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Performance of Magnetic Suspension System with Variable Flux Path Control Mechanism
Using Rotary Actuator
Koichi Oka*, Feng Sun, (Kochi University of Technology)

This paper describes a magnetic suspension system using a rotary motor with reduction gear and a disk
magnet. In this suspension system, the suspension force is provided by a disk-type permanent magnet and is
controlled by a magnetic flux path control mechanism, which rotates the disk magnet to change the flux passing
through the suspended object. This suspension system can make the attractive force zero, change the polarity of
the stator poles, and realize high gain suspension force generator. In this paper, suspension principle and the
experimental prototype of this proposed system are introduced, the basic examinations using the prototype are
examined, the modeling and simulation are carried out, and finally some suspension experiments for verifying
the suspension performance are executed..
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Fig. 1. Principle of changing suspension force of
variable flux path control system using rotary magnet
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Fig. 2. An illustration of the prototype suspension
system using variable flux path control mechanism

M3 (RO T

Fig. 3. Principle of changing suspension force of

variable flux path co

EHIE L. 24Uk 0, 7R EEE 27 OB ORI %
TS, R LIR T O ooMERE oI, RIEAS 10
pm DHOTHh Y, PR LRDNE A RLET .

(3:2) HIWMATL BT o A7 2 RIKO IR
Al Ao, e hn— T o0 PD 1 kit —7 7

— 116 —




SRR E LTV D, AD BRI K> CT VoAb LT L
DDMERE Y OEG LR~ DT o= ED
MR EE Sl o ba—FAENRD. FOFE B
3T DSPIRTEE ATV A At — & OFE R A G
L. FORFEIE, DIA BHiERZ L THERE— 2 ~OER
e LTHan.

ar ba—Fi%, PD o ha—7 %Iz kAR
DEMEE, 3 LRORES 5ICES07 PD 70— Rovy
7 LRI DI DG 2 S PD 74— FA
I D2OON—TITLVFHIE SIS,

(3:3) HEEEOANE RELCEXZELVAT A
B2 ENOBERBT L0, ZhkE a7 ED
2R OREE TS EL L EOBRRE L
W5 TOBERIT o1z, BIEDEDICH I AR =4 LTt
VA EROG. REFEE, MR Lo 7 ORBEA
2mm (CFEEL, =7 L0F LA A lmm D EICEL S
H, MR OREEAAE 42 1007 & llE S5 L 7.
ZERAREEE, MEEXOHTE TIE 3 mm 5 8 mm T
&, WEl HORMETE2 mm 65 8mm ETAHAIE L.

REEORTHELZK 5 LK 6127, X5 (TR E
L MRBADOITEAEORGRTHS. bbb LD
(O, BEREEE, MREEAORERC X VIRIFESRIRICE
(LT WA. $£7-, EAa7 OREREEIZEANE L -
TEY, HFEEEALEEDHFANREIZ/R>TND I EN
bnd. ZORE, RELEBKIGF BB I a T oM
MO EZ B SEOND T EAHRTE . L, B
FEENEaIZ 25 RO MR OARERELDS T TY
LEEWAR LT,

4 6 13i% Bk E a7 OEREBREEORGEE LT
5. Minbbhd O, BEREEIL, MBREAOLERS
FELZERIZE > TERET A2 Epbnd. BN/ NE<
Lk, MERBEEIRE 2D, TOBEKRLY, BERER
X, ZEFEERE T ORBICKEFT S E b
7-.

(3-4) WMEIHADRE HIIHOMERBREN 7125
T, LR aT EOERENRTA—F L LT, BADMH
ERELEZEEORFNERLTND. bbb X
24, FARBERORRA[EN 0°F /2% 180°TH D & &,
SFED NMBESEALETHMCHS & &, WSIJ/HIZEFO0
[T/ TWAZ NS, Fiz, AEDN 90°L 270°0D L
&, WHI NP EAEZR-> TS,

UL, B 7 ZifMiCBiRT 5 L Rs| Ak MEiz i %
BT O Lo TN ERbmad. 0O b, Fidos
FEZRHA L 721X 5 O RO AL OBERBFEN 0 17727 His
BTN TNDLZ L X LERT 5. FVERT L =7 o4
2mm 7226 8mm B S TS| &2 L5524 K 8
Wt MBWAT L 2T OB A KELTB LI L R
GINDE/IMENRKREL > TWB L ERbDE, O e
IR DU D 0 1272 B2 0B, BERORALAEE L
TWDOTIEARNERNENS.

Rotary Increament
actuator encoder

Disk magnet  Gear head

Position of disk magnet

object Power amp Encoder interface

Eddy current

sensor D/A converter

NGEE D-SPACE(DSP)

I MATLAB/Simulink

Position of suspension object N

| A/D converter
—>

4 7EEY AT AOREK

Fig. 4. Configuration of suspension system

—— Left:3om e Left: 4rim Left:Smm 1
—— Lefi:7Tmm —— Left:8mm ~rreree Left:9mm et |
Right:3mm oo Right:4 oo —a— Right:5mm —t
2 )
Right:7mm " -ty Right: 8 mm i RGN Rt §
~ 0I5 o ’
Tooo0lE
2 005
&
Y p
[=] 0
]
= -005 [
8 2
® -0
é E
s -0.15 .
-0.2 .
NN QD D O QN D
SRS PP P LSS S

Rotation Angle of Magnet (Degree)

\
X5 R%Wﬁ®@%%§&&ﬁ%§®@%
Fig. 5. Relationship between pexrmanent magnet

angle and flux density at éﬁ'\r gap
\\

\
\
\

—+—130 & |60 —A—L90 —*— 1210 —%— 240 —OSYLZ‘IO
R90 -~ R210 # R240 —#&R270

e R30 - R60

Flux Density (T)

Distance (mm)

X6 ZEFRBREE - SR o B
Fig. 6. Relationship between air gap length and flux
density

IDOZERERTAEDIZ, Loz T2y

- 117 —



7 &I T, BATAREN 0 ThD & & DRI % AT
L7z, #ERER 9 12053, Blidbhn o R L9 isdlBifk
REPKL, a7 OTEHEEFEERE BT 2HKRTT 28
LTHDH. RINHbhhnd KO BADONSH L FHMTH
S Th, ATHME L TODALORERAMILTE Y, #
OBEFRATE FEE8E LT\ D 2 DR TE D,

U EDORER, 1% ERICEB<RSINE%EIZ 007528
IETERVD, MM AORRAEIZL Y, % EROXF
NEFRESTDHZLIIRRETHD ZENbhoTr.

4. ETNELEREBSZaL—a Y

4-1) ZFLEAOETIE  AEEEEZHOVRR S
W5 HOBPNEFE RN FESOTHRERTRE LY 2T 50T 01k
Eirol., BEFMMEDOEOIZBER ORI N EREL
oo ZEEK 6 ORRIZESOCE MR @ AREE Q
M, E—AMHERAE O LiFEAKRL a7 O%ER (2L kal
DEIIKTENTED.

L, kFEGIERTH S, WS NI A wiE D R
HOHFEILFITHLEEZ NS S, DROEFELD,
B2 f I3, ke, k, BHBITEEE LCHRATEENS. A
TED.

sin*@
m d2

TOFERIE, T ORRELEARD I LK TERYTH
HEBEZDIENTED., F/7 ke OIE, B 7 OFERN
% 18.4x10-6 (Nm2) iR S/z.

(4-2) E—2LFLEAEOEHAELX SHOET L
{ETIEE—Z ORI, KABEA OAEDREL T a0
EIRELT, WAD LS ICE RN GBAAE~OHREAZE
kb7,

JO=cOk,i

f=k, 0=k

7272 L, J i EKABE S &R B 2 S — A
b, ¢ HE—Z Ol BICRAT A RESE, ke 3Bk
EEZISEM ML ERTHD. £, 1% HEOEE R
KI5 1% FELTCUTOEICRT ZENTED,
MEZT =G ., (4)

(4-3) #EvsaL—vav ERoEF L E MW
T, BEVATLAOEIE Y I 2 b—arkiTolm. v 3
alb—3auE, 02O LEIImm DRT v 7 ATEN
2l EOIEEE 1 BBETRELE. YIab—Ya
OFERA 1019, K S EEEE— % OFER, WA
OFEAAE R OE FEONEEZTT. M0 0n5 59
W2, ATy FIEEONE TEET ERERINTNDS., =
LY, BELUEBRKIT LY AT LORET LARENT
EWZ D,

z ——— 2mm
Py
[ S A o N S o wee 3mm
&
° 4mm
2
b
s Smm
£
<

NI

N
B (3

I

N Q O \]
A A A A
Rotation Angle of Magnet(Degree)

S ST S R R

K7 KABEA DR LT L) o RMR
Fig. 7. Relationship between magnet angle and

suspension force

~——Casel0.] ~~#~~Casel0.2 —&—Casel0.3 —O—Casel0.4

Attractive force (N)

NN S S © O O O e ®
PRSP S

Rotation angle of magnet (Degree)

B8 KABiA L 2T OWEE RS2 &DIE
Fig. 8. Suspension force when the gap between the

cores and permanent magnet is expanded

9 BEAMENODE & ORISR ORSE
Fig. 9. IEM analysis when magnet angle is 0

5. RHEZEICEITHFLER

(5:1) UZF7L—LERAVELER RAMELE
ATE LB L IO CE S IROTE LR A e 2 R e ©
FLESELEBREZIT-7. UL, BUEEE T, fiz

— 118 —




g r\ Input current
T oo L
£
b=}
o]

B L R .

0 01 02 03 04 05
o> 63 T T
o Angle of manget
& s2f Ve E
e
P 1
R
o] 0.1 02 03 0.4 05

Eos — . . .
g o Displacement of Lewitated Object |
)
£-05F
3
= -1t
&
&1 5

01 02 03 0.4 05
Time (s)

o

K10 ZFEEFORT v T IREDY I ab— a3 VEER

Fig. 10. Step response during suspension state

TOFENNELL W TDIL, WIEFLTER)N-T-.

ZOXREE LT, WEHEKOWER EKE D =7 L—LIZHY
feF, 1% ERE ETO R RETIHCHR LR BB AT T
WV, ZHUZRE L. TV EAOE R 232g ThHD.
V=7 b= ERWIIZ2 BS54 11 IonT. F, %
FOEEERFTMT A OICRAT v FINEDOEREIT-
7o EBRX, % BRI FHEAO 0.2 mm OAT v T AT
BINZ, 2BETCORE LTSI, BREX 12177,
Ersblize—2~o AR, MREaODESaE, &
O EEROENL R R LTS, AT v 7 AHOREBT, &
TEEF LAEBREIN TS, BaoRismEs, 97, &
WHEM S/ EL Y, BEENAELLL, B EEETHA
BB Y. ZTo%, HEAEENEL, DEREE
BoTnS, BHEOMEL, X7 v 7 ANETL Y K& A
ofn. Bt OF AL a7 EDOERBRE IRt
Thd. 62, AT v T ANAIEOEEIRNETHE, bl
E—FDANERMIEL 2> TND.

(5:2) FEAROHEZZLEIELLETDODFLER
OFVBELIE LY AT LAOMEFM O DI, F LK
OHBEAE SR L EOT-FEBROELEZR . K
IR DBERALE R 4008 L, 3 EEOEE2 TS HET
BN DERERE L. 28, HIEEEALE
L7 TITY, Fh0 b8 & O KABADHEN 40°L 725
O BRI E AR LT

FERAM13ICAT. U RT XD ISV EROE B EL
RHIZONTE—FOBRNPEITHDIERnbrb. =
DOZEEFEEROBEENE—ZO M IIZEBEE 2 T
LHIEERLTWEG. DFED, [ EEEOBEORT v
TN T H B LT D

72, FLEAOEERRODLE ([FLEAE2TOTND
B0 ko) ThE—ZIZRERMNTEL WD, Zo

K11 V=7 L—A&RD i RE
Fig. 11. Suspension mechanism with linear rail

. 2
& 0
?, ,i- Input current :
E- L
3 -6 }
-8 " " .
1 12 14 16 18 2
v 52 T r T T
£ 50 Angle of motor 4
48
246
%"44
42 s " N
1 12 14 16 18 2

Displacement (mm)
o o o o
O = W D

Time (s)

K12 U =7 Lk Rzl & OFBREER
Fig. 12. IEM analysis when magnet angle is 0

Weight of suspension object (gram)

105 120 135
0 150 300 450 600 750 9060 0 O O
0 S S S S (- [ R —
< 002 |
éﬂmg
« -0.06
c |
€ -0.08
E 0.1
o {
-0.12

—&— Measured data === Approximately line

K13 7% LIRE & & MBI O RS
Fig. 13. Relationship between mass of suspended

object and motor current

WA LS ORT v VISKAMAE IS MLy
EHZTWATHOTHD., 2O L EHERTH7-012, #
BBV L H kA E RS L &, CORE
OB D M EFSTAER, KABADREIZL Y+

— 119 —



— X DERFF ML DI DOERNENRT D &R
7o ZHUTEESE ST LRT v v Mz KD R vy B
THEOTHDHEEZLNS.

PLED X DA ABADOAERS L ONE A0 EEIX, *

— XD RVTICEEEE XD I ENHRINT. T s
BHEOETVE@XDOLIICINOLOHEEEBEL T

HLPEIODY I 2 b—va VEERIZ
LEZILND.

6. BhYIc

AGRICTU, PR & Bl — 7 2 AW RiE L
AT LERBE L. £7, BHFABIEBKE FEE A S
L, RA{Eo0e LEEE A& - WE Lz, Wiz, RAIEEE
FRER DT, a T OWS|HEBERERE & OFEEFER
Eirolo, Wiz, EF UL EEE Y S 2 b—va &Y
WV, RIS, BEREICLY, V=T b= m T E s
WWﬁt%%ﬁtéﬁé%ﬁ&%%¢#%%?ﬁté%é
FEERAIT o7, ULEOHRICL-T, SRR LE LY
AT LB THL AL A iTuLdJJE ICFEEDBRN
5.

(D) [THEE — 2 IS (T 537 P AR AT O ol £ 1 %
D2 EIC kD, FMRBEA DI L IR ORI & &
HL, EENEHENATETHD.

Q@) MEBEEAOREAEOEIZEY, BROKE 872
T, MELEILEEDL I N RER T, WO
MEELEEDH I ENARETHS.

3) MMHiF & —EOHEEAEICNER ST L, B Eh
éﬂﬂfﬁm T D ENTELR, BIUBROT-DIZEE

ey =1 Rl RSP & UG- DA/ NECY A

(4) T2 U7 AT RS IR S FAEAS & 1)
V2 Licpsh L7z,

(5) MEEE— X2

WAL 20D

DT

BOREBERE NI AT b T3
B, T HEPICHE LT, EEHOIFE LKL AT
HT&xAZ Lai EEBRICI VR L.
m)k%@ﬁ@ﬁ&ﬁi@#h%@ﬁqﬁ%w&@bw

CEBALBIITZERbho .

'Hz’zma%z%: LT, ETADEBE£IFH L, EO
BREOEBOF LEO XERTATRENIC W THRIEEZ TS =
EThD.

7=
X

X 3

(1) (1) Oka K. and Higuchi T, Magnetic Levitation System by
Reluctance Control: Levitation by Motion Control of Permanent

Magnet, International Journal fo Applied Electromagnetics in
Materials, Vol. 4, pp.369-375. (1994)

(2)  Oka, K., Higuchi, T. and Shiraishi, T., Hanging Type Mag-lev
System with Permanent Magnet Motion Control, Electrical
Engineering in Japan, Vol. 133, No. 3, pp.63-70. (2000)

(3)  Sun F. and Oka K., Zero Power Control for Hanging Type Maglev
System with Permanent Magnet and VCM, Transactions of the
Japan Society of Mechanical Engineers, Series C, Vol. 75, No.753
pp 1383-1388(2009)

120

@

(5)

(6)

(7)

®

©

Fujiwara Y., Cui T.S., Chen L and Oka K., Manipulation by
Linear Driving Permanent magnet
Ironball-, The Japan Society Applied Electomagnetics and
Mechanics, Vol. 14, No. 1, pp.126-131. (2006)

Mizuno T, Sekiguchi H. and Araki K., Repulsive Magnetic
Bearing Using Motion Control of Permanent Magnets
(Stabilization in the Axial Direction), Transactions of the Japan
Society of Mechanical Engineers, Series C, Vol. 64, No.628, pp.
187-192. (1998)

Ueno T, Qiu J., Tani J., Magnetic Force Control Based on the
Inverse Magnetostrictive Effect, IEEE Trans. on Magnetics,
Vol.40, No.3, pp.1601-1605. (2004)

Ueno T, Qiu J., Tani J., Magneto-Electric Composite Element of
Giant Magnetostrictives and Plezoelectric Matrerials and Its
Application of Magnetic Force Control to Magnetic Levitation
System, Transactions of the Japan Society of Mechanical
Engineers, Series C, Vol. 67, No.658, pp. 1897-1904. (2001)
Mizuno T., Hoshino H., Takasaki M. and Ishino Y., Proposal and
Basic Experimental Study of Flux Path Control Magnetic
Suspension, Transactions of the Japan Society Applied
Electromagnetic and Mechanics, Vol. 14, No.3, pp. 346- 352.
(2006)

Mizuno T., Hirai Y., Ishino Y. and Takasaki M., Flux Path
Control Magnetic Suspension -Development of a System Using
Voice Coil Motors: Transactions of the Japan Society of
Mechanical Engineers, Series C, Vol. 72, No.721, pp. 185-192.
(2006)

-Rotation Control of




