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Design Techniqgue of a Permanent Magnet High—speed Motor for
Improving Power Density and Efficiency

o 7l g Fool @ g

(Ki-Doek Lee + Ju Lee - Hyung-Woo Lee)

Abstract - This paper presents a design technique to improve the power density and efficiency of a permanent magnet
high-speed motor by using the mono-PM rotor. The suggested model minimized rotor diameter and stack length which
have a bad influence on shafting in the high-speed operation. Conventional and suggested motors are analyzed and
compared by using FEM(Finite Element Method) to verify the effectiveness. The overall performance such as torque,
losses, efficiency and power density and so on are investigated in detail. The results of the analysis deduced that the
suggested mono-PM rotor design is superior to the conventional one.
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Table 1 Design parameters of the three models
Stack | Stator | Rotor Beta e
Model IEE‘&,T length |diameter|diameter IaEZI]]S) @p;aalflg
(mm] | [mm] | [mm] speed [°]
A 100 445 242.5 | 100.9 | 2323 62
B 100 297 242.5 | 100.9 | 2323 45
C 100 223 242.5 | 100.9 | 2323 0
k3 2 dA&To mE M JHX 22 Hd5 EAM

Table 2 Performance characteristics of the three models
according to the base speeds

Torque at| Copper Magnet
1
20,000 ipm|  loss Core loss loss

N | W | O] w

Efficiency
(7]

Va . peak

Model
ode [v]

A 357.7 | 4832 | 2752 3722 941 87.87

o]

248.5 | 48.18 1942 2560 731 89.91

C 204.6 | 4891 1457 2099 694 90.91
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Fig. 3 Torque characteristics according to the slot numbers

-

Q 156

g

s 15.4 o

I?I' 15.2 ——125
— 155

o

0 ——185

IIIT_ 14.8 e 218
— s

F 146 |

ol — 275

035 0.4 045 05
Back-yoke L{H| A4

a7 42 225 ¥ SARTY 5

Fig. 4 Power per volume according to the slot numbers

w
T
i
ng
H'|
o
o>
mjo
d
o
02

2R 8

X dA

f
b
oy
2

o
2l
o,
o
2
ox
il
do
ol
2
D)
we oy o
N
o,
i
2 e
ofje Ly

g
o ol
— =
Lo g

e
-
2
X
P
e
(i
2
o,
B oox TN Mob o0 By N

2L o fo
o

ofy

)

il

e 1o
=)

%

=

=

i)

>

toty

L

L

oy
o,

O
2
T
offt
2L
=
oft
o
L
ﬂ>~_l,
il
2
o
ol
o
paca
i)
N

5

3

AR = 19 Sa)sh 2ol Yol Fo] L

gk 32 =7t 3 AzbeiH, 259 A

TH(Can)o] FH= FZEo|T} AW & A

29 5(h)eF 7o), ¢F 10mme] fitting bolt %)

25 JFAA S Cano] M E FX2EA4, Can

k] Wk oy, EA B o] F e F F9] F
o 3 A AAE AAFE &

AAE &3 IAAdAY F& AHFT 5 Ut oW IAHdAE

zo

) ok
ol ST Ao fo
RN

02\‘._24_’01”
L
fol
>
s
mlooﬂ‘.

i) ~
oot
ol
ol

L e e o oo R R S VI O o
=
>
>,
o5

E]'. a7 =178

QA wAA Aol A FEAE Soje 2 451
ole] i vhehith J)Ee HAx mde A% o
o A&UE LS FARE W, ST ol FTAA
Fagol @A Ak Tet B ANY HA4 mEe 4%
o E32 nel@ B8 gl A Fo ANE A4ET £

ATAA DEMST|o EHLE A T2 S AT 4 J™

Trans. KIEE. Vol. 63, No. 3, MAR, 2014

fqenz FUdd ArA AN nude o, 27 4Est
ARG B & glemw pe 2L Y@ A2dol7t
o5 F Utk B AAldA HFdele V£ A w

Permanent Magnet

Rotor Back-yoke

Permanent Magnet

Fitting bolt

a3 5 7|&9 3™RHa)et & RAE 3| ™ AHb)
Fig. 5 Conventional rotor design (@) and mono-PM rotor
design (b)

Permanent
magnet

a3 6 SAME DE5HI|@et 3 MX 2=(b)
Fig. 6 Mono-PM  high-speed motor (@) and  rotor
configuration (b)

4, iAot

427



HM7|1&s=2X 63 3% 20144 3

2 Qs A7) A& AR7F & AANA s2E WEo
2 =5, ojAo] Gy A M TAE = AL Ay
F3t FAHE ] 27 TolA Holol E«%@.Oi 3] 7ol A
o] A&UETE 18Tol e Z YEA L F0 s
Hask & 5 ole wE A *}Ol_a— 71% R
stelis o me] AAVE H}E‘ﬂﬁ}b‘r 1E7)dE e
o, 311 AAE FES l Fid ol
o] vk 29 8& B3 o
7199, nAga e ‘;

a9 9+ 25 18&% = %
Yot FAA Y 3 o 2

BLteslal

1, 6000 +300
1. 67142+200
1,5429e+000
1, 4143e+289
1,2857=+000
1,1572e+000 | |
1, @266 +080
9, 09@3=-0L
7. 7147e-081
6, 4290 -0A1
5. 1434e-001
3. 8577e-081
7.5720e-0A1
1, 2864e-0011
6, 9613e-085

ag 7 7=
Fig. 7 magnetic flux density of the conventional rotor type
high—-speed motor

SMALY D&E|MIIS ASUTREE

e

60~

(7
o

(2]
=
gy

52.26 [Nm)] (average)
3.47 [Nm| (P2P)

Torque [Nm]

Y
=)
h

7]
o
e
A

xrEez

300 =
200 =] 170.04 [V,

100 =1

Induced voltage [V]

600 Solid Loss : 1315 [W] (avg)
Core Loss : 1239.3 [W] (avg)
200
0 x Fo 7o

a3 8 7|& 3™XY nHsXMY|el FEM sA Z o}
Fig. 8 FEM analysis results of the conventional rotor type
high—-speed motor

428

S YFEA] ol iAo 2HE A&y A= A
S REE O Aol M 34 Pﬂg Zar3t) uweba
® vk PR waEy

Ael Ad) AUEE

Hoex

o

1 gtk agelAsk gel, %
LTl B E e

a9 108 BANY n&ssle] S48
g3 WaLelw, Ear da Frledon, g% 2
Saee & & Ak 47149 AR YR A%, AE

A AAY RDE 170.04V,m@2375deg ©] 3L, & A 2
o] % 176.78Vm@10.83degel Ath. T =& = oo

11I0kWE E5&tA| vk 7% 3 [4x8 wae] AL 3=}

Bl tes1al

1. BOREE +BEE
1. 6714e+B00
1.5429+608
1. 41434600
1.2857¢+@28 | |
1.1572e+000 | |
1.0286+608
9.00092¢-B21
7.71452-B01
6. 42882-B01
5. 1431e-001
3.85752-B01
2,57182-001
1.2861e-001
3. 9135005

37 9 5 MY DEs|MI|e ANEUTEET
Fig. 9 magnetic flux density of the mono-PM rotor type
high—-speed motor

P o
__ 55
E
E 50 52.78 [Nm] (average)
g 0.58 [Nm] (P2P)
= 45
s
E o4

35 EEEEN] * s

rmgaze e

==
17‘787

o
=

—
[
LA

Induced voltage [V]

0
-125 4
-250 T T =

1000 ez &

E 600 Solid Loss : 906.52 [W] (avg)
- Coreloss : 826.78 [W] (avg)
=]
3 400
200
0

a7 10 & XAy TIH3MY|e FEM siA Z ot
Fig. 10 FEM analysis results of the mono-PM rotor type
high—speed motor



Trans. KIEE. Vol. 63, No. 3, MAR, 2014

;ﬁ T

E%mﬁ%ﬂ;ﬁ@iEgﬁﬁr%% M%ﬁﬂ%%ﬂﬂwﬁﬁu@a “““““““““““““““““““““““““““““““““ < g HE
N %2 . o] B = T E o -, - VNS o/ N )
b T 50T R e o o H T el kad wE o e T F
e - S Y IO BT pr xR ™o Eg..f £~
TR o TR D T - %%ﬂﬂéﬂ%gﬁﬂﬂA o OZT g &e, & g e
MH\NL otWMﬂlﬂﬂWiiOtﬂdﬂA ﬂufjl.&ﬁ,y‘mu‘olMM o#‘,._kllme zt Wr»o T CLMWC ¥ m
'~ © j— — = = o o - ) o = ° o y o] I
MR I S S T R L R O T & SE2E md
o i T o g o O o 5O S o BT M gpde o A o M o NE oS 25
T R Al I IS I N I oy .53 & &
sRog PEPLxw w=d Prpmdt o o RS EEEE £
3 -~ N — s N = e e X = B o o NS 15
@%30 ,%%Eqﬁﬁﬂwk%ﬁ umobﬂhwhz}ﬂwwmoq_mﬁz.wm‘za * X & ® Mmbmbm £ g
ﬂﬂ_oar.mn_ Mﬂg»ﬂﬂw 5 L ﬁWawoﬁewrﬂiﬂiurﬂo% m = = Q Smmm = 9
Trw Dol mN o ey ° 0 do gy B ol oo W4 — w25 e -
= BR g Njo Ty 4r ~ P = m ol IS E. g -

< & 4 M Npre ¥ Rp : T a8 £ E2fg
T R - TR R A REE e T E g T LEE8 3 £585 “F
ool of —~— A.tE o o) K o m M X 2o o) B = opl < A = ‘© =Rls T ©
N D W N "o ook O o IO BRI - NI 22 e < 850 =
LR N NI T w ol e W W o Mo U L EPYF EC
Jo= = =M 2RO o W W i o oy T w5 ol o w = 7 s E LW &
TN - 2 o N o = "o X %E % 4 Mo & = £ £ g S o«
R R S S L EER K g o g o B 2R EEEE 5%
. . ) — p i) — = »oQ %)
- - ~ — " ™o N = N AR o) o — ~ B . N Eo 17809} { T Q
Y= AL ~ Ry o w ¢ o 1 o o "E N ook WP [l 6 o < @
%%W@%ﬂﬂﬂ%ﬁﬁﬂgag woﬁhﬂﬂw@ﬂiﬂﬁi%ﬁ DRy T,F,fm L <
Fmad P gaa iy Eo_%%%ﬂﬂW%ﬂ%@% nR T =g EIdEs
o f b ) ot T . o= e o =
S U B - ) SaF e eE L T - B mMMz,mc%
I ﬂﬂ%i#ﬂéﬂiﬁ rEeT LR EAT T F D W5 B2 ge2R
I CIR I VN T <R i i B ’
ARG S N L B L PITETNET S TN = &
TPT NPT Mo N T o T ooy do T dx M T T N o B = =
~ e —_ - . —_—
2 olol < | ]e] o] |=]e ol oo ole] < | EREEER gEganprdRnTETE
= el || = S b S RIEREERREIRIE SEITET Lo T P et T
s |8 |elz| 5| |2 2l slgl a | g |alz| 3 T ST xdd gl TR
i SR el [SlEd | gl a| TFET P FRXE I Ter RIEDD
= 3 o Va_ﬂ wp Mo TR ey gD CF
o RE Ry NARg T W
5 s mHm.,___NOTﬂﬁ g }L}Mﬂoﬂa.ﬁﬂlqﬁééxaﬁu
g [ o DR o0 | S 3 [B|lw|l @ i - EM%%VMFA%ELI@LZEL&JEﬂWﬂN
e &858 g |~ |2~ 2 I5IE | 2|22 & BomgW T2 LT N L BRT
1o = R s N SIE 2 |de g 8 |58 & A G gL Y PG TR g

o) oo X No Bo T o _ X
ne |= %H@Es7$ﬂ$%o%vﬂn W R g
NE S T ddomy g e TN g W
o © — = " op %o T woogp o TR
N o |E T _me wmAL e Hstgh MwN gy
= G S o x| K CERCR J wo e XOK w N ol
M_ m = <0J | R M.... —|en| | en _A/_.W 2 % “ % [ g m % ™ " ,Z|L m x ) hl E mﬁ AT B o) wr % ! N MM ofpl
Mg ST & SIEl @ |d[g] 8§ T |=]9] Q Mo g @ %%%i%ﬂg1%m§ogﬂ
=g e W E o % M Ik
_n._%dC C e o m ﬁduﬁ%ﬂﬂrﬂﬂdmﬂﬂéﬁ
L g R e AR N
v £2| |EElge |=l2E Sz |2 B R R - BB R
5P| |EEEE |EIE &« TP EEE |2 |52 E M cFx g T T 5 T T
,.mllu Sls bl Il B e ol i B 2 B < M%m Z| g o _| 8 IS mzm < o M= o o ,Ulie B0 M;
_EoP..mwﬂ.ﬂ_.quﬂ:%EE AN gl 2|85 @M gls £ mﬂjmﬂu»%i %OOTﬂXEz] otmﬂ%
® o |3 Wl Sl o] Bl Bl 85| CE|EE|E|E|sE IRTA IS PT 2 FET oW T T I
o |T|EIlE (T glulx | TR RIE|BE |2 |5|E|EE] T tEle®isEREOLEHTT
o T | % | = ! =| &8 s 2 8 o ! 0 phy o W il
3 SR L R B Sla 1&g 27T TP mEpdwy PP
M= T ool mE o TN T W N MY TN A

flywheel
IEEE

F, Kapat. ],
429

for

Generator

/
Electric Machines and Drives,

Motor
T.X, Zhou. L, Moslehy.

)

”

International Conference on, 2005.

Applications
[3] Lin. S, Wu.

Synchronous

]_

s}

o]

57]_
EathyA
.

€]
a
=

2}

cRESER D
A flst AA 7Y

[e]
35

zde

[}

EES

3]

A
71



HM7|1&s=2X 63 3% 20144 3

Chow. L, “Modeling and Design of Super

High-speed Permanent Magnet Synchronous
Motor(PMSM)”, Aerospace and Electronics
Conference, NAECON 2008, IEEE National, 2008.

[4] Schneider. T, Binder. A, “Design and Evaluation of a
60,000rpm  Permanent Magnet Bearingless High
Speed Motor”, Power Electronics and Drive Systems,
PEDS 7" International Conference, 2007.

[5] Seok-Myeong Jang, Han-Wook Cho, Sang-Kyu
Choi, “Design and Analysis of a High-speed
Brushless DC Motor for Centrifugal Compressor”,
Magnetics, IEEE Transactions on, Vol. 43, Issue. 6,
pp. 2573-2575, 2007.

[6] Boubaker. N, Matt. D, Enrici. P, Martire. T, Nierlich.
F, “Estimation of Rotor Eddy-current Losses for
High-speed SPMSM”, Power Electronics and
Applications (EPE), 2013 15" European Conference,
2013.

Ki-Doek Lee

He received B.S degree in electrical
engineering from Incheon University.
He received M.S degree in electrical
engineering from Hanyang University.

Since 2011, He has been pursuing the
Ph.D. degree in the Department of
electrical engineering, Hanyang University. His research
interests are design, analysis and control of
motor/generators; power conversion systems.

Ju Lee
He obtained his B.S. and M.S. degrees
from Hanyang University, Seoul, Korea
in 1986 and 1988, respectively. He
obtained his Ph.D. from Kyusyu

Ve
A University, Fukuoka, Japan, in 1997. He

worked as an Assistant Researcher at
the Agency for Defense Development from 1989 to
1993 and with the Korea Railroad Research Institute in
1997 as Chief of the Division on Light Subway
Systems. He joined Hanyang University as Professor
of the Department of Electrical Engineering in
September 1997. His main research interests include
electrical machinery and drives; electromagnetic field
analysis; new transformation systems, such as hybrid

430

electric vehicles and high-speed electric trains; and
standardization. Dr. Lee was recognized by the Japan
Electric Society as the writer of the Best Paper in
1995. He is a member of the IEEE Industry
Applications Society, Magnetics Society, and Power
Electronics Society. He has been a member of the
editorial staff of the Korean Institute of Electrical
Engineers since 1998 and a member of the editorial
board of the International Journal of Electrical
Engineering since 2000. In addition, he has been the
Korea National Committee Secretary of the IEC/TC2
since 1999. He is also the General Manager of the
Human Resource Development Center for Electric
Machine and Devices, Seoul, Korea.

Hyung-Woo Lee

He received the B.S. and M.S. degrees
from  Hanyang  University, Seoul,
Korea, in 1998 and 2000, respectively,
and the PhD. degree from Texas
A&M University, College Station, TX,
in 2003, all in electrical engineering. In
2004, he was a Post-doctoral Research Assistant in the
Department of Theoretical and Applied Mechanics,
Cornell University, Ithaca, NY. In 2005, he was a
contract Professor at the BK division of Hanyang
University, Seoul, Korea. From 2006 to 2012, he was a
Senior Researcher at the Korea Railroad Research
Institute, Uiwang, Korea. He is currently an assistant
professor of the Department of Railway vehicle system
engineering at  Korea  National = University  of
Transportation since 2013. His research interests
include design, analysis and control of motor/generator,
power conversion systems, and applications of motor
drives such as Maglev trains, conventional railway
propulsion systems, and modern renewable energy
systems.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [545.000 394.000]
>> setpagedevice


