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ABSTRACT

Optimal Design of Auxiliary Teeth for Reducing End Detent
Force of Stationary Discontinuous Armature PMLSM

Min-Seok Kim
Advisor : Prof. Yong-Jae Kim, Ph. D.
Depar tment of Electrical Engineering

Graduate School of Chosun University

Permanent magnet |inear synchronous motor (PMLSM), which uses system resources as
a permanent magnet, has a high thrust-to-weight ratio and thus is capable of
high-speed and high-thrust operation in the linear motion system. Though the PMLSM
has been suggested for use in the field of long-distance transport system due to
this feature, it has a problem of material costs and production time increasing in
proportion to the distance because of the characteristics of |inear motors that the
armature needs to be installed on the full length of the transport path. In order
to solve this problem, an armature distribution system which has the armature
installed only on acceleration and deceleration parts is proposed, to reduce the
material cost and production time. However, the stationary discontinuous armatures
system does not have armatures in the parts where acceleration/deceleration of the
mover is not required and thus, due to its structure, there must be ends of the
armatures. The armature ends significantly increases the detent force that acts as
a cause of vibration and/or noise from the armature, lowering the device
performance. Inspired by the shape of the double auxiliary teeth, we proposed
arc-shaped auxiliary teeth that could represent the change of air-gap gradually
while maintaining a simple structure of the conventional auxiliary teeth. In
addition, we completed the optimal design by designating each variable for
effective application of the arc—shaped auxiliary teeth.

For designing the new auxiliary teeth, Taguchi’ s design of experiment was used,
with which the impact of each factor on the objective function were analyzed and a
model suitable for reducing the end detent force was derived. Each model was
numerically analyzed using finite element method (FEM) based on 3-D numerical
analysis.
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2. FHcl BHSE PMLSM
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SHE 2 = UCH. L& =32 i SHIot =0t 0% & IFH
PILSMZ B&EtEE 20F € WS E0F S HEHA0 &0 £ tHEst
BIES=0F A& AtIDOF SOtotd JUKXBH BHE 228 & AU HIIKE
2 grE 2101 SItE0 et M2Hl8 2 HMAEAIZI0l 456t 2 ME
BIHO 2 PMLSME &2l EFSE0H HESHH 08 1 (a)lt 201 88
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et 2OEH X2 218 HEHIE & HAAIZ0l afsotE2 8
SHIZ & HMAE AlZe 2ME H&otdl flol EIINE S4ot0 X
AHBHXT ATAESOl MIAIE 2D QJUCH

100
Armature Mover with PM
e Direction of motion

(a) Continuous arrangement of armature

Armature End

reewheeling

Direction of motion

reewheeling

Accelerator Re-Accelerator Re-Accelerator
/ Decelerator

(b) Discontinuous arrangement of armature

Fig. 1. Schematic of armature arrangement
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Table 1. Reduction ratio according to the armatures arrangement

Arrangement of Reduction of
Arrange of
armature steel
_ _ slots[Slots]
unitUnits] sheet [%]
Continuous arrange
- 9090 -
-ment armature
Discont inuous
arrangement armature 75 2198 75.81
(Distance: 1m)
_5_
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Fig. 2. Forces by the mover at the end edge of armature
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Table 2. Specifications of the experimental device

[tems Value
Number of poles 8 poles
Thickness of PM 3 mm
Mover Lgngth of PM 28 mm
Width of PM 45 mm
Pole pitch 33 mm
Back iron length 300 mm
Number of slots 29 slots
Armature Slot pitch 11 mm
Armature length 324 mm
Mechanical air—gap 5 mm

Fig. 3. 3-D numerical analysis model
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Position x[mm]

Fig. 4. Detent force in conventional model
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bifurcating
pole
Auxiliary
teeth
Double
auxiliary
teeth

Reduction
Auxiliary
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[ Writing the Ly(4%) orthogonal arrays ]

4
[ Main effect plot analysis of the L,(43) orthogonal arrays

¥ 2
[ Contribution ratio analysis of each factor using SN ratio

'y b,
[ Wiriting the L,,(4%) orthogonal arrays with interaction

¥
[Main effect plot analysis of the L,,(4?) orthogonal arrays with interaction

L i
[ Derivation of optimal arc-shaped auxiliary teeth model

. 4
[ Multiple regression analysis of the optimal result

L i
[ Derivation of estimated regression equation

¥ 2
[ Evaluation of reliability and suitability of optimal model using variance

Fig. 8. The procedure of taguchi method
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Table 4. Factor and level of arc—shaped auxiliary teeth

Factor

R{mm]

Ro

Ri

Re

Clmm]

24
36

B[mm]

36

66

Almm]

Lg(4°)

Level

Table 5. Orthogonal arrays of Lg(4%)

SN ratio

-17.87
-17.95
-18.80
-18.26
-18.75
-19.73

-19.61

-19.33

Detent
force[N]

8.06
7.83
7.90
8.71

8.66
9.69
9.56
9.25

R{mm]

Clmm]

24
36
24
36

36

24

B[mm]

36

66
36

66
36

66

Almm]
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Fig. 9. Main effect plot of Lg(4%)
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Table 6. Calculation of contribute ratio

Sum

—224.59

0.45
100

-18.57

-18.79

-18.79

-18.76

0.01
2.31

-18.83

-18.67

-18.65

-18.76

0.01

1.52

-18.89

-18.58

-18.68

-18.76

0.02
3.59

-17.99

-18.61

-19.56

-18.72

0.42
92.57

Average

Sum of square

Contribute ratio[%]
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Table 7. The modified factors and levels of arc-shaped auxiliary teeth

L7 (4%) Factor

Level Almm] Bmm] Clmm] R{mm]
1 0 36 12 Ro
2 1 51 24 Ry
3 2 66 36 Ro

Table 8. The Lu(4°) orthogonal array with interaction AB,AC,AR

Detent )
Almm] B[mm] Clmm] Rlmm] SN ratio
force[N]

1 1 1 1 1 7.82 -17.87
2 1 1 2 2 8.38 -18.47
3 1 1 3 3 8.28 -18.36
4 1 2 1 2 7.84 -17.89
5 1 2 2 3 7.57 -17.58
6 1 2 3 1 7.61 -17.62
7 1 3 1 3 7.46 -17.45
8 1 3 2 1 7.68 -17.71
9 1 3 3 2 7.10 -17.02
10 2 1 1 1 7.90 -17.95
11 2 1 2 2 7.80 -17.84
12 2 1 3 3 8.40 -18.48
13 2 2 1 2 7.57 -17.59
14 2 2 2 3 7.49 -17.49
15 2 2 3 1 7.43 -17.42
16 2 3 1 3 7.65 -17.67
17 2 3 2 1 7.29 -17.25
18 2 3 3 2 6.96 -16.85
19 3 1 1 1 8.10 -18.17
20 3 1 2 2 7.69 -17.72
21 3 1 3 3 8.53 -18.62
22 3 2 1 2 7.86 -17.91
23 3 2 2 3 7.70 -17.73
24 3 2 3 1 7.61 -17.63
25 3 3 1 3 7.85 -17.90
26 3 3 2 1 7.68 -17.71
27 3 3 3 2 7.08 -17.00
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+ 0.44695R + 0.868688AB + 0.785024AC
- 0.6761AR - 0.21536BR - 0.63528ABC
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Table 11. Error factor and residual of orthogonal array and estimated regression

equation with interaction AB, AC, AR

Prediction ) Detent Error
Residual

Value[N] force[N] factor [%]
1 7.97 -0.15 7.82 1.91
2 8.01 0.37 8.38 4.41
3 8.33 -0.05 8.28 0.65
4 7.75 0.08 7.84 1.08
5 7.65 -0.08 7.57 1.05
6 7.54 0.06 7.61 0.83
7 7.39 0.07 7.46 0.94
8 7.50 0.18 7.68 2.39
9 7.1 -0.01 7.10 0.14
10 7.98 -0.08 7.90 0.99
11 7.91 -0.12 7.80 1.51
12 8.42 -0.02 8.40 0.23
13 7.74 -0.17 7.57 2.21
14 7.60 -0.11 7.49 1.51
15 7.52 -0.09 7.43 1.23
16 7.64 0.01 7.65 0.18
17 7.56 -0.27 7.29 3.73
18 7.07 -0.11 6.96 1.58
19 7.99 0.11 8.10 1.37
20 7.82 -0.13 7.69 1.72
21 8.50 0.03 8.53 0.32
22 7.73 0.13 7.86 1.71
23 7.56 0.14 7.70 1.80
24 7.49 0.12 7.61 1.52
25 7.89 -0.04 7.85 0.49
26 7.62 0.06 7.68 0.82
27 7.02 0.06 7.08 0.83
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