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A Study of Vertical Type Rigid Rotor Supported in Magnetic Bearings using
Virtually Zero Power Control

= B ¥-F K B
(Jun—-Ho Lee, Key-Seo Lee)

Abstract - In this paper we deal with the virtually zero power control for the rigid rotor with radial suspension by the
permanent magnetic bearing and axial suspension by electromagnetic bearing. The purpose of the virtually zero power
control is to reduce the power consumption of the electromagnetic bearings. The axial active force is expressed by the
normal second order equation which has only one degree-of-freedom. The virtually zero power control structure has two
schemes. One is the coil control current integrator which is used to make the convergence of the control current to a
range which is very close to zero. By using the current integrator the DC component which is included in the control
current is eliminated, thus the control current converges to a range which is close to zero. The other is normal PD
control loop which is used to make the rotor reach to stable equilibrium point and to maintain air gap so that the axial
force produced by radial permanent magnet always balances the total weight of the rotor and its load. First we show a
simple mathematical plant model and the virtually zero power (VZP) control blocks. Second, we investigate the theoretical
feasibility and the stability of the proposed virtually zero power control levitation system with PD feedback loop by using
linear control theory. Finally we show the effectiveness of the proposed control method to reduce the power consumption
by simulations.
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1.M 2 713 94 AF Ao B AT FFAA e %

2 g3 2o AL rotorE Z7IFEA BAFAIF] 7

7433 4 AF Aol4a (Virtually Zero Power: VZP)&  #I3iA o8 o9 Hd"Ed Ao P& o83ty HAANE
Arthur Lyman [119] 38 23Ad] 98lq Hx=2 A5y 4400 7 Zo) ol4se Ao¥ae dd vz
ot o] 23aAMdA Lymane B4 HE3 (Suspended £ AAgAe|tH2l 99 A7)l Hlo H(electromagnetic

movable body)& A&7 YA AT GFAL B bearing)ol A rotor 7} AFHeZ RAHE A I

FEA FHo FHE) wXFozA A 2uEE A A (colDY A AFE VZP Ao FEo &y FF3] o
2 28 FE Fo JihE WY e FEAZD F g A o e ¥H G2 F3P&A E (314l ol rotore
d4e 28 AT o] H%d AN JFANL 2 =8 AL TR g 2y 679 g
9 ANrdo2A BEHH, GERAL 24 B %l’éz‘s}ﬂl 913 (equilibrium point)el XX A Bk

A E AH BoH(Static load)E A= FAe dn, M3 o AR Ao FZe 3Y Ao FF HEANE
AL 92 AL AgAsT BAEAY 9= xﬂoas}L A &8 A feedback Bt ALoE2A HddtA 78 2 5 8
q4&E ot 2Y AF AR7E ZdY AJARFA TFEHY e AF

AdH o HAE Ao JB AMd[2]-[4]1e AN o AE (DC component)E AAFE 8L 3} wEkA rotor
FARA e AP A oA AAMHAM AvgE 3P o B F 2dY Ao IRKRE AF ARl AAL 2

HErvEe Y Folua e RHolth AAMFH 4T amphtude4 A "*-‘v_—“% 727 Wi zde) AHY &_H]
24 o) A 2L g Alxde Ao ol g2 A 2 g JE PAT FoZ FAEA Hoh

T Adth B =7dAME R AL flywheel A2EE o 7}’2}7—“. 9q AF A ’i‘.—?: A A FE flywheel A=

4 Aadoz g 98 T dF 43 T AAME FEF7 (actuatonE

Agste Alzdor MFPiu|Fo] A2 HA Fo3

* 1 @ B : Virginia 2398 714383 ROMAC Senior QA FLste RE Al2dd HE € £ A 9 AR

Scientist Ao} wrale] 7= HZ 109 Aleld] Be AR E A

=+ F & & Bouista AojA=Tasl Fuf g3 g ok [2]-(4). o]EL o AF Aol g

¥ZHT 20024 98 2H 71 dg8 g 1 7}%5 double acting AlA €& o] &3

BT 1 20034 58 12A A BEE deds de B¢ 39 Ao FZ 4

ooz XXHE £AY 24 2e{e TN o MF Mol gao B AT 393



BREF B 52D% 74 2003% 7R

2 Y 7)EE Aegoer 2] [3], =8 9 AF A w4
9 88 A8A A7 B4 SR AL A GnVEFE
A} [4].

B =2oAE 5 ARES FE flywheel oA A&
A% 74 rotorg Aol Hoz drl 5 AHFEE e
rotor AAE HAMT 7|BEHeE T 49 WwAYE o
£ 271 ey & g AoE AT @ B AxMe g
82 g} oejg Alxde} o AF A ‘”’513 Agd A
Folle F 29 v I Aol g xy] oy °§:ILZP51 °
2 diAsE= "ol 758 rotord] AF -r"h—}
rotord HEA4E FAE M LR/=E 3¢ %i?lﬁ:ﬁ] T g
dA38 Fole Aol 715slA €t} Flywheel olojx] A&
+AY 734 rotorel 4 AF AW HI¥HezR HEH
71 M i gEe B4 NAE YR e GFA Y
3 (force)d 734 (stiffness)& HA3] 34, ALor 3o
=3 rotor?] #4I HAAE A2 U = B A
24 ¢l #H o] loopdll td HAHAE BAsE Hol Ha A
"ot B =FdAe flywheel ojWA AZE& +A4 #A
rotoroll 4 AFA o WaE HEs] YA FTFANY F
(force)= 743 (stiffness)®} #)Ao) thig 7188 Kol FTF
A MM T gl HA Ala"e &5 HAL
of Zz&A HAY ATz A BFS YA
o2& A d4Ferth

2. 8% 29

gyl & AN gFAMeg AASHE FAY FA
rotor«] 718 725 Jehdth a¥edM Bl ¥4¥ rotor
£ 5AHEE e
H =] [ﬁf}
] | J——Diskfor EM
50 |
Rotor |__—PM for Rotor

N
iE:

0]

\I’Mfursumr

il

Disk for Motor

2
T77777E777177777777,

a3 1 24 2Ee| I =
Fig. 1 Simple configuration of the rotor

ol F ub7ursell ] wAJE = rotor ¢ translational &
7 rotational &% FTFAY o&HAM AAHBE active
Aol B7FEstA @ @EkA rotord] &% active 3HA

394

% P2 AR As A 9

rlr

Aol & 5 g}

AT 7H5 8}

2.1 & ¥ Wakoll cfst MXiA{of §

F3 W] i LEYAANL 1 ARE

| Azg
=8

g L
g 2= 4

3.
(double acting system)2.Z2%-E 243 & £

xo o

mz+ sz=Fz—mg+fdu (1)

o714 ¢, € rotoro] &3 74 22 (damping factor)
& Yehllz fu & 92 8, m & rotory AHFS YEHA
ot F, & otgg 2oz 2 Uz HAA9 udyg A
A& Yepd 9]

_ ,uQNZ(Ii )2A z
F, 4(gyte)? @

LAY AM &, I £ bias BF, i &

A 48 gap, & € "l& gap ¥ £ Z4F dEhdt
2 A€ i=0,g=0 A B =l K3l

&9 dgsd AN Yo A AN L Ltk

F,=F —F,=k  i+2k 2 @3)

3) Ak, B AR zde AF  gain
Ag .

k= #0]2\1,; , k, B 3 F WEe 89 B4 (gap
0

stiffness) ( k,= _2—g3—£)° vebdith =28 i=7,—i, 9
0
FAE MR glen (4 @ RF JAHY £ I IFF,

i olRE AANS £ 2Y W), F, & 9% A34
9§, F, £ oha% AxHe) U, A, & 2N pole I
gude Yedth @) 4¢ 1) A4 dgsn ¥ Fein
AR WY BAe () R5E nsY ot £4 & B
ol o 4Ys PHAL Aok

rulo —{rz

mz+cz=k gi+2kz— mgtf 4 4)

22 % & waol gat APXA

Fra e 54 o&3lr] Adllde U4 7R ¥
T BT BAES ol WA Uk IFAAY P
B BAE IdFEe =R %o) TEHUT [5]
-7 B =EdME 97 g8 dehde g fEst
7] 9)8jA =}7] £HiA (magnetic potentia)e =&t 9

o} el



T2 e A AM7] (magnetic field intensity)® T #3stE
e 5 1A wye] <tk 3uE A #wEyg sl
(magnetic vector potential)® ¢} &3l: Wgoln th& sy
7] ~Zet LA (magnetic scalar potential)€ o] &3}
wlolr), B =RoME current sheet [8]91A 3 X4 A
U= neisy] dEd 7] ¥y a4 4ae o83

£ ool o

2.2.1 Maxwell &4

718 WAooz o]g=HE Maxwell WAAAA A
(magneto-static field)e & 422 Yelus A AE A&
U= B o 2AY A7) H 2 FA€)

vxH=] (5

v - B=( 6)

71X J £ current sheet FolA 3 Y AF Y=g
Ebdic),

222 XJ7) W] zAM

5 4% ©H¢ F/ AN e PPN BFee
A7) W8 Tdde =9

o] Aol vxA
e Zdd oletn

——=dv (8)

A7 gy v AFTHANY A7) B, R & AR
9 (current source)d]A WE Eeldo] AMEE A 7A 9

Aelg veag.

223 3 & wael ¥ 2y

xy
¢ '

~—— Ja

X
d8 2 M7 #EE 0|83 AY| #el =ZHM
Fig. 2 Magnetic vector potential for a current sheet

Arldiolgl oz xix=e $EY 24 2o JME o MF Mo o

Trans. KIEE. Vol. 52D, No.7, JULY. 2003

y |

Z,+2

I ha
a

n' r

8 3 5 Yoz Xzt & F 7l H7XA &l
Fig. 3 Geometry of two PM ring acting on each other

a9 2¢ & WEgez 23 Hol Jde F oMY 7N
ring& Yebdch o] ¥ 1¥E 18 wmatd 129 1
e AAE v = FAT, stator] FTF AY
% rotord] ATFANLE 23 29 3M Hol:= AAY & 9
goz 23t =Hol glony u AdA o e FF 4L
Aol ¥ HHE AeR 71AF}. old A$o=
rotor?] Wk Wk displacement$} angular displacement ©j)
7 wgko 2 'z285le 7HA (stiffness)® Eo] &A)
oA E rotorgl active AolE YA Lo
4 g ogEC 29 198 97 2y
2 dAen dHe FAE ZH Y7

e
AR

fZel w7 Wake] 7 M9 HH (ring sheet) o= A
F U7 EA%Y

aY 244 He ZAY WMAE a§ e ol" & sheet
(ring sheet)l] AFEE J 7t EAE o o] AFIAxe 7
A T b ol I HelMe F dA mlax 2] HE X
g4 : ’

dA (b, 2)= i‘%;?— al(2) )

2 B89y

T

o [a®+b®—2cos $,+2%] (10)

1/2 d¢a

& Jehdth 9 HolA Jdae oF WA Re I

o olF A2 o2 UL W oH ZHo] deo} o™ wb
AE a2 BFAHE Ao A3 ¥ ring sheetd] A
& Jebdc weld 29 23 ring current sheetE =%
o024 29 34 Bojx AXYH dedl B 4 A 29 3
o2RE AA 2yl AY XL oS3 Zo] yed $
At
N ~\ 'u(),a .7 Snh , ,

dApb. =g [ 7 Malar a

Bt ol 395



BIAPTIHIEE 520% 7R 2003% 75

71 zE 29 3. 9 Hol:
#EE Yehiz, 3 HE & [2)=

AAE ring by F37 =

cos ¢,
[a®+ b2—2abcosd,,+(2')

2z
[2)= fo TR dé, (12

g E¥9.
0 ot (12) A&

(12) 4 A ring by F& A (nominal
position) 2Z¥ (11)2)e) tidsta oL
A dE,

a6, D=2 [* g gy, )

z ~z,

(K= fo ”cosan [@®+ 8 —2abcos ¢, +(2)2 ")

712 #AY (9)4M B
Ak, olRe deA A

(13) Yol Hole 2% A¥
=Rz
#He goz 3'-243}7] o

35 AF [ A @
T AAY HAE ¢ B 2
Eoltt. wekA 9BAE g o
7] e TAAE o]glAM F7 Fd z—}%‘}r‘? & A
7] A8A g Hez FoxE A AA  (static
magnetic field)®] 43 oA (mutual energy)E =3t}

Wo=[A, Jdv (14)

(13) 42 ADH ez g3 Zo] F3uz
= 4A AL

Z—b+ath,
Warb,2) = [ e/ pAi(b, D)z

/J()]a]b 2, +(2+hy)
)

z,tz

(15)
webx F 9] current sheet Alolo] zgdE £37 &

aWhahh
Fz(z) = - (Z) (16)

_ _Jﬂ%b{ﬂzﬁ4z+hp—ﬂ:y+@]

2 E¥Y % o0 ¥5 & el Hoz Foo

z —(z,+h,)
f=of 7 al)e an

A4 AN & #4 F 29 o9 el EAsE 7Y
#Ho]3 (Permanent magnet bearing)el &34 HAs= 3
< Adsted o450 e Hog WY B 4 gl

396

2 —(z,+h,)
of, e la

F (85, 0,2,, 0y, 84, B, 24, By, 2) =
e R,z ko b2yt (40 (18)
—Ra,z, h, b,2,+2)]
(18) 49 3 (solution)¥ MATHEMATICA & o]&3 9
A

A4 78 ¢ Ak B 5=+ s,=:]& AF w3
(BT7A4 9 =A): permanent magnet polarization)& v}ERW

o},
2 9 734 (stiffness)2 3 WA Q) (16) o=z
B &3 2ol AdEd 72 %9 B4 k,, &

4t

oF,
Bom = — 0z
,uOI,J,,[ ORzy+(2t+hy) af(zb-i-z)]
2 0z 0z

= #[k(zb'*ﬂz—}‘ hb'"za—ha)—k(zﬁ-z-i-hb-—za)

—kzytz—z,— h,) + Hzy+z2—z,)]
(19)
2 38531 g+ Ka)e
. 27 cosg,
K2) = bafo [a®+ b*—2abcos ¢, + (2)7] 12 ez
(20)

i,

600000

400000} : 3

200000 ; kY
10 \lszo/ 30 20~ 50 60

-200000} § L

-400000} {

¥

3% 4 49l BRI HE Al LY

Fig. 4 Stiffness of the four stacked permanent magnets

2000
1500} §
1000 ::

S00}

-500
-1000
-1500

38 5 4749 3Kt HE Al g
Fig. 5 Force of the four stacked permanent magnets



Trans. KIEE. Vol. 52D, No.7, JULY. 2003

3) AA) A2de $% 9

1.5-10° 2 FTAAe AN FHEE P& 2FE @) e g
1-10% i3 A s o] Wgd
500000} § }
7 mz+c,z = kgt+2k 2tk 2~ mgt+f 22)
-5202325 mz+c,z = kitk,—mg+fy
-1.5-10%

Y @AM k,=2k,tk,, & JErdTh

03 6 Ol YRR HE Al YN

Fig. 6 Stiffness of the eight stacked permanent magnets
3. bz o2 Ho{7|= vZP

£ dolde JM4d 9 AF AolE dF Ao 2F
R FA (control block)& 2718t 19 8 & 7MA 9 ARA]
soo0f ¢ N B3 W wE AeE RE WA Azxdy B2
] /\ diagramg& HoEt}

s hr o b o e e of 2N ki AN oIS (gain), ki FE7) olF
voool & § \f (amplifier gain)& Uebdch 199} VZP £34 ¥ £ 9
- L f %ol VZPe) Ao BHe Ao AFE ol e WA @
vV o BOlES et Aon. Wy Boe Ao BEHE
38 7 ool YRRA HE Al g 2 vlg W@ Aeirly 2 olF T AF R o5 3

Fig. 7 Force of the four stacked permanent magnets € Ad9g 87t Ao
FH % 339 e § () ¥EE 208 e i=— (k)2 b2 = 23)

3 & Wgo) AR B4 54 BETE AL ST4+1 s
}apo 2

mag oF 2 A4S AFAAN ringd FF F W
ok G HlojH & HAFHE Z ningol ZEE 5
AeolA A3 current ring sheet ¢ 7/Hdez Addo] 7}
stoy, oxt 3 & Wgon F{se JFAA Hojge
32 Z+7t9] current ring sheetol whdt 7] WE Xy 9 A8 Aol o2& oA A F AF ArIEY &
ol FHe dEE FEFo2A T F Uk AL #4 & & gk A SN L AAR Az 7}
a¥ 4 -7 & 7N FF F W 3 FA 14 (controllability)®} 7}#Z4d (observability)g HA+s}
BoEch a9 4 9 594 3}t FAde] 47h9) peak IS v o A FIZ g3 ABEE HYde ez
td oA ITANE 57 & o2 4 HE FolAd Wl PG, HAA A4 oM A AFHO FHojx ok}
Y8 MANE AFE et oy D rotor b F Re, A dFoolEE v HAPHL 23 oz &=
% % wgoz Ao|W rotor 9 stator AlololA WS E R rotor® BAAT D AN BAsY] YA AL" A
28t (magnetization)@ 3ol 7IA&A 4708 peak Aol B of7]7F HEF AlojrjojmE HH Ao o] 7Nz AARAY
Brh 29 4904 B &£ J%o) gFANL FH A (nominal  HAL Auig S FJAEA R o RHold F HAM B
point) A & & wgo 2 B A (negative stiffness)S ¢ RAAF dFdolgrt ZudleE v A¥AHL 2 oy
Zt=t 28 6 B 72 AN E FF & wadoe2 8AE  Taylor A¥3E Wy g Y3 € ¢ Ao (22) e
ol ¥ ALE HAET o)A $F EAL 4NE 4 ERH JHIN ZdL g Zo] R
A% 2o, @2 g RAe AA P} AH Aol F
ol AaNME %2 A9 te ALE 2YE FHA ¢ ¥=Ax+Bu, y=Cx (24)
Atk F A$A rotor 7F £3 & WPgeE Y 4
A 974 H¥A (linearity) & ZE AS ¢ 5 % (24) Aol A

F[i] A=[ P li] 32[ ko,,,- ]

oX,
1o of o ok o

4. OlEX oHEH &4

o
B2 oX

1

)(\l

o2

o

<> 1 rlo

o mebd ohgs) A¥BRAe fEH A + o

m T m
c=[1 0, u=i (25)

F =k 2z @1)

R AN k,,& ITANY FA, F .= d7RH
JAN 449E $2 & 2P Y& vede £ vehag,

Aoy e 2 XXEHE FAY 24 2E{Q JMMY @ HF Mol gad s A7 397



BEBEFRE 52D% 7k 20035 78

(24) HolM 7F Ao gHe] P IE (determinant)E

deB BA)=(—* ko )2 (26)
olx 7} ¥& YL HHVUEE
deC A'C)=1 27

oz s} Aol HEH 7 BE Yo dEEdET} Yol

obdg & F Utk B THA 4 202 EdFE AoE
Nzge b Aojys 7k A4S 21 doa ¥ ¥ % 9l

o}

Z7] Wojg S dFoolHE AlEde Al2ge 2AHo
2 27 Wolgdoe] 21 e ¥ A4 (negative stiffness) &
oz Qdd HotAZ Aad EAE ztu uh uhA
olg)3 BEAAYE FHEY] AlMe 499 A& o &
g AF Aol (feedback control) 71HE FAlslE AL dAF
Holgtn Te 5 Uuh. B =FdA At Alzd"e A

AL 4 @99 A BAA B + Ao = o) pax

g Rz ZA83s AL & ¢ U o ?’J% e
o2 L3 AN TN B JAS "‘rE}"H-T'-
B AL T Je o oz Qo A YEe 1
AE s 99 (s domain)d) £2% HHd 3tvel F (pole)
ZA o B =8dAE o8 EUA R=E AAS
AaiA Zhrg vl vlE A7l E AL (23) AdA
Z/4H (transient state)?S A Alo] P2 (control
law)2 a3 wig o] & Ao WAz XA Ho) o] R o]
7@ olffe JMH 9 AHAF AAE rotorrt HY A
(equilibrium position)ol] =23t 2E317] A &E7] g Fol
o} (22) A3 23)Aez2HE FEAEd g o FZ A

PR e

2 & 43

32 ot

8N do |
2

]

x=Ax, y=Cx (28)

- o] "} (28)2 A

A.,=A-BK,,

a3 8 vZPel £E%
. Fig. 8 Block diagram of VZP

398

- - 0 1
Ku_—[ kp kD ], Ac_ Kzz kai kai
“m T TRy
30
< uEhdg. G0AAM wiE BE Alel7le o5 Y
by kp® AAE RO AR 3 FL A2 AxY

PN A0 BE 2REe) s 999 4% Pl EAA
Ak oA oA Axde Tgse Uk BAAE B
=8 A7 ¢ & Ak

5. VZP 2} & %3} (Static load)

AR A rotor7t FAAHYE F HF Aol FZo
A AN Y AFE Gl 717e viLe e e
th o] AL rotore] ZALsHE MR Y Feo] AL Ao At
€ #e FEoE AL Ut o] A$d FHo g
A rotorgE AAT F AE YL I7AHezREY dg F
Ak WA olgFd 8 F P& ¢FHsE 4 GDE dE

o},

ki— Rk, +kplz=—mg

—~
w
—

~—

(31) AoA AF i 7} ol g ol FEIE 3
Z wgke] W9 (rotord HAE g A nEe 4
X2 olgsiA "o

_ mg :
z= ot ko (32)

(32) Al A —mg gl dalA z > 09 BAE Fech

6. 2o Af H3

B 18 2odde A% 7 vids g Jepg 29
Age AA Az=gd 77 RAAEE TEEH7] AsA
AR vAHEg wA 239 4 (2)& MATLAB Simulink
2z @AM FYATh o) B 2o HFL MY
29449 (nonlinear simulation)® XEZA3ctn T 4 o},
TS AR Ao ARFE FF87] HsA AR Bo] A
€53 U+ 200KHz] 7] (amplifier)E SimulinkE ©] &
A LA P} Zﬂ°17]—°>] Z diAEse g e goh

x 1 Algelo| 48 9|35 mz|oE]
Table 1 Parameter for simulation

| fuwes
W of the Raer
Number of turna for ooil
Coil resistance
Nominal gap
Sensor gain .
Permaneat magres axial stifiness
Supply voltage for azplifer




Trans. KIEE. Vol. 52D, No.7, JULY. 2003

% 9 - 14 7Y AEEHAE HA4ED OY 9 & rotor
7b 27 AH #teE2RE HY Ho= FHoudEs AL
‘4'71"—‘4 g o AFFHEo] rotore] HE HY A A=

F Aol R gsN P9 $HX (zero position) BT}
&°ﬂ Ae e & F Uk A 2vlddM FFI] T2
A2LZ &5tz ZY HAFE 29 10914 & 5 3l
#z9 peak #°) F AL & F vk A o]y
peak @< FZA3| WE £ET
Ao n AFoolEe AHA A
A ¢A It 28 10 3 119 3=
=0l o 06[A]9] bias AFEZ °‘7}§}1‘:} °]
"ol 4% AE (double acting)dt= A4
g Zoltt bias ARE AFololee] Ay
Mz gddn duzez o HF Al WAL ALEA
He #£3 F 9gozn E3dr GFAA B AA
(negative stiffness) ol W&3X rotor& FA4 Al#Hob &7
e FAs] F HAAHe S Hez A Hoh 29 12
¢ 13& BEd 93ANY & A4 dgald f Zo X
T AR Ao] FEE 2 P& LANIIR Y ASE G+ ¢
o ety FEre fFF WA dFoolHE FTAAY

™

fl

rEL' >ieoR

e i
008 o ans or ans [T .98 ol ass

it
o

o

g 11 29 MR
Fig. 11 Coil current(Lower EM)

ot

=2
3 of 4
O
orﬂNlENIOT;
4 2 H2 oy

,ﬂ
32
)

£

i

o & ry s

A
X

>,\J

>
.

|

&

2, N[N tlo

AN IS

é
o

o B AAE nHHAM BFE] Fo AA AHA oAk I8 12 7R g
. Fig. 12 Permanent magnet force

Uppes €34 Foms B4

a3 9 rotor7t £Vt 2 FE HE Moz o|s g 13 Mxo|Y
Fig. 9 Rotor movements from the initial position Fig. 13 Electromagnet Force(Upper EM)

1y

Lewss £id Foros
i

sannf

ad 10 =Y M a8 14 XY
Fig. 10 Coil current(Upper EM) Fig. 14 Electromagnet Force(Lower EM)

AoHoiP e R XXEE £RY 2 ZH2 JaE F TR MO WAoo i P 399



QABFIHNE 52D% 748 2003%F 7H

7.8 B

A7) Weigez AXNHe £39 24 rotord 9§ IF
Aol wAd A AjsE JMe ndem FFAe
A4 $93 VZP Aol 2L wan. Axdd THE ol
24 v 4% 2o 9% F4 dFRen, 0% 2o A
9 A%ee FAA AYY Tz Axgel Y v
A9 gol 7e WA FBAAE A BT

Aol 2

AFE 20039E FEUStE SEdTH
SIEEE-EY

e

Py

9)

Zags

{1] lyman, J., "Magnetic Suspension Apparatus”’, U.S.
Patent No. 3,473,852, Octorber 21, 1969.

[2] Takechi Misuno, Yuichiro Takemori, ”“A Unified
Transfer Function Approach to Control Design for
Virtually Zero Power Magnetic Suspension”, 7th
ISMB, August 23-25, 2000.

[3] Mimpei Morishita, et al, "A new Maglev System for
Magnetically Leviated Carrier System”, IEEE Trans.
on Vehicular Technology, Vol. 28, No. 4, pp. 230-236,
1989,

[4] Yeon-Kuang Tzeng, et al, "Analysis and design of a
Near- Zero Power Levitated Maglev System”, Journal
of the Chines Institute of Electrical Engineering, Vol.
4, No. 2, pp. 105-117, 1997.

[5] Jean- Paul Yonnet, "Permanent Magnet Bearings and
Couplings”, IEEE Trans. on Magnetics, Vol. MAG-17,
No. 1, pp. 1169-1173, 1981.

[6] J. Delamare, JP. Yonnetm E. Rulliere, "A Compact
Magnetic Suspension with Only One Axis Control”,
IEEE Trans. on Magnetics, vol. 20, No. 6, pp.
4746-4748, 1994.

[7] M. Marinescu, N. Marinescuy, "A New Improved
Method for of Radial Stiffness of
Permanent Magnet IEEE Trans. on
Magnetics, 1994.

[8] John D. Jackson. “Classical Electrodynamics”, Wiley,
1998.

[9] Jun-Ho Lee, et al, "Displacement-Sensorless Control
of Magnetic Bearing System Using Current and
Magnetic Flux Feedback (in Korean)”, The
Transactions of the Korean Institute of Electrical
Engineere D, Vol. 49D, No. 7, pp 339-345, July, 2000.

Computation
Bearings”,

[@)

g

o & F

| S(F B2 x

9643 7939A4.1987d FEUEm Fd
71&8ka £, 19893 FListn A7)
g3 ggdEAHA. Feuga A
583 ek whAbeR. 19989 Y&
Wriztel S Edqigs A7) € #FH F
g3 EA(FFTHALN 19983-" A Univ.
of Virginia ¥t} 714]&33} ROMAC. Postdoc. Fellow
E-mail:jl72@virginia.edu

[

N ool
o)

ol 7] M(Z % W)

1951 1918U A8, 19773 A thsta
o WYFET £, 19798 QMY
gy AZFetd SP(AHAD.1986E o
Auda gy A7)Fea EJFeg
Ab). 1988-1980 Yale Univ. m@me:
19813-44 F&ulgdn HEAFsa

R
Tel:02-940-5154, Fax:02-911-3930
E-mail:keyslee@daisy kwangwoon.ac.kr



