& University
o Of

£
¥  Sheffield.

This is a repository copy of Stator shifting in dual m-phase SPM machines with single-
layer windings for space harmonic cancellation.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/213605/

Version: Accepted Version

Article:

Rudden, I., Li, G.-J. orcid.org/0000-0002-5956-4033, Zhu, Z.-Q. et al. (3 more authors)
(2024) Stator shifting in dual m-phase SPM machines with single-layer windings for space
harmonic cancellation. IEEE Transactions on Industry Applications, 60 (5). pp. 6867-6876.
ISSN 0093-9994

https://doi.org/10.1109/TIA.2024.3425816

© 2024 The Author(s). Except as otherwise noted, this author-accepted version of a
journal article published in IEEE Transactions on Industry Applications is made available
via the University of Sheffield Research Publications and Copyright Policy under the terms
of the Creative Commons Attribution 4.0 International License (CC-BY 4.0), which permits
unrestricted use, distribution and reproduction in any medium, provided the original work is
properly cited. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS 1

Stator Shifting in Dual m-phase SPM Machines With Single-
Layer Windings for Space Harmonic Cancellation
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1, Department of Electronic and Electrical Engineering, The University of Sheffield, Sheffield, UK
2, Siemens Gamesa Renewable Energy Limited, North Campus, Broad Lane, Sheffield, UK
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Abstract—This paper investigates the ability for elimination of unwanted magneto-motive force (MMF) harmonics in fractional
slot dual m-phase single-layer PM machines. By doubling the number of slots and applying stator shifting, the 1st order and one
unwanted higher order winding MMF harmonic can be suppressed. Then, through the addition of a second converter operating at
a specified phase shift one higher order harmonic can be eliminated. This work identifies the required shift angle of the second
winding set as well as converter phase shift in any dual m-phase machine to achieve elimination of an unwanted winding MMF
harmonic. This methodology is validated by studying 3- and 5-phase machines through analytical modelling. Then two 3-phase
machines, 12-slot/10-pole (12s/10p) and 12s/14p, are investigated using FEA. It is found that the 24s/10p dual 3-phase machine can
achieve higher torque than the conventional 3-phase 12s/10p but the 24s/14p dual 3-phase performs worse. However, in both cases
the significant suppression of unwanted harmonics reduces the rotor iron losses and PM eddy current loss. As a result, the efficiency
of each machine is increased by about 3% over its initial 12-slot counterpart. In particular, the PM eddy current losses are reduced
by over 95 % leading to a substantial reduction in thermal demagnetization risk. The dual 3-phase single-layer machine is also found
to achieve higher torque than two similar topology dual 3-phase double-layer machines while having equivalent PM eddy current
losses. Both analytical and numerical results have been validated by a series of tests. A prototype machine has been manufactured

to validate EMF, static torque, and efficiency measurements of the proposed machine.
Keywords—Dual 3-phase, concentrated windings, single-layer, stator shifting.

I. INTRODUCTION

Electrical machines are often equipped with either single-
layer or double-layer windings. The former has a single coil
side in each stator slot whilst the latter has two different coil
sides in each stator slot. The main drawback of machines with
single-layer windings is the larger number of unwanted
harmonics in the armature MMF [1], [2]. This is especially
prevalent in machines equipped with fractional slot
concentrated windings (FSCW), where the number of slots
per pole per phase is less than one, as opposed to traditional
integer slot windings [3]. FSCW have been shown to offer
numerous advantages over integer slot windings [4] such as
shorter end winding length, higher slot fill factor, higher fault
tolerance, lower torque ripple, and ease of manufacture [5],
[6], [7], [8], [9]. The culmination of these benefits can lead to
machines that ultimately offer higher efficiencies and torque
performance than integer slot machines. Thus, a machine with
single-layer FSCW offers great potential provided the
presence of unwanted armature MMF harmonics can be
suitably mitigated without moving to double-layer windings.

A common method for harmonic elimination is stator
shifting, wherein the number of stator slots is increased, and
additional winding sets are placed in the new stator slots [10],
[11] [12], [13]. This adds complexity to machine
manufacturing, but with a properly selected shift angle one
can significantly reduce or even eliminate an unwanted
harmonic. Another method is to design a dual 3-phase
machine that has two 3-phase sets driven by two independent
3-phase converters [14], [15]. By extending to more phase sets
in so called ‘multiphase’ machines more harmonics can be
reduced [16], [17], [18], [19]. Stator shifting has been applied
to machines with single-layer windings in literature before
[20], [21]. In particular one paper by Feng et al compares the
performance of two single-layer dual 3-phase machines, one
24-slot/10-pole (24s/10p) and one 24s/14p [22]. However,
this work does not demonstrate that the harmonic cancellation
of this topology can be extended to m-phases, nor does it
evaluate the impact that the cancelled harmonic has on
machine performance by comparing with 12s/10p and

12s/14p machines. Therefore, this paper serves to outline the
potential for harmonic cancellation in any dual m-phase
machine with single-layer windings as well as the potential
improvement to machine performance and efficiency.

This work shows that through combining stator shifting
with the use of a second converter, one of the dominant higher
order harmonics in m-phase machines can be eliminated. This
is demonstrated for 3- and 5-phase machines using common
slot-pole multiples to show how the design process can
eliminate a dominant higher-order harmonic. For the 3-phase
example 12s/10p and 12s/14p are used, and for the 5-phase
example 20s/18p and 20s/22p are used. All machines have a
higher order space harmonic that induces losses primarily in
the PMs as well as the rotor core. By doubling the number of
slots so the 3-phase machines have 24-slots and 5-phase
machines 40-slots, stator shifting can be employed. Together
with another converter for the second m-phase winding set,
the unwanted higher order harmonics can be eliminated. This
produces machines that have a significant reduction in rotor
core iron losses and PM eddy -current loss. After
demonstrating the harmonic suppression methodology for m-
phases, the two 3-phase machines will be compared in terms
of electromagnetic torque performance and efficiency. It is
found that the proposed methods are more suitable for the
12s/10p machine, wherein the resulting machine yields an
increase in achievable average torque, a reduction in torque
ripple, and a 3% increase in machine efficiency. However, for
the 12s/14p machine, although the method succeeds in
reducing the torque ripple, the rotor iron losses and PM eddy
current loss such that the machine efficiency is increased by
around 3%, the achievable average torque is slightly reduced.
The dual 3-phase 24s/10p single-layer machine is compared
with two double-layer machines and found to exhibit the
highest torque while keeping PM eddy current losses low.

II. WINDING THEORY

A. Stator Shifting with a Second Converter

For an m-phase machine with single-layer windings to be
feasible it must have a total of 2m slots. For this m-phase
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winding to be balanced against excessive vibrations, each
phase should have 2 coils circumferentially opposite resulting
in a total number of 4m slots. The principle of stator shifting
is to double the number of slots and introduce a second m-
phase winding set at a specific shift angle («). This generates
a machine with 8m slots. The introduction of the shift angle
(@) introduces an MMF harmonic that can be out of phase with
the harmonic produced by the 1% m-phase winding set thus
reducing the unwanted harmonic. If both harmonics have the
same amplitude and a phase shift angle of 180 elec. deg.,
complete elimination can be achieved. The attenuation of
selected harmonics, and thus resulting winding factor, can be
plotted against this shift angle and has been done so for the 3-
and 5-phase harmonics in Fig. 1.

For each h™ order harmonic, there are exactly & mechanical
shift angles that correspond to perfectly in-phase winding sets
and exactly 4 shift angles that correspond to perfectly anti-
phase winding sets. This can be seen in the number of times
the winding factor is equal to O or 1. When the winding factor
is kept as 1, the shift angle is causing constructive
superposition of the winding MMF harmonic. When the
winding factor is reduced to O, the shift angle is causing
destructive superposition of the winding MMF harmonic.

Angles for constructive and destructive harmonic
superposition can thus be identified as
2km
he = (1)
n(2r —1) @)
Ona = Iy

where 6. is the shift angle for the winding factor of the
working harmonic to remain 1 (constructive superposition),
Oha 1s the shift angle to achieve harmonic cancellation of the
parasitic harmonic (destructive superposition), k is any integer
from 1 up to and including the working harmonic 4., and r is
any integer from 1 up to and including the parasitic harmonic
hg. To obtain a shift angle where the working harmonic is kept
to a maximum and the parasitic harmonic is minimized as
much as possible, the values of 8. and 8,4 must be as close
as possible. These required angles have been identified for 3-,
5-, and 7-phase machines and displayed in TABLE I. To
ensure a machine with equal tooth widths, the mechanical
shift angle a must be a multiple of 21t/N;, where Ny is the
number of slots. For each machine in TABLE I, a shift angle
for the second m-phase winding set has been identified that
lies between . and 0,4 and is also a multiple of 27t/ N;.

The shift angle (a) is always equal to the slot pitch
multiplied by the working harmonic, as evidenced in TABLE
I. To achieve complete constructive superposition of the
working harmonic MMF and total destructive superposition
of the parasitic MMF, 6. and 6,4 can be achieved by use of a
second converter with a shift angle given by

-

A 1/ “ "“‘ ,l \\ & 1st
A !
‘5 0.8 "‘ |‘ iy ll “ r—[ = =5th
- 1 ' ! 1 \ 1 7th
7] f ' ' 4 T
0.6 \ ! { s g 1 J k 1 1
h : l| 9 ' ] 1 ¢ 3 l' % .
2 I BICL BT R1E LE AN
- L] o 1 3%
5 0.4 ! h ) e v ] v &b
£ ‘I ] £ ,' % (3]
202 ‘e 4 ] vl 2
i1 Iy i i "
0 L] 5 ] |‘l v
0 60 120 180 240 300 360
Shift angle (mech. deg.)
(a)
Iy Ty ¥ " ot 3 \ 7
[} A} 1
4‘ ‘: ' " ‘| . ‘a ’l \‘ ,' § _,' ‘. ] 1st :
B 08yttt iyt == =9t
5 b ifE TP g e|r Bl 11th
© K Fp Egdlm " e [Via 812 §i0s € ke :
w 06134y ik Fody e | §OE PR i
o Lip |08 g e el tEpd gt Gk Gy
c 15 it 4 L] i 5 1, 1 ¥
T e I o Y e S N 1 T S BRI A
§02 i [ W i u 5 L .: i
’ __“l'_*"‘l'*\:\ "I i b D : p:
5 " i
\ { . \;\/‘/\?’/‘: '

o

120 180 240
Shift angle (mech. deg.)

(b)
Fig. 1. Winding factor of MMF harmonics vs stator shift angle a. (a) 3-
phase harmonics, and (b) 5-phase harmonics
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0. = he(a — Ope) = hg(Opqg — @) 3)

An m-phase winding under sinewave current supply is
known to produce harmonics of the order

h=2mk+1 )

where k is any positive integer. Space harmonic waves of the
order h = 2mk + 1 rotate in the same direction as the
fundamental, with space harmonics of the order h = 2mk —
1 rotating in the opposite direction. This phenomenon allows
for both 6. and 6,4 to be achieved, therefore eliminating the
parasitic harmonic while maintaining the working harmonic.
Certain columns in TABLE I have been highlighted to show
that to design a dual m-phase machine that eliminates a
parasitic harmonic completely, only the slot number and pole-
pair number are needed. The required shift angle for the
second m-phase winding set is the pole-pair number (working
harmonic) multiplied by the slot-pitch, and the required phase
shift for the second converter is simply equivalent to the slot
pitch.

B. Harmonic Cancellation in a 3-Phase Machine

In this section two 3-phase machines, one 12s/10p and one
12s/14p, will be investigated to demonstrate how a chosen
parasitic harmonic can be eliminated. For the 12s/10p
machine the 5™ order harmonic is torque producing with the
1%t and 7" order harmonics causing stator and rotor core iron
losses and PM eddy current loss. As for the 12s/14p machine
the 7™ order harmonic is torque producing with the 1% and 5%
order harmonics causing losses. Using values taken from
Section IL.A results in a shift angle (a) of 75 mech. deg. for
the 10-pole machine, corresponding to a shift angle of 375
elec. deg. for the 5™ order harmonic, and 525 elec. deg. for the

TABLE I SHIFT ANGLES OF CONSTRUCTIVE AND DESTRUCTIVE MMF HARMONICS IN A SELECTION OF M-PHASE MACHINES

m Ni/2p 2w/N, he ha Ohne Ona a he(a-0nc) hy(Ona- @)

3 24s/10p 15 5 7 72.0 77.14 75 15 15
24s/14p 15 7 5 102.86 108 105 15 15

5 40s/18p 9 9 11 80.0 81.8 81 9 9
40s/22p 9 11 9 98.18 100 99 9 9

” 56s/26p 6.43 13 15 83.08 84 83.56 6.43 6.43
56s/30p 6.43 15 13 96.0 96.92 96.43 6.43 6.43
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7% order harmonic. So, if a second converter is used operating
ata 15 elec. deg. phase shift the 5™ order harmonic of the two
3-phase sets can be brought perfectly in phase, and since the
7% order harmonic rotates in the opposite direction the
harmonics of the two 3-phase sets are brought perfectly anti-
phase and so complete cancellation is achieved while keeping
the working harmonic (5*) constant. Similarly, in the 14-pole
machine 105 mech. deg. corresponds to a shift angle of 735
elec. deg. for the 7" order harmonic and 525 elec. deg. for the
5" order harmonic. Once again using a second converter
operating at a phase shift of 15 elec. deg. brings the two 7%
order harmonics perfectly in-phase while bringing the two 5%
harmonics perfectly anti-phase. The winding layout of a stator
shifted machine with two 3-phase winding sets driven by two
separate 3-phase converters (24-slot dual 3-phase machine) is
shown in Fig. 2. As both 24s/10p and 14p dual 3-phase
machines have similar winding layout, only the 24s/10p is
shown as an example.

Based on the winding layout shown in Fig. 2, the predicted
impact of stator shifting can be calculated using simple
calculations of the winding factors of the different harmonics.
Winding factor of the A" order harmonic (K,,) is the
multiplication of both the coil pitch factor (K,,) and the
distribution factor (K4) and is given by

Kyn = thKph (5)
The pitch factor can be calculated using the following
K,n = cos (hy/2) (6)

where y is the difference in span angle (elec. deg.) between the
coil and the pole pitches of the 4™ order harmonic. In this work,
the coils of the 24-slot machine span two slots resulting in an
equivalent coil pitch to the original 12-slot machine. Thus, the
pitch factor for any harmonic will not be impacted by this
design. Any harmonic reduction in the 24-slot machine should
be determined by the distribution factor given by

~ (rho ~ (ho
Kin = sin (T)/ rsin (7> @)
where r is the number of out of phase coils to be connected in

series, and o is the displacement in space (mech. deg.)

TABLE II DISTRIBUTION FACTORS FOR DIFFERENT
HARMONICS OF THE INVESTIGATED 3-PHASE MACHINES

Ka Kus Kar
12s/10p 3-phase 1.0 1.0 1.0
24s/10p 3-phase 0.793 0.991 0.131
24s/10p dual 3-phase 0.701 1.0 0
12s/14p 3-phase 1.0 1.0 1.0
24s/14p 3-phase 0.609 0.131 0.991
24s/14p dual 3-phase 0.701 0 1.0

Il Phase A1

[ Phase B1
M Phase C1

\‘\‘75“ [l Phase A2
[[] Phase B2
[ Phase C2

Fig. 2. Cross-section of half the dual 3-phase 24s/10p machine with single
layer windings.
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TABLE III DISTRIBUTION FACTORS FOR DIFFERENT HARMONICS
OF THE INVESTIGATED 5-PHASE MACHINES

Ka Kay Kan
20s/18p 5-phase 1.0 1.0 1.0
40s/18p 5-phase 0.760 0.997 0.078
40s/18p dual 5-phase 0.705 1.0 0
20s/22p 5-phase 1.0 1.0 1.0
40s/22p 5-phase 0.649 0.078 0.997
40s/22p dual 5-phase 0.705 0 1.0

[l Phase A1
[ Phase B1
[ Phase C1
[T Phase D1
I Phase E1

] Phase A2
[1Phase B2
[IPhase C2
[]Phase D2
Al [[]Phase E2

Fig. 3. Cross-section of half the dual 5-phase 40s/18p machine with single-
layer windings

between the series coils. For a conventional 12s/10p or
12s/14p machine with single layer windings all series coils are
perfectly in phase and so the distribution factor for all
harmonics is 1. For the stator shifted machines such as
24s/10p 3-phase and 24s/14p 3-phase, the mechanical shift
angles of 75 mech. deg. and 105 mech. deg. are brought in for
the 10-pole and 14-pole variants respectively. This only
slightly reduces the distribution factor of the working
harmonic while substantially reducing both the 1% order
subharmonic and one higher order space harmonic. Finally,
the introduction of the second converter to drive the 2™ 3-
phase winding set serves to bring the distribution factor of the
chosen higher order space harmonic to zero, thus eliminating
the harmonic. The full set of distribution factors for the
different machines can be seen in TABLE II.

It is unfortunate that in the case of the 24s/14p dual 3-phase
machine, the introduction of the second converter increases the
distribution factor of the 1% order subharmonic relative to the
single 3-phase stator shifted machine (24s/14p 3-phase).
However, as complete elimination of the 5% order harmonic is
achieved this compromise is acceptable. With the distribution
factors calculated we can see that for both the 24s/10p and
24s/14p machines we should expect to see a 29.3% reduction
in the 1% order subharmonic in addition to a complete
elimination of the chosen higher order harmonic.

C. Harmonic Cancellation in a 5-Phase Machine

Using TABLE I and following the same methodology, the
winding schematic for a dual 5-phase 40s/18p machine can be
selected and is shown in Fig. 3. The combination of stator
shifting in this machine, combined with operating the second
converter at a 9° phase shift, will eliminate the unwanted
parasitic 11" MMF harmonic. Following the same process as
the 3-phase machines, the distribution factors for harmonics
in the 5-phase machines can be calculated and are listed in
TABLE III. It can be seen that the parasitic harmonic (9™ or
11™) is completely removed for the dual 5-phase machines,
demonstrating the application of this technique to m-phases.
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III. ANALYTICAL MODELLING

A. Calculation of Winding MMF

By way of example, the method is discussed in this section
for the 3-phase machines. However, it is very simple to apply
the same methodology to multiphase machines and so results
for both 3- and 5-phase machines are included. The dimension
specifications for these are given in TABLE IV and TABLE
V respectively. The armature MMF of a winding can be
obtained through the combination of a turn function being fed
by a sinewave current. For the first winding set in the 24-slot
machine this is given by

- 6NI, (km
F41(0,t) = Z = sm(ﬁ) cos (k6 ®)

k=1,-5,7,..
— wt)cos (wt)

where N is the number of turns per coil, 8 is the angular
position in the airgap with reference to the stator, 1, is the peak
phase current and w is the electrical speed. By extending this
equation to phases B and C, the armature MMF for a
conventional 12-slot machine can be obtained. To calculate
the winding MMF for the dual 3-phase 24-slot machines, the
above equation is adapted to include the shift angle of the
second 3-phase winding set as well as the phase shift of the
second converter. The equations for the second phase A in the
stator shifted machines can be seen in (9).

Fo6.0 i 6N, I, (kn) k(@)
A2 ) = Sin|—)cos 4
k=1,-5,7,... fe 12
+ 6, — wt)cos (wt)

®

where 6, is the phase shift in the second converter (-15 elec.
deg. in the 10-pole machine and +15 elec. deg. in the 14-pole),
and a is the mechanical shift angle of the second winding set.
Once these equations are extended to all three phases, the
armature MMF of the 12-slot and 24-slot machines can be
obtained, as shown in Fig. 4.

It can be seen in Fig. 4 that both machines successfully
suppress the unwanted harmonics (7™ order harmonic for the
24s/10p machine and 5" order harmonic for the 24s/14p
machine). Additionally, both machines show that the 1* order
subharmonic is notably reduced as well. The combination of
eliminated higher order harmonics and reduced 1% order
subharmonic should reduce the rotor iron losses and PM eddy
current loss. Also, the addition of the second converter has
allowed the working harmonic to remain constant such that
the torque performance should not be impacted by the winding
structure. A breakdown of harmonic amplitudes is given in
TABLE VI with the values given in p.u. using the
corresponding working harmonic as base value. The change
in harmonics also corroborates the expected results from the
previous calculation of winding harmonic distribution factors
in Section II.B, with both machines achieving almost an exact
29.3% reduction in the 1* order subharmonic and a complete
elimination of the selected higher order space harmonic.

The same method is then applied for the 5-phase machines
and the results are also displayed in Fig. 4 with a breakdown
of harmonic amplitudes given in TABLE VII. Successful
elimination has been achieved for one parasitic harmonic
using this topology in addition to a large reduction of the first

4
TABLE IV SPECIFICATION OF 3-PHASE INVESTIGATED MACHINES

Slot number 12/24 | Stack length (mm) 50
Pole number 10/14 | Air-gap length (mm) 1
Rated current (Ays) 7.34 Tooth width (mm) 7/3.5

Rated speed (RPM) 400
Turns per phase 132/66
Stator outer radius (mm) 50
Rotor outer radius (mm) 27.5

Tooth height (mm) 2.5
Stator yoke height (mm) 3.7
Magnet thickness (mm) 3
Magnet remanence (T) 1.24

TABLE V SPECIFICATION OF 5-PHASE INVESTIGATED MACHINES

Slot number 20/40 Stack length (mm) 50
Pole number 18/22 | Air-gap length (mm) 1
Rated current (Ays) 7.34 Tooth width (mm) 5.4/2.7

Rated speed (RPM) 400
Turns per phase 132/66
Stator outer radius (mm) 60
Rotor outer radius (mm) 33

Tooth height (mm) 1.9
Stator yoke height (mm) 3.9
Magnet thickness (mm) 3
Magnet remanence (T) 1.24
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Fig. 4. Winding MMF for 3- and 5-phase conventional and dual 3-phase
stator shifted machines. (a) 3-phase waveforms, (b) 3-phase spectra, (c) 5-
phase waveforms, and (d) 5-phase spectra. Spectra given in p.u. using the
corresponding working harmonics as base value.

subspace harmonic. Thus, further demonstrating the
application of this method to multiphase machines.
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TABLE VIHARMONICS (P.U.) OF ARMATURE MMF IN 10-POLE
AND 14-POLE 3-PHASE MACHINES

TABLE X TORQUE OF 10-POLE AND 14-POLE MACHINES
Average Torque (Nm) Torque Ripple (Nm)

Harmonic 12s/10p 24s/10p 12s/14p 24s/14p 12s/10p 5.61 0.571 (10.17%)
1 1.340 0.948 1.872 1.325 24s/10p 5.66 (+0.89%) 0.233 (4.12%)
5t 1.000 1.001 1.398 0 12s/14p 5.94 0.259 (4.37%)
7% 0.716 0 1.000 0.999 24s/14p 5.72 (-3.83%) 0.186 (3.25%)
TABLE VIl HARMONICS (P.U.) OF ARMATURE MMF IN 18-POLE 6.6
AND 22-POLE 5-PHASE MACHINES ed e ;i:ﬂg:
Harmonic 20s/18p 40s/18p 20s/22p 40s/22p 6‘2 === 12s/14p
1 1.426 1.009 1.738 1.230 £
gt 1.000 1.001 1.219 0
11" 0.821 0 1.000 0.999

IV. FEA RESULTS

For the purposes of this investigation, the impact of
harmonic elimination on machine performance is studied only
for the 3-phase machines. This is due to its much wider
application in industry than 5- or even larger phase numbered
machines. However, as detailed before, should an industry
application require a multiphase machine then this winding
topology is still an attractive option for minimizing parasitic
harmonics.

A. Optimisation Process

OPERA’s optimization suite was used to optimize the
geometry of the 3-phase machines. The objective of the
optimization process was to maximize the average torque of
the machine while constraining the current density such that
the overall copper area could not be reduced, thus keeping
copper losses mostly constant. In addition to this the stator
outer radius, rated current, rated speed, air-gap length, magnet
volume, number of turns per phase, and stack length were all
kept constant. The variables in the optimizations can be seen
in TABLE VIII and include: split ratio (s), slot-width to tooth-
width ratio (fy), ratio of slot height to stator core height (/,y),
and ratio of tooth tip height to tooth width (#;,). The resulting
machine parameters can be seen in TABLE IX with all other
parameters remaining the same as given in TABLE IV.

B. Torque Performance

The torques of the optimized machines at rated current have
been calculated using FEA models, and the results are shown
in Fig. 5. It can be seen for the 10-pole machines that the
average torque is very close, as expected based on the equal
magnitudes of working MMF harmonic. The 24s/14p machine
unfortunately does not achieve an equal torque to the 12s/14p
machine. A direct comparison of the torque performances can
be seen in TABLE X.

The 24s/10p has achieved an increase of 0.89% in average
torque over the original 12s/10p machine while the 24s/14p
machine has had its average torque reduced by 3.83%

TABLE VIII OPTIMISATION PARAMETERS
Objective Functions
Constraints

Maximize Average Torque

Maximum Current Density <= 3.336A/mm?
0.45 <=5 <=0.65 and 0.45 <= f,<=0.6
0.7 <= hyy <=0.9 and 0.3 <=1, <= 04

Model Parameters

TABLE IX OPTIMISED MACHINE DIMENSIONS

12s/10p  24s/10p  12s/14p 24s/14p
Slot number 12 24 12 24
Tooth width (mm) 6.38 3.60 6.44 3.80
Tooth tip height (mm) 1.93 1.08 1.93 1.14
Rotor outer radius (mm) 29.45 29.0 29.75 30.1
Stator yoke height (mm) 3.44 3.46 3.08 248

Magnet thickness (mm) 2.78 2.83 2.75 2.71

60 120 180 240 300 360
Rotor Position (elec. deg.)
Fig. 5. Comparative torque performance of optimized machines.
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compared with the original 12s/14p machine. In both cases,
the 24-slot machines show a reduction in torque ripple likely
due to a reduction in cogging torque, as shown in Fig. 6. As
would be expected (see Fig. 6) the cogging torque of the 24-
slot machines is less than that of the 12-slot machines due to
the lower common multiple between the slot and pole
numbers [6]. This undoubtedly helps reduce the torque ripple
of the 24-slot machines. To assess the torque performance
under a range of operating conditions, the average torque and
torque ripple coefficient versus phase RMS current have been
calculated, as shown in Fig. 7. There appears to be little split
between the 12-slot and 24-slot machine variants at increasing
phase currents. The 24s/10p achieves the same average torque
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as the 12s/10p machine for low currents and then begins to
achieve higher torques once the phase RMS current
approaches operating condition. The 24s/14p machine
continues to achieve less torque than the 12s/14p machine for
all phase RMS currents. Again, the torque ripple of the 24-slot
machines is less than their 12-slot counterparts.

C. Losses and Efficiency

Operating the machines at rated speed and rated current
also allowed the main losses of the machines under such
conditions to be calculated. The flux densities of different
harmonics in each mesh element across the stator was
calculated. This was then used for calculations of stator
hysteresis and eddy current loss. A solid iron rotor was used,
so the current density in each mesh element was obtained to
calculate the eddy current loss in the rotor core and PMs. For
copper loss the following equation was used

w

Peopper = NeNEp - Iims

S (10)

where N; is the number of slots, N. is the number of
conductors per slot, p (QQm) is the resistivity of copper at room
temperature, L, (m) is the sum of both active length and end
winding length, S (m?) is the slot area, ks is the slot packing
factor, and 7,5 (A) the phase RMS current. The end winding
length has been calculated by using the arc-length between the
center of two slots. Although the coil pitch of the 24-slot
machines is 2, the arc-length between the two slots is the same
as in the 12-slot machines. So, this approximation of end
winding length gives the same result for the 12-slot and 24-
slot machines. This equation only accounts for DC copper
losses and so offers a simple approximation for comparing
copper losses between machines. Although (10) does not
account for any AC winding loss effects, it is deemed
appropriate for this investigation as rated speed is relatively
low, so the electrical frequency is as well. The power of the
machines was calculated from the achieved average torque
and rotation speed, and then after incorporating the losses the
efficiencies could be calculated. All this is given in TABLE
XI for the 10-pole and 14-pole machines. As was expected,
the move to 24-slots increases the stator saturation such that
the losses in the stator are increased for both the 10-pole and
14-pole machines. This can be seen by comparing the flux
density distribution within the 12s/10p and 24s/10p stator
teeth, as shown in Fig. 8. The move the 24-slots has increased
the peak flux density within the stator teeth from 1.6T to 1.8T,
leading to a substantial increase in stator loss. However, the
elimination of the unwanted higher order harmonic and
reduction of the 1% order subharmonic shows substantial
reduction in rotor iron losses and PM eddy current losses.
Again, this is because these harmonics rotate asynchronously
with the rotor and so they are a primary cause of rotor losses.

TABLE XI LOSSES (IN W) AT RATED OPERATING CONDITIONS
FOR 10-POLE AND 14-POLE MACHINES

Stator Loss  Rotor Loss PM Loss  Copper Loss Efficiency (%)
12s/10p 3.80 8.57 1.522 44.60 75.11
24s/10p 4.558 4.728 0.0329 4433 77.37

(+19.95%) (-44.83%) (-97.84%) ’ (+3.02%)
12s/14p 3.88 11.42 1.724 44.18 75.40
24s/14p 4.823 4.092 0.0214 44.66 77.63

(+24.30%)  (-64.17%)  (-98.76%) ) (+2.95%)

Note: the percentages given in this table show the variations of losses anc
efficiency from 12-slot to 24-slot.

6

The combined reduction in the rotor iron losses and PM eddy
current loss has yielded a 3.02% improvement in efficiency of
the 24s/10p machine over the 12s/10p machine, and a 2.95%
improvement in efficiency of the 24s/14p machine over the
12s/14p machine. A plot of eddy current density in the PMs
shows just how much the harmonic elimination successfully
reduces the PM eddy current losses, as can be seen in Fig. 9.
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Fig. 8. Flux density distribution of (a) 12s/10p, and (b) 24s/10p machines.
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Fig. 9. Comparison of eddy current distribution in PMs. (a) 12s/10p, and
(b) 24s/10p.

V. DUAL 3-PHASE MACHINE COMPARISON

It has been demonstrated thus far that the introduction of a
second converter improves the electromagnetic performance
of the stator-shifted machine with respect to the original single
3-phase machine. However, this comes at an increased cost
for the overall system. If choosing a dual 3-phase design, then
there are alternative similar slot-pole number combinations
with double-layer windings that also offer harmonic
elimination. This includes the 12s/10p dual 3-phase machine
with 30° converter phase shift that eliminates the first
subspace harmonic [14] and a 24s/10p stator shifted dual 3-
phase machine that also eliminates the first harmonic while
reducing the 7" [18]. These machines have been optimized
using the same parameters as TABLE VIII and the onload
torque results for the three dual 3-phase machines are
comparatively plotted in Fig. 10, with results presented in
TABLE XII. The single-layer machine offers the highest
average torque performance at rated current of all machines
and has a reduced torque ripple when compared with the
12s/10p double-layer machine. The losses of the dual 3-phase
machines have also been calculated and are presented in
TABLE XIII.
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Fig. 10. Comparative torque performance of optimized machines.

TABLE XIIT TORQUE COMPARISON OF DUAL 3-PHASE
MACHINES

Average Torque (Nm) Torque Ripple (%)

SL 24s/10p 5.66 0.233 (4.12%)
DL 12s/10p 5.60 0.369 (6.59%)
DL 24s/10p 5.54 0.085 (1.52%)

TABLE XIII LOSSES (IN W) AT RATED OPERATING CONDITIONS
FOR DUAL 3-PHASE MACHINES

Stator Loss Rotor Loss PM Loss Copper Loss Efficiency (%)

SL 24s/10p 4.56 4728 0.0329 44.33 77.37
DL 12s/10p 3.73 0.665 0.0727 45.08 78.88
DL 24s/10p 4.51 0.805 0.0157 44.74 78.44

Both the 24s/10p machines exhibit similar stator loss which
can be attributed to the increased saturation of the smaller
teeth. Unfortunately, the single-layer machine still suffers
from comparatively large rotor losses caused by the presence
of the large first subspace harmonic, leading to a slightly
reduced efficiency compared with the double-layer machines.
However, the PM eddy current loss for the single-layer
machine has been substantially reduced such that it lies

between the two PM loss values for the double-layer machines.

The combination of stator shifting and introduction of a
second converter has yielded a machine which maintains
higher torque as well as similar PM eddy current loss to the
two double-layer dual 3-phase machine topologies. Therefore,
the proposed machine could be a strong design choice where
a simple winding structure is desired while reducing the risk
of thermal demagnetization.

VI. EXPERIMENTAL VALIDATION

To validate the results of this work, a prototype 24s/10p
machine was manufactured based on the specifications
outlined in TABLE IV. The machine can be seen in Fig. 11.

(a (b)

(©)
Fig. 11. Prototype machine. (a) 24-slot stator with 2 slot-pitch windings,
(b) 10-pole rotor, and (c) entire machine with housing.
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Fig. 12. Simulated and measured EMFs. (a) Waveforms, and (b) spectra.

A. EMF Measurements

The machine was spun at rated speed (400 RPM) and the
EMF of a single phase was measured. Other phases will have
the same EMF waveform but with a phase shift of 120 elec.
deg. The measured EMF has been compared to the EMF
obtained from simulations and is shown in Fig. 12. A strong
agreement can be seen between the measured and simulated
EMFs with both waveforms containing a 3rd order harmonic.
There is a 0.45% reduction in the amplitude of the measured
fundamental compared with the simulated result which is very
small and could be attributed to manufacturing tolerance not
accounted for in FEA, such as the stacking factor.

B. Static Torque Measurements

To validate the expected torque performance of the
machine, torque measurements were carried out following the
method outlined in [23]. This method can be used to measure
both cogging torque and onload torque. However, for this
prototype machine it was not possible to obtain the measured
cogging torque. This is due to the periodicity of the cogging
torque waveform being just 3 mech. deg. and the expected
amplitude being 0.01Nm. The combination of error margin in
measuring rotor position accurately to half a degree, coupled
with ‘noise’ present in the system that could vary the torque
even just a little made obtaining accurate results impossible.
However, for static torque measurements the periodicity and
amplitude are much larger allowing for accurate
measurements. The experimental setup for these
measurements can be seen in Fig. 13 (a).

Using two DC power supplies to excite the two winding
sets such that IA1 =1A2 =1, IB1 =IB2 = -I/2 and IC1 = IC2
= -1/2, where 1 is the DC current, the static torque waveform
of the machine could be measured through 360 elec. deg., as
shown in Fig. 13 (b). The peak static torque at 90 elec. deg.
phase angle was also measured at increasing phase currents
and compared with the simulated results as shown in Fig. 13
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(c). Similar as the EMFs, both measured torque results match
well with their simulated counterparts.

C. Efficiency Measurements

To verify the simulated efficiency of the proposed winding
structure, the machine was operated at a range of torque and
speeds. For this, two 3-phase loads were connected to the
prototype through a power analyzer with power into the
system provided by a DC motor. The input power was
measured using a torque transducer, and the phase resistances
of the prototype were measured for accurate calculation of
copper losses for the simulated machine comparison. The
experimental setup and resulting efficiency plot for 400rpm
and 800rpm can be seen in Fig. 14. The efficiency results
show excellent agreement with simulated results, with only an
average reduction in efficiency of 0.7% and 1.2% for 400rpm
and 800rpm, respectively. In all cases, the power factor was
between 0.997 and 1.0 as this is an SPM machine. As the
proposed efficiency improvement of this machine was 3%
when compared with a 12s/10p machine, the reduction of 0.7%
and 1.2% is still well within a range that verifies the improved
efficiency of the stator shifted dual 3-phase design.

VII. CONCLUSION

In this paper a method has been proposed for complete
elimination of an unwanted higher order harmonic and
reduction of the 1% order subharmonic in m-phase single-layer
machines. This is achieved by doubling the number of slots
then using the technique of stator shifting and operating the
second m-phase winding set at a phase shift equivalent to
2m/N,. This methodology has been validated through both
analytical modelling for 3- and 5-phase machines followed by
FEA models of 24s/10p and 24s/14p dual 3-phase machines.

To investigate the impact of selected harmonic elimination
on machine performance, FEA simulations were carried out
showing that the 24s/10p machine can achieve higher average
torque, reduced torque ripple, and an increased efficiency over
the original 12s/10p machine. The 24s/14p machine is not as
promising as it reduces the achievable torque slightly.
However, the 24s/14p machine still reduces torque ripple and
improves efficiency over the original 12s/14p machine thanks
to its reduction in unwanted MMF harmonics. The 24s/10p
dual 3-phase machine has been compared with two double-
layer dual 3-phase machines and achieves the highest onload
torque with similar PM eddy current losses. The primary
benefit of this technique is the substantial reduction of PM
eddy current losses that can lead to demagnetization of the
PMs through heating.
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