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Abstract—Coreless axial flux machines are of interest because
of the absence of stator core losses and cogging torque. These
machines generally employ concentrated windings. One of the
challenges with such a winding is that the torque producing
MMF component that corresponds to the fundamental of the
magnet excitation is accompanied by substantial asynchronous
components. These harmonics cause losses in the rotor core and
magnets, which can become significant at high speeds. This paper
proposes a new multilayer winding arrangement to eliminate the
non torque producing MMF components. This winding is applied
to a 12 coil 16 pole coreless axial flux machine. The efficacy of
the winding is established by 3D finite element analysis.

Index Terms—Axial flux MMF harmonics,

multilayer windings.

machines,

I. INTRODUCTION

Axial flux permanent magnet (AFPM) machines with a
coreless stator have advantages such as no stator core losses
and very low torque ripple. The topology considered in this
paper has concentrated stator coils and multiple rotor discs
with surface mounted PMs (Fig. 1). The AFPM machines may
be suitable for systems where weight is at a great premium,
such as solar cars or high altitude solar airplanes [1], and have
also been proposed for applications such as wind generators,
pumps, and high speed generators [2], [3], [4].

The literature on the design of coreless AFPM machines
includes, for example, the optimization using analytical and
evolutionary methods [5] and the study of the rotor core
thickness influence on the efficiency [6]. Other papers discuss
the shaping of PMs to reduce the harmonics and the use of
optimization techniques to reduce the torque ripple [7], [8].
In case of high speed coreless AFPM machines, a major
limitation is the high eddy current loss in the stator coils,
as these coils see the fundamental flux, rather than the
slot leakage flux as in conventional machines. The use of
thin parallel connected conductors, followed by twisting and
transposing the wires reduces the AC loss in the windings [9].
Coreless machines can be designed with a large quantity of
PM for applications where cost is not a main objective. In this
case, the p.u. back EMF can be high and the p.u. synchronous
inductance very low due to the large equivalent air-gap, such
that the power factor is high. As an example, the calculated
power factor for the machine considered in this paper is 0.98.

In most of the literature, though some design issues have
been addressed, it has been generally assumed that the loss in
the rotor core and PMs is negligible, e.g. [6]. It has been
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Fig. 1: (a) Exploded view of the coreless AFPM. The coils are mounted on a
light weight supporting structure (not shown). The PMs (or a single multi-pole
PM disc) are mounted on surface of a laminated silicon steel core, (b) Mesh
suitable for 3D FEA calculation of rotor eddy current losses.

overlooked that coreless AFPM machines use concentrated
windings, which have a significant proportion of asynchronous
MMF harmonics. In some cases, the MMF component which
interacts with the rotor to produce the torque is not the
fundamental component. This is true for the example 12 coil
16 pole AFPM machine, wherein the MMF harmonic has a
fundamental backward rotating 8 pole component, although
the 16 pole component (i.e. the 2% harmonic) interacts with
the rotor to produce torque [1]. This also applies to a 6 coil
10 pole machine in which the MMF has a fundamental 2
pole component, and the 5! harmonic component interacts
with the rotor to give a net torque, and also to a 6 coil
machine with 14 poles, wherein the 7th harmonic MMF leads
to torque production. Thus, all these machines contain low
order asynchronous MMF components would induce currents
in the rotor back and PMs, causing losses which would become
prohibitively high in high speed applications.

This paper proposes the use of novel multilayer winding
arrangements to mitigate the MMF harmonics in a coreless
AFPM machine. Although multilayer windings have been
proposed for fractional slot concentrated winding PMSM [10],
[11], they have not been hitherto applied to coreless AFPM
machines. In conventional slotted machines, the winding layers
can only be shifted by multiples of the stator slot pitch, while
in coreless AFPMS, any shifting angle is possible.

This paper illustrates that in case of a 12 coil 16 pole
coreless AFPM machine, a 2 layer winding with the layers
shifted by 45° mechanical eliminates the asynchronous 8 pole
component. Also, a 4 layer winding with the layers shifted
by 22.5° mechanical eliminates the 8 pole component, along
with higher order asynchronous components. The elimination
of harmonics from the MMF is proved by a winding function
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Fig. 2: Air-gap concentrated winding. (a) Single layer winding. (b) Double layer winding, shifted by 45 mechanical degrees circumferentially. (c) Four layer
winding, incrementally shifted by 22.5 mechanical degrees with polarity of adjacent layers reversed.

based approach. The resulting elimination of asynchronous
components from the air-gap flux density, and subsequent
reduction of rotor losses is verified by 3D finite element
analysis (FEA). ANSYS Electronics Desktop is used for the
3D FEA. Analytical equations to identify the number of layers
and the shifting angle for coreless AFPM machines with other
stator coil and rotor pole combinations are derived.

II. ELIMINATION OF MMF HARMONICS BY MULTI-LAYER
WINDINGS

A representation of multi-layer concentrated windings
applied to the coreless AFPM machine is shown (Fig. 2).
Winding function analysis is used to explain the reduction
of harmonics achieved by multi-layer windings. The analysis
is exemplified for a 12 coil 16 pole coreless AFPM machine.
From the graphical representation of the winding function for
this machine (Fig. 3), the fundamental component corresponds
to 8 poles. It can be expressed as a Fourier Series as

nz%isin (4u9+§), 1)
v=1

where v takes values of all integers except the multiples of 3.
The magnitude of the 8 pole component is % Suppose that a
winding layer shifted circumferentially by Af is placed axially
adjacent to the first layer. The fundamental component of the
winding function for this layer can be expressed using (1) as

3 . ™
ny = —sin [4(9 — Af) + 3 (2)

The resultant winding function is the sum of two layers
winding functions. To eliminate the fundamental component,

40 = 4(0 — A9) + 3)

Giving, .
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Thus, shifting adjacent layers by 45° mechanical would
eliminate the fundamental component of the MMF. The effect
on the synchronous 16 pole component is evaluated as follows
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which gives,

ng = %sin (89 - g) 6)

Thus, the magnitude of the synchronous MMF component is
added in phase in the two layers shifted by 45°. Considering

that each winding layer has half the total turns, it can be
concluded that the useful torque producing MMF component
remains unchanged. It can also be shown that the higher order
components are unaffected. Proceeding similarly, for a 4 layer
winding shifted 22.5° mechanical, with the polarity of adjacent
layers reversed, the winding function is given by,

o= im0 ) = o o (0 3) ]
ribnfu(0-25) + 5] - S [as 0-35) + ]

N

It can be shown that this term evaluates to O for all v, except
v = 2 , ie. the synchronous torque producing component,
indicating that this type of winding arrangement successfully
eliminates asynchronous MMF components.

The circumferentially shifted concentrated winding has
the effect of creating additional angular positions for the
placement of the coil sides. Use of concentrated winding
does not allow the placement of coils sides of a phase
every 360° electrical apart, leading to an MMF with a
fundamental component of a different number of poles than
the rotor. In the two layer winding, the second layer allows the
repetition of a phase every 360° electrical, thereby eliminating
sub-harmonics. Thus, in general, the phase shift between
adjacent layers required for the repetition of a phase every
360° electrical (which would result in elimination of the
fundamental asynchronous component) is given by

4am
A = — 8
P ®)
For this case, the number of layers is given by
mP
T Ix N &)

where N, is the number of coils, m; the number of phases
and P; the number of poles.

Repetition of a phase every 180° and 360° electrical degrees
further reduces harmonics. This is accomplished by shifting
circumferentially and doubling the numbers of layers with

2 mP

L =

Al = —
P’ N,

(10)

If adjacent layers are shifted by 180° electrical, the coil
connections in adjacent layers need to be reversed. On the
other hand, if the adjacent layers are shifted by 360° electrical,
then coil connections in adjacent layers should be maintained
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Fig. 3: Winding function for the ‘a’ phase of 12 coil 16 pole coreless AFPM
machine.
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Fig. 4: MMF for the different winding arrangements as obtained from
analytical calculation. Elimination of the 8 pole component is observed for
the multilayer windings.

TABLE I: Winding factors (k) of different harmonics (v) for the proposed
winding arrangements.

Harmonic Order  Single layer =~ Two layer  Four layer
1 -0.48 0.00 0.00
2 0.72 0.72 0.72
4 -0.36 -0.36 0.00
7 -0.48 0.00 0.00
8 0.72 0.72 0.00
10 -0.36 -0.36 -0.36
14 0.72 0.72 0.72

the same. The MMF is given by the product of the winding
functions with the 3 phase currents (Fig. 4).

The winding factor is given as the product of coil spread
factor and pitch factor [1]. The coil spread factor is obtained as
the ratio of the EMFs induced over a coil side to the maximum
possible EMF that could have been induced, i.e.

L _ Joo a8 _ 2sin(6,/2)
) J 095 df bs

The pitch factor is obtained as the ratio of vector sum of
the EMFs in two coil sides comprising a coil, to the algebraic
sum, i.e.

Y

_EZ0-EZ0,
N 2F
where, 0, is the (electrical) angular spread of the coil side, 0,;

the (electrical) coil pitch and E; the EMF induced in a single
coil side. The winding function k,, is given as,

k, = sin(6,/2), (12)

ky = kp x ks (13)

The harmonic winding factors for single and multi-layer
arrangements for the example 12 coil 16 pole coreless AFPM
machine and summarized in Table I.
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Fig. 5: The air-gap flux density due to armature reaction for the

different winding arrangements as obtained from 3D finite element analysis.
Elimination of the 8 pole component is observed for the multilayer windings.

TABLE II: Rotor loss at 10,000rpm obtained from 3D FEA.

Single layer
91 W

Two layer

3.1W

Four layer

02 W

III. THREE-DIMENSIONAL FINITE ELEMENT ANALYSIS

Typically, the winding function analysis can be used to
predict the air-gap flux density for machines with smaller
airgaps [12]. In the case of coreless AFPM machines,
the air-gap is significantly large, and flux paths are
three-dimensional. Therefore, 3D FEA is used to evaluate
the flux density distribution to verify the elimination of
asynchronous components. The FEA model has over 1 million
mesh elements. The dimensions of the FE mesh for eddy
current calculations have to correlate with the depth of
penetration and hence with the physical dimensions, materials
and machine rotating frequency. The active outer diameter
and active axial length of the model are 340mm and 147mm,
respectively. The PM dimensions are 53.6x10.5x4.0mm.

The utilization of multiple winding layers, each with a A+
A- B+ B- C+ C- pattern, greatly reduces and eliminates the
asynchronous components from the armature reaction air-gap
flux density (Fig. 5), reduces the rotor core flux density 6) and
the eddy currents in the PM (Fig. 7), and significantly lowers
rotor losses (Table II).

The simplified winding function analysis predicts the
amplitude of the back EMF is substantially the same for the
multilayer windings are the same as the single layer. The
3D FE calculations, which take into account the effect of
a substantially large air-gap, yield 47.7V, 45.7V and 45.6V
for the amplitude back emf of the single, double and four
layer winding, respectively (Fig. 8). As an overall result, the
multi-layer machines are expected to have comparable output
torque and higher efficiency than single layer designs.

IV. CONCLUSION

The use of multilayer windings is extended in a novel
manner to coreless AFPM machines with concentrated
windings and the design proposal is supported by analysis
using winding functions and 3D FEA. Unlike in conventional
machines wherein the winding layers can only be shifted by
the stator slot pitch or multiples, in a coreless AFPM a shifting
angle resulting in elimination of the highest asyncrhonous
MMF components can be employed. It is found that an
appropriate selection of the number of layers and shifting angle
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Fig. 6: The flux density in the rotor core due to the armature reaction excitation alone with (a) single layer, (b) two layer, and (c) four layer stator windings,
all represented on the same scale. As predicted by the analysis, the flux density for multi-layer winding designs is lower leading to reduced power losses.
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Fig. 7: Eddy current density in the PM rotor disc with (a) single layer winding with maximum of 1.5 A/mm?, (b) two layer winding with maximum of 0.4
A/mm?2, and (c) four layer winding with maximum of 0.1 A/mm?. The values are much lower for the multi-layer winding designs, for which the eddy current
circulating paths are also shorter leading to reduced power losses.
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