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Abstract—With the increasing electrification of the 

powertrain across all mobility applications, the requirements 

for electric motors are becoming more and more diverse: 

Depending on the application, the requirements for power and 

torque vary greatly while at the same time keeping costs, weight 

and installation space must be kept to a minimum. While the 

radial flux design has established itself for electric traction 

drives in the market, axial flux motors also provide great 

potential for vehicles with high torque requirements and small 

installation space. The axial arrangement of the components 

within this topology allows many degrees of freedom in product 

design, which results in many sub-variants of axial flux motors. 

However, there is a lack of a uniform and consolidated 

categorization of these variating design features in both 

scientific literature and industrial practice. In this work, the 

different design features of axial flux motors were identified 

based on an extensive as well as systematic literature research 

and categorized according to uniform characteristics. As a 

result, the complex variety of different axial flux motor variants 

is systematized and standardized, which lays the foundation for 

a uniform categorization of this motor topology. 

Keywords—electric motor, electric motor production, axial 

flux motor, literature review, systemization, product, topology 

study, systematic review, categorization 

I. INTRODUCTION 

To date, electric traction drives have predominantly used 
electric motors with a radial flux design. This design is derived 
from the magnetic flux that runs radially to the direction of 
rotation between stator and rotor (RFM). The counterpart to 
this are electric motors with an axial flux design (AFM), in 
which the magnetic flux runs axially to the direction of 
rotation (Fig. 1). 

 
Fig. 1. Schematic comparison of a radial flux motor (RFM) (a) and an axial 

flux motor (AFM) (b) 

 

The disk-shaped arrangement of rotor and stator also gives 
this design the name "disk motor". This arrangement enables 
a more efficient use of the installation space, which results in 
the following significant advantages, among others: 

• Compact design: Due to their design, AFM can be 
built shorter in the axial direction. This offers more 
flexibility for integration in various applications. 

• Lower weight: The specific design of AFM results in 
better utilization of the materials, especially the 
magnetic material, and thus in a lower weight and 
therefore an improved power density. 

• Efficient cooling: The heat is distributed over a larger 
area of the electric motor and can therefore be 
dissipated more efficiently, making higher continuous 
outputs possible. 

These advantages make this design interesting for the use 
in mobility applications, as the compact design offers a wide 
range of possibilities for space-saving integration. [1, 2] 

Fig. 2 shows some examples of how AFM can be 
integrated into electric vehicles. The compact design of AFM 
allows it to be positioned close to the wheel with a differential 
or directly in the wheel. Compared to conventional electric 
drive axles, the space between the wheels can be used for 
additional battery capacity, for example. The electric motor on 
the crankshaft, between the combustion engine and the 
differential, enables particularly compact hybrid drives. 

 
Fig. 2. Exemplary placement of AFM in passenger cars [3] 

To date, there are many different design features of AFM. 
A uniform categorization of this multitude of features is still 
lacking. Such a categorization forms the basis for a generally 
understandable communication for the research and 
development of AFM. At the same time, standardization 
supports comparability and enables the classification of future 
technological developments. 
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This work is part of the research project Scale-up E-Drive (funding 
indicator: 16THB0006E) funded by the German Federal Ministry for 
Economic Affairs and Climate Action. 
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Several categorizations of AFM can already be found in 
the scientific literature. However, these do not come to a 
uniform conclusion and differ in the characteristics identified, 
so that they do not form a sufficient categorization as a basis 
for the development of AFM. 

In their classification, GIERAS ET AL. focus in particular on 
the structural design of the stator. The design features that 
stand out are those of a slotted, a slotless and a salient-pole 
stator. In the case of the winding, they limit themselves 
exclusively to the distributed or concentrated winding design. 
[4] KAHOURZADE ET AL. and HABIB ET AL. show further 
variants of winding, which can be further subdivided into 
drum winding and ring winding. However, Habib et al. only 
consider these for coreless stators, whereas KAHOURZADE ET 

AL. distinguish between different designs for the stator core. 
[5, 6] HABIB ET AL. and GIERAS ET AL. discuss different 
geometric shapes of the magnets and their arrangements, 
although the results are not consistent. [4, 6] 

However, all works are similar in the fact that a distinction 
is made at the top level according to the arrangement of rotor 
and stator. This involves, firstly single-stator single-rotor 
(SRSS) structure [7] respectively an axial arrangement of a 
stator facing a rotor. This configuration forms the basic 
structure for a double-sided AFM setup, where the machine 
can either consist of two rotors and one stator in between 
(DRSS) or the other way around (DSSR). Whereas the former 
is also named Torus, due to the internal rotor the latter is called 
AFIR. The Multi-staged structures (MSMR), in turn, are 
formed from the axial alignment of one or more Torus or 
AFIR topologies. [4–6, 8] 

The SRSS structure offers both a high-power density and 
low total losses. However, its unbalanced axial attraction force 
that arises between the stator and rotor proves to be a 
drawback. This has negative effects on the bearings and can 
cause structural twisting, particularly under high rotor speeds. 
The double-sided AFM topology, AFIR or Torus, is 
mechanically stronger than the single-sided one due to the 
cancellation of the axial magnetic force and has a higher 
power density. While in the AFIR topology the stator 
windings only contribute to torque generation on one side, the 
Torus geometry uses the winding surface on both sides. As a 
result, the end windings in the Torus machine have a 
comparatively shorter length than in the AFIR geometry, 
which results in a higher motor efficiency and material 
utilization. [9, 10] 

 

Fig. 3. Overview of the different axial flux motor topologies 

An examination of these scientific studies shows that no 
uniform categorization of AFM exists to date. Therefore, a 
systematic literature research was chosen for this study to 
identify and summarize all known design characteristics of 
AFM and present them in a uniform categorization. 

II. METHODOLOGY 

The challenge of developing a comprehensive 
categorization of AFM is to ensure that as many variants of 
AFM as possible are recorded and included. To ensure this, a 
systematic literature search was carried out. The multi-stage 
procedure is shown in Fig. 4. 

The first step was to identify articles from various 
scientific databases. The databases IEEE, scopus, 
ScienceDirect, JSTOR and WebOfScience were used. The 
search terms were divided into three groups and linked to each 
other using corresponding operators, as shown in Fig. 5. A 
total of 3.176 articles were identified. 

Fig. 4. Result of the systematic literature search 

Duplicates were identified and removed during the 
screening phase. This allowed the article number to be 
reduced to 1,592. To determine the relevance of each article 
based on the title and keywords, articles containing less than 
3 and more than 10 keywords were excluded. This measure 
further reduced the number of suitable articles to 1.187. 

 
Fig. 5. Search terms and operators 
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Based on the title and keywords, the remaining articles 
were evaluated for their relevance to the categorization. This 
identified 121 articles, which were included in the final 
analysis. The last remaining articles were examined regarding 
design variables and variants of AFM. The variables and 
variants identified were included in the categorization of 
AFM. The result of this work is presented and described in the 
following section. 

III. RESULTS 

A preliminary review of the research results has shown 
that the identified literature focuses primarily on permanently 
excited synchronous motors and that separately excited 
motors, asynchronous motors, or reluctance machines only 
play a minor role for the AFM. Based on this finding, the 
categorization described in the following subsections will be 
limited to permanently excited synchronous machines. 

Firstly, the identified structures in relation to the stator and 
the winding will be discussed. Subsequently, the rotor and the 
different characteristics in relation to the magnets will be 
described. In addition, the different cooling methods for these 
four components will be explained. Finally, the components 
that have been discussed will be analysed in terms of the 
applied materials. 

A. Stator topology 

The structure of the stator can be categorised on a first 
level with regard to a ferromagnetic or non-ferromagnetic 
core. In a stator structure with the latter, also known as 
coreless or ironless, the magnetic stator core is replaced by a 
non-magnetisable polymer, such as soft magnetic composite, 
amorphous metal or charged polymers, results in a reduction 
of mass. Due to this the motor efficiency can be increased for 
the same motor torque. In addition, there are further 
advantages such as lower costs, no axial force on the stator in 
zero current state, no torque pulsations, no cogging torque as 
well as no hysteresis and eddy current losses. [4, 11] In 
addition, AFM with ironless structures, such as those 
proposed in LONG ET. AL. [12], HALSTEAD [13], BUTTERFIELD 

[14] and GREAVES ET. AL. [15], can be produced in a simple 
and efficient manner. On the other hand, the absence of the 
magnetisable core leads to a lower magnetic flux density in 
the air gap, which in turn reduces the motor torque and power. 
[4, 9, 16] Due to these power limitations, ironless motors are 
usually not suitable for traction applications. These also 
include AFM with stators which are produced by printed 
circuit boards. 

In case of ferromagnetic stator, the core is made of 
ferromagnetic materials and the structure can be differentiated 
between a slotted, unslotted, yokeless or salient pole design. 
In the case of a slotted structure, the stator is made with 
grooves in which the coil windings are accommodated. This 
structure results in a rigid stator design with a small air gap 
between rotor and stator. [7, 9] The main disadvantage of a 
slotted stator is the so-called cogging torque, which is caused 
by an interaction between the permanent magnets of the rotor 
and the stator slots in the area of the air gap. The interaction 
leads to a torque that depends on the rotor position and is 
therefore non-uniform. [17] In case of an unslotted stator, the 
coils are attached to the stator surface. This kind of structure 
decreases torque ripple but features a larger air gap to 
accommodate the windings. This leads to an increased use of 
copper and permanent magnet material to compensate the 

drop in air gap flux density. Further the unslotted structure 
features challenges in terms of fixing the winding to the stator 
and secure the position against forces occurring during 
operation. [7, 9] 

A compromise between an iron core and an ironless design 
represents the yokeless structure. In this variant, the 
ferromagnetic core of the stator is broken down into separate 
individual segments [18, 19]. This is why the structure is also 
referred to as segmented [20]. The individual teeth of the 
stator are no longer connected via a magnetic back iron, but 
are instead fastened to a polymer ring, e.g., with the aid of 
screws, a clamp or by adhesive [17]. This arrangement also 
helps to reduce the stator weight and volume, its costs as well 
as the losses inside the core compared to conventional AFM 
structures [19–21]. 

AFM generally suffer from high torque ripples [22–24]. 
Some of the measures that can be taken in this regard are 
presented in the next section. For example, the slots in the 
stator can be arranged skewed. Skewing significantly reduces 
the torque ripple while increasing the magnetic flux at the 
same time. The skewing of the stator winding has a similar 
effect to that of the magnets, which will be described in a later 
section. Due to the simpler production of skewed magnets, 
however, skewed windings are rarely encountered and non-
skewed windings are generally used here. [24, 25] 

LETELIER ET. AL proposes another approach based on an 
FEA simulation. Here, the stator coils are divided into two 
symmetrical rotor-stator sections. In both electromagnetic 
circuits, there is an interaction between the stator teeth and the 
rotor magnets. Based on an FEA calculation, the winding 
offset between the two stator windings could be optimised so 
that the maximum cogging torque value could be reduced by 
50% compared to the initial situation. [26] This slot 
displacement technique can be used due to the symmetry in 
the SSDR structure. However, no real application of this 
proposal can be identified. 

For the structure of a single tooth, a distinction can be 
made between a salient or non-salient pole in a final 
hierarchical level. Similar to the radial flux machine, stator 
teeth here have an overlap beyond the axial height of the coil. 
In the case of a non-salient structure, the stator teeth are axially 
flush with the coil. [4] The advantages of the salient over a 
non-salient structure lie in the effective conduction of the 
magnetic flux and a reduction in the need for rare earths. 

B. Winding 

About the winding, a differentiation is made between the 
selected conductor topology and the associated form of the 
winding.  

1) Form 
Depending on the motor design, the form of the individual 

coils and their orientation usually varies. A distinction can be 
made between drum and ring windings [5, 7, 9, 17, 27–29]. 
Drum windings are usually trapezoidal coils that are arranged 
in a circle on the stator. If these are embedded in slots in a 
slotted stator, they are also referred as tooth windings. Further 
those are usually connected in the circumferentially along the 
inner and/or outer radius and can be either non-overlapping, 
respectively concentrated, or overlapping, respectively 
distributed. [10, 30] The drum-winding can be used in 
combination with the SRSS, the AFIR as well as the Torus 
topology [6, 10]. 
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Fig. 6. Overview of the various superordinate AFM design features and their subordinate characteristics including associated possible combinations 

 

Ring windings, which are also known as toroidal 
windings, are connected to each other by means of a joint 
placed axially on the inner or outer radius [10]. Those 
windings are used exclusively in NN Torus topology and are 
characterised by a short length as well as radial protrusion, 
simple connection and stator design. [4, 10] 

Both winding forms can be either distributed or 
concentrated. In case of distributed drum windings two 
configurations are possible. Firstly, there is the option of 
arranging the drum winding in several layers with 
corresponding wiring (cf. Fig. 7left). In this case, the coil 
width of the drum winding is significantly larger compared to 
the concentrated winding. [31–34] To achieve the highest 
possible packing density in the case of an overlapping 
structure, the coils can be formed with offset bends on the 
inner and outer radius, to allow the coils to interlock. In 
addition, the coils can be made alternately larger or smaller in 
the radial direction. [4] Alternatively, the distributed winding 
can be formed over several meander-shaped conductors, 
which lie on top of each other in several layers. [32, 35, 36]  

Concentrated, non-overlapping drum windings have 
shorter end-windings compared to overlapping windings and 
are therefore a more effective regarding the material 
consumption (cf. Fig. 7 middle) [37, 38]. Further those are 
characterized by low manufacturing costs [19, 30, 38] as well 
as a higher modularity [37]. These advantages of non-
overlapping drum windings are offset by higher drag losses 
and periodic fluctuations in the motor torque, which are also 
known as torque ripple. Moreover non-overlapping windings 
have a lower winding factor, which causes a lower torque 
output compared to overlapping windings [33, 38]. Since the 
average electromagnetic torque is proportional to the winding 
factor, an electrical machine with low winding factor needs to 
compensate its lower torque with higher current density, 
which leads to higher Joule losses compared to a machine with 
a higher winding factor. [33] In addition, concentrated 
windings suffer from high assembly and contacting costs 
compared to meander-shaped distributed windings.  
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Fig. 7. Overview of the different winding forms. Distributed ring winding 
(left), concentrated drum winding (middle), concentrated ring winding 
(right) 

The concentrated ring windings are exclusively applied in 
the Torus AFM topology and are wound directly onto the 
stator core or wound separately and then arranged alternately 
with the stator elements (cf. Fig. 7 right). In the latter case the 
stator has to be segmented to enable the coil assembly. Both 
the direct winding of the stator and the segmenting of the 
stator result in product- and process-related disadvantages 
compared to the use of drum windings, which is why the latter 
are used more often. [6, 10] Distributed ring windings can be 
manufactured productively with the aid of toroidal winding 
but this results in a lower fill factor, and therefore this 
technology and topology is also not widely used. 

2) Topology 
Concerning the conductor topologies used for the stator 

coils, round, flat and litz wires as well as hollow conductors 
can be identified, although the latter two are currently more of 
an exception in this application. Due to the higher fill factor 
that can be achieved with the flat wire compared to the round 
wire, the flat wire is used most frequently [17]. This high fill 
factor makes it possible to produce motors with a particularly 
high-power density. To reduce conductor losses due to the 
eddy currents, a trend towards even higher width-to-thickness 
ratios can be observed. This poses challenges for the bending 
processes used to form the coils. With regard to the application 
of round wire and flat wire in the different winding forms, it 
can be stated that drum winding are mostly wound from an 
insulated conductor with a round or rectangular cross-section 
[4]. In contrast to this ring windings are mostly wound from 
conductors with rectangular cross-section [17] 

Instead of increasing the width-to-height ratio of the flat 
wire further and further, another way to reduce AC winding 
losses, especially at higher rotational speeds, is to use litz 
wires. [39–43] However, the reduced fill factor compared to 
flat wire and the associated reduced thermal conductivity 
result in higher DC losses. Litz wires are currently primarily 
used in motors with an ironless stator core. Due to the 
mechanical properties, however, shaping and ensuring exact 
positioning pose a challenge. [44] 

With regard to the reduction of DC losses within the 
conductor, hollow wires can be used for axial flux motor coils 
[28, 42, 45]. The direct flow of coolant through the heat source 
can significantly lower the conductor temperature and thus 
reduce the associated joule losses. Compared to the use of flat 
wire, the structure of the hollow conductor results in a 
significantly reduced fill factor compared to flat wire. To 
compensate for this reduction in terms of current density and 
torque, the motor may need to be enlarged. [28] 

C. Rotor topology 

The rotor topology is differentiated with regard to the core 
material of the rotor and a distinction is made between a 
ferromagnetic core material and a non-ferromagnetic core or 
coreless setup. [4, 5, 46] 

1) Ferromagnetic core 
A ferromagnetic rotor core leads to a higher leakage flux 

in the magnets ends due to the fact they are surrounded by the 
ferromagnetic material. Also the overall thickness for 
ferromagnetic rotor discs is higher compared to non-
ferromagnetic variants because the rotor disk must not only 
provide the mechanical stability but also cover the magnets 
over their entire height. [5] On the other hand the fixation of 
the magnets inside the rotor disc and protection from external 
hazards and corrosion is much easier compared to coreless 
rotor design. Also, the implementation of cooling systems 
directly inside the rotor disc is easier due to space available. 
[28, 47] 

2) Coreless 
Using a non-ferromagnetic core for the rotor offers the 

potential of reduced cogging torque and overall lower eddy 
current losses due to the lesser extend of magnetic material 
overall in the motor [4] A coreless rotor design also enables 
the use of non-magnetic materials for the rotor disc aside from 
conventional materials like aluminium or laminated steel. 
Doing so a significant reduction in weight, cost an overall 
increase in machine efficiency can be achieved. [16] Thus this 
comes like an effectively increased air gap due to the often 
used surface mounted magnet placement in combination with 
a coreless rotor. [6] To reduce this effect often special magnet 
arrangements are used which require increased amounts of 
magnet material for the rotor assembly. [16, 48] 

D. Magnets 

The magnets in the rotor are categorized according to the 
magnet shape, the magnet position in the rotor disc and the 
arrangement of the magnetic field. Within these superordinate 
categories, there is also a subdivided differentiation with 
regard to different characteristics and combinations of the 
respective characteristics. [4–6, 49] Aside from that there are 
also machine designs which are based on the switched 
reluctance effect and therefore use only a minimum amount of 
magnet material or none at all. [50, 51] Those designs offer a 
cost-advantage compared to permanent magnet machines and 
are overall easier to manufacture and assemble, especially for 
large machines. [51] But they also pose some challenges like 
the higher torque ripple, the parasitic airgap and the fixation 
of the rotor segments onto the rotor backplate [50, 51] 
However, since there are rather few publications on the 
topology of the reluctance axial flux machine compared to the 
permanent magnet machine, as mentioned previously this 
design is not considered in more detail in this paper. 

1) Magnet form 
The magnet form can be differentiated between an overall 

segmented or non-segmented magnet design. The magnet 
geometry itself can be either skewed or non-skewed and 
realized in different basic shapes like trapezoidal, circular, 
semicircular or rectangular / square like shown in Fig. 8. [4–
6, 49, 52] 
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Fig. 8. Overview of typical magnet shapes applied to the rotor disk. a) 
Trapezoidal, b) Circular, c) Semi-circular and d) Squared / Rectangular 
[4, 53] 

Using a segmented magnet design, the magnets for each 
pole are separated into multiple segments. In this case the 
magnets can be either separated in tangential direction or 
radial direction. [54, 55]. Depending on the size of the 
machine and therefore of the respective magnets needed, the 
eddy current path can be correspondingly long. To reduce 
these losses the magnets can be segmented. The more 
segments there are, the lower are the eddy current losses due 
to the blockage of the eddy current path and therefore the 
efficiency increases. The complexity of manufacturing the 
magnets on the other hand increases with an increasing 
number of segments. [55] 

Non-segmented magnet designs consist of one magnet per 
pole and offer compared to segmented magnets a higher 
average air-gap flux density and a higher torque density with 
the cost of higher PM losses. [56] This leads to overall higher 
temperatures in non-segmented magnets which can result in a 
demagnetization. However, this downside can be 
compensated for by optimizing the machine design and also 
conventional sintered non-segments magnets are much more 
cheaper than segmented versions [56] 

Both magnet designs, segmented and non-segmented can 
either have a skewed or non-skewed geometry, some 
examples are shown in Fig. 9. [49, 52, 57] 

 

 

Fig. 9. An exemplary overview of different skewing designs. a) Fan-
shaped, unskewed magnet, b) Parallel skewed magnet, c) Classic skew 
and d) Dual skew. [58] 

Skewed magnet geometries offer the advantage of a 
reduced cogging torque; however, this effect is quite limited 
for AFM. To compensate for this the magnet geometry can be 
dual-skewed like for example in JIA, LIN ET AL. to increase this 
effect and make this design alternative attractive for the use in 
AFM. [49] The reduction in cogging torque is mostly 
dependent of the skewing angle and the cross position. Those 
two parameters are directly related to the wavelength of the 
cogging torque and therefore need to be optimized for the 
respective machine design. [59] If correctly optimized the 
magnet skewing can be used to reach very low levels of 
cogging torque in AFM. Regarding the basic geometry the 
skewing can be applied flexibly to squared / rectangular 
magnets, circular and semi-circular magnets. For the 
trapezoidal geometry the skewing leads to a significant 
reduction in the cogging torque but on the other hand also 
increases the leakage flux at the inner magnet radius und 
therefore decreases the overall average torque. [57] 

Non-skewed magnet designs are easier to manufacture and 
offer the advantage of a slightly higher average torque. Also, 
for high-speed applications the torque ripple is usually filtered 
out by the inertia of the system. For these applications the 
cogging torque reduction from the skewing is negligible and 
therefore the use of non-skewed magnets overall more 
beneficial. [52]  

The basic shape of the magnets can be either squared / 
rectangular, circular, semi-circular or trapezoidal. [4, 27, 60–
62] The shape of the magnets affects the distribution of the 
magnetic field in the air gap and the total harmonic distortion. 
[4] If there are no specific requirements regarding the cogging 
torque distribution, the trapezoidal magnet shape is preferred 
due to the most uniform magnetic field distribution resulting 
from this geometry. If there are specific requirements 
regarding the maximum torque-output capability a circular 
magnet shape offers the best results. [62] Also, circular, and 
rectangular / square shaped magnets are a fixed type, easily 
available and have comparable low design costs. In a direct 
comparison the total harmonic distortion of low order 
harmonics is smaller for semi-circular magnets than for 
trapezoidal shaped magnets however for high order harmonics 
it is just the other way around. [27, 61] 

2) Magnet position 
The magnet position refers to the placement of the 

magnets in or onto the rotor disk. The magnets can either be 
buried, surface-mounted or embedded [5]. The positioning of 
the magnets is often related to the respective machine setup 
(the number of rotor and stators and the design of the stator). 
[4] For single-sided AFM the magnets can either be surface-
mounted or embedded into the rotor disk, depending on the 
respective stator design. [4, 63] For dual-stator single rotor 
designs the magnets can either be surface-mounted, embedded 
or buried. In case of a slotless stator the magnet are mostly 
surface mounted, due to the large airgap between the rotor and 
the stator. [4] Having a dual stator single rotor setup in 
combination with a coreless rotor and stator a buried magnet 
positioning can be beneficial. [6] 

The surface-mounted design offers the advantage of 
having a thin rotor disk, especially if using a non-
ferromagnetic material for the rotor core and can be easily 
manufactured. [6, 63] However, the surface mounted design 
is limited for high-speed applications due to the associated 
forces. [64] Also due to the magnet permanence is almost 
identical to the air surrounding it, the effective airgap 
increases which leads to a larger magnetic flux source needed. 
[63] Using an embedded positioning for the magnets enables 
more stability especially for higher rotational speeds. 
However, the respective rotor disk is much thicker which 
results in an overall reduction of the machines power density. 
Also if using a ferromagnetic-core in combination with an 
embedded magnet positioning the leakage flux in the magnet 
ends is higher due to the surrounding ferromagnetic material. 
[6] Having a buried positioning, the magnets are covered from 
all sides, offering the most efficient fixation for high 
centrifugal forces as well as protection from corrosion which 
makes this setup especially attractive for high-speed 
applications. [63] 

3) Magnet arrangement 
Regarding the magnet arrangement it can be differentiated 

between the conventional array and the Halbach array. For the 
conventional array, the magnets are arranged with alternating 
poles. This can either be done in a tangential or radial 

a) b) c) d)
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direction. [65]. The Halbach array is a combination of the two 
conventional arrays with alternating tangential and radial 
poles. This arrangement leads to a strengthening of the filed 
on one side and the cancellation of the field on the other side. 
[65] The different array arrangements are shown in Fig. 10. 

 

Fig. 10. Overview of the different magnet arrangements: Radial magnet 
arrangement (top), Tangential magnet arrangement (middle) and 
Halbach array (bottom) [65] 

The radial arrangement of the magnets leads to an axial 
direction of the magnetic flux from the north to the south pole, 
like shown in Fig. 10. [16, 48] This can be combined with a 
surface mounted or embedded positioning of the magnets in 
the rotor disk. If combined with a surface mounted design, 
very thin rotors can be realized, especially if using a non-
ferromagnetic rotor core material. [11] However, as explained 
in the section before, the magnets act in this case almost as air 
which increases the effective airgap. Embedding the magnets 
in the rotor disk can reduce this effect but increases the overall 
thickness of the rotor plate. [48]. Using a tangential 
arrangement of the magnets results in a tangential flux from 
the north to the south pole. [16, 48]. To realize this 
arrangement the magnets must be either embedded or buried 
in the rotor disk, which leads to a much thicker assembly and 
lowers the overall power density of the machine. [48] On top 
of that the other characteristics for the buried positioning 
apply, which were explained in the section before. Both 
arrangements lead to a square wave form of air-gap magnetic 
flux density which results in high-order harmonics in the air-
gap flux density which will distort the back EMF when the air-
gap depth is too small like outlined in HUANG, LIU ET AL. [66] 
Unsing a conventional arrangement compared to a Halbach 
array, a lower amount of magnetic material is required which 
leads to overall lower cost. [16] 

The Halbach array leads to a combination of the magnetic 
flux of both conventional arrangements. (cf. Fig. 10). This also 
leads to a strengthening of the magnetic field on one side while 
reducing it on the other side. [16, 66] According to HUANG, 
LIU ET AL. the normal residual magnetization of Halbach-array 
magnets is not a square-waveform and also results in a lower 
tangential residual magnetization. [66] The Halbach-array 
arrangement is often used in combination with a non-
ferromagnetic rotor core which offers the advantage of an 
overall lower mass and increase of machine efficiency. Due to 
the fact, that the Halbach-array magnetization vector rotates 

as a function of distance along the circumferential direction of 
the rotor and therefore a ferromagnetic rotor back iron leading 
the magnetic flux is no longer necessary. [4, 11] Another 
advantage is that there is no axial force on the stator in zero 
cogging state, no cogging torque and low hysteresis and eddy 
current losses. [4, 11, 16] Using a Halbach array in 
combination with a surface mounted positioning of the 
magnets the downside of the effectively bigger airgap is 
compensated due to the higher magnetic flux density which 
makes this arrangement especially advantageous for those 
topologies. [16] Regarding the disadvantages, the Halbach 
array requires a higher amount of magnetic material which 
leads to higher cost. Further the fixation and overall 
mechanical integrity of the magnet application is more 
challenging. [67] Due to the lower heat transfer of the 
magnetic material and the interference of the magnets with 
each other there is an increased risk of demagnetization. This 
can be compensated for using physical separators between the 
different magnets of the array. [67, 68] 

Aside from the setup of the array, the magnet arrangement 
can be further categorized by the orientation of the magnetic 
poles to each other. [69] Hereby it is differentiated between 
the NN/ SS orientation or the NS orientation. N and S are 
referring the magnetic north and south pole. In case of the NN 
/ SS arrangements the respective north and south poles are 
facing each other. The NS arrangement is the other way 
around and the respective north and south poles are opposite 
to each other. [16, 69] Using a NS arrangement, the flux path 
travels axially through the machine using a DRSS or DSSR 
setup and does no turn in in the circumferential direction. This 
offers the possibility to either eliminate the stator yoke and 
need for ferromagnetic material in the DRSS setup and the 
substitution of the rotor material in the DSSR setup. [16] 

E. Cooling 

One of the major challenges for the AFM topology is the 
cooling. Due to the high power density and the compact 
machine design, the thermal limits of the machine are often 
the restrictive factor. [28] In AFM there are typically three 
main sources of losses, magnet eddy losses, winding copper 
losses and in case of ferromagnetic cores, iron-core losses. 
[70]. Based on these losses the capabilities of the respective 
cooling system can be derived. On this level it can be 
differentiated based on the cooling media between air cooling 
and liquid cooling. Those two medias can be applied in 
different ways to the sub-assemblies of the stator like the rotor 
core, the magnets, the stator winding and the stator core.  

For the rotor assembly either air-cooling or liquid cooling 
can be applied. Using air cooling for the rotor magnets and the 
respective core can be challenging due to the comparably low 
thermal properties of air as a cooling media. Also using air-
cooling for the rotor assembly the cooling rate highly depends 
on the operating speed of the machine and the overall ambient 
conditions which makes quite challenging especially for 
machines with a low operational speed. [70] This can be 
compensated by using a forced convection to apply the air to 
the rotor, which on the other hand increases the overall 
complexity of the cooling system. [47] Based on the design of 
the rotor assembly and the overall machines there are several 
principles available to realize an airflow over the rotor disk 
surface like described by ELCRAT and NARAYANA AND 

RUDRAIAH [71, 72]. In any case, to set up an efficient rotor 
cooling using air, machine design specific optimization is 
necessary.  
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Alternative liquid cooling principles for the rotor assembly 
are mostly beneficial for high-performance applications and 
applications with an overall high-power density requirement. 
The cooling liquid can be applied either using a direct or 
indirect cooling method. For the indirect cooling the cooling 
of the rotor assembly can be realized using a cooling jacket 
around the rotor and stator assembly. However, due to the 
significant airgap between the rotor and the cooling jacket, 
there is a significant thermal resistance using this method for 
rotor cooling. [47] Other indirect cooling methods would be 
by cooling the rotor through the stator using for example 
cooling channels inside the stator core or hollow-wires to lead 
the coolant directly through the conductor or the centre of a 
litz-wire bundle. [42, 47, 73, 74] The direct cooling of the 
rotor can be realized using a spray-cooling setup. In this case 
this case the media is directly sprayed onto the rotor disks. To 
improve the cooling effect even further a refrigerant can be 
used to take advantage of the phase change. [47, 75] Another 
alternative would be to cool the rotor directly by pumping a 
dielectric cooling liquid into the rotor chamber of the housing. 
While this is has the best overall cooling effect, the drag of the 
rotor increases based on the coolant viscosity, density and the 
machines operating speed. [47]  

Conduction cooling is a kind of special case. Here for 
example heat pipes filled with a special fluid are implemented 
into the rotor assembly. The fluid evaporates at high 
temperatures, moves to heat-exchange elements and 
condensates, and flows back. This implies an increased 
complexity of the rotor cooling and additional space 
requirements for the rotor assembly. There may also be 
interference with the electromagnetic function of the machine. 
[47, 76, 77] Alternatively a phase change material can be 
implemented in the rotor assembly near the magnets. This 
material absorbs heat until it is saturated and undergoes a 
phase change. When the system temperature subsequently 
drops, the absorbed heat is released, and the phase change 
takes place in reverse. Temperature peaks can be absorbed 
using this method. However, this method is only suitable for 
very short load peaks and there is no active cooling, only a 
delay in heating. Depending on the energy to be absorbed, the 
implementation of the phase change material in the required 
quantities in the rotor assembly also poses a significant 
challenge. [47] 

For the cooling of the stator the available methods are 
versatile as described in JONES-JACKSON ET AL. Natural 
convection can be used as well as forced air, indirect liquid 
cooling using a cooling jacket setup or flow channels inside 
the stator core or directly inside the winding. [28, 42] Also 
direct cooling and heat pipe setups can be used. [28] The 
overall goal is to dissipate the heat as close as possible to the 
point of origin to avoid negative effects on the machine’s 
performance and effectiveness. Regarding their basic 
principles of function, they are quite like the methods already 
explained for the rotor assembly. In general, each cooling 
method comes with advantages but also with challenges. 
Especially for high-power density motors thought the natural 
and forced air cooling is not sufficient for the stator assembly 
and therefore other principles must be used instead. 

F. Materials 

As in the area of radial flux motors, copper is primarily 
used as a conductor material for AFM due to its excellent 
electrical and thermal conductivity. However, alternative 
conductor materials are increasingly being sought, partly due 

to the high price of the material. In this context, the use of 
aluminium conductors is increasingly being investigated. 
Aluminium is characterized by a weight that is around three 
times lower, a lower price and lower price fluctuations. It also 
improves the recyclability of the motor and has a lower 
ecological footprint than copper. [78, 79] According to 
CAKAL ET AL. and RALLABANDI ET AL., aluminium can lead 
to better performance in terms of efficiency and losses, 
depending on the operating point. While aluminium is 
advantageous in the high-speed range due to the suppression 
of eddy current losses, copper is advantageous in the high-
torque/current range due to the suppression of conduction 
losses. [80, 81] As a further alternative to copper with similar 
properties to aluminium, RALLABANDI ET AL. also proposes 
so-called carbon nanotubes [81]. 

There is a wide variety of different cooling materials used. 
A distinction can be made between synthetic oils, florin or 
paraffin-based oils, ethylene glycol mixtures or water. The 
choice depends on the type of cooling, i.e. direct or indirect, 
and the intended application profile. Different material 
properties, such as viscosity and its dependence on 
temperature, result in particularly suitable materials 
depending on the application. [28] 

As described in KAMPKER, TREICHEL ET AL. there are a lot 
of material alternatives available for designs with iron cores 
as well as for ironless or coreless designs. The basic material 
used for ferromagnetic rotor back iron is iron and for the 
magnet holder, depending on the design of the machine, 
stainless steel. As an alternative to stainless steel soft magnetic 
composite materials (SMC) are possible. Aside from their 
advantages over laminated steel cores they can enable the 
realisation of mor complex motor design and can lead to 
overall more efficient machines but also have some boundary 
conditions and characteristics to consider. [16, 82] As an 
alternative also amorphous magnetic materials can be used 
especially for high-speed applications. [83]. Looking at 
ironless rotors, high-performance plastics can provide a 
suitable alternative to stainless steels. PEEK, PPS, PAI and 
PBI can be named as examples here. [84] The suitability of 
the respective plastic material is highly dependent of the 
thermal design of the machine and must be chosen 
accordingly. [16] 

For the permanent magnets themselves, according to 
GIERAS, WANG ET AL. three different material classes are 
described. Alnicos (Al, Ni, Co, Fe), Ferritic ceramics (e.g. SrO 
x 6Fe2O3), and Rare-earth materials such as NdFeB or SmCo. 
All of them offer different advantages and characteristics as 
well as boundary conditions for certain applications or 
operating fields. [4] 

According to KAMPKER ET AL., several materials can also 
be considered for the structural components of the axial flux 
motor, especially the housing. In addition to conventional 
metals such as steel or aluminum, the use of plastics is also 
conceivable. However, only high-performance plastics (e.g. 
PEEK, PPS, PAI or PBI) can be considered due to the high 
forces involved and the required heat stability. The use of 
lightweight plastics also has the advantage of reducing the 
weight of AFM and thus improving the power density. The 
disadvantage compared to conventional metals is the high 
material and manufacturing costs. [16] 
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IV. CONCLUSION 

Based on the literature research carried out, a 
comprehensive categorization of AFM was created. The 
categorization includes the main components (e.g. rotor, 
stator, etc.) of AFM as well as their possible characteristics. 
The results were presented in a tree structure that allows AFM 
to be clearly categorized. Categorization helps developers 
keep track of the variables in the development process by 
simplifying the complexity of AFM. Conversely, existing 
variants of AFM can be clearly assigned according to this 
categorization. 

In the course of the work, further key findings were 
derived, which are briefly summarized below: 

1. Wide range of variants in the design of AFM 

The large number of possible variables and 
characteristics in the design results in a wide range of 
possible AFM variants. The challenge in the 
development and design of AFM is therefore to find 
the best AFM variant for the underlying requirements 
of the application. The complexity and diversity of the 
variant drivers must be systematically narrowed by 
down during the development process by simulative 
comparison to develop the best AFM for the 
respective application. 

2. Production processes to exploit the advantages of 
AFM 

The large number of variants of AFM results in many 
processes required for production. Furthermore, the 
high demands placed on the AFM components and 
assemblies to be produced result in technically 
sophisticated production processes that have not yet 
reached the necessary level of technical maturity. In 
order to fully exploit the potential of AFM, 
appropriate production processes must be developed. 

3. Implementation of cooling concepts 

Cooling strategies are crucial for the performance and 
lifetime of AFM. The special design of AFM enables 
many possible cooling concepts (e.g. air, direct 
winding cooling, etc.). To ensure the success of AFM, 
further research is required to develop innovative 
cooling structures using materials with higher thermal 
conductivity. To exploit the advantages of installation 
space, the effectiveness of the cooling concepts must 
be precisely simulated and optimized with regard to 
space and weight requirements. The challenge of the 
producibility of the cooling concepts is also a decisive 
element. 
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