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ABSTRACT For PM motor with external rotor, the electromagnetic force wave acting on the surface of
the permanent magnet by the air gap magnetic field is the main cause of its electromagnetic vibration.
In this paper, an optimization method based on parameter sensitivity for electromagnetic force wave of
fractional slot surface-mounted PM motor with external rotor is proposed. Firstly, taking a fractional slot
surface-mounted PM motor with external rotor as the research object, Latin Hypercube Design (LHD) is
carried out with six structural parameters as design variables, including pole arc coefficient, notch width, air
gap length, permanent magnet thickness, tooth width and slot depth, and the parameter sensitivity of different
design variables to the average torque and the main radial electromagnetic force wave amplitude is analyzed.
Secondly, based on the experimental results of Latin Hypercube Design, a mathematical approximation
model is established by using radial basis function neural network method. Then, with the aim of improving
the average torque and reducing the amplitude of the main radial electromagnetic force wave, neighborhood
cultivation genetic algorithm is applied to optimize the structure of the motor. Finally, the optimized motor
scheme is simulated by finite element simulation to verify the feasibility and accuracy of the proposed
method.

INDEX TERMS PM motor with external rotor, radial electromagnetic force wave, parameter sensitivity,
Latin hypercube design, radial basis function neural network, neighborhood cultivation genetic algorithm.

I. INTRODUCTION force wave is the basis for the study of electromagnetic

Fractional slot surface-mounted PM motor has the advantages
of short winding end, high torque density, high efficiency,
high power density, good servo performance and fault tol-
erance [1], [2], [3]. It has been widely used in NC rotary
table, precision robot, electric vehicle, submarine propulsion,
wind power generation and other fields [4], [5], [6], [7], [8].
Compared with integer slot PM motors, fractional slot PM
motors have lower spatial order of electromagnetic force
and electromagnetic vibration and noise problems are more
prominent [9], [10], [11]. Electromagnetic force wave is the
main source of electromagnetic vibration of motors, the quan-
titative calculation and analysis of the law of electromagnetic
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vibration of motors [12], [13] Unlike the PM motor with
inner rotor, the electromagnetic vibration of the PM motor
with external rotor is caused by the electromagnetic force
acting on the surface of the permanent magnet by the air gap
magnetic field [14], [15]. In this paper, the prototype is a
turntable motor, which has strict requirements on electromag-
netic vibration and torque density. Therefore, it is necessary
to analyze and optimize the electromagnetic force of the
fractional slot surface-mounted PM motor with external rotor
for NC rotary table.

At present, there are mainly analytic method and numeri-
cal method to study the electromagnetic force. The analytic
method obtains the air gap flux density by solving the partial
differential equation, and then obtains the radial electro-
magnetic force wave analytic expression by using Maxwell
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stress tensor method [16]. However, it is difficult to take into
account the complex tooth and slot structure of the stator,
magnetic circuit saturation and other factors by the analytic
method, and the accuracy of the calculation results is low.
Finite element method can accurately get each component
of the electromagnetic force density, but the optimization
process requires several iterations of the finite element model,
which will consume a lot of time and cost.

At present, there are many studies on electromechanical
force of PM motor at home and abroad. In [10], for PM
motor with similar number of poles and slots, the vibration
and noise of the motor is further reduced by the stator tooth
chamfering. In [15], for external rotor PM motor, the elec-
tromagnetic force is reduced by optimizing the notch width.
In [17], a method of slotting the auxiliary slot on the stator
tooth is proposed to change the number of slots and poles
in fractional slot PM motor to further weaken the electro-
magnetic force wave. In [18], for the interior PM motor and
the surface-mounted PM motor, the electromagnetic force is
reduced by the skewed slots. In [19] and [20], the electro-
magnetic force is effectively reduced and the electromagnetic
noise is suppressed by optimizing the pole arc coefficient.
However, the above literatures only analyze the effect of
changes in a single parameter on the electromagnetic force.

In [21], for inner rotor PM motor, the air gap length is
optimized by simultaneously changing the outer diameter
of rotor and the inner diameter of stator, so as to weaken
the electromagnetic force. For the interior PM brushless DC
motor, in [22], the electromagnetic force in further weakened
by optimizing the diameter of the rotor notch, the angle of
the stator chamfering and the direction of magnetization.
In [23], for surface-mounted PM brushed DC motor, the
optimization of electromagnetic force is carried out by the
number of poles/slots and pole arc coefficient. The above
literatures consider several parameters when optimizing the
electromagnetic force, but most of them only consider the
influence of each parameter on the electromagnetic force,
ignore the simultaneous changes of each parameter, it can’t
obtain the optimal solution of parameter combination, and
the parameterized optimization using only finite element
model takes a lot of work. Therefore, this paper establishes
and optimizes a mathematical model between the structure
parameters and the average torque and the amplitude of the
main radial electromagnetic force wave, taking into account
several motor structure parameters, which greatly reduces
the calculation time and obtains the optimal solution of the
set motor structure parameter combination. In addition, this
paper analyzes and optimizes the main radial electromagnetic
force wave of a specific spatial order and frequency of the
largest electromagnetic vibration except o space order OHz.
Compared with the above literatures, this paper has a more
specific research objective and more significant effect.

This paper proposes an optimal design method for elec-
tromagnetic force wave of fractional slot PM motor based
on parameter sensitivity. Parameter sensitivity analysis of
different parameters is carried out by designing 3Latin
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Hypercube test. On this basis, RBF neural network algorithm
is used to establish a mathematical approximate model, and
NCGA is used to optimize the motor structure parameters.
Finally, the feasibility and accuracy of the proposed method
are verified by finite element method, which provides a basis
for designing a fractional slot surface-mounted PM motor
with external rotor for NC rotary table and reducing vibration
and noise under complex operating conditions.

Il. THE MODEL OF FRACTIONAL SLOT
SURFACE-MOUNTED PM MOTOR WITH EXTERNAL ROTOR
This paper takes a fractional slot surface-mounted PM motor
with external rotor for NC rotary table as an example to
analyze. The main parameters and structure of the motor are
shown in Table 1 and Fig. 1.

TABLE 1. Main parameters of motor.

Specifications Values
Number of poles and slots 48/54
Rated power, kW 1.15
Rated speed, r/min 60
Outer diameter of rotor, mm 290
Inner diameter of rotor, mm 274
Permanent magnet thickness, mm 3
Air gap length, mm 1
Inner diameter of stator, mm 197
Core length, mm 110
Pole arc coefficient 0.97

Bearings Permanent magnet Motor shell

N - L "“\ : Jij : / —
Shaft \ 5
Stator y

End cap

FIGURE 1. Structure of the motor.

Existing literatures are sufficient to demonstrate the high
accuracy of the finite element simulation [24], [25]. To verify
the accuracy of the finite element simulation calculation,
the back EMF of the motor at the rated speed of 60 r/min
is measured by test. The test platform is shown in Fig. 2.
The line voltage measured by the test is compared with that
calculated by the finite element simulation as shown in Fig. 3.
It can be seen that the test result and the FEM result are
basically the same.

Ill. CALCULATION AND ANALYSIS OF
ELECTROMAGNETIC FORCE WAVE

For surface-mounted PM motor, the effective air gap length is
large, and the magnetic circuit is generally unsaturated. When
the PM motor is running, the permanent magnet magnetic
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FIGURE 3. Line voltage comparison result.

field and the armature reaction field interact to produce the
air gap magnetic field. Ignoring magnetic circuit saturation,
the synthetic radial flux density By is

Br - (Fr_mag + Fr_arm) /IS (1)

According to Maxwell tensor method, the radial electro-
magnetic force P; can be expressed as

1
Po= s (8- 8) @)
where, 11 is the vacuum permeability. Ignoring the effect of
tangential flux density B, the radial electromagnetic force
can be expressed as
B2
P =t 3)
210
For PM motor with external rotor, the rotor is a noise
radiator, and the electromagnetic vibration is caused by the
electromagnetic force acting on the surface of the permanent
magnet by the air gap magnetic field. Therefore, in this paper,
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the radial electromagnetic force acting on the internal surface
of the permanent magnet is mainly studied. The coordinate
system is fixed on the rotor coordinate system, assumes that
the external rotor is fixed and the stator rotates in the opposite
direction with an angular velocity. The expressions of radial
permanent magnet magnetomotive force Fy_mag, radial arma-
ture magnetomotive force F; ,m and specific permeability As
are respectively given

Frﬁmag = Zqu cos (MPQ) “)
i

Fram = D Faysin [N (0 + 27fit) — 27s,fit]
= Fasin[vNif — 27 (sypo — v) Nfit]  (5)
As = Ao+ D Asycos Q6 + 2w nQfit) (6)

where, Fiy, is the amplitude of the radial permanent magnet
magnetomotive force in u™ harmonic permanent magnet
field, Fyy is the amplitude of radial armature magnetomotive
force in v armature reaction magnetic field, p is the number
of pole pairs, pg is the number of the number of unit motor’s
pole pairs, Qs is the number of slots, 6 is the spatial angle, ¢ is
time, NV; is the space period of the motor (also known as the
number of unit motor), fi is the fundamental frequency of
current, fi = p X f;, fr is the rotating frequency, s, is the
rotation direction of the u™ harmonic of the armature reaction
magnetic field, —1 is positive rotation, 1 is reverse rotation,
Ao is the average air-gap permeance, As, is the amplitude of
the '™ harmonic permeance.

In order to further deduce the characteristics of the electro-
magnetic force acting on the surface of permanent magnet,
the radial armature magnetomotive force is further simplified

Fram = D Fasin[vNi — 27 x 3kNpg fit] ()
v

where, Nj(s is the greatest common divisor GCD (2p, Qs) of
the number of poles and slots of the motor. By substituting
formula (4), (6) and (7) into formula (1) and (3), the radial
electromagnetic force acting on the surface of the permanent
magnet can be obtained as

1
Pr=—{F 0
: 2uo{§ my €08 (11p6)
+ D Fay sin[vNif) — 27 3kNpg, fit1)
v

x [Ao + D Asn cos (nQ6 + 2nQsfit))

1
= m{zszp,]quz[COS (1 + p2) po
w2

+ cos (u1 — u2) po]

+2D° " FruFa(sinl[(up + vN) 0 — 27 3kN g, fit]
" v

— sin[(up — VNy) 0 + 27 3kN o fit 1}
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TABLE 2. Source, amplitude, spatial order, and frequency of radial electromagnetic force wave on the surface of permanent magnet.

Source Amplitude Spatial order Frequency
. | PE:
Permanent magnet magnetic field E A Fro Fos ( HE #2) p 0
0
1 .
Armature reaction magnetic field v A'F, F,, (n£v,)N, 3(ki k)N, f,
0
Interaction between permanent magnet magnetic field and R FF 4 kN
armature reaction magnetic field 24, o E VN, vofs
1 .
ao Aok Fo (4% ) p£nQ, nQ.f,
Interaction between permanent magnet magnetic field and Hy
slotted stator 1 i
162 io\n,’l Fm‘AqF;n,uz (/'ll iﬂz)Pi(nl inz)Qs (nl i”z)str
0
1
T b, (v, £v,) N, £nQ, 3(ki £k )N o £, 210, f,
Interaction between armature reaction magnetic field and Ho
slotted stator 1 . .
ﬁ’lan, a‘nzFav,Favz (Vlin)N‘i(”llJ—r”z)Qs S(klikZ)Npngri(nlinZ)str
0
1 . .
~ ﬂ'()l&nEle;v (”p + V]V‘ ) + l’lQ§ 3k}va‘fr * anfr
Interaction between permanent magnet magnetic field, 24y
armature reaction magnetic field and slotted stator 1
alﬁmﬂ’ﬁnzﬂwﬂv (ﬂpi"N‘)i(’h i"’z)QS 3kNpQ¢f; i("l inz)st.
0
+ Z z Fay, Fav,{cos[(vi — v2) N;6 decomposition of the radial air gap flux density when the
vo» motor is under no-load and load is obtained after processing,
— 273 (k1 — k2) Npg,frt] — cos[(vi + v2) N;O as shown in Fig. 4.
— 273 (ky + ka) Npo fit 11} From Fig. 4, it can be seen that the amplitude and fluc-
T . . .
) P tuation of air gap flux density under load are larger than
x {4y + 240 Z Asn cos (nQs0 + 2 nQyfit) that under no-load, and the logarithm of harmonic poles after
n 2-D Fourier decomposition under no-load and load are both p,
+ ! Z Z Asn; Asmy {COS[ (1 + n2) Q56 and the amplitude of each order has little difference. This
2 o m paper considers the effect of armature reaction magnetic field,
27 (n1 + o) Osfet] + cosl(n1 — n2) Os0 so the analysis is mainly focused on the load. The radial
ST S . . .
+ o YOl @) electromagnetic force wave under load and its 3-D Fourier
T (np —n2) Syfr

As can be seen from Table 2, when armature reaction
magnetic field is not taken into account, i.e. under no-load,
the frequency of the electromagnetic force generated by the
interaction between the permanent magnet magnetic field
and the slotted stator is k x Qg X f;, which is the integer
multiple of the number of slots. Under load, the frequency
of the electromagnetic force is k x 3Npps X fr, which is the
integer multiple of 3 times the greatest common divisor of the
number of poles and slots. In this paper, the pole-slot match
of the motor is 48/54, and the winding form is fractional slot
concentrated double-layer winding. The motor is spatially
equivalent to six 8/9 motors, i.e., the number of spatial period
N, is six, the number of pole pairs py and slots Zy of the
unit motor are 4 and 9 respectively, satisfying Zgp = 2 pp=*1,
N equals Npgs, and the harmonic order of armature reaction
magnetic field v = 3k+1.

The finite element model of the motor is established in
Maxwell 2D to obtain the radial air gap flux density when the
motor is under no-load and load, and the result of 2-D Fourier
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space-time decomposition result are shown in Fig. 5.
According to Table 2, under load condition, armature reac-
tion magnetic field is taken into account. The load condition
has additional k£ x 18 Hz electromagnetic force waves com-
pared to the no-load condition, but their values are smaller,
and the electromagnetic force waves at k x 54 Hz (slot fre-
quency) have a greater effect. Therefore, the electromagnetic
force waves at k x 2p space order, kx54 Hz is the main
source of vibration. From Fig. 5, it can be seen that the
radial electromagnetic force wave is mainly concentrated in
the O space order 0 Hz, 2p space order 54 Hz, 4p space
order 108 Hz and 6p space order 162 Hz, which is consistent
with the theoretical analysis result. The O space order 0 Hz
electromagnetic force wave is generated by the interaction
of the stator’s own harmonic magnetic field and the rotor’s
own harmonic magnetic field. Considering that the amplitude
of the fundamental magnetic field in a normally designed
motor is much greater than that of the harmonic magnetic
field, the O space order O Hz electromagnetic force wave is
mainly generated by the fundamental magnetic field. Due to
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FIGURE 4. Radial air gap flux density and its 2-D Fourier decomposition.

the 0 space order 0 Hz electromagnetic force wave
being 0, it will not cause electromagnetic vibration and
noise.Therefore, the radial electromagnetic force wave of
2p space order 54 Hz has the greatest effect on the vibra-
tion noise of the motor. Electromagnetic vibration can be
effectively weakened by reducing the amplitude of the major
electromagnetic force wave. The armature reaction magnetic
field is considered in this study. Therefore, the 2p space
order 54 Hz radial electromagnetic force wave under load will
be analyzed below.

IV. PARAMETER SENSITIVITY ANALYSIS OF THE MAIN
RADIAL ELECTROMAGNETIC FORCE WAVE

A. ANALYSIS OF DIFFERENT STRUCTURAL PARAMETERS
AND THEIR INFLUENCE

The factors that affect the electromagnetic force wave include
the electromagnetic parameters and structural parameters,
both of which affect electromagnetic force wave by chang-
ing the air gap magnetic field. In this paper, six structural
parameters including pole arc coefficient, notch width, air
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FIGURE 5. The radial electromagnetic force wave and its 3-D Fourier
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gap length, permanent magnet thickness, tooth width and
slot depth are selected for analysis. Fig. 6. shows the motor
topology diagram with six parameter positions labelled. The
size of these six structural parameters directly affects the
distribution of the air gap magnetic field, which in turn affects
the radial electromagnetic force wave and the average torque,
as shown in Fig. 7.

Fig. 7 shows the influence of six structural parameters
on the amplitude of main electromagnetic force wave and
average torque. It can be seen that when the pole arc coef-
ficient is between 0.55 and 1, the amplitude of the radial
electromagnetic force wave decreases and the average torque
increases with increasing the pole arc coefficient. When the
air gap length is between 0.4mm and 1.4mm, the amplitude
of the radial electromagnetic force wave decreases and the
average torque increases with decreasing the air gap length.
The notch width has little effect on the average torque, but the
amplitude of the radial electromagnetic force wave increases
approximately linearly in range. The influence of permanent
magnet thickness, tooth width and slot depth on the amplitude
of main electromagnetic force wave and average torque is
similar with the increase of the value. The inflection points in
subplot (d) and subplot (f) are both caused by the flux density
supersaturation. Because the rated speed of the prototype
in this paper is low, considering the cost, the design of the
yoke flux density is relatively high. In subplot (e), when
tooth width is 6mm, the flux density has reached saturation.
It can be seen that the variation of the pole arc coefficient
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FIGURE 6. Topological diagram of the motor.
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FIGURE 7. The influence of different structural parameters on the amplitude of main electromagnetic force wave and average torque.

and the air gap length within the range proposed in this
paper is beneficial to the reduction of the amplitude of main
electromagnetic force wave and the increase of the average
torque. On the basis of considering mechanical and cost
issues, six parameter ranges are selected, and finally the range
of pole arc coefficient is 0.8 ~1, the range of notch width is
2~4mm, the range of air gap length is 0.6~1.4mm, the range
of permanent magnet thickness is 2~4mm, the range of tooth
width is 6~8mm and the range of slot depth is 28~32mm.

B. TEST DESIGN

Design of Experiments (DOE) is one of the most important
statistical methods in product development, process optimiza-
tion and so on. It is based on the theory of mathemati-
cal statistics to scientifically arrange test schemes so as to
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correctly analyze test results and quickly obtain optimization
schemes. This paper uses Latin hypercube design (LHD)
method to select the number of points randomly and ensure
that each level of a factor is studied only once. This method
can effectively fill the space and fit the nonlinear response.
The LHD factor and its constraint range are shown in Table 3.

Based on the parameterized finite element model estab-
lished above and the designed LHD factor and its constraint
range, 50 sample points are randomly selected for inde-
pendent finite element load simulation. The average torque
and radial electromagnetic force wave corresponding to each
sample point are obtained. Then the radial electromagnetic
force wave is decomposed by Fourier transformation to
obtain the 2p space order 54 Hz radial electromagnetic force
wave. The average torque 7 and the 2p space order 54 Hz
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TABLE 3. Parameters and constraint range of LHD.

TABLE 5. Parameter sensitivity analysis results.

Parameters Symbol Initial Constraint Parameters N-T (%) N-F. (%) Sensitivity level
values range
Pole arc coefficient a 0.97 0.8~1 a 5.47 -42.12 II/1
Notch width, (mm) b 2.5 2~4 b 1.54 2.38 /1
Air gap length, (mm) c 1 0.6~1.4 c -35.38 -12.14 /1
Permanent magnet d 3 ot d 25.14 35.22 11
thickness, (mm) e 28.98 6.55 /1t
Tooth width, (mm) e 7 6~8 7 3.48 -1.59 Il
Slot depth, (mm) f 30 28~32
407
TABLE 4. LHD matrix and response results.
30r
Serial < 20
number a b c d e f T F, %
1 080 30 14 21 68 296 14853 95644 £ 107
2 080 2.0 09 27 6.1 283 16623 131470 E
3 081 22 13 25 69 287 161.70 113150 2
4 081 40 14 32 69 297 16731 128210 g -10F
5 082 23 10 23 6.7 302 16720 111830 2
6 082 25 06 3.1 72 309 19460 152020 2 Hr
7 082 33 09 22 7.1 31.8 17145 114840 30t
8 083 22 13 36 63 31.8 16541 133970
9 083 32 07 29 6.8 285 18680 137580 -40 : ‘ . . ‘
Pole arc Slot Air gap Permanent Tooth Slot
.10 084 29 0.7 ' 31 72 31.6 191.12 . 138340 coofficient width  length  magmet width  depth
thickness
. . . Parameters of LHD
40 096 22 12 38 73 288 18478 108710
41 096 27 09 24 74 30.6 18430 85579 FIGURE 8. The parameters sensitivity analysis results of T.
42 097 20 08 39 6.6 320 18238 105190
43 097 2.8 0.8 24 60 281 17038 79440
44 098 3.8 12 23 76 282 17143 79154 50
45 098 24 10 29 6.1 287 170.17 86695
46 098 27 06 3.0 75 31.0 202.77 89272
47 099 3.1 14 31 64 293 16626 90328
48 099 38 14 30 76 31.5 17329 95665
49 1.00 2.1 07 22 6.7 29.0 18057 70694
50 1.00 2.7 1.1 21 7.7 289 172770 76433

radial electromagnetic force wave F, are taken as output
responses. The final LHD matrix and response results are
shown in Table 4.

C. PARAMETER SENSITIVITY ANALYSIS

Parameter sensitivity analysis refers to the sensitivity of the
system’s output to changes in input, which can be approx-
imated as the contribution of factors to the response. The
six factors a ~ f are normalized to [—1,1] and fitted with
the least square method to get sensitivity S;, which is then
converted into percentage Nx;

Sx;
Ny, =100 X ————— 9

x; >S4 &)

14

Table 5 shows the parameters sensitivity analysis results of
six factors a ~ f to average torque 7 and radial electromag-
netic force wave F; respectively, and the corresponding bar
charts are shown in Fig. 8 and Fig. 9.

Sensitivity level I is classified as having absolute sensitiv-
ity greater than 10%, and sensitivity level II as having less

91762
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FIGURE 9. The parameters sensitivity analysis results of F;.

than 10%. From the parameters sensitivity analysis results,
it can be seen that the air gap length and the permanent
magnet thickness have a greater influence on the average
torque and radial electromagnetic force wave, which are all
sensitivity level I. The pole arc coefficient has a greater effect
on the radial electromagnetic force wave, but a smaller effect
on the average torque. The sensitivity levels are II and I
respectively. The tooth width has a greater effect on the aver-
age torque, but has less effect on the radial electromagnetic
force wave. The sensitivity levels are I and II respectively.
Notch width and slot depth have little effect on average torque
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and radial electromagnetic force wave, both of which are
sensitivity levels II.

V. APPROXIMATE MODEL ANALYSIS BASED ON
ARTIFICIAL NEURAL NETWORK METHOD
Artificial neural network method is based on the traditional
statistical theory and has great advantages in dealing with
problems with fuzzy information and many factors. Radial
Basis Function (RBF) neural network method is a forward
network constructed on the basis of the function approxima-
tion theory. It can approximate any continuous function with
any precision and has a strong function approximation ability.

Based on the Latin hypercube test results (50 samples),
the RBF neural network method is adopted to establish the
approximate model between the pole arc coefficient, notch
width, air gap length, permanent magnet thickness, tooth
width, slot depth and the average torque and the amplitude
of radial electromagnetic force wave. The number of RBF
neural network layers is 3, which are input layer, hidden layer,
and output layer. The corresponding number of nodes are 6,
10 and 2. Where the number of hidden layer nodes is selected
based on previous experience. In order to verify the accuracy
of the approximate model and obtain a reliable mathematical
proxy model, 20 sample points are randomly selected, cross-
validation method is used for error analysis, and the relative
error and R? are used as the standard to measure the accuracy
of the approximate model.

The relative error can be expressed as

A

Vi _yi|
Vi

E = x 100% (10)

The expression for R is

ZZ(Yi—-9J2
RZ:I_Zl:(yi—ﬁi)z (an

where, y; is the actual value, y; is the predictive value, y;
is the average value. The smaller relative error, the greater
R? is 0.9 and the closer it is to 1, the higher accuracy and
reliability of the approximation model. The relative error and
the calculated results of R*> are shown in Table 6. The R*
graphs of average torque 7 and radial electromagnetic force
wave F; are shown in Fig. 10 and Fig. 11.

In the R? graphs, the blue line is the average of the actual
values of the 20 sampling points, the 45° slanted black line
represents R> = 1, when the predictive value is equal to the
actual value, the red dots are the predictive and actual values
of the 20 sampling points. From Table 6, it can be seen that
the relative error of radial electromagnetic force wave F; is
more than 5% for only 3 sampling points and less than 5%
for average torque 7 for 20 sampling points. Therefore, the
approximate model established by using RBF neural network
method in this paper is reliable and can be used for subsequent
optimization design.
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TABLE 6. Relative error and R? calculation results.

Sample T-relative 2 Frelative )
points error (%) IR error (%) F-R
1 0.1038 9.1749
2 0.2329 1.6271
3 0.0444 2.0170
4 0.2239 4.9690
5 0.1137 2.9604
6 0.3327 1.3654
7 0.3266 0.8161
8 0.5479 0.2116
9 0.1790 1.6023
10 0.2235 1.1895
11 0.4098 0.97092  0.5091 0.96822
12 2.2193 10.5921
13 1.1894 3.6178
14 0.1775 2.0825
15 0.3616 1.3682
16 0.8350 0.0735
17 3.3420 1.1816
18 0.3635 4.2156
19 0.1080 5.0138
20 0.5273 2.1335
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FIGURE 10. The R2 graphs of average torque T.
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FIGURE 11. The R2 graphs of radial electromagnetic force wave F;.

VI. OPTIMIZATION DESIGN BASED ON NCGA
Multi-Objective Optimization is the problem of simul-
taneously optimizing multiple subgoals. Neighborhood
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Cultivation Genetic Algorithm (NCGA) is developed from
the earliest GA (Genetic Algorithm), which considers each
target equally important and implements the mechanism
of “adjacent propagation” through sorting and grouping
for crossover. The mechanism of ‘“‘adjacent propagation”
increases the probability of crossbreeding solutions close to
the Pareto frontier and accelerates the process of calculation
convergence, but cannot solve single objective problems and
has weak adaptability. This algorithm originates from the
concept of subpopulations in distributed genetic algorithms,
which limit the crossover to a certain range in the design
space. According to the characteristics of the algorithm, the
crossover between populations (neighborhoods) with similar
characteristics is more effective. In most cases, each sub
objective often conflicts with each other, and the improve-
ment of a certain sub objective may lead to the reduction of
other sub objectives. Thus, NCGA cannot optimize multiple
sub objectives simultaneously, ultimately can only coordinate
the trade-offs and compromises between objectives, so that
each sub objective can be optimized as much as possible.
Compared to traditional algorithms, NCGA supports opti-
mization solutions for nonlinear and inequality constrained
problems, it has fast operation speed, high reliability of cal-
culation results, and fast convergence. The NCGA calculation
process is shown in Fig. 12.

Initialization
Set t=0. set the first generation individual Py, No
population N. and calculate the fitness function|
corresponding to the individual, calculated as 4.

Meet termination
conditions

Renew
Combine 4, and P,. according to the|
envire tal selection hanism ,
Sort select N out of 2N Individuals.
Individual P; is sorted in the direction $
of the aggregated target value. Recombination

All offspring individuals
recombine into a new P,

Group
Individual P is divided into several groups based|
on sorting, with two individuals in each group.

Crossover and mutation
Each group performs crossover and mutation|
operations.  generating two  offspring|
individuals from two parent individuals and|
deleting the parent at the same time.

f

FIGURE 12. NCGA calculation process.

In this paper, the approximate model established by RBF
neural network method and NCGA is used to optimize the
design of the motor. During the optimization process, the
change of structural parameters will lead to the change of slot
area. Since only six structural parameters are changed in this
paper, it is necessary to ensure that the slot fill factor s differs
little from the original scheme and is less than 75%, so the
constraint is set to 70% < s < 75%. Set the population size
to be 100, the crossover probability to be 0.7, the mutation
probability to be 0.000 5, the number of iterations to be 2000,
and the optimization target to be the minimum radial electro-
magnetic force wave and the maximum average torque.
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FIGURE 13. The iterative process of average torque.
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FIGURE 14. The iterative process of radial electromagnetic force wave.

TABLE 7. Comparison between NCGA and FEM.

Parameters NCGA FEA Error(%)
a 0.999709
b 3.133402
c 0.605331
d 2.07843
e 7.16993
f 30.77675
Slot fill factor (%) 70.89705  70.532 0.518
Average torque (N-m) 189.6568  189.7532  0.051
Radial electromagnetic force 6260179 6573174 4762

wave (N/m?)

Fig. 13 and Fig. 14 show the iterative process of average
torque and radial electromagnetic force wave optimization
respectively, and the optimal scheme is obtained by iterating
to 1993 times.

Fig. 15 is the Pareto frontier in the optimization process.
In Fig. 13, Fig. 14 and Fig. 15, the black points are the

VOLUME 11, 2023
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FIGURE 15. The Pareto frontier.

TABLE 8. Comparison of results before and after optimization.

Parameters Initial .Af'ter . Comparison(%)
values optimization

Slot fill factor (%) 70.2249 70.8187 0.846
Cogging torque 6.89695  3.13567 -54.535
(N-m)
Average torque 183.4368  190.3952 3.793
(N-m)
Torque ripple (%) 7.2357 6.6929 -7.502
Efficiency (%) 90.563 91.375 0.897
Overload multiple 1.6978 1.7087 0.642
Radial
electromagnetic force 99693 71297 -28.483
wave (N/m2)

feasible solutions, the blue points are the Pareto solutions,
and the green points are the optimal solutions. It can be
seen that the amplitude of the main radial electromagnetic
force wave and the average torque cannot reach the optimal
value at the same time. Therefore, the minimum value of the
main radial electromagnetic force wave can only be obtained
if the average torque is not lower than the initial value
of 183.4368N.m.

The motor optimization scheme obtained by NCGA is
compared with that by FEM simulation as shown in Table 7.

From Table 7, it can be seen that the errors of slot fill factor,
average torque and amplitude of main radial electromagnetic
force wave obtained by NCGA optimization are 0.518%,
0.051% and 4.762% respectively, when the motor parameters
are input into the finite element simulation. Thus, the results
obtained by NCGA have high accuracy and can be used as the
final optimization scheme. However, there are many decimal
places, considering the actual processing and other issues,
so rounding is carried out on the basis of the optimization
scheme obtained by NCGA. All parameters except the pole
arc coefficient which retains two decimal places are retained
one decimal place. The final optimization scheme is obtained
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by further finite element simulation. The comparison of the
optimization results is shown in Table 8.

As can be seen from Table 8, the optimization method used
in this paper has a high reliability, with an improved average
torque of 3.793 %, efficiency of 0.897 %, overload multiple
of 0.642 % and a reduced cogging torque of 54.535 %, torque
ripple of 7.502 %, amplitude of major radial electromagnetic
force wave of 28.483 %.

VII. CONCLUSION

In this paper, firstly, a parametric finite element simula-
tion model of a fractional slot surface-mounted PM motor
with external rotor is established. Secondly, the LHD test
is designed and the parameters sensitivity of six different
structural parameters to the amplitude of 2p space order 54 Hz
radial electromagnetic force wave is analyzed. Based on the
RBF neural network method, an approximate model between
six different structural parameters and the amplitude of 2p
space order 54 Hz radial electromagnetic force wave and
average torque is established, and the motor is optimized by.
The main conclusions are:

1) LHD test and parameters sensitivity analysis show
that the air gap length and permanent magnet thick-
ness have significant effects on the average torque and
main radial electromagnetic force wave. The pole arc
coefficient has a significant effect on the main radial
electromagnetic force wave, but a small effect on the
average torque. The tooth width has a greater effect
on the average torque, but a smaller effect on the main
radial electromagnetic force wave. The notch width and
the slot depth have little effect on the average torque
and the main radial electromagnetic force wave.

2) The results of motor optimization by NCGA show
that reasonable selection of motor structural parameters
such as pole arc coefficient, air gap length and perma-
nent magnet thickness can not only effectively reduce
the amplitude of the main radial electromagnetic force
wave, but also improve the output capacity of the motor.
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