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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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Inner rotor with PM Magnets

(High speed)
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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

_56_

)Collection @ chosun



EAFES YeEHloy 55 vladlg Voo HAE a& Ao wkgslr] 9
A= = s &4 v & &S Folgof st} 4 (11)S 7|vte = A
AHek NdFeB 249l & 5AS I9 3-12¢] Yehdo. a8 549 A
7H o] e oAy oA F &4 uby FeS UEeRdt) oA B3k
A1} o] A Zo] 4mm O|AFEHE EF, &4 EAo] A EAFS

Wou g8 EAS 5 B3 SV b &4 S ¥ 558 & &

Z o]
H

=2
o A3 glojgy el A ﬂﬂ] af AL IY: 10mm, PP: 7mm=z o] u
EIE 1.87Nm, 99 3]14% 140,000rpm, £9 EF+= 13.24Nm, &9
T+ 17,500rpmeltt. EA % FJHAFE v o= A4E Input powere
27,472W, Output power: 24,272Wolt}l. IMAG—Designerd] &4 AAF 1A o
uet G okl =42 A8 (Pre—processing) WAjolal HEL FA
(Post—processing) WAolth, =, GFAA oHdF &4 FEA 1A Aol A
EFgk ¥k m 7] wjiol Input power®t Output powere] =ZFo]zkel 3,200W+
AT oA F Ao AskE 3,164WeF DX 3}, whHo| HELS E gL
R E A ol HE = 1,363Wi £4ge = wrdsiof b 4 (11)
= 7w g WYE g8 AAAE A (1) vedn, P& dES U
S 83.4%5 LERATH

O A U

2
2
ofl

Po PO_PIL
U—E——P_ (14)

gz BEe] wel NdFeB 97AH4S 21838 A9 &8 HA st AAE 98
Ae U5 235 A dAste 3ol fradtth. kAR
10mm7FA W 22817 W&ol 1 olatol A= AFFS =3 5 ik ol 19
3—12(b)ell W& 235 1.omm7HA ZAaAZ F7F i d3E Yelgic) o
S %3 NdFeB @7A & A B¢ 71719 Atol=& HAg A dAS =

Aol A4 5g B2 fATL BAY F A A, A A Aol T
NS AES 2d Age]l By QAo ArnHr

Collection @ chosun



Efficiency (%)

o 83.4
g 12 76.5
= 69.6
= 10
& 62.7
9 s
O 558
8
< ° 489
P]

S 4 420
~
35.1
2
= 282
10 12 14 16 18 20
Inner Yoke (mm)
(a) Efficiency
Efficiency (%)

H 91.8
’g 12 83.8
=1 75.9
= 10
g 68.0
2 s
O 60.0
]
< ° 52.0
e 44.1
C 4 ;
-

36.2

2

282

2 4 6 8 10 12 14 16 18 20
Inner Yoke (mm)

(b) Additional Efficiency

a3 3-12. 38 EA

Fig. 3—12. Efficiency Characteristics

_58_

(*)Collection @ chosun



vl EF 4% 54
a9 3-132 S e B4 Ux 5L et AgEINES
Bl E A2 IV: 20mm, PP: 4mm# 70.1kNm/m’e]t}. Z7]9] nlzadlE 7]o]
o B3 WxERY 7] ol =Auk Atallah’} UERA 100kNm/m’R.th= 30%

St gholth, Sl AFelA o = ARl WS 849 Hols 7T

A Ex HA AAE S A B3 dee F4E A slow wudnh

shAIYE 79l 3-129F OF 3-13% 8 & w=we] 5Agsd Hd aEs o
S diEe o8y wie] B

Al
7] s AdetA ges ¢ ¢ Al B dHe
S Yehdlz vk A% dlo]E el Al NdFeB =
TAEL 83.4%, B YEE 41.7kNm/m’o] iz, zqq] Ed d9% AH
68.4%, B4 WX 70.1kNm/m’olty. B3 ¥itd] tsfrs A2FA F
Fate] thAl bEt

&
1o,
N

1 2 |o
1301:

X o
N
o
=2
>
1o

flo

oo

Torque Density (kNm/m?)
702

64.6
59.0
533
47.7
421

36.5

Pole Piece Length (mm)

30.8

252

12 14 16 18

Inner Yoke (mm)

¥ 3-13. EF UL EA
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
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Fig. 3—26. Pole—piece Shape
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(b) Skewed pole—piece
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Fig. 3—27. Pole—piece Torsion
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Fig. 3—30. Characteristics according to Bridge Thickness
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(a) Pole—piece supporter #1 shape
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(b) Efficiency of supporter #1

18] 3-31. YA~ AXEH #1

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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(b) Outer torque of supporter #6

19 3-36. Z¥] A~ A XE #6

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

_99_

Collection @ chosun



1% 3-38. AXEH HE Alol= HE

Fig. 3—38. Rotor Radius Review for Supporter Application
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D. Nd—bonded @A+ 2=}

1. Segment Z A}

Nd—bonded T2 & AR&sk= AZHE AlZtel] lol a4 HAApes &
83k 840 NdFeBY Ferrite®] 7-$-¢t= th&
¢} Ferrite® 4% &5 vtadlg 7919 d7AAE 19
Segments® H|3F & 3|2 @3 FHo| H
ATy s AR =55 45 B QS IdA 5 325 s T 36
Segments®] A o] AL ETE TSl 7} JFAA] SegmentsE AFSHA]7]7]
el st 2AAE g, ol gk W W8 A} AH] AlRo]l 7hsdkH
AANE G724 Blocks F7ol BA A2l 7hgstr] wiitel] A A1 H]-o

]
AAG ol qlol, xe] ADE AHe] F2 ALEHLE olo] wel FEA A

o

r

gl A ABHE GTAH) A5 PFE Segment Axpel s]urste] A
FAG. AFdold FelM ALgat TN 9 18 3-40(a)sh 2ol A
A 7Y AW FRE A ool wE A% WL 1Y 3-40(b)%
A Aol GPAAe] P WARS AUA FEoR A% HHZE U
Ehia 9

Inner rotor yoke ‘ Outer rotor yoke

Inner magnet
segments

Outer magnet
segments

1% 3-39. Segment & T-AHA]

Fig. 3—39. Segment Magnet
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(a) FEA Magnet Data

(b) Flux Line using FEA Magnet Data

1% 3-40. FEA AlF JFAH4] "oy
Fig. 3—40. Magnet Data of FEA
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2. 959 A=A
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Nd—bonded®] @72+ AlZ7Hel weh AAE Blocks 7hedhs o] ofd
73S o] &3t} o] SegmentE2%= T - oy aggia A 2k an
At 95d GFAAE Y 3-410 vEbAY, a3 go] FFAH =
I S=E st AEd AMel yEhiof stz dEg A} X“ﬂ] 7b a5
Aol = BdAk g.a9k GrA S AR & FAAE JdfEd A A
Segment 2 ] @eshyt 98 A= 7RGl £7] vl bt
oM F= AE s Wielth
5 vkadE  7loje] AAlek AR el eakE Eol7] fld AA
Nd—bonded ##}7]& FEA ol Fdstier 2ad A4S HAFEL
ALt dEd A He A 98 e FAE A6k dds)
g o= el d71717] AT kel A ek WP oy witolth
5 vtavlE 7101 A U5 SdAkE kel fA|sAINE, 95 3]t bt
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S pole
Magnetization direction
N pole
Magnetization direction

(b) Nd—bonded Magnetizer
a9 3-41. 4EE AR

Fig. 3—41. Cylinder Magnetization
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CERBA R AR e AAA Raa AN el WTES o & qluk

(b) Flux Line using Outside Magnetization

1 3-42. 218w AR B AR

o

T
s

Fig. 3—42. Outside Magnetization and Flux Line
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(b) Flux Line using Inside Magnetization

9% 3-43. UAW A D A% AE

Fig. 3—43. Inside Magnetization and Flux Line
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=
$A% 489 ALLA AVE E 5129, FESAS 31300 Lhepeh
43 B9 AT nue Gl FEA 7] A48 RUe) 9 9359 o
o9 o TE 2 A gt 9

¥ 3-12. Nd—bonded HZ=d A
Table 3—12. Final Model Data of Nd—bonded

Parameter Data
(1) IY: Inner Yoke P, 19.5mm
(2) IM: Inner Magnet P,—P; 2.5mm
(3) IG: Inner Air Gap Ps:—P, 1.0mm
(4) PP: Pole—piece P,—P; 4mm
(5) OG: Outer Air Gap Ps—P, 0.5mm
(6) OM: QOuter Magnet Ps—Ps 7mm
(7) OY: Outer Yoke P7;—Ps 5.5mm
Stack Length Z—axis length 45mm

¥ 3-13. Nd—bonded HZE5d TEFEA
Table 3—13. Final Model Characteristics

Unit Value

Inner Torque Nm 0.20
Outer Torque Nm 1.57
Inner Ripple % 4.1
Outer Ripple % 0.12
Iron loss W 286
Efficiency % 90.1
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1. Nd—bonded &= vwt2ulg 7]o] A|Z}E
7ol A 55 mt2dlg 7]oje} a2 2 3 J244 A5 48
sto] AR Ao 19 4-1o] YT 2% 4-1(a)e AA =" 3
dolal a9 4-1(h)~(e)= 247 28 4719 995 vehd 17 4-1(b)
= g 7199 S 4R, (o0 Zyx 9 292 A3, (e 95

47, (o) 3H¢4S vhehio.

(a) Assembly

13 4-1. Nd—bonded A|2t+#

Fig. 4—1. Nd—bonded Model Prototype
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(b) Inner rotor

(c) Pole—piece and Supporter

1% 4—1. Nd—bonded A| %}

Fig. 4—1. Nd—bonded Model Prototype
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(d) Outer rotor

(e) Housing

1% 4—1. Nd—bonded A| %=

Fig. 4—1. Nd—bonded Model Prototype

- 111 -

(“/Collection @ chosun



2. GFAY EA A2 54 g
5% vpadle slojel ARES A%

3
PPow avFor FrAe] #st HF % Aske] AZI7E AAgket A8
9] P

a8 4-2. %A 72 =A4

Fig. 4—2. Surface Gauss Measuring
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(a) Inner rotor surface gauss
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(=]

-2500 -
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(b) Outer rotor surface gauss

SY 4-3. HA% GFANe EW b

Fig. 4—3. Surface Gauss of Rotor Magnets
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3. 497t 29 )
a9 4-4e FF viaulg 7ol AEBUtE 9k A9 s et A
9 e MERE, T Y Ea AA, Byolaz ARG B =FdA ¢
g2 U5 Ak (Inner rotor)O]U% =92 9|5 311 A (Outer rotor)e|t}. ek
A AEEEE T8 4™ dFE S A Qvtebd 95 3 AE 7o
Hlo m& 3 #%— =9 gt 01UH Hold+= H&k(Load) e Hes Tsﬂé}—b

Servo Motor Torque Sensor TmI'flll‘fg geﬁlsor

4. ¥% vpaulg 7)o} 4Bzt g

Coaxial Magnetic Gear Experiment Set
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B. 5% vl2dlg 7)o AFH7}

1. HEIAF
1% 4-5% Nd-bonded &5 viaulg 7]o] TR e HhEaLH
Ans Yehle Hd =23 g AEste] F 4-10] JeRdT A3 Aol vy
of ¢ APE UEhA S ol MEEEVE 9T SRR 7o
= SAAAAE st Irpm 7] Aol MEEE S & Ao] 54 o] =<t
Aol me Aot AT Ad B %& AT T EAV o 34
I+ FEAS] gt AAHE ghelsigin.

=]

2 . . :

—— Nd-bonded, Measured

gt o Nd-bonded, FEA

Outer Rotor Torque (Nm)

) - - - - -
0 60 120 180 240 300 360

Electrical angle (deg)

1% 4-5. Nd—bonded =29 HYEITAY
Fig. 4—5. Maximum Torque Test of Nd—bonded Model

¥ 4—1. Nd—bonded 229 HNEFAS Azt
Table 4—1. Result of Maximum Torque Test

Item Unit Value
Measured Maximum Outer Torque Nm 1.56
FEA Maximum Outer Torque Nm 1.57
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Fig. 4—6. Test Result of Nd—bonded Model
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Outer rotor and shaft
Housing

Pole piece base

Inner rotor and shaft

Pole piece

Outer rotor

(a) Front view

Quality  Element Count
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04-05 7150
05-06 15537
LR —i )
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Regular 0.9- 1.0:

(b) Cross—sectional view (c) Mesh of cross—sectional view

719 4-7. Nd—bonded 299 3D F 14
Fig. 4—7. 3D Modeling of Nd—bonded Model
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(b) Flux density vector plot
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Fig. 4—8. Magnetic Field Analysis of 3D Modeling
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(a) E1 section

(b) E2 section
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Fig. 4—10. Loss Distribution of E1 and E2
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Table 4—2. Rotor Windage

RPM
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Nd—bonded Inner Rotor 0.03W -
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Servo Motor | '
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UNPULYE
UTME-208m

(a) Test set

1 L] 1
—"+— Coupling Connected(with Coupling #2)
75 —— Unconnected(without Coupling #2) P

Loss (W)

0 1000 2000 3000 4000
RPM

(b) Test equipment loss
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Fig. 4—11. Initial Loss of Test Equipment
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Table 4—3. Bearing Revolution Speed

Inner rotor speed | Outer rotor speed #1 #;3 earinis #1
(rpm) (rpm) (rpm) | (rpm) | (rpm) | (rpm)
1,000 125 125 1,125 | 1,000 125
2,000 250 250 | 2,250 | 2,000 | 250
3,000 375 375 | 3,375 | 3,000 | 375
4,000 500 500 | 4,500 | 4,000 | 500
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(b) Bearing #1 (¢) Bearing #2

(d) Bearing #3 (e) Bearing #4
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Fig. 4—13. Configuration of Bearing Loss Measurement Equipment
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