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Abstract: Parameter sensitivity analysis is usually required to select the key parameters with high
sensitivity to the optimal goal before the optimization is carried out, especially for flux-switching
permanent magnet (FSPM) machines where lot of design parameters should be considered. Unlike
the traditional studies on parameter sensitivity, which are generally experience- or statistics-based,
and are time-consuming, this paper proposes a parameter sensitivity analysis method of a FSPM
machine based on a magnetic equivalent circuit (MEC), which enables the parameters’ sensitivities to
be evaluated by their exponential in the nondimensionalized equations, thus providing a fast and
accurate way to obtain the parameter sensitivities. Thereafter, the influences of modular manufac-
turing methods on magnetic performances are discussed, and the robust design approach for the
FSPM machine is introduced, which aims to achieve the best machine stability and robustness by

E:eggt?; setting boundaries on design dimensions when taking into account the manufacturing tolerances.
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https:/ /doi.org/10.3390/ 1. Introduction

eniono2ios Flux-switching permanent magnet (FSPM) machines exhibit high torque and power

Academic Editors: Massimo Panella  densities [1-4], which endows them with great potential in applications such as electric
and J. C. Hernandez vehicles (EV) and hybrid EVs [5,6]. Locating both the magnets and armature windings
on the stator will facilitate the accommodation of a water-cooling system and modular
manufacturing method. Lots of work regarding the design method have been carried
out [7-9], as well as the calculating methods, e.g., the field modulation theory [10-12], the
lumped parameter-based magnetic circuit model [13], as well as Fourier analysis-based
methods [14,15]. The irreversible demagnetization of FSPM machine is also discussed
in [16]. As for the optimization method, the multiobjective optimization method is adopted
by the flux-switching machines [17-21], e.g., response surface analysis [18] and genetic
algorithm optimization [19]. The sensitivity analysis is defined as a technique that deter-

mines how different values of an independent variable can impact a dependent variable
under a given set of assumptions [22,23]. Usually, parameter sensitivity analysis is needed
to select key parameters with high sensitivity to the optimal goal before the optimization
is carried out. The sensitive value represents the correlation degree between the opti-
This article is an open access article ~ Mal goal and the dimension variable. Traditional studies on parameter sensitivity are
distributed under the terms and  €Xperience- or statistics-based [19,24,25], where lots of finite-element analysis (FEA) calcu-
conditions of the Creative Commons lation is required, making them time-consuming. In this paper, the parameter sensitivity
Attribution (CC BY) license (https://  Of the FSPM machines is analyzed based on a magnetic equivalent circuit (MEC) method
creativecommons.org/licenses/by/ where FEA calculation for only a few cases is needed. The proposed MEC-based method
40/). provides a fast and accurate way to obtain the parameter sensitivity results. Specifically,
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based on a 12-stator-slot/10-rotor-pole (12/10) FSPM machine and 12/14 FSPM machine
as shown in Figure 1a,b, the relationship between the electromagnetic performances and
the key design parameters shown in Figure 1c and Table 1 are given by equations in the
nondimensionalized form, which are deduced from the simplified equivalent magnetic
circuit (SEMC) of the FSPM machine, and validated by FEA results. Thus, the parameters’
sensitivities are quantitatively evaluated by their exponential in the nondimensionalized
equations. A greater exponential means the design parameter has higher impact on the
corresponding electromagnetic performances; thus, it is a dominant parameter and should
be given more weight during optimization. It should be emphasized that, instead of very
complicated equations, using nondimensionalized form enables the parameter sensitivities
to be presented in a much easier and simplified way. Additionally, the modular manu-
facturing method of the FSPM machine is introduced to facilitate the fabricating process
and obtain better copper fill result, as shown in Figure 2. However, this manufacturing
method might generate larger tolerances than traditional methods; thus, its influences on
electromagnetic performances are investigated. Figure 3 gives the overall flowchart of the
parameter sensitivity analysis process. The robust design approach for the FSPM machine
are discussed [26], which aims at best machine stability and robustness when taking into
account the manufacturing tolerances. Finally, the experimental validations are carried out.

Dso

(©)

Figure 1. Configuration of the FSPM machines. (a) 12/10. (b) 12/14. (c) Design parameters.

Table 1. Main design specifications.

Symbol Parameter Quantity
nN Rated rotor speed 1000 r/min
B, PM remanence at 25 °C 12T

g Air-gap length 0.9 mm
Py Stator slot number 12
P, Rotor pole number 10
P, Rated power 4.8 kW
I, Rated current 60 Arms
T, Rated torque 46 Nm
Neoit Turns per coil 18
Dgo Stator outer diameter 240 mm
Dy; Stator inner diameter 14 mm
Ksio Stator split ratio 0.6
Iy Active stack length 40 mm
Bym Magnet width arc 6.0°
Bst Stator tooth arc 8.0°
Bsiot Stator slot arc 8.0°
hsy Stator yoke width 9.4 mm
it Rotor tooth arc 10.5°
Bry Rotor tooth yoke arc 21.0°

Py Rotor yoke width 17.8 mm
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(a) (b) () (d)

Figure 2. Modular manufacturing process of the machine prototype. (a) Iron segments. (b) Segmented
cell. (c) Single-cell wound. (d) Accomplished stator.
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Figure 3. Flowchart of the parameter sensitivity analysis process.

2. Local Maximum Air-Gap Flux Density (Bguax) and Magnetic Equivalent Circuit

First of all, the magnetic equivalent circuit of the FSPM machine is introduced. Only
the rotor position where phase-A flux ($,,4) achieves peak value will be discussed, since
it is directly related to the d-axis PM flux and thus the torque value. The MEC provides
the bridge between the design parameters and electromagnetic performances. Figure 4
shows the flux distributions at d-axis when ®,,4 achieves peak value, and Figure 5 shows
the corresponding flux density distributions along the air gap. As can be seen, the local
maximum flux density appears where one rotor pole fully overlapped with the stator tooth
in coil-Al, defined as Bgjnay. Although the Bgjay is lower than the peak flux density along
the air gap, as shown in Figure 5, it is more presentative than the absolute maximum value,
since it is directly related to the phase-A flux linkage, and further the PM flux linkage of
the FSPM motor.
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Figure 4. PM flux distributions when rotor is at d-axis. (a) 12/10 machine. (b) 12/14 machine.
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Figure 5. PM flux density distributions along air gap when rotor is at d-axis.

Based on the field distributions shown in Figure 4, a simplified MEC model for the
FSPM machine can be obtained as shown in Figure 6. As can be seen, the air gap flux
density at the position where the stator tooth surrounded by coil-Al is fully overlapped
with one rotor pole directly results in the maximum PM flux of coil-A1; thus, this will be
used to calculate the flux linkages in coil-Al.

Figure 6. The MEC model and parameter specifications when rotor is at d-axis.

3. Investigation on the Parameter Sensitivities

Based on the MEC mode, the sensitivities of electromagnetic performances on param-
eters in the FSPM machine is studied in this part. Specifically, the influences of design
parameters on the dominant electromagnetic characteristics, i.e., the PM flux, d-axis and
g-axis inductances, average torque, power factor angle, and the working point of magnets
are investigated. More attention is paid to the split ratio, i.e., the ks;, which is defined as
ksio = Dso/ Dg;, since it is directly related to the performances and more presentative.

3.1. PM Flux Linked by Armature Windings
When the Bgmax is defined, the PM flux in one stator pole <I>p can be obtained by
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':I)p = Bgmasttla @

®, is not fully linked by coil-A1, Figure 7 shows the PM flux leakages @y, by different
split ratios. Thus, the flux linked by coil-A1, ®,;;, can be given by

choil = q)p - CI)leak (2)

(b) (©) (d)

Figure 7. Field distributions d-axis where the shadowed area refers to the leakage flux. (a) 12/10,
keip = 0.5. (b) 12/10, ky;p = 0.7. (c) 12/14, k;, = 0.5. (d) 12/14, kg, = 0.7.

The flux leakage coefficient kg, is introduced into Equation (1) to taking into account
the leakage fluxes, then ®; can be given by

Deoil = chkflux = Bgmasttlakflux 3)
The PM flux of one phase &, is given by
Dy = Dt P 4

where P, is the coil count per phase. Now the relationship between ®,, and the key design
parameters is built. To reveal the parameter sensitivities, the nondimensionalized form is
introduced, which removes complex and tedious equations, but leaves the key characters in
equations that present the correlation degree between the optimal goal and the parameters.
The nondimensionalized form of Equation (4) can be given by

stta™flux=c
Bgmax D:ak:twksiol;k}luxpc* (5)

Ps

D, = BlyanWiyliky, P

Figure 7 also reveals that both the main PM flux and flux leakages increase with kg,
and the square root relation between &, and kg, can be expected. The FEA results also
indicates that, with satisfied accuracy, k*s,, can be given by

k}lux = k:iu (6)
Thus, Equation (5) can be further expressed by

D3l (k) e -

stw

m PS*

. Bg;maxk*

Equation (7) is validated by Figure 8 which compares the d-axis flux with good
agreements where the base results for nondimensionalization is obtained at kg, = 0.5.
Equation (7) also reveals that the PM flux-linking armature windings is more sensitive to
the split ratio than the other design dimensions.
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Figure 8. Comparison of the d-axis fluxes given by FEA and Equation (7).

3.2. d-Axis and q-Axis Inductances

The above analysis discussed the relationship of no-load performances with parame-
ters. The study of loaded performances is started with investigation into the d-axis and
g-axis inductances. First of all, Figures 9 and 10 present the field distributions in 12/10 and
12/14 machines when phase-A current is applied, where the blue lines indicate flux paths.
The rotor positions at both the d-axis and g-axis are included. The blue solid lines indicate
the path of the main fluxes, and the red dashed lines indicate the path of the leakage fluxes.
As can be seen, when the rotor is at the d-axis, the permanent magnets wounded by coil-A1l
and coil-A2 contribute the dominant magnetic reluctance of the main flux paths, which
is decided by kym, ks, and k. Additionally, when the rotor is at the g-axis, the air gap
near the stator teeth of coil-Al and coil-A2 provide the dominant magnetic reluctance of
the main flux paths, which is also decided by kyu, ks, and ks;. With good accuracy, the
nondimensionalized Ly, L, can be given by Equation (8).

ko1
LY =L1*= —st.
T ke, K

s10

®)

Taking into account the stack length (I;) and turns per coil (N;), Equation (8) can be
further presented by

1 1
_ 2
L:l = L; - l;N; k;m s

sio

©)

\¥i 7

(b) (d)

Figure 9. Field distributions in the 12/10 FSPM machine when only phase-A current is applied
(a) coil-A1l, at d-axis; (b) coil-A2, at d-axis; (c) coil-Al, at g-axis; (d) coil-A2, at g-axis.
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(b)

Figure 10. Field distributions in the 12/14 FSPM machine when only phase-A current is applied:
(a) coil-A1l, at d-axis; (b) coil-A2, at d-axis; (c) coil-A1, at g-axis; (d) coil-A2, at g-axis.

Figure 11 compares the L; and L, calculated by FEA and Equation (9) in the 12/10 and
12/14 FSPM machines, where the base results for nondimensionalization is obtained at
ksio = 0.5. As can be seen, good agreement is achieved.

N
w

= —~ .
g g
B >

E 3 Qw S 2+ S
o n i
) i\N % T ]
2 LA by FEA ;; 1r < Ld byE i
.0 —~Ld by Equations & y Equations
g1 S ~Lg by FEA
= ~<Lg by FEA 2 )
= = Lq by Equations = —+Lq by Equations

0 ! . L 0 1 1 L

0.5 0.55 0.6 0.65 0.7 0.5 0.55 0.6 0.65 0.7
Split ratio, k_sio Split ratio, k_sio
(a) (b)

Figure 11. The d-axis and g-axis inductances by FEA and Equation (9): (a) 12/10 machine;
(b) 12/14 machine.

3.3. Electromagnetic Torque

The average torque will be discussed here. Usually, id = 0 control is adopted by the
FSPM machines, and the electromagnetic torque T, is calculated by

3 . 3 .
T, = Tpm = EPrlpmlq = Epﬂpmls (10)
Considering,
le = q)mNa
{ s = iy = Y2Dsoksip As (11)
lS — lq — Ps m

where, N, and A; are armature windings turns per coil and electrical load along air-gap
(AT/m), As is given by

isNa P
\@NDsoksio

Bring Equations (11) and (12) into Equation (10), T, can be given by

As - @m Nu (12)

T, = %Pﬂpmiq = %Pr((DmNa)(ﬁnl%aksw ﬁ)

_ ; (13)
— % . %: . ((I)m \/ETCDsoksioAS>
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With acceptable accuracy, it can be considered Ps/P, ~ 1 since it is normally
Ps = P, & 2 in the FSPM machines, so Equation (13) can be simplified as

m
T, = 5 (cDm ﬁﬂDsoksioAs> (14)

Then the nondimensionalized form T," can be given by

T = m*®% D5 ks Al (15)

s0™sio

Bringing Equation (7) into Equation (14), T, can be presented by

15
Bl parkliy Dioli (K20 ) 7 PE
* * gmaxstw—so"a Si0 C * 1% *
Iy =m ( Pr D¢ k3, As

(16)

25 2
= m*Bgmax (k:io) (D:o) k:tw

la As

Equation (16) indicates that for a FSPM machine, the relationship between T, and kg,
and A;s can be given by (keeping other parameters such as B*gax, k*stz unchanged)
T} = (Kio) A3 (17)
On the other hand, to keep the T, unchanged with the variation of design parameter,
As and kg, should fit in Equation (18)
AL = (k)™ (18)
Figure 12 gives the torque waveform when A, and k;;, fit in Equation (18). As can

be seen, nearly the same average torque is achieved in the 12/10 and 12/14 machines,
respectively, which also validates Equation (18).

E E
z Z
29 29
E = ksi - kst E
: 6 I sto_ (.50 sio_0.55 : 6 - < ksio_ 0.50 * ksio_0.55
> ksio_0.60  ~ksio_0.65 ~ksio_0.60  —ksio_0.65
31— ksio_070 30 | ~ksio_0.70 B
0 . : : 0 1 _\ L
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Rotor position (elec. degr.) Rotor position (elec. degr.)
(a) (b)

Figure 12. The torque waveforms when A; and kg, fit in Equation (18): (a) 12/10 machine;
(b) 12/14 machine.

3.4. Power Factor Angle

The id = 0 control strategy is adopted in the FSPM machine due to a close L; and L,
values, which inevitably reduces the power factor and increases the power factor angle.
Thus in this part, the influences of design parameters on power factor angle is discussed.
The vector frame is shown in Figure 13, and the tangent value of power factor angle ¢ can
be given by

fan g — Lyig _ AgNZis _ /3 AaDsoAsksio
le N, a D, N, D, P. S

(19)
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where A, is the g-axis magnetic permeance. Then the nondimensionalized form, (tang)*,
can be given by
tang)* = L2 = Ll 5. v
(tan @) o7, Bimax Bo KipakpmK oKty 20)
—_1 A 1

Brmax Pr 15
gmax 5¢ Kpm (k2, )

q
U
Rphiq
ey wel//m
U

B Yo
iS :iq Lqiq d

0 .

Figure 13. Vector frame employing iq = 0 control strategy.

Equation (20) shows that using larger ky;,, and k;, will reduce tan ¢, thus increasing the
power factor, since larger k,, and kg, indicates a stronger PM field and a weaker armature
reaction. Moreover, according to Equation (18), when the same torque is achieved the
relationship between tan ¢ and k;, can be given by bringing Equation (18) into Equation (20)

A 1
(tang@)* = = 1 (21)
(k: io ) (k:io )

Figure 14 gives the variation of tan ¢ when the parameters fit in Equation (18) and, as

can be seen, good agreements are achieved between FEA and Equation (21).

1.5 — —<-12/10 by FEA ——12/10 by Equations —
-©- 12/14 by FEA - *- 12/14 by Equations
1.2
2
09 -

5
N

tang, ¢ is power angle

e
W

0

0.5 0.55 0.6 0.65 0.7
Split ratio, k_sio

Figure 14. Comparison of the tan ¢ values given by FEA and Equation (21).

3.5. Working Point of the PMs

It is usually appreciated by a PM machine that the PMs works at the maximum energy
product point. Thus, the working point of the PMs in the FSPM machine is discussed in
this part. First of all, the working point of a PM (B, is defined as

1
max 2 2
B i=1 <Belem7iselem*i>
pm — ma
i:lx(selem—i>

(22)
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where B,j;,.; and S,jep,..; is the flux density and area of the ith element of the PM meshes in
the FEA model. As can be seen from Figure 15, By, varies with the rotor position and kg,
since the magnetic circuit branches vary greatly.

0.8 0.8
e e
1
E 0.6 E 0.6
s s
£ 04 E04
=3 (=4
= & g
o0 3 o0
E £
202 - 202 -
§ By FEA — By Equations g = By FEA - By Equations
0 0 1 1
0.5 0.55 0.6 0.65 0.7 0.5 0.55 0.6 0.65 0.7
Split ratio, k_sio Split ratio, k_sio
(a) (b)

Figure 15. Comparison of the working point of PM (Bp;) due to different k. (a) 12/10 machine.
(b) 12/14 machine.

As shown in Figure 6, the flux generated by PM (®;;) can be obtained by
cbpm = Cpp = Bgmasttla (23)

It should be noticed that the leakage flux is include in ®y,. Then, considering

Dy = Bpmhpml
pm pmMpmla 24
{ ch = Bgmasttlu @)
It can be obtained that
Bpmhpmla = BgmaxWstla (25)
Bomaxwstla kg
By = 2750 = Bopay 5 26
pm hpmlg gmax ZPS ]. - kSiO ( )
Then, the nondimensionalized form B*pm can be given by
T ks; * B*mux ks;
B *_ B e sio _ 8 . sio 27
( pm) ( gmaxzps 1ksi0> Ps* 17ksio ( )

Figure 15 gives the PM working point (Bpy,) values due to different k;,, where By, is
the average value in one electrical cycle. As can be seen, good agreements are achieved
between FEA results and Equation (21) predictions.

It should be emphasized that the proposed MEC method only covers the average
performance in one electrical circle, e.g., the d-axis flux by magnets, average torque, etc.,
while the time-step-related performances such as torque ripples are not included, since
only the rotor positions at d-axis and g-axis are considered.

4. Considerations Regarding Manufacturing Tolerances and Robust Approach

As mentioned in Section 1, the FSPM machine is a modular manufacturing method
and the stator is combined by 12 segments. Although the modular stator facilitates the
fabricating process and better copper fill, it will also generate large tolerances than tradi-
tional manufacturing methods, e.g., the uneven air gap length and concentricity errors, and
leads to unbalanced radial forces and vibration. Thus, the influences of air-gap length on
average and radial forces are studied in this section. Moreover, the robust design approach
for the FSPM machine is briefly introduced, which aims to achieve best machine stability
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and robustness by setting boundaries on design dimensions, when taking into account the
manufacturing tolerances.

4.1. Air-Gap Length and Key Performances

Inaccurate concentricity of the stator iron can hardly be avoided when assembling
the modular segments into a housing/shell, which will lead to inaccurate air-gap lengths.
Hence, a slightly smaller air-gap length might greatly increase the requirement of manufac-
turing accuracy and thus lead to higher costs during mass production. Therefore, special
attention is paid to air-gap length firstly in this part. As can be seen from Figure 16 and
Table 2, the torque output is reduced by only 9% when the air gap is increased by nearly
35~50%; meanwhile, the variations of loaded-phase EMF and cogging torque values can
be neglected. This reveals that a larger air-gap length is preferred in the FSPM machine,
since it can balance the slight drop of torque output and significantly reduce manufacturing
difficulties and costs. In addition, a larger air gap will also reduce the unbalanced radial
forces on rotor, as will be presented in next part.

(=]
(=]

—- Air-gap 0.6mm

—— Air-gap 0.9mm

[=a)
=
T

—-%- Air-gap 1.2mm

[
(=]

Electromagnetic torque (Nm)
£
(=]

=]

0 10 20 30 40 50 60 70 80 920 100
RMS armature phase current (A)

Figure 16. Comparison of the torque output by different air-gap lengths.

Table 2. Performances under different air-gap lengths by 2D FEA.

Electromagnetic Performances Air-Gap Length

0.6 mm 0.9 mm 1.2 mm
RMS no-load phase-A EMF 38.0V 353V 30.8V
Peak-to-peak cogging torque 4.8 Nm 3.3 Nm 3.2 Nm
RMS loaded phase-A EMF 56.8V 55.7V 549V
Average torque, rated 66.3 Nm 60.5 Nm 55.1 Nm

4.2. Unbalanced Radial Forces on Rotor

The inaccurate stator concentricity might be generated by assembly tolerances, es-
pecially when modular segments are adopted. This will cause uneven air-gap lengths
and unbalanced radial forces on the rotor, also called unbalanced magnetic pull (UMP).
Although a precisely balanced rotor is preferred in these machines, it is hard to be obtained
in integrated starter generator (ISG) systems in HEVs, where the rotor is directly coupled
to the flywheel of the engine; consequently, the vibration of the engine may affect the
concentricity of the electric motors. The unbalanced forces will lead to increased power
loss, greater acoustic noise, vibration and thus degraded electrical isolations. Therefore,
it is worth paying attention to this force. Based on 2D FEA, to simplify the analysis, the
unbalanced forces are investigated by adopting an eccentric rotor with a bias of 0.3 mm
from the stator center and towards coil-A1, as shown in Figure 17. Different air-gap lengths
(under healthy conditions) are also considered.
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Bias=0.3mm

|
A3 ane! Al

Stator center Rotor center

Figure 17. Illustration of the eccentric rotor with a bias from stator center and towards coil-Al.

Figures 18 and 19 give the unbalanced forces in one electrical period. Interestingly,
the no-load unbalanced forces, i.e., due to PMs only, exhibit similar amplitudes (near
600 N) under different air-gap lengths, as can be seen in Figure 18, while the unbalanced
forces under loaded conditions drop greatly when the air gap increases (from 820 N when
g = 0.6 mm to 480 N when g = 1.2 mm), as shown in Figure 19. Meantime, the variations of
other electromagnetic performances when the rotor bias occurs, e.g., winding inductances,
back-EMF and electromagnetic torque waveforms, et al., can be neglected.

450 900
450 900
450 900

/ el / ]

UREF in y-axis direction (N)

UREF in y-axis direction (N)
0
.

UREF in y-axis direction (N)
0
L

o
o \ = o
© ) n
¥ ¥ ¥
o o o
& S~ | & &
‘900 450 0 450 900 900 450 0 450 900 ‘900 -450 0 450 900
URF in x-axis direction (N) URF in x-axis direction (N) URF in x-axis direction (N)
(a) (b) (c)

Figure 18. Unbalanced radial forces on rotor under no-load condition, when rotor bias is 0.3 mm.
(a) Air-gap = 0.6 mm. (b) Air-gap = 0.9 mm. (c) Air-gap = 1.2 mm.

A2 A2

z< L z< z
= = =
S D S D S S
=0 E=R3) S0
o o o <
£/ £ £/
c- c- e N
g g g
~3 A3 A3
£Y EY =%
= =
22 Zs 2
- -3 -3
-900 450 0 450 900 -900 450 0 450 900 -900 450 0 450 900
URF in x-axis direction (N) URF in x-axis direction (N) UREF in x-axis direction (N)
(a) (b) (c)

Figure 19. Unbalanced radial forces on rotor under loaded condition, when rotor bias is 0.3 mm.
(a) Air-gap = 0.6 mm. (b) Air-gap = 0.9 mm. (c) Air-gap = 1.2 mm.

Overall, a relatively large air-gap length will contribute to the stability and robust-
ness of the FSPM machine, thus a longer possible machine life, only with the acceptable
drawback of slightly reduced torque output.

4.3. Robust Design Approach

Provided that manufacturing tolerances of dimensions follow the normal distribution,
it can be derived that the electromagnetic and mechanical performances, e.g., the noise
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level, also follow the normal distribution. As can be seen from Figure 20a, the possibility of
failed level, i.e., in the failure region can be significantly reduced in the optimized machine,
by a robust design approach. However, this method may degrade the electromagnetic
performances, since it aims at enhanced robustness, as shown in Figure 20b, where the
regions R1 and R2 indicate the degraded electromagnetic capabilities and improved ones,
respectively. Overall, maximizing region R2 while minimizing R1 is desired by the robust
design approach. More details will be presented in a coming paper.

A Rated torque 1/Noise
Acceptable level
Acceptable Fail ;
- > > < i
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P B
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. Initial g &
motor K> 2.
s H
2
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PM utilization 1/Vibration
00 [JInitial model {~iOptimized model
(a) (b)

Figure 20. Illustration of the robust design approach for FSPM machine. (a) Normal distribution.
(b) Graph of dimensions.

5. Experimental Validations and the Robust Design Approach

In this part, the experimental validations are carried out. Due to the relatively low
ratios of stack length to stator outer diameter of the FSPM machine, the end-effect will
cause considerable flux leakage along the axial direction, and hence, the 3D FEA predicted
steady-state performances are compared to the experimental measurements as shown
in Figure 21. As can be seen, good agreements are achieved, and due to saturation, the
torque—current curve exhibits seriously nonlinear variation when the phase current exceeds
55A (RMS).
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Figure 21. Comparison of the 3D FEA predicted and experimental measured performances.
(a) No-load phase-A EMF waveforms at 1000 r/min. (b) Average electromagnetic torques.

6. Conclusions

Based on the magnetic equivalent magnetic circuit model, the parameter sensitivity
analysis of the FSPM machine is carried out in this paper. Unlike the traditional methods,
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the proposed MEC-based method only needs FEA calculation of a few key cases, and thus is
less time consuming, while obtaining satisfactory accuracy. The parameters’ sensitivities are
evaluated by their exponential in the nondimensionalized equations, and can be adopted
to accelerate the multiobjective optimization of flux-switching machines in future work. It
should be emphasized that the proposed MEC method only covers the average performance
in one electrical circle, e.g., the average torque, PM flux, etc., while the time-step-related
performances such as torque ripple are not included. Thereafter, focused on the influences
of air-gap length on torque and unbalanced radial forces, the modular manufacturing
method is discussed. Overall, a relatively large air-gap length will contribute to the stability
and robustness of the FSPM machine. Finally, the robust design approach for the FSPM
machine is introduced, which aims at best machine stability and robustness when taking
into account the manufacturing tolerances. Experimental validations are also presented.
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