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ABSTRACT

3-D Shape Optimal Design of High-Speed Permanent
Magnet Motor Using Soft Magnetic Composite

Sung—Jin Kim

Advisor : Prof. Yong—Jae Kim, Ph. D.
Department of Electrical Engineering
Graduate School of Chosun University

High—speed motors are being used in many applications, such as machine tool
spindles, aerospace, centrifugal compressors, vacuum pumps, vacuum cleaner, dust
collector, friction welding units, turbine generators, and so on. Compared to the
conventional general-purpose motors, the major advantages of high—speed motors
are smaller size under a given power, higher power density, smaller moment of
inertia, fast response, and the ability to be directly connected with other high-speed
mechanical device without gear.

Core loss of high-speed motors with high operating frequencies is much greater
than other losses and is the main source of heat. It is known that a considerable
amount of the total core loss in the stator core of a rotating electrical machine is
caused by the rotating magnetic field In the past, an ultra—thin non-oriented
electrical steel sheet for high—frequency has been used as to minimize this core loss.

However, since the ultra-thin non-oriented electrical steel sheet for
high—frequency is expensive, it has the disadvantage of increasing the production
cost of the motor. To overcome this disadvantage, a soft magnetic composite (SMC)
1s used, wherein the magnetic powder is coated with an electrically insulating layer

Compared to the traditional electrical steel sheet, SMC materials have the

following advantages. First, SMC materials are in general, magnetically isotropic

_Xi_
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because of their powdered nature, and are therefore suitable for the construction of
electrical machines that are subjected to 3-D magnetic fluxes and have complex
structures. This isotropic magnetic property results in crucial design benefits and
allows magnetic circuits to be designed with 3-D flux paths. Second, SMC materials
are manufactured as modules for the core of the motor and hence, they are suitable
for motors with complex structures. In addition, the core can be made by a
press—molding process, which makes mass production easy. Third, the iron particles
are insulated by a surface coating and an adhesive used for composite bonding; the
eddy—current loss is much lower than that in laminated steels, especially at higher
frequencies; and the hysteresis loss becomes the dominant component of core losses.
These properties allow the machines to operate at higher frequencies, resulting in
reduced machine size and weight. Fourth, since the SMC materials are cheap, their
use can significantly reduce the material costs. Fifth, SMC materials are easy to
recycle and finally, alloy powders such as Fe-Ni, Fe-Si, Fe-P, and Fe-Si—Al, which
are important as admixtures or for the special application of these composites, can
sometimes be used. Therefore, in this paper, a motor is designed by using electrical
steel and SMC, a non-linear finite element method (FEM) based on 3-D numerical
analysis was used to conduct basic design and characteristics analysis. A prototype
was manufactured and characteristics experiment was performed to verify the
designed the high-speed permanent magnet (PM) motor. Moreover, 3-D stator
topologies are proposed that use the advantages of SMC to improve the efficiency

of the motor.

= Xii -
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Table 3-1 Specification of motor for vacuum cleaner

Specification [Unit]

Value

Rotor type Surface mounted type
Number of poles 4
Number of slots 6
Rated output power [W] 650
Rated speed [rpm] 25,000
Rated torque [Nm] 0.25
Diameter/Stack length [mm)] 64/22
DC Link voltage [Vgcl 310
Current limit [Amms] 10
Core material 50PN470
Permanent magnet material Nd bonded @ 0.645[T]
Efficiency [%] 85 o]
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Fig. 3-2 Demagnetization curve and operating point of permanent magnet

Norton circuit Thevenin circuit

a9 33 ATAN Y A7) 5AEw

Fig. 3-3 Magnetic circuit of permanent magnet
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Fig. 3-5 Flux line of surface permanent magnet motor
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Fig. 3-6 Basic magnetic equivalent circuit of surface permanent magnet motor
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Fig. 3-8 Stator design parameters
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Fig. 4-1 Initial model schematic of high-speed permanent magnet motor
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Table 4-1 Design results of high—speed permanent magnet motor

Item [Unit] Value
Number of poles 4
Number of slots 6
Rated output power [W] 654
DC Link voltage [Vl 310
Rated current [Asms] 4.65
Current density [Ame/mm-] 9.27
Rated speed [rpm] 25,000
Rated torque [Nml] 0.25
Diameter/Stack length [mml] 64/22
Air-gap [mm] 05
Coil diameter [mm] 0.8
Number of turns 36
Coil resistance [ohm] 0.2042
Slot fill factor [%] 29
Rotor diameter [mm] 30
Permanent magnet width [mm)] 3
Permanent magnet overhang length [mm)] 6

o

a8 4-104 H=nkel o] nAAE A o8 FUE TV AEE
& wEd & JES AMAFEEH R AAEJL, I ARE 72 G ALEd ¢

AT A olo] Helel Mgsn JTANES FBom ewAS HE3

FRAN A fHes A4S AP ©, 2] S (Radial flux)
B0 A, A A 95 2 mdae] gHyg 5o olgom 239 4]
F2 AgHA AT 24 FRaiANY P wAe] FAFFon s)5
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Fig. 4-2 Element division of Initial model for 3-D numerical analysis
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Fig. 4-3 Back EMF waveforms of initial model
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Fig. 4-4 Back EMF harmonics analysis of initial model
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Fig. 4-5 Torque waveform of initial model

Flux density (T)

. 2.0

1.5

H 10

I 0.5
0.0

Fig. 4-6 Flux density distribution of initial model
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Core loss density (MW/m?)
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Fig. 4-7 Core loss distribution of initial model

£42 27129 54 94 2%

Table 4-2 Characteristics analysis results of initial model

Item [Unit] Value
Back EMF [V sl 4711
Back EMF THD [%] 4.4
Rated torque [Nml] 0.25
Pk-pk torque [Nm] 0.04

Torque ripple [%] 16.08

Output power [W] 654

Yoke 16.20

Teeth 12.68

Core loss [W] Shoo 735
Rotor 0.10

Copper loss [W] 13.31
Mechanical loss [W] 17

Efficiency [%] 90.75
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Table 4-3 Mass calculation tables for initial model

Item [Unit] Value
Stator cross-sectional area [m?] 2.42E-03
Rotor cross—sectional area [m?] 3.30E-04
Stator volume [m’] 2.67E-05
Rotor volume [m?’] 3.63E-06
Mass density of the core [g/m®] 7.700
Stator mass [g] 410.45
Rotor mass [g] 55.92
Coil volume [m?] 7.60E-06
Mass density of the coil [g/m°] 8.940
Coil mass [g] 67.94
Magnet cross—sectional area [m?] 2.80E-04
Magnet volume [m’] 3.92E-06
Mass density of the magnet [g/m’] 6.000
Magnet mass [g] 47.08
Total motor mass(excluding housing) [g] 581.40
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Fig. 4-9 Die, upper and lower punch

a9 4710 5 A A bs A

Fig. 4-10 SMC compaction machine
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Fig. 4-11 Compacted SMC toroidal cores
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19 4-12 470 gEE SMC 2o

Fig. 4-12 Sintered SMC toroidal cores
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# 4-4 SMCeF A7) 51019 71 A4 AHg
Table 4-4 The Mechanical properties of SMC and electrical steel sheet

toroidal core

Eigss SMC Electrical steel sheet
Outer diameter [mm] 25.01 25.02
Inner diameter [mm] 14.96 14.98
Height [mm)] 5.05 5.0
Mass [g] 11.70 11.93
Mass density [g/cm®’] 7.33 7.70
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Fig. 4-13 SMC and laminated toroidal core coils
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Fig. 4-14. Schematic of the magnetic characteristics measurement system
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Fig. 4-18 Core losses characteristics of electrical steel sheet and SMC
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¥ 4-5 SMCe} A7)73 Foje] d&
Table 4-5 The Core losses of SMC and electrical steel sheet toroidal core

Frequency | Magnetic flux Core loss [W/kg]

[Hz] density [T] SMC Electrical steel sheet
0.2 1.333 0.719
04 4.550 2.514

200 0.6 9.081 5172
0.8 14.730 8.623
1.0 21.670 12.833
0.2 2.837 1.957
04 9.840 6.918

400 0.6 19.680 14.496
0.8 32.671 24.929
1.0 48.530 38.333
0.2 4.469 3.610
0.4 15.671 12.748

600 0.6 32.073 27.155
0.8 53.139 47.298
1.0 79.059 74.275
0.2 6.333 5.602
04 22.594 19.848

300 0.6 45.952 42.628
0.8 75.893 75.175
1.0 113.9 119.95
0.2 8.196 7.860
04 29.494 27.964

1000 0.6 60.079 60.476
0.8 100.6 108.250
1.0 152.01 175.380
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Fig. 4-19 Teeth shape of initial design model
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Fig. 4-20 Teeth shape of SMC core
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¥ 4-6 Teeth =o]o W& Teeth S92 3|xHE A~ 2 o HdF &G

Table 4-6 Hysteresis and eddy current loss value of teeth

according to the teeth height

Teeth | Core Hysteresis loss Eddy current loss
height | loss Value Rate of Value Rate of
[mm] (Wi [W] | increase [%] (W] increase [%]
ESS
22 4205 | 0.852 - 3.353 -
model
22 3.224 | 2437 0.787
2.068 9.579
215 3.350 | 2.488 0.862
0.666 3.373
21 3.396 | 2.504 0.891
0.569 3.171
205 3438 | 2.519 0.919
SMC 0.068 2.062
20 3459 | 2.520 0.938
model -0.220 1.815
195 3471 | 2515 0.955
-0.320 1.330
19 3475 | 2507 0.968
-0.935 0.428
185 3456 | 2.483 0.972
-0.905 0.432
18 3438 | 2.461 0.976
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3 4-7 Teeth =olo W& AE5ELE F7H& A4 Aas
Table 4-7 Rate of increase of magnetic flux density and rate of decrease of

teeth volume according to the teeth height

Teeth Magnetic flux density Teeth volume
height Value Rate of Value Rate of
[mm] [T] increase [%] [mm®] | decrease [%]
22 1.268 - 1068.00 -
21.5 1.324 4.428 1042.21 2414
21 1.347 6.281 1016.43 4.828
20.5 1.372 8.211 990.65 7.242
SMC
20 1.395 10.047 964.87 9.656
model
195 1.419 11.954 939.09 12.070
19 1.444 13.589 913.31 14.484
185 1.459 15.053 887.52 16.898
18 1.471 15.998 861.74 19.312
—_ 77 —_
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¥ 4-8 Teeth =olo W& A7 A}

Table 4-8 Design results according to the teeth height

ESS model SMC model
Teeth height [mm] 22 22 215 21 20.5 20 19.5 19 185 18
Back EMF [Vl 47.11 4431 | 44.09 | 43.88 | 4367 | 4337 | 4313 | 42.83 | 4243 | 41.98
THD [%] 441 544 5.96 6.32 6.68 7.09 7.74 8.59 9.81 11.76
Coil resistance [ohml] 0.204 0.193 | 0.191 | 0.189 | 0.187 | 0.18 | 0.183 | 0.181 | 0.179 | 0.177
Input current [Apmsl 4.65 498 | 504 | 508 | 512 | 517 5.23 5.32 541 5.53
Current density [Amy/mm?] 9.27 991 | 10.03 | 10.10 | 10.18 | 10.29 | 1041 | 1059 | 10.77 | 11.01
Teeth flux density [T] 1.32 1.27 1.32 1.35 1.37 1.40 1.42 1.44 1.46 1.47
Yoke 16.20 13.06 | 12.99 | 1293 | 12.86 | 12.73 | 1256 | 1239 | 12.15 | 11.92
Teeth 12.68 9.830 | 10.08 | 10.22 | 10.35 | 1041 | 10.44 | 1047 | 1040 | 10.35
Core loss Shoe 7.35 597 | 612 | 622 | 633 | 642 6.52 6.64 6.71 6.80
Wi Rotor 0.10 009 | 009 | 009 | 009 | 011 0.09 0.11 0.10 0.13
Total 36.35 2892 | 2929 | 29.46 | 29.63 | 29.67 | 29.61 | 29.60 | 29.36 | 29.20
Copper loss [W] 13.31 14.38 | 1459 | 1463 | 1472 | 1490 | 1507 | 1544 | 1582 | 16.35
Efficiency [%] 90.75 9156 | 9149 | 9146 | 9143 | 9140 | 91.38 | 91.34 | 91.32 | 91.27
Coil mass [g] 83.8 58.2 56.7 55.3 54.3 53.3 524 514 50.4 49.5
Stator mass [g] 4104 396.7 | 394.8 | 393.8 | 392.8 | 391.8 | 390.8 | 389.7 | 3837 | 387.7
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Table 4-9 Design specifications of coil winding of same slot fill factor
19

Number of turns
36
29
23
16
— 80 —

Winding condition

0.8
0.9
1.0
1.1
1.2

Coil diameter [mm)]
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Table 4-10 Coil winding design results of same slot fill factor

ESS
odel SMC model
Coil diameter [mm] 0.8 0.8 0.9 1.0 1.1 1.2
Number of turns 36 36 29 23 19 16
Back EMF [Vl 4711 4243 | 3417 | 27.1 | 22.38 | 18.85
THD [%] 441 9.81 982 | 981 | 9.82 | 9.82
Coil resistance [ohm] 0.204 0.179 | 0.121 | 0.077 | 0.056 | 0.039
Input current [Amg] 4.65 541 | 671 | 848 | 10.26 | 12.21

Current density [Asmy/mm?] 9.27 10.77 | 10.55 | 10.8 | 10.79 | 10.79

Teeth flux density [T] 1.35 1.45 1.45 1.45 1.45 1.45
Yoke 16.2 12.15 | 12.15 | 12.16 | 12.14 | 12.17
Teeth 12.68 104 10.39 | 104 | 10.39 | 10.41
Core loss
Shoe 7.35 6.71 6.71 6.71 6.71 6.71
[W]
Rotor 0.1 0.1 0.15 0.11 0.1 0.1
Total 36.35 29.36 294 | 2938 | 2933 | 294
Copper loss [W] 13.31 1582 | 17.09 | 168 | 17.73 | 17.7
Efficiency [%] 90.75 91.32 | 91.24 | 91.2 | 91.08 | 91.14
Coil mass [g] 83.8 504 53.43 | 53.29 | ©b4.23 | ©5.32
Stator mass [g] 4104 388.7 | 388.7 | 388.7 | 383.7 | 383.7
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Fig. 4-33 Yoke width design for slot fill factor securement
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Table 4-11 Slot fill factor according to the coil winding design of before

changing slot area

Winding condition
Coil diameter [mml Namber of tumme Slot fill factor [%]
0.8 36 29.2
0.9 52 52.70
1.0 42 53.17
1.1 35 52.89
1.2 30 53.18
- 82 -
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Table 4-12 Slot fill factor according to the coil winding design of after
36

changing slot area
Number of turns
52
42
35
30
— 83 _

Winding condition

0.8
0.9
1.0
1.1
1.2

Coil diameter [mm)]

23 2d gy 1.11[%]
A 97 1.2lmm]el 2dS
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Table 4-13 Coil winding design results of changing slot fill factor

ESS
SMC model
model
Coil diameter [mm] 0.8 0.8 0.9 1.0 1.1 1.2
Number of turns 36 36 52 42 35 30
Back EMF [Vimsl 4711 4243 | 60.77 | 49.09 | 409 | 34.75
THD [%] 441 9.81 9.50 9.51 9.50 10.0
Coail resistance [ohm] 0.204 0.179 | 0.216 | 0.141 | 0.103 | 0.074
Input current [A;ms] 4.65 541 379 | 464 | 560 | 6.%4
Current density [Ame/mm?] 9.27 10.77 596 | 591 589 | 5.78
Teeth flux density [T] 1.35 1.45 144 | 145 | 144 | 1.44
Yoke 16.20 12.15 | 1248 | 12.30 | 1240 | 12.41
Teeth 12.68 1040 | 12.22 | 12.05 | 12.14 | 12.16
Core loss
Shoe 7.35 6.71 6.71 6.65 | 6.69 | 6.69
[W]

Rotor 0.10 0.10 0.15 | 0.12 0.13 0.11
Total 36.35 2936 | 31.41 | 31.12 | 31.36 | 31.37

Copper loss [W] 13.31 15.82 9.37 9.18 | 9.70 9.55
Efficiency [%] 90.75 91.32 | 91.89 | 91.95 | 91.84 | 91.86
Coil mass [g] 83.8 50.4 1153 | 116.7 | 1195 | 123.7
Stator mass [g] 410.4 388.7 | 369.3 | 369.3 | 369.3 | 369.3
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Fig. 4-35 3-D final model shape of SMC core
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Fig. 4-36 3-D manufacturing model shape of SMC core
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Table 4-14 Characteristics comparison of final and manufacturing model

SMC

Final model Manufacturing model
Back EMF [V sl 34.75 35.56
THD [%] 10 7.84
Coil resistance [ohm] 0.074 0.074
Input current [Armsl 6.54 6.32
Current density [Amy/mm?] 5.78 5.6
Core loss [W] 31.37 31.73
Copper loss [W] 9.55 8.93
Efficiency [%] 91.89 91.90
Coil mass [g] 123.7 123.7
Stator mass [g] 369.3 371.7

3% 4-15 A7) 2dy SMC B A A 42y
Table 4-15 Design results of electrical steel sheet and SMC model

ESS model SMC model
Back EMF [V msl 47.11 35.56
THD [%] 4.41 7.84
Coil resistance [ohm] 0.204 0.074
Input current [Apmsl 4.65 6.32
Current density [Asme/mm?] 9.27 5.6
Core loss [W] 36.35 31.73
Copper loss [W] 13.31 8.93
Efficiency [%] 90.75 91.90
Coil mass [g] 33.8 123.7
Stator mass [g] 4104 371.7

- 88 -
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Table 4-16 Total magnetic loading and electric loading of electrical steel

sheet and SMC model

ESS model SMC model
Total magnetic loading [Wb] 4627.94 4461.23
Total electric loading [ampere conductor] 1004.4 11376
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Fig. 5-1 Drawings for winding and connection of motor with 4 poles, 6 slots
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Fig. 5-2 Manufactured electrical steel core model
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0.390

Table 5-1 Measurement of winding resistance of electrical steel core model
Design value [ohm]

Measured value [ohm]
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Table 5-2 Measured Back EMF and analysis results of

electrical steel core model

Measurement 3-D FEM
1,000[rpm] | KelVms/rpm] | 25,000[rpm] | 1,000[rpm] | 25,000[rpm]
U-phase 1.923 0.001923 48.075 1.885 47137
V-phase 1.882 0.001882 47.050 1.886 47171
W-phase 1.886 0.001886 47150 1.882 47.054
- 93 -
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Fig. 5-3 Measured Back EMF waveforms and analysis waveforms of

electrical steel core model
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Fig. 5-4 Manufactured SMC core model
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Table 5-3 Measurement of winding resistance of SMC core model

U-v V-W W-U
Measured value [ohm] 0.145 0.145 0.144
Design value [ohm] 0.148

T 54 8% A4 ;o] A muel G 24 dstst A4 A3

Table 5-4 Measured Back EMF and analysis results of SMC core model

Measurement 3-D FEM
1,000[rpm] | K[ Vime/rpml | 25,000[rpm] | 1,000[rpm] | 25,000[rpm]
U-phase 1.923 0.001923 48.075 1.885 47.137
V-phase 1.882 0.001882 47.050 1.886 47.171
W-phase 1.886 0.001886 47.150 1.882 47.054
- 97 -
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Fig. 5-5 Measured Back EMF waveforms and analysis waveforms of
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Fig. 5-8 Measured torque waveforms of electrical steel model and SMC

model

#5565 349 Ea % &8

Table 5-5 Measured torque and efficiency

Torque Output power Input power Efficiency
[Nm] [W] [W] [%]
0.1066 279.13 380.21 73.42
ESS 0.1496 391.97 502.01 78.08
model 0.2030 531.83 648.72 81.98
0.2527 662.18 786.67 34.18
0.1001 262.23 362.96 72.25
SMC 0.1522 398.64 501.45 79.50
model 0.2089 547.26 655.84 83.44
0.2506 656.35 768.45 85.41
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Table 5-6 Orifice experimental results

® 56 oy 4

I3

23}

Input Vacuum Suction | Suction
Orifice Current Air flow
power degree , power | efficiency
[mm] [A] [m*/min]

[W] [mmH?0] [W] [%]

40 928 6.256 287 3.088 144.65 156

30 874 6.062 621 2.556 259.37 29.7

25.4 807 5.614 841 2.132 293.1 36.3

ESS 23 750 5.268 951 1.86 289.15 38.6
model 19 658 4.703 1088 1.358 241.61 36.7
16 564 4.074 1158 0.993 187.96 33.3

13 481 3.542 1184 0.663 128.39 26.7

10 401 3.016 1186 0.393 76.17 19.0

40 954 6.48 280 3.052 139.67 14.6

30 896 6.189 612 2.538 253.95 28.3

25.4 830 5.793 829 2.118 287.00 34.6

SMC 23 771 5.432 941 1.849 284.41 36.9
model 19 683 4.887 1074 1.348 236.69 34.6
16 583 4.248 1139 0.985 183.53 31.5

13 496 3.665 1179 0.662 127.59 25.7

10 416 3.135 1186 0.393 76.18 18.3
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