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Abstract: To address the issues of environmental comfort degradation and positioning interference
caused by electromagnetic vibration and noise in wheel direct-drive motors of mobile robots during
operation, a collaborative optimization strategy based on an improved multi-objective mayfly
algorithm (IMOMA) and a parameter scanning method (PSM) was proposed. Taking an outer-
rotor permanent magnet synchronous wheel direct-drive motor with an outer diameter of 355. 6 mm

as the research object, the engineering application value of this strategy was verified through the

Wi H . 2025-12-16, EHR A RAEMAI79—) B 42, M+ 4T, HEETH. BRARBSEERD
T H (52472405)
90 245 1 RS ) . 2026-03-03 2% ik« heeps: // link. enki. net/urlid/61. 1069, T. 20260302. 1257. 002



i 10 1Y

A AF R LA N ELIK A P AL G IR 3 MR A 2 F AR AR B T S S U

57

multi-objective structural optimization design of auxiliary stator slots and a step-skewed rotor. By
introducing a dual-layer roulette wheel selection and dynamic dimension transformation mechanism, the
global search capability and the uniformity of Pareto front coverage of the IMOMA algorithm were
enhanced. The approach combined with a PSM-constructed multi-objective performance database
for auxiliary slot parameters (width, depth, rotation angle) and step-skewing parameters
achieved efficient collaborative optimization. The effectiveness of the optimized solution was
verified through a multi-physics coupled simulation model. The results show that the optimized
motor exhibits the following: the average housing end-cap vibration acceleration was reduced by
39. 35 mm/s* at 600 r/min and 41. 78 mm/s* at 1 200 r/min; the equivalent radiated power was
reduced by 9. 2 dB at the stator-housing interface and by 9. 0 dB at a distance of 1 m in the air
domain; and noise propagation uniformity was significantly improved, with a 3. 913 dB reduction
in A-weighted sound pressure level at 1 200 r/min. This effectively lowered the noise level from
the 70 dB range to the 60 dB range. mitigating noise harshness and enhancing motor comfort.
This study provides a theoretical basis for the low-noise design of direct-drive motors.

Keywords: mobile robots; wheel direct-drive motor; electromagnetic vibration; improved multi-

objective mayfly algorithm; noise level
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Fig. 1 Structural topology of direct-drive motor
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Fig. 2 Arrangement of armature winding
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min Y, (X, ., X5, X;.X,,X5)
s.t. 0. 1mm<C X, <3.5mm
0.5mm<C X, <<5.0mm
17X, 4% 1°<CX, <<5%; 2<C X, <5
(2)

Jmax Yl(Xl 7X2 7X3 7X,1 7X5)

(1 HIEE® MR AK

Table 1 Design parameters of direct-drive motor
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Fig. 3 Schematic diagram of double-layer roulette
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FEF IR RO 2R 5K RE R D 22 R B R A s e A
SRS R gy = 47 X107 H/m,

) B, AT A50I) ) o 10 ) 48 P 2R A

F.(0,0) = LB.(0,0)B.(0.0) (15)
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T 570 N« m™*, 3 i T YJ ] W 6 77 %5 B 1 sk /D>
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Fig. 11 Comparison of waveform distribution of tangential

and radial electromagnetic force density
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Table 3 Comparison of mean values of tangential and radial

electromagnetic forces

B/ (remin™ ') HBLSIHRE/(Nem ) fiAbAr fifb)s
12 1) 232210 231 640
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n 232170 231 600
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Y 105.07  55.27
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— et
— thALE i
450 - i
.E 350 “
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= 150 /A \\
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AN\ 1\ \
50 7N/ VN /
o / \/// \X::;:»:J \
-50 1 1 1 1 1
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(a) HL58 % T » 600 r/min

PREN I /(mm » s7)
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Fig. 12 Flow chart of multi-physical field coupling

simulation
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Fig. 13 Comparison of vibration characteristics between the front and rear casing end caps and the inner side before and

after optimization
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Table 4 Reduction of vibration acceleration at different orders

P 2l fin B B /N B/ (mm » s77)

%5 B34 600 r/min B384 1 200 r/min
BLE I 35 BL7E Pl BL5E Ui 35 BlLe Pl
1 0. 64 —0.57 1.11 —1.01
2 1.11 —1.01 2.39 7.14
3 0.01 0. 64 8. 00 74.19
4 2. 39 7.14 1. 95 —8.27
5 7.13 35.16 78.95 55. 00
6 8. 00 74.19 67.04 498. 50
7 3.92 83.62 7.87 —9.95
8 1.95 —8.27 8.09 119. 59
9 32.72 23.21 1.25 149. 25
10 78.95 55.00 17. 64 7.78
11 454. 23 20 524. 00 39. 82 58. 17
12 67.04 498. 50 17.11 48. 20
13 17.93 101. 37 7.56 126. 52
14 7.87 —9.95 —18. 49 58. 85
15 8. 44 47.29 291.03 —41. 97
16 8.09 119.59 95. 33 71.15
17 5.11 135. 22 38.61 59. 00
18 1. 25 149. 25 69. 32 60. 82
19 62.69 8 307. 33 67.91 124. 69
20 17. 64 7.78 33.29 59. 81
3.4 BEBMEGZERSN 1 S

e N Piw = —0Cp > A’ (16)

K FH 252 35k 6 3k 1) 28 CERPO Al 1+ M8 2 45 44 35 1 2 =
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Fig. 14 Pgrp of contact surface before and after optimization
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Fig. 15 Pggp at a distance of 1 meter from the air domain
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