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Tip Position Control of Flexible Manipulator Using Disturbance Estimator
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ABSTRACT

An accurate tip position control of a single-link flexible manipulator subjected to torque disturbance is achieved by utilizing so
called sliding mode controller with disturbance estimation (SMCDE). After formulating the governing equation of motion in the state
pace representation, a stable sliding surface is designed via the LQR method. The SMCDE is then synthesized by integrating
¢quivalent sliding mode controller with the disturbance estimator which is featured by an integrated average value of the imposed
clisturbance over a certain sampling period. The regulating tip motion of the flexible manipulator is evaluated by employing the

proposed SMCDE.
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Fig. 1 A single-link flexible manipulator
4 2
18 w(:)’t)+pa “‘;’")=o )
ov ot
2
Er® “(‘2’”) +7(t)- Iy6()=0
ov v=0
w0,7)=0
2
[T X)) I @
ov? o=
3
P CE) R
o’ o=l

AN Iy e 3B BHRAE, 4= 1AL
7NEE v o 2ZHH AAZA BRI HE 7
=, pE 9 ¥39 99 Ho|F AFE YEd
. wlo,tf=w +v8)} T()= 27 §4 WUE
dolge] AA &5 Wl wEe EAoIH ET
E H9 939 339 Aol 99 LA
o] 2= 7}A Y (assumed-mode method)® 2H1F3]
(Lagrange ) A& ALsH g 22 4 2
o thg v dA AvEugade d& 7 o

{6+ 2650+ 0Par)= - HONE), 5010 (3
4

3714 dol9 w5 ¢ ()st A FF ()=
71zt WA Reo g Alxade duks
2g83go|th E, ;& WA =9 A{HIAFF
ol ¢;& ZHAFE Jehdd, I, & ZF FHH
o #94 Y39 AAN FAH EAEoH. FAAF
e vagger stgste HAZEAT waA,
ZAAR=} pAY BEREE ARz 7HAs)
W o3 e AuuAAs 4 5 ok

x=Ax+BT
C))

y=Cx
o} 7] A,
x=lgo do @1 @1  dn Gnl"
=[xy - xgea]”
[0 1 )
0 0 o
0 1
A= —of -2 0
(0] 0 1
L —0)3 —2{,,&),,_
1 r I
B=—[ 1 0 40) - o g0f
t

y=[)’t YG]T
[t o 40) - ¢, 0]

0
‘[1 0 40) 0 - #0) 0

9 A9 A2d BPAA FS9H = F
a9 MY AAE, y= HBAEE A7 Ui
o,

9o Al2ddx REY EFLY FvepRolnu
PR Y FL APz P =o]= T 4
Follolele] Tgd JFojgtn ¥ 5 Ao met
A oolE@ ddg X 999 A7 dnE
ZEd EFAZ F ok olH@ gde T
 ANz®g veid g5 g

x=Ax+B(T +d)

y=Cx &)

31 oM 3 2aloly MulA A

=" (59 Ajgel HHY FE Eed
shtolmz e 2L wd &g Anas
AR,

-220-



2n+2
5= E ciep, & =X;—Xy (6)

i=1

AT, xuE 7 BHS 2F AFolm ¢ A
A Aelsk o F AR LAolth B, 9 Al2H
2 HFAE sgPTE AHAL AX @3
5 =02 4R & vk ety &dold A
~E Axde AHEEE o4 g o)
JERE 4 Qo

2n+2
s=2c,~e,~
i=1
=[c; ¢y -
=Gx
A71H GE €Folg AF29 F4 Fu] HEH
ok WA §=085 BEHE 57 Ao7E o
&3 Zol AT + Q.

T
el ¥ o xaf O)

T, =—(GB) ' GAx ®)

agon sdlguE $5YRAL ted 2
SICEREE

cherds
s = G: =0

A Ho2REH &oIRE ¥FF A2H
AHIAEE, &, Re(A,)<0E VFHIEZE M2
AT ¢; 8 ZAsF ot

3.2 A2t FHI|o Mg
qAd F471€ Hst7l Astd 4 () A
229 WA AFRSE nestd A2 o
534 2.
x(6)=x2(¢)
. 1 1
XZ(t)_Zu(t)+7,—d(t)
x3(6)=x4(0)

x4(r)=-wex3(t>-zclwlx4(t)+ﬁ,‘ﬁu(z)+ﬁ;fi’ld(z)

(10)

714, uff)e ZE Q78 B3 7)ol
2 10 3.1 ZeA HAY &gtold AlFaE
H4atn I dE5Pgo] X s()9 T =2
¢ ngsd tgH Zoh

§(t)= c1x2(0)- caof x3 )+ (e3 - 2c41001 Jx4 ()
+ [LCI“:%@)(“W (t )_ k sgn(s (’ ))+ d(t )_ d ostimated (t ))
1n

37 A% olgse Q99 ALY T-504 TF
% Aee 5 s B 2ok

’ It
[dton - —Lrstotr)-or -0)
+ & ksgn(s(T - 5)+ 8 - doggimarea (T - 6)

_ J-T (—[_tfﬁj(clxz (6)- caxse)

r_s\ c2 + s

(12)

ey =2eign)ed)s uequ(r-a)]dz

QHoz 4714 H¥ d()E RE Lok
£ AL o9 YEH, o8 ¢ 4 A AdE
T-sol4 TAlolo] ol g Algstel @A
of ALgafel shevlel ti@ BAC Wit wel
A okhe] ZRE BEHE dpeg ()8 A
o,

T T
Ldaverage(T)h = Ld(t)dt (13)
S5 5

T-solx  TAZX Fdd d)d HAE@s
daverage(T)Q’] AEze #Zoa g 4 U} g
A 9% B2ge geH 2o

T
d average (T ) = L‘fg )dt /5 (14)

A 149E 4 12)9] FE P ddst] Bsd
s Ae 98 5 o

-921-



I s(n)-s(r-o)
daverage(T) - cp+cy # (0) Py
+k sgn(s(T - 5))* destimated (T -4 )

—% f-a (Cz+—:¢1'@(c'x2 (0)-csolxy(6)

+(C3 -2c4610y )X4 (t))+ Uequ (T - 6)]dt

(15)

A (159 $delA kA e 57} o g Fo
2= “equ(T_s)-Q}

rf“él@(flxz(’)-c‘tﬁ’lzxz(t)Jf(cs -20441@)"4(’))7 b
A3 FAdds M oA TS 3E BA
e A4EE 3o, olE AT Axtsr e dE

oAt Wakd ched 2L TARE HEdo.

(T )= (uequ(T) qu(T 5))/ 2 (16)
A 1602 2 150 NAFE dyyergee(1) 2%
Fej s g go) 7 = gtk

I sT)-s(r-8)

ey +ca$i(0) )

+kSgn(s(T 5))+dextimaled(T_5) an

'Xc(T)

OVZA TR dpyerage(T)RHE T-504 T ALl
goe 22l 4¥ Fageldn T + ov,
average(T)E 9‘%‘:" 4’[: %F’Hg 01]—0}01 \2}0
Azt Aejgdd  Eold  9gF FA
destimated(t)% T A G714 @9 o=

WHozA thgH 2ol Tayer AJE ol &3t

davemge(T )

esnmated (t) Z 51 dnglv)erage (T il (18)

mepa] B dRoA A o}@_ SMCDE & H48 7|
AU u()= THeH Lok
u(t) SUggy (t )" k sgn(s(t))— d estimated (t) (19)
3714,
esttmated 25 ! dl(llverage
davemge(T ) = It (T) S(T 5)

cy+ L‘4¢1’ (0) s

+k sgn(S(T - 6))"‘ destimated (T - 5)
- c(T )

Table 1. Model parameters of the flexible manipulator

Parameters Value
Length of the flexible link 0.525m
Thickness of the flexible link 0.0012 m
Width of the flexible link 0.03m
Mass per unit length 0.0762 kg/m
Young’s modulus 64Gpa
Moment of the inertia of the hub 0.003kg m2
First-mode damping ratio 0.02
First-mode natural frequency 5.666Hz
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