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Abstract

Conventional bearings are in a difficult condition to be applied to high-speed rotation because of the
mechanical friction and wear out occur during high-speed rotation. Therefore, instead of the
conventional bearings, magnetic bearings that can generate shaft bearing capacity while being non-
contact with the rotor are widely adopted. In recent years, in addition to demanding higher speed and
smaller size of the entire rotating machine system, low loss and low price of magnetic bearings become
issues. What’s more, in applications such as industrial turbo molecular pumps, there remains a problem
that the attractive force of a permanent magnet deteriorates the workability of inserting and removing
the rotor. Therefore, there are practical problems such as making magnetic bearings magnet-less and
improving the assembleability of the entire system, and increasing the added value of magnetic
bearings is attracting attention.

There are two types of general magnetic bearings, heteropolar type and homopolar type.
Conventional heteropolar magnetic bearings are inexpensive because they have simple structures and
do not have magnets. However, it has the disadvantages that it is difficult to cool down because there
is a lot of iron loss in the rotor. The reason of the iron loss is there is an alternating magnetic flux
generated in the gap. On the other hand, the conventional homopolar magnetic bearing is easy to cool
down because it has less iron loss in the rotor, but the disadvantage is that it uses a large amount of
magnets and its structure is complicated. In addition, since it is necessary to maintain a constant slot
area, the width between the suspension poles is wide, the magnetic flux density distribution of the gap
is uneven, and it is thought to be the reason of the iron loss in the rotor during high-speed rotation.
Therefore, our research team proposed a new homopolar magnetic bearing using four C-shaped cores.
However, although the magnetic bearing with the proposed new structure can narrow the width
between the suspension poles, because of the stator adopts a straight tooth shape in order to concentrate
the magnetic flux in the gap, the magnetic flux density of the rotor core facing the stator teeth is high,
while the magnetic flux density is low between the suspension poles, the change of magnetic flux
density in the gap causes loss during high-speed rotation. As a result of further suppressing the width
between the suspension poles in order to suppress the iron loss, there is a possibility that cause the
leakage flux between the poles, which leads to a significant decrease in the suspension force
characteristics. Therefore, in this study, we pay attention to the above problems and adopt a fully
closed slot shape, which is not generally used, to further reduce the iron loss generated in the rotor. In
addition, the proposed structure shows that the suspension force does not decrease and the assembling
property does not deteriorate, and it is possible to solve problems such as the high cost and complicated
structure of the conventional homopolar magnetic bearing, and further improve the performance.

On the other hand, in general, suspension system that can actively controls 5 degrees of freedom, a
disk-shaped rotor is used for the thrust magnetic bearing (TMB) and two radial magnetic
bearings(RMB) for the rotor support part. However, by this structure not only the cost is high due to



the large number of units in the entire system, but also the critical speed of revolution is lowered by
increasing the shaft length as the size increase. In addition, since the disk in rotor is used for TMB, the
assembability of the entire system is reduced, and it is difficult to balance the rotating rotor. Therefore,
in order to improve the assemblability of the entire system and reduce number of units, our research
team used a cylindrical rotor instead of a disk-shaped rotor for axial displacement. We are proposing
a T+RMB type magnetic bearing that can actively control 3 degrees of freedoms. The system using
T+RMB has the excellent advantage of miniaturization of the system while being able to actively
control 5 degrees of freedom by combining with a bearingless motor (BelM). In addition, the rotor
length can be expected to be shortened by reducing the number of units of the system, which is a
countermeasure for issues such as passing critical speeds and balancing of the rotor. However, in
applications such as industrial turbo molecular pumps, it is necessary to disassemble and clean it
regularly, but the attractive force of the permanent magnet in T+RMB that provides the bias magnetic
flux make it hard to insert and remove the rotor. Therefore, in this study, we will examine the
magnetless T+RMB for the purpose of improving the assembleability of industrial turbo molecular
pumps. We propose two types of structures depending on the method of adding the bias function to
the T+RMB, then compare and examine the suspension force characteristics and loss characteristics
of each structure using 3D-FEM, and verify the validity and effectiveness of the proposed structure.
Finally, we examined the value added of magnetic bearings from the viewpoint of low loss, low cost,
and magnet-less, and then summarizes the future task in terms of high added value, low cost, and

resource saving of the magnetic beaarings.

Keywords: high value-added magnetic bearing, low loss, low cost, resource saving, 3-axis active

control magnetic bearing, magnet-less
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5 3 B IR - AR A N g D

450 CIaT Z— Mk L 7oA £ R —Z7 BRSNS (2 B9~ 2 AF9E

R [H] D gt

3-1-2 JCATHFZE TR R S N AB SRR O IR

#3-1 R L TV AR ~HE

Stator outer diameter
Winding diameter
Airgap length
Rotor outer diameter
Thickness of bearing

Winding turns

¢ 150 mm
¢ 1.4 mm
0.5 mm
¢ 54.9
60 mm

176 turns/pole

22



R N 150 5= B N AW 1L - S TAVAG B
45D CIa7T Z—K{k Uiz AT R— T BIRER a2 B4 5 HF%E

ZI T, BxOMET— L TlE, LROMEREZRIT 572012, 4 2O CBlaT &2 —IK
L LTeARER— T RRZ 2R L T D, K312 IZZ2DMEE R T, IREMIED 1L
3R 3-1 1T T, ZOWMETIE, 4 50 CIEarOW, [EHEF & XkFT 5855 % 7 A Rk
EEST—RMEL TS, BEL T DGR, X 3-1-1 IR THEARa 27 ROt & [FH
BRI, TERDBERINZIZ AT, BREIOETHL A v MAOEZHES TE 5720, [AliE1-
TOFHEEMBITE D, £, B UEM46] THE LIRS CIX, ERIIRREE O
TIRICHHIT D720, BEETT 4 — ATRITAERTL OB T BREIC AV I D BER
WEPFTEDLANL— T 4 —R2EHA L,
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R N 150 5= B N AW 1L - S TAVAG B
4250 CIEaT Z— b Uiz A F R — 7 R 2 B4 5 W5

3.1.2 RS DRSS 15 & SR ) D3 A R

3-1-3 1%, MEMEOMYFIREZ T, £7, K31-3@ICRT LI, 4DDCEaT
DN, [AliET- &6t 2855 % 7 A FBEIR T —IRL L TES = 2 [HOEE =2 7 %, FERitE
DAT VUV AATRWELTZ Y U RO — AN E T BIEAT 5, I, [K3-1-
3O AT LI, 420 CEaT DN, HSFEREZNENEN A HOERT %,
Vo 7RO —AZBRIT 2R e L CEREAMP LA L TCEET S, ZOXHICLTH
HALTHZELIZE ST, 420 CHRaT Z— Kb LT AT R — 7 AR 2 T 5,

Stator Core

(a) TREMIE DAL T

24



o5 3 B KRR - (Afik 2 fiiN g 5
405D CIaT b L Ic AT AR —Z RIS 1~ Bi -4 % WF 5T

(b) PREHEE DI T
3-1-3 $REMEE DAL TTIA

3-1-4 1%, REMEIED x Wi m O SR R AR 2R T, WSR2 AT D720
\CLBEIR A T AR @y 2 AT D201, 4 SO ERIITZN TN A T AR D
B, 2% L W@ET D, £ LT, x BEMIOBRN, T, AT A0, &R U=
YRR Vi DE A EET D, —H, x BRI OEMEN, I, AT ARG, &K
KHMUZ T b= Vi ri, DEREEET D, ZHICED, BN, & Ny IZHRL 5 BT
Iy i IFENENLL T O TEE D,

Iy = Up +ixc ()

fy— = Up = lxc (6)
Z OFER, x HIERIOX v v TES TIE, BN DIET D31 T AR, & 2> b —
IVBEHR VIR U0 & 72 ) BEARITIRO B 5. —F7, x WlBMOF v » 75 TlX, BN,
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53 REK - M A ST D
4250 CIEaT Z— b Uiz A F R — 7 R 2 B4 5 W5

MFEAET DA T AR, & a2 s — VR SIS I & 722 0 BERIETHDE 5, 20
FERL, x EHERIOBBRIN, , DNRAET DR @, & x TIAMOBERIN, D3 ET DR, 1T,
EFNENLUTOXDL ST/ 5,

Px+ = Pp + Oxc (7

Px— = Pp — Pxc 8)
PLEEY, x @WhEMROF v > TES TIIMRE LR S < R DD LT, x il foF v v
TER CIIBEAB E DMK L 72 572, x WE S NCHISCR DS AT 5, —0, x &
SR D 23T 2581E, 22 b e — Vil OB A OEGRZTREIL LV, Ak
(2, y BSOS R B RARRETH Y, x @M L y B MO R O K & S &
T5Z LT, BEMEIMEEG ISR AR TE D,

lx— = lp — lxc ©p Le+ = lp T lxc

3-1-4 fREME OISR 58 4 B
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o5 3 5 KK - At 2 W3S
400 CIaT & L e AT RN — 7 R (2 B4 % AEE

B4 3-1-5 1%, BFEMEITBNT, MEICERE L TW D EEO/INEORA DR AT DR D
BN ERT, IREMIETIE, 42O CaT 2 —KMbT 57201, FlEET Extad 5 4
ODATEEEOT ) v ERITTC—IMELTWD, 207, ZOT7 U v Uy A A
LTV E, 2> b — Ve, % Fig. 4 (R T X 9 22Xy v 70 & @i 3 2 Be
ERDLT, ZOTY U AEE L CGEREIL, [FlEEFAEE LRV E D, DD
& SRR DS RENC A TE VDI A T, ME OISR I OEE N HEAELTLE D,
ZTIT, INOLOREEST-DIZ, Fig ST X518, #EO/NIRA DAERT M %
BHMIAZBICRET 52T, 7V v VHSICHERENZ R EISE TN D, 20X 91,
EWE T, 7V v P EHEEEI S50 RHNMIOMAE#H L T D720,
WROFRER—THMEY bEAOFHEL KRIBICHIKTE, a2 MR T S L 72
STW5D,

Magnet

=
3>

Bridge

T

— e — — — — —— — — —
(=R SRR S = RN -

b
vl

_—

M
=5

AlIsuap xnyj onsubep

cCoooDoooDoo oD
O= MW s B~ ®ED

%] 3-1-5 $EEHEEITB T D /A oA A
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o5 3 5 KK - At 2 W3S
405D CIaT b L Ic AT AR —Z RIS 1~ Bi -4 % WF 5T

3.1.3 DT & E 2 15 5 B

WERDAT 0 R—FRLRER—FH Lo KIS T, EEGROEEFT 4 —
ZNZH S ER R 2 B T2, BRNEF AT oAy b Y THEAE 20y NEAESY
R L2 E72 63, Aey MEAAEARS T2 2 N TE RN, LT, BRIEF Y
» TWEATEE D " FIZHFIT D720, HEROBERENIS TIX, 2hRE HSR N2 RET D
OIZ, X¥ v T THAEZET LBABEEZSDLZENTELDOENRBENA R — T
74 =AW, Thebb, =7 2Any MNEROBEEFZ —RANZE T 5 [15-22][46][99-
101],

Z DRERBLDOBEEESZ i S5 5 RICEE SN T, BITBRR= X 51T, 25 ICHR[46]T
WELZREBETYH, 2EBRENWA NL— T 0 —RBIR, bbb, A—7 v Z2m v b
FAROBEEFZHA LT,

X 3-1-6 IZZNENREME BT 24 —T v 2ay MNEROBEE L EDOA—T A0
v MEIROIERK 2777, L, IREMETIE, i RPS R AT IRk 2 &N TE S
728, B EE N ERAET DA FBWRE A CEEE ST AT v b ) T R % el
FTHMETR, T LT, BlEHIC8BE2RESEDRNE DXy v THARBEDK T %
W< Amy MHDRZRS THZ LN TX S,

(@ A—7r2my FORIR
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o5 3 5 KK - At 2 W3S
400 CIaT & L e AT RN — 7 R (2 B4 % AEE

Open slot

(b) MBE O OER XA 7 > FDOFIR

3-1-6 A—7 A v v MNEROIEKK

(a) &MA > FORIR
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o5 3 5 KK - At 2 W3S
400 CIaT & L e AT RN — 7 R (2 B4 % AEE

I

Closed slot

(b) MR OB OMER LA 12 v FOFIR
3-1-7 A v v MEROIEKIK

REMEIL, An v MAARZ KRS TEDREEZMA TWDT2D, K3-1-7I2R-T L D1T,
ATy MEREBRALTYH, b e b LRI OR T E2RNRWAREER S D, 2 LT,
RO T 2720 E, @A ry MERET 22 LT, v v 7HEEEOIKT
R AR Yy NEEESE, ZHE COBKENZ TR L 72> T RIS 7 O848 4 i) 5
HZENTED,

L2l C, K3l TlE, A—7 v Ary MEREEHAT » MEREZNZEIE A 7=
DDOIEFAEIEIZ DUV T, MR ONE t 2 280 X W72 B Ol 3R ) FRPECH R FR L2 DV T ISOL
#l IMAG-Designer |Z & 5 3D-FEM f##r CLuBRGET 21TV, A7 > MER AR 2 724
W& DA A OV TH L NCT 5, 3D-FEM T 21T 9 — o0& EI, X 3-1-6(b) &
3-1-7TOICENEIN AT AR v MEROTARLSINI LS F UK E T 5, TET o~
Bl PO ER 3-1IRL, SEOME %% 32 1277,

[ 3-1-8 1%, HafEIME t=8mm DA —7F > 21 v MR E R AT v MR EZZFNFUiE 2
T2 ZODREREEICB T, THAE 6.16 A DA T ARG B ib 7217 %2 88 L72BEOX v
> TREREE LA 23, ARE o [BIER A FEATE 0 D EFRIE, X 3-1-6 (b) & [X] 3-1-7 (b)IZE
FIRT LBV THD, LT, A—7r2uy MERICBIT X v v PR E S Bo
O)VEZEFRTRL, RFAT Y MEIROF ¥ v THEAE 54 Be (0)& TR TR LTV D, il
KFFSI DI MBI, T AGROBFEEL, A —7 Ay MRRO TR EHA R
v MEIRE D KREWRZOEITIEFIT/NEL, BAATy MERICLTHF v v I A%
BEEIXIEE AT LTV,
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53 REK - M A ST D
4250 CIEaT Z— b Uiz A F R — 7 R 2 B4 5 W5

F 32 HBEL QW AHEEOEEOME

Winding core s45¢
Stater core 35JN230
Rotor core 35JN230
Rotor shaft s45c

Magnet NXM-41SH

Split part  Split part  Split part  Split part

)
O O o o
w >~ 0 o

e
= N

Magnetic flux density(T

0 " ! , ,
0 45 90 135 180 225 270 315 360

0( )

3-1-8 F ¥ v T OBEHREE /3 A(ib=6.16A)

31



R N 150 5= B N AW 1L - S TAVAG B
45D CIa7T Z—K{k Uiz AT R— T BIRER a2 B4 5 HF%E

Magnetic flux density(T)

1.2 r variation
1 k

0.8

Split part t

Open slot B, (0)
/I Closed slot B.(0)

Teetg'gart
0.4 F*

Teeth par§ W)
0.2 LCN

0

EEh part(iW,)

e o o S ——

Eﬁth part(W,)

3-1-9 v v T OREAEE 53T (o Bl E DT [0 BT HRF)

ZLTC A—Tr2my MERTIE, Aay MIRHET 5 ¥ v v THHRBENKE < v
ABNAR T LTWE2, 1T, AR v MEIRTIZA T v MIRIST 5 F v v P REARE
FEETLTELT, T X TORBEAEME B WT, Fv v PRAIEEILT—E SR
STW5H,

3-1-9 1%, MREIEt=8mm DA —7 > 2 v MEIKRESHEZRT v MERIZEWT, x il
EF MR RKEN R 2 RAE L CODREOX v v THERBEE DA T, AT AR50 E
Wiy & 22 b — VG By (VT ERSIE 6.16 A Z BEL TWDH, AML— KT 41—
AEBHLTWDL A =T Zmy MERITWERZEFR TE 5720, xWiEHROT — A5
DX ¥ v THHFEEL, ATy MR &V, X 3-1-8 LRERICZDZET/II N,
Z LT, MR ORAEICHH TEDEETT 4 — AMOEW, )L, EFHAT > MR OE
W) L vz, LieidoC, &fAry MERIZA—7 21y MER XD LliiscRE )
ERAETEDL M7V OEEZILL TE D20, Xv v THEBEEOK TN+
ix, Ay MERIZA—T v 2y MR & RIS ORISR ) 25 TE S e
MWRHDHZEROD,
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R N 150 5= B N AW 1L - S TAVAG B
45D CIa7T Z—K{k Uiz AT R— T BIRER a2 B4 5 HF%E

32 =7 Auy MERERAA T v MEARIZET DT & B%2
3.2.1 WS ) ot

F—7r2vy MERERMAA Ty MERBZENENREAETE X IORE %k
s 2 70\, MR t 2 28k &8, x Bl 7 1) O B Kl SCRF IS oW BT A FE L 72,
212L, AT RS ER b &3y b r— ViR ixe [ EIEITERE 6.16 A T—E L L
72 EDOMRHTAE R 2 X 3-2-10 (27”7, MREE ¢ 23 4mm LU F OBE, —>ORRITIIZEIS
ARSI LD, 2 LT, MEE 28 4mm LLEICBWT, 2Aa Y MERO
R ITA—T 2 m y MEROESFF LY K& 2o TWD, LT, AR v K
TEAR OB FF I IMEINE £ 23 4mm 225 12mm OEICBWTIIIE—E L >TEBY, + = 8
mm (2T, iSRRI R R ER D,

| ?’ﬂ\l Closed slot B.(0)

— 250 } Y
Z, Sk T

. s 4"
g 200 237 N H
E 150 F Open slot B,(0)
f;’.loo [ Maximum
@ 50 } suspension force

0 3 3 3 3 3 3 ]

0O 2 4 6 8 10 12 14 16 18
Split part t [mm]

3-2-10 FRMEINE £ 12 K 2 x BhiE 5 10 o e KSR /)
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R N 150 5= B N AW 1L - S TAVAG B
45D CIa7T Z—K{k Uiz AT R— T BIRER a2 B4 5 HF%E

1.2
O lot: 0
T N 9o(0)
\\\‘,
0.8 )
S
§Oﬁ -
S 04 F
Q
>
0.2 F
0

02 ¢

3-2-11 F v v THNOBREE D BEIE Sz x Shoh SR ) o bk

ATEICm L72IX 3-1-91%, ®AA = v MEROEISF: /)23 5% K & 72 2 1 t=8 mm DIk
DX Y v TWHREE M ERT, TOF v v THEHREE SN OE G ZSOIRICE
T OMISFF DR E SNZOWTHFT L Th D, X v THERE B, (0) & B ()%, £
TR OBHEEDRKE S &R L TWD, FREEAEALE OIS 20N EERE D x flpksr o
EWEINE, X v THHRBEED “FE cos 0 DRIHLBIT S, A—TF 20wy MR E2H
2y MEIRICBIT XY v TRORBED “ 3R L cos 0 DA ZTNTg,(0) L g.(0)ET 5
L, LLFoR(9) & (10)THRE D,

90(0) = B§ cos ©)

ge(0) = BZcos6 (10)
3-2-111%, H(9) & Q0)ITHEADNT, FEHEMA EALE 02T D g,(0) & g.(0) &7 L7z
Fraerd, LT, KA EAQITRT LI, A—TFrRrmy MERESRH AT » MR
D X WHIE ST A OIS RFIF, L FAX, g,(0) & g.(0) % N EEFESy L fE R pl+ %
[47-48],
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R N 150 5= B N AW 1L - S TAVAG B
45D CIa7T Z—K{k Uiz AT R— T BIRER a2 B4 5 HF%E

360°

F, o f 9.(6) do (1)
0
360°

a«f 9.(0) do (12)
0
E<F (13)

Z LT, R ERA)DFHEME L, KANTTFT LI, Fv v THRBENSHEL
THefAr vy MEROE R F DA —7 v 20y MERO#EFEHE L kK&wnwZ &
MR TE D,

IEED, il E2 s saefany MERIZ, A—7r2my MRREY, #53FFh %
FBETZXDH BB DENIL 72D, LT, ¥¥ v 7TBAEBEEOKTN/NI W=D, bl
KRNI LAKREL 2D,
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53 REK - M A ST D
4250 CIEaT Z— b Uiz A F R — 7 R 2 B4 5 W5

3.2.2 #hSRF ) OHE OB

BEL TS 450 CHRlaT K LizhER— T REKEZIE, (ERkOBRER—T
TR L 0 R OIEA L TEX 5720, Z2ay NHOEHS DX ¥ » TREAEE D2,
ZPIHICE, BEEHICRAET HEBE KT LN TE S, LL, BEOEE/EI L
TED L, MENCIRAVRR T4 U, i CRli SR ) OB AT 5, BilifE T o3
KFFIIOEBOFIK & 72 5728, SO T EBET 5 72012, M OEZEUIRET 540
BERdH D,

4 3-2-12 1%, MRE OE 2 bl 28 < L 72 iHE t=1mm OO v v MR EZRT,
4 3-2-13 1%, y #EF IR ROSFRF N Z236E LI2GE LA L nWa, T7hbb, =
> b r— VR E Iy (S ERRE 6.16 A ZlE L2 e L B rIZ LA T, 2 b
2 — VR B i & 2L ST BRD x ShiE S [ OHISCR ) OfffriE R 2 r 3, 72720, A
A T ARGy B I FERE 6.16 A T—ETh D, FEMLL, A ERIE 6.16 A ZEE L7=5HE
O x IES MO TH Y, WL, &l LIfE O x SEF M O#MSR ) CTh
Doy BRIZLIEHE, iy L2A LN T, X BES M OBSHRITEE L SR LR
W TLT, iy 12A TV RE LSR5 E XIET M OISR NTFELIRD D, —77, iy
IZERE 6.16 A 218 L7256, iy DN & 3R x iliE 7 [ O sl SR 01388+ %, L
T, iy \TEREE 6.16 A Z38TE L7256 & B r s LIz3E O x BhiE 7 1f 0 Fi Kl S R 7)1,
ZNEIITIN & 139N L7 h, ZOEEHRIL 223 %L H D, AL TlE, = O %
XFFSI O OEBER L FESZ LT D, MEEt =1 mm 054, 85ROl I HER
TERVWRERTFWNRFIAET D,

4 3-2-14 1%, FRRIE t=8 mm OO R A v v MERIZIHBWT, X 3-2-13 & [AEED A
THRNT 2 F2ha L 7 BRDOMNTRE R AR T, i, [ EMRKE6.16 A ZBE LGB LErIc LY
A DO ITIZINT, iy DB &I x BlIEST B OISR ITEM L TR Y, TOlhER )
DIITIFIEFR L ThH D, £ LT, iy J|JEMKH 6.16 A Zi@E L1235 BRIl LIEHEAD X
il 7R O fe KIS EF 1%, £ 2 252N & 249N L 720, ZOZEEHRIIMENC 1.19% T
b5, MRHEEt=8 mm O5E, WIS HOMBICITIZE A ETFHNIFRE LRV, X 3-2-13
EX3-2-14 L0, WREINEIE, SRR OO TR E B E 525 Z L Rbhd,
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R I A 3= Nl |5 1= R CORYAG B

45D CIa7T Z—K{k Uiz AT R— T BIRER a2 B4 5 HF%E

Suspension force

3-2-12 A v v MBI t=1 mm K.

Maximum: 179 N

E.(i,. = Rated current)

yc

~ Maximum:
v 139N

s Fluctuation rate
- o
/% 0=223%
Fx(iyc\: 0A

1 2 3 4 5 6 7
fxc [A]

3-2-13 x JF M3 FF 77 t = 1 mm RE.
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53 REK - M A ST D
4250 CIEaT Z— b Uiz A F R — 7 R 2 B4 5 W5

2300 ¢ Fluctuation rate
60=1.19%

Maximum: 252 N

[ F,(iy. = Rated current)

/

Maximum: 249 N

Suspension force [N]
f—
LN
o

50

3-2-14 x JF IR FF ) t = 8 mm K.

X 3-2-15 ()i, #EEEt=1mm O2FA T » MERIZEBWT, i, 72 ICERKHE 6.16 A %
WE LR OMREE M A R"T, TLT, K32-150), i, zErll, [ LipllZth
THVERAE 6.16 A Z@ET 52 & T, x ESF RIS R KOS ) 2345 L TV 5ROk
Wy Ai &~ 7, Fig. 15(a) & Fig. 15(b) &V, HRFEINEAS t=1 mm & REGISHORER,, i D3
AT Dy ba— VRERIE, y 51RO SRR ) & AT B EE 2 T IZIRAL THAVA A
TWHZLRbhD, EORR, i, ZEr & LTWDIZHEDLLT, vyl m o=k /)%
AT DEEF 2T OBHEEITIEFITE S o TWN D,

FEEAEL, W2k TE D0, BRIk < 32 &, SsRe O I TR sAE L,
WIS R M2 L RIRELS, BhSCR ) ORIEIE S B b 5, L7chi o C, BhSCRRrE o
&8 <oz, sl 3R /) ol o T2 30614 5 L2308 H 5[19-22],

—J7, MWEEt=8mm O AT v MERICOWT S, Fig. 15 & [F UM & Cfigt 2
Fh U7 2 X 3-2-16 12~ d, X 3-2-16 () & [X] 3-2-16 (D) & [Lik 2 = & ¢, O T
PIEEAERAEL TWRWI EDRBERBEES D b5,

ZIT, AT A2ny MERERMHA Ty MEIRO ZODRIZOWT, MBEEEZZ{k L
T BRDOEFBRIZOW TN 21T o 72, X 3-2-17 (2% OFEFTRER 27T,
MEIEAS t<4 mm DG, “ODRROMGITIBNT, HEHETE QWK E RS E o
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5 3 B IR - AR A N g D

450 CIaT Z— Mk L 7oA £ R —Z7 BRSNS (2 B9~ 2 AF9E

Leakage control magnetic flux

x
=
=
o
=
(5]
=
<)
IS
IS
(%]
8
m

XnJ} ondubew seig )

Ip = 6.16A,iy, =iy, = 0A(t=1mm)

(@) 7 3A T ABEID I IR BE 3 A

-

A
Z

ol
Bias magnetic flux
i [

ontrol magnetic flux
725 ”
“z, NS ;

xnj} onaufew seig

ip = lixc= 6.16A,i, = 0A(t=1mm)

(b) x 1E J7 1) B far IRpfsds SRR B 45 A

3-2-15 x JFFIA#h S FF 7] t = 8 mm HF.

DO SN ww R D @

[ 1] Ansuap xnyy anaubepy

08

Moo =L BT D~ D

[1] Aususp xn|4 anaubep
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5 3 B IR - AR A N g D

450 CIaT Z— Mk L 7oA £ R —Z7 BRSNS (2 B9~ 2 AF9E

iy = 6.16 A, iyc = iyc = OA (t=8mm)
(@) /3A T AL D WA A3

|as magnetic flux

k~v
Bias magnetic flux

Control magnetic qux

ip = ixe = 6.16 A, iyc = 0A (t=8mm)

(b) x 1EJ7 1) B fa IRpfsd SRR B 45 A
3-2-16 x J7IAEHFF )] t = 8 mm K.

R R R N -

[ = =T == T Y

o
s

0.4

[ I = S Y
(=== R (S L SUN - = = RN == ]

[ L] Aususp xnyy onsubepy

=1=
[=-B]

[ 1] Ansuap xnjy onsubey
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53 REK - M A ST D
4250 CIEaT Z— b Uiz A F R — 7 R 2 B4 5 W5

35 r
T —>
E‘ZS -
520 |
S5t
= B
£10 F
= Y\ [Closed slot 0 lot
z < | \ pfnso
\ K
0 . IIw.w,,.--'_____'___!'_. ______ J
tll 2 4 6 8 10 12 14 16
-5
f [mm]

3-2-17 MR DA X 0 fih 375 ) O BB ER O LS.

W OFWRFAEL TV D, —J7, BEIE t> 4 mm O5E, 50K E bITEBRIX
5L T &> TERY, MMOMICRARIEFFEMERDH L Z 13 bnd, 2L T, A—7
2y MEIRTIE, WBREEN t> 4 mm O5A, L BRET D b — /UREHN y #l 5 1h)
DN FF ) 23 ET HEEF 2 7 IRV TIRAVATL Z IR VAL THOFELID b, X
HIEST A &y HE T A~ [RIRF L e KBl SRR ) & 38 4R LT BRICAE U D RIS =2 7 CoReK AL
MOFBEOTTINRKENTZD, BBHRITENI A TR Lo TND,

ZHITE D, ZoDIRICBWT, B OTF O 2 B 8 L 7 BR D12 54 1E O R IE O
AL t>4mm &7 5,
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53 REK - M A ST D
4250 CIEaT Z— b Uiz A F R — 7 R 2 B4 5 W5

3.2.3 [Alis -2 7 COKE

ZER46] TR T2 L H 12, A—T v Ary MERERFOREMEL, EROFER—
7 BRI L0 b EE TR AT S EHBIIRIEIC/ NSV, LvL, BEsFixmALIZS W
7o, R CRAET HEBEZMBITE 5 Z &1, BEMEZFZEMET 55 2T, M TE
FhX—RA L b ThDH, LT, FIIZBEL TV DA Ry MEREZRFOREMEL,
F—7r2my MR LY RIS THRAT 8B Z I HITHfI TE D MREMER B 5720,
A FERARIC DWW TR 21T 9 2 LIFFERITRUITH 2,

B 3-2-18 1%, A= 2my MERE ATy MERO ZSDIRIZ W T, FRFEIE
Z AL SRR, [FESEE 60,000 rpm (ZE T DAlE -2 7 TRAET HEHEEZRT, 272
L, FEHETOR ERERRBRZE L, 522N (533kg fiXY4) O RE ) %2 5384 & Tl &
Fhi LTz, PRS2 AR L AR ZEN EMAAATEHET 2T =4 VAT LD
[Fliis &L 5.33kg THDH, TDD, —OOREMEHTV, BHEFEHEOYNE XL
HVLENRGH DT, 261 N OESZRE ) L 7en 0, EiEERSONELARPIIND S EEL
T, 522 N DR & Lic, ZOfflE, REMENSHE i CRAETE DRKESF o
21.7%Th 5, FEEL, 2Ary MEROEEF-a78EEL R L, BRI —7 2y
NER DR 2 7 # A T~ TN TOMEEICK LT, £Ae y MEROERF27
BRI, AT 2Ary MEIRED HIFFITNEW, LT, A= 2 my MRIRTIEIMm
ORI & & HIChEEE 2 7EEMEM L TWDOIEx LT, AT v MR TIdi
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7e EOPER R TIL, KABRAIIRER T O & & LITEREEZ B L STV 5, AT,
HEMBEICEH L, AR 202 72 ma LA 3 iRz oe 2175, £ L, il
XFFN VAT LOEROMEICE Y, 2 EHOWA L AMIEE AT D,

4.1 FrEREIZEIT 5 3 dhreEhil R B &= 0 K SIZ-2V T

B 4-1-1(a)l, A7 A Mg&ENS (TMB) (2RO R Z2 HVy, R I5 M O3 RO
eI 2 HD T VT RS (RMB) ZflAaabt7, 5 3 HEZGEERICHIE 2 —i%
B7RMh SR AT K &R T[77-80], LML, TDOV AT AMIEBEKE G DTV AT LEEKD
2=y MEBRZ WO A FRE L, TMB O MBCIRIBIEE 0D 72 DIZHST THEE &
IMEN D -T2, £z, 2=y MERENTOT A AR KEL, FICEHENRES D Z L1
(1A O[5 A7 BREh B e A 2 AR T S, ER RIS E CICEBREE 2@ L2 T iudZe 672
W H D, EDICV AT LAEAKNLTHEE, AL I ) LTz Rl 2 > 27 A4
BB L, %A Z BRI [ L DT 20BN S D728, [BlERiHD /N Z
VAR MNEE LN EHEREIZ > TN D,

ZITC, 2=y MEERD LAV ET 272012, 51 O 207 & [ElEssh O & o 3 5 B E
ZREEINCHIET 2 7 v ¥ VR AT U U 7 BNV AT ABRRRE STV 5 [81-83],
ZDT XY MVEERAT U 70, RMB EEBEEAZ /G LIo~T U 7 L AE—4 (BelM)
EMAG DTS Z EC, 5 BHHEZ 2 THREEINICHIE L7223 5/ MV ETE 5 & ) B F
REFFo, LU, [BIEREO MG FBCRERE 2R D, 5 E 1 & il 7 [ B A A T i &
2o TCWADTs, KN T & BIRERO ST o ZAHY O R CRREN TR D,

[FRES, ST MO & BRITHOERZT D 2 DOENMD 3 HHEZGEERIZHET 2
722, TMB & RMB e L7z 3 filkiis (T+HRMB) HI2E I TV 5[84-89], A
ENTW5 T+RMB 1%, TMB DO E{ & RMB O E 1 & 8l 7 Al @ L& L, TMB
DIEEFOHIZ RMB OEE - Z & L7ofE o “fEIC KB sind, Larl, Ebb o
&S HBCR AR 2R D, £ OMBCIRE#ER -3 TMB O E & -\ Z8l 7 B A0A F 5 i
Lo TS T, ML T & RO /N T o ZAHD O s CRED B 5,

ZIT, EHLOMRF—2TIE, K4-1-100RT X 91, HEBCREE O/ DY I
R [Alds -2 U 72 THRMB 28232 LTV 5[90-94], % L C, MR #R - % H 72 THRMB
L BelM ZAEHTZ AT ANE, 1ERELER L Ta=y MIOBIITEL Y 2T LD/
b~ K= 2 MERHIRFCTE 27217 T <, FABCRERE - DFREIC L AL T |, ik
DRI X DEMGEE O EH., B0/ T 0 A ORGA6 EOHENREEFTE 5,

ZOXHIT, 3 BHEZBEBIRICHIE T X 2HEN S HIRE SV SN TV D3,
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RMB Motor RMB TMB

Load [| |1 T

T [ [B]E

(a). —MxA972 5 FREEENHIE o X 7 AHERK.

-—r

T+RMB BelM

Load UEDjJE ﬂ

can be
compact
<

[Tt :

(b). 3 BHEE AR AE S SZ (T+HRMB) A fiff 2 72 S liREBhfilfH o 2 7 4.

S I AP

——— -

4-1-1. 5 THEEBHHIE > A T DAL
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EOMEEICB TG, B2 AT D1 DICBE RN, T AR &, KARA &2V T
AL TND, KABAZEFNDIEE, AT AERPLERN O, SENFEETTHEL
DTN NI REBRFNER DD, L, EEHOZ =Rt R TR EOHRIZEBNT
X, EHIRIC ML TS T A MERH D20, Ak s L CRlERE o —i MR O A
VRGEMATEE 2=y FOHELBEL THD I ENIEFICEETH S, MFEAE
Hif % FFO THRMB & BelM 28 L TV AT LD =y MIEHRLZZ L2k v, 6tk
DY AT AV ITHN THEIZB E L TWD D0, KAREAIZ L DWE] F128 AR+ D8k 7
LOEEMEZ B SE S &0 ) ENE - TV 5,

Bl 4-1-2 1" $ K918, BEHEFZ47E LT DERIZ, THRMB OEE FICEE L 72k Al A
DY 515 BelM & 5\ L THRMB D [lis 1 & [EE 1 &l 28 S8, (EEME2Ebsw5, L
TN oT, AT rr A BT 57-0120%, BENEZ/-L LT T+RMB OfA L
b HEHT L ENBRSEENTWD, ~7 rR—FMO RMB O L 5 12ifa 2 Andiic
BAR DI T 2 H HE & REEIAIIZHIEIT 5 RS 12 DU T ORFFECBR R FHI LI 7 122V A3[95],
EHONPHARTZRY, THRMB OfiA L ABICBT 2 Baha iy, £ LT, 2 E TloiRe
S THRMB TR AV AEREEA PO TWA Z b, AL AT 5 Z LIk
ST, LTT7T—AVAETHT bR E R D,

AFLTE, EEEROX =Ry R 7oA T 2tom ba B E LT, MfE
AllElds 12 fif 2 72 3 dhAEELHI ARG Sz OB L A BIZ O W TR 5, A T AREE
(N2 FEOE N L D 2 FEOMEARE L, THENOREE ORISR 1R & B K
KMt 4 3D-FEM Z JHWTHR - 3T L, $RRMED S « A2 MEE+ 5,
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T+RMB BelM

(a). T+HRMB (ZECE U 72 K ARG A 0 is 1 D K ARG AT & %845,

T+RMB BelM

Load

(b). THRMB (AL E L 7 K AR A (X RIHR -2 7 & 283 5.

4-1-2. T+RMB 13 5 BHEEENHIFH S 2 T A DARSFIE A EAL S BTV 5.
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4.2 MfEEEEE T %1 % 7= T+RMB OféA L A1l
4.2.1 HEHRAOMEE

[ 4-2-3 (2, TMB D& E O H11Z RMB D EE F 2B E L7z, HEROKAR:A Z Hvi-H
TR B [BIR - % 57D T+HRMB O &2~ 9[67], T 3T VIEE FITHA LT K ARBAIZ K 0N
AT AR EEY, AT A RNERBLOT OTIVEROEBIRICEVBEROT o RNT o A%
EHZ&T, AZAMNNBIRI TNV ERET S,

AFICTIE, THRMB O/ 7 AMEEER AT A NEMRETITT VT VER EHE L THA
L2k T2 b EEZ D, X 42412, THRMB DOGA L AAE A RT, 2T X FERIX
mlRfh 2 T K 512, FVTNERIEIT T NEELD x, y il ED 4 SOT 4 —AFIZE
NEZNEPNTND, ZOHETIE, HERITKARA TG L T\ o 7 AR E, 7
TNERE DHDIEA T A NERERWTHGT 5, X 4-2-5 @IS 7 ABERERZ X T A &
BITHEA LS (T+RMB) %, Fig. 5(b)IC/3A 7 AMERER T ¥ 7 VBB KA T 5 ik
(T+R’MB)Z 7”7, £ 4-1 12, SRR L TV D& 0 ZRkAR 2R3, LFTlEZo 2
P OB L A& IZ OV THRETT 5,

Permanent Magnet Thrust Stator

Radial Windings

Rotor
Radial Stator

Thrust Windings

Xl 4-2-3. f=#Ef978 THRMB #E &R B D).
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Thrust stator(S45C)

\  Thrust winding(Copper)

Radial stator
(35JN300)

Radial core
(35JN300)

End core(S45C) k 7

4-2-4. THRMB &R 72 L).

Thrust winding(Copper)

*K 4-1 BORMAR
Thrust stator outer diameter ¢82.8 mm
Radial stator outer diameter ¢70.8 mm
Thickness of bearing 41.5 mm
Winding space factor 40 %
Target value of radial force 79 N or more
Target value of thrust force 31 N or more
Maximum current 2.26 A(8 A/mm?)
Winding diameter ¢0.6 mm
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Thrust stator(S45C)
Thrust winding(Copper)

Radial winding(Copper)

Rotor(S45C)

Radial stator
(35JN300)

y
P
Thrust stator(S45C)

Thrust winding(Copper)

(a) T"+RMB ## 1%

Radial winding(Copper)

Rotor(S45C)

Radial stator
(35JN300)

(b) T+R’MB Hi&

4-2-5. T+RMB RSz DRGA L A LAk,
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3 dihpgk sz Dfgi A L AEIZ B9 D WTTE

422 NA T AEREE AT A NERRITHA LTS

[X] 4-2-6 12, /AT ARERER A T A NERRUTHA LI EE(T +RMB) O fil 3CFF ) 56 A2 R BE & &
MG AR T, AT A MEREIRICIE, N T ARSI, EAT A May ba—/ s, HEE
LCW5, [FEREhZ FHTe X 5 I HFRIENINTZ 2 DD AT A NEBIZHTEBIRE, TR
KATRT,

iry =1 +1i, (28)
Ipy =1p — 1 (29)

4-2-6 IZRT LI, NATAETi K VIBET HAAL T ABRIL, ATAhar ke
VT, W E D AT A MERIZE Y, BOZT v » P TIIERP DAV, HRITIEFHD
EBo T, z A FICE R DN EL D, BRELT, ATAMar b=Vl (XD, A7
A N EFIEHATRE T 5,

A L TRETHHA L AD THRMB (X, AT A bz ba—/L§syi, (LD AT A MR
ETUTNERDOBRICL DT T NEROBREPSEESN T D HICBEND D, ZD7-D,
AT A MW TELDTTY ¥ v v 7OBREE L, TnEnT 7 VOB EIZERZR <
B HIHOAEMBIZH L TEIC—ETH D, 2O, FEZFNEHEE L TR o= FaT
WA LIS, T a7 2 HTE 5,

—J, AT AERITZT T VEEFE FTOZT v v 7 Hililm L TWa, X 4-2-6 1277 &

2, y TMDZ VT IVERICE g, 2 &, BT O y BIEMO =7 % ¢ v 7 TR R
DEV, AAITIETED G- T, y WIEG M OBSER B3 RET D, BRELT, yZ7 o7 LE
MigylC LV, y 8T DT NN EHIBIREETH D, FRRIC, x TRO T D7 VBRI E g, 2T
LT, xWT T ANRHETED, ZDOXIIE, AT A RMERUT KV A LT A T AR
%, ZV7AHMICBCTHHHARETHL, LT, FVTNEEFETO x i eyl o
AODTTTNX Y v I TIE, ZIVTNIOBETIMERE SIS LT, BEEENENZNLR
5, O, ERNEER L7ZERICT U7 VEER 2 7 TRAT HHE AT 572912
T8 R % 2 o
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Thrust magnetic flux Bias magnetic flux

Irg = 1p — Iy

'Radial magnetic flux

4-2-6. T’+RMB Ut 8=z D8l =5 5 1) D38 £ U EE,
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423 NA T ARER T VT IVEBITHA LT

X 4-2-7 12, AT ARgREE T ¥ T VBRI W D155 (T+R°MB) D il 3 R 77 D% A JFEL &
BEIE 2T, N T ABEEREG L TWD y FOZ U7 VBRI T B Y, ThZis
(30) £ XBDITRT:

iryr = ip +1iy (30)
iRy2 = ip — iy (31)

BB AL T ARG, &y W7 VT vy ha— Ly, O L EOBR AT, Rk
2, x FRID T T VBRI, AT A0, & x 7 o7 va sy ha— w5y, OfEZD
BIREW T, K 4-2-TIRT K9, NA T ABRE T VT VERERWTREL TV D RIER
72505 T+RMB #§iE & [FERIC, AT A NERERI ICEVELAOZT X v v 7T, y W7 07
VAL, IS XY y BOIET W EATROTT XY v S TENENHRDT 3T Z&FEL,
AFGANIETGIT NI ERAEZIE D,

Thrust magnetic f\lux Bias magnetic flux

lRy2 =

4-2-7. T+R°MB Ut sz D #ilh S5 77 D58 4 B,
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3 dihpgk sz Dfgi A L AEIZ B9 D WTTE

424 RI7A TV AT LD

B OFATFF LY, T+RMB #i&E L THR'MB #1ED KT 4 7 27 L O & 51T
DWTHF 21T 272, 4-2-8 12, AT AKREEZ A T A NERUTHA L& (T +RMB) Dl
SRR FE AR & B AE TS 2 R,

4-2-8(a)lZ, T+RMB & DBIMROFER G IEZ RT, xHhdH 5 0Ly O T U7 VBB OK
X, FIUEREZRTILL VO CTEIEGT 5, —F, ~DODOAT A MNERIIR R 58 % S
RUITIIER BARNDT, MR E T 5,

4-2-8(b)IZ, T+R’MB & DOBMER ST IEZ R T, KO T O T VBRI, AT A5y
ETUT Ay ha— VG A EE LT 20, ERIHET 50BN H Y, MNLAERRIZ /2o T
Wb, —J, 220 AT7 A MERIZIZFE UEREREIEL VO T, BT 5,

THRMB #iEICBIT 5, 7 V7 ARSI T EmRIENG2) £ B3 T 5,
ipe: — 2.26A~2.26A (32)
yi — 2.26A~2.26A (33)

AT A NBE#ENpy & Ny 13851 ﬁrﬁ”ﬁfj@%g?ﬁ*&b D, AT A NERIZITEIR TIEANA T AR5
DEMEIRLE AT A N ay b —V sy OEMERIZTZENEN 1.13AGA/Mm2) &5, 205
A, I EROEACFIPHIL 0A~2.26 A ThH 5729, HIENZIEK 4-2-9() 2T 2 BOIERH T —
NWNT VoA R —=EHND

—%, xWhEITy WMo T U7 NVERIL, K xEIERT 50T, T YT VEROHEIC XX
429D)NCRT 1 EDO T =N TV » V=AU RN—=Z EH NS

T+HR'MB iEICH 1T 5, AT A MERICTERITR(T) EXE®) &35,

Ryt — 2.26A~2.26A (34)
ipy: — 2.26A~2.26A (35)

2 DDOAT A MNERITES BT 5 DT, BIRHHOZDICK 4-2-10@I3T7—LT7 Y v
UHFA = F BN D,

—J, TIVT VBRI T ERIIINA T ARG E 2y ha— Vil h b 5728, &EH %
BT 2 BN D 5D, AT OBFIH L TV D EIROZE(LEFIL 0 A~2.26 A TH D729
T U TIVERE T 512K 4-2-100)127F 4 O T — LT U v DA = F N
Do

#4212 2 FEIOBRER AT DRI RT A 72 AT AILFER IGBT e A4 4 — R
A R, T'+RMB A& 3T 3 2 LB & 5 B THR'MB #iE X 0 D729, IGBT
Bl XA A — FEIT T+RMB A& E D 52 THR'MB i L 0 072 < 72 0, EFRGEIRRFD KT A 7
VAT ADERKB/NESNEEZZ HND,

72



%4 3 HEERER T A2 H 2 2
3 Ml S DA L A B9 B BESE

Connected in series

A Connected in series
as one winding

as one winding

Thrust and Bias
Windings

(a) T+RMB ##i&

Connected as Connected as
independent winding independent winding

Thrust winding

(b) T+R’MB # &
4-2-8. T+RMB B S DOleA L A bk,
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E =

JN Ny
_

JN Ny
_

@ AT % kAL HER 2 BOIMFET — LTV v DA LA s

%

_ ZSJ@SJ /
_ ZSJE;ESJ /\

by FPTASAEERIEHAA GO =T Y P, R —H
4-2-9. T+RMB #i&E D KT A 72 AT A,
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3 dihpgk sz Dfgi A L AEIZ B9 D WTTE

N

PR
Jg;g Jggg
(@ AZANGREZHEM 7 =17V v oA =4

IN Nea AN New

E — E —(—
J _
- Ngy1 . Ny

E—— E——
_ J

(b) T T AFREHEA 4 BOERFRT — ATV o DA ek

4-2-10. TAR'MB #&ED KT A4 7 AT A,
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F42 RIATVATLADEED

Thrust Widings with Bias Radial Widings with Bias
IGBT 10 12
Diode 10 12
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7% 4 5 METPREA- 2 2 72
3 dihpgk sz Dfgi A L AEIZ B9 D WTTE

4.3 3 ot FEM |2 X Bl 3k 1) 0 b
4.3.1 T+RMB & i&E O #li 387 /7 Fetk

T+RMB #IEIZ DWW T, £ 4-1 IR TINEEICBWT, TIVTIVHOENRE 79N O 10
NTHD INEZHEEE LTHELRND, ATAMIBRKERD LI, ATA b
BRE T DT NERO H — L FRUCPEOZERRTHE 2R E OEE T INERO & HEE ZNE
NRTA—=HZAHT ¢ L, 3D-FEM fiffir & i U Caxit&47 o7z, 72751, NI A—FAH
T AUX, AT ARSI 11X 113 A OEREIREY, AT A a3y ha—Lpisri, 1213 1.13
A DEMERZ, TLT, x FHDOT T NEBROE i \Z1E 2.26 A DEKEILE ENE
NATI Lo FCiT o7z, £72, 3D-FEM fEHTIZIX, JSOL D IMAG-Designer % L
Too #4-31%, #&EFL7Z T+RMB O&# AR & 3D-FEM fi#f 2 i L 72 BRO BRI &%
R, BUEER SRS 2 E R 0 ISR E FFOMTRS E 2 R T X 2T Y 7 "3 d Y
FHATD, KRS TIX 3D-FEM OfFHTIHERZ FVN96], fifhT Y 7 kORI < & TEr
FEEZ B2 b, T+R'MB & ISR I3K 140 7 D BELFECCHEM L7z,

% 4-3 T+RMB #3&E DT

Turns of thrust & bias coil 210 turns
Turns of radial coil 50 turns
Coil resistance of thrust&bias coil 2.334Q
Coil resistance of radial coil 0.841Q
Number of simulation elements 14159587
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4-2-11 1%, &7t L7c THRMB & IZ31T 5 7 U7 )V R OISR NFE L AT X N7
1] DB M DIRTRE B2~ 72721, ZRLEDOT X TOMITICBNT, /S T A
F53i, 13 113 A OEMEER CTHIC—EL T 5, M 4-2-11@)D 7 T IV OFITHER LD,
AT ARy ha—)Vifsri, =0 A RFOR KT T NV INTERMAEL 79N LV 23.82% KX\
103 7N THDHDIZHK L, AT A bz ha—/Vikdyi, 7 1.13A OERERIFICB T 5Kk
TIT T, BERAEETIN LV 11.30% KXV 89.06N THDH, ZOELY, NT A —X
AAT 4 LTBRO HEEfE 89 N Z %5t L7z T+RMB Hi&E I3l e L TV D Z L DN HER T& 5,
FUTININE, AT A RNEICLDEEE KT TODEN, 7T IVERICK LTI
ER-OTCWD, £z, TV TIVEROEMINME, i, =1.13 A DEHREIRFFIZB T 55K
AT AN, 3553 N 7D 3548 N AN LN T T IVERN D AT A N Jj~D
FHIRZEA LR ONT, FRMAERIIN Z2HIZ EE>THD,

X 4-2-11(b) LV, AT A M HOfNHERND, 7V T NVERICE D AT A N I~DFEIX
FEAERL, AT A MEWRIZH L TAT A NN Z RS> TS, —FH, ZRRKIT V7T
N, AT A NERICK LT 103.77 N 225 89.06 NUB/VRIL 14.18 %) TE{L L T\ 5,
UEDXHIZ, THRMB #iETIE, VTV NNBRAT A NEROTWE%5% T TInD
0, K41 OFERERZ R 72 LoD BRAFRIIEEZ k> TWVD Z L0015,
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120" 103.77N
100 F Fx(iz =0 A)\A
Radial target value 79 N

F,(i, = Rated current) 50 89.06 N
35.48N

AS 11 O O e W 7 T T N e O
o o — — - —

Thrust target value 31N 20

06 1.2 1.8 24
lRx [A]

Radial target value 79 N

-120 *
(a) i, DZEACIZ LY 727 VENSRE ) O #UBR

120 [N]

Radial target value 79 N E, (ir, = Rated current)

60

35.53 N
Thrust target value 31 N40 | F,(iz, =0A)

20 F 35.48 N

F,(ir, = Rated current)
-1.2 -09 -0.6 @ 03 06 09 12
20 | iz [A]

-40 FThrust target value 31 N

_60 L
(b) i, DELIZ LD AT A M SRF ) O

4-2-11. T’+RMB H1E O #il 3 FF 77 Rk
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%545 HEEREE S 2HA T
3 Wil Sl s ORA L A BT A BT

X 4-2-12 \Z/NA T AREHR D D5 OREAIEE 341 2, K] 4-2-13 120, &g\ EREIZ
[RIREIZE L7238 ORI E oA 2T, X 4-2-13@URT 918, i, Eig \[CEMKEIRE
FRFICHE L7 h, v v 7 A IGEET 2= Fa7 oz vy DIV TR B A5 E
L, BRIEFLOBINCZEY X v v 7 A Z@IRT 534 7 AHRITWDOT 5, ZONA4T A
BER OB, 7T NVEEFDOT 4 — A AR 234 7 ARROWWD 2 BW®S 5, —
77, [’ 4-2-13(b)ZR T L 9IS, mifilc W L7z 35IN300 TIELN =T U7 L EE - Cik
x BHE DT ¢ — ZAEROBEHEEIL 143 T TH Y, WREFITHAEL TR,

T+RMB #IETIL, 7 VT IVERIIANA T AR LRI T RWnWew, 7 VT VEEF
(28 OBRED THR'MB Ml L 0 KiIglzb 72, 20k, BETOT 4 —AFN XK 0
{TX, ZOEHy TORKEMMBPFBELIZ W, TORERE, i, &ipgJERKER %[RRI
L7=2HE, A T AROBWNC L0 G T A NIMETT 28600, I 7 IIVERICKT S
T T NI DOBICHEITHERF S L D,

T+RMB #iE T, => Raryfiozy P TORKEFIIE) AT A NERNG T VT
VIO TFEERNT, BEFBEN CIRIZEEN 2/ Rt 2 A L b, LinL, 2
DT ERHIEHRICEEELZ 5.2 5 2 L2, fEICETMET 2 L5252 5,
[ 4-3-14 12, AT A NEFRIZHT 57 OT VIHREK, OFtEZ R, 22T, Kg 13797

JVERIZKTT 57 T NN OREAERST, A7 A MEIRIZE DKy 25 39.30~45.87 N/A O
PACEL TWD, ZOZ{uICxd 2 rPlih# %%, wRITRT,

y = —5.1639x% + 0.0008x + 46.21 (32)

ZIT, xZAT A NER, &, ylixT O T IVIMREK ISHIELTWS, ZDOT VT IS
Ky DZEAIL THRMB H1ED 7 7 V) ORIBIREIC R B E 52 5, Z OUTLLHh#R %L

ZHWTATZ A NEGND T VT NVINEEK, 2HEE L, 727 VT ORIEZROFAE R Z 2
— A EBRRERTHZLIZEY, AT A NERNPD T VT VI OFIRE~ DB % filE
LT, ETULT D ENARETH D,
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1.8000E+00
1.7100E+00
1.6200E+00
1 5300E+00
1.4400E+00
1.3500E+00
1 2600E+00

1.1700E*00
1.0800E+00
9 9000E-01
9.0000E-01
8.1000E-01
7.2000E-01

Thrust gap A Thrust gap B

6.3000E-01
5.4000E-01
4 5000E-01
3.6000E-01
2.7000E-01
1.8000E-01
9.0000E-02
0.0000E+00

Thrust gap A Thrust gap B

y

[ L] Ausuap xn|) onaubeln

Z
X

(a) yz J5 10 D WG FE oy A

1.8000E+00
1.7100E+00
1.6200E+00
1 5300E+00
1.4400E+00
1.3500E+00
1 2600E+00
1.1700E*00
1.0800E+00
9 9000E-01
9.0000E-01
8.1000E-01
7.2000E-01
6.3000E-01
54000E-01
4 5000E-01
3.6000E-01
2.7000E-01
1.8000E-01
9.0000E-02
0.0000E+00

[ L] Aususp xnj) onsuben

(b) xy J5 18] O WEHIE FE Sy A

4-2-12. /NA T AREH D Ix; T+RMB HE1E O RS o5 BE /5 A7 .
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Thrust gap A Thrust gap B

Thrust gap A
y

Thrust gap B

Z
X

(@) yz J5 0] DWEHEE FE 53 AR

(b) xy J5 18] O WEHIE FE Sy A

1.8000E+00
1.7100E+00
1.6200E+00
1 5300E+00
1.4400E+00
1.3500E+00
1.2600E+00
1.1700E*00
1.0800E+00
9 9000E-01
9.0000E-01
8.1000E-01
7.2000E-01
6.3000E-01
5.4000E-01
4 5000E-01
3.6000E-01
2.7000E-01
1.8000E-01
9.0000E-02
0.0000E+00

1.8000E+00
1.7100E+00
1.6200E+00
1 5300E+00
1.4400E+00
1.3500E+00
1 2600E+00
1.1700E*00
1.0800E+00
9.9000E-01
9.0000E-01
8.1000E-01
7.2000E-01
6.3000E-01
5.4000E-01
4 5000E-01
3.6000E-01
2.7000E-01
1.8000E-01
9.0000E-02
0.0000E+00

4-2-13. x J7[01&z J7 ) DN AL i T°+RMB #3850 16 o 88 FE 45 A

[ 1] Ausuap xnjj onaubep

[ 1] Ausuap xnyy onaube
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39.30 N/A 35 F
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30 F
25 F
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1.13 A
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Y |
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4-3-14. T’+RMB ##3& D il 3 £5 ) OfH %

0.9

/4
\
~
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4.3.2 T+R’MB i D il 37 ) R

T+RMB D4 L [AEEIC THR'MB & ISV ThH, RIEHTRT7 A =22 %5 1 L, 3D-
FEM fMT 2 0 U Cat 21T -7, 7272 L, NI A—FAEXT 1%, V7 /ar ba—
IV A1 113 A OEMERE, AT A NEROER, 121X 226 A DEKERZ T
NADUTEEHET TITo7z, & 44 1F, 35 L72 THR'MB O&#14% & 3D-FEM fifthT % 5
i U 7= BR DB IR &2, IR TR EE A AR 5 72T, FEATIENT 132 7 DELFRFTHE
it L 7=,

[ 4-3-15 1T, T+R'MB #EICBIT 2 7 U7 )V H OSSR & 2T 2 N RO
FENVRFE ORI B2 R, X 4-3-15@VRT 7 T IV OMTRER L 0, AT A N Eifiy
=226 A DEBIICBIT DRKRKT TV, NTA—ZAZT ¢ LT-BEO BIEE 89 N
2 L TW5b, LL, T+RMB D& L RERIZA 7 X NERip DD T VT )V Ij~DF
WRd L2 TR, ZVT7Nay ba—/Lal5ri, OEMRMEFIT TR 2 & L E
PERRIZN TR, SHIT, AT A MNEROERMEIZBWTE, AT R M IOE R 31
N Z K& < TS TS,

l43w@@X7x%ﬁ®Mﬁ#%iD AT A NEWICKT HAT A NOFRHEI, #r

IR T2 T D D ERAAR A2 R TE TV, 2, BRI 72 -HEWN T, T'+RMB
®%é&ﬁ%@ﬂ472ﬁﬁ%%$?%é%ﬁ%ﬁik???»%%ﬁ%ﬁﬁw:kmﬁ
LTV,

% 4-4 T+R°MB #3&E DT

Turns of radial & bias coil 155 turns
Turns of thrust coll 96 turns
Coil resistance of radial&bias coil 1.821Q
Coil resistance of thrust coil 1.190Q
Number of simulation elements 13223465

Turns of radial & bias coil 155 turns
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N
120[ ] 95.50 N
100

. --------8&
Radial target value 79 N , 9.05N

Thrust target value 31 N60 _ /(i = Rated current)

23.68 N \1_ 40

F,(ir = Rated c_ﬁ'rrent) ] . 23.68 N

-1.2  -0.8 . . . 1.2

Radial target value 79 N
-100 F

-120 *
(a)i, ODEAIZ KV T VT VEISR ) OB

[N]
120

89.08 N ' 89.02 N

Radial target value 79 N F,. (i, = Rated current)

60
2457 N
40 F Fz(ix =0 A)
Thrust target value 31 N20 23.68 N

F,(i, = Rated current)

06 12 18 24
ir [A]

.40 }Thrust target value 31 N

-60
(b) i, DZEAKIT LD AT A N SRF ) O HLE

4-3-15. T*+RMB H#1& O #5275 ) k.
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[ 4-3-16 X, T+R’MB #iEIZI1T 551 7 AR D B D5 OBAHEE /541 %, K 4-3-
171, iy & i \SEREIZ 2 Lo RO E A 2 3, THR'MB #iEIL7 27
JVEBRUINA T AR ZFFE TS 70, BEEFICELS 7 V7 VERED T+RMB HiE
X031 L2, 20, HEFOT 4 —AMNR LV EL 2D, BREAMNAEELST
WV, IR, TYVTNERICKT DT T IVHOEEMEORIKNTH D EEZ LD,

Fio, ATRER LY, VT AGRICEARRFOLE, THR'MB #EIZRBWT, V70
[EEF DT — AR ARNIIE L0, KAT A AT 2457 N Tho, —7,
[FSMFIZEBIT D THRMB HEIEIZBITHARKAT A M 3553 N THYH, ZOEICHST
T+R'MB OFEEDR R AT A R 1T 3085% H/h &<, BR{ERZRER TH D, M T,
T+R’MB OF&E T, 7 VT IVERICH LTI T AVINIIERIE L 72572, T'+RMB L ¥
FI LIS WIEETH Y, BET D ZO0OWA L AIEIZE W TIE, T+RMB #iEo 52
T+R°MB ##1& J 0 fil 3R D RetERMEN T 5,
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1.8000E+00
1.7100E+00
1.6200E+00
1 5300E+00
Thrustgap B 1 aa00e-00
1.3500E+00
1 2600E+00
1.1700E*00
1.0800E+00
9 9000E-01
9.0000E-01
8.1000E-01
7.2000E-01
6.3000E-01
5.4000E-01
4 5000E-01
Thrust gap Bl 3 s000e-o1
2.7000E-01
1.8000E-01
9.0000E-02
0.0000E+00

Thrust gap A

Thrust gap A
y

[1] Anisusp xnj) onaubey

Z
X

() yz J5 0] DREHIE JE 43 A

1.8000E+00
1.7100E+00
1.6200E+00
1 5300E+00
1.4400E+00
1.3500E+00
1 2600E+00
1.1700E*00
1.0800E+00
9.9000E-01
9.0000E-01
8.1000E-01
7.2000E-01
6.3000E-01
5.4000E-01
4 5000E-01
3.6000E-01
2.7000E-01
1.8000E-01
9.0000E-02
0.0000E+00

[1] Ausuap xny) onsuben

(b) xy J7 18 DREH I FE /3 Ai

4-3-16. /34 T AREH D Ix; T+HR°MB HEE ORGSR FE 4547 .
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Thrust gap A Thrust gap B '
Thrust gap A Thrust gap B
Vil
Z
X

(b) xy J5 18] O WEHIE FE Sy A

1.8000E+00
1.7100E+00
1.6200E+00
1 5300E+00
1.4400E+00
1.3500E+00
1 2600E+00
1.1700E*00
1.0800E+00
9 9000E-01
9.0000E-01
8.1000E-01
7.2000E-01
6.3000E-01
5.4000E-01
4 5000E-01
3.6000E-01
2.7000E-01
1.8000E-01
9.0000E-02
0.0000E+00

1.8000E+00
1.7100E+00
1.6200E+00
1 5300E+00
1.4400E+00
1.3500E+00
1 2600E+00
1.1700E*00
1.0800E+00
9 9000E-01
9.0000E-01
8.1000E-01
7.2000E-01
6.3000E-01
5.4000E-01
4 5000E-01
3.6000E-01
2.7000E-01
1.8000E-01
9.0000E-02
0.0000E+00

4-3-17. x J7 101 &z J7 A1 DN B TR I T+RPMB A 18 0D hsd o 85 i 45 AT .

[ L] Anisusp xnyy onsuley

[1] Aisusap xnj4 onsuben
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4.3.3 RO

4-3-17 |2, T+RMB & T+R°MB O 2 FifH OREIE 2 31T 2 @S IR L 45,000 rpm (23517 5
HEONRERT, K 4-3-17@)1%, A T ABERDHOLE OBKOMHTHE R Z R~ L, THR'MB
MEDOFREIL T+RMB fiE L D/ SV, SRR REIEN R E W oIZ, T+RMB #iEO 28
JIE T+HR’MB #§1E & T 12.44% /X, F72, K 4-3-170b)1%, 7T /VERAT A RNDOHIC
EAGEI AT L CTRRD N EFHEL TV LHEOBAOMITREREZ L, diH5 ICEED
W5 &b THR'MB AEIED H A K E <, T'+RMB #iEO 2 KIE THR'MB #§iE & H T 31.54%/)
W, THR'MB #EEOHFHENRKE VWL LT, FVTIEEFDO AT v RO T VT VERRIC
BWT, N T AEBROBRESNIITHH LA D 720, A T ABROBEAICTE LRWIZE 0
DOT, N T AERIIRBERETLINLEEZOND,

X 4-3-18@) L7 T ¥ v v 7 x MO EHmZEFEHEL L, KREFEHEI Y J7m oM ENE 2R
o X 4-3-18(b) T/ A 7 ARG D B DB OREHIEE FE 5341 % 7797, 0=90° DA 12 T'+RMB it
DA T ABEHRBEL THR'MB #55&E L 0 0.14T &< 2 &3, 2 OIS I A7 » F o
B S ICREARE E M Z & A 8 OT ISV 28, A T AERD HOHE 13K 4-3-17()IR"T X 9
(ZE R BIHREE 45,000 rpm (28T B [Els -2 7 OE KT T+RMB SO S REWTH DH, L
L, AT ABEROHDOFEITZEN 72 OB TIER B TH 2720, 2EKDEKRIC
T'+RMB #3E X ENL TV D, — 77, X 4-3-18(c)idir & i (S ER BT &2 Z N EIE LIZ5A OBK
B R T, 2 FEOMEIZI T 28BS R E WL TV DI O/ RE L2 b4 Z 52
DRER, 0=0°L 0=90°DRIHEEF, £/, 0=180°% 0=270°DEEHEEF, T+R'MB & D%
BTN TN OB E 1T 0.91T & 026T 12720, THR'MB D 0.68T & 0.24T LV @\ 2
EWNDIND, T IT, ERREELHE 45,000 rpm B THR'MB #1E0D T P 7 L X ¥ v 7 ORLREJE
ZAED THR'MB #E L W LWz, [l a 7T CORRPHERICHL b, £, 208
A THR'MB &S OHHE S THR'MB & L ) K& \W\Wow, 2EOHERBKIFIZKE W L3 b)s
D

U ED XS IZHEOBLENH S, T+RMB HIED 75 THR'MB MG X TER TS &
2 HN5,
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Loss [W]
7 -
6 Total: 6.03W
5 5
4 F
3 5
2 5
0.01W

L 221 W 1.37 W
0

T'+RMB T+R'MB

m Copper loss
m Radial stator loss

Rotor's silicon steel loss

(a) /A T ARG O IR D NER

Loss [W]
35 r Total: 31.93 W
30 F

25 F
20 F
15 F
10 f

T+RMB T+R'MB

m Copper loss
®m Radial stator loss

Rotor's silicon steel loss

(b) x 7 101&z J7 A A3 B IRFHE 2 D IR

4-3-17. T+RMB #& & T+HR'MB #i&EH8 L DO NER.
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Magnetic flux density [T]
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(@) 7 VT IVX X v T O ENLE R

: T’+RMB
:0.54T ’
i J T%RMB
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e ea» o= --'- -
4
f VY

0 45 90 135 180 225 2/0 315 360

or 1

(b) A T AERDOIHREET T IVX v T OREAEE L5 Af
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Magnetic flux density [T]
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THR'MBy
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¢ 45 90 13

i -0.22T !
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- -0.65T~

25 270 315 360
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2 1

(c) x A&z TN AT VT VX X v 7 OREHE FE 53 AR

4-3-18. T VT INVF ¥ v T OBEHE 5.
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44 HE55

AESCTIE, MEEEE 20 2 72 3 flae@h AR K O/A L 2RI B T 2 et 217
Sz, WA T ABMOBREE AT A MNERETITT T BB LEHA L T+HRMB & T+R’MB
O 2 FEHOME Of S EE L BCHEE 3D-FEM & WV CHEE - Rt L7z, T OREE,
T+RMB A& (X8l FF ) O R A 7- L, 2>, T+R’MB 2k} L CHISZER /1 ORI &
W, LT, SHEN NSV LR EORTENTWS Z L 2R LT, 5%kIE, EBRIC K D185
EORHMNEZRGET 2 TETH D,
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