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ABSTRACT

A Study on Optimal Design of Flux Concentrating Pole
Piece for Magnetic Gear

Chan-Ho Kim
Advisor : Prof. Yong—Jae Kim, Ph. D.
Department of Electrical Engineering

Graduate School of Chosun University

Magnetic gear which is capable of non-—contact torque transmission has
replaced mechanical gear and has advantages of high efficiency and improved
reliability. However, it also has the problem of a low torque density, which
requires improvement. In this paper, a novel pole piece shape was proposed in
order to improve the problem of low torque density of the magnetic gear. In
order to identify the functional relationship between design variables of the
proposed pole piece shape and response variables such as torque and torque
ripple, response surface methodology was used, and Box-Behnken design was
used to establish the design of experiment. In addition, using variance analysis
and regression analysis of design variables and response variables, response
surface of the response variable to the design variable, and its response surface
equation, were estimated to derive optimal design variables for the proposed pole
piece shape. The experimental data required for predicting the relationships
among them are were obtained using finite element method based on 2-D
numerical analysis. Therefore, this paper derived an optimal model for the
magnetic gear with the novel pole piece using the Box-Behnken design, and the
validity of the optimal design of the proposed pole piece shape through variance

analysis and regression analysis was demonstrated.
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Fig. 1. Gearbox fire and gear failures of mechanical gear
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Table 1. Specification of magnetic gear

Gear ratio 10.5
B. of magnetic material [T] 1.23
Steel material 35PN230
Number of inner pole pair 2
Number of outer pole pair 21
Number of pole piece 23
Inner rotor 20
Inner permanent magnet 8
Radial thickness Outer rotor 20
Outer permanent magnet 8
[mm] Pole piece 16
Air-gap 15
Stack length 10
Rotational speed | Inner rotor 1000
[rpm] Outer rotor 95.2381
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(a) Analysis model (b) Generated mesh

Fig. 4. Analysis model and generated mesh
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Table 2. Analysis Result of magnetic gear

Gear ratio 105 11
Number of inner pole 4
Number of outer pole 42
Number of pole piece 23
) Inner rotor (rpm) 1000
Velocity
Outer rotor (RPM) 95.23
Inner rotor (Nm) 18.15
Inner ripple (%) 3.75
Torque
Outer rotor (Nm) 190.52
Outer ripple (%) 0.06
Inner rotor (W) 1901.46
Power
Outer rotor (W) 1900.16
Gear ratio (1 / torque ratio) 10.49
Power density (W/kg) 99.64
— 10 —
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Table 3. Variable range of pole piece

Design variable
Level
a [mm] 3 [deg] ~ [mm]
Low -1 3 0.5 0.5
Central 0 45 1.75 1.75
High +1 6 3 3
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Fig. 11. Scatter plot of box-behnken design

Table 4. Box-behnken design

Standard Codedﬂfactor Uncodi;l factor
« ol a v
Order ! Lo T3 mm deg mm
1 -1 -1 0 3 05 175
2 *1 -1 0 6 05 175
5 -1 + 0 3 3 175
4 +1 +1 0 6 3 175
5 -1 0 -1 3 175 0.5
6 +1 0 -1 6 175 0.5
7 -1 0 +1 3 175 3
8 +1 0 +1 6 175 3
9 0 -1 -1 45 05 05
10 0 +1 -1 45 3 05
1 0 -1 +1 45 05 3
12 0 +1 +1 45 3 3
13 0 0 0 45 175 175
— 1 8 —
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Table 5. ANOVA table inner torque

Source DF sst MS? F pY
Regression 6 10.9102 1.8184 24.14 0.001
Linear 3 7.8364 2.6121 34.68 0.000
o 1 0.4942 0.4942 6.56 0.043
I} 1 5.8333 5.8333 77.44 0.000
v 1 1.5088 1.5089 20.03 0.004
Square 2 2.4926 1.2463 16.55 0.004
66 1 0.6427 1.3754 18.26 0.005
¥y 1 1.8499 1.8499 24.56 0.003
Interaction 1 0.5812 0.5812 .72 0.032
af 1 0.5812 0.5812 7.72 0.032
Residual error 6 0.4520 0.0753
Total 12 11.3621
D SSpegression = 20W= 9% SSpegression = 22— )
2) MSp,yesion = SSnegression/ ks MSp.,,,/ (n—k—1)
3) F=MSp,,0ssion/ MSpror
4) P—ualue < 0.05
Table 6. ANOVA table outer torque
Source DF SS MS F P
Regression 6 1215.90 202.65 22.45 0.001
Linear 3 919.50 306.50 33.95 0.000
Q 1 56.19 56.19 6.22 0.047
I6} 1 709.83 709.83 78.64 0.000
¥ 1 153.48 153.48 17.00 0.006
Square 2 229.06 114.53 12.69 0.007
63 1 25.38 82.59 9.15 0.023
Yy 1 203.68 203.68 22.56 0.003
Interaction 1 67.35 67.35 7.46 0.034
af 1 67.35 67.35 7.46 0.034
Residual error 6 54.16 9.03
Total 12 1270.07
— 20 —
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Table 7. ANOVA table inner torque ripple

Source DF SS MS F P
Regression 6 3.4555 0.5759 10.68 0.005
Linear 3 1.4510 0.4837 8.97 0.012
Q 1 1.0074 1.0074 18.68 0.005
16} 1 0.2019 0.2019 3.74 0.101
v 1 0.2417 0.2417 4.48 0.079
Square 1 1.3383 1.3383 24.82 0.002
66 1 1.3383 1.3383 24.82 0.002
Interaction 2 0.6663 0.3331 6.18 0.035
af 1 0.3387 0.3387 6.28 0.046
ay 1 0.3275 0.3275 6.07 0.049
Residual error 6 0.3275 0.0539
Total 12 3.7791
Table 8 ANOVA table outer torque ripple
Source DF SS MS F P
Regression 3 0.0074 0.00248 5.79 0.017
Linear 3 0.0074 0.00248 5.79 0.017
Q 1 0.0014 0.00149 3.48 0.095
I6} 1 0.0038 0.00388 9.06 0.015
¥ 1 0.0020 0.00207 4.84 0.055
Residual error 9 0.0038 0.00042
Total 12 0.0113
— 21 —
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Gedt E9 Fvalue: F-d42 A% d4EA%eR 348440l doly
o gAg Mgsted sk foAsA westE AT (-6l w3,
P-values #ol#E2H el 3984 x4z AAE 2Po] 005(UH o
0.1, 005 E= 0010]3h2 B A% folsttn Agsn 24% FPssch

oF$H B fEe] BARAEAA A% ash 47 P-value’t 005 o4O
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A& PesAs A 4 odsHe 22, GhAIHY 2, 0=
Hel EqeEe 24ndes F4T & QAT ok HZHY Ea g E 3

Fab A8y uEe dgndes 4715t 2te] AAwMse] ue
S71 R4 2AAe 4(10), 40D, 4(12), A13)el Fehpich

Il B,y) = 16.6984 +0.190063x + 1.801653+ 1.4733 (10)
— 0.4485636— 0.520208yy— 0.203293a,3

forla,By) = 176.427 4+ 2.06292 4 14.47743+ 15.6006y (11)
— 3.4758133— 2.188403

frrr (s By) = 1.76956 — 0.3021a: + 0.90599 3 — 0.82582 (12)
—0.42208334-0.1552c,3+ 0.1526 13y

forr(a,B,7) =0.052752+0.0091c — 0.017633+0.01289 (13)
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(b) Optimal model

Fig. 15. Flux density and flux line
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Fig. 16. Radial flux densities of conventional model and optimal model
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Fig. 17. Torque-angle curve of conventional model and optimal model
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Table 10. Result of optimization

Conventional Optimal
model model
Magnets Volume (cm®) 1570.80
(760 g/cm”) | Weight (kg) 11.94
Rotors Volume (cm?) 628.32
(755 g/cm’) | Weight (kg) 4.74
Pole pieces Volume (cm?) 314.16 283.45
(755 g/cm”) | Weight (kg) 2.39 2.15
Total weight (kg) 19.07 18.83
Outer torque (Nm) 190.52 196.07
Power (W) 1900 1955
Power density (W/kg) 99.64 103.81
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