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Abstract - The width of the stator slot

openings near the air gap hasge lar

influence on the power loss in the stator core and in the pegntanagnets of
axial flux permanent magnet synchronous machines. On thaamat the in-
crease in stator slot openings results in lower power logisdrstator iron. On
the other hand, it also results in increased loss in the pegntanagnets. Also
the torque is reduced for large but also for very small sletnipgs. This paper
deals with axial flux machines of the YASA type: yokeless agghsented ar-
mature. It is shown that the slot openings contribute to agual flux density
level over the different laminations in the stator core. €ffect on the power

loss and the flux distribution is shown.
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1 INTRODUCTION

The authors of]] very recently investigated the influ-
ence of stator slotting on the performance of a radial
flux permanent magnet machine (PMSM) with con-
centrated windings. As shown id]| the stator slot
opening width has a major influence on the stator core
loss and the eddy current loss in the permanent mag-
nets. The influence of the stator slot openings width
on both loss mechanisms is contrary; widening of the
stator slot openings will result in lower stator core
loss, but will increase the eddy current loss in the per-
manent magnets andice versa. In [2], soft magnetic
wedges were introduced in the stator slot openings to
modify the no load performance.

Recently, the yokeless and segmented armature
(YASA) axial flux PMSM is studied by many research
groups B] because of its high efficiency and torque
density. For an axial flux PMSM, the effect of this slot
opening width is investigated in the following para-
graphs. In contrast with radial machines, this param-
eter has also an effect on the distribution of the flux
density over the different laminations in the stack. To
investigate the influence of the stator slot openings
width on the losses, the multislice 2D model using
finite element analysis, introduced i4, [5], is used

to calculate the stator core loss. The eddy current
losses in the permanent magnets are evaluated using
the multislice 2D - 2D model, introduced i6][ Next

to the slot opening width, other geometrical param-
eters have an influence on the losses and the torque.
For the same YASA machine, an optimization process

regarding a limited set of parameters was performed
in [4]. In this optimization, it was already noticed that
some parameters have a contrary effect on the differ-
ent losses in the machine. For example, a high ax-
ial length of the stator cores combined with large slot
openings is beneficial with respect to the copper loss,
but it results in higher stator core loss.

In the simulations in the following paragraphs, the
stator slot openings width is varied from nearly closed
slots (1 mm) to nearly open slots (9 mm) using a do-
main scan. A variation of the stator slot openings
width has also a minor impact on the electromag-
netic torque. Therefore, a final comparison is made
in which the total losses in the machine are placed
against its output power. The geometrical details of
the machine can be found ifi][

2 STATOR CORE LOSs

The stator slot openings widthy has a direct impact
on the magnetic flux density pattern in the stator core
elements. As the magnetic flux density can be sub-
divided into a component by the permanent magnets
and by the armature reaction, both contributions are
first being examined separately before considering the
total flux. Two values are chosen in all further exam-
ples: rather closed slots witly = 3 mm and rather
open slots withbg =9 mm.

2.1 PERMANENT MAGNETS

In Fig. 1 the magnetic flux density pattern in the sta-
tor core element is illustrated in case only permanent
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magnets were present and aligned with the stator core
element in case of 3 mm slot opening width. In case
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(b) Outer diameter region

Fig. 1. Magnetic flux density in Tesla in the stator
core when the permanent magnet is aligned with the
stator core for the 3 mm stator slot openings width.

of alignment of the permanent magnets with the sta-
tor core, the overall maximal values of the magnetic
flux density are found in the stator core material. Due
to the shape of the permanent maghettse magnetic
flux density in the laminations near the inner radius
is found to be higher than the one at the outer radius.
This is caused by the variable tooth pitch as a function
of the diameter combined with a constant slot width.
Flux leveling over the laminations by radial magnetic
flux components, is limited due to the very poor per-
meability of the stator cores in the direction perpen-
dicular to the lamination planes. Consequently, radial
flux components remain limited.

The influence of increasing the slot opening width
from 3 to 9 mm is illustrated in Fig2. At the inner di-
ameter lamination regions, the magnetic flux density
in case ofby = 9 mm has decreased with an average
value of 0.3 T compared to the casebgf= 3 mm as

the smaller tooth tips catch less magnetic flux. In the
laminations at the outer diameter region, this effect is
less visible due to the relatively larger tooth tip width,
having only an average decrease with less than 0.1 T.
As aresult, the magnetic flux density is better levelled

1The permanent magnet span is generally chosen to have a con-
stant value, for example a span of 6;8
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Fig. 2. Magnetic flux density in Tesla in the stator
core when the permanent magnet is aligned with the
stator core for the 9 mm stator slot openings width.

over the different lamination layers and possible sat-
uration of the inner diameter laminations is avoided.
Nevertheless, the total magnetic flux in the stator core
element reduces.

2.2 ARMATURE REACTION

In this paragraph, only the armature reaction is con-
sidered. The remanent flux density of the permanent
magnets in the multislice 2D FEM is set to zero.

The magnetic flux density pattern is plotted in Fig.
3 for the 3 mm slot width opening and the nominal
7 A current. Apparently the magnetic flux is hardly
crossing the air gap, but is transferred through the
tooth tips to the adjacent teeth where the flux is in
the opposite direction. This is a general observation
in surface mounted PM machines where the air gap
is generally significantly bigger than the slot opening
width. As this flux is not crossing the air gap, it can
be considered as leakage flux. Due to the relatively
low reluctance for this leakage flux through the tooth
tips, the level of the magnetic flux density in the stator
core is not negligible. Moreover, similar to the mag-
netic flux by the permanent magnets, higher magnetic
flux densities are found at the inner diameter regions
compared to the outer diameter regions. For machines
with a high electric loading, saturation of the inner di-



(b) Outer diameter region

Fig. 3. Magnetic flux density in Tesla in the stator
core taking only armature reaction into account for
the 3 mm stator slot openings width.

ameter lamination might take place while the upper
laminations are still unsaturated.

Increasing the slot openings width to 9 mm results in

the magnetic flux density pattern in Figl. Due to

the increase of the slot openings, the reluctance path
for the leakage flux through the tooth tips increases.

Therefore, the magnetic flux density levels in the sta-

tor core elements are strongly reduced for the same
stator current. The reduction of the magnetic flux den-

sity is higher at the inner diameter regions compared
to the outer diameter regions. For the same current
density, the risk of saturation of the stator cores is

hence less in case of wide slot openings.

2.3 COMBINATION

The previous flux density patterns, both taken at the
maximum value of the magnetic flux, showed lower
magnetic flux density levels for the machine with the
wider slot openings. As the peak values of the mag-
netic flux density are strongly related to the stator core
loss, a lower stator core loss is expected for the ma-
chine with the wide slot openings. In contrary, the
flux linkage with the tooth coils will be influenced as
well, which will result in a variation of the electro-
magnetic torque.

(a) Inner diameter region
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Fig. 4. Magnetic flux density in Tesla in the stator
core taking only armature reaction into account for
the 9 mm stator slot openings width.

3 ANALYSIS OF THE AIR GAP MAGNETIC
FLux DENSITY

Next to the effect oby on the magnetic flux density
pattern in the stator cores, the stator slot openings
have also a major influence on the air gap magnetic
field. The analytical expression for the permeance
function, introduced in7], can be used to explain the
influence of an increase iy on the air gap magnetic
flux density.

As will be illustrated in the next paragraphs, an in-
crease ofp, results in a bigger variation of the air
gap magnetic flux density. This increase in the varia-
tion of the air gap magnetic field induces higher eddy
currents in the permanent magnets, and hence, causes
additional losses. Moreover, the increasing slot open-
ings result in a higher reluctance difference over the
circumference of the machine which will result in a
higher cogging.

3.1 EDDY CURRENT LOSS IN THE PERMANENT
MAGNETS

In Fig. 5a the air gap magnetic field in the rotor ref-
erence frame is plotted for the 9 mm slot opening for
both no load and rated load. Comparison of this fig-
ure with Fig. 5b, which differs only from Fig.5a by
the 3 mm slot opening, reveals that the local drops in



the air gap magnetic flux density near the stator slots
are wider and deeper, from 0.8 T for the 3 mm slot
openings to 0.6 T for the 9 mm slot openings. Due to
the wide and deep drops in the air gap magnetic flux
density, the average value of the air gap magnetic field
will be lower.
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Fig. 5. Air gap magnetic flux density for (a)

bp =9 mm and (b)) = 3 mm, taking into account
stator slotting effect only (upper), and both the sta-
tor slotting effect and armature reaction (lower) as a
function of the rotor position. Data are expressed in
the rotor reference frame.

In Fig. 5b, corresponding to the 3 mm slot open-
ing, there is a significant difference of the no load
and rated load air gap magnetic field due to the ar-
mature reaction. In Figha, the difference is smaller.
Consequently, this observation is expected to have its
consequences with respect to the eddy current loss
in the permanent magnets. For the 3 mm slot open-
ings, the difference between no load eddy currents
loss in the permanent magnets and eddy current losses
at load are relatively highcfr. Tablel. With increas-

ing slot openings, the relative difference between the
eddy current losses in the permanent magnets at no
load and load is expected to decrease.

I. Effect of segmentation on the eddy-current loss in
the magnets for 3 mm slot opening

magnet eddy current loss

#segments  no-load rated load
1 8.144 15.415
2 6.610 11.756
4 5.877 10.145
14 2.888 4.090

4 EVALUATION AND COMPARISON

Whereas the previous sections were introduced to ac-
quire some understanding on the mechanisms causing
the different losses qualitatively, a quantitative analy-
sis is performed in this section.

For the material in the stator core elements, a lami-
nated steel with M600-50A grade is chosen and the
permanent magnets are assumed to consist of four
electrically isolated segments. Tableshows the
loss in the magnet for other segmentations in case of
bp = 3 mm. The stator slot openings are varied be-
tween 1 mm and 9 mm.

To evaluate the electromagnetic torque, stator core
loss and eddy current loss in the permanent magnets,
the multislice 2D model is used and coupled with the
2D model for the eddy currents in the permanent mag-
nets B]. Simulations were performed for both no load
@nd the rated load current of the machine. All relevant
data are presented in Talfle

4.1 SIATOR CORE LOSS

Analysis of Table? indicates that the stator core loss
for both no load and load working conditions de-
creases as the stator slot openings become wider. It
should be noticed that the effect at no load is less
significant as for working at rated load. Indeed, the
analysis of the magnetic flux density patterns showed
minor change for the flux density caused by the per-
manent magnets compared to those by the armature
reaction. The effect of the increased reluctance pathin
the tooth tips by increasing stator slot openings has a
dominant position in the decrease of the magnetic flux
density in the stator core and the corresponding sta-
tor core loss. The difference between the core losses
with closed slots and open slots is large; a decrease
of about 30% is achieved. At the same time the flux
density levels in the stator core elements are reduced,
possibly resulting in less saturation of the lamination
profiles at the inner diameter region.



. Influence of the stator slot openings width on the mackiperformance, at rated speed (2500 rpm), rated load
current (7 A) and with 4 segments per magnet. The copperdasgbe windings are estimated at 60.8 W.

Stator slot ~ Average Average L oad losses No load losses
openings torque power Core PM  Total Core PM Total
width [mm] ~ [Nm] (kW] [w] (W] (W] [w] (W] W]
1 18.22 4.769 148.0 5.446 214.3 1244 0.1691 124.6
3 18.50 4844 1351 10.15 206.1 1245 5.877 130.4
5 18.38 4811 127.3 2191 210.0 120.3 18.42 138.7
9 17.65 4622 109.2 4052 2105 104.8 37.55 1424
4.2 EDDY CURRENT LOSS IN THE PERMANENT 60
MAGNETS
, 40
Although the losses in the stator cores decrease, Ta-
ble 2 indicates that the losses in the permanent mag- = 20
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openings, the effect of the armature reaction is domi-
nating the loss. This is in agreement with the relative
big differences in the air gap magnetic field at no load
and load that were presented in Figb, having the

3 mm stator slot openings. As the stator slot openings
become wider, the effect of stator slotting dominates
the armature reaction resulting in a lower variation of
the loss at load compared to the loss at no load.

4.3 HBE.ECTROMAGNETIC TORQUE AND POWER

In Fig. 1 and Fig. 2 it was illustrated that the stator
slot openings influence the magnetic flux density in
the stator core elements. Comparison showed that the
total flux in the stator core elements decreases with
increasingby,. Moreover it can be expected that a
variation of the stator slot openings has an impact on
the harmonic content of the cail flux linkage and caoill
electromotive force. Indeed, Fid presents the coil
flux linkage and coil electromotive force fég set to

3 mm and 9 mm respectively. The figure illustrates
a non-negligible reduction of the peak value of the
coil flux linkage for larger stator slot openings, while
comparison of the coil electromotive force clearly in-
dicates the change in the harmonic content. The elec-
tromotive force corresponding to the 9 mm stator slot
openings has less harmonic content and is a better ap-
proximation to the pure fundamental sinusoidal com-
ponent.

Consequently, the stator slot openings have also an ef-
fect on the average electromagnetic torque and torque
ripple. In Fig. 7 the electromagnetic torque is plotted
for the 3 mm and 9 mm stator slot openings.

0 [electric degrees]

Fig. 6. Comparison of the coil flux linkage and coll
electromotive force for the stator slot openings width
setto 3 mmand 9 mm.

Although the electromagnetic torque has decreased
for the 9 mm with respect to the 3 mm width of the
stator slot openings, it is wrong to conclude that the
maximum electromagnetic torque is obtained for fully
closed slots. Tabl@ indicates that the maximum of
the electromagnetic torque for the 7 A load current is
reached for the 3 mm stator slot opening. The rea-
son is that for very smally, the leakage flux passing
through the tooth tips increases. Although this flux
crosses the air gap, it is not linked to the stator coils.
A similar conclusion in 1] confirms this observation.

Although large slot openings are likely to decrease
the electromagnetic torque, Fig.indicates a reduc-
tion of the torque ripple for the wide stator slot open-
ings. It should be mentioned that the cogging torque
in the prototype machine has almost vanished due to
the choice of the 15-slot-16-magnet configuration and
the T-shaped permanent magnets.

4.4 OVERVIEW

The selection of the appropriate stator slot opening is
a trade-off between average power output, stator core
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Fig. 7. Comparison of the electromagnetic torque for
the stator slot openings width setto 3 mm and 9 mm.

loss and eddy current loss in the permanent magnets.
Within the focus on this work, it is obvious to choose
for the configuration with the best energy efficiency.
The highest energy efficiency is obtained for the 3 mm
stator slot openings. Nevertheless other requirement
in the design such as thermal behaviour of the ma-
chine can be decisive in the selection of the stator slot
openings. If the stator cannot be cooled efficiently it
might be a good choice to move the losses to the rotor
where the power losses are removed by convection.

On the other hand it should be mentioned that these
comparisons used only one grade for the stator core
material and one segmentation grade for the perma-
nent magnets. Moreover the electric loading of the

machine will have a major influence on the selection

of the stator slot openings. The selection of the ap-
propriate stator slot openings by quantitative analysis
is left for the machine designer and will not be elabo-

rated in this work.

5 CONCLUSION

This paper investigated the influence of the stator slot
openings on the power losses in the stator cores and in
the permanent magnets. On the one hand, an increase
of the stator slot openings results in a reduction of the
leakage flux, which results in an overall decrease of
the magnetic flux density in the stator core elements.
Therefore, the core loss decreases with increasing sta-
tor slot openings. On the other hand, larger stator slot
openings increase the variation of the magnetic flux
density in the air gap near the stator slot openings.
Hence, the eddy current loss in the permanent mag-
nets increases.

To illustrate the effect of a variation of the stator slot
openings on both loss terms quantitatively, a domain

scan on the geometry of the test case machine is per-
formed. Here, the stator slot openings are varied from
nearly closed slots to nearly open slots and the power
losses are calculated for each case. It was observed
that although the variation of both losses is signifi-
cant, the sum of both losses is less varying. On the
other hand, for very wide stator slot openings, a de-
crease of the electromagnetic torque output is found.
For the test case machine, the optimal slot opening
with respect to the total losses and the torque output
was found to be a semi closed slot opening of 3 mm.
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