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Abstract—Axial flux PM (AFPM) machines are used par-
ticularly in applications requiring a compact structure. Their
disc shape topology and axial air-gap have lead to a vari-
ety of configurations including two popular ones: the yokeless
and segmented armature (YASA), and the single-stator single-
rotor or single sided machine. In this study, a comprehensive
comparative analysis of these configurations is conducted at
different magnetic and electric loadings. It is found that at
lower loadings, typically employed for air-cooled machines, the
torque/ampere characteristics of the YASA machine are almost
identical to those of a single sided machine constructed with half
the magnet volume. On the other hand, the single sided machine
outperforms the YASA machine when the magnet volumes in
both machines are maintained equal. However, for higher electric
loadings, the torque/ampere characteristics of the YASA machine
droop significantly less than those of the single sided machine.
The paper includes analytical estimations which are verified
with experimentally validated FEA simulations. In addition, the
impacts of the armature reaction on saturation and the magnetic
flux linkage in both machines is also explored.

Index Terms—Axial flux permanent magnet, yokeless and
segmented armature, YASA, armature reaction, power factor.

I. INTRODUCTION

Axial flux permanent magnet (AFPM) machines are ac-
claimed for their high efficiency, torque density, and compact
structure. The disc shape topology has opened up many
possibilities for variants, where their counterparts in the radial
air-gap form involve a high degree of mechanical complexity
[1]. One such variant is the double outside rotor machine
with a yokeless and segmented armature (YASA) between the
rotors [2], [3]. This configuration can be viewed as an axially
mirrored and duplicated version of a single sided AFPM
machine without the stator yoke.
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YASA machines exploit and apply the benefits of fractional
slot concentrated windings to the TORUS-NS machine [3],
which was originally conceived and studied with a distributed
winding. The fractional slot concentrated winding facilitates
the modular stator teeth construction which results in a higher
fill factor, reduced mutual inductance between phases (thereby
improving the phase independency and fault tolerance), a
higher efficiency, and compactness [4].

The mechanical challenges of the YASA topology remain
its major drawbacks and are twofold. Firstly, if the segmented
stator sections are to be made of laminated steel and stacked
radially, they should increase in circumferential width from the
inner to the outer radius. That is, to carry the axially directed
flux, each single lamination must be differently shaped. This
can be addressed by methods such as punching reduced width
laminations, or using soft magnetic composite (SMC) materi-
als [4]-[6]. The second drawback is the difficulty of holding
the individual stator segments in place while maintaining a
balanced air-gap [7]. This can be resolved by utilizing annular
plates containing openings the same size as the shoe of the
stator segments [6], or by incorporating ring holders [4].

A comparative study conducted on transverse flux, radial
flux, and YASA machines with identical dimensions and the
same PM mass concluded that the transverse flux topology
performs better when a low speed, a high torque, and small
electric loadings are desired. However, in case of limited axial
lengths, YASA is found to be superior [8]. In another study,
YASA, single sided, and TORUS machines were compared [9],
showing that the torque density (Nm/m?) of YASA is higher
than the others at the rated specifications of an electric vehicle.

The literature lacks a comprehensive comparative study
across a wide range of loadings. This paper conducts such
a study for the YASA and single sided machines. The torque
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Fig. 1. The 3D FEA parametric model of three topologies to be studied; (a) the YASA structure, (b) the single sided machine with half the total magnet
volume as the YASA (S1M), and (c) the single sided machine with the same total magnet volume as the YASA (S2M).

constant, power factor, and overload capability are compared
within the same physical envelope.

II. SPECIFICATIONS OF THE TOPOLOGIES COMPARED

The comparative study is conducted between three topolo-
gies: 1) a YASA structure, 2) a single sided machine with half
the total magnet volume of the YASA machine (S1M), and 3) a
single sided machine with the same total magnet volume as the
YASA structure (S2M). The parametric models are presented
in Fig. 1. They all have 10 poles and 12 open slots. The axial
length, active diameter, slot depths and copper volume are
maintained constant for all three machines. The rotor back
iron lengths are identical while the stator yoke thickness is
adjusted based on mechanical limitations and a constrained
total axial length. The stator employs SMC in all cases.

Comparative studies with both ferrite (remanence of 0.4 T)
and rare earth magnets (remanence of 1.23 T) are conducted
in order to reach a general conclusion within a wide range of
magnetic loading. All analyses are performed with 3D FEA.
An example FEA result showing 3D flux lines is presented in
Fig. 2. A non-overlapping concentrated winding is used for
its shorter end turns and lower copper mass. The shorter end
turns are particularly beneficial in case of axial flux machines
which generally have larger diameters compared to machines
with radial air-gaps. A double layer winding is utilized in order
to reduce the coil width and achieve a larger active diameter
compared to the single layer windings.

III. ANALYTICAL EVALUATION

The electromagnetic torque of an AFPM machine with a
pure g-axis current excitation, i.e. ¢4 = 0, can be estimated
from
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where p is the number of poles; )4, the d-axis flux linkage;
Amos, the open circuit flux produced by the magnets; and L,
is an equivalent inductance to capture the drop in d-axis flux
linkage due to the g-axis current [10]. Figure 3 plots Ay versus

Fig. 2. The 3D FEA result, showing flux lines of the single sided AFPM
machine (S2M).

14. It can be seen that this drop is fairly linear and the slope
can be represented by L. as

ANy
L= Ai, @)

L. has a larger value for machines with a higher saturation
level, as shown in Figs. 4a and 4b, resulting in a sharper
decline in the d-axis flux in the load operation. This results in
non-linear torque-current characteristics, which will be further
discussed in section VI.

The magnet flux, \,,,, can be estimated as [11]
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where k1 is the fundamental winding factor; N;, the number
of turns per phase; k4, the ratio between the amplitude of the
fundamental wave and the average value of the air-gap flux
density; Bg,, the peak value of the open-circuit flux density;
Tp, the pole pitch; L, the inner diameter subtracted from the
outer diameter in case of an axial air-gap machine; B, the
remanence of the magnets; L,,,, the magnet thickness in the
direction of magnetization; «;, the pole—arc to pole—pitch ratio;
g, the air-gap length; k., Carter’s coefficient; fi,,,, the relative
permeability of the PM; k., the d-axis saturation factor in the
open-circuit operation; and k, is the leakage coefficient.
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Fig. 3. D-axis flux linkage at different g-axis currents, per-unitized based on

Aq of the YASA machine at open-circuit. The reduction in Ay due to %4 is
considerably higher for the single sided machines due to greater saturation.

(b)

Fig. 4. Flux density distribution with pure g-axis excitation for (a) the YASA
machine, and (b) the SIM machine, at the current density of 25 A/ mm?. The
stator teeth and rotor core operate in saturation, which explains the reduction
in d-axis flux at high g-axis currents.

Based on (3), for an unsaturated machine with negligible
leakage and fringing (k,, k., and ks,=1), Ay, is proportional
to the ratio of the total magnet thickness to the total elec-
tromagnetic air-gap, i.e. ——2"—. The S1M machine has
half the air-gap and half tﬁé magnet thickness of the YASA
machine, while the S2M machine has half the mechanical
air-gap of the YASA for the same overall magnet thickness.
Therefore, #LL is identical for SIM and YASA, while
it is higher for S2M. This leads to a higher A, for S2M and
comparable values for YASA and S1M, as observed in Fig. 3
(Mg at ig = 0).

Another phenomenon affecting torque production, partic-
ularly at higher currents, is the armature reaction which
strongly influences the displacement power factor. The stator
inductance, L, (L, = Lq = L), may be estimated by
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where m is the number of phases, and kg4 the saturation
coefficient with values larger than 1 for higher saturation
levels. A larger electromagnetic air-gap results in a lower
inductance, and thus a smaller armature reaction and a higher

power factor. Therefore, the armature reaction effect would
be lowest in case of the YASA machine and highest for the
SIM. This is to the YASA’s advantage, particularly at higher
loadings.

A common argument is that the eliminated stator yoke in
the YASA machine provides extra space for the stator and
copper, resulting in a higher torque within the same volume.
Nevertheless, not all of this space can be used by copper
since some room must be provided for the second rotor disc.
However, such an argument may be more credible in cases
where the stator employs a thicker yoke for mechanical and/or
electromagnetic reasons.

The torque production principles can also be explained with
shear stress and the air-gap surface area [1]. The electromag-
netic torque of any electric machine can be defined as the
product of the electromagnetic force, F', and the radius:

T.=Fr; F=o0a,; c=BA, 5)

where r is the radius; o, the electromagnetic air-gap shear
stress; a,, the air-gap area; B, the magnetic loading; and A,
the electric loading defined as the ampere-turns per unit of
periphery. Although in the YASA configuration a, is twice
that of the single sided AFPM machine, A and consequently
F for each air-gap is reduced by half. Therefore, doubling the
air-gap surface area in the YASA structure does not double
the torque.

IV. DESIGN OF EXPERIMENTS AND SENSITIVITY
ANALYSIS

The primary intent of the sensitivity analysis in this case
is to study the impact of the loadings on the performance
indices. To perform a systematic study, the performance in-
dices (responses) and their corresponding variables (factors)
are selected. Then, several designs are selected employing the
design of experiments methodology. These designs, which best
represent the relation between the responses and factors, are
studied with 3D FEA evaluations. The sensitivity analysis is
executed by a fitting a regression polynomial function. The
factors with very small coefficients can be regarded as noise
and their effect is neglected.

The responses selected are the electromagnetic torque, the
stator core losses, and the displacement power factor. For
each response, 7 variables are selected, including: the current
density, J; the stator yoke to the total axial length ratio, ky;
the rotor yoke to the total axial length ratio, k,,; the magnet
thickness to the total axial length ratio, k,,,; the slot depth to
the total axial length ratio, k44; and the split ratio defined as
the inner to the outer diameter ratio. Figure 5 represents the
results, where positive values indicate a proportional increase
in the response when the factor is increased, while negative
values represent a proportional decrease. Larger values indi-
cate a stronger sensitivity.

The study is conducted for machines with both ferrite and
Neodymium magnets. The magnet volume is identical in all
cases. Some considerable outcomes of the sensitivity analysis,
demonstrated in Fig. 5, are as follows:



1) An increase in the ampere-turns improves the electromag-
netic torque more significantly in the YASA compared to the
single sided machine, which is due to to the YASA’s lower
armature reaction.

2) The stator and rotor yoke thicknesses have negligible
effects, indicating that the yokes are not saturated within the
studied range.

3) In case of an increased slot depth, the improvement in
torque production is considerable only in the YASA machine.
This can be attributed to the increased flux leakage in the
single sided machines with deeper slots.

4) Due to the larger volume of the stator core in the single
sided machines and the larger armature reaction, the effect of
the current on core loss is higher.

5) The reduction in the displacement power factor due to the
increased current density is more significant for the single
sided machine. This is due to smaller armature reaction of
the YASA machine.

6) Higher magnetic loading causes less reduction in the
displacement power factor at overload operation. This is in
line with expectations, due to the smaller per unit reactance
with NdFeB magnets than with ferrites.

V. PERFORMANCE COMPARISON AT LOW MAGNETIC AND
ELECTRIC LOADINGS

The performance of the three topologies at a current density
of 5 A/mm? with ferritt and NdFeB magnets has been
investigated. Based on analytical evaluations, it was expected
that for such current densities, the machines with a higher ratio
of the overall magnet thickness to the effective air-gap, have
a higher specific torque. Table I shows that for both magnet
materials, YASA has the lowest torque and S2M the highest,
as expected.

To examine the effect of increased number of air-gaps on
shear stress and torque, a 4th configuration is studied, S2My 4,
which is the same as S2M except for the additional air-gap
on the other side of the stator, Fig. 8d. The additional air-
gap reduces the torque constant such that S2Ms,, and YASA
almost have the same torque, at this loading.

The stators are made of SMC material. Therefore, the stator
core loss comprises mainly hysteresis losses. The eliminated
stator yoke significantly reduces core losses of the YASA
machine. In order to compare the stator core losses for SIM
and S2M machines it should be considered that the air-gap
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Fig. 5. The sensitivity analysis of the (a) electromagnetic torque, (b) stator
core loss, and (c) power factor for single sided and YASA topologies. The
horizontal dashed lines distinguish the insignificant factors with maximum
effect being less than 5% variation in the response, within the studied range.

TABLE I
THE PERFORMANCE OF THE YASA, SIM, AND S2M TOPOLOGIES AT THE CURRENT DENSITY OF 5 A/mm?. THE COPPER LOSSES ARE EQUAL WITH
IDENTICAL COILS AND WINDING STRUCTURE. THE LOSSES ARE PER-UNITIZED BASED ON S2M TOPOLOGY WITH FERRITE MAGNETS. S2Maag IS
SIMILAR TO S2M EXCEPT THAT IT HAS AIR-GAPS AT BOTH SIDES OF THE STATOR.

ferrite magnets

NdFe magnets

YASA SIM  S2M  S2M32qy | YASA SIM  S2M  S2Magg
Torque constant  [Nm/A] 0.23 0.25 0.30 0.22 0.60 0.66 0.77 0.60
Stator core loss [pu] 0.6 1.3 1.0 0.7 3.7 5.1 6.6 4.0
Bearing loss [pu] 0.5 1.0 1.0 0.5 0.5 1.0 1.0 0.5
Power factor 097 0.83 1.00 0.93 098  0.99 1.00 0.99
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Fig. 6. The torque production of YASA, SIM and S2M topologies with
slot depth of L. (a) electromagnetic torque with ferrite magnets, and (b)
with Neodymium magnets, (c) goodness with ferrite magnets, and (d) with
Neodymium magnets.

flux density for S2M is larger. Utilizing ferrite magnets the
stator core loss of S1M is greater than S2M, while with NdFe
magnets S2M has a higher stator loss. The bearing loss for
the single sided motor with a single air-gap is greater due to
the increased axial load and the larger bearings consequently
required.

The power factor of the SIM structure is the lowest which
was expected due to its high per unit inductance. Comparing
the power factor for YASA and S2M, at low loadings S2M is
slightly superior due to higher back EMF. Based on analytical
evaluation and Fig. 5c, it is expected that power factor reduc-
tion at higher loading for the YASA machine is less steep,
resulting in better performance compared to S2M.

VI. OVERLOAD CAPABILITY AND EXPERIMENTAL
VALIDATION

The torque production and loss of the machines are evalu-
ated at higher magnetic and electric loadings using 3D FEAs.
In previous section it was shown that at lower loadings, the
torque constant is the highest for S2M, followed by S1M,
and then the YASA. In this section, it is found that at higher
loadings, the situation changes, Figs. 6 and 7.

Figure 6a and 6b represent the torque at different currents
with ferrite and rare earth magnets. The torque produced
by SIM at higher currents declines very quickly because of
saturation at very high loads. S2M remains slightly better than
YASA for a wider range until YASA produces more torque,
at very high loadings.

The torque-ampere turn characteristics of the single sided
machine, start to bend at smaller currents as compared with
the YASA. This indicates that the saturation of stator core of
single sided machine happens at smaller currents. Therefore,

Cusrrend Density [A/mm’]

() (d)

Fig. 7. The torque production of YASA, SIM and S2M topologies with 20%
slot depth reduction compared to Fig. 6, i.e., 0.8- L. (a) electromagnetic torque
with ferrite magnets, and (b) with Neodymium magnets, (c) goodness with
ferrite magnets, and (d) with Neodymium magnets.
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Fig. 8. Flux density distribution at high magnetic and electric loading, current
density of 25 A/mm? with Neodymium magnets. Figure (d) and (c) are
similar except for an additional air-gap in the latter.

the d-axis flux linkage declines more, shown in Fig. 3. The
lower saturation of the YASA machine can be seen from the
flux density distribution plots in Fig. 8.

The single sided machines have a higher stator core loss
due to higher saturation and volume of the stator core. In
order to include losses in the comparison, goodness defined as
5% is plotted, Fig. 6¢ and 6d. The goodness of the single
sided topologies at higher loads declines more significantly as
compared with the YASA.

Based on the sensitivity analysis in Fig. 5a, increased slot
area in the axial direction (slot depth, ksq) enhances torque
production of the YASA topology more significantly than the
single sided. This may be due to the flux leakage that is likely



Fig. 9. (a) The SIM machine and (b) the YASA machine employed for
experimental validation of the study.

TABLE I
THE EXPERIMENTAL VALIDATION OF 3D FEA MODELS FOR BACK EMF
CONSTANT [V/RAD.S]. ALL MACHINES EMPLOY NDFE MAGNETS.

Back EMF Constant

3D FEA  Measurement
YASA 0.28 0.29
SIM 0.27 0.29
S2M 0.32 0.34

to impact the single sided machines more than the YASA. The
increased slot depth leads to more slot area and current. On
the other hand, it also increases the flux leakage particularly
in case of the single sided structures, which impedes further
torque production. This is not the case for the YASA machine.
Therefore, it is expected that YASA outperforms single sided
structure at even lower current densities when more space is
permitted in the axial direction. Likewise, for axially shorter
designs single sided machines outperform YASA machine in
a wider range of current density. This is shown by a second
study for a smaller frame with 20% reduction in the slot depth,
Fig. 7, where the YASA structure only barely outperforms the
single sided machine at very high current densities.

The 3D FEA model is validated with experimental mea-
surements for the single sided and YASA machine. The
prototyped machines are shown in Fig. 9. The back EMF
constant obtained at different currents, from measurements as
well as 3D FEA, are presented in Table II and show good
agreement.

VII. CONCLUSION

The performance of the YASA machine compared to sin-
gle sided machines at different loadings is comprehensively
examined. The armature reaction, saturation effects, power
factor, and torque constant are among the performance indices
which are studied. Comparative studies, based on simple
analytical equations and experimentally validated 3D finite
element analysis indicate that for naturally cooled low to
medium speed applications, the performance of the single
sided machine is better than that of the YASA topology.
On the other hand, for applications requiring a high torque
density, which employ forced cooling, the YASA machine may
have advantages. It is illustrated that the YASA structure is
more suitable where more space for slots in axial direction
is available. The studies indicate that the choice of AFPM
machine configuration is heavily dependent on application
requirements and dimensional specifications.
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