

special

rotor pole shape

special tooth
tip shape

section view

__rotor

~  notches
\ .
radially radially
varying ., _varying
saturation  ° air gap field
. % )
radial field N, radial
direction N, leackage
N

Fig. 8. Special effects in AFMs with core demonstrated on half stator
segment and half rotor pole of an YASA AFM.
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Fig. 9. Special effects in a coreless AFM demonstrated on half stator coil
and half rotor pole.

V. TARGET QUANTITIES OF EMAG SIMULATIONS

EMAG simulations are executed in order to obtain certain
target quantities of the electrical machine that characterise its
behaviour. The resulting distribution of target quantities from
the literature collection is shown in Fig. 11. The back
electromotive force (back-EMF) as the most represented
target describes the AFM from the electrical domain together
with the coil inductances. On the other hand, the torque as the
second most represented target and the torque ripple describe
the interface to the mechanically connected systems. In
addition, acting forces on the stator, the rotor or single
subcomponents build another interface to a more detailed
mechanical investigation of the AFM. Finally, the internal
behaviour of the AFM is described by loss quantities and the
magnetic air gap flux density. The latter enables more detailed
information about the magnetic field solution, compared to
other quantities like torque or back-EMF. The air gap flux
density is therefore a popular method for comparing and
validating different simulation methods and precisely
identifying deviations. Another important target quantity is
the opposing magnetic field in the PM in order to examine an
operating point for demagnetisation. However, this target is
not found in the literature collection.

Simulation targets
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[] iron loss (hysteresis) (26)
[ forces (14)

] inductances (13) [Z] PM losses (12)

iron loss (excess) (6)  [] winding loss AC (6)

Fig. 10. Distribution of the most frequent simulation result quantities.

[ air gap induction (53)
winding loss DC (27)
[1] iron loss (eddy) (23)

A. Torque Calculation

There are four torque calculation methods which is
illustrated in Fig. 11. The Maxwell stress tensor (MST) can be
derived from Lorentz force law and is used to calculate the
torque based on the air gap flux densities in axial and
azimuthal direction [30], [31]. A more robust extension to the
MST for numerical simulation is the Arkkio method [30], [32]
which is also labelled with MST in this work. The torque
calculation method based on the conservation of electrical
energy is applied in [33], [34] and [35]. With this approach,
the electrical power is calculated on the basis of the back-EMF
and the phase current. By dividing this power by the angular
velocity, the torque is calculated directly. This method
generally is only suitable for calculating the average torque.
Instead, the Lorentz force utilized in [22], [36], [37] can be
used to calculate instantaneous torque values based on coil-
related variables. However, when it comes to the torque ripple
only the harmonic torque components of the armature winding
are considered and the cogging torque caused by the PM
induced rotor field is neglected by the calculation based on
Lorentz force. The methods mentioned so far can be applied
as post-processing to an EMAG field problem that has already
been solved. However, for the virtual energy method, the
partial derivative of the magnetic co-energy according to the
motion variable must be calculated during the solution
process. Therefore, although being able to calculate all torque
and torque ripple components this method is usually only used
in the context of magnetic equivalent circuits (MECs), since
the co-energy calculation is comparatively simple there [38],
[39], [40].

B. Force Calculation

Due to the comparatively large outer diameter of the AFM,
the axial forces acting between the stator and rotor lead to the
deformation of the rotor, which can close the air gap and thus
damage the machine [41]. For this reason, analysing the axial
forces is of great importance. Nevertheless, the target of force
calculation appears to be underrepresented in the literature
with 14 articles. The force between the stator and rotor can be
calculated using the MST and the air gap flux density [41].
The literature mainly analyses static maximum forces [42].
Only [14], [43] and [44] carry out dynamic analyses based on
the harmonic components of the forces. In the literature
collection, there is no feedback of the mechanical
deformations into the EMAG simulation to analyse the
feedback effects. Moreover, [44] comes to the conclusion that
the force calculation using the magnetic air gap flux density is
not sufficient for a detailed mechanical investigation of the
vibration, but that the surface forces of the components must
be used instead.

C. Loss Calculation

As with the RFM, the losses in the ferromagnetic core can
be calculated in a post-processing step after solving the field
problem with the loss formulae according to Bertotti [45] or
Steinmetz [46] or with loss maps [15], [16]. The dynamic
effect of the loss mechanisms on the magnetic field is
neglected in this case. But such influences have already been
investigated for the AFM in individual articles [47], [48].

Evaluating the distribution in Fig. 10, the DC winding
losses are mainly considered as the only winding losses and
the AC winding losses are strongly underrepresented.
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Fig. 11. Distribution of torque calculation methods.
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There already exist studies on the AC winding losses in
AFMs by [49] and [50] as well as a loss model for the AC
winding losses for AFMs with coreless stator [51], which
indicate the significance of the AC winding losses. Therefore,
further investigations as well as the development of further
loss models or calculation methodologies of different types of
AFMs are necessary. Calculation methodologies could, for
example, be based on the AC loss calculation in the 2D FEA,
as demonstrated in [49]. In order to increase the accuracy of
AFM loss and efficiency calculations, it is important that the
calculation of AC copper losses is widely used in AFM
research.

Compared to the iron losses, the PM losses are also
underrepresented in Fig. 10. The PM losses are due to the eddy
currents in the PMs. In addition to the losses, the eddy currents
form a magnetic reaction field that influences the dynamic
behaviour of the fields and the machine. In addition to the
solution of the transient Maxwell equations in 3D space
[49], [52], various approaches already exist for calculating the
eddy current losses of AFMs with and without taking the
reaction field into account [53], [54], [55]. The approaches are
generally based on a model of the electric fields that form
within the PM in the plane orthogonal to the axis of rotation
of the AFM.

VI. SPATIAL DIMENSIONS OF EMAG SIMULATIONS

As described in the previous chapter, the magnetic flux
density is a decisive target variable for describing the
magnetic field in electrical machines. The magnetic field can
be formulated in one, two or three dimensions. Although in
AFMs, as described in section IV, radial or 3D effects occur,
for some types of AFMs the modelling of the magnetic field
in one or two dimensions already leads to accurate results. The
distribution between 1D, 2D and 3D simulation in the
literature collection is given in Fig. 12. Especially 2D
simulations are used as an alternative to 3D simulation. In the
following, the transformation from the 3D design of an AFM
into lower dimensions is described.

A. Slices

Since the stator, rotor and active air gap have an annular
shape, the transformation into 2D space takes place along a
cylindrical surface that is aligned coaxially to the axis of the
machine and intersects the active area of the machine. This
process is shown in the upper part of Fig. 13. The
transformation to a lower dimension means that the radial
effects from section IV are neglected. In order to reproduce
some of these effects nevertheless, it is possible to model the
3D space not in one but in several 2D spaces. This is the
fundamental idea behind the multi-slice approach, which is
often referred to as the quasi 3D method and is illustrated in
the lower part of Fig. 12. Although with the multi-slice
method the magnetic field is solved at different radii, it still
has no radial components due to the alignment of the slices.

Spatial dimension of the field solution

N

3D (43) [1] 2D (33) 1D (8)

Fig. 12. Spatial dimension of the simulation approaches considered.

Fig. 13. Single and multi slice 2D simulation concept demonstrated on the
periodical stator section of an YASA AFM.

Therefore, although the multi-slice approach is capable of
modelling effects depending on the radius, such as the radial
change in shape of subcomponents or the radial change in field
distribution and the radial change in saturation of
ferromagnetic components, effects caused by a radial field
direction are neglected. For this reason, the effect of radial
tooth tips, radial notch effects and radial end effects as well as
a radial overhang between rotor and stator are not modelled
with the multi-slice method.

Regarding the radial distribution of the slices most
approaches of the multi-slice method utilize an equal
distribution, however there are exceptions. In [16] and [18]
thinner slices are used towards the radial ends of zones,
because tests showed higher accuracy with this arrangement.
This could indicate that there occurs a border effect for the
inner and outer most slices. To overcome such an effect in [56]
slices are always placed at the inner and outer most radial
position and interpolation is used to get results for arbitrary
radii.

B. Equivalent Radius

The equivalent radius defines the position of the cylindric
cutting surface from which the individual slice simulation
models are derived. In about 73% of the 2D modelling
methods the average radius of the selected 3D ring section is
used. No definition of the equivalent radius is given in 17% of
the articles, whereas in [27], [38] and [57] other definitions of
the equivalent radius like the mean square average or an
approach based on the magnetic energy are used.
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C. Transformations

Finally, the target space of the 3D to 2D transformation is
regarded. According to Fig. 14, the transformation from the
cylindrical surface of the rotational AFM to a flat surface with
cartesian coordinates of an equivalent linear machine is the
most common. This transformation is employed, particularly
in the context of 2D FEA, because there is no possibility of
executing a 2D EMAG analysis on a cylindrical surface using
the majority of numerical simulation software. The rotational
AFM repeats periodically and infinitely along the azimuthal
direction. However, for a linear machine there is an end in the
direction of movement. Therefore, if possible the correct
periodic conditions must be applied at the azimuthal end of the
simulation space [30]. Otherwise, workarounds like [19] have
to be implemented to avoid azimuthal end effects from the
linear machine affecting the results. If another transformation
is used this effect can be avoided as well. Instead of
transforming to a linear machine the AFM slice can be
transformed to either an inner or outer rotor RFM. This has the
advantage that the extensive simulation methodology of the
RFM can be applied to the AFM, but with this transformation
the dimensions of the components are distorted and scaled
with increasing distance from the air gap. Furthermore, some
MSMR AFMs are difficult to simulate with this approach. For
further details of this transformation, it is referred to [19] and
[58]. Finally, the last approach is to not transform the slices
and solve the magnetic field directly on the cylindrical
surface. This approach is associated with the least
transformation effort [59], [60].

VII. COMMON SIMULATION APPROACHES

In this section the major EMAG simulation approaches
based on the literature collection are described with respect to
the criteria and requirements derived in the previous sections.

A. Analytical and Semi Analytical Methods

1) Fourier-based Methods

a) One Dimensional Fourier Air Gap Models

For simple initial estimates of an AFM, it is possible to
model the air gap field of the machine one-dimensionally with
a Fourier series at the centre radius. Consequently, radial
effects are neglected. In some cases, the Fourier series is
derived directly from the magnet arrangement using
simplified assumptions, as in [34], [61] and [62].
Alternatively, a Fourier series for the magnetomotive force at
the air gap and a second Fourier series for the variable
permeance of the air gap are established and the distribution
of the air gap flux density is derived by multiplication [63],
[64]. This also allows cogging torque to be accounted for.
Other target variables such as the back-EMF can be derived
on the basis of the winding function theory [62]. Soft magnetic
components are modelled with infinite permeability, without
saturation and without losses [62]. The method is therefore
only suitable for basic estimates, especially if a very short

3D to 2D transformation

calculation time is required.
%//{//j/////% lind - face ( :
[ cartesian (18 [0 cylinder surface (10

[ inner RFM (2) ] outer RFM (2)

Fig. 14. Target space of 3D to 2D transformations.

b) Magnetic Scalar Potential Air Gap Models

In this approach, only the unloaded PM excited field of the
rotor between two magnetically infinitely conductive discs is
considered as the field solution. This approach is therefore
only suitable for coreless or slotless AFMs. Due to the absence
of free currents, the magnetic scalar potential is used as a
solution variable and thus the Poisson equation and partially
also the Laplace equation are formulated for the regions of the
PMs and the air. The magnetisation effect of the PMs is
represented by Fourier series and the relative permeability of
the PMs is neglected. The air-gap magnetic field is solved
either in two dimensions for the average ¢-z plane of the air-
gap [35], [43], [65], [66] or in the three-dimensional r-¢-z
volume [36], [37], [60], [67], [68] of the air-gap. The 2D
solutions often refer to solutions for RFMs as for example to
[69]. In the 3D solutions, the radial variation of the flux
density and the radial end winding effects are considered. In
order to be able to map these effects with the 2D solution, a
3D solution is constructed from the 2D solution in [43] using
a radial correction function. An alternative is the usage of
multiple 2D slices as in [65]. Examining the geometric shapes,
for the 2D as well as the 3D solutions mainly the standard ring
segment shapes are represented. Exceptions to this
observation are the Halbach array in [37] and the circular coil
in [67]. To derive the electrical simulation targets like back-
EMF from the field solution, the flux density distribution is
integrated over the coil area and the time derivative is
calculated [43], [66]. As another simulation target the torque
can be calculated with the Lorentz force [36] or by using the
conservation of electrical energy method [35]. Losses like AC
winding loss, iron loss or PM losses are not considered in the
articles on this method. In summary, this method can be used
to generate 3D air gap fields for coreless or slotless AFMs
with modest effort, but it lacks the flexibility of geometric
shapes, the consideration of saturation effects and loss
considerations.

¢) Magnetic Vector Potential Models

The methods presented previously based on Fourier series
can neither model free currents nor ferromagnetic material
behaviour. For this reason, methods have been developed that
use the magnetic vector potential as a solution variable, which
allows the effect of currents to be considered. In these
approaches, however, the magnetic field is solved exclusively
in a 2D plane, which means that the vector potential has a
single component [70]. Consequently, the multi-slice method
is necessary to account for radial effects of the AFM. A
complete reproduction of all the effects listed in Section IV is
therefore not possible. Nevertheless, the models presented
here offer advantages when modelling slotting effects,
materials and losses. Although losses such as eddy currents
are neglected, approximation methods such as the loss
calculation based on Steinmetz can be used on the basis of the
field distribution within the material [20]. The material
properties, magnetisation effect and current effect are defined
either by defining individual zones or as Fourier series within
a layer [71]. The first method is referred to as the subdomain
model [58], [72]. In this work the second method is referred
to as layer model [22], [70], [73]. The layer models presented
in [21] and [73] define the permeability in a layer by a Fourier
series thereby being able to account for a finite value of the
relative permeability of iron. Moreover, an iterative process is
utilized in both of these articles to solve for non-linear
saturation of the iron. As the methods presented in this
subsection model the on-load magnetic field MST is used to
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calculate torque, torque ripple and forces [71]. The back-EMF
is derived by calculating the time derivative of the integral of
the flux density over a coil pitch span [73]. Overall, the
features of this method are more comprehensive than the other
methods based on Fourier series, but the flexibility in the
choice of geometry remains limited and not all radial effects
of the AFM can be modelled. Furthermore, there is no
methodology for a detailed and accurate incorporation of
losses and their dynamic effects.

2) Magnetic Equivalent Circuit

The MEC approach uses circuit theory to model and solve
the magnetic field. The magnetic circuit can be weakly or
strongly linked to the geometry of the machine, leading to
simple [74], [75] or very complex [15], [48] grid-like circuits,
which in extreme cases are similar to finite element meshes.
In most cases, however, the circuit has a medium complexity
comparable to [76], [77], [78] or [79], whereby nodes of the
circuit are created for individual sub-zones of the machine and
adjacent nodes are linked via wires. The magnetic
conductivity of the materials and media are represented by
lumped resistors (reluctances) and the magnetomotive force of
magnets and coils by voltage sources. Because the
equivalence between the real geometry and the circuit is
flexibly definable also the dimensions and the resolution of
the total circuit can be variable within one model
Furthermore, if the reluctances are defined as parts of ring
segments the MEC can directly describe the ring shape of the
AFM as a 2D circuit, as multi-slice 2D circuits or as a 3D
circuit without a transformation to a linear equivalent
machine [59]. Regarding ferromagnetic material properties of
the soft magnetic cores the MEC approach enables the
utilization of nonlinear reluctances which can be solved
comparably easy due to the circuit theory. Moreover, even
dynamic behaviour can be modelled using inductances in the
magnetic circuit. These magnetic inductances can replicate
eddy current or hysteresis effects, that can be solved
dynamically in the MEC thereby directly considering the
effect of reaction fields [38]. Additionally an electrical circuit
can be introduced similar to [55], [80] or [81] which is able to
model the eddy current effect based on the geometry of a cross
section and which is linked to the MEC. In summary, there
exists great potential of the MEC to dynamically and
accurately model the soft magnetic material behaviour. In
contrast, the modelling of low-permeability zones such as air
or PMs with MECs is a greater challenge than, for example,
with Fourier-based analytical models. With different
approaches, such as the use of flux tubes [24], [39], [79],
conformal mapping [78], or high-resolution MEC networks
[82], [83], these zones can still be modelled with high
accuracy. Nevertheless, for the first two approaches, prior
knowledge of the field paths is required and the latter
increases the computational effort. Finally the relative
movement between stator and rotor poses another challenge,
which is solved by step-wise or zone-wise reconnecting wires
[24], [79], [83], steadily changing the values of the air gap
reluctances [24], [79] or interpolating on a sliding interface
[82]. Alternatively the circuit stays constant while the rotor
circuit elements change their properties to simulate
movement [15].

To summarise, MECs are capable of considering all
special effects, calculating target variables and offering
extensive functions, e.g. dynamic material behaviour.
However, the different options for modelling the air gap and
movement should be compared and evaluated in a

standardised manner in order to identify the approach with the
objectively highest accuracy and calculation efficiency.

B. Numerical Simulation

1) 2D FEA

With 2D FEA all target quantities from section V except
for the end winding components of the AC winding losses and
the exact eddy currents can be calculated. As in [49] only the
radially oriented conductors can be modelled in the cylinder
surface for the transient winding loss calculation. However,
the magnetic field at the radial ends is not guaranteed to be
similar to the field occurring in the windings between two
adjacent stator teeth. This can lead to inaccuracies in the
winding loss calculation. To be able to model the eddy
currents especially in the solid and conductive PMs additional
models like [54] or [63] must be used and linked with the
magnetic simulation. In addition to the target quantities, the
capability of modelling the special effects of the AFM for
different 2D FEA approaches is analysed.

First the single slice 2D FEA using analytical extensions
like [33] is investigated. Although saturation is considered in
the 2D model, the radial change of saturation is not. Despite
the radial change of the outer contours of the active
components, such as the PMs, can be modelled with this
method, it is not possible to include the radial tooth tips and
the associated radial field components and radial notch effects.
Furthermore, the radial end-effects and the radial overhang are
not considered as well. Next, the fundamental multi-slice 2D
FEA which is described in [84] and [85] is analysed. While
mainly having the same properties as the single slice 2D FEA
with analytical extension different saturation levels can be
modelled radially due to the discrete slices. However, because
the slices are not linked, radial field components, radial notch
effects and radial end effects are not modelled. Therefore, an
extension is proposed in [86] to consider radial end effects
based on an analytical function similar to the functions used
in the section of analytical models. Another extension is
suggested in [56] where interpolation between radial adjacent
slices is used to receive an steady field result in the radial
direction. Finally there is an additional extension by the
company VEPCO Technologies which provides information
about a multi-slice EMAG simulation approach for the
software MotorXP-AFM [87]. In addition to the cylindrical
multi slices another cutting plane in the r-z-plane in the centre
of a stator segment is applied. In this plane radial field
components are modelled allowing the magnetic flux to enter
radial tooth tips, to build up leakage paths at the radial ends
and to consider the radial notch effects. Such approaches
enable the extended applicability of the 2D multi-slice FEA
methodology, which increasingly imitates the full
functionality of 3D FEA with less computational effort,
making the methodology a serious alternative.

2) 3D FEA

3D FEA is by far the most widely used EMAG simulation
method for AFMs. About 45% of the articles of the collection
use 3D FEA as the main method and another 45% use 3D FEA
to verify other simulation methods. This is because 3D FEA
is able to model all special effects of the AFM from section
IV and retrieve all targets quantities from section V. The
computational expense is still the major drawback of this
method, especially when all effects and targets are solved for
in a time stepping dynamic simulation. While most of the 3D
FEAs use the magnetic vector potential as dependent variable,
there exist approaches to significantly reduce simulation time
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by using the magnetic scalar potential not only for the magnet
regions but also for the coil regions as demonstrated in [30],
[88] and [89]. For this approach, however, all time dependent
effects and losses are to be calculated with other methods in a
postprocessing step. Another approach to accelerate 3D FEA
is the field reconstruction method. The geometrical symmetry
and periodicity as well as the time based periodicity of the
AFM are used to replicate the distribution of the magnetic
field from a few finite element simulation steps [90], [91]. By
applying both approaches mentioned an acceleration by one
or two magnitudes is possible, thereby enhancing the
applicability of the 3D FEA for AFMs.

VIII. INTERFACES TO MANUFACTURING PROCESSES AND
MATERIAL SCIENCE

In this section the influences of manufacturing process and
materials on the EMAG simulation of AFMs are lined out.

A. Manufacturing Processes

The literature collection shows that research is currently
mainly investigating simplified nominal AFM designs. In
reality, however, the production of components is subject to
dimensional and shape deviations that lead to positional
deviations during assembly. The adhesives or fasteners used
can also lead to further positional deviations. This can lead to
gaps between the active magnetic components that impair the
behaviour of the AFM. However, the literature collection does
not contain any studies on the effects of gaps between active
components. Furthermore, chamfers or radii are present at the
edges of the active components due to the manufacturing
influences described. Although the influences of these effects
are investigated in [30] and [64], they are not the focus of the
analysis there. As the modelling and simulation of detailed
geometries is complex for all simulation methods, the coils of
the AFM are also often simplified. Only in 6 articles of the
literature collection individual conductors are modelled, in 62
articles the coil is represented by a simplified geometry. In the
remaining articles, only the PM field was considered and the
coil was therefore not modelled. As already mentioned in the
subsection “Loss Calculation”, the modelling of the
conductors has a decisive influence on the AC winding losses
of the AFM. For an accurate loss estimation, the modelling of
individual conductors or the use of accurate approximation
models is therefore crucial. As pointed out in the subsection
“Force Calculation” the axial forces between rotor and stator
can significantly influence the operation of an AFM. For this
reason, various deviation analyses of the alignment errors of
the rotor and stator have already been carried out. Specifically,
the radial axis offset [58], the angular deviation of the rotor
axis and a single rotor disc [52], [58] and the axial deviation
between the stator and rotor [52], [75] were investigated. So
initial findings already exist in the literature for these
production-related deviations of the AFM.

B. Materials

For the EMAG simulation of AFM especially the
electrical and magnetic conductors are important. As hard
magnetic material in about 90% of the articles where an
indication of the PM material is given, neodymium magnets
(NdFeB) are used. In the literature collection by far the most
used material for the windings of the AFM is solid copper
wire. However, Litz wire [92], carbon nano tubes [93] and
superconductors [57], [94], [95], [96] are represented as well.
For Litz wire and superconductors special loss models
mentioned in the respective references must be used.

Furthermore, the EMAG fields in superconductors are not
solved with the magnetic vector potential but with a
formulation based on either the magnetic field or the current
vector potential [57]. These are the major changes required to
implement these materials into the EMAG simulation.

With regard to the ferromagnetic components of the AFM,
in the literature collection most frequently iron or electrical
steel as solid materials are used in the rotor, followed by
laminated electrical steel. In the stator, laminated electrical
steel and soft magnetic composite (SMC) are most frequently
used due to the larger influence of alternating fields. Because
of the wide application of laminated electrical steel in the
literature collection, the geometric diversity of the
corresponding AFM designs is limited. Therefore, designs
with radial tooth spacing of the stator teeth are also avoided.
Instead, SMC offers more flexibility in the design of the core
segments, but has unfavourable magnetic properties, such as a
lower permeance and saturation flux density [97]. In the
future, multi-material cores such as [98] or additively
manufactured cores such as [99] that include thin gaps to
prevent eddy currents could solve this conflict of objectives.
For the EMAG simulation of the first approach, the modelling
method must include an efficient implementation of low-
permeability gaps in order to be able to simulate the interfaces
between different materials. For the EMAG simulation of the
additively manufactured core the modelling method either has
to efficiently solve the magnetic field for the combination of
thin low-permeability gaps and detailed core structures or an
efficient and simplified substitute model must be developed.
So, in future, there will be further new challenges and
requirements for EMAG simulation methods.

IX. CONCLUSION

The main findings of this review are:

1. Radial tooth tips can increase the torque and power
density but quasi 3D methods are currently not able to
replicate all occurring effects of this feature.

2. AC winding and PM losses are underrepresented in
the literature collection. Especially for AC winding
losses further investigations and simplified models
are needed.

3. Models based und Fourier-series still need further
development to compete with MECs or FEA.

4. MEC models are flexible and scalable. Especially
saturation and dynamic behaviour such as hysteresis
and eddy current can be efficiently solved.

5. Additional r-z-slices that are coupled to the standard
z-@-slices could further improve multi-slice 2D FEA.

6. The field reconstruction method and the magnetic
scalar potential significantly accelerate 3D FEA.

7. Not all relevant influences of production and
materials on EMAG simulation have been analysed
by research to date. New trends are creating new
challenges, such as the simulation of fine additively
manufactured structures.

These findings show additional requirements for future
research on the EMAG modelling and simulation methods.
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