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Abstract
A Taguchi-based robust design strategy is proposed to minimise the torque ripple of a

6-slot/2-pole modular high-speed permanent magnet motor in mass production, ac-
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counting for manufacturing tolerances of split gap (Ag), misalignment (A7), and offset
angle (Aa). Firstly, the effects and interactions of manufacturing tolerances are calculated,
indicating that Ag has the highest effect followed by Amz, positive Ag and negative Az have a
strengthening effect, and Aa has no effect, and subsequently, the worst-case scenario of
manufacturing tolerances with the highest torque ripple is obtained. Afterwards, tooth
circumferential positions are optimised for minimising torque ripple without jeopardising
average torque, considering the tradeoff between the cases without manufacturing tolerance
and with the worst-case scenario of manufacturing tolerances. As will be demonstrated,
torque ripples are reduced significantly, that is, they are particularly reduced by 40% in the
worst-case scenario. Under hypothetical 100 sets manufacturing tolerances as Gauss dis-
tributions, the optimised machines have significantly reduced torque ripples (maximum and
average reductions are 33% and 16%, respectively) with more concentrated distribution.
The correctness of the methods is verified by experimental validation.

KEYWORDS
manufacturing processes, permanent magnet motors, Taguchi methods, torque

1 | INTRODUCTION

To achieve high torque density and high efficiency, permanent
magnet (PM) machines have been widely adopted [1]. However,
some drawbacks affect system performance and limit the
application of PM machines [1-3], particularly torque ripple,
which is caused by the interactions of rotor magnetic flux and
angular variation in stator magnetic reluctance (i.e. cogging
torque), stator current magnetomotive forces with rotor magnet
flux distribution, and stator current magnetomotive forces with
angular variation in rotor magnetic reluctance [4-9].

Various methods are proposed for minimising torque rip-
ple in the PM machine without manufacturing tolerances, such
as skewing [9—14], auxiliary slots [9—11], slot opening [11-13],
rotor shaping [15-17], rotor pole-arc [10-13], and rotor
asymmetric flux barriers [18-20]. By way of example, skewing

is an effective method to reduce torque ripple, including the
skewing for stator lamination stack, rotor PMs, and rotor
magnetisation [10-13], but it usually fails due to magnetic
saturation. Therefore, an improved skewing method is pro-
posed in Ref. [14] by optimising both the current phase
advanced angle and skewing angle. Another popular method to
minimise torque ripple is rotor shaping, including shaping for
rotor PMs [15], rotor contours [16], and both rotor PMs and
contours [17]. Additionally, three configurations of asymmetric
flux barriers in V-shaped-type PM machines are proposed in
Ref. [18], whilst two configurations of asymmetric flux barriers
in spoke-type PM machines are investigated in Ref. [19], both
exhibiting excellent reduction of torque ripple.

Nevertheless, only a few methods have been examined for
reducing torque ripple in PM machines with manufacturing
tolerances. As explained in Refs. [21-24], the reason is that
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manufacturing tolerances might introduce additional har-
monics into the torque ripple, which easily becomes more
complicated due to local saturation and is hard to eliminate by
the aforementioned methods. In Ref. [24], the torque ripple
can be reduced if the split gap is chosen propetly in the 12-
slot/10-pole and 12-slot/14-pole PM machines with a C-core
modular stator. However, this method is limited by the com-
bination of slot and pole numbers, as well as the modular
structure, for example, it has a very limited effect on the
reduction of torque ripple for the E-core modular PM ma-
chines. To more generally reduce the effect of manufacturing
tolerances on torque ripple, the Taguchi method is adopted in
Refs. [25, 26] for minimising torque ripple. In Ref. [25], the
impacts of eight combinations of manufacturing tolerances,
that is, variations of airgap length, tooth width, tooth tip depth,
and slot opening, on torque tipple are optimised by redesigning
the armature radius, airgap length, and dimensions of the stator
lamination stack and PMs in the 40-slot/44-pole PM machine.
Moreover, in Ref. [20], tooth width, slot opening, and PM
dimensions are optimised to reduce the torque ripple due to
PM tolerances and rotor eccentricites in the 12-slot/8-pole
PM machine. As demonstrated in Refs. [25, 20], the torque
ripples are significantly reduced after Taguchi-based optimi-
sation. However, since the Taguchi method is a statistical tool,
it relies on the designer's experience to identify suitable design
vatiables and conditions to achieve the desired results [25-30].
Consequently, it necessitates different strategies based on the
Taguchi method for various machine topologies and
manufacturing tolerances.

Therefore, a Taguchi-based robust design strategy is pro-
posed to minimise the torque tipple in the 6-slot/2-pole
modular high-speed PM (HSPM) motor, which is a popular
topology for high-speed appliances [37—43] and whose torque
ripple is influenced significantly by the manufacturing toler-
ances [40].

In this papet, the topology of the investigated 6-slot/2-
pole modular HSPM motor and its manufacturing tolerances,
that is, the split gap (Ag), misalignment (Anz), and offset angle
(Aa), are introduced. Particularly, Gauss and half-Gauss dis-
tributions of manufacturing tolerances are explained with their
ranges in mass production. Next, the Taguchi-based robust
design strategy is proposed, which is employed to evaluate the
effects and interactions of manufacturing tolerances and
identify the worst-case scenario with the highest torque ripple.
Subsequently, the tooth circumferential positions are optimised
for minimising torque ripple in the machines considering the
tradeoff between the cases without manufacturing tolerance
and with the worst-case scenario of manufacturing tolerances.
Besides, adopting hypothetical 100 sets of manufacturing tol-
erances, the torque ripple possibilities of the optimised ma-
chines are lower and more concentrated compared to those of
the original machines.

The contributions of this paper are as follows.

1. This paper reveals the relationship between manufacturing
tolerances and the torque ripple, indicating that the split gap
has the highest effect followed by misalighment, positive

split gap and negative misalighment have the strengthening
effect, and offset angle has no effect. Subsequently, the
worst-case scenario of manufacturing tolerances with the
highest torque ripple can be obtained.

2. This paper also finds that the appropriate tooth circum-
ferential positions can significantly reduce the torque ripple
without jeopardising the average torque in the machine with
manufacturing tolerances as Gauss distributions.

This paper is organised as follows. In Section 2, the to-
pology of the investigated 6-slot/2-pole modular HSPM motor
and its manufacturing tolerances are introduced. In Section 3, a
Taguchi-based robust design is developed to minimise torque
ripple by optimising tooth circumferential positions. In Sec-
tion 4, torque ripple possibilities of the machines with hypo-
thetical 100 sets of manufacturing tolerances before and after
optimisation are compared. Section 5 is experimental valida-
tion and Section 6 is the conclusion.

2 | MACHINE TOPOLOGY AND

MANUFACTURING TOLERANCES
2.1 | Machine topology

Figure 1 and Table 1 show the topology and main parameters of
the investigated 6-slot/2-pole modular HSPM motor [27],
respectively. The machine is originally designed without
considering the manufacturing tolerances, where the stator is
split into two segments so that the toroidal coils can be easily
wound by automation. The windings have three phases (A/B/
C), and each phase has two toroidal coils in parallel. The machine
is designed under the brushless direct current operation.

2.2 | Manufacturing tolerances

During the assembling of the investigated 6-slot/2-pole
modular HSPM motor, three manufacturing tolerances may
occur, that is, the split gap (Ag) [40], misalignment (Amz) [40],

and offset angle (Aa).

®—@°®—@

D) o

FIGURE 1 Topology of 6-slot/2-pole modular high-speed permanent

magnct motof.
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TABLE 1 Main parameters. Parameter Value Parameter Value
Stator outer radius, mm 27 Rotor outer radius, mm 5.25
Stator yoke width, mm 4.6 Rotor inner radius, mm 2.5
Stator tooth width, mm 4.5 PM thickness, mm 2.75
Stator tooth height, mm 8.8 PM remanence, T 1.3
Stator inner radius, mm 6.8 Magnetisation Parallel
Number of parallel branches/phase 2 Axial length, mm 13.6
Number of turns/phase 32 Airgap length, mm 1.55
Phase current (RMS), A 12.7 Rated speed, & r/min 180

Abbreviation: PM, permanent magnet.

In Figure 2, Ag designates the split gap between the centres
of two stator segments (see Figure 2a), Am designates the
magnitude of misalighment between two stator segments (see
Figure 2b), and Aa represents the angle between the contacting
edges of two stator segments (see Figure 2¢). It is noted that Ag
and Am can exist independently, but Aa can only occur in the
presence of Ag and its maximum range is limited by Ag since
two stator segments may come into contact when A« increases
with a constant Ag. Their ideal values are zero. However, they
may have variation ranges and possibilities during the assembly.

The possibilities of those three investigated manufacturing
tolerances, which ate usually subject to two distribution types,
Gauss or half-Gauss distributions, as shown in Figure 3.

Firstly, Gauss distribution, Figure 3a is a type of possibility
for real-valued random variables. It is used to describe the
actual values that are randomly distributed on both sides of the
ideal value. The possibility density function of the Gauss dis-
tribution is described by Ref. [35].

1 —%(’%)2 (1)

e
o\ 2w

(%, p,0) =

where @(x, p, 0) is the possibility density of x. u and o are the

mean and standard deviations of Gauss distribution,
respectively.

Furthermore, the possibility of the range p — 20 < x <
W + 20 is used to evaluate manufacturing tolerance [23] since
most mass productions (approximately 95.4%) are in this scope.
Thus, twice of standard deviation (20) is adopted to evaluate the
real effect of manufacturing tolerances in this research, with the

possibility of this range being given by the following equation:

pu+20
@(x, p, 6)dx ~ 95.4%

2)

Secondly, the half-Gauss distribution, Figure 3b, is another
common distribution, which is used to describe the actual

(D(,LL—ZGSXS[L-FZG):/
p—20

value that is randomly distributed on one side of the ideal
value. The possibility density function of the half-Gauss dis-
tribution is described in Ref. [35].

'S A’Aa

FIGURE 2 Manufacturing tolerances in 6-slot/2-pole modular high-

speed permanent magnet motor. (a) Split gap (Ag), (b) misalignment (Amz),

and (c) offset angle (Aa).
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TABLE 2 Manufacturing tolerances.

Tolerance Range (within 20)

Split gap (Ag), mm Half-Gauss (0, 0.1)

Misalignment (A7), mm Gauss (=0.1, 0.1)

Offset angle (Aa), deg Gauss (=0.05, 0.05)

Likewise, the possibility of two times of standard deviation
(20) of half-Gauss distribution is given by the following
equation:

x—20
Grar(x S+ 20) = / (%, 1,0) #95.4%  (4)
n

Therefore, Ag follows the half-Gauss distribution since it
only fluctuates positive side of the ideal value (zero), whilst Am
and Aa follow Gauss distributions since they fluctuate on both
sides of the ideal value (zero). Even though the ranges of
manufacturing tolerances are influenced by manufacture facil-
ities and procedures, the ranges of these three tolerances, that is,
£20 of the distribution [23], adopt the conventional values in
modular PM machines. The range of split gap (Ag) is 0—0.1 mm
[44], the range of misalignhment (Anz) is 0.1 mm referring to the
radial movement of the modular stator in Ref. [44], and the offset
angle (Aa) is +0.05 deg referring to variation of the angular
position of assemble [23], as listed in Table 2.

Notably, these ranges of manufacturing tolerances do not
affect the feasibility of the proposed Taguchi-based robust
design since the procedure is the same at any range.

3 | TAGUCHI-BASED ROBUST DESIGN
FOR MINIMISING TORQUE RIPPLE

This section proposes the Taguchi-based robust design to
minimise the torque tipple in the 6-slot/2-pole modular HSPM
motor considering manufacturing tolerances but without
jeopardising average torque. To calculate the torque ripple and
average torque, the electromagnetic torques are obtained under
brushless direct current operation with the ideal square current
waveforms [40] using the finite element analysis (FEA).

Figure 4 outlines the complete proposed strategy processes
and is described as follows.

1. The ranges of the manufacturing tolerances are determined.
In most cases, two standard deviations (26) can be used
since it includes 95.4% possibilities.

2. The worst-case scenarios of manufacturing tolerances with
the highest torque ripple are evaluated. Importantly, it needs
to ensure that the worst-case scenario is obtained when the
highest torque ripple is convergent with increased cases due
to the increased levels of manufacturing tolerances.

3. The optimisation design variables, that is, tooth circum-
ferential positions, are selected to reduce the torque ripple,
which can be chosen based on either experience or refer-
ences. The objective is designed to minimise the max(7igeq,

J

Determine the range of
manufacturing tolerances

Evaluation:

e Calculate effects and interactions of manufacturing tolerances
e Identify worst-case scenario of manufacturing tolerances

Convergent results of maximum 7,

Optimization:

e Select design variables, i.e. tooth circumferential positions in 6-slot/
2-pole modular HSPM motor

e By different design variables, calculate torque ripple of the machine
with ideal and worst-case scenarios of manufacturing tolerances

e Obtain optimized values for design variables, when average torque
does not reduce and Max(Tigear, Tworst ) 18 the minimum

FIGURE 4 Process of the Taguchi-based robust design strategy for
minimising torque ripple.

Torst), that is, the maximum torque tipple of the machine
without tolerance and with the worst-case scenatio of
manufacturing tolerances. Also, the objective is obtained
when the result is convergent with increased cases due to
the increased levels of design variables.

3.1 | Evaluation of worst-case scenario of
manufacturing tolerances

The 6-slot/2-pole modular HSPM motor has the lowest torque
ripple in the ideal-case scenario (without manufacturing
tolerance). However, when the manufacturing tolerances atre
introduced, torque ripple will be increased [40].

Table 3 shows the three levels of the manufacturing tol-
erances in the 6-slot/2-pole modular HSPM motor. Referring
to [30], as shown in Table 4, the 1.27 orthogonal array in the
Taguchi method can be adapted to analyse all potential effects
and interactions of these three manufacturing tolerances with
three levels and identify the worst-case scenario. Notably, since
Aa can only occur in the presence of Ag as explained in Sec-
tion 2, six cases could not have the torque ripple in Figure 5.
For example, the torque ripple of the No. 1 case (Ag, Am, and
Aa are Level-1s in Table 4) does not exist in Figure 5.

Figure 5 shows the effects and the interactions of
manufacturing tolerances in the 6-slot/2-pole modular HSPM
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TABLE 3 Three levels of manufacturing tolerances. TABLE 5 Ideal and worst-case scenarios of manufacturing
tolerances.
Ag, mm Am, mm Aa, deg.
i Ag Am Aa
Level-1 0 -0.1 —0.05
Ideal 2 (0 mm 2 (0 mm, 2 (0 deg.
Level-2 0.05 0 0 ¢ O mon) (0 o) © deg)
Worst 3 (0.1 mm 1 (=0.1 mm 2 (0 deg.
Level-3 0.1 0.1 0.05 ¢ ) ( ) © deg)
TABLE 4 Layout of the L27 orthogonal atray. 40
A Am Aax
ol 35+
1 1 1 1 T
4
2 1 1 2 £ 304
o
S s v
<3 . “
o 25
27 3 3 3 R
5
20 0 T T T
[Level of Ag —v— 1—&— 243 0 90 180 270 360
Rotor position (mech.deg.)
= 15 L——Ob—N A A A a
< a—ba—a 40
2 Il 1deal[ |Worst
—&—=a
2 404 —-8—8a o—
= 10 35+
=] v v _
g v £
o 4
S 5 E 30-
s
Am (1) Am (2) Am (3) T
o T T T T T T T T T '2 25 )
1 2 3 1 2 3 1 2 3 £
Level of Aa 51
0- T I_‘ T T T ._\ T T T T

FIGURE 5 Effects and interactions of manufacturing tolerances with
three levels.

motor. As can be seen, the split gap (Ag) has the greatest self and
mutual effects, thatis, the split gap in Level-3 (0.1 mm) will cause
the highest torque ripple. Followed by the misalignment (Anz),
the Level-1 (—0.1 mm) of misalignment results in the higher
torque ripple when Ag is present. The reason is that Agand —Am
have a strengthening effect, but Ag and Am have a weakening
effect. In comparison, the offset angle (Aa) almost does not have
an obvious influence on torque ripple. The reason is that one side
of the split gap close to the airgap is reduced and another side is
increased, whilst their combined effects on torque ripple cancel
each other and are equal to their mean. Therefore, positive Ag
and negative Am have a strengthening effect and Aa has no
effect, and subsequently, the worst-case scenario of
manufacturing tolerances is that Level-3 (0.1 mm) of Ag, Level-1
(=0.1 mm) of Am, and any value of Aa (adopting Level-2 that
0 deg. here), as shown in Table 5.

To verify the convergence of obtained results, the ideal-
and worst-case scenatios are also derived with five levels of the
manufacturing tolerances in Appendix A, which are the same
as the aforenoted rtesults based on three levels of the
manufacturing tolerances.

Figure 6 shows the electromagnetic torques in the 6-slot/2-
pole modular HSPM motor with the ideal- and worst-case sce-
narios of manufacturing tolerances. As can be seen, the average

Harmonic order
b

FIGURE 6 Torques of 6-slot/2-pole modular high-speed permanent
magnet motor with ideal- and worst-case scenatios of manufacturing
tolerances. (a) Waveforms and (b) spectra.

torques are similar, 31.5 and 31 mNm in the machine with the
ideal- and worst-case scenarios, respectively. However, the tor-
que ripple has a significant deterioration due to the
manufacturing tolerances, from 7.1% to 15.3% in the machine
from ideal- to worst-case scenatios of manufacturing tolerances.
The main reason is that the second harmonic is almost zero in the
machine with the ideal-case scenario, whilst it is increased to
2.7 mNm in the machine with the worst-case scenario.

3.2 | Optimisation of design variables

Since the circumferential positions of the teeth can influence
the harmonic components of torque ripple associated with the
pole number [23], which is the second harmonic and it is the
same order significantly affected by manufacturing tolerances
as aforementioned (see Figure 0), they are selected as design
variables to suppress the torque ripple due to manufacturing
tolerances.
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Figure 7 shows the relative tooth circumferential positions
(B1 and B,) in one segment of the stator in the 6-slot/2-pole
modular HSPM motor, while the second segment is rotation-
ally symmetrical to the first one. Without optimisation, the
original values of f; and f3, are zero. In optimisation, based on
expetience, seven levels of 1 and f,, that is, Level-1 (=6 deg,),
Level-2 (—4 deg.), Level-3 (=2 deg.), Level-4 (0 deg), Level-5
(2 deg), Level-6 (4 deg), and Level-7 (6 deg,) are adopted to
calculate the effectiveness of suppressing torque ripples, as
shown in Table 6. Referring to [36], Table 7 shows the 1.49
orthogonal array for the Taguchi method, which is adopted for
evaluating the expected results.

Figure 8 shows the influence of different tooth circum-
ferential positions on the torque ripple. Notably, when the max
(Tigeats Tworse), that is, the maximum of Tigey and Ty, is the
minimum, it means the torque ripples in a machine topology at

© Brt120deg.

1 ﬂ1+60deg.

\

BV v

FIGURE 7 Tooth circumferential positions in one stator segment
(another stator segment is rotationally symmetrical with this one).

TABLE 6 Secven levels of tooth circumferential positions.

P (deg) B> (deg)
Level-1 -6 -6
Level-2 —4 —4
Level-3 -2 -2
Level-4 0 0
Level-5 2 2
Level-6 4 4
Level-7 6 6
TABLE 7 ILayout of the 149 orthogonal array.
b bz
1 1 1
2 1 2
49 7 7

ideal- and worst-case scenarios of manufacturing tolerances are
tradeoffs. To a certain extent, it reflects that the torque ripple
will be controlled within a relatively good range across all
tolerance ranges. As can be seen, when the combination that
(B1, Po) is (0 deg., —4 deg,), it will be the desirable result since
max(Tigea, Tworse)> 10.2%, is the smallest in all potential com-
binations. Since the original design (see Figure 1) is the sym-
metrical structure, it is called the original symmetrical machine,
whilst the optimised design is called the optimised asymmetric
machine due to the asymmetric tooth circumferential positions.
Table 8 shows the tooth circumferential positions in the
optimised asymmetric machine, with reference to those in the
original symmetrical machine.

Since the obtained desirable result is inside the hypothetical
ranges of tooth circumferential position, it means the hypo-
thetical ranges are suitable. If one of the obtained desirable re-
sults is at the endpoint of the range, the ranges need to be
enlarged. Moreover, to verify the convergence of the obtained
results, the 13 levels of relative tooth circumferential positions
are calculated in Appendix B. The same results are derived from
the aforementioned results obtained by seven levels. It is veri-
fying that the obtained result is convergence and is the desirable
result.

Figure 9 shows the topology of this optimised asymmetric
6-slot/2-pole HSPM machine. Compared to the otiginal
symmetrical topology in Figure 1 (f; = B, = 0 deg.), only the
tooth circumferential positions of this optimised asymmetric
topology are different, that is, f; = 0 deg. and B, = —4 deg.

Figure 10 and Table 9 compare the electromagnetic torques
in the original symmetrical and optimised asymmetric ma-
chines. As can be seen, even though the torque ripple of the
machine with the ideal-case scenario is increased from 7.1% to
10.2%, the value (10.2%) is much smaller than the highest

40

[Level of B, —p—1—8—2—4—3—4—4—6—5—>—6—6—T

S 304

=

5 20-

k=

=

2

< 104

0 T T T T T T T
1 2 3 4 5 6 7
Level of g,

FIGURE 8 Effects and interactions of tooth circumferential positions
with seven levels.

TABLE 8 Optimised tooth circumferential positions based on seven

levels.
I Bz
Original 4 (0 deg,) 4 (0 deg,)
Optimised 4 (0 deg,) 2 (=4 deg)
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FIGURE 9 'Topology of the optimised asymmetric 6-slot/2-pole
modular high-speed permanent magnet motor (black dotted line is the
original symmetric topology).
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FIGURE 10 Torques in original symmetrical and optimised
asymmetric 6-slot/2-pole modular high-speed permanent magnet motors.
(a) Waveforms and (b) spectra.

TABLE 9 Average torque and torque ripple in original symmetrical
and optimised asymmetric 6-slot/2-pole modular high-speed permanent
magnet motors.

Ideal Worst
Original 31.6 mNm, 7.1% 31.1 mNm, 15.3%
Optimised 31.5 mNm, 10.2% 31.1 mNm, 9.7%

torque ripple (15.3%) in the original symmetrical machine.
Importantly, the torque ripple of the machine with the worst-
case scenario is reduced significantly by 40%, from 15.3% to
9.7%. In addition, the average torques are the same in the
original symmetrical and optimised asymmetric machines, both
of which are 31.5 and 31 mNm in machines with ideal- and
worst-case scenatios of manufacturing tolerances, respectively.

Overall, torque ripple is the tradeoff between ideal- and
worst-case scenarios without jeopardising average torque.
Particularly, torque ripple is significantly reduced by 40% in the
machine with the worst-case scenario of manufacturing
tolerances.

4 | TORQUE RIPPLE DISTRIBUTIONS
OF ORIGINAL SYMMETRICAL AND
OPTIMISED ASYMMETRIC MACHINES

Figure 11 shows hypothetical 100 sets Ag, Am, and Aa,
referring to the distributions of the manufacturing tolerances
introduced in Section 2.

As can be seen, blue bars are the distributions of the hy-
pothetical 100 sets of manufacturing tolerances, whilst red lines
are the fitted distribution curves. Arbitrarily combining those
three manufacturing tolerances, there are 100 groups of the
scenarios of the manufacturing tolerances that can be obtained.
Notably, the combination of manufacturing tolerances satisfies
that Aa occurs in the presence of Ag and its maximum range is
limited by two stator segments being not contacted.

Figure 12 shows the scatter plots and distribution plots of the
average torques of the original symmetrical (see Figure 1) and
optimised asymmetric (see Figure 9) 6-slot/2-pole modular
HSPM motors with 100 sets of manufacturing tolerances (see
Figure 11). The average torques in the optimised asymmetric
machine are almost the same to that in the original symmetrical
machine.

Figure 13 shows the scatter plots and distribution plots of
torque ripples. In Figure 13a, compared to the torque ripple in
the original symmetrical machines, torque ripples in the opti-
mised asymmetric machines are lower and closer to the lower
limit. Specifically, the maximum of torque ripples is reduced by
33%, from 17.1% to 11.4%, whilst the mean of torque ripples
is reduced by 16%, from 11% to 9.3%. Additionally, distribu-
tion plots in Figure 13b indicate the lower values, smaller
range, and more concentrated distribution of torque ripples in
the optimised asymmetric machine.

Overall, the torque ripples are decreased and more
concentratedly consistently distributed in the optimised
asymmetric 6-slot/2-pole HSPM machines under the hypo-
thetical 100 sets of manufacturing tolerances.

5 | EXPERIMENTAL VALIDATION

To verify the FEA models and the above analyses, two pro-
totypes of the 6-slot/2-pole modular HSPM motor without
and with manufacturing tolerances are fabricated. Optimising
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production which are not realistic. Thus, these two prototypes g 03
are mainly used to verify the FEA models and the effectiveness ..u>_’ ’
of the optimisation method. 02
Figure 14 shows the photos of these two prototypes of the @
6-slot/2-pole modular HSPM motor, that is, without 0.11
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Specifically, the phase back-Electromotive Forces (back-
EMFs), cogging torques, and static torques are measured to
verify the correctness of the FEA models of the aforemen-
tioned analyses. Referring to [40], the measurements are
executed.

Torque ripple (%)
b

FIGURE 13 Torque ripples in original symmetrical and optimised
asymmetric designs under 100 set distributions of manufacturing tolerances.
(a) Scatter plots and (b) distribution plots.
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51 | Back-EMF
Figute 15 shows the phase back-EMFs of the 6-slot/2-pole
modular HSPM motors. Firstly, the measured and FEA pre-
dicted results are very consistent, verifying the correctness of
the FEA models. Secondly, the amplitudes of three phase back-
EMFs are almost the same in the machine without
manufacturing tolerance. However, they all are reduced and the

FIGURE 14 Prototypes of 6-slot/2-pole modular high-speed
permanent magnet motor. (a) Without manufacturing tolerance and
(b) with manufacturing tolerances.
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back-EMF of phase B is higher than that of phase A (or C). It
indicates manufacturing tolerances result in the lower and
unbalanced back-EMFs.

5.2 | Cogging torque
Figute 16 shows the cogging torques of the 6-slot/2-pole
modular HSPM motor. The measured and FEA predicted results
are very close, the following conclusions can also be achieved.
The cogging torque is almost zero in the machine without
manufacturing tolerance, whilst it is 17 mNm of the second
harmonic of cogging torque in the machine with manufacturing
tolerances. This second harmonic of cogging torque has the
main contribution to the torque ripple, as aforementioned
analysis in Section 3.

5.3 | Static torque

Figute 17 shows the on-load static torques of the 6-slot/2-
pole modular HSPM motor at different rotor positions
(In = —Iy =5A and I = 0A) and different phase curtents (totor
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FIGURE 15 Measured and FEA predicted phase back-EMF of 6-slot/2-pole modular HSPM motor without/with manufacturing tolerances (Ag = 1 mm,
Am = —1 mm, and Aa = 0 deg) at 180k r/min. (a) Waveforms and (b) spectra. EMF, Electromotive Forces; FEA, finite element analysis; HSPM, high-speed

permanent magnet.
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FIGURE 16 Measured and FEA predicted cogging torques of original symmetrical 6-slot/2-pole modular HSPM motor without/with manufacturing
tolerances (Ag = 1 mm, Am = —1 mm, and Aa = 0 deg.). (a) Waveforms and (b) spectra. FEA, finite element analysis; HSPM, high-speed permanent magnet.
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FIGURE 17 Measured and FEA predicted static torque of 6-slot/2-pole modular HSPM motor without/with manufacturing tolerances (Ag = 1 mm,
Am = —1 mm, and Aa = 0 deg,). (a) Different rotor positions (/5 = —Is = 5A and I = 0A) and (b) Different phase curtrents (rotor position at 270 mech.deg,).

FEA, finite element analysis; HSPM, high-speed permanent magnet.

position at 270 mech.deg,), whete [, I, and I are armature
currents of phases A, B, and C. As can be seen, the measured and
FEA predicted results in each case have a good agreement.

Overall, the measured and FEA predicted back-EMFs,
cogging torques, and static torques have a good agreement,
verifying the correctness of the FEA models in the afore-
mentioned analyses and the effectiveness of the results ob-
tained by the proposed strategy.

6 | CONCLUSION

In this paper, a robust design strategy based on the Taguchi
method is proposed, which could significantly reduce the
torque ripple of the 6-slot/2-pole modular HSPM motor with
manufacturing tolerances in mass production. Based on this
strategy, the effects, interactions, and worst-case scenario of
manufacturing tolerances (Ag, Am, and Aa) on torque ripple
can be easily identified, indicating Ag has the highest effect
followed by Am, positive Ag and negative Am have the
strengthening effect and Aa does not have effect, and the
worst-case scenario is achieved when Ag and Am are positive
and negative maximum values, respectively. Subsequently, the
torque ripple is optimised by tooth circumferential positions,
considering the tradeoff of torque ripples between ideal- and
worst-case scenarios and without jeopardising average torque.
Particularly torque ripple is reduced 40% (from 15.3% to 9.7%)
in the worst-case scenario.

Morteover, for the hypothetical 100 sets of manufacturing
tolerances with Gauss distributions, torque ripples are reduced
and their distribution is more concentrated after the optimi-
sation, with 33% and 16% reductions for the maximum and
mean values of torque ripples, respectively. Notably, average
torques are almost the same.

The FEA models and correctness of this study are verified
by the measured phase back-EMFs, cogging torques, and static
torques in the prototypes of 6-slot/2-pole modular HSPM
motors.

Analyses of other influential variables and rotor eccen-
tricities will be performed in the future.
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APPENDIX A: FIVE LEVELS OF MANUFAC-
TURING TOLERANCES

To demonstrate that the three-level manufacturing tolerances
are adequate in predicting the highest torque ripple, the five-
level manufacturing tolerances in the 6-slot/2-pole modular
HSPM motor are evaluated, with the same process shown in
Part A of Section 3.

Tables Al and A2 show the five levels of the
manufacturing tolerances and the 1125 orthogonal array in the
Taguchi method [23]. After calculating, Figure Al shows the
effects and the interactions under five levels of each
manufacturing tolerance, and subsequently, the worst-case
scenario is obtained as shown in Table A3. As can be seen,
the same results of Table A3 can be obtained with that in
Table 5 (see Part A of Section 3), verifying the convergent
results for the worst-case scenario of manufacturing tolerances
when three levels are used for these manufacturing tolerances.

TABLE Al Five levels of manufacturing tolerances.

Level-l  Level-2  Level-3  Level-4  Level-5
Ag, mm 0 0.025 0.05 0.075 0.1
Am, mm —0.1 —0.05 0 0.05 0.1
Aa, mech.deg —0.05 —0.025 0 0.025 0.05

20 [Level of Ag —9— 1—8— 2—A—3—<4—4—b—5
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2 |aasaa AR AR e
. AABAN a A ps  inoda
s v v = ego eB-o
g v
o
- 5
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12345123451234512345 12345
Level of Ax

FIGURE A1 Effects and interactions of manufacturing tolerances
with five levels.

TABLE A3 Ideal and worst-case scenatios of manufacturing
tolerances based on five levels.

Ag Am Aax
Ideal 5 (0 mm) 3 (0 mm) 3 (0 deg)
Worst 5 (0.1 mm) 1 (=0.1 mm) 3 (0 deg)

APPENDIX B: THIRTEEN LEVELS OF TO-
OTH CIRCUMFERENTIAL POSITIONS

To verify the convergence results obtained from the seven
levels of tooth circumferential positions, the 13 levels of tooth
citcumferential positions ate evaluated in the 6-slot/2-pole
modular HSPM motor.

Tables B1 and B2 show the 13 levels and 1169 orthogonal
array [23]. Figure B1 shows the effects and interactions, and
subsequently, the optimised tooth circumferential positions are
obtained as shown in Table B3, which is the same as Table 8
(see Part B of Section 3), verifying the convergent results and
correctness in Part B of Section 3.
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TABLE B1 Thirteen levels of tooth circumferential positions. 40
Level of B, —9— 1—8— 2—4&— 3—<4—4—6— 5
b1 (deg) B2 (deg)) —b— 6—9— 7—6— 8—#—9—o—10
9 —0—11——12—>%—13
Level-1 -6 -6 =
I
o
Level-2 =5 =5 'T;
Level-3 -4 -4 3
=
Level-4 -3 -3 ><<
=
Level-5 -2 -2
LCVCI_G _1 _1 0 T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13
Level-7 0 0 Level of g,
Level-8 1 1
FIGURE B1 Effects and interactions of tooth circumferential
Level-9 2 2 positions with 13 levels.
Level-10 3 3
Tevel-11 4 4 TABLE B3 Optimised tooth citcumferential positions based on 13
levels.
Level-12 5 5
b 3
Level-13 6 6
Original 7 (0 deg,) 7 (0 deg.)
Optimised 7 (0 deg,) 3 (=4 deg)

TABLE B2 Layout of the L169 orthogonal array.

b B>
1 1 1
2 1 2
169 13 13
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