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A Stability Analysis of the Magnetic Bearing System

Subject to Sensor dislocation Error
-Discussion on Nonlinear Magnetic Force Model-
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Chaeil Chung(Graduate School, Seoul National Univ.), Jongwon Kim(Seoul National Univ.)

ABSTRACT

In many cases, the magnetic force model is linearized at the origin in designing the controller of a magnetic bearing
svstem. However, this linear assumption is violated by the unmodeled nonlinear effect such as sensor dislocation and backup
bearing dislocation. Therefore, a direct probe into the nonlinear magnetic force model in an active magnetic bearing system is
necessary . To analyze the nonlinear magnetic force model of a magnetic bearing system, phase plot analysis which is to plot
the numerical solution of the nonlinear equation in several initial points in the interested region is applied. Phase plot
analysis is used to observe a nonlinear dynamic system qualitatively (not quantitatively). With this method, we can get much
useful information of the nonlinear system. Among this information, a bifurcation graph that represents stability and
locations of fixed points is essential. From the bifurcation graph, a stability criterion of magnetic bearing system is derived.

F.ey Words: magnetic bearing (2} 7] ¥ ©] &), bifurcation graph (7] L] ), stability criterion (37 $7l),
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nonlinear magnetic force model (148 A 7jF2d)
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Symbol Definition
Ho Permeability
A, Area of magnetic pole
N number of coil turns
Y Geometric factor of magnetic pole
I Bias current
G Nominal air gap
Kn Position stiffness
K. Actual current gain

Table: Modeling parameters of magnetic bearing
system
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Fig. 1 Schematic Diagram of A Magnetic Bearing

Lpx=—Kp*x-Ky*x 44
Mi=K,x+K.J 0 =Ky —KK,)x— (K Kz)%
M+ +H(KKg)x +(K K, - K, )x=0 A 5)

WA 5743ER S FARe A e 22F
A Nrler AgE ¢ A

22 ¢3RS FALE

Y SFUA A FAAsE T o] A
Mack B4 WY xsk A 1 & g o] ¥
dsds o

X=x/G
v=t/T

0 712 Gapol djg ¥4
Fardstd Azt
Aoj712 = PD Aol £1 9

Ipx:’_Kp*x—‘Kd*i'

7- 1, o3 (A dYsn FAdste

2’71:[(8_;_&;,)2 _(3+;+§;’)2J

Al
Ry (L 78)? (16)
~ MG 1 __ 4 _ [ Fa
wT=yE & : FxG: VoK

o]N& Ae ¥k PA(State Space Form)Q 2 2

*
R
o
i)
i
2,
)3
¥
32,
£

X2
(6-x —£xy)° _(€+x1+§x2)2J A7
a-pmp)? 1+ mp)?

3. 8|ME XY 2ol siM

27 8]y mEgAgAe BAF Y Y
&3t(Phase plane)ol A 9] &7] 2 Z(Bifurcation
Graph)& o] 83t o] Fojxirt. 943 3k A
744 78] Hie AL 3 HEolt} £ HES
o] g3l o ZI|gAAMY HlHY wEAA Y
#AE 29 A2 934 ZH(Phase Trajectory)ol 2L 3
1 old g4 AFEL 2 1¥9=ZE 4 AF
A % (Phase Portraityo]2t . &t} o] Y4 #A& HAx
A # 7Hx] EAAH g B 4 d&=d 713
A Ro] 31X (Fixed Point)¥ 2372 ¢8 4
A (Closed Orbits) ©]T}.

2R3 %Y H(Equilibrium Point), = FA 4
B g(Steady Value)olztix 3t=dl 44 &3 1d
Ax Z #AAH EESEe Aoz FHgHo=ZE
fx)=0 & WHFaE Ao, @I 4 HAH
(Closed Orbits)2 F71A 1 & 7HA e Aoz ¢
Aoz od T>0 o dal xt+D=x()& TF3t=
Holt},

ol 1AM 2 4y AHo] I} AR A=
S B¢ vAg 23R FH MM F
2% o)lfE o] nAAY 28 9Y HAFHY AA
=7 WEAE 2 A4 A4 AFE 3
F dde Aot F, #AdnA e HHIAA
Axrde 3RPT @87 949 AZE EF ¢ F
Aok 2 H9e zI)gddA AFEdE A|&=H o]
Bagt A4 e AAHE AAAE ¢ F Utk

TRAY AAE(Stability)s ZF nAHFAA Y A
F¥|¢t(Jacobian) S T8+ 5 o] #h(Eigenvalue) 34 &
Fgozn & & Atk oFA Fo 2 nRAY
A== vAdg BAAY FQ o7 ¥4 (Parameter)
of o3 W3 A He 2 P =G dApd
s W oot wisfRo] W 7 13- HA
st ¢Ax WEgE =z ad AL EV] o=
(Bifurcation Graph)2} 2 ¢t}

7] asl=& Ao} ¥4 (Control Parameter)of]
wel Al2aEe] Z2AHQ AFS #Ed F Je T
2% =37 5o 7 nR o] Aojigo] g &
AAY eloiAA He ¢ E7](Saddle-Node
Bifurcation), X349 ¢AE7} vtAA HE Ago]
% E7|(Transcritical Bifurcation), 222l iy &7
oA el Pitchfork £7], & A|oj¥4go] et
A dLimit Cycle)e] Yebes = £7] (Hopf
Bifurcation) 5°] it}

-801-



3.1 PD Ao} 9 &4

FAY%E 402 8 13 W(fixed poinE T
A 29 thgst 2ok

. X3 0

X 2 2

(x2)= ((6“'3‘1)2 _ (€+x1)2) =(0) Al )

(d-m)° A+m)

olglx &4

x,. = 0) OR[ y )

[xz‘] (0 iJ; &)
Zt 1A A A9 Jacobian < TH3 &}

J_( 0 1) e e
- 4e(ey-1) -4&e ;(,x)=(0,0)

0 1
J=(_—5e_ _&] ;(f',f">=<t‘/§,0) A 11

(er-1) (-1

A 10)

99} T2 Jacobian 94 o] X|(Eigenvalue)E
ga z 1R Ao AAEE HASEH - 9
Nate A AL e=ly g FAoz 4 nHA
(Stable fixed point)olA] E<FA 13 Y (Unstable fixed
poin) &2 WEdths 45 Utk F e=ly oA A
& o) E7)7) dojdt) eof wi @A FH
7 282 & [Fig2) [Fig31l #lA At

\

Fig. 2 Phase portrait of PD controlled Stable System
which have no sensor error
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Fig. 3 Phase portrait of PD controlled Unstable System
which have no sensor error
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Fig. 5 Phase Portrait of PD Controlled System which
have the sensor error (e=1.4)
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Fig. 6 Phase Portrait of PD Controlled System which
have the sensor error (¢=0.5)

v \
J[/\ W
Fig. 7 Phase Portrait of PD Controlled System which
have the sensor error (£=0.95)

/14
e

» ;
X l‘)f/x"ﬁ_‘?_
: 74
1 i
Rp ‘E 6+ [6%+4 ¢
: : 2
5 cologt Ly
&__ﬂ=__—hL LA
—t 7 17
oy 4 B i £
_ia_l So ol
G -~ Y |
~ ;
e S e~ - D\
7 : I _ ’ 2,46
: . 5- |6 +4A
; x =T

Fig. 8 Bifurcation Graph of PD Controlled System
which have a Sensor Error

-804-

[Fig 81914 AT HHL AHoz B9 R
AL FHoz EAATG.

AX 9 27t Yl B3 W7HAR 4 13
L e9 #@d wE GAx7E dgste AgolF
£7] (Transcritcal Bifurcation)2® 9.ozith =i} ol
BEole AN A7} Y&H L9 & soA A
Zats 1A Ho sFste ad=st A M) opelt
FHoz2 YA H9 F FHo] A He A
Cs ADAA Zz A= v A E o A
cs ¥ py AEE 33 2

1

C=(ex)=-5, ) A 18)
r oy

D=(£,x‘)=(-l-+6' , ——1—) 2 19)
Y 4
wef g o] (y-HET 2z ZHAA = x 9
A nAgRe] Wyrtt 24 Ho olRe FHe
2 IR YA 27 2AYF Ae B
£ Holui Hoz g7 wdwojgd o8 A
o] AA gkod HrivojP e AFd ol A
=374 8. getr, ¢ & AN 237} gl A
o] FARTY ¢ AL ¢ = (Iy-8FNA Aegs 7}
A A A
2y o] AFetgtE W] wWojgd 93 ZE 9
$495 Q= dAt FEEA H9 d Fe oe
#AM Fezke 7HAA "ok & [FigsllH EX
o] WiwlojPe] NAFL RyFHI FA weF A
IR x7F A EL FYES Ry/GEY S
AAA = 2EE A WY WHd HEFA
g AolthuatA e [FigslolAx EAE B#eEth
Ze g 7hAok ¢ B a2 o3 2.
B=e=1q-G9%
€ 7( RB)
T B3 3Rl R WREC Yojo 3
o2 ¢ & [2g]0A FAY AREYE ¢ E ge
ZtA ol @t} A B2 v 2
_7-RB(G-6+RB)
T
wEtd @ woly WPl B4 Aoj7)
A7t €7 s E AlW¥S go] e 2
2385 HEHoF gt

(4 20)

A=¢ (4 21)

fo hu

1., G6 Ry(G-6 +Ry)
?(1— RB)<8<7 B(Gz 2. (a2
g=—1b
(%’ KP,G)



1y

2)

3)

4

4 BE

A7) Wolgeol u] Ay $HFWAAL AFT
o X9} 9498 Hx(Phase Portrai) O 2 H A
nEsozR 2rEog AAE HAgHQ
44 M.

AGAFade] Mo A] A TA 3 (Stable
Fixed Point)® H9FA 1A Z(Unstable Fixed
Point)y& Ztohfiglen, o] nAA o X &
eo] wE ogiZzz JeEd Er] ags
(Bifurcation graph)E& #|A] RATh Ao
A 2=Ee 2298 MARFA eo wet 4 1A
Fe M= wHE Agels &7
(Transcritical Bifurcation)”} o} ¥t}

7l afze] #fiAor P e WY
oj"d o WA & o AEA = waElA
Wl wWoige s REjg Afdolele &
& WA Erto] ofbig wWiojgd WA WA Ay
NRBE B 48E A4 Hunz 9y W
ojg o] MR EF =7 Wolgde FAEE F
a¢ AA ¥Mgrt g

FAATF e WK 2ol vdehvde 4 &
Fo i HE Zr|wolgd & o]fg 2 AX
Nadgel 749 44 ¥E9 Jlx 7HEBasic
Gap)# Wiololx ARt 2R HY A2H
A AnEQojHoz 2 £ Q&= HH
ARMKY #e @GS BA v & A2y
ol 7}d # de AL Agg HA €.

(;t f") _(tsi‘/52 +48/7

IDKnight, ZXia, E. McCaul, H.Hackerr,
Determination of Forces in a Magnetic Bearing
Actuator: Numerical Computation With Comparison
to Experiment,” Transaction of the ASME,
Vol.114,0October 1992

HM.Chen, D.Wilson, P.Lewis, J.Hurley, “Stability
Analysis for Rotors Supported by Active Magnetic
Bearings,” 2nd International Symposium on
Magnetic Bearing, July 1990, Tokyo, Japan.
Maslen,E H.,and Lefante, V.S., “Transfer Function
Zeros in Noncollocated Flexible Rotor Models,”
Proceedings of the 3rd International Symposium on
Magnetic Bearings, 1992,pp242-252
D.W.Shin,S.J.Liu,J.W Kim, “Design of Application
of a Collocated Capacitance Sensor for Magnetic
Bearing Spindle,” 3rd International symposium on
Magnetic Suspension Technology, December 1995.

APPENDIX

5 0) 2| Z<2! Jacobian

01
J{A B) o]tz & ABE T g}

A= (16y(852 ~64¢? ¥86‘f52 +ig +32ef - 16626y +32¢%y
F16657 +45/ y +4067 %y i246€2"62 +4%72 +85%¢gy°

1853£‘f52 +45773)/((2—5y?-‘f52 +iyY 2 +8y t"é‘z +‘%,7)3)
Bearings,” Rotating machinery and Controls

Industrial ~ Research  Program, Report No 5 326(2‘26‘7—5272;‘,52 +4 7772)5
UVA/643092/MAE88/375 ,May, 1988 B 2 2
D.C.Han,L.B Jang,and S.C.Jung, “A Study on the PID (“2 +207 1 /57 +4%7) (2 +267 £ (67 +4%7)
Controlled Magnetic Bearingof a Rotor System,”

ASIA-Pacific Vibration Conference, Kitakyushu,

pp.1020-1025, November 1993.

A.Clee, Y.HFan, “Decentralized PID Control of

Magnetic Bearing in a Rotor System,” 5th

International Magnetic Bearings, Kanazawa, Japan,

August, 1996

G.Schweizer, R.lLange, “Characteristics of a

Magnetic Rotor Bearing for Active Vibration

Control,” IMechE, C239/76, pp301-306, 1976.

5. Reference

F.Joseph Keith, Ronald D.Williams, Paul E.Allarie,
“Digital control system design for Active Magnetic

~805-



