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Repulsive Magnetic Bearing Using the Motion Control
of Permanent Magnets by a Piezoelectric Actuator
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A magnetic bearing system using forces of repulsion between permanent magnets was developed.
In the developed magnetic bearing, the radial motions of the rotor were passively supported by
repulsive forces. The motion in the axial direction, which is inherently unstable, was stabilized by
using the motion control of the permanent magnets for passive radial suspension with a piezoelectric
actuator. The maximum displacement of the actuator was 200 pm. The developed magnetic bearing
suspended a rotor without any mechanical contact. Its dynamic characteristics were studied experi-
mentally. It was demonstrated that the rotor could follow stepwise command signal whose magni-
tude was within +60 pm when I-PD control was applied.

Key Words: Magnetic Bearing, Piezo-Element, Positioning, Electromagnetic Actuator,
Mechatronics, Motion Control, Permanent Magnet

1. FANE

BEAE LORROHLRFARAD—2E LT, XAKAR
DRENEFALEFRDH D, XABRRRBE#HK
# L, REABBL Fm (FLEm) (XERE T
LREETHIN, XBEHOFREZERFR BTN
FHm) ICHAEERFRLIRoTVS.

EE LY, XFHUBR OEBSIEIC LT, BLEX
EYORTNHROES 2 RETDHZ L EZEBELY,
BISLIRF 215 L?‘:%Eﬁ%ﬁ%ﬁl;k‘b VCERBRICRE
{ETCEBIEERLTNB?. &biz, ZoOFEEEF
RALT, EEsEZFT5KkABAREVEI#EZ O
FRREEZIT-> 5. BB TIHRIET I, EEED

* EREN 20024 1A 10 H.

MIER, MEKREIEE(@®338-8570 S Wi FH T RAHE

*2 %2;7 K7 A PAMRR&D €% (B 349-1158 HE

AL EARFARATHANIR 1-5).

* HEAYE T

E-mail : mizar @mech.saitama-u.ac.jp

ERFEO 4 HREOEEE XABBEOREAEFIA
LTREMIZXEL, #Amo 1 BREDEESE
ZEHAKARER OEBHIEIC X » TRELT Dk &
po T3,
INETOHR TR, LEDNL ) LBEOBIEHT
Lo TR EMI N THIZ L2 EATS
ZEEFFIRELT, Ao —I BHEHREVRA R
ANVE—F FEBFIHADT 7 Fax—& & LCHA
LW ZhIZHL, 7Fa2x—F L LTESE
RFeAVD L, BEOMIEST CEIAAIRLEHRE
AOafVEELENTES, ZhiE, w47 ukk
KEZOD L I IANEHEL Z EBERHICES T
RUWEEIZIE, K&ERAY vy heird. Fi, RO
FEHAECRVWDT, F35k, HUINEBOIERER SR
HWELTRAESND Z LI TE 5.

AL, BROESGEHAET 7/ Fax—2L LT
EERERFEAVBMIMZLHRESLIZL2ENHEL
TWa., ZRETICY, HKREM 46pm DEEBRT%

—101—



2942 FEEFR T & % kARG OESHE £ FA L - KERBSSZRE O R

W= RES S ORIEER T o788, ERIEEmE La
ERTBI LI TE b o9 BB TR, FHZ
BARZEAL 200um DEBRFEAVEBERAELT,
SERFEEMIHOERE AR

AR T, B, BaoEBHELARLEK
RIS EZ OEAEEIC >N TS, oFIC, B
ELEBERFEFIH LRI Z OREET
NEEHL, ZOEFAIIESNT, TFIv AN
OW BB DB HEICOWTHRETS. #LC, &
EL7-EBEBL2MNT, TH v HHOENE 7
4 — Ky ZHIIC K-> TERELL, 2.EXNSRHOI]E
B SR 2 EBR LIRS OVWTRT

2. EOEBHHBENMAL- KRB B2
DEXHE

Bem OEBHIEZ FIH Lk AR RERES I
DERWLEE TR 1 ITRT. ZhE, ¥EFRO4
BREOESZ Y Y ROXABERORENICE -
TEBCEFL, 7V yAsm @EThsm, X
TIRBEFFICRD) OWEES) % KRHRAKARSD O
EBHEIC X > TEEE LTS, AR Lz 21T,
O LD REROMEEZICEWNC, T2 Faxz—¥
ELTEBRTEAVDIEEICRE, BEOMIMZ T
BARAIRZEBREAD A NEEL ZEBTE 5.

3. ®EFNL

31 HRHROMBE  AEL-KBEEHERST
EBOEE AR 2|7, BEMIT v —o—%
BT, BExgH (n—%) OLHETHIZ) V7
ROXABABEY 6 Tna. HiThick-T
XF LI 2 0O XFRIOKABEA Y, EEREFICL-
TT XV ¥ VERICREN S5,

3-2 XXHER T, BExgpiaER
FENWCEM LAZWEREL, #hm @EFhrim) o
WHEEENZ SOV T 5. K2 IR LIZEBEOHE
ETFTNERIIRT. BEMSMICERTIEANLR
A (3 TIREEGME) LD E->TWVBIKE
RYEREE T 5. TR OERAOHIMEZ R OITRA
ELTHRS Z LT 5 &, FHRIED D DB/
BEE, TOROEEFENL, KX LIRS,

mfa=k1(xa-xb) ......................... 4))

m o EEHEMOEER,

%, TR EXEMOBNL,

%y TEEMOBEHL,

kTR LRI L R ORT RS
RRLTH, THORD, SERBEE O x, AEEL

HICRAD L SFEND L LT, BREEDD.

k, : T Fax—FORERE,

u T Faz—HORHNEE.
LB eER YR T A, T/Faz—F DL
AT ) VARECRET VT ORISR SR EBR

Rotor

| Actuator

/

Fig.1 Repulsive-type magnetic bearing using the
motion control of the magnets for support

Se T I/’late spring

Permanent
magnets

Permanent
magnets

Piezoelectric
actuator

Fig.2 Schematic diagram of the developed magnetic
bearing system with a piezoelectric actuator

— 102 —



EERT & 2 KkAMADESHFIHE 2 FA L7 REPHSSZREORAE 2943

ki ma|

Xp

Actuator

Y

Fig.3 Basic model

Lz dudie Hiav.
K1), @b, BEMBRHOEN x, (ET 552
KL, "KROX STk 5.

My = hyx, =gk e ieeen 3

4. HBRORE

4-1 PD $|fIR  BXZLOWETRLEALR
LHEERY, SEDL >R PDHKETS .

u=pra+KD)'ca+v ...................... @

v HBANES

Kp :BMT74—FR o4

Kp (BEZA—FRy 75
K3), @ho, BHANES v LiF LHBMOEN x,
L OROEZERG(s) 1T, KROL S iTkHHRB.

_klke

G(s)= e ®)
ms® +kik,Kps+ki(k,Kp—1)
EVO) L)
Kp>0, eeierersteieseevarsttasrtancainnan (6)
Kp> L ............................... (’n
Pk

BT LI TITEENLTE 5 Z &28bind.
AT, WERBEZHWVTE 74— Ny 7%
EEDD. AN—TROBERETHZEAEHED
EokRT LIS,

14(5) = 2+ 2@+ @ rereeeaeaeeeeens ®

KO EK@)D D, 74— Py 7B Kp, KpidK
KD XS ITRDOND.

1

KP:b_( 1+wg) ......................... ©)
0

Kp= 2000 . (10)
bo

ZIT,

bO =£’£ ............................. (11)

m
4-2 1-PD #il##% T X A ROEENHT O

TREORVLESIELITO /20, BomHErEA
%. Z 2T, PID HIBNCHE L TAELIZHE WD & A8
BRI TW5 1PD GlEZER$ 5. ZO%E, HiE
AN, RRAD LI IZED OIS,

u=K,; J-(xa—xr)dt-{-Kanq.KDia ........ (12)

x, @ BAEE
K; :BEBR7A— KRy o254
R(3), (1206, KABEFEOLND.
_Xa(8)
EaaE
IANS

e - 3) -
ms® + kk, K ps® +ky (kK p —1)s + ki K

TURTINE Y OREHINERERTS L,

KD > 0) ................................. (14)

K0, eversveconeonnationiciin. (15)
m K 1

P ke A (16)
klke KD ke

BT L OITIUEREMTE S Z L3 hH5.

Z T T, PD HIEHFR & EERIC, EEEEERAVTE
T4—FRy 7B EDD. FA—TROBEEE
THEERY, D¥OLSIIRTILICTS.

td(5)=(s+‘r)(s2 +2{a)05+w3) ........... 17

H12), UINB, &7 41— Fw 7FEE, KXo X
STk Hns.

I Rt R R R TR R 18
1= (s
2
Kp=wl_, ................. (19)
by
KD=m. ........................ 20)

by

—103—



2944 EEFTIC & 2 KAAOESFIH 2FIHE L 2 RERHSHZSBORR

5. & B
5-1 RBRER I COWRTHRIELIEBD
MEEZRAITTY. 0BT, T/ Faxz—%
& U TRAREN 46um DEBRTH#FEHRL TS,

Sensor

? Rotor

250mm

Permanent magnets

Piezoelectric actuator

Fig.4 Apparatus developed in the previou work®

Roior

Fig.5 Photograph of a newly developed apparatus

7=, BLEd&®it, S Simm, A% Slmm, N
32mm OHZEOMET, HEIEH 300g THD. i
HERICIE, B ERO) v I ROKABRR ETIZZ
BT 6 TWa. ZO¥EBT, MRAOEBSRETO
BREORRR LOSET L =Y X hk i 4 LT
# LSOOI E RSN, RIITEE
bighotz, ZOERERE LTE, A ADOT
BB +23um E/hEL, B EMBHONEMIEE =
OFBEANICRET D Z L DBEE LT Z LHZETF BN
5. £, BEXSHOANBRIII LT, ETICEAT
LN LRAMAEOMBNREIUIZERE LS RVOT,
F LSO EBHERELLT OV E WO MBS
Hol-.
ZZTABETIE, UTOL S LkBE ML EEE
DREERITo 7=,

OEBHRTFELT, XV XEMPELNDBOEME

{5,

@ EXISH OB FEEICRET 288 L %

i75.
@F Lg%, Tk CICE IR TR
LEBOOLO LU LTk E T5.

HOICRIELERERBOBBE AN S (IR T. 7
ExtgHiE, & 100mm, R 40mm, PR 20mm,
BE 215g T, NEKIEIES Smm, MR 26mm, N
20mm DXABAR ETFIZZ B bhTng. X
FHRIZIE, 3 L0 KARSE & X RT BB,
B Smm, AR 9mm, AR 6mm DKAREA N ZOH
ffFohTnsd. EBRTFLELTE, RAba—2o3
200um OHLOERNTWD. Fio, FLANRYOER
FROMERIEIL, B5ICFENTWS L D efrER
HAT— (Positioning stage) 2L 2T, BHIIRET
EHX5IIL T3, BFEMIZE, AT —VORER
IO 6N UsRoRicREdamisiy, ¥
BAMEETERD L) RIEE L 2o TS,

7B, ZERSHOEMIT, BEREEHTHIE
LT3,

5-2RBER B, #MTNREERRIE L
BlzonTid~5s, JIEE, M6ITrRTLIRERS
BANTITo . BEICIE, BEXRBEMBRDR
TV, X E o — FE VRS, £hbo
BN REOMIMIE M BERO AT — O TELEE
RBG, IFHUBAERTAIEThAZo— eV
TRIE Lz, MEBRER 7 IR, Bohi-fkd
BREFERIE S =2mm OFEERCTEARLMT 5 &, &Y
AURE K AT D LS ICED B D.

k =1.4%10% [N/m]

— 104 —



EERF I & 5 KAMAOEBHHELFIMAL - REMHIBHSREONRE 2945

OEI, FHLELEBRTOBBELAIE LER
ZE8ITRYT. Mnbbhb L5, HINEE 600V
D& X, BKREM 200um BEBSNTWA. £, b

[ Permanent magnet

Gap sensor Rotor Stator shaft

[

Force sensor

\ Positioning Stage

Fig.6 Setup for measuring lateral force

4
3 [J
Z 2 o
8 1 .
E
S 0 —t—t —t+——
§ ! .
52 y
-3
-4
-10-8 6 4 -2 0 2 4 6 8 10
Distance between the magnets [mm]
Fig.7 Measured lateral force
025 r
'g-o.z - RETLR
a® *®
el -.I ..
5 0.15 ‘/..-' ..0
§ 01 o '--- -...
-g‘ ...- .../
5 0.05 L-l ...o’
0 ae® 2 1 )
0 200 400 600

Applied voltage [V]

Fig.8 Static characteristics of the actuator

AT VAR TWAEZ L bbhs. UTOXE
BCIL, EMURBECR DA E ROICE - BB RIC
ENTED LI, EBRTFICTYH 300V OEEEH)
mLTna,

PD Bl &5 L Cre e ERE L2 ER L L &
DAT v TIRERFI~K 1 LIZTRT. AT v THE
FRET DL &ITIE, FIBMERFICEBEET

v(f) = +45 [V]
EWOHHEERABEES L LTEATWS., Z0ER
Tk, FAL—TROBELTO L IIEREL TS,

K9 : wy=754[radls], ¢=0.7,
K10 : wy=942[rad/s], ¢=0.7,
11 : wy=754[rad/s], ¢=10.

400
350

300 ¢

250

Applied voltage [V]

200 ! 1 1 ]

(a) Applied voltage

0.04

0.02

-0.02

Displacement [mm]
(=]

_004 A 1 1
05 1 1.5

(=]
[\S]

(b) Motion of the rotor

0.04
0.02

-0.02

Displacement [mm]
(=)

-0.04 - . :

o
g
5
—_
—
W
)

Time [s]

(c) Motion of the stator shaft

Fig.9 Step response of a PD-controlled system

—105—



[N
©
g
[=2)

0.04
0.02

-0.02

Displacement [mm]
()

-0.04

0.04
0.02

-0.02

Displacement [mm)]
S

-0.04

EBRT & 5 kARAOEBFIE LA L - RAPBSEZREORAE

1 ) — 1 J
0 0.5 1 1.5 2
(b) Motion of the rotor
0 0.5 1 1.5 2
Time {s]

(¢) Motion of the stator shaft

Fig.10 Step response of a PD-controlled system

0.04
0.02
0
-0.02

Displacement [mm]

-0.04

0.04
0.02

-0.02

Displacement [mm]
(=]

-0.04

W
1 i S 4
0 0.5 1 1.5 2
(b) Motion of the rotor
0 0.5 1 1.5 2
Time [s]

(c) Motion of the stator shaft

Fig.11 Step response of a PD-controlled system

T, EhA 0 OREEN, BEMESEEEL TV
L EOEHME (AT TR, BREMES) ICRELT
WA, E, K10, M1 1T, @QHNEEDNST
TEANTNS, ZhbORMNS, PDHEIER T, 2
FOLIHIRBEETHZ ERbd. BEMESHAN
LIEICEIDED B E, I, —H, EHFMICENM
T3, T5¢, BINADERICE-T, BLxg®
HAFRICEIX DS, IFIL, B LISy 0ES
IEDLED LI, EEORXEAFMICEL, N8
TEERBYEBNETICES. T5L, BEASEY
IEHT 2B TRABEFMICEDL D DT, % xR
PITERRICBIE 2805, 20X D REMELEEL
T, BMENIIE, BB TEEREBICETD. £
ONLEIL, BBES BV BDLRIOMEBELY, AF
BICHETD. O EiX, REDEIDHFOBH
N FATHDZEITLRIS LTS,
KoLtR10LEUBTIHL, BRNERZEELE
BEOVEMEBIL, 0w,z KESBETHIEL, B
NHEDTROKRE EBPELI2oTNBZ EHbrD.
Zid, KL L FRITER LS, HBlS A
Kp DRESIZERTHLDOTHD.

®9 : Kp=1.64x10°[V/m],
B10: Kp=207x10° [V/m].

ZDXHIT, PDHIEATIE, ERREOREINT 41—

Ry 2L ANHRIFELTLE H DT, SFROME
DOREHBEZTT 5 BEITE, SEiok~% 1PD #IH%E
DFEPRELTHA.

MLl 1E%&MHEMTDHE, ¢ ERESHRETD
ZEILEoT, HEEKRESTELZZ LRS00
2iE 5, EFRETOMBEENT, KOIKHRLT,
H10, 110561 BHKESR->TLEST
VB, THUL 0y R FRELSBETDE, LA
TAVRRERD, 74— Ry JEBIZEELTY
DHFR, EF ML TRERLEERTFOLRTY
SRR CERBNT VT OAAREN R ¥ OF BN HE
2o TL B TRRVNEEZ NS,

S, WEBHASEEREES L LT, Bk
JEEG(jo) ZRE LEERER 1 2RT (R©G)B
B) . =L, Bz onTiE, -46(jo) DiEER
LTW3. ZOERTIE, BALV—TROBELTO L
HITEELTHA,

(a)wy = 75.4[rad/s], ¢=0.7,

b)wy =113.0{rad/s], ¢=0.7.

— 106 —



FEBRTIC & 2 AARE OESHE £ FIA L REVRS SRS O

IOREREPLD, BMEELI VDI LIZLVFEEXE
YO AT TR Z LR TE B,

DXL, IPD HIEEEA LB &I >N TilRR 5.
9, BEETEZEBEE Lt 2S8R RIE L.
FEEROFER, A b 0um E TOHPETEIEES
ICBRETE B ERbholz. BEFEZINIYKE
KT5&, BRETERIRD, BENGYBETLT
LESZENbol. BEEFLZBHBRIAMETH D
#60um LERE L& O Extgm L RO E %
K1 3IZRY. ZIZTC, RA—THROMWL, UTDL
INTFREL TN,

7=50.2[rad/s], w, =754[rad/s], ¢=0.7.

P

ZORME, BNHRFIZBWCKESROBEIZTT S
LELBELIUABESERIN TV Z L PHRTE
5. bbb, BEEMYBboER, XA
A3—BEEELFEAAICBE, BEThAZFIELT
BT B LD ICE LN E AR E S CHEN LT
WS, BEMBICHLIE L EIE, BREEemE
BT Z EIZLoTHREDNEELSETONS.
Zhid, PD HIEROEE L REREWETHS A, IPD
BIERTIX, RKEMRMEE BIREERIC L EERE
TEBEWHFNANRDB.

SEIZ, BEESEEREES L LT, ARSE
G, (jo) ZRIELEEREZRK 1 41RT KANBW) .
IDERTE, PAL—TROBEUTOL S IZREL
TU 5

@7 =502[rads]), @, =62.8[rads], ¢=07,
®)7 =502 [radk], w, =754 [rads], ¢=07.

Kb, oy # KESBRETHILILE-T, BEHE
IGBRETE D BEBEHBERSEO N> TNAZ LD
2D, IDIEDD, ayRrELIDVKRESRETSHZ
LILEoT, MGHEZALEXEDZIENTES LT
INDBH, EBITE, 74— KR5S URkEL
BB, PAN—TROEBPRENIC/E-oTLED
REDHEPE L. ZORREL LT, PDHEHRD
BEERERIC, 74— Ry 7ERIZETh TV A
B, EBERTOLRT Y AR LS T 7
DAFEEN EDRBRET NS, BRON—FD
=T DEET, LVEMEORVREERT DI,
INODRBEZR LUIHIEFEETRT B LY
BEThbHEEILND.
6. & 8
RéR OEBHIE ZFIHT 5 HFROK ARG R FERE

Phase[deg]

2947
0
(@)
-20
40 | ®
_60 L Il L U T |
1 10 100
Freqency [Hz]
(a) Gain
0 ®)
-90
-180
-270
1 10 100
Freqency[Hz)
(b) Phase

Fig.12 Frequncy response of PD-controlled systems

0.12

0.06 |

-0.06

Displacement[mm]
(=

-0.12 L L !
0 0.5 1 1.5

[\5)

(a) Motion of the rotor

0.12

0.06

-0.06

Displacement[mm)]
=

-0.12 1 1 !
0 0.5 1 1.5
Time[s]

[ 8]

(b) Motion of the stator shaft

Fig.13 Step response of an I-PD control system

— 107 —



2948 EBRTIC & 5 AARAOESHHIHE = FIA L KETHSEZ M0

K[EZIRBWTC, EBHEAT 7 Faxz—FELTR
ha—2 200pm OEERTFEANWT, B LEHSHORE
SHEMFLEER L. £/, PD fIELERLE
BE, THEAD H0um £ TOFFETAT v ROEB
BEERICBRTED L &ML,

2B, Abo—2 um DEBRFEAWVC, L
MR OTELIEEMF LEERTHILITHRIHLT
11‘6(6)~

X [

(1) Mizuno, T., Ouchi, T., and Araki, K.: Repulsive
Magnetic Levitation Systems with Magnets Driven
by Actuators, Proc. 2nd Japan-France Congress on
Mechatronics, (1994), 759.

(2 kB, BO, KA, TR : kAR RKEHERE
EROBETNHRDOEEMIIONT, H4E TE
B IRBIOHE) YR Y U AEERE,
(1995), 29.

(3 k¥, B0o, A BaoEsSHEEFAE LK
RIS T DHR(T * ¥ vV RDEE
L), BABESPERRIEC R), 64628,
(1998),4717.

(9 Bleuler, H, (R) K% : <4 7 a@&RE%Z, BE
BRFEEE, 100-943,(1997), 604.

(5) Mizuno, T. and Ueki, K.: Repulsive Magnetic
Levitation System Using a Piezoelectric Actuator for
the Motion Control of Levitation Magnets, Proc. 4th
International Conference on Motion and Vibration
Control, (1998), 1107.

(6 HE:EERFICLIBEROEBHEALFALL
REBIESE, VR 12 SEHSERERERH
TEEHFFERHE L3R5T(2001).

o
=
.5
[+
O
0.1 1 10 100
Frequency [Hz]
(a) Gain
0
£ 90
9 .
E 180
A~ 270
-360
0.1 1 10 - 100
Frequency [Hz]
(b) Phase

Fig.14 Frequency response of I-PD control systems

—108 —





