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ABSTRACT

A Study on Efficiency Optimization and Structural Robustness
Improvement of Magnetic Gear for High Speed

Eui—Jong Park
Advisor : Prof. Yong—Jae Kim, Ph. D.
Department of Electrical Engineering

Graduate School of Chosun University

Mechanical gears, which are widely used as power converters, transmit power
through the meshing of gear teeth. Tooth meshing inevitably causes noise,
vibration, and wear, and the use of lubricant to improve it requires frequent
maintenance. In order to improve the shortcomings of mechanical gears, a
non—contact magnetic gear has been proposed that transmits power by magnetic
force. Magnetic gear has attracted attention as a substitute for mechanical gears
as it exhibits low noise, low vibration, and low maintenance, and features that
do not break gears when overloaded. Research has been conducted to utilize
this advantage of magnetic gears and apply them to super—high—speed
supercharging systems in automobiles. However, the magnetic gear has a
problem in that the eddy current loss increases rapidly due to the configuration
and driving characteristics. In particular, it is required to reduce the permanent
magnet eddy current loss. In addition, the current magnetic gear is in the early
stages of research, and since the structure has not been formalized, it is
necessary to improve the structural stability of the magnetic gear according to
the high—speed rotation.

In this paper, efficiency optimization and structural robustness improvement
for high—speed driving of magnetic gears 1s shown. First, main design
parameters are selected and characteristic analysis including loss and efficiency
according to the parameters is performed. In addition, to prevent scattering of

permanent magnets at high speed rotation and to analyze the effects of

- Xii -
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permanent magnet eddy current loss, NdFeB, Nd—bonded, and Ferrite permanent
magnets are applied and analyzed respectively to derive the optimal model.
Before producing the prototype of the derived model, the robustness
improvement of the most fragile pole—piece structure among the magnetic gear
structures 1is studied. A pole—piece supporter referring to the reinforced
concrete structure was proposed, and a non—conductive supporter was applied
to reduce additional electromagnetic losses. Since Nd—bonded permanent magnet
has a cylindrical structure, it can prevent permanent magnet scattering, but a
separate magnetizer must be constructed. Accordingly, the characteristics of the
magnetization method were analyzed, and a magnetization method suitable for
improving the efficiency of the magnetic gear was finally applied.

A prototype that synthesizes the analyzed contents have been produced and
experimental equipment to perform the performance evaluation of the magnetic
gear 1s constructed. However, since the designed efficiency and the measured
efficiency did not match, it represents a process for identifying other losses
including mechanical loss. As a result of listing and comparing the components
constituting the loss of the magnetic gear, it was confirmed that the final
designed efficiency and the measured efficiency matched within 1%.

This paper presents the process from the design of high—speed magnetic gear
to the production and evaluation. The characteristic change according to the
main design parameters of the magnetic gear can be confirmed, and the
difference in loss and efficiency according to the permanent magnet material
can be confirmed. In addition, a new structure of the pole—piece was shown
and the characteristics of magnetization of the Nd—bonded permanent magnet
can also be confirmed. The experimental method of magnetic gear and the
measurement process for other loss due to leakage flux and mechanical loss can

be used as a guideline for manufacturing and evaluating magnetic gear.

— Xiii -
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Fig. 1—4. Gear Failure
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Worm wheel | }B _
(e) Worm gear | (f) Bevel gear

a9 2-1. 714 Jlole] @ag Aed mE Y]oj[11-16]

Fig. 2—1. Magnetic Gear adopting the Shape of Mechanical Gear
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® 2-1. 7144 7)olsh vhdg slele] A WE

Table 2—1. Torque density of mechanical and Magnetic gear

Torque density (kKNm/m?®)
Mechanical spur gear[17] 100—200
Spur gear 10—-20
Magnetic pur 8
Worm gear 1-2
gear
Bevel gear 5-10
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(e) Hesmondhalgh’'s Magnetic Gear

a9 2-2. A39E 2t x7] upayE 7o) [18-20]

Fig. 2—2. Initial Magnetic Gear with Third Area
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gy o] & 2001 J= Sheffield Hehe] Atallah'se 198 2-2(c)9F FA
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= wladlel 7]o](CMG: Coaxial Magnetic Gear)E e 28 2-3(b)&
o]Z WAl thA] UERd AHolt}h. Atallah®] wlaug 7)o E3 A|3g S 7}
A3l 9lom olZ ZuA(Pole—piece)® X7|8ch % ulauvg 7)oj7p 71&
of wkdlg 7o tiH] zt= ApEA L A|s|Re] &84 Fdd st oAl
3l 19 2-19 miadlg 7oA TEHE dEstE FHol @ Xyl §lo]
do 732 G8EE Bolul a9 2-2 2-38 RE g3 o] Al FY
Aol 7]ojale] & A2 FLEE WY L3 Y =EoME 1A
G2 S| EF AlFe] NdFeB 4 7AHA<
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Permanent
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Fig. 2—3. Coaxial Magnetic Gear
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Stator
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Fig. 2—5. Devices using Magnetic Gearing Effect
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Air gap
length

_ Inner rotor
with PM

Outer rotor
with PM

Steel Pole piece(PP)

A

(a) Air gaps of Coaxial Magnetic Gear

Inner air gap

Case #1 Inner rotor Case #2 Inner rotor with PP

Case #2
Inner rotor

Permanent
Magnets

Case #3 Outer rotor Case #4 Outer rotor with PP
(b) Measurement Section
a9 2-6. &% vladlg 7o I AEEE 54 A

Fig. 2—6. Magnetic Flux Density Measurement Section of CMG
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(b) Outer rotor

718 2—7. Pole—piece 5] W& R—axis &= A&dE

Fig. 2—7. R—axis Air Gap Flux Density With or Without Pole—piece
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(b) Inner rotor 0~30 harmonics
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Fig. 2—8. Fourier Transform of Inner Rotor Air Gap Flux Density
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Fig. 2—9. Fourier Transform of Outer Rotor Air Gap Flux Density
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Doy Outer rotor =&
3% 2-2. Inner rotor ALF3}9] o] 5&HE

Table 2—2. Rotation Speed of Inner Rotor Harmonics

Step | Harmonics Order | Unit 2 6 10 14
Amplitude T 0.48 0.16 0.09 0.06

1 Amplitude Ratio % 44 15 8 6
Phase deg —-110 —150 170 130
Amplitude T 0.48 0.16 0.09 0.06

2 Amplitude Ratio % 44 15 8 6
Phase deg —-112 —156 160 116

Speed rpm 8 8 8 8

¥ 2-3. Inner rotor with pole—piece ALF3}2] o] 5%

Table 2—3. Rotation Speed of Inner Rotor with pole—piece Harmonics

Step | Harmonics Order | Unit 2 16 20 52
Amplitude T 0.24 0.17 0.08 0.05
1 Amplitude Ratio % 28 20 9 5
Phase deg -110 20 —-20 20
Amplitude T 0.24 0.17 0.08 0.05
2 Amplitude Ratio % 28 20 9 5
Phase deg —-112 22 —-22 22
Speed rpm 8 -1 0.8 -0.3
— o4 —
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¥ 2—4. Outer rotor 1LZF3}9] o]|=&%

Table 2—4. Rotation Speed of Outer Rotor Harmonics

Step | Harmonics Order | Unit 16 2 6 3
Amplitude T 0.02 7e—6 3e—6 2e—6

1 Amplitude Ratio % 100 0 0 0

Phase deg 110 -161 —143 58

Amplitude T 0.02 0 0 0

2 Amplitude Ratio % 100 0 0 0
Phase deg 126 —144 —140 -161
Speed rpm -1 -8.3 —0.6 72.9

¥ 2-5. Outer rotor with pole—piece 1LZ3}2] o] F& =

Table 2—5. Rotation Speed of Outer Rotor with pole—piece Harmonics

Step | Harmonics Order | Unit 2 16 38 52
Amplitude T 0.04 0.03 0.01 0.01

1 Amplitude Ratio % 34 26 8 5
Phase deg 160 110 160 110
Amplitude T 0.04 0.03 0.01 0.01

2 Amplitude Ratio % 34 26 8 5
Phase deg 144 126 144 126
Speed rpm 8 -1 0.42 0.31

— 25 —
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Fig. 2—10. Hysteresis Loop, JMAG—Desinger
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Fig. 2—11. Flux Direction of Coaxial Magnetic Gear
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Fig. 2—12. Flux Density and Flux Line of Coaxial Magnetic Gear
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Fig. 2—13. Flux Density and Flux Line with Inner Magnets
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Fig. 2—15. Magnetic Properties of N38SH, Jmag
®2-6. AN 54 &
Table 2—6. Magnetic Properties of Permanent Magnet
Unit Ferrite Sm—Co NdFeB Alnico
Residual Flux density T 0.38~0.46 | 0.8~1.15 | 1.1~1.4 0.6~1.3
Temperature coefficient | %/°C -0.18 —0.04 -0.11 -0.02
Curie Temperature °C 450~460 | 710~820 | 330~340 | 840~850
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Table 3—1. Design Flow Chart
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E 3-2 AAER A

Table 3—2. Design Goal Specification

Item Unit Value
Capacity kW 3.0
Inner Rotor Speed rpm 140,000
Inner Rotor Torque Nm 0.18~0.20
Outer Rotor Speed rpm 17,500
Outer Rotor Torque Nm 1.5~1.6
Gear Ratio - 8:1

¥ 3-3 AR 42 gu

Table 3—3. Material Information of Analysis Model

Item Unit Value
NdFeB Residual Flux Density T 1.2
NdFeB Electric Resistivity Ohmm 1.4e—06
Nd—bonded Residual Flux Density T 0.8
Ferrite Residual Flux Density T 0.4
Core Flux Density @5000A/m T 1.655
Core Loss @50Hz, 1.5T W/m?® 15,700

Collection @ chosun
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¥ 3—4. 8:1 7]on] 9] =S4 =3

Table 3—4. Pole Combination of 8:1 Gear Ratio

Inner rotor poles | Outer rotor poles | Number of Pole piece
2 16 9
4 32 18
6 48 27
8 64 36
10 80 45
200
= ~0=-NdFeB Magnet =/~Ferrite Magnet
é 150
<=
i)
0 100 t \
-
-4
§ 50
)
0 1 1
2 4 6 8

Inner rotor poles
a9 3-2. 59 290l wE F UE Aol

Fig. 3—2. Z—axis Length according to Pole Combination
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3 3-5. AP A WS
Table 3—5. Parameter Range

Parameter Design range
(1) IY: Inner Yoke P 10~20mm
(2) IM: Inner Magnet P,—P; 2~7mm
(3) IG: Inner Air Gap P;—P, 1.0mm 2173
(4) PP: Pole—piece Ps,—P3 1~14mm
(5) OG: Outer Air Gap Ps—P, 0.5mm 2%
(6) OM: Outer Magnet Ps—Ps 2~7mm
(7) OY: Outer Yoke P;—Ps 5~15mm
Stack Length Z—axis length 70mm 21A4
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Fig. 3—5. Torque Characteristics of Inner and Outer Rotor
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Fig. 3—6. Torque Ripple Characteristics of Inner and Outer Rotor
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Fig. 3—7. Total and Inner Yoke Iron Loss Characteristics
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. 3—8. Outer Yoke Iron Loss Characteristics
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Fig. 3—9. Pole—piece Iron Loss Characteristics
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Magnet Eddy Current Loss (W)
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Fig. 3—10. Magnet Eddy Current Loss Characteristics
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Fig. 3—11. Inner and Outer Magnet Eddy Current Loss Characteristics
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Fig. 3—12. Efficiency Characteristics
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Fig. 3—13. Torque Density Characteristics
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Table 3—6. Characteristics according to Magnet Material
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Fig. 3—14. Efficiency Characteristics
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Table 3—7. First Efficiency Characteristics according to Magnet Material

Eddy

Collection @ chosun
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Fig. 3—15. Torque Characteristics of Inner and Outer Rotor
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Fig. 3—16. Torque Ripple Characteristics of Inner and Outer Rotor
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Fig. 3—17. Total and Inner Yoke Iron Loss Characteristics
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Fig. 3—18. Outer Yoke Iron Loss Characteristics
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Fig. 3—22. Efficiency Characteristics
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Fig. 3—24. Efficiency Characteristics
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Table 3—9. Second Efficiency Characteristics according to Magnet Material

Eddy
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Table 3—10. Material Information of Pole—piece core
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A= AFAZ AESE =

(Ohm m) @10kA/m
Basic with lamination 1.783
S45C 2.10E—-07 1.752
S10C 1.64E—07 1.870
SCM435 2.54E-07 1.732
SECC 1.22E-07 1.865
SKD11 4.38E—07 1.242
SPCC 1.34E-07 1.845
S5S400 1.70E-07 1.831
STKM16A 2.03E—-07 1.766
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Fig. 3—25. Characteristics according to Pole—piece Lamination

_84_

Collection @ chosun



TEE O 3-26(a)9 Pol HyHor TAE e FAHEY oF e
dow st FWFoR HHol A2 F AT AR wA 9 AA S
Ae olyS Aot Eu A2 x| E1 x]x]is}7] 918 19 3-26(b)¢t #ol
Z92 AEXHE AEsAY 29 3-26(0)9 ®AE T3~ F4S AMES W
Hol AAH T ot 27] AFEoIA Ev~ °ﬂ°ﬂ°ﬂ ek FAH AnE F
MEFA] orako. t:1[4() 57—59] Z31]x~ FxAbe] BAlm ols] 1 3-26(d)9F 7
& FEAL ek w2 Gl s AA E¥ae Fx2E kst

i g
e Qe xA BAe da) 2Agen Evae p2E gas)] A
m x5 A%

As7] 913 2 7hH WS eSS w13, 7P S8 7

(b) Metal pole—piece supporter

High-speed

1 \r
ator Stationary

pole piece

Permanent
magnet

Low-speed

Flux path rotor

(¢) Improved pole—piece (d) Pole—piece breakage
a9 3-26. Y2~ P4

Fig. 3—26. Pole—piece Shape
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(b) Skewed pole—piece
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Fig. 3—27. Pole—piece Torsion

_87_

Collection @ chosun



Collection @ chosun

w

[\

o0
T

Outer torque (Nm)

»

[N

foN
T

»
[\
~

w

N

()
T

3.20

(a) Torque of skewed pole—piece

~

Nm

N

Outer torque

e Qe
S

3

3.5
3.0
2.5

—_— = N
S »n O

2

10+l
Skew angle (deg)

+2

+3

-10-8 -6 -4 -2 0 +2 +4 +6 +8+10
Skew angle (deg)

(b) Torque of non—uniformly spaced pole—pieces

Efficiency (%)

100

J ] e
() (e} (e}

(o)
(e

50

-10-8 -6 -4 -2 0 +2 +4 +6 +8+10

Skew angle (deg)

(c) Efficiency of non—uniformly spaced pole—pieces

O 3-28. Y& R B o] g wiA] Al S

Fig. 3—28. Characteristics of Pole—piece fault

_88_

3



o i

i

&

S

fol

> e

‘1’1 i o Lo N
RS O
Rl O‘g k] },;

o2

b2 oo o 1 IR

ol
o,
rlr
ol
o ok
o,
%0
=
I
o,
wW
o
©
rlr
z
E O

Inner
bridge
thickness

thickness

Outer
bridge
thickness

& thickness

9 3-29. BEA HAg F

Fig. 3—29. Pole—piece with Bridge

_89_

Collection @ chosun

i
rlo o

o

=

2 o
oX, ro

N

Ay}

S~

_‘4
)

2

2

o v X 2 b W o
o =

A
Lo oo f oo A1 Al oo Jooa

il 4o
>

Rl



Efficiency (%)

Bl 100
E 10 98
A

3 0.8- &
= 93
< 0.6 90
_“gb ' 88
= 0.4—_ 05
502 83
= 80
e

02 04 06 08 1.0
Outer bridge thickness (mm)
(a) Efficiency

Outer torque (Nm)
2.5

2.2
1.9
1.6
1.3
0.94
0.63
0.31
0.0

—
o

e
o0

<
~

o
b

Inner bridge thickness (mm)
(@]
(@)

-0.2 04 06 08 1.0
Outer bridge thickness (mm)

(b) Outer torque

a9 3-30. 2R FAC g 54

Fig. 3—30. Characteristics according to Bridge Thickness
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Fig. 3—31. Pole—piece Supporter #1
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Fig. 3—32. Pole—piece Supporter #2
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Fig. 3—33. Pole—piece Supporter #3
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Fig. 3—34. Pole—piece Supporter #4
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Fig. 3—35. Pole—piece Supporter #5
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Fig. 3—36. Pole—piece Supporter #6
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Bakelite FRP

(a) Non—metal pole—piece supporter material

Non-metal supporter

Pole piece

Epoxy molding

(b) Non—metal pole—piece supporter drawing
¥ 3-37. e E3 4 A 3LE

Fig. 3—37. Non—metal Pole—piece Supporter
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1% 3-38. AXEH HE Alol= HE

Fig. 3—38. Rotor Radius Review for Supporter Application
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Fig. 3—39. Segment Magnet
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(a) FEA Magnet Data

(b) Flux Line using FEA Magnet Data
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Fig. 3—40. Magnet Data of FEA
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Nd—bonded®] @72+ AlZ7