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The Vibration Control for Cone type
Rotor-Magnetic Bearing System

Seungjun Yang, Byungchul Kwak, Changwook Seok and Jaeeung Lee

%3 7] Hol¥), PID Control, System stability

Abstract

The cone-type AMB system consists of only 4 couples of magnets, and it can be smaller and
lighter than radial~type AMB system. In this paper, the equations of motion on the cone-type AMB
system are derived first, and the digital PID controllers are designed for its vibration control. The
controllers are designed based on the decoupled equations of motion, and the performance of the
designed controller is evaluated through its real system experiment. The results of the experiment
show good performance of the controllers.
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Fig. 1 Cone-type active magnetic bearing

B Ao e Figly 2ol 4A" 438 A
7wl A Al dxivide) HEse E
stoy 74 sdAel e mAAY 5ARE S5
AN FEYT =@ 233 Ariwely F o
dere] BEAS BME ¥ PID Adungd
o Has tN" AANzge T F2
(Spindle) A€o $94E5A4S AHESIT

2. Y

AoiHolde 24

i, 3, I3, 14, i5 lg 17, g Z47he
AP z2x AFE YE

Rear Magnetic Bearing

. Aol ANE FAIY 45 IHHd 2F F
2.1 X7 el dEst .
Aol #3 EUAALE g A2-2)E e
W2 o
Q%9 g £EERAe A9 A% 4 © 0 AT
971 ARELS Fig2st 23, F30| A3Ae
Mox, vz ZF Fe] o] Agow A Wy T M.q,+K.q,— K,I, (2-2)
2 XAty A ae W, 7+ 24 AxA |
Aol dyad g g A@-DE JEkd o 7] A,
A~ )
F s a,=[x v 206,061
DAY FA FEA A
F1:F01+K,‘11.1 +qu(zsin/31) — . A . A . . 3 ~]T
+ Ky (y—16,)cos By L,=114 4 13 i 5 4 07 7
Fy=Fy+ Kyiy +K,(zsinf) cz 8 AxpAe Mo Aol W F
—K,(y—1,0,)cos B
Fy=Fpt+Kyi; +Ka(zsinf) M, :Z% 3% (Mass Matrix)
+qu(x+110y)COSB1 ~ -
Fi=Fy+Kyi, +K,(zsinf) K, %A 24 84
~Kalxth6,)cosfy (2-1) (Position Stiffness Matrix)
Fs=Fypt Kpis —Kp(zsingy) K, A% 34 32
+K,,2(y+126’x)cosﬁz . .
Fy=Fp+ Kgiy —Kp(zsinfy) (Current Stiffness Matrix)
— qz(y+126,5)cos,5’2
F;=Fp+Kpi; —Kp(zsing . .
C KA 6 )cosh, A9 ABEAN BT LEUAAL @Al

Fg-: F()2+ Kl-zl.g _qu(ZSinﬁz)
— Ky (x—1,6,)cosf,

ANG Wole) BY AHAD WHAD TS A
£33l W 2(2-3), 4(2-4), A2-5H)E 2

- 683 -



o Ystel ABABHE, 4267 Lol 747}
o Woly HE BE 4L AL 5 AT

100 0
100 0 —4
T=[010 -4 0 (2-3)
010 4 0
001 0 0
qgr= qu (2-4)
fe=T7F, (2-5)

71A,
;=[x % n »n 27
fg=KigIm= Tbe
DAle]l AR o Az

[(TH'M T )]a, (2-6)
n-1 -1
+UTD K (T )]a,= fs

29 A7) Wolge azd WMDY Az
% 9%% 27 w2 $A6 Aostr] Al
72w AN WR iy iyiy S 2 ARH A
i) Atelel #AE @D

7LE]_(5)6)

5 0 0 1 0 1

i3 10 0 0 117~
4710 0 0 1 Al @D
W |0 0 0 -1 -1

i 0 1 0 0 -1+ *

is 0 -1 0 0 -1

{l.xlyl'xz’i;-l,i;Q’iz}:Ib E}—&}—?—, “I:" X]]O-]F‘(i%-
Atole)l 8x5 WF BAPRE A Fu w2
FEAAEANAY AR G5 Ao AT A
Mol HxzlE AbololE A(2-8)1F & #AS}
At

fb =(TT)—1fg

=(TH 'K I, (2-8)
=[(TH 'K, AlI,

A@-6)0l H@-8)¢ s 2 ¥ Ao
AR B A7) WY HEA ¥ YA
(-9¢ d¢ + Yo

Myq,+ Koq,=Kul, (2-9)

o714,
My, =(TH'MT™
D A7 Mol AEANML A% gy
Ky, =(TP KT
A FAEANAL A A B
Ky =(TH 'K A
A W ARAGMY BF B PR,

A M, K, K; 332 ndz §Fo| o}
SH oy b dAe] =Heol Aduh zY vz
g2 717 Wz dERG A AL AF3E v
izt e FAE = ok 2 A3y f28 2
A e vlulztate] Huoigte] tizbate] HA
o 120452 AHos e goos dye
Al&til ZHEel £ AolE Yot |

X sM

23 7|Et M 24

23.1 M EE7| (Power amplifier)

HEFZ7E UA" H71(A/D, D/A) AA |
sl i Zo] 423 27 w ol Aaw A
Aol FEA 714 & 4L i zFEs
ez 7tdA Wslge FYZEr)e EAo
2 A% EAHS A2-107 o) 2% P4
A8l 3932 2 AdE Fig3, Figd, Table 17
Figay

Gampl(5) =~y em @ (2-10)

42t + o

Table 1914 % Zze] AAZE7)0g 23
% e 4oz sk AAle 4y uo
AYEH} FHIY BaBYe AL +
93, ok ol ¥ 2HL Fol BYY Aot}

32 iy

- 684 -



Identification(K=0.85 ze1a=0.80,wn=2250)
o —~— Experiment Data (Front +Y)

MagnitudefV/

v —
Lot 2w 0000 ey £
Frequency (Hz]

Fig.3 FRF of a Front Power Amplifier

— - Experiment Data (Rear +Y)
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Fig.4 FRF of a rear Power Amplifier
Keoms & a)n(HZ)j
Front +X 0.85 0.75 2500
Front -X 0.90 0.85 2400
Front +Y 0.85 0.80 2250
| Front -Y 0.80 0.85 12300 _J
L
Rear -X 09 | 040 4500
—_— e
| Rear -X 0% | 07 2800
| 1 ]
| Rear - 0.75 l 085 2800
L Rear -Y | 090 j 0.80 3400

Table 1. Transger function of a power amplifier

2.3.2 HIM (Sensor)
HAE S48 gap sensore thE Zo] 20KHz
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Fig.5 Magnetic bearing system with PID control
; 1
Item Front Rear i
.
Normal air gap [ mm ) 05 E 05 ‘
N B
| :
Pole face area [ mm® | 353 ‘ 205 i
)
- i . ;
Bias current [ A | 35 i 3 1
Angle of inclination [ 7ad ] '

<
—
(o)
T
‘_;D
<
iy
(8%
it
)

|

Mass of spindle { kg ] i 2.9808 I

i

1, [kg/m® ] 0.0006891 {

I, [hg/m® ] 0.0661 ‘

L \
Sensor gain [ V/m ] 10000 \
Number of turn [{times] 80

Table 2. The specification of cone shape
magnetic bearing
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Fig.6 Stability region of Front X,Y

design variable Stability region
Increase w, of amp Increase
Increase Gain of amp decrease
Increase { of amp decrease
Uncrease Mass of spindle Increase
/ Increase Current stiffness decrease

Increase Position stiffness Shift to the right

Table 3. Effect of model variables
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Rear X experiment FRF
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Fig.7 Model identification
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Fig.8 Stability region with experiment

A7l 74 HAAH FAG ANEH L B
B85 g8t o 23 R IRl

Zovt dyPeA e °}7§°g°ﬂol 29 AY A
22 AL 2 UAFS EAY & 9
At

2o AgelA B ARG AARE F ¥4
Aol 1.2, wlEAQel 000114 UdAHE Fo
BAEEE #UY &+ YA, 2 Aoe Figdst

Zo

Orbit of front rotor Orbit of rear rotor

5
grlom x10°m
H 5
z : -
§ ’ 5
[} S " A 2
& ’ FOp
i , ¥
-~ : ]
: -
5
5 [ 5 5
x displacement % 10°m 5 0 5

xdisplcement  x 1%

Fig.9 Orbit of rotor at O rpm



A5y A7juoigel ddate] o] @ FEe
55/75kW9 &8 HuE% 60000 rpme) WA
YEE o] &3l A7 Wl gE  Orpmol] A

5000rpm® % 7FA1719  35000rpm7tA] 3 A A A
B8k Figl0oold B&E 2E AL oy
PID AojE B3t 3 ANAE 20 pm o) WE U
A 5 e B9 4 ik

Orbit of front rotor Orbit of rear rotor

y displacemient
o
v displacement
)
-<<<<"’---A-‘

x displacemert x 10%m

AFas el B AAUE Figlls
Fool FPL Wop £%o] WAHE o
AL, o A F WASK G 2

Fo] BRHAEol

2
1
ol H
o Ztzb 1713, 1/6¥iv A& B4 & 7H #(2)
2 o
#
A

Tote] Elste B = ' Be
FEs 2ANE BEHAMY 5y 9 A3A
A A4S ot 4dEE gl
0.0t
Speetrn of avial Z al ¢ rpm L wasor 0¥ Iwx
oos -
o 5 g
~ 5004 i
§
oozt L A, \\j&
Du 100 \;mamAwE" s w w w
Frequency{lz} Frequency(Ha]

Fig.11 Spectrum Fig12 FRF of axial 7

4. &
2 AFAE 712 Y9 By AvuolY
B0 Be 39E AT Qe 4FY A7) ol
e FAAAE FE) 4§37 9% PD A

ojM 2l e HdASHEN g 7

rfo
Y,
rh
o
ne

2

) LS “ [o o) ‘E]_}
TS ol E o]gske} AA Alxwlel mAd
e BAT F A9E AodrlE Aeg 9ol
o
ngs

(1) RD. Wiliiams, F.J. Keith, and P.E. Allaire,
"Digital Control of Active Magnetic Bearings”,
IEEE Trans. on Industrial Electronics, Vol. 37,
No.l, February 1990, pp.19-27

(2) SFukata and Y. Kouya, "Dynamics of Active
Magnetic Bearings with Magnet Cores in the
Shape of a Cone”, the 3rd International
Symposium on Magnetic Bearing, Alexandria,
Virginia, July 28, 1992, pp.339-348

(3) Lih-Chang Lin and Tzyh-Biau Gau,
"Feedback Linearization and Fuzzy Control for
Conical Magnetic Bearings”, IEEE Trans. on
control systems technology. Vol. 5, Nod, July
1997, pp.417-426

4) N%% “4FY FAA-A7 Wiy 557
SA o7, HAte =&, T, 2000

(B FFE, o|F Y, “ATY rtadld wAY”, gt
ZNAGE =2 A34F8 A 10%, 1994, pp. 1-14

6) A5H, “s527) wolyAx 2RAE", 44}
FA=E, £, 1992

(7} %3, “16-pole WtAWSE A 7iwjol=]
FEAS 2% tAE PID Aojol B3 A, 3
71 AlD 4, 1999

(8) Katsuhiko Ogata, "Discrete Time Control
Systems”, Prentice Hall, 2nd Edition

fie

- 687 -



