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Abstract: This study aimed to improve the vibration and torque of an integral-slot surface-mounted permanent magnet (SPM)
machine by optimizing the shape of the harmonically injected permanent magnet (PM). First, the effect of the third harmonic injected
into the sinusoidal PM shape on the electromagnetic performance of a 36-slot/12-pole SPM machine was investigated, including the
torque performance and vibration response. It was found that the Sin+3rd harmonic-shaped PM had a contrary effect on the torque
and vibration performance of the integral-slot machine, which improved the torque capability but worsened the vibration performance.
Second, the response surface model and Barebones multi-objective particle swarm optimization algorithm based on a trade-off
between the average torque and vibration were implemented to determine the optimal harmonic injection. Subsequently, the
performances of the optimal Sin+3rd-shaped and eccentric PM machines were compared, showing the excellent torque and vibration
performance of the adopted method. Finally, a prototype was manufactured and tested to verify the results of the theoretical analysis.
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1 Introduction

Owing to their high efficiency and power density,
integral-slot surface-mounted permanent magnet (SPM)
machines have been widely applied in areas such as
servo drives and electricity propulsion [1-3] High
torque performance and low vibration are required for
integral-slot SPM machines to meet the growing need

[4-6]

for high performance However, a mutual

restriction exists between high torque density and low

. .79
vibration !

! Therefore, it is important to investigate
an integral-slot SPM machine with a high torque
performance and low vibration response.

Traditionally, eccentric permanent magnets (PM)
have been identified as an attractive approach for
reducing the torque ripple and electromagnetic
vibration in machines. An eccentric PM was designed

to reduce torque ripple 1011 and the torque ripple and

Manuscript received January 13, 2023; revised February 23, 2023; accepted
March 11, 2023. Date of publication December 31, 2023; date of current
version August 23, 2023.

* Corresponding Author, E-mail: zwx@ujs.edu.cn

* Supported by National Natural Science Foundation of China (52025073).
Digital Object Identifier: 10.23919/CJEE.2023.000028

vibration  performance were simultaneously
improved 12 Low- and medium-frequency vibrations
were reduced using eccentric PMs and dummy
slots 1!, However, most of the above studies were
based on torque ripple and vibration reduction,
resulting in an unacceptable drop in torque capability.
Numerous approaches have been proposed to
improve the torque performance, among which PM
shaping with harmonic injection is an effective method.
Theoretical derivation and finite element analysis
(FEA) indicate that an appropriate value of the third
harmonic injected into the PM shape can increase the
average torque while maintaining a low torque

11 However, the optimal value of injected

ripple :
harmonics is unknown. A PM shape based on a
feedback function was proposed to obtain a superior
harmonic-injected amplitude, further improving the

6l 1n addition, the differences

torque capability
between various harmonic injection methods were
explored, confirming the advantages of high-torque
performance 7). The harmonic amplitude injected into
a PM was adjusted using multi-objective optimization
U8 The above

studies indicate that a third-harmonic injected PM

to obtain a higher average torque
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could enhance torque capability. However, the
electromagnetic vibration performance was neglected.

For integral-slot machines, zeroth-order vibrations
have been found to be significant %) The zeroth-order
electromagnetic force is the primary vibration
source ", In Ref [21], it was revealed that
higher-order radial forces can generate lower-order
radial forces and zeroth-order vibrations under a
modulation effect. Moreover, the vibration was
significant for the zeroth-order electromagnetic force

[22]

at the slot number frequency The vibration

response was investigated for various orders of radial

[23], which revealed

forces at slot number frequencies
that the slot-number-order radial force was the main
vibration source. In addition, a teeth-chopping effect
was proposed and explained theoretically. The slot
number order radial force for an integral-slot PM
machine was optimized to improve the vibration
performance 24 However, most of the above studies
were biased toward vibration reduction, resulting in an
unacceptable drop in torque capability. Furthermore,
the vibration of the integral-slot machine was
adversely affected by the third harmonic of the PM

magnetic field (21,

Considering the mutually
conflicting effect that the third harmonic exerts on the
torque and vibration, multi-objective optimization was
employed to avoid conflicts among the parameters.
Furthermore, a substitute model with reliable accuracy
is essential for improving the optimization efficiency,
particularly for machines with various optimized
parameters. Response surface models (RSM) have
been widely employed to establish alternative models
and improve optimization efficiency (25271

This study aims to improve the vibration and torque
performance of an integral-slot SPM machine by
adjusting the harmonic-injected PM shape, resulting in
low vibration and high torque performance. The
optimization goal includes several elements such as
the average torque, torque ripple, and radial force. A
multi-objective optimization method integrating the
RSM and Barebones multi-objective particle swarm
optimization (BB-MOPSO) algorithm was employed
to enhance the global search capability and
convergence rate. The remainder of this paper is
organized as follows. In Section 2, the effects of the

third harmonic injected into the sinusoidal PM shape

on the vibration and torque performance of an
integral-slot SPM machine are discussed. In Section 3,
the RSM and BB-MOPSO algorithm are employed to
optimize the harmonic-injected PM shape, and the
superiority of the optimal machine is verified. In
Section 4, a prototype is developed to verify the
proposed method. Finally, the conclusions are

presented in Section 5.

2 PM shape and performance analysis

2.1 Initial and eccentric PM machines

The  electromagnetic ~ performance  of  the
36-slot/12-pole integral-slot SPM machine, including
the air-gap magnetic flux density, average torque, and
torque ripple, is examined in this section. The
geometry of the machine and its flux distribution at the
rated load are illustrated in Fig. 1. The primary
parameters are listed in Tab. 1. Fig. 2 shows the
structure of an eccentric PM, where R; and R, are the
circular radii of the initial and eccentric PM,
respectively. O is the circle center of the initial PM, O,
is the external radius circle center of the PM when it is
eccentric, & is the eccentric distance, and /. is the

maximum thickness of the PM.

Motor
housing—

(a) 2-D model (b) 3-D model

Fig. 1 Geometry and flux distribution of 36-slot/12-pole
SPM machine

Tab.1 Main specifications of 36-slot/12-pole SPM machine

Parameter Value
Stator slot/rotor pole 36/12
Rated speed/(r/min) 1000
Rated power/kW 3
Rate current/A 6.3
Rate voltage/V 215
Rate torque/(N * m) 11.7
Stack length/mm 90
Stator outer diameter/mm 125
Stator inner diameter/mm 80
Eccentric distance/mm 20
Air-gap length/mm 1.5
Turn number per coil 36
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Generally, an eccentric PM can effectively reduce
the torque ripple. Fig. 3a shows the variation in
torque performance with the eccentric distance. An
eccentric distance of 20 mm exhibited a lower
torque ripple than other distances when achieving
the rated torque. Fig. 3b shows the variation in the
amplitude of the pth— and 3pth—order air-gap radial
magnetic flux density harmonic components with
the eccentricity distance. The amplitudes of the pth—
and 3pth—0rder components degraded with an
When the
eccentric distance exceeded 20 mm, the 3pth—order
degraded, but the ripple
suppressed slowly, even deteriorated after the

increase in the eccentric distance.

components torque
eccentric distance of 22 mm. However, the average

torque decreased significantly. Therefore,

considering torque performance, the eccentric
distance of the PM was selected as 20 mm. Fig. 4
compares the air-gap radial magnetic flux density
and harmonic content of the machines with those of
the initial and eccentric PM. The eccentric PM
machine presented a more sinusoidal waveform than
the initial PM machine, derived from its lower

harmonic content.
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Fig. 4 Radial air-gap magnetic flux density at no-load for

initial and eccentric PM machines

Fig. 5 shows the torque performance of both
machines at a rated load of 1 000 r/min. The eccentric
PM machine exhibited a low torque ripple, which is
attributed to its reduced harmonic content. However,
the fundamental amplitude diminished excessively,
which reduced the average torque.
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Fig. 5 Torque performance of machines with initial and

eccentric PM

A PM shaping with harmonic injection was adopted
in this study to improve the torque performance of the
machine. Details of this process are described in the
following subsections.

2.2 Harmonic injected PM shape

Sine shaping with a third harmonic injected into the
PM improves torque performance 14151 To further
strengthen the optimal harmonic amplitude, a PM
shape based on a feedback function proposed in Ref.
[16] was adopted, as shown in Fig. 6. The feedback
function 4,,2(6) can be described as

s (0) =y (0)+ hy — = [ B(O) — BL(O)] —— 1
B, (1)
Am=h —[(BIO)-B.(O)lu/ B, ]

min
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where /,,1(0) is the thickness function of the initial PM,
and its maximum value iS /imax; B,1(<9) is the actual
air-gap flux density function; B(0) is the objective
function is the
remanence of the PM; / is the total length of the PM

and air gap; Am is intended to maintain the minimum

in the optimization field; Bn

air-gap length J,;, as constant; and y is an adjustment
parameter to compensate for the slot effect.

1 '--~-._‘_,.---XQ By (8)
h !
it 52(0) _ )
Magnet h1(8)  Amax Magnet

(a) Process of feedback function
design applied in PM

Fig. 6 Feedback function design applied to PM

(b) Shaped PM

By integrating Eq. (1) and the simulation, the
of the

coefficients were 1.8 and 0.3, respectively, achieving

amplitudes fundamental and adjustment
superior torque performance. However, the average
torque loss was severe at 10.8 N ¢ m. The third
harmonic was injected into the PM to improve the
average torque, and the torque performance variation
with b3 is shown in Fig. 7. When the amplitude of the
third harmonic reached 0.3, the average torque was
maximized while maintaining a low torque ripple;
therefore, it was selected as 0.3. The torque ripple
remained in space for optimization, despite that the

average torque was increased to 12.4 N « m.
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Fig. 7 Torque performance based on the amplitude of

the third harmonic

The selection process for these parameters was
affected by subjective factors. Therefore, PM shaping
injections

with sine and third-harmonic

(Sint+3rd-shaped PM machine) was carried out
simultaneously in this study. The objective function

can be expressed as
B, (6)=bsin(pb)+bysin(3p6) )

For further accuracy, the variation ranges of the

fundamental harmonic, third harmonic, and

compensation  coefficients  were limited to
approximately those of the above single-parameter
optimal values. Function Am(bi, b3, 1) was derived by
discretization and fitting, as expressed in Eq. (3). Their
comprehensive optimal values were selected using a
multiobjective algorithm, as introduced in Section 3,
as follows
Am =15.74—-0.69b, —10.35b, —3.38 14+ 8.80b,b, +3.49b, 1 —
1.99b, 41+ 0.27b] +32.08b; —0.016" — 6.64b,b, 11+
0.63b,h7 +1.55ub” —45.51b,b; +23.84ub; +
0.003 7b, 1> —0.002b, 1> —0.18b +31.54b} —
0.21ub] +56.61b,b; —0.48ub; —0.004b,1° +
0.02942° +0.043b,b +0.002b, 10" +

0.025b —127.78b¢ —0.02,4*

3)

However, the effect of PM shaping with harmonic
injection on the vibration performance of machines
has not yet been investigated in previous studies.
Therefore, this study investigated the comprehensive
effect of the Sin+3rd-shaped PM machine on torque

and vibration performance.
2.3 Radial force and vibration

As the tangential flux density is much smaller than the
radial flux density, the tangential component is
neglected when calculating the radial force. According

to the Maxwell tensor method, the radial force density

can be expressed as [28-29]
B 1 o
fr(ﬁ,t)z 2 :g(BPM + By +2BPMBARM) (4)
0 0

where B, is the radial air-gap magnetic flux density,
Bpy is the PM field air-gap magnetic flux density,
Bury 1s the armature field air-gap magnetic flux
density, and o is the vacuum permeability.

Tab. 2 lists the spatial order and frequency of the
radial force harmonics generated by the PM magnetic
field self-interaction and the armature field interaction
with the PM magnetic field. In Tab. 2, Q is the number
of stator slots, p is the number of rotor poles, F), is the
amplitude of the m"-order PM magnetomotive force,
F, is the amplitude of the v order armature

magnetomotive force, 4o is the DC component of the



Jinghua Ji et al.: Vibration Reduction and Torque Improvement of Integral-slot SPM Machines Using PM

air-gap permeance, and A; is the vorder air-gap

permeance.

Tab.2 Radial force harmonics distribution
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The vibration displacement Y,, induced by different
orders of radial force can be described as
RR -F,
E-T,
Y =
m 12RfRS A F~m>2 (5)
—_— m=2
E-T}(m* -1)

m=0

where R, is the average radius of the stator yoke, R, is
the stator inner diameter, E is the Young’s modulus, T;,
is the thickness of the stator yoke, and F is the
m"-order radial force amplitude. Y,, is a linear variable
with F. When m =2, Y, is approximately and
inversely proportional to the fourth power of m.
Yu=0o/Ym =2 increases with m, reflecting a more
significant zeroth-order deformation for a more
prominent 7.

Based on Tab. 2 and Eq. (5), increasing the
third-harmonic amplitude of the PM magnetic field
can deteriorate the zeroth-order vibration in a
36-slot/12-pole SPM machine. Fig. 8a shows the
simulated vibration acceleration of this machine, with
its peak value emerging at 6f and 12f, which proves its
main vibration sources at these two frequencies. A 2D
fast Fourier transformation (FFT) of the radial force
for the initial machine was performed, and the results
are shown in Fig. 8b. The magnitudes of the 36™-order
radial force at 6f and the 72" order radial force at 12f
were the largest. Consequently, the (36,6f)th and
(72,12])th radial forces were the main sources of the
zeroth-order vibration of this machine, and its
vibration response could be improved by decreasing

the amplitudes.

(a) Vibration acceleration

Radial force density/
(N/em?)

(b) 2D FFT decomposition of radial force density

Fig. 8 Finite-element results of vibration acceleration and

radial force density of the initial machine

3 Optimization and performance evaluation

The RSM was applied to construct a substitute model
for the machine. Moreover, to eliminate the impact of
the subjective factors such as the weight coefficients,
the BB-MOPSO algorithm was employed to solve the
optimization problem. The workflow chart is shown in
Fig. 9.
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Fig. 9 Complete process of multi-objective optimization

3.1 Sensitivity analysis

The effect of the third-harmonic amplitude of the PM
field on the

performance was contradictory in integral-slot SPM

magnetic torque and vibration

machines. Moreover, the sources of the zeroth-order



46 Chinese Journal of Electrical Engineering, Vol.9, No.4, December 2023

vibrations were the (36, 6f)th and (72, 12]‘)th radial
forces. Consequently, to obtain the optimal torque and
vibration performance, the average torque, torque
ripple, (36, 6f)th radial force, and (72, 12]‘)th radial
force were considered as optimization objectives.
Eight parameters were selected as optimization
variables, such as By, as listed in Tab. 3.

Tab.3 Initial sizes and ranges of variation for

design variables

Parameter Initial Ranges
Slot-open width Byy/mm 2 1.5-2.5
Slot-wedge width B,;/mm 3.5 3-4
Slot-open height Hy/mm 0.8 0.4-1.2
Slot-wedge height H,;/mm 0.4 0.2-0.8
Slot-body height H,/mm 132 12-15
Fundamental amplitude b, 1.8 1.4-2.0
Third harmonic amplitude b5 0.3 0.2-0.4
Compensate coefficient u 0.2 0.1-0.4

The sensitivity of the design variables is defined as

¢ VEGIx)) ©
46))

where y denotes the optimization objective, E(ylx,)

indicates the average value of y with constant x, and
V(E(yx,)) and V(y) are the variances of E(ylx,) and y,
respectively.

These eight variables were captured using a
definitive screening design to generate 17 samples,
which substantially reduced the computational cost of
the sensitivity analysis. This approach can capture the
non-linearity of these variables, while avoiding their
coupling effects. However, each variable exhibited a
distinct degree of influence on different objectives.
Consequently, = comprehensive  sensitivity = was
employed to assess the significance of each variable,

which can be defined as

Scom (xn) = Z /Ik S" (x") (7)
k=1,2,3,4
A =1
Z : 8)

where A is the weight of the K" optimization target. In
this work, 1;= A= 13= A4= 0.25 was designed to reduce
the influence of subjective factors.

Based on Eqgs. (6)-(8), the results of the sensitivity
calculations are summarized in Tab. 4. To visually
distinguish the sensitivities of the different variables,
these data are shown in Fig. 10. It is apparent that the

fundamental harmonic, third harmonic, and
compensation coefficients exhibited a slightly higher
sensitivity than the others variable. Therefore, these
variables were selected as the optimization variables

for multi-objective optimization.

Tab. 4 Sensitivities of design variables

Parameters  Sp,(n)  Spin)  Saeen(n) S2120(1)  Seom(n)
By 0.12 0.18 0.08 0.00 0.10
B 0.03 0.16 0.06 0.03 0.07
Hy 0.03 0.05 0.03 0.05 0.04
Hy, 0.04 0.05 0.03 0.06 0.04
Hy 0.06 0.13 0.23 0.00 0.11
by 0.11 0.12 0.22 0.32 0.19
b3 0.43 0.36 0.54 0.14 0.37

i 0.30 0.05 0.10 0.28 0.18
0.6
05+ 251, &35,
- - -
=z 0 4 S Shuseny = Sk, £=
g 03 B
= ?:
U 4=
w 7=
P
35

Design variables
Fig. 10 Sensitivity with different optimization objectives

3.2 Mathematical models based on RSM

In this study, the RSM was used to construct an
alternative model to further reduce the computational
burden. The Box-Behnken design is a classical method
used to establish an RSM. The
distribution of the Box-Behnken design with three

sample point

design variables is shown in Fig. 11. The simulation

results were analyzed, and the corresponding

polynomial regression model can be expressed as
n n 5 n n
P=ay+ a2, + D a0, + D a1 x, e (9)
i=1 i=1 i=1 j=1
. th .
where y; is the i of n variables; y, ao, a;, and a; are the

regression coefficients; and ¢ is the random error.

Jasunt

i
#F{#7
|

—_
s

o2

Fig. 11 Samples distribution of Box-Behnken design with

three design variables

The RSM fitting accuracy is essential to obtain

reliable optimization results. The determination
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coefficient R® is typically used to assess the fitting
accuracy of the RSM, and is defined as

i(pi _,5:')2

R2 =1_ i;l (10)

Z(pi _:5:')2

i=1
where f is the number of samples, p; is the response
value, p;, is the estimated value, and p, is the
average value of the responses.

Fig. 12 shows the partial RSM of the fundamental
harmonic, third harmonic, and compensation
coefficients. The determination coefficients of all
RSM were larger than 0.9, indicating that the fitting
accuracy satisfied the requirement and had a high
reliability. According to the RSM, the regression
equations for the average torque 7., torque ripple 7,
(36,6])th radial force, and (72,12])th radial force were
fitted using Eqgs. (11)-(14). Because various variables
were nonlinearly associated with the objectives,
identifying the optimal values through subjective
judgment was difficult. Therefore, a compromise

design using a multi-objective optimization algorithm

was used.
E
3
D
=
&
=]
)
B
z
(a) Average torque
__——"T"'_‘rr__“‘['_“-v—---..
s
i1
=%
B
=

(b) Torque ripple

kLi, ,(x)+(1-k)Lg, ()

(36,6 /)" radial force
density/(N/cm?)

(72,12 )" radial force
density!(Nf’cmg)

(d) (72.12f)™ radial force
Fig. 12 Response surface on by, b3, and u

T,, =12.16+0.47b +2.44b, —0.23 4 +
4.72b,b, —1.89b, 41 +5.15b, 11 —
0.4767 —20.91b; —0.214° (11)
T, =173.25-131.37h —35.72b, —345.86 1 +
8.53b,b, +133.47b, 11 + 44.83b, 11 +
25.15h7 +43.49b7 +169.49° (12)

F, 66p) =7.90—6.28h —1.84b, 143611+
0.07h,b, +5.18b,41+0.47b, 11 +
1.34b] +3.75b7 +8.3244 (13)
F, 212y =0.271-0.183b, +0.707b, — 0.674 11 —

0.148b,b, +0.167b 11— 0.543b, 11 +
0.0317 — 0.460b +0.588 1/° (14)

3.3 Optimization based on BB-MOPSO

The BB-MOPSO
particle-updating

algorithm is based on a

strategy in which no control
parameters need to be adjusted. It employed a
time-varying mutation operator to expand its search
capability B9 The particle update formula is defined

as follows

i
2
P (x+1)=

Lg, ,(x)

where k is an arbitrary number within [0,1], Liy, a(x)

|Li, (0 -Lg,, (x)|J U(0,1)<0.5
15)

U©0,1)=0.5

and Lg,, »(x) indicate the individual and global optimal
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locations, respectively. highly sensitive variables. The multi-objective
Therefore, the BB-MOPSO algorithm was optimization function and constraints, which must be

combined with the RSM to quickly optimize the above satisfied, are as follows

FunCtlonS:fmin = _:81Tavg + :BzTn'p + ﬂsE;(se,ef) + ﬂ4F‘r7(72,12f)

Constraints: T,, Z1IN- m, T, <13
(16)
F, 6p) <05 N/CmZ,F,_sz/-) < 0.4 N/cm?

Variables: b,,b;, u

where £, B>, f3, and S are the weight coefficients of torque; however, the torque ripple increases

the average torque Tg,,, torque ripple 7, (36,6f)th unacceptably to 9.7%. The superior torque
. h . .

radial force, and (72,12/)" radial force, respectively. performance of the optimal Sint+3rd-shaped PM

To balance the machine performance, f, /i, f3, and fa machine was derived from the fact that its fundamental

are given as 0.25. and third-harmonic levels are higher than those of an

Fig. 13 shows the Pareto front with respect to the . .

] P eccentric machine.
average torque, torque ripple, and (36,6f)  radial force.
A contradiction between the objectives is evident. The

optimal trade-off solution is marked by black,

considering the machine performance requirements

comprehensively from the Pareto solutions. The (a) Initial PM (b) Eccentric PM (c) Sin+3rd-shaped
PM

machine performance of sine shaping with an optimal

. . . . Fig. 14 C i f different PM sh
third harmonic was substantially improved compared '€ omparison of dtieren shapes

with that of the initial machine. 1.2
Initial
15 047 3 Ee 0.8 = Eccentric
12k b=1.7, b3=025 038 S%F = & Sin+3rd
IS u=0 28 0.4
T 9 0.29 'E 4
£ 6 e, o 019 = 2 o LAk
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Fig. 13 Pareto optimal solutions of BB-MOPSO i
E
algorithm optimization =
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=
Z
. =}
3.4 Performance evaluation = . . . . . . .
0 60 120 180 240 300 360
Fig. 14 compares three different PM shapes, all of Rotor position/(Elec.deg.)

(b) Torque

which maintain the principle of a constant minimum
Fig. 15 Comparison of the air-gap magnetic flux and

air gap length. The no-load air-gap flux harmonics and

o torque waveform
torque performance are shown in Fig. 15. The average
torque of the Sin+3rd-shaped PM machine was Fig. 16 shows the 2D FFT of the radial force and
12.2 N * m, which was 4.0% higher than the eccentric vibration acceleration of the three machines. The
PM machine with 11.7 N * m, and the initial machine (36,6])th and (72,12/‘)th radial force amplitudes of

with 12.6 N « m (100%). Meanwhile, the torque ripple machines with eccentric and Sin+3rd-shaped PM

of the initial one was 20.7%, and both the optimal and decreased, and the vibration performance improved.
eccentric PM machines was reduced to 2.9% and 2.1%,  The vibration acceleration of the third-harmonic-
respectively. In Fig. 2, one machine with an eccentric shaped PM machine at 6f and 12f decreased from

distance of 12.2 mm provides a comparable average 0.15 m/s” to 0.006 m/s> and 0.006 m/s” to 0.003 m/s”,
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respectively. The vibration performance of the
Sin+3rd-shaped PM machine improved significantly
and was almost identical to that of the eccentric
machine. Regarding the torque and vibration
performance, the Sin+3rd-shaped PM machine was
superior and more favorable than the eccentric
machine. It was demonstrated that the PM shaping
technique with a third harmonic can effectively
improve the torque and vibration performance of an

integral-slot SPM machine.

Radial force density/
(N/em?)

(a) 2D FFT results of radial force density

- [nitial == Eccentric + Sin+3rd

& 0.020

E 4

= 0015

g

= 0010

E 12f

o 0.005

§¥]

=z Lo A A
0 300 600 900 1200 1500

Frequency/Hz

(b) Vibration acceleration

Fig. 16 Comparison of radial force and vibration acceleration

4 Experimental validation

A 36-slot/12-pole integral-slot SPM machine with an
eccentric PM was manufactured and tested to verify
the theoretical analysis. Fig. 17a presents its prototype.
Fig. 17b shows the modal experiments on the stator,
stator with coils, and casing. First, a flexible rope was
suspended from the stator assembly to simulate
conditions. several

unconstrained Subsequently,

accelerometers

were installed at

simultaneously
different locations on the housing surface to facilitate
an accurate acceleration response. The simulation and
measurement results of the modal data are summarized
in Tab. 5. Because the frequency response measured
using the excitation method was limited to 8 kHz, a

high modal could not be measured. Thus, the high

modal parameters originated from the simulation

results.

=~

P e

(b) Modal test

Fig. 17 SPM prototype and modal test

Tab.S Modal parameters

Modal order 2 3 4

Modal
shape

Simulated
frequency/Hz
Tested
frequency/Hz

Error(%)

Modal order

Modal
shape

Simulated
frequency/Hz

Fig. 18 shows the experimental platform of the
prototype. The simulated and measured no-load
back-EMF waveforms at 1 000 r/min are shown in Fig.
19. The measured results agree with the simulated
results. Fig. 20a shows the measured three-phase
current and torque waveforms at a rated load of 1 000
r/min. The current amplitude was 6.3 A, and the
measured average torque was approximately 9.7 N « m
with a torque ripple of 4.6%. Fig. 20b shows the

simulated and measured vibration accelerations, and
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the peaks emerged at 6f and 12f, which is consistent
The
torque performances at different current amplitudes
The
third-harmonic-shaped PM machine displayed superior
torque performance. A slight increase in the torque
ripple during the experiment was observed, which was
attributed to the average torque deficit. A slight
difference and the

measurement was observed, but it was within an

with the simulation and theoretical analysis.

are compared in Fig. 2I. optimal

between the simulation

acceptable range.

Integral-slot
SPM machine

(b) Drive and control systems

Fig. 18 Test experiment platform
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Fig. 19 Comparison of simulated and measured no-load

back-EMF at 1 000 r/min
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Fig. 20 Comparison of predicted and experimental data at

rated load
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Fig. 21 Comparison of torque performance with different

current amplitudes

5 Conclusions

This study investigated a Sin+3rd-shaped PM to
improve the vibration and torque performance of an
integral-slot SPM machine. First, the effects of the
third harmonic of the PM magnetic field on the
vibration and torque performance of an integral-slot
SPM machine were studied. The Sin+3rd-shaped PM
was found to have a contrary effect on the vibration
and torque performance. The RSM and BB-MOPSO
algorithms were then employed to optimize the
harmonic-injected PM shape to improve the vibration
and torque performance. The performance advantages
of a 36-slot/12-pole SPM machine with an optimal
Sin+3rd-shaped PM were verified. The machine was
characterized by a high average torque, low torque
ripple, and low vibration response. The average torque

of the optimal Sin+3rd-shaped PM machine was
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enhanced by 4% to 12.2 N « m compared with the
eccentric PM machine. The torque ripple was reduced
by 10% using an eccentric PM machine with the same
torque capability. In addition, the vibration
performance was as excellent as that of a machine
with an eccentric distance of 16 mm. Finally, an
eccentric PM prototype was fabricated and measured,
and the results indicate that the experimental and
simulation data are in good agreement. Future work
will involve the fabrication and testing of a prototype
of the Sint3rd-shaped PM to verify the theoretical
analysis. This method is not constrained to the
machine used in this study and can be applied to
various SPM machines for vibration and torque

improvement.
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