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ABSTRACT

Sliding Mode Control{(&gle|dRE A o)),

Base

This paper addresses the application of an active magnetic bearing (AMB) system to levitate the

elevation axis of an electro-optical sight mounted on a moving vehicle. In this type of system, it is

desirable fo refain the elevation axis in an air-gap between magnetic bearing stators while the vehicle

is moving. To eliminate disturbance responses, a disturbance observer based sliding mode control is

developed. This control can decouple disturbance observation dynamics from sliding mode dynamics

and preserves the robustness of the sliding control.
received image. The proposed control is applied to a 2-DOF active

consideration of scattering of

The sliding surfaces are designed in the

magnetic bearing system subject to base motion. Along with experimental resuits, the feasibility of

the proposed technique is illustrated.
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Table 1 System parameters
Parameter Symbol Value
Mass m 0.2340 {kgl
Inertia J 320 X 107° [kegm?]
Length L 101 [mm]
Ky 6.10 [N/A]
Current stiffness
Ky 794 [N/A]
Ky 9691 [N/m]
Position stiffness
Ky 7229 [N/m]
Amp. gain K, 05 [A/V]
Gap sensor gain K 5mV/pum
1188/8t=242 2T 533 =2 &/4 14 ¥ A 11 &, 20043



513
=

H o] &

=
©

Ho
tilo
il

Fig. 69 Wol2 25 stold 4 (14)9] Aol712
g3 @r%b Fig. 7, Fig. 8% 2t} Fig. 7& %9
MALTOE A TP ANIE F5E AT SR
nacy, AR 2 (19 Ad7ldlH AFA

ok 288 A4 SMC AolE A4d A4 I8
B 7w SMCxﬂcﬂe Hes AL oo y(t)

ot} MdA|e] Hrj= SMC SMC Hte gaaz
719k SMC7} #lol2 ojghewg ZHaA7)=d &%
Hde ¢ 5 Uk 74744 A% 3o EREAE
c=13.09um, 4.02um , 0.95pum g JEe}yttt &=
9 98 % Ay(t) = Fig. 83 zow, Fig. 7

olxeh o] Aojrle) M S Hh AFS FY
s versth 2 AlojrlelM A eEe AR
= o=155pm, 0.89pm 0. 25 2 Jvelgt
Fig. 73} Fig. 89 A¥Ag&E vixshd ¥ALF
of Wal 935 277t A8 A2 RS &+ 2
s, ole FE 59 Pt dFEFl U AR
g Zo] HALF H o 55 AAHUY 9

BESEE 4 (179 2L A
431900, €2 AP B3 AeHo) wAsix ¢
omA FFol Aot He &2 g Asc

Fig. 9= Fig. 73 Fig. 8014 #H&d8 #3719 %
g EAHOZ AMB-19 HAAM ERF rt&me)
AHAAZ7E FH3 FAF A, 281 F A5
2ol & Bel), x1]°1 Al Fig, 73 8oA1 ¢} 7o)
of omg. 4 (12)9 A4 % F WY
B84 ol th Hjo] & 9o XA st H

g

084 Measured Acc.

/ Estimated Agc. _

Base Accleration a,[g]

Time [s]

Fig. 9 Measured acceleration, estimated distur-
bance, and estimation error under 30Hz
harmonic base motion

GARE SEANHAGANA A ST N S0l RE Ao

of Wit wrh WM FAH dFZ WolL SHER
oz 7HFstd @ 34 248 3 /KR

F3 e A= Bt FH oA xEHAE &
A olgte] EFAAY 22 %E EbATH

Fig. 10 (a)& Fig. 7% Fig. 89 A@AoiA &
g nt)d 1,0t)E z-yFEE Yed Aoz 4
ol AY 45° 71718 I Yo UFLFL
A3 F2 WHEE] Ui IS g £ 9
th Fig. 10 (b)9} (c)= Z7} SMC Aol oeH=
71 718 SMC A1E #L3 7A$E otk FEF
o2 AFEEA ha Aol A2H EAA 4 Gk
AN AFLES HAEF v How, WAL
53 9% 5 ZF Aold Ay, A% 333
S F71 W RS ¢ 5 Aok

Air-gapz Bm]

2

Air-gap pm]

Air-gap y, fum]

20 —— +-— —

o
|
i

£ |
s T 1t
: o - i Jl[ } - !r
; | ! ; ;
-20 -10 0 10 20
Air-gap y, [um]
Fig. 10 y; — 1y, trajectories by (a) linear con-

trol, (b) SMC, and (c) observer based
SMC under 30 Hz harmonic base motion

SRASTSSEE=2/A 14 E A 118, 2004:3/1189



e

Air-gap y, [um]

Air-gap y, [pm]

Fig. 11 ¥, — ¥y, trajectories by three controls

under 30hz harmonic base motion

20

3

Air-gap response y [um]

-20

Fig. 12 Translational air-gap responses under
random base motion
10 - T T
t_ineai| Control ! } |
i i | i
| I f i
— 54 B i -
g i ‘ ! STC ! :
> \ | T i
< ! | !
@ |
2 oA (Lt O PR Y
g il |
g iy ! !
H e |
2 5 A4 | ST SO TR
< i i o‘bserver based SMC
: ‘ ] ‘ E
i , i |
10 : i ; ; i
0.00 0.25 0.50 0.75 1.00 125 1.50
Time [s]
Fig. 13 Rotational air-gap responses under

random base motion

R —

HES RE A9 o8 Fig 113 A4 Fig
107 g 4FFe] ARSE ¢ F dev, vA

W sd@ B3P RN B2 2L KL

i

VI A AL Holx A FA5E WA
Aetgom, 0H A Ash fAHE A%E

Alr-gap Y [pm]

Air-gap y, [em]

Air-gap y [um]

i 1
t
- 10 - + Bt sl e 4 B St TR T - -
s + L : ! i {V
>w o4l | ,V_,__A_,,‘,l . S R
g ! ' i | i
T 104 - - - - S T M
: S
7.7 RS SR VR O S e [
Lo T ‘
204 -—f - B T“_T 4 R | _
4 ' ! ' !
-40 T LA T T
-50 -40 -30 -20 -10 [ 10 20 30 40 50
Air-gap y, [um]

Fig. 14 1y — ¥, trajectories by (a) linear control,

(b) SMC, and (c) observer based SMC
under random base motion

1190/8t=2 232 ES&3 =22 /A 14 ¥ A 11 &, 2004



ol $FL WE BARE SEANMAZANN B BE7) /) S PRE Ao

ZF730] Ao FEEHo AMEHE ¢ AHEHE
50Hz F3t5 e zte WAl

oo AsE BARE] S8 wlolxE
8~50Hz¢ W9F<e 2= dPANEZ 7Hsth
71719 AFe dee Zeiste] 8Hz vIwte] F3
FE At F 7RV e M2 SEHA dY

22 Fig. 12, 133 7c)

Fig. 12+ HALFoFE 949 30Hz 717 Ao A9
Aol o] AFAARGE SMCrE SMC Hubs
g #Z7] 719 SMCH 5ol s Helth

Ztztol EFHAE 10.09pum, 2.85um, 0.95um 2
el Fig. 132 9453359 Z9E 7 A7) A
4 Al ¥28AE 3.72pm, 146pm | 0.45um 2 1}
et
Fig. 14= Fig. 129} 139] 92 =~y HEZE Y
A0Z, WALEH UFLEY NG 4 1
o]

Fig. 156= Flg. 129 BAEE $EY 2HE-
ot ZHFged g 8~50Hzol M Sdol vehds
A g gled, TS g dAeA 29
EYY A7le AYAl, SMC. #37] 719 SMC
o2 veht ¢ A dAge ¢ 4 Aok A

T Y AFEHE fA1R ZAE Byen,
2HEY 719 Aozt HATFA He AA
LHERStTE

. Linear Control ;
/

0.1

Magnitude

. Observer based
8MC

0.01 HAHWs

v v —
40 50 60 70 8 90 100
Frequency [Hz]

Fig. 15 Spectra of translational air-gap response
under random disturbance

HEES=F L R 1

4.8 =

227 I15S SEAMPOR A eE 7
S k4 As) Q019 nhE EAlE AT £ A
o wlole) ANl slERd o3 o] AF BAE
52 it WYL of7lan) o AFIME oA
RN o|FE Zo AEL 72N A8
og BE )k HP|YRE Ao S AU of
Aojiye B2y £tz seojuns Egae

[o2

olH

peAA ERHOE B B4 AL S AL 7
9e ATV TH F0 9Ye Y Hang
F RS suold AW A4 WA AN
A 2-ARE FEAIMCIYAN A
48 A% AL AoI717h Welz gt

=2
= [e] [e]
%o AL 44 B FA 949 WYL A

i

(1) &4, 1994, =73 As FA9 was
At 2 AsFdled & s o
=38 7led 7 74]40—5}4% ‘i}*}?—fH =

(2) Armstrong, B., Dupont, P. and C. Canudas
De Wit, 1994, “A Servey of Models, Analysis
Tools and Compensation Methods for Control of
Machines with Friction”, Automatica, Vol. 30, No.
7, pp. 1083~1138.

(3) Cole, M. O. T., Keogh, P. S. and Burrows,
C. R., 1998, “Control and Non-linear Compensation
of a Rotor/Magnetic Bearing System Subject to
base Motion”, 6th Int. Symposium on Magnetic
Bearings, Cambridge, MA, pp. 618~627.

{4) Kasada, M. E., Clements, J., Wicks, A. L.,
Hall, C. D. and Kirk, R. G., 2000, "Effect of
Sinusoidal Base Motion on a Magnetic Bearing”,
Proc. IEEE International Conference on Control
Applications, pp. 144~149.

(5) Suzuki, Y., 1998, “Acceleration Feedforward
Control for Active Magnetic Bearing Excited by
Ground Motion”, IEEE Proc. Control Theory Appl.
Vol. 145, No. 2, pp. 113~118.

/A 148 A 112, 20043d/1191




(6) 712 5, 2004, "MFXLMS #33&&

23 Axprwolg A e g BAF Ao]7)-o] R
FAYZE3 A 214, A 23, pp. 74~82.
(7) 7294 =, 2004, “MFXLMS ¢1a&& o

29 A7 MARAY SRu Ao)-Le

=+A0F8s], A 214, A2 2%, pp. 83~91.

8) 74, 2004, “SEATMoI YA ) ety
FFLSUVELTHI

A

T o], 3, AM144, A
5%, pp. 439~448,
(9) Utkin, V. L Sliding Modes in Control

Optimization, 1992, New York : Springer-Verlag.

(10) Young. D. K., Utkin, V. 1. and Ozguner,
1999, A control engineer's guide to sliding mode
control”, IEEE Transaction on Control Technology,
Vol. 7. No. 3.

(11) Yeh, T. J. and Chung, Y. J.. 2000, “Sliding
Control of Megnetic Bearing Systems,” Proc. of
the American Control Conference, pp. 1622~1626.

(12) Shan, X. and Menq, C. H., 2002, “Robust
Rejection for Improved Dynamic
Stiffness of Magnetic Suspension Stage”, IEEE/
ASME Trans. on Mechatronics, Vol. 7, No. 3, pp.
289~295.

(13) Hassan, I. M. M. and Mohamed., A. M.,
2001,
Levitation System”, Proc. of the American Control
Conference, pp. 3725~3730.

(14) Lee, J. H., Allaire, P. E. Tao. G. and
Zhang, X., 2001,
a Magnetically Suspended Balance Beam: Analysis,
Simulation, and Experiment”, IEEE/ASME Trans.
on Mechatronics, Vol. 6, No, 3, pp. 338~346.

(15) Utkin, V. L, Guldner, J. and Shi, J., 1999,
Sliding Mode Control in Electromechanical Sys-

Disturbance

“Variable Structure Control of a Magnetic

“Integral Sliding-mode Control of

tems, New-York : Taylor & Francis.

(16) Shan, X. and Meng, C. H.. 2002, “Robust
Rejection Improved Dynamic
Stiffness of a Magnetic Suspension Stage,” IEEE/
ASME Trans. on Mechatronics, Vol. 7, No. 3. pp.
289~295,

(17) Kawamura, A., Itoh, H. and Sakamoto, K.,

1994, “Chattering Reduction of Disturbance Obser-

Disturbance for

A DSl =82 X
SN =23

1192/8t= 42

)

g\_]

ver Based Siding Mode Control,” IEEE Trans. Ind.
Application, Vol. 30, pp. 456~461.

(18) Utkin, V. 1, 1992, Sliding Modes in Control
and Optimization, Springer-Verlag.

(19) Rundell, A. E., Drakunov, S. V. and
R. A, 1996, “A Sliding Mode Observer
and Controller for Stabilization of Rotational Motion
IEEE
Trans. on Control Systems Technology, Vol. N, no.
5. pp. 598~608.

(20) Brown, M. D. J. and Shtessel, Y. B., 2001,
“Disturbance Cancellation Techniques for Finite

Decarlo,

of a Vertical Shaft Magnetic Bearing,”

Reaching Time Continuous Sliding Mode Control,”
Proc. of the American Control
Arlington, VA, pp. 4998 ~5003,

(21) 7514, 2004, “ARp71Ho FHANA
7NE e o9 RE Aol” W] 83 =
A 53D @, Al 6%, pp. 408~414.

Conference,
H=
#E

AR =N
<%

Ju

=]
T

o) RE9) gL FTEY (209 9 BE7|o)
A BHE 2ARE A A AFES 5
A% g0l R,

Al 2IBBZT| 74U SatolRIof

4 (12)8) AzRel EeIPRE AAE HE3]

ol Eoold B o (1) 2

0(t)={0‘ (t)} = Sx(t)

e 2ol B

o, () (A-1)
A7\ o € R**! S R**?olth.
Eetold AoYY u(t)e thed gol F FEO
2 FA4Erh
u(t)=u,, (t)+u,() (A-2)

4714w, (t)& 57193 (equivalent control

input) 02 &jold Weie) PEE GO Fel 7

/A 149 A1 E, 20004




Hojx 538 W

o
o

a, =,
6 (1)=Sx(t)=S{A x(t)+ Bu()} =0 (a-3)

TeEpA 7MY

u,,()=—(SB,)™ SA,x(t) (A-4)

Q7|4 SB& HE
st}
E2A0] Y8 (reaching control input) %, (t)<

o)(nonsingular) B2 714

v(t) =09 A% A JUE sajoly FuHd =7
A7l FEoR gy ol BEASANdY, i
°olg #4  dAAEE TN
u,(t)=—(SB,)" ®o (1)
~(5B,) 'ksgnlo (] -9()  (A-5)

7)1 & € RP*2 sgn [h(t)]:=
35 Jepit v ()=
BECESEVE WSE

5 h()e ®
A4 sae F4AZ e
FRu

5(t)=—G(SB,) ' 6(1)~ G(SB,) ' ®[o (t)dt

—G(SB,) "k [sgnlo(t)ldt (A-6)

4714 G e R ot
4 (A-0% (A-5)9 §og Yente AelrE
489 A9 ga}ova 5 Fes A2 oen g,

G (1) =~ Do (t)-ksgnlo ()]~ SB,V (1) (A-7)

A (AN T (t) = FRLAZ
ot}

A (A-6)3 (A-T)ollA aE 3
Figa)

v(t)="() — o(t)

%L 0g

$(t)=-G(SB,)'d (1)~ G(SB,) ' ® o (1)

—G(SB,) 'ksgnlo(1)] (A-8)

A (A-1)E (A-8)oll diYstz F2lsl
V(1) = —G¥(t) + v(t) (A-9)
ot 4 (A-N)# (A-9F o537 2ol Al

HRLSTEZEE =27

DA E SERAHAZANN g #57] 7

SYo|FEE Ao

+ Sk
{d’ (z)} __[CD SBO} {a(t)}+ {—ksgn[d(t)]}
o) Lo 6 |3 v ) (A-10)
webd Sl EE FHEH sAFeat 59
G2 AR HgYolnE Yo dAT ¢ 9o
T FAA o] =) WAvt &= 3
2, v(t) £6,0=0, 38 &9 G} oHYsim,

A(@) >0, AM(G) >0, 4 (A-10)¢] FEF L4
& oHgelE, teg wEslE kv £ 8T

JIN

IsB,v(t)| <k, k20

Aol &lo|dHH TEdHz] TEAS
3t7) 98l th29 Lyapunov &2 A3

—_ 1 T
V(t)——2~0'(t) o) (A-12)

4 (A-12)8 =9 a3 22,

V()=o) 6(t)
=0 (1)’ [-®o(t)- ksgn[o(1)]- SB,7 (1)]
<-o(t) ®o(t)
(A-13)
WA BE @t AAIER o] TFFE 2o H
of EEWAL DE, |

A2 &£2lo|d HMHo| My

2 (A-H)9F (A-H) Y #oz Jehie Ao
e
u(t)=—(SBo)_1SA0x(t)—(SBH)‘ld)G(t)
—(SB,) ' ksgn[o(£)] - () (A-13)

4 (A-13)8] Aoi7lolH AYANEE ugole} 3
W e

u, (1)=—(SB,)"' SA,x(t)—(SB,)" @G (1) (A-14)

g YT mY
T 3% sy B

SAE AN AYRYA A3
L oo 54 % 77l7ﬂ Aok,

/A 1448 A 113, 20043/1193

= =



ol

o(t) =-2o() (A-15)

deb geold FoE 48 69 Solge] we
e R EREEE

2 AZgolA Ao BAe &9 A
9 RonE thew 2o) gdeld B
42 5o WY FF et 2ol 4

|:"{11A12 0 (A, +4,;) 0 1 0}
0 Ay, 0 ()‘21+;lzz) 01]

5]
0 ¢,

2 (9% (149)E
FAHeR AHstd oS BAE
A\ A% +(A11 + 2, ))'63 +xs =

-, {A'llﬂ’lle +()'|1 +4, )x3 +x5}
AP Xy +( Ay + Ay )3y + g =
-9, {/121)72)‘2 +(Ayy + Ay )%, + x6}

(A-17)

2 Alse
T FRse
N
e

9o,

S

0]

(A-16)

2 (28)° Witz 1 FAHE
deh

2

£

4 (A-17)2 Zoded] g A8st A4
3 A2 FYe RO Fojrh

Y(S)_

(s+d)s+A4 (s +4,) 0

AY(S)

(5 +6;)(s+ A )(s + A) =0 (a-18)

A7l Y(s)o} AY(s)E 7tz y(t) s Ay(t)
o] gxeps WEolnt 4 (A-18)olAet Ze] &
ol HHg A AP S $F 4 (A-16)F
2ol A A% y(t)s Ay(t)el Az
< AME Hjads AE F ok FARCE
s==Apd s=—ApE y(t)9 &old 54
< TRsE s=—MF s=—Ape
Ay(t)o &lolg F5A4S FAss IR 8%
ok 3 I s=—¢1 % s=— A7 y(t)
o Ay(t)ol zal Hojd &dfold HW TE 54
& FAR HA 42706 oa) Yoo geee
2 et gz} 2dY 9l sg B
LA AARE & & gtk

:l;ﬂ o]tq

=28/A 149 A 11 3, 2004




