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ABSTRACT: This paper proposes a bilayer segmented asymmetric V-type magnetic structure of interior permanent magnet motor to
address the problems of large air-gap magnetic density zero region, high air-gap magnetic density distortion rate, and large output torque
ripple in the traditional V-type permanent magnet synchronous motor. Firstly, the superiority of the bilayer segmented asymmetric V-type
structure is verified using finite element simulation compared with the bilayer conventional V-type and bilayer segmented symmetric V-
type structures. Secondly, the analytical model of the air-gap magnetic density, output torque, and torque ripple is established. Then, with
the optimization objectives of reducing the air-gap magnetic density distortion rate, increasing the output torque, and reducing the torque
ripple, and with pole-span angles of the bilayer segmented asymmetric V-type structure as the optimization variables, each optimization
variable is subjected to weighted sensitivity stratification. The response surface optimization is applied to the low- and medium-level
sensitivity optimization variables, while a Pareto frontier distribution is used to obtain the set of the effective values of the high-level
sensitivity optimization variables. The optional combination of the pole-span angles of the segmented asymmetric V-type structure is
objectively selected by applying the TOPSIS method. Finally, the effectiveness of the optimized design is verified by finite element
simulation and prototype tests. The results show that the bilayer segmented asymmetric V-type structure can reduce the percentage of the
zero region of the air-gap from 4.82% to 3.91%, which is reduced by 18.8%, and lower the air-gap magnetic density distortion rate from
0.263 to 0.226, which is reduced by 14.1% while ensuring good output characteristics with improving the average output torque from
14.842 N-m to 16.418 N-m, which is increased by 10.6%, and reducing the torque ripple from 0.169 to 0.156, which is reduced by 7.7%.
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1. INTRODUCTION

nterior V-type permanent magnet synchronous motors are

widely used in electric vehicles due to superior advantages
such as high power density and high efficiency [1-3]. However,
due to the special V-type permanent magnet arrangement, the
air-gap magnetization waveform has a certain zero region be-
tween the N-pole and S-pole. It affects the sinusoidality of the
air-gap density, which in turn affects the motor’s output torque
and torque ripple [4-6]. Therefore, how to reduce the air-gap
magnetic density distortion rate while ensuring the output per-
formance, such as increasing the motor output torque and re-
ducing the torque ripple, has become a hot issue for permanent
magnet synchronous motors [7-9].

Scholars for permanent magnet synchronous motors to im-
prove the sinusoidality of the air-gap magnetic density are
mainly to improve the shape of the magnetic poles and change
the eccentricity distance. Ref. [10] investigated the effect of dif-
ferent pole shapes on air-gap magnetic field harmonics. It pro-
posed that segmented main and secondary poles can reduce the
air-gap magnetic field and reaction potential harmonics. Still,
it did not consider the existence of the zero region of the air
gap, which affects the smoothness of the motor. Ref. [11] also
proposed using a split permanent magnet instead of a single
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permanent magnet. The pole arc coefficient and eccentricity
distance were selected as the optimization parameters, which
achieves the goal of eliminating the magnetic field harmonics
of the specified order so that the harmonic component of the air
gap magnetic field is reduced, which likewise complicates the
processing of the permanent magnets and the spatial arrange-
ment of the rotor. Ref. [12] investigated the relationship be-
tween the pole eccentricity and the air-gap magnetic density
distortion rate of permanent magnet motors and used finite ele-
ment simulation to derive the optimal pole eccentricity but only
optimized a certain pole parameter and did not consider the in-
fluence of other factors.

The research for permanent magnet synchronous motor
torque ripple suppression is mostly based on rotor structural
improvement. Ref. [13] biased the upper and lower two
rotors based on a traditional V-type structure in the opposite
direction. This structure can obtain a larger output torque but
for the upper and lower two rotors of the installation of high
precision requirements, such as if the positioning is inaccurate
to increase the output torque ripple in turn. Refs. [14, 15] using
an asymmetric structure can cancel the odd harmonics in the
rotor magnetic dynamic potential, thus suppressing the torque
ripple. But to a certain extent, it weakened the average output
torque of the motor. Ref. [16] proposed a 1.5-layer permanent
magnet structure with an asymmetric arrangement of the
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V-shape PMs and spoke PMs, together with an asymmetric
flux barrier located near the rotor surface in each pole. This
structure had a larger output torque than the traditional V-type
structure. However, it had a large region of the “zero zone”
of the air-gap magnetization. Ref. [17] proposed a novel
asymmetric delta-type and spoke-type interior permanent
magnet synchronous machine, which used the magnetic field
shifting technique to maximise the average torque and lessen
torque ripples. However, it leaded to permanent magnet losses
through eddy currents and subsequent overheating. Ref. [18]
proposed an interior permanent magnet machine with asym-
metrical configuration, which can have a magnet axis shifted
effect. It exhibited a noticeable enhancement. However,
it also had a very complicated structural design. Ref. [19]
proposed a segmented magnet permanent magnet synchronous
motor, and the sum of the widths of the two magnets in the
segmented V-type magnet structure is larger than the width
of the conventional V-type magnets. Therefore, the average
output torque of the segmented V-type magnet structure is also
larger. Still, there are more odd harmonics in the magnetic
potential of the rotor of the segmented V-type structure, which
results in a larger torque ripple of the structure.

Aiming at the above existing problems, this paper proposes a
bilayer segmented asymmetric V-type magnetic pole structure
based on a conventional V-type structure and segmented sym-
metric structure, which can reduce the percentage of the zero
region of the air-gap and lower the air-gap magnetic density
distortion rate while ensuring good output characteristics with
improving the average output torque and reducing the torque
ripple. The main innovations of this paper are shown below:

(1) A bilayer segmented asymmetric structure is proposed,
which is divided into upper and lower layers of V-type
magnets, and the upper and lower layers of magnets are
decomposed into proximal and distal ends, respectively,
with unequal angles between the upper and lower layers
of magnets and unequal angles between the N-pole and S-
pole at the same time. This structure can reduce the gen-
eration of the air gap zero region and air gap magnet dis-
tortion rate, and at the same time ensure the output torque
and reduce the torque ripple.

(2) An analytical model of the air-gap magnetic field for this
bilayer segmented asymmetric V-type structure is pro-
posed based on the subdomain method, aiming at solving
the problem that asymmetric structures are difficult to be
modelled, and the model has a high computational accu-
racy.
(3) The weighted sensitivity analysis method is proposed; the
sensitivity of different optimization objectives is consid-
ered comprehensively; and the design variables are classi-
fied into low-level sensitivity, medium-level sensitivity,
and high-level sensitivity parameters, which reduce the
amount of computation, aiming to solve the problem of
the complex design process and low accuracy.

The rest of the paper is structured as follows. Section 2 es-
tablishes a bilayer segmented asymmetric topology model and
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preliminarily determines the values of each parameter and com-
pares the performance of air-gap density distortion rate, output
torque, and torque ripple of bilayer conventional V-type struc-
ture, bilayer segmented symmetric V-type structure, and bilayer
segmented asymmetric V-type structure, to validate the correct-
ness and superiority of the structure. Section 3 establishes the
analytical model of the bilayer segmented asymmetric V-type
structure based on the subdomain method and verifies the cor-
rectness and accuracy of the analytical model establishment by
the finite element method. Section 4 analyzes the relationship
between the design variables and optimization objective, and
optimizes the optimization variables in a hierarchy according
to weighted sensitivity. Section 5 verifies the performance of
the optimized bilayer segmented asymmetric V-type structure
using finite element analysis method and prototype test respec-
tively to prove the validity and accuracy of this study. Section
6 gives the conclusion of this paper.

2. SPECIFIC STRUCTURE PROPOSED

2.1. Structure

This paper proposes a bilayer segmented asymmetric V-type
structure, which is divided into two layers of upper and lower
V-type magnets, and each layer of magnets is divided into prox-
imal and distal ends, while the angles of the upper and lower
layers of magnets are not equal, and the angle of the N-pole is
not equal to the angle of the S-pole. The specific structure is as
follows:

In the first layer of magnetic poles, the conventional V-type
magnetic poles are decomposed into the first permanent magnet
on the near air gap side and the second permanent magnet on
the near rotating axis side. The angle a of the first permanent
magnet of the N-pole and the angle e of the first permanent
magnet of the S-pole are unequal, i.e., a — e # 0. The angle b
of the second permanent magnet of the N-pole and the angle g
of the second permanent magnet of the S-pole are unequal, i.e.,
b — g # 0. Similarly, in the second layer of magnetic poles,
the conventional V-type magnetic poles are decomposed into
the third permanent magnet on the near air gap side and the
fourth permanent magnet on the near rotor axis side. The angle
c of the third permanent magnet of the N-pole and the angle A
of the third permanent magnet of the S-pole are unequal, i.e.,
¢ — h # 0. The angle d of the fourth permanent magnet of the
N-pole and the angle j of the fourth permanent magnet of the
S-pole are unequal, i.e., d — j # 0.

This structure can suppress the generation of the “zero zone”
of the air-gap magnetization. At the same time, due to the exis-
tence of bilayer magnets, the magnetic leakage of this structure
is reduced compared with traditional V-type structure, so this
structure has higher power density and larger output torque.
Due to the asymmetry of the pole span angle between the N-
pole and the S-pole, the high harmonics in the air gap magneti-
zation can be reduced, which in turn reduces the output torque
ripple. The specific structure is shown in Fig. 1.

The main parameters of the motor are shown in Table 1.

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 110, 131-148, 2025

rPIER B

The first permanent magnet

The angle /t between the
third permanent magnet

of S-pole -—\’/ f

The angle ¢ between the f,
first permanent magne
of S-pole

The angle g between the |}
first permanent maglg:f
of S-pole

The angle j between the _.‘"‘
forth permanent magnet

of S-pole .‘II‘
The third permanent magnet }—/

[ N-pole permanent magnet

The second permanent magnet

— The angle ¢ between the
third permanent
magnet of N-pole

—The angle ¢ between the
first permanent magnet

of N-pole

\_The angle b between the
second permanent
magnet of N-pole

\__ The angle d between the
fourth permanent
magnet of N-pole

The fourth permanent magnet

B S-pole permanent magnet

FIGURE 1. Schematic rotor structure of bilayer segmented asymmetric V-type permanent magnet synchronous motor.

TABLE 1. Main parameters of the motor.

Parameter Value Unit
Rated power 5 kW
Rated speed 3000 rmin~
Rated voltage 72 A%
Number of poles 8
Number of slots 36
The width of the first permanent magnet 2.8 mm
The length of the first permanent magnet 5 mm
The width of the second permanent magnet 2.8 mm
The length of the second permanent magnet 5 mm
The width of the third permanent magnet 3 mm
The length of the third permanent magnet 11 mm
The width of the fourth permanent magnet 3 mm
The length of the fourth permanent magnet 9.6 mm
The angle a between the first permanent magnet of N-pole 104 °
The angle b between the second permanent magnet of N-pole 91 °
The angle ¢ between the third permanent magnet of N-pole 106 °
The angle d between the fourth permanent magnet of N-pole 90 °
The angle e between the first permanent magnet of S-pole 103 °
The angle g between the second permanent magnet of S-pole 92 °
The angle h between the third permanent magnet of S-pole 105 °
The angle j between the fourth permanent magnet of S-pole 92 °
The outer diameter of the rotor 59.4 mm
The outer diameter of the stator 190 mm
The inner diameter of the stator 120 mm

2.2. Simulation Verification

To verify the correctness and superiority of the bilayer seg-
mented asymmetric V-type permanent magnet synchronous
motors, the electromagnetic characteristics of interior perma-
nent magnet synchronous motors with bilayer conventional V-
type structure, bilayer segmented symmetric V-type structure,
and bilayer segmented asymmetric V-type structure are simu-
lated and analyzed. The same number of permanent magnets

133

and same pole-arc coefficients are used in the three structures.
The air-gap density, output torque, and torque ripple of the
three different structures are compared to verify the feasibil-
ity of adopting the bilayer segmented asymmetric V-type struc-
ture to reduce the air-gap magnetic density distortion rate at the
same time, to ensure the output torque and reduce the torque
ripple. The schematic diagrams of the three different structures
are shown in Fig. 2.

WWwWw.jpier.org



Wang et al.

FIGURE 2. Schematic diagrams of three different structures. (a) Bilayer conventional V-type structure. (b) Bilayer segmented symmetric V-type

structure. (c) Bilayer segmented asymmetric V-type structure.

The angular parameters of the three structures are shown in
Table 2.

TABLE 2. Angular parameters of three structures.

Type Parameter Value Unit
Bilayer conventional 01 106 °
V-type permanent magnet 02 106 °
o1 91 °
Bilayer segmented symmetric o2 106 °
V-type permanent magnet o3 91 °
04 106 °
a 104 °
b 91 °
c 106 °
Bilayer segmented asymmetric d 90 °
V-type permanent magnet e 103 °
g 92 °
h 105 °
J 92 °

The comparison of the air-gap magnetic density waveforms
of bilayer conventional V-type structure, bilayer segmented
symmetric V-type structure, and bilayer segmented asymmet-
ric V-type structure is shown in Fig. 3.

—a— Bilayer conventional V-type
—— Bilayer segmented symmetric V-type
—— Bilayer segmented asymmetric V-type
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FIGURE 3. Comparison of air-gap waveforms.
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The grey area in Fig. 3 shows that the air-gap magnetic den-
sity waveforms of the three structures have an air-gap magnetic
density close to 0 within a certain range, and this area is de-
fined as an “air-gap zero zone.” The percentage of air-gap zero
region is defined as k, which is expressed as follows:

k:lz'ﬁxlOO%

air

(1

where [, is the length of the air-gap zero zone, and [;,- is the
length of the air-gap occupied by a pair of N-pole and S-pole.

Table 3 shows the percentages of air-gap zero region of the
bilayer conventional V-type structure, bilayer segmented sym-
metric V-type structure, and bilayer segmented asymmetric V-
type structure.

As can be seen from Table 3, the percentages of air-gap zero
region of bilayer segmented symmetric V-type structure and bi-
layer segmented asymmetric V-type structure are much smaller
than that of bilayer conventional V-type structure. Thus, the
segmented structure can partially weaken the existence of the
“air-gap zero zone” phenomenon. At the same time, the asym-
metric structure can flexibly combine the magnetic pole angles
of the N-pole and S-pole and the magnetic pole angles of the
first layer and second layer to make up the air-gap zero region
between the N-pole and S-pole. Thus, the bilayer segmented
asymmetric V-type structure has a smaller percentage of air-gap
Zero region.

The comparison of air-gap density harmonic amplitude and
air-gap magnetic density distortion rate for bilayer conventional
V-type structure, bilayer segmented symmetric V-type struc-
ture, and bilayer segmented asymmetric V-type structure are
shown in Fig. 4.

As can be seen from Fig. 3 and Fig. 4, the air-gap magnetic
density peak value of the bilayer conventional V-type struc-
ture is not much different from that of the bilayer segmented
symmetric V-type structure and bilayer segmented asymmetric
V-type structure. However, there is an obvious concavity in
the air-gap magnetic waveform of the bilayer conventional V-
type structure. The bilayer conventional V-type structure has a
high content of harmonics, especially 7th, 9th, 11th, 17th, 19th,
etc. Hence, the air-gap magnetic density distortion rate of the
bilayer conventional V-structure is high, affecting the output
characteristics. The air-gap magnetic waveforms of the bilayer
segmented symmetric V-structure and bilayer segmented asym-
metric V-structure are close to sinusoidality, with lower high
harmonics content. Thus, the air-gap magnetic density distor-
tion rates of these two structures are smaller.
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TABLE 3. Comparison of the percentages of air-gap zero region of three structures.

The percentage of

air-gap zero region V-type

Bilayer conventional

Bilayer segmented Bilayer segmented

symmetric V-type asymmetric V-type

k 9.77%

5.03% 4.82%

TABLE 4. Comparison of air-gap properties of three structures.

Bilayer conventional

Bilayer segmented Bilayer segmented

Property i )
V-type symmetric V-type asymmetric V-type
Air- ti
178ap Magnete 0.769 0.845 0.851
peak value/T
Air- tic densit
I7ap magnetic Censity 0.299 0.272 0.263

distortion rate

TABLE 5. Comparison of output performances of three structures.

Bilayer conventional

Bilayer segmented Bilayer segmented

I Bilayer segmented symmetric V-type
I Bilayer segmented asymmetric V-type

13 .
/
12 -

Performance i N
V-type symmetric V-type asymmetric V-type
Maximum output torque
puttorq 15.565 16.450 16.417
(N-m)
Minimum output torque
puttorq 12.498 13.239 13.905
(N-m)
Average output torque
ge outputtor 13.970 14.606 14.842
(N-m)
Torque ripple 0.227 0.218 0.169
Q 1.0 18 T .
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FIGURE 4. Comparison of air-gap density harmonic amplitude and air-
gap density distortion rate of three structures.

The comparisons of the air-gap magnetic density peak value
and air-gap magnetic density distortion rate of the bilayer con-
ventional V-type structure, bilayer segmented symmetric V-
type structure, and bilayer segmented asymmetric V-type struc-
ture are shown in Table 4.
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FIGURE 5. Comparison of output torques of three structures.

The comparisons of the output torques and torque ripples of
the bilayer conventional V-type structure, bilayer segmented
symmetric V-structure, and bilayer segmented asymmetric V-
type structure are shown in Fig. 5 and Fig. 6.

Table 5 shows the comparison results of maximum output
torque, minimum output torque, average output torque, and
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FIGURE 6. Comparison of torque ripples of three structures.

torque ripple for the bilayer conventional V-type structure, bi-
layer segmented symmetric V-type structure, and bilayer seg-
mented asymmetric V-type structure.

From Table 5, it can be seen that both the bilayer segmented
symmetric V-type structure and bilayer segmented asymmetric
V-type structure have larger maximum output torque, minimum
output torque, and average output torque, as well as smaller
torque ripple than the bilayer conventional V-type structure.
Meanwhile, although the maximum output torque and aver-
age output torque of the bilayer segmented asymmetric V-type
structure are slightly smaller than that of the bilayer segmented
symmetric V-type structure, its minimum output torque and
torque ripple are better than that of the bilayer segmented sym-
metric V-type structure to a larger extent. It is because the seg-
mented structure can change the pole-span angle of the inner
and outer poles, and the zero region of the air gap between the
N-pole and S-pole is reduced compared to bilayer conventional
V-type structure, which improves the sinusoidal nature of the
air-gap magnetic density waveform and thus reduces the air-
gap magnetic density distortion rate. At the same time, the seg-
mented structure can reduce magnetic leakage compared to the
bilayer conventional V-type structure, so the segmented struc-
ture has higher power density and larger output torque. The
presence of asymmetry in the segmented structure leads to a re-
duction in the harmonic content in the air-gap density, which
reduces the air-gap density distortion rate and reduces the out-
put torque ripple. Therefore, using a bilayer segmented asym-
metric V-type structure can reduce the air-gap magnetic density
distortion rate while improving the output performance, which
includes the increase of the average output torque and the re-
duction of the torque ripple. The correctness of the theoretical
derivation of the bilayer segmented asymmetric theory is veri-
fied.

3. ANALYTICAL MODEL

3.1. Establishment of the Analytical Model

The modeling in this paper is based on the following assump-
tions [20]: (1) the saturation of the stator core and rotor core
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except for the magnetic bridge is neglected, and the saturation
at the magnetic bridge is assumed to be homogeneous; (2) the
end effect is neglected; (3) the rotor magnetic potential is ex-
cited only by the permanent magnets; and (4) the motor d-axis
and the axis of A-phase windings are coincident at ¢ = 0.

According to the Lorentz force law, the output torque of the
motor can be expressed as:

T, = Lrg/Bng =Lr, / (F, — F5) AydF 2)

2 2m

The current flowing through the stator windings of a motor
produces the stator magnetic potential. It is analyzed using the
winding function approach. The bilayer segmented asymmetric
V-type permanent magnet bipolar model is shown in Fig. 7.

q-axis The rotor reference angle position

FIGURE 7. The bilayer segmented asymmetric V-type permanent mag-
netic bipolar model.

The winding function for each phase can be expanded in a
Fourier series, as shown in (3):

No(6r) = Ny cos(kf), — 2m/3)
k

Ny(6,) = ZN’“ cos k(6,.) 3)
k

N.(6,) = ZNk cos k(0. + 2m/3)
k

Under load conditions, the three-phase symmetrical circuit
is:
I,(t) = Isin(w,t + 6y — 27/3)
Ip(t) = I sin(w.t + 6p)
I.(t) = I sin(w,t + 0y + 27/3)

“4)

The stator magnetic potential generated by the current can be
expressed as:

Fs<9rat) = Nylo + Nply + N I, (5)
bringing (3) and (4) together gives
Fs(9r7 t) =
. 2
;3. sin [th+k9T+90—37r(z—1)(1+k)}+
SN (©)
i=1 k

sin [w,.t—kﬁ,.—i—@o - ;W(i— (1 —k)}
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(a)

FIGURE 8. Bilayer segmented asymmetric V-type original structure and its equivalent structure. (a) Original structure. (b) Equivalent structure.

The rotor magnetic potential is calculated using the sub-
domain modeling method. To simplify the magnetic field’s
boundary conditions, the original bilayer segmented asymmet-
ric V-type magnetic poles are replaced by an analogous struc-
ture with a combination of radial and tangential poles [21].

Figure 8 schematically shows the bilayer segmented asym-
metric V-type structure and its equivalent structure, modeled in
the r-6 coordinate system, with the counterclockwise direction
specified as the positive direction of motor rotation.

The specific equivalent process is as follows. First of all,
the equivalent structure ensures that the thickness of the per-
manent magnet is unchanged, and then according to the princi-
ple of the total magnetic flux remaining unchanged, the bilayer
segmented asymmetric V-type permanent magnet of the N-pole
can be established as:

1
2(l1 + 1) x wpr = 2ler X wer + 3 (Rna + Rns)

&1 +2arctan& leo
Ry

Wel
& =b— 2&1rctanR—C

N4
Rys=Rp—la
RBy3 = RBys—le2
) @)
2 (I3+ly) X wpg = 2z X Wwep + 5 (Rn1+ Rn2)
(52 + 2arctan—¢2 ) lea
Rno2

& = d — 2arctan We2

N2
Ryo =Ryl
Ry1 = Rno—lea
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The bilayer segmented asymmetric V-type permanent mag-
net of the S-pole can be established as:

1
2 (ll-i-lg) X wpr= 25 X wez + 5 (R53+Rs4)

<§3 —|—2arctan;;cg> le
54

w
& = g—2arctan—03
Ry

Rsy = Ry—les
Rs3 = Rga—les

. (3
2 (13—|-l4) X Wpa= 27 X Weq + 5 (R52+R53)

<§4+2arctangC4> les
S4

Weq
&, = e—2arctan——
Rs4

RSQ = Rf_lc7
Rs1 = Rgo—les

where wp1 and wyz are the width of the first permanent magnet
and the width of the second permanent magnet, respectively; I
is the length of the first permanent magnet; /5 is the length of the
second permanent magnet; [3 is the length of the third perma-
nent magnet; l4 is the length of the fourth permanent magnet;
l¢1 1s the length of the N-pole equivalent tangential structure of
the first layer; [.o is the width of the N-pole equivalent radial
structure of the first layer; /.3 is the length of the N-pole equiv-
alent tangential structure of the second layer; [ is the width of
the N-pole equivalent radial structure of the second layer; [ 5
is the length of the S-pole equivalent tangential structure of the
first layer; [ is the width of the S-pole equivalent radial struc-
ture of the first layer; [.7 is the length of the S-pole equivalent
tangential structure of the second layer; [ g is the width of the
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S-pole equivalent radial structure of the second layer; a, b, c,
d, e, g, h, j are magnetic pole spanning angles; &1, &2 are span
angles between the N-pole equivalent magnetic pole tangential
structures; &3, &4 are span angles between the S-pole equivalent
magnetic pole tangential structures; Ry is the outer radius of
the rotor; R4 is the outer radius of N-pole equivalent radial
structure of the first layer; Ry is the inner radius of N-pole
equivalent radial structure of the first layer; Ry is the outer
radius of N-pole equivalent radial structure of the second layer;
Ry is the inner radius of N-pole equivalent radial structure
of the second layer; Rg4 is the outer radius of S-pole equiva-
lent radial structure of the first layer; Rgs is the inner radius
of S-pole equivalent radial structure of the first layer; Rgo is
the outer radius of S-pole equivalent radial structure of the sec-
ond layer; Rg; is the inner radius of S-pole equivalent radial
structure of the second layer.

<:: Rotation Direction

Stator

Rotor 0__' T
60

FIGURE 9. The simplified analytical calculation model.

The simplified analytical calculation model is shown in
Fig. 9. In this figure, R is the inner radius of the stator core,
R, the radius of the stator slot bottom, and Ry the outer radius
of the rotor core. The model is divided into four subdomains:
rotor (I), air gap (II), stator groove (IIT), and stator trough (IV).
The model is resolved within 6 € [—7 /4,7 /4], with the as-
sumption that § = 0 at the centers of the N and S poles. The
vector magnetic potential of each subdomain is satisfied:

A 1 0A 1 04 o
e Wt T i Y ) ¥
8r2+r 3r+r2 062 ( o

" or 00

oMy 8MT) ©

For the air gap subdomain, the intensity of magnetization is
0, so the subdomain satisfies:

or? r  or r2 902

924, 1 04y 1 %A
e £ =0 (10)

Taking the N-pole air gap subdomain in Fig. 9 as an exam-
ple, the magnetic vector potentials of this subdomain can be

expressed as:

Ry <r <R, (11)

The magnetic vector potentials 4 and tangential magnetic
field Hy are continuous at the boundary of different subdo-
mains. Thus, for the N-pole air gap subdomain, the following
boundary conditions are satisfied:

{ANII (Ry,0) = Ang (Ry,0)
(12)

Hyrr (Ry,0) = Hye (Ry,0)

According to the boundary conditions listed in (12), com-
bined with (11), the following can be obtained:

/4
1 A
Cnon = / w cos (nf) df
M T or
0
/4
Py = L / 0 AGL sin (n6) df
LT or
0

(13)

/4
1 A
Doy = = / 94w (1,6) (nd) do
T or
0

—_

3

/4
Qnan = = / OAne (.6) cos (nf) do
or
0

After solving the equations to obtain the coefficients for each
subdomain, the expressions for the radial and tangential air gap
magnetic flux density generated by the N-pole permanent mag-
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net are obtained as follows:

- Z C'NuanE;ign‘

n=1

+DNIInRs

sin(nf)

By (rg,0)=—— (14)

- Z Pnrmn Ry

n=1

1 | cos (nb)

By (rg,0)=—— (15)

i (8)'-(2)
R rg
+Z PyimBy——

n=1
)]
RSO
Lsin (nf) ]

The method and procedure for solving the magnetic vector
potentials, as well as the boundary conditions in the subdomain
of the S-pole air gap, are similar to those for the N-pole.

The rotor magnetic potential F;. can be expressed as follows:

g g
F.=®,-A,=B,A,—— = B,—
J gAgMO Ho
=9 (My, + Ms,) (16)
g0

At the air gap surface, the expression for the output torque is
derived from the Lorentz force law as:

2
T, = @LRT/
g

T 27
BydF :@LRT/ (F, — F,)dF (17)
0 g 0
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The torque ripple of the motor can be expressed as:

Temaz - Temin

Trip - (1 8)

Teavg

3.2. Validation of the Analytical Model

To verify the accuracy of the analytical model of the bilayer seg-
mented asymmetric V-type pole structure, the air-gap magnetic
density, output torque, and torque ripple calculated by the ana-
lytical model are compared with those calculated by the finite
element method. The comparison results are shown in Fig. 10
and Fig. 11.

The values of the air-gap magnetic density, output torque,
and torque ripple of the bilayer segmented asymmetric V-
structure are compared between the analytical and simulation
results, which are quite consistent. The accuracy and validity
of the analytical model are verified.

4. OPTIMIZATION BASED ON SENSITIVITY HIERAR-
CHY

According to the derivation results of Eq. (14)-Eq. (18), the
motor’s air-gap magnetization, output torque, and torque ripple
are all related to the pole span angle of the bilayer segmented
asymmetric V-type structure. Therefore, the air-gap magneti-
zation, output torque, and torque ripple of the motor can be
changed by the angles of the magnets.

In this design, the optimization variables are selected as fol-
lows: the angle a between the first permanent magnets of N-
pole, the angle b between the second permanent magnets of N-
pole, the angle ¢ between the third permanent magnets of N-
pole, the angle d between the fourth permanent magnets of N-
pole, the angle e between the first permanent magnets of S-pole,
the angle g between the second permanent magnets of S-pole,
the angle h between the third permanent magnets of S-pole, and
the angle j between the fourth permanent magnets of S-pole.
The optimization objectives are to reduce the air-gap magnetic
density distortion rate, increase the average output torque, and
reduce the torque ripple. The optimization constraints for each
design variable are shown in Table 6.

The optimization objective is to maximize the average output
torque and minimize the torque ripple as well as the air-gap
magnetic density distortion rate under the constraints, and the
optimization model is:

s Tm)
min T’l‘ip(x17 Loy en oy LIJm)
minTHD(x1,x2,...,Zm)

max Tpyg(x1, T2, . ..

(19)

where Ty, is the average output torque, T, the torque ripple,
and THD the air-gap magnetic density distortion rate.

The span angles of each pole of the bilayer segmented asym-
metric V-type structure are not independent, and each span an-
gle is interconnected. At the same time, each parameter’s in-
fluence on the motor’s performance is complex and variable. If
the parameters of each pole span angle are optimized together,
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FIGURE 10. Comparison of air-gap magnetic density between the ana-
lytical result and simulation result.

FIGURE 11. Comparison of output torque and torque ripple between the
analytical result and simulation result.

TABLE 6. Comparison of air-gap properties of three structures.

Optimization variable Sign Initial value  Unit Constraint
The angle between the first permanent magnets of N-pole a 104 ° 101 < a <109
The angle between the second permanent magnets of N-pole b 91 ° 88 < b<95.5
The angle between the third permanent magnets of N-pole c 106 ° 104 <c <111
The angle between the fourth permanent magnets of N-pole d 90 ° 88 <d<94.5
The angle between the first permanent magnets of S-pole e 103 ° 103 < e <108
The angle between the second permanent magnets of S-pole g 92 ° 89 < ¢g<96.5
The angle between the third permanent magnets of S-pole h 105 ° 103 < h <110
The angle between the fourth permanent magnets of S-pole J 92 ° 90 <5 <96.5

the number of test sets will increase substantially, increasing
the design difficulty. Therefore, this paper adopts the sensitiv-
ity hierarchical optimization method to divide the parameters
into three parts according to the sensitivity index: low-level
sensitivity parameter, medium-level sensitivity parameter, and
high-level sensitivity parameter.

The principle of low-level sensitivity parameter and
medium-level sensitivity parameter optimization is fast but the
accuracy is not required, whereas response surface optimiza-
tion can clearly analyze the law of influence of two parameters
on a certain optimization objective at the same time. The
principle of high-level sensitivity parameter optimization is to
be precise and to improve the optimization speed as much as
possible. Based on Pareto frontier optimization, the relative
optimal solution set can be determined under a large number of
sample points, and then the optimal solution can be determined
in the relative optimal solution set, which is highly accurate
and fast. So, the response surface optimization is used to
determine the optimal solution for low- and medium-level
sensitivity parameters, and the Pareto-front solving method is
used for high-sensitivity parameters to achieve multi-objective
design.
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The optimal parameter combination of bilayer segmented
asymmetric V-type structure is obtained, and the optimized de-
sign of bilayer segmented asymmetric V-type structure perma-
nent magnet synchronous motor is completed. The sensitivity
index can be expressed by the following equation:

where x; is each optimization parameter of the bilayer seg-
mented asymmetric V-type permanent magnet synchronous
motor; F'(x;) denotes the objective value corresponding to each
optimization parameter; and AVG denotes taking the average.
The size of the absolute value denotes the degree of correlation,
and the positive and negative S(x;) indicate the positive and
negative correlations between the optimization variables and
objectives.

The sensitivity between each optimization parameter and air-
gap magnetic density distortion rate, average output torque, and
torque ripple is analyzed. The optimization objective sensitiv-
ity analysis is shown in Fig. 12.

Due to the uneven influence of each optimization parame-
ter on the optimization objective, it is not possible to distin-

dF(lﬁ)
d:l?i

S(x;) = AVG ( (20)
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FIGURE 12. Figure of optimization objective sensitivity analysis.

guish the high-sensitivity optimization parameter from the low-
sensitivity optimization parameter only by the sensitivity in-
dex of a single optimization objective. Therefore, by assigning
weight coefficients to each optimization objective, a weighted
sensitivity index G(xi) is introduced, which can be expressed
as follows:

G(wi) = Aa|Sa(@i)| + Ar [ST(@:)| + Ar [Sr(z:)|  (21)

where A4, Ar, and Ap are the weighting coefficients of the
air-gap magnetic density distortion rate, average output torque,
and torque ripple of the bilayer segmented asymmetric V-type
permanent magnet synchronous motor, respectively; |.Sy (z;)| is
the absolute value of the sensitivity index of x; to y; x; is each
optimization parameter; and y is each optimization objective.

Considering that the final performance of the motor is pre-
sented by the average output torque as well as the torque rip-
ple, the torque ripple should be minimized as much as possible
based on increasing the average output torque. In this paper,
the weight A of 0.5 is weighted to the average output torque,
and the weight A is weighted to 0.3 to the torque ripple. Since
the sum of the weighting coefficients should be 1, the weight
A4 of the air-gap magnetic density distortion rate is 0.2. The
weight sensitivity index for multiple optimization objectives is
shown in Fig. 13.

0.50 7
0.45
0.40

0.35

0.30 High level
parameters
O 025 q--rmrmrem i e
0.20 Medium level
parameters
015 [N - - ... lil Ll

0.10

0.05 4

0.00 - - - - - - -
a b c d e g h J

Parameters

FIGURE 13. The weight sensitivity index for multiple optimization ob-
jectives.
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In this paper, the optimization parameters are classified into
three levels, i.e., low-level, medium-level, and high-level, as
shown in Eq. (22).

Low level, G <0.15
Ranges = ¢ Media level, 0.15 < G <0.25 (22)
Highlevel, G >0.25

From Fig. 13, it can be seen that the weight sensitivity of the
optimization parameters b and g is less than 0.25, so the opti-
mization parameters b and g belong to the low-level parame-
ters. Accordingly, the optimization parameters a and e belong
to the medium-level parameters, and the optimization parame-
ters ¢, d, h, and j belong to the high-level parameters. Firstly,
the response surface method is used to obtain the optimal val-
ues of the low-level and medium-level optimization parameters.
Then, the Pareto frontier optimization method is used for the
high-sensitivity parameters, and the Order Preference by Sim-
ilarity to Ideal Solution (TOPIS) method is used to select the
relative optimal point, and the optimal parameter combinations
of the bilayer segmented asymmetric V-structure are obtained.

4.1. The Optimization of Low-Level and Medium-Level Param-
eters Based on the Response Surface Method

Based on the above analysis, a, b, e, and g belong to low-level
and medium-level parameters, and the response surface method
is used to optimize these parameters. The relationship between
each parameter and the three optimization objectives is shown
in Fig. 14.

Figure 14(a) shows that the air-gap magnetic distortion rate
increases with a and decreases with b; the average output torque
decreases with a and b; and the torque ripple does not change
much with a but increases with b. Fig. 14(b) shows that the
air-gap magnetic distortion rate increases with e and g; the av-
erage output torque does not change much with e and g; and the
output torque ripple does not change much with e and g. Com-
bining the above analysis, the parameter values of b, e, and g
are determined to be 95.5°, 100°, and 89°, respectively. As can
be seen from Fig. 13, the sensitivity of the optimization variable
a on the air-gap magnetic density distortion rate is significantly
higher than that of the average output torque. Therefore, pri-
ority is given to the effect of the optimization variable a on
the air-gap magnetic density distortion rate, and the parameter
value of a is determined as 101°.

4.2. The Optimization of Low-Level and Medium-Level Param-
eters Based on the Response Surface Method

The optimized low-level and medium-level parameters above
are fixed, and the high-level parameters of ¢, d, h, and j are fur-
ther optimized by using the Latin hypercube method. 100 sam-
ple points are collected for high-level parameters and response
values, and some of the sample points and response values are
shown in Table 7.

The actual and predicted values of the 100 sample points
are counted, and the sample statistics of the optimization target
points can be obtained as shown in Fig. 15. In order to evalu-
ate the accuracy of the sample predictions, the sum of squares
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TABLE 7. Sampling points and response values for selected design variables.

Serial number c d h J BrTHD Tae/N-m  Typ
1 109.338  91.071 103.017 92.291 0.228 15.776 0.158
2 107.798  93.834 103.542 91.901 0.235 15.426 0.157
3 108.288 91.624 103.297 92.844 0.235 15.586 0.148
4 105.172 88504 103.367 95.606 0.234 15.672 0.182
97 106.643  89.739  105.328 95.574 0.236 15.391 0.187
98 110.073  91.656  105.398  96.289 0.239 15.018 0.187
99 106.258  92.469 109.948 96.354 0.236 14.624 0.220
100 106.363  88.179  106.098 91.251 0.238 15.948 0.223

TABLE 8. Sampling points and response values for selected design variables.

Optimization objectives Cop  Max Error Mean Error Root Mean Square Error
BrTHD 0.981 0.007 0.000414 0.000528
Tavg 0.979 0.111 0.038124 0.046749
Trip 0.963 0.013 0.003662 0.004550

of the residuals and the sum of squares of the total deviations
of all the samples need to be calculated, and the results of the
calculations are shown in Table 8.

The root mean square error was calculated to be 0.000528,
0.046749, and 0.004550 for the three response targets, respec-
tively. Therefore, the accuracy of the design variables in terms
of changes in response values is high. At the same time, consid-
ering that 100 sample points may not be able to include all the
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relative best points, on this basis, using the results of 100 sam-
ple points extrapolates an additional 100 sample points, and the
Pareto frontier statistics method is used for these 200 sample
points. The Pareto frontier distribution is shown in Fig. 16.

As can be seen from Fig. 16, there are 64 sample points on
the Pareto frontier, which are the valid values for this optimiza-
tion model. The specific values of some of the Pareto frontier
sample points are shown in Table 9.
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FIGURE 16. The Pareto frontier distribution. FIGURE 17. The diagram of the specific TOPIS algorithm flow.
TABLE 9. Sampling points and response values for selected design variables.
Serial number c d h Jj BrTHD Tae/N-m  Typ
15 107.72 91.28 103.02 91.6 0.234 15.799 0.142
23 107.72 91.28 103.02 94.15 0.228 15.589 0.147
46 107.72 91.33 103.01 91.6 0.234 15.797 0.142
58 108.12 93.44 106.61 92.08 0.224 15.339 0.205
183 —103.73 87.40 106.06 9593 0.228 15.048 0.141
189 —103.30 92.72 107.12 9045 0.226 16.418 0.157
193 —103.20 87.84 109.15 90.45 0.238 16.307 0.149
200 —103.3 87.83 107.76  94.65 0.227 15.858 0.150
In order to determine the relative optimal solution from the The positive and negative ideal solution distance and relative
64 Pareto frontier statistical points, the relative merits of the proximity are shown in Table 11. According to the ranking re-
Pareto frontier points were evaluated using the TOPIS method. sults, the 189th point is chosen as the optimal solution. Thus,
The diagram of the specific algorithm flow is shown in Fig. 17. the high-level parameters c, d, h, and j are determined to be
From the above process, the effective values of the optimiza- —2.7°,2.72°,2.12°, and —1.55°, respectively.
tion model in Table 9 are evaluated. The positive and negative The results after optimization of each parameter are a =
ideal values of the air-gap magnetic density distortion rate, av- 101°,b = 95.5°, ¢ = 103.3°,d = 92.72°, e = 100°, g = 89°,
erage output torque, and torque ripple are obtained as shown in h = 107.12°, and j = 90.45°, respectively. Correspondingly,
Table 10. the values of the optimized air-gap magnetic density distor-

143 WWwWw.jpier.org



rPIER B

Wang et al.
TABLE 10. The positive and negative ideal values for the three optimization objectives.
Optimization objective Positive ideal values =+  Negative ideal values z—
Air-gap magnetic density distortion rate 0.264 0.253
Output Torque 16.328 15.048
Torque ripple 0.206 0.127
TABLE 11. The positive and negative ideal solution distances and relative proximity for the three optimization objectives.
Serial number The positive ideal The negative ideal Relative proximity Order
solution distance D+ solution distance D — C
15 0.533 0.751 0.585 21
23 0.741 0.542 0.422 37
46 0.535 0.749 0.583 22
58 0.990 0.301 0.233 43
183 1.282 0.016 0.012 64
189 0.035 1.271 0.973
193 0.062 1.259 0.953 9
200 0.473 0.811 0.631 19
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FIGURE 18. Comparison of air-gap magnetic density waveforms before
and after optimization.

tion rate, average output torque, and torque ripple are 0.226,
16.418 N-m, and 0.157, respectively.

5. VALIDATION OF OPTIMIZATION RESULTS

5.1. Finite Element Validation

Due to the fact in practice, the high accuracy of the magnetic
pole span angle can lead to machining difficulties and errors.
The values of the combined parameters of the optimized bi-
layer segmented asymmetric V-type structure are now rounded
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FIGURE 19. Comparison of air-gap density harmonic amplitude and air-
gap magnetic density distortion rate before and after optimization.

to obtain ¢ = 101°, b = 95.5°, ¢ 103.3°, d = 92.7°,
e =100°, g = 89°, h = 107.1°,and j = 90.5°. The optimized
and rounded bilayer segmented asymmetric V-type permanent
magnet synchronous motor is simulated and compared with the
pre-optimization one. The comparisons of the air-gap magnetic
density distortion rate, output torque, and torque ripple before
and after the optimization are shown in Fig. 18, Fig. 19, and
Fig. 20.

The comparison results of air-gap density peak value, air-
gap magnetic density distortion rate, the percentage of air-gap
zero region, maximum output torque, minimum output torque,
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TABLE 12. Comparison of each performance before and after optimization.

Performance

Before optimization

After optimization Extent

Air-gap density peak value 0.852
Air-gap magnetic density distortion rate 0.263
Percentage of air-gap zero region 4.82%
Maximum output torque (N-m) 16.417
Minimum output torque (N-m) 13.905
Average output torque (N-m) 14.842
Torque ripple 0.169

0.887 Increased by 4.1%
0.226 Decreased by 14.1%
3.91% Decreased by 18.8 %
17.420 Increased by 6.1%
14.857 Increased by 6.8%
16.418 Increased by 10.6%
0.156 Decreased by 7.7%
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FIGURE 20. Comparison of output torque and torque ripple before and
after optimization.

average output torque, and torque ripple before and after opti-
mization are shown in Table 12.

As can be seen from Table 12, the air-gap density peak value,
air-gap magnetic density distortion rate, the percentage of air-
gap zero region, maximum output torque, minimum output
torque, average output torque, and torque ripple are all im-
proved to different degrees. Among them, the air-gap magnetic
density distortion rate is reduced from 0.263 to 0.226, which
is decreased by 14.1%; the average output torque is increased
from 14.842 N-m to 16.418 N-m, which is increased by 10.6%;
and the torque ripple is reduced from 0.169 to 0.157, which is
decreased by 7.7%. The effectiveness of the above optimiza-
tion process is verified.

5.2. Experimental Verification

In order to verify the correctness of the theoretical analysis and
the effectiveness of the optimized design in this paper, a test
prototype was fabricated according to the optimized design re-
sults, as shown in Fig. 21.

The air-gap magnetic density distortion rate cannot be proved
by test equipment at present, but it can be proved indirectly
with the no-load back electromotive force. The no-load back
electromotive force is generated from the permanent magnets
cutting the magnetic field when the motor is rotating. It can
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be shown that the air-gap magnetic field can affect the no-load
back electromotive force. Therefore, the air-gap magnetization
of the prototype can be indirectly reflected by measuring the
no-load back electromotive force of the prototype.

The no-load back electromotive force tester and dynamome-
ter test bench are shown in Fig. 22 and Fig. 23. The no-
load back electromotive force tester is mainly composed of a
controller, a prototype, coupling, a dynamometer, and a con-
sole. The dynamometer test bench is mainly composed of a dy-
namometer, a torque transducer, a prototype, and a controller.
The most important part, controller, is mainly composed of
main control board (control core for motor controllers), driver
board (mainly used to control drive and protect IGBT normal
operation), Insulated-Gate Bipolar Transistor (IGBT), current
sensor, support capacitor, passive discharge resistor, copper
row, heat sink, shell, connectors, wiring harness, and other
parts.

The no-load reverse electromotive force is tested by the re-
verse drag method, using the prime mover to drag the test mo-
tor, doing no-load generator operation at synchronous speed,
determining the three line voltages at the output of the test ma-
chine, and taking the average value of them as the no-load re-
verse electromotive force. The results of the no-load back elec-
tromotive force test are shown in Fig. 24. From Figure 24, the
peak value of the no-load back electromotive force is 41.5 V.
The waveform of the no-load back electromotive force is close
to sinusoidality. It can be indirectly proved that the air-gap
magnetization waveform of the prototype is close to sinusoidal-
ity. Thus, it is verified that the bilayer segmented asymmetric
V-type structure can reduce the air-gap magnetic density distor-
tion rate.

The output torque and torque ripple are measured by dynamic
method. The output torque is converted into an electric signal
by a torque sensor under the motor running state, and then the
motor output torque value is obtained by a signal processing cir-
cuit. The torque ripple is calculated by the output torque value.
The comparisons between the output torque and torque ripple
test results and the simulation results are shown in Fig. 25.

The results of the comparison between test and simulation
regarding average output torque and torque ripple are shown in
Table 13.

As can be seen from Table 13, the relative errors of both
the test and simulation results are small. The relative errors
between the average output torque and torque ripple simula-
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FIGURE 21. Test prototype.
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FIGURE 22. The no-load back electromotive force tester. FIGURE 23. Dynamometer test bench.
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FIGURE 24. No-load back electromotive force test results. FIGURE 25. Comparison of output torque test and simulation results.

tion values and test values are 0.38% and 0.63%, respectively, error of the prototype and the mechanical friction of the test
which meet the design requirements. The relative error between platform. The tests show that the bilayer segmented asymmet-
the test results and the simulation results is because the ideal ric V-type structure can ensure the average output torque while
finite element model cannot take into account the machining reducing the torque ripple.
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TABLE 13. Comparison of between test and simulation results.

Output performance

Test result

Simulation result

Relative error

Average output torque (N-m) 16.257 16.318 0.38%
Torque ripple 0.158 0.157 0.63%
6. CONCLUSION REFERENCES

In this paper, a bilayer segmented asymmetric V-type structure
permanent magnet synchronous motor is proposed. The sta-
tor magnetic potential and rotor magnetic potential are modeled
and analyzed by the winding function method and subdomain
model method, respectively. The analytical equation of the bi-
layer segmented asymmetric V-type structure on the magnetic
density distortion rate, output torque, and torque ripple on the
pole span angle are deduced, and finite-element simulation is
used to verify the correctness of the theoretical derivation. The
sensitivity stratification method is adopted to classify the op-
timization parameters into low-level, medium-level, and high-
level parameters. The response surface optimization method is
adopted for the low-level and medium-level sensitivity param-
eters, and the Pareto frontier optimization level is adopted for
the high-level parameters. The relative optimal solution set is
determined according to the Pareto frontier distribution, and the
optimal span angle combination of the motor is determined by
TOPIS in the relative optimal solution set. The performance
parameters of the motor before and after optimization are com-
pared by finite element simulation, and the comparison results
show that the air-gap magnetic density distortion rate is reduced
by 14.1%, the percentage of air-gap zero region reduced by
18.8%, the average output torque improved by 10.6%, and the
torque ripple reduced by 7.7%. The optimization objectives are
all improved. Finally, the prototype is fabricated and tested,
and the test results are basically consistent with the simulation
ones. The results show that a bilayer segmented asymmetric V-
type structure proposed in this paper has a smaller air-gap mag-
netic density distortion rate and a percentage of air-gap zero
region, as well as a larger average output torque and a smaller
torque ripple, which verifies the correctness of the above the-
oretical analysis and the validity of the optimized design. In
the future, this structure can be used in electric vehicles due to
its superior advantages with a smaller air-gap magnetic density
distortion rate, a larger average output torque, and a smaller
torque ripple. The multi-objective optimization method pro-
posed in this paper can be used as a new optimization idea.
However, this paper still have a limitation, i.e., the analytical
model does not consider saturation in the stator and rotor core
due to magnet flux. This limits the applicability of the analyti-
cal model to estimate torque under load with heavy saturation.
It will be the future research direction.
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