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ABSTRACT Due to the advantages of high torque density, high efficiency, and wide constant power
speed range (CPSR), interior permanent magnet synchronous motors (IPMSMs) are gaining more and
more attention in electric vehicle (EV) applications. There are many geometrical parameters in IPMSMs,
and some of them have significant impact on the performance of such machines. This paper presents a
parametric sensitivity study of the rotor geometrical parameters for a V-shaped magnet IPMSM. In which,
both the individual sensitivity and the combined sensitivity with considering the interaction effects of
these parameters are performed by finite-element analysis (FEA). The electromagnetic characteristics in
the low-speed range, including average torque, torque ripple, cogging torque, power density, power factor,
efficiency, efc. and the flux-weakening capability in the high-speed range are investigated in detail. Based
on the parametric study, the V-shaped magnet IPMSM is optimized. The results show that the performance
of the optimal design is significantly improved. In addition, the validity of the FEA simulation results is
verified by experiment with a prototype.

INDEX TERMS Design optimization, interior permanent magnet synchronous motor, parametric sensitivity

analysis.

I. INTRODUCTION

With the increased concerns on the energy shortage and envi-
ronment pollution, traditional vehicles equipped with internal
combustion engine (ICE) are facing serious challenges due to
their pollutant emissions. By contrast, electric vehicles (EVs)
have been widely regarded as one of the most promis-
ing solutions to solve the problems associated with ICE
vehicles [1].

In EVs, motors are the unique source for propulsion. The
motors for EVs require both good torque characteristics in
the low-speed range and good flux-weakening capability
in the high-speed range [2], [3]. In the last few decades,
many different kinds of motors have been developed for
EV applications [4]-[13]. Due to the low reliability caused
by mechanical commutators and brushes, DC motors have
been replaced by AC motors [5]. In AC motors, induction
machines are used in this application due to the advantages
of high reliability and low cost. However, this type of motor
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consists of a number of drawbacks, such as low efficiency,
low power factor, and low inverter-usage factor, especially in
the high-speed range [6]. Permanent magnet (PM) brushless
motors are more capable than induction machines, and they
have been adopted by many famous automakers due to the
merits of high efficiency, high power factor, high power
density, etc. [7], [8]. There are various configurations of PM
brushless motors. For instance, PM retention is needed in
surface-mounted PM motors in the high-speed range and this
limits their applications. Moreover, they suffer from high risk
of irreversible demagnetization, since the PMs face to the
armature field directly [9]. Flux-switching PM motors have
been gaining interests due to their novel structure in a sense
that both armature windings and PMs are located on the stator.
They exhibit wide constant power speed region (CPSR) and
good mechanical integrity, which are suitable for high-speed
application. However, the low PM material utilization in
flux-switching PM motors would increase the cost signifi-
cantly [10]. In order to meet the requirements in both the
low-speed range and the high-speed range simultaneously,
interior permanent magnet synchronous motors (IPMSMs)
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whose PMs are embedded in the rotor are considered to be
very promising candidates [11]-[13].

In order to obtain better comprehensive performance,
many optimal designs by optimizing the geometrical
parameters in [PMSMs have been reported in many other
literatures [14]-[20]. In [14], Jannot et al. presented an opti-
mal design for a spoke-type IPMSM. It is shown that eight
out of thirteen geometrical parameters, e.g., the PM width,
have more significant impact on the objective function of
the weight of the machine than the others. In [15], Bar-
caro et al. investigated the influence of rotor geometry on
the stator iron losses for a two-layer tangential-type IPMSM.
It is shown that the stator iron losses could be limited only
if a proper design of the rotor flux-barrier angles is made.
In [16], Kim et al. optimized the torque characteristics of
a tangential-type IPMSM based on the ratio of pole-arc to
pole-pitch and saliency due to duct structures. It is found
that both the pole-arc to pole-pitch ratio and duct structures
are important design parameters for torque characteristics of
the investigated IPMSM. In [17], Han er al. presented an
optimal rotor design for a triangle-type IPMSM. It is shown
that high torque and low torque ripple are simultaneously
achieved by optimizing the insert position of the PMs. In [18],
Kano investigated the torque ripple reduction techniques for
IPMSMs. It is shown that the torque ripple is dramatically
reduced from 35% to 7% by changing the PM shape from a
tangential-type IPMSM to a V-shaped IPMSM with a novel
flux barrier design. In [19], Kim et al. presented a design
optimization process for a V-shaped IPMSM with the genetic
algorithm method. It is shown that the flux-weakening rate
(L4/Lg) is increased by 26%, which indicates that the flux-
weakening capability in the high-speed range is significantly
improved, through optimizations of the flux barrier shape and
the inserted PM position. Accordingly, a V-shaped IPMSM
is investigated in this paper. All of these aforementioned
literatures indicate that the rotor geometrical parameters have
significant impacts on the performance characteristics of
IPMSMSs, and the performance could be improved through
ingenious rotor structure optimization. However, there are
very few technical papers with a methodological parametric
study before optimization. The methodological parametric
study is necessary because there is a high degree of freedom
when determining the geometrical parameters and the knowl-
edge of geometrical parameters is particularly important dur-
ing the optimization process [20].

In [21], Amoros et al. presented a consistent sensitivity
analysis of the influence of several geometrical parameters,
such as the stator-pole length, the translator-pole length, the
stack length, the yoke length, and the air-gap length, on the
performance of a linear switched reluctance motor. It shows
that how the motor performances, e.g., the average force, are
affected by these parameters. It can then provide a guide-
line for the optimal design of the linear switched reluctance
motors. In [22], Bianchi ef al. presented a sensitivity analysis
of torque ripple reduction of a three-layer tangential-type
IPMSM. Then, the highly influential geometrical parameters
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are selected to be involved in the optimization in order to
achieve a high and smooth output torque. However, only the
torque characteristics are taken into account in the mentioned
paper, while other performance characteristics especially the
performance in the high-speed range are neglected. More-
over, most of the existing parametric sensitivity analyses for
IPMSM are individual parametric analyses, while the interac-
tion effects of the investigated parameters are not taken into
account.

Differing from the previous works, this paper brings new
contributions by presenting a comprehensive parametric sen-
sitivity analysis of a V-shaped IPMSM. The influences of
the rotor geometrical parameters on the performance of the
investigated IPMSM in both the low- and high-speed ranges
are investigated in detail. These rotor geometrical parame-
ters include the angle between the two V-shaped PMs under
each pole, the magnetic barrier, the PM parameters, etc. The
comprehensive parametric sensitivity analysis includes both
the individual sensitivity and the combined sensitivity with
considerations on the interaction effects of these parameters.
The sensitivity analysis study would be helpful for design-
ers/engineers to select geometrical variables with signifi-
cant influence on motor performances, as well as choose
reasonable ranges for each geometrical variable. This study
would be much more meaningful if the sequential subspace
optimization method is used in large-scale optimization of
IPMSMs in order to reduce the computational burden. As a
result, the whole parameters are divided into several sub-
spaces based on their significant order, and then these sub-
spaces are optimized sequentially [23], [24]. Moreover, based
on the parametric analysis study, the design optimization of
the investigated IPMSM with the design of experiment (DOE)
method is provided.

The parametric analysis study and design optimization of
the investigated V-shaped IPMSM focus on the main perfor-
mance characteristics in both the low- and high-speed ranges,
viz. the torque characteristics, the power density, the power
factor, the efficiency, efc. in the low-speed range and the flux-
weakening capability in the high-speed range. The electro-
magnetic interference (EMI) level as discussed in [25]-[27],
the modulation technique and the switching frequency oper-
ation in [28], are beyond the scope of this paper while these
materials will be substance of our future work.

II. INITIALLY DESIGNED IPMSM
The investigated IPMSM with V-shaped PMs is shown
in Fig. 1. The specifications of this motor are listed in Table 1.

A. OPERATING PRINCIPLE OF IPMSMS
The knowledge of the operating principle of IPMSMs is of
importance for the design of such machines.

The trajectory of the current vector for the control strate-
gies of the IPMSM machines is depicted in Fig. 2(a). When
the motor is running below the base speed, the maximum
torque-per-ampere (MTPA) control mode is applied for the
maximum output torque. The current limit locus is a circle
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FIGURE 1. Cross-sectional view of the IPMSM.

TABLE 1. Specifications of the IPMSM.

Design parameter Value
Rated voltage limit (VAC) 77
Rated current limit (A) 60
Number of poles/slots 8/48
Outer diameter of stator (mm) 275
Axial length of stator core (mm) 83
Air-gap length (mm) 0.75

Material of PM NdFeB (B,=1.29T, H=987kA/m)

[ Maximum torque/ }
ampere control
trajectory
Rated voltage
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FIGURE 2. (a) The trajectory of the current vector of IPMSMs. (b) Phasor
diagram of IPMSMs.

while the voltage limit locus is an ellipse. The operation area
of the motor is within the intersection of the current limit
circle and the voltage limit ellipse [29]. The maximum output
will be located at point A, where the speed is the base speed.
When the speed increases from wp to w», the motor will be
operated at point B if the MTPA mode is still applied, where
the current is less than the limit current, ij;,,. It means a low
utilization ratio of the power converter. Hence, in order to
increase the maximum output power, the flux-weakening
control mode should be applied by changing the current
leading angle, y, as shown in Fig. 2(b). The output power at
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FIGURE 3. Prototype of the IPMSM with V-shape PMs.

point C [see Fig. 2(a)] could be obtained which is higher than
that of point B. Based on the aforementioned discussions,
it can be inferred that the IPMSM should be controlled by
MTPA mode below the base speed and by flux-weakening
control mode above the base speed. Hence, the performance
requirements for the design of IPMSMs include not only
good torque characteristics in the low-speed range but also
good flux-weakening capability in the high-speed range. The
electromagnetic torque, T, is expressed by eq. (1). It consists
of two parts, i.e. the magnet torque derived from PM and the
reluctance torque due to the difference between d- and g-axis
inductances. The base speed, np, is expressed by eq. (2).

Te = pl¥miscosy + 1/2 (L — Ly) i sin2y]
= p[Wmiq + (Ld - Lq) idiq] (D

60 i
ny = — Ulim )

2 o W — Laia) + (Lyiy)?

where, p is the number of rotor pole pairs, 1, is the PM flux
linkage, iy is the phase current, Ly, Ly, iq, i, are the d- and
g-axis inductances and currents, u;;, is the limit voltage.

B. INITIAL MOTOR MODEL AND EXPERIMENTAL
VALIDATION

A prototype of an IPMSM with V-shaped PMs is man-
ufactured without comprehensive optimization, as shown
in Fig. 3. More details can be found in [30]. The simulated
and measured results of back-electromotive force (EMF) are
shown in Fig. 4. The torque and power versus speed are shown
in Fig. 5. It is found that the simulation results based on the
finite-element analysis (FEA) are in good agreement with
the experimental results. All of these experimental results
have verified the effectiveness of the FEA-based simula-
tion method. Hence, it is reliable to use the FEA-based
simulation method to further investigate the IPMSM in this

paper.
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FIGURE 4. Comparison of no-load phase back-EMF.
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FIGURE 5. (a) Torque vs. speed. (b) Power vs. speed.

On the other hand, it can be seen that there are abundant
higher-order harmonic components in the back-EMF wave-
form, which indicates high torque ripple and high losses.
In addition, the CPSR is not wide enough which means that
the flux-weakening capability in the high-speed range needs
to be improved. Thus, this motor should be further optimized.
Before the optimization, sensitivity analysis of geometrical
parameters is necessary to be carried out.

Ill. INDIVIDUAL SENSITIVITY ANALYSIS OF
GEOMETRICAL PARAMETERS ON PERFORMANCE OF THE
IPMSM

The individual sensitivity analysis of rotor geometrical
parameters in this IPMSM is investigated in this section.
There is a high degree of freedom when determining the rotor
geometrical parameters. Due to the flux-focusing effects,
the V-shaped PM rotor of the IPMSM helps to concentrate
the magnetic flux to rotor surface. Since the angle between
the two PMs under each pole determines the magnetic circuit
structure in both d- and g-axis, the angle between the two
PMs is a key geometrical parameter. Small width of magnetic
barrier can reduce magnetic flux leakage, but it also reduces
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FIGURE 6. Geometrical parameters of the IPMSM.

the mechanical strength, especially in the high-speed range.
Therefore, an appropriate value of the magnetic barrier width
should be chosen. In addition, since the PM is the source of
magnetomotive force that determines the magnetic loading
of the motor, the position of the PMs and the shape of PM,
e.g., the thickness and length of PM are also key parameters
of the IPMSM. Therefore, six rotor geometrical parameters,
as depicted in Fig. 6 are selected to be investigated in this
paper, namely the duct depth ratio (h* = h/hy), the rib ratio
(Tj* = Tj/z, © is polar pitch), the width of magnetic barrier
(Wp), the embedded depth of PM (Dg), the thickness and
length of PMs (H,, and L,,). It should be noted that when one
of them varies, the others are fixed.

A. ANGLE BETWEEN TWO PMS-H*

To be measured more accurately, the angle between the
two PMs under each pole is represented by the duct depth
ratio #*, and the angle decreases with A* increasing. In the
low-speed range, the IPMSM for EV applications should
have sufficient average torque, Ty, to provide enough driv-
ing force for climbing or acceleration; low cogging torque,
Tcog, and low torque ripple, T}ippie, to Teduce acoustic noise
and vibration; high power factor, Py, to increase utiliza-
tion ratio of the power converter; high efficiency to save
energy. Hence, the mentioned performance characteristics
of the motor are investigated, obtained, and compared, with
different 4* at the base speed. All these results are sum-
marized and listed in Table 2. It should be noted that in
order to explain how the geometrical parameter affects these
performance characteristics, the flux leakage coefficient, oy,
the PM flux linkage, v,,, and the total harmonic distor-
tion of the no-load back-EMF, THD, are also listed in this
table.

It shows that as h* increases, the flux leakage coefficient
op increases, while the PM flux linkage ,,, average torque
Tyvg, cogging torque Teoq, and torque ripple Tipple decrease.
The THD becomes the minimum 7.68% at 1* being 1.0. The
power factor Py, power density P/v, and efficiency 1 become
the maximum 0.93, 7.60 MW/m?, and 96.73%, respectively,
at h* being 0.5. It can be explained according to the basic
PM machine electromagnetic field theory as that with A*
increasing, the d-axis magnetic circuit becomes narrow, and
the distance between the PMs and the air-gap increases,
more flux leakage occurs and the effective magnetic
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TABLE 2. Performance characteristics of the motor with different h*.

" 0.5 1.0 15 2.0 2.5 3.0
1,(rpm) 1190 1195 1208 1212 1209 1225
o 1.205 1216 1224 1230 1234 1.237
Wn(Wb) 0.115  0.114  0.113 0.112  0.111  0.110
T 1yg(NM) 101.63 10026 9944  98.65 98.03  97.37
T.oe(Nm) 7.53 5.50 509 485 4.72 4.65
THD(%) 8.93 7.68 7.89 8.12 8.43 8.65
Tippie( %0) 1648 1504 1366 1283 1237 1183
P, 0.93 0.92 0.92 0.92 0.91 0.92
PAH(MW/m®)  7.60 7.53 754 152 7.45 7.50
17 (%) 9673 9671 9672 9670  96.68  96.70

i==== ——£h-05

904 —e—A-1.0
7 —a—p-15
Z60| v h20
£ —— 1425
€0 ——14"3.0

0 ; ; ‘ ‘
1000 2000 . 3000 4000
Speed(r/min)

(a)

15

£107
=
5
E 5 +,'7:-145:1.92
—v— h-2.0:198
—— £"2.5:2.04
0 B h*—3;0:2.06 ‘ LAY
0 1000 2000 3000 4000
Speed(r/min)

(b)

FIGURE 7. Flux-weakening capability with different h+«. (a) Torque vs.
speed. (b) Power vs. speed.

energy decreases. Thus, the flux leakage coefficient increases
and the average torque decreases.

The flux-weakening performance including the torque and
power versus speed at the limit current is shown in Fig. 7.
It should be noted that the CPSR is evaluated by the ratio of
the higher speed (the right point of line segment) to the base
speed (the left point of line segment) in Fig. 7 (b), in which
the powers of the two points are the same. As can be seen,
the CPSR increases with 4* increasing.

B. ANGLE BETWEEN TWO PMS-T;

The angle between the two PMs can also be described by
the rib ratio T;" as shown in Fig. 6, in which 4* is fixed and
the angle will decrease with T'* increasing. The performance
characteristics of the motor with different Tj* at the base speed
are listed in Table 3.

It shows that as T increases, the flux leakage coeffi-
cient o decreases, while the PM flux linkage v, and aver-
age torque T, increase. The cogging torque T¢oq,THD,
and torque ripple T}, become the minimum 1.98Nm,
6.55%, and 3.71% at Tj* being 0.20, 0.15, and 0.35, respec-
tively, while the power factor Py, power density P/v, and
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TABLE 3. Performance characteristics of the motor with different Tl.*.

T’ 0.10 0.5 020 025 0.30 0.35
1ny(rpm) 1247 1231 1214 1201 1192 1181
o 1252 1237 1230 1226 1224 1223
V(WD) 0.104 0.108 0.111 0112 0.114  0.115
T,e(Nm) 9350 96.14 98.06 99.67 10075 101.30
T,pe(Nm) 3.38 3.85 1.98 6.00 7.42 3.43
THD(%) 1049  6.55 7.12 8.67 11.15 1661
Tpie %) 10.05  6.02 947 1492 1143 3.71
Py 0.897 0910 0915 0943 0923 0919
PAMW/m®) 734 744 748 7.71 7.55 7.52
7(%) 96.63 96.68 96.69 9670  96.69  96.63
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FIGURE 8. Flux-weakening capability with different TI.*. (a) Torque vs.
speed. (b) Power vs. speed.

efficiency n become the maximum 0.943, 7.71 MW/m?, and
96.70% at T being 0.25. The average torque increases due
to the fact that the flux leakage decreases and the effective
magnetic energy increases.

The flux-weakening performance is shown in Fig. 8.
As can be seen, with T]* increasing, the CPSR decreases first
and then increases.

C. WIDTH OF MAGNETIC BARRIER

The performance characteristics of the motor with different
width of magnetic barrier W), at the base speed are listed
in Table 4.

It shows that as W}, increases, the flux leakage coefficient
oy increases, while the PM flux linkage ,,, average torque
Tyvg, power factor Py, power density P/v, and efficiency n
decrease. The cogging torque T¢,g, THD, and torque ripple
T}ippie become the minimum 2.40 Nm, 7.74%, and 9.63% at
W, being 0.5 mm, 2.0 mm, and 0.5 mm, respectively. The
reason is that with W), increasing, the magnetic reluctance
of leakage magnetic circuit decreases, serious flux leakage
occurs and hence the effective magnetic energy decreases.

VOLUME 7, 2019



H. Chen, C. H. T. Lee: Parametric Sensitivity Analysis and Design Optimization of an IPMSM

IEEE Access

TABLE 4. Performance characteristics of the motor with different Wy,

TABLE 5. Performance characteristics of the motor with different Dg.

Wy(mm) 0.5 1.0 1.5 2.0 2.5 3.0 Dg(mm) 2 3 4 5 6 7
ny(rpm) 1185 1196 1209 1210 1237 1249 n,(rpm) 1214 1209 1202 1209 1205 1203
oy 1.113 1.169 1.231 1.300 1.384 1.475 oy 1.239 1.235 1.230 1.226 1.221 1.217
(WD) 0.120 0.116 0.112 0.107 0.102 0.097 Vn(Wb) 0.11194  0.11192  0.11190  0.11187  0.11182  0.11173
Tuvg(Nm) 102.19 101.00  99.02 96.96 94.84 92.53 Tong(Nm) 98.41 98.66 98.95 99.08 99.06 99.06
Teog(Nm) 2.40 3.38 4.52 4.38 4.02 3.53 Teoe(Nm) 4.26 4.34 4.42 4.49 4.55 4.64
THD(%) 8.87 8.76 8.09 7.74 8.60 10.27 THD(%) 7.90 7.91 8.01 8.14 8.35 8.85
Trippie %) 9.63 11.93 13.07 13.23 11.97 10.22 Tippie(%0) 11.01 11.83 12.20 13.57 14.56 1543
Py 0.929 0.925 0.920 0.902 0.901 0.888 Py 0.918 0.917 0.915 0.919 0.918 0.916
PAHMMW/M’)  7.60 7.56 7.52 7.38 7.37 7.26 PAMMW/m?)  7.51 7.50 7.48 7.52 7.50 7.49
77 (%) 96.74 96.73 96.71 96.65 96.64 96.60 17 (%) 96.71 96.70 96.69 96.72 96.70 96.69
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FIGURE 9. Flux-weakening capability with different Wp,. (a) Torque vs.
speed. (b) Power vs. speed.

The flux-weakening performance is shown in Fig. 9.
As can be seen, the CPSR increases with W}, increasing.

D. EMBEDDED DEPTH OF PM

The performance characteristics of the motor with different
embedded depth of PM Dg at the base speed are listed
in Table 5.

It shows that as D increases, the flux leakage coefficient
oo and PM flux linkage v, decrease, while the cogging
torque T, THD, and torque ripple 7Tyipp increase. The
average torque Ty, power factor Py, power density P/v,
and efficiency n become the maximum 99.08 Nm, 0.919,
7.52 MW/m3, and 96.72% at Dg being Smm, respectively.
It can be seen that the decrease of the PM flux linkage seems
contradictory to the decrease of the flux leakage. The reason
is that with Dg increasing, the distance between the two PMs
of each pole increases, the magnetic flux-focusing effects and
the PM utilization ratio decrease.

The flux-weakening performance is shown in Fig. 10.
As can be seen, the variation of Dg has little impact on the
CPSR of this machine.
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(b)

FIGURE 10. Flux-weakening capability with different Dg. (a) Torque vs.
speed. (b) Power vs. speed.

E. THICKNESS OF PM

The performance characteristics of the motor with dif-
ferent thickness of PM H,, at the base speed are listed
in Table 6.

It shows that as H,, increases, the PM flux linkage ¥,
cogging torque T,,g, power factor Py, power density P/v,
and efficiency n increase. The flux leakage coefficient oy,
THD, and torque ripple Tyjppe become the minimum 1.220,
7.80%, and 10.90% at H,, being 5 mm, 4 mm, and 4 mm,
respectively. The average torque T, becomes the maximum
99.41 Nm at H, being 8 mm. The average torque does
not increase all along with H,, increasing because the PMs
are series connected in the d-axis magnetic circuit. Even
though the magnetomotive force produced by PMs and the
effective magnetic energy increase, the magnetic reluctance
of the d-axis magnetic circuit increases since the magnetic
reluctance of the PM is much higher than that of the silicon
steel.

The flux-weakening performance is shown in Fig. 11.
As can be seen, the CPSR decreases with H,, increasing.
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TABLE 6. Performance characteristics of the motor with different Hy,.

H,(mm) 4 5 6 7 8 9
ny(rpm) 1233 1215 1211 1203 1209 1223
o 1244 1220 1226 1230 1233 1236
Wn(Wb) 0.104 0110  0.111 0112  0.113  0.114
T 1ye(NM) 92.55  97.15 9858 9932 9941  98.80
Teog(Nm) 0.22 427 4.41 450 456 4.60
THD(%) 7.80 8.09 8.02 7.96 7.93 7.96
Tippie(%0) 1090 1331 1316 13.07 1274 12.10
Py 0.878 0906 0917 0918 0922  0.928
PAMW/m®)  7.18 7.41 7.50 7.51 7.54 7.59
7 (%) 96.56  96.66 9670 9671  96.72  96.73
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FIGURE 11. Flux-weakening capability with different Hp,. (a) Torque vs.
speed. (b) Power vs. speed.

TABLE 7. Performance characteristics of the motor with different L.

L, (mm) 26 28 30 32 34 36
ny(tpm) 1272 1250 1226 1211 1186 1162
e} 1.300 1.273 1.249 1.228 1.210 1.195
,(Wb) 0.088 0.096 0.104 0.112 0.119 0.126
Tuvg(Nm) 88.37 92.07 95.52 99.01 102.25 105.38
Teog(Nm) 2.68 3.18 3.76 4.46 5.52 7.15
THD(%) 8.57 8.30 8.06 8.01 8.76 11.01
Trippie(%0) 11.01 11.07 11.86 13.10 14.72 16.09
Py 0.86 0.88 0.90 0.92 0.93 0.94
PAMW/m?) 7.07 7.23 7.36 7.53 7.62 7.69
7 (%) 96.51 96.59 96.64 96.71 96.74 96.76

F. LENGTH OF PM
The performance characteristics of the motor with different
length of PM L,, at the base speed are listed in Table 7.

It shows that as L, increases, the flux leakage coeffi-
cient og decreases, while the PM flux linkage 1,,, average
torque Tyyg, cogging torque 7¢,q, torque ripple Typpe, power
factor Py, power density P/v, and efficiency n increase. The
THD becomes the minimum 8.01% at L, being 32 mm.
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TABLE 8. Weighting set for multi-objective optimal design.

e Tipple T, 17 CPSR
A 0.3 0.1 0.05 0.15 0.4

TABLE 9. Individual sensitivity analysis results.

SS; Tuvg Lrippte T n CPSR _ F(X)mutii
h 0.029 0.237 0.554 0.001 0.116 0.106
T’ 0.072 1.247 1.946 0.002 1.144 0.701
Wy 0.050 0.202 0.473 0.002 0.344 0.197
D 0.006 0.362 0.073 0.001 0.067 0.068
H, 0.062 0.152 0.518 0.002 0.691 0.336
Ly 0.547 1.482 3.113 0.008 3.706 1.952

The reason is that with L, increasing, the magnetic field
strength and effective magnetic energy increase.

The flux-weakening performance is shown in Fig. 12.
As can be seen, the CPSR decreases with L,, increasing.

G. RESULTS ANALYSIS AND DISCUSSION
The influence of the six rotor geometrical parameters on
the performance of the V-shaped IPMSM in the both low-
and high-speed ranges are investigated in this section. These
parameters affect the magnetic circuit and the effective mag-
netic energy. Hence, the variation of these parameters will
affect the performance of the IPMSM. However, the sensi-
tivities of these six rotor geometrical parameters to the per-
formance of this machine are different. Hence, an individual
sensitivity analysis study of these geometrical parameters is
performed based on the results obtained above.

For a comprehensive study, the performance characteristics
including the average torque, torque ripple, cogging torque,
and efficiency at the base speed, as well as the flux-weakening

VOLUME 7, 2019



H. Chen, C. H. T. Lee: Parametric Sensitivity Analysis and Design Optimization of an IPMSM

IEEE Access

TABLE 10. Experimental results of objective function.

Exp. h* T W, Dg H, L, Turg(Nm) Trippie(%0) T0e(NmM) 7 (%) CPSR
1 1 1 1 1 1 1 80.16 15.16 222 96.34 2.96
2 1 2 2 2 2 2 91.39 10.79 1.94 96.60 2.52
3 1 3 3 3 3 3 97.27 12.07 3.92 96.67 2.03
4 1 4 4 4 4 4 100.20 14.41 7.50 96.71 2.07
5 1 5 5 5 5 5 101.50 8.74 9.09 96.73 1.80
6 1 6 6 6 6 6 104.69 11.26 13.17 96.75 1.50
7 2 1 2 3 4 5 99.54 8.37 3.45 96.70 1.64
8 2 2 3 4 5 6 104.27 1.54 2.98 96.75 1.44
9 2 3 4 5 6 1 87.17 9.51 234 96.74 433
10 2 4 5 6 1 2 84.42 11.55 2.72 96.27 8.59
11 2 5 6 1 2 3 90.04 4.83 3.69 96.36 4.75
12 2 6 1 2 3 4 105.07 19.62 13.77 96.73 1.46
13 3 1 3 4 5 6 101.38 8.21 4.22 96.68 1.57
14 3 2 4 5 6 1 84.43 4.62 1.15 96.30 4.82
15 3 3 5 6 1 2 82.25 9.68 1.57 96.15 9.32
16 3 4 6 1 2 3 87.88 6.82 1.80 96.30 5.06
17 3 5 1 2 3 4 104.09 15.88 10.33 96.67 1.51
18 3 6 2 3 4 5 109.01 16.99 10.23 96.72 1.35
19 4 1 4 5 6 2 84.91 9.08 235 96.35 3.89
20 4 2 5 6 1 3 81.46 4.00 1.84 96.08 8.10
21 4 3 6 1 2 4 89.66 8.60 2.76 96.37 3.45
22 4 4 1 2 3 5 105.56 12.75 6.16 96.64 1.50
23 4 5 2 3 4 6 110.07 18.44 16.41 96.63 133
24 4 6 3 4 5 1 89.08 4.66 1.03 96.30 4.92
25 5 1 5 6 2 3 84.83 6.22 2.08 96.23 5.13
26 5 2 6 1 3 4 88.32 3.65 1.85 96.22 3.13
27 5 3 1 2 4 5 103.50 5.89 8.07 96.58 1.58
28 5 4 2 3 5 6 107.78 15.28 10.51 96.57 1.38
29 5 5 3 4 6 1 86.54 10.44 4.46 96.26 4.26
30 5 6 4 5 1 2 83.48 2.30 2.12 96.05 8.93
31 6 1 6 2 3 4 86.50 5.78 1.49 96.26 3.50
32 6 2 1 3 4 5 101.30 11.45 6.89 96.53 1.67
33 6 3 2 4 5 6 105.01 8.21 3.93 96.53 1.48
34 6 4 3 5 6 1 86.35 12.51 3.08 96.24 4.20
35 6 5 4 6 1 2 83.37 11.50 3.62 96.04 8.74
36 6 6 5 1 2 3 85.14 5.45 4.37 96.16 5.55

capability in the high-speed range are set as optimization
objectives. The optimization model is defined by eq. (3) [see
the bottom of this page], where the subscript initial means
the corresponding values of the initial prototype as described
in section II. The CPSR is a key evaluation index for motors
used in EVs applications especially in the high-speed range.
The average torque is also important when climbing as well
as accelerating in the low-speed range. Hence, the CPSR and
average torque are weighted more than the other objectives.
The weighted

max : F (X))

= Tavg + 2 Tripple_inilial
avg_initial Tr[pple
Tcoe initi CPSR
+)L3 cog_initial +)L4 n 5 (3)
Tcog Ninital CPSRinitial

coefficient A; is set based on the engineering experience
and the specific requirements of the investigated motor-drive
system, which is listed in Table 8.
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In order to make the sensitivity results of these geometrical
parameters comparable, the sensitivity results are normalized
since different parameters have different units. The sensitivity
results are obtained based on eq. (4).

k
9yi(x)/y(X)inirial

0X; [Xinitial

“

i=1

where, y(x) is the value of the objective, x is the value of the
geometrical parameter, k is the number of experiments.

The individual sensitivity analysis results of the geo-
metrical parameters of the investigated IPMSM are listed
in Table 9. It can be seen that the length of PM L,,, has the most
significant impact on the objectives, including the average
torque, torque ripple, cogging torque, efficiency, and CPSR.
For the objective function as expressed in eq. (3), the sen-
sitivity order of the six investigated geometrical parameters
is,

Lm>Tj*>Hm>Wb>h*>DE 5)
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TABLE 11. Combined sensitivity analysis results.

TABLE 12. SN results for each objective function.

SS, Tavg Trippie T., 7 CPSR _ F(X)mui Exp.  SN(Tuve) SN(Tippie) — SN(T.) SN(1) SN(CPSR)
h" 0.197 1.005 0.502 0.011 3.606 1.628 1 38.08 -23.61 -6.93 39.68 9.43
T 0.223 1.021 1.500 0.013 4377 1.997 2 39.22 -20.66 -5.76 39.70 8.03
Wi 0.732 4.931 4.026 0.034 8.736 4414 3 39.76 -21.63 -11.87 39.71 6.15
Dy 0.228 1146 2066 0009  2.623 1.337 4 40.02 -23.17 -17.50 39.71 6.32
H, 0.344 1207 3525 0014 3330  1.734 5 40.13 -18.83 -19.17 39.71 5.11
Ly 0.982 3279 5836  0.029 11575 5549 6 40.40 -21.03 2239 39.71 3.52
7 39.96 -18.45 -10.76 39.71 4.30
8 40.36 -3.75 9.48 39.71 3.17
9 38.81 -19.56 -7.38 39.71 12.73
IV. COMBINED SENSITIVITY ANALYSIS OF 10 38.53 2125 8.69 39.67 18.68
GEOMETRICAL PARAMETERS ON PERFORMANCE OF THE 11 39.09 -13.68 -11.34 39.68 13.53
IPMSM 12 4043 -25.85 -22.78 39.71 3.29
It should be noted that when one of the six geometrical :i ;‘g'; 'g';g 122?1 ;gz; ?fé 6
parameters varies, the others are fixed during the anlysis in 15 383 1972 392 39 66 19.39
section III. Hence, the interaction effects of these parameters 16 3888 -16.68 -5.11 39.67 14.08
are neglected. However, it is imperative to take into account 174035 -24.02 -20.28 39.71 3.58
the interaction effects among these geometrical parameters in ig :g;z '?g'?g '304'20 232; fféo
the actual motor design, since the neglection of the interaction 20 3822 1204 530 19,65 18.17
effects will lead to a non-comprehensive optimal design in the 21 39.05 -18.69 -8.82 39.68 10.76
Optimization. 22 40.47 -22.11 -15.79 39.70 3.52
The design of experiments (DOE) is a statistical method 234083 2532 -24.30 39.70 248
h lidity has b ified i Ivsis of . 24 39.00 -13.37 -0.26 39.67 13.84
whose vali .1ty as been verified in analysis o experiments. 25 3857 _15.88 636 39.67 14.20
There are six levels for each geometrical parameter as pre- 26 3892 -11.25 -5.34 39.67 9.91
sented in section III. Hence, 46, 656 (66) case-studies need 27 40.30 -15.40 -18.14 39.70 3.97
to be investigated for a conventional full-factor design, while 28 4065 -23.68 -2043 39.70 2.80
h ) d tically red th ber of 29 3874 2037 -12.99 39.67 12.59
ort ogonal arrays can dramatically reduce the number o 30 3843 723 653 39.65 19.02
experiments, meanwhile, gain the maximum amount of infor- 31 38.74 -15.24 -3.46 39.67 10.88
mation [31], [32]. Accordingly, the DOE method with orthog- 32 40.11 -21.18 -16.76 39.69 445
onal arrays is used in this section in order to reduce the 3. 4042 -18.29 -11.89 39.69 341
tational burd 34 3873 21.95 9.77 39.67 12.46
computational burden. _ 6 _ 35 3842 2121 -11.17 39.65 18.83
The experimental analysis results of the L3¢(6”) matrix 36 38.60 _14.73 -12.81 39.66 14.89

using FEA are listed in Table 10. The numbers 1 to 6 in this
matrix are the levels of each parameter, e.g., the level 1 value
of the parameter 4* is 0.5, the level 6 value of the parameter
TJ.* is 0.35.

Based on the DOE results, the sensitivity results of
these geometrical parameters are also calculated by eq. (4),
in which y;(x) is the mean value of the specific objective at
level i. The combined sensitivity analysis results of the geo-
metrical parameters with taking into account the interaction
effects of these geometrical parameters are listed in Table 11.

As can be seen, the most sensitive parameters for the
average torque, torque ripple, cogging torque, efficiency, and
CPSR are L, Wy, L, Wp, and L,,, respectively. For the
objective function as expressed in eq. (3), the sensitivity order
of the six investigated geometrical parameters is,

Lm>Wb>Tj*>Hm>h*>DE 6)

As can be seen, there is a difference between the individual
sensitivity analysis results presented in section III and the
combined sensitivity analysis results in this section. It should
be noted that this difference mentioned above should be
highlighted in the design and/or optimization of the IPMSM,
otherwise, the comprehensive/synthetic optimal design might
not be obtained.
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V. OPTIMIZATION RESULTS AND DISCUSSION

In this section, the design optimization of the V-shaped
IPMSM is carried out and discussed based on the aforemen-
tioned sensitivity analysis results. In order to perform the
design optimization, two kinds of signal-to-noise ratio SN are
adopted as expressed in eq. (7) and eq. (8), respectively [33].
Eq. (7) is the larger-the-better characteristic for the objectives
of the average torque, efficiency, and CPSR, while eq. (8) is
the smaller-the-better characteristic for the objectives of the
torque ripple and cogging torque. The calculated SN results
based on the DOE results as presented in section I11, are listed
in Table 12. For a reasonable comparison, the SN results are
normalized as expressed in eq. (9). Then, the synthetic SN
is calculated by eq. (10) with the weighted coefficients A; as
listed in Table 8.

SN = —10log;o(1/y%) )

SN = —10log;o(*) ®)
norm(SN) = (SN — SN) /s.d(SN) )
(SN )i = Y _, ki - norm(SN) (10)

i=1
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TABLE 13. Initial and optimized design variables.
Variables ~ h" T Wy(mm)  Dg(mm) H,(mm) L, (mm)
Initial 1.8 023 148 4.5 6.48 32
Optimized 1.0 035 2.5 7 8 28

where, y is the value of the experiment results as listed
in Table 10, SN is the mean value of SN, s.d(SN) is the
standard deviation of SN.

The main effect plot for the synthetic SN is shown
in Fig. 13. To obtain better synthetic/comprehensive optimal
performance, the variable levels that indicate higher (SN)yiri
should be selected. Therefore, the optimized design variables
are selected and listed in Table 13.

Fig. 14 shows the comparison results of cogging torque
of the V-shaped IPMSM before and after optimization, while
Fig. 15 shows the comparison results of flux-weakening capa-
bility. The performance characteristics in terms of the five
objectives of the initially designed IPMSM and the optimal
motor are listed in Table 14. In addition, the total material cost
for the initially designed prototype and the optimal design
candidate motor are 75.05 and 76.81, respectively. The cost
function is expressed by eq. (11), in which the ferromagnetic
materials of the stator and rotor are set up as the base/unity
value for all materials and the cost ratios are selected as
typical values for high volume production [10].

Cost =24 -mpy +3 -mcey, + 1 - mp, (1D

where, mpys, mcy, and mp, are the masses of the PM, copper
windings, and the ferromagnetic material of the stator and
rotor, respectively.
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TABLE 14. Objective function results.

Tag(Nm) — Tippie(%) T, o(Nm) (%) CPSR__ F(X)mui
Initial 99.01 13.10 4.46 9672 195 1
Optimized  89.05 8.36 3.66 96.60 3.56 136

As can be seen, the synthetic objective function results
the optimal design as 1.36, which has been significantly
improved by 36% compared to the initially designed pro-
totype. On the other hand, the material cost of the optimal
design is only 2.35% higher than that of the initially designed
prototype.

VI. CONCLUSION

The prototype of the V-shaped IPMSM without compre-
hensive optimization was manufactured, while the optimal
design has not been assembled. The simulation results and
experimental results of the initially designed motor are in
good agreement. Hence, the validity of the FEA simulation
method is verified.

The individual sensitivity analysis of the six geometri-
cal parameters the V-shaped IPMSM are investigated in
this paper. The individual sensitivity analysis results pro-
vide guidelines for designers/engineers in the design of the
V-shaped IPMSMs for EV applications. In particular, the per-
formance characteristics are very sensitive to some of these
geometrical parameters but insensitive to some of the others.
Although both of the parameters 4* and Tj* define the angle
between the two PMs under each pole and the angle decreases
with 2* and Tj* increasing, the influence of these two parame-
ters on the performance characteristics of the motor are quite
different. In general, smaller 4* and W), larger T/* and L,,,
and appropriate values of H,, indicate better performance
characteristics in the low-speed range. Meanwhile smaller H,,,
and L,,, larger h* and W}, and an appropriate value of Tj*
indicate better flux-weakening capability in the high-speed
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range. In addition, the Dg has little impact on the performance
characteristics of this motor.

In order to consider the interaction effects of these geomet-
rical parameters, the combined sensitivity analysis of these
geometrical parameters of the motor is investigated based on
DOE and orthogonal arrays techniques. Moreover, five objec-
tives, viz. the average torque, torque ripple, cogging torque,
efficiency, and CPSR are set in the design optimization of this
motor. The results show that there is a difference between the
individual and combined sensitivity analysis results for the
synthetic objective function, i.e., L, > T:* > H,, > W), > h*
> Dg for the individual sensitivity analysis, while L,, >
Wy > T]* > H,, > h* > Dg for the combined sensitivity
analysis.

The design optimization of the investigated V-shaped
IPMSM is presented based on the aforementioned parametric
analysis results. The synthetic objective function of the opti-
mal motor is significantly improved by 36% compared to the
initially designed prototype.
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