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ABSTRACT

Generally, for nonlinear control of robotic
systems, the method of computed torque or
inverse dynamics is frequently used. In this
case, exact knowledge of the system parameters
is required, however. This paper addresses the
problem of nonlinear control when the parameter
of system is varied., The approach is based upon
decoupled model following. As an example,
control of a three degree of freedom manipulator

arm under mass variation is simulated.

. A4 =

25d S2= oivigaelel g eI T3
Alzlzl gigr Aled Zigg Fhidste AdRdME
afle] T Y T2 Y bR E YH
& Ar2ss Yol Abg=lx ik [1]

ol2l el Aol NWep WEAH2THN, w|Y
& oivigelels g JoUHY MUY Aeiz
2x AMelzt by sich. Zaivh el e MY Al
¥ Py Aeske AFPAMIE oAWs] Wk
Aol Py Ach wratr, B =RelME ol=
o eAYEE SMPscl s AsY DAY
2+l 24 ( damping and stiffness coefficient )
B Edsted AW Mg cEE YU,
Al mhebmiste] wolols 2Yel ke F
21 a2} >] ( Robust controller )= 4=l =@
Ajapsradcet. [2]

o ERoiA  AAl Y I Aeiria] A
we 5 gAr aygck WA, wdyg e
o]lg e WY} 'J-é!—% e WY AL A
oizl @ P chE e, HY =2 &
2 S 2 ( linear model following structure ) &

2AE stel I AleirlE® IAUcH B 2E
oMz elajet Aol A wuE A A

REE ZE uiclgslelsiel HEstel Algalel
s xoreh.

2., 2rx= oi-[gale]lsle] e

el Eafiols] Alawe] e YyMN2F
2 "ol I @ 4 <lctk. [5]

H(@)Q + hig,d) = m
S
odzl, g = dunwE AR Heolo,
Te2t Y e, 2=l2 H & By ¥,
he Belgelzs WAPYLE olFoi W
d4qolek, ol cbEF U2 A= I

Belstd,

Xe = q s Xe =4
“--(2)
() A& chgzt Peol cherd 4 Slch.
)'(| = Xz
X2 = 4§ = HY @ - HN(@h(q.
~--(3)

olef, (3) Nel2al w|WYy wWEel, Aol u
e FYHE e e YT aYelch. 2
“boRrer e w4 = § ob d™Echw, Al
W & whem Pl T olF B Y
WE  chebd 4 ook

o121, ---(4)

--=(S)



olaltr Vb U™ u AEF FAAM, wUY 2
2ol cher WA U™ m o= keI Vel R
¢ 4+ 2tk

= H(@du + hiq.®
---(8)
olel ¢ W -g " Computed Torque method "2t
stch, ola{ gt WM g Alxgel WY (robust-
ness properties)§ ® skl $is] FErebE MY
g FAsted M rpstrl fcoblil.elaiyr AU
e chg=b el et HY A4 (damping

and stiffress coefficient) & 59 3tod AP Y
4 el

Wi o= kiup - 2niwiXzi - wit X ---(7a)
up = ‘i—’ (uf + 2mywiXai o+ witX ) ---(7b)

ozl A, M 14 1 onA 2U=g e
ki olF 4, nie FaA A wie 2#
Zompem®  bebdim, X SX2i0E (XiLXadel i
WA wEg uhebdel. 2em ool oA w4
oleb. (7) Alg sk 2 HHT  bed,

)'(1 = X2
Xz = Ku - 2DXz - WX = H'Qu-h) -——(8)
2k ®rehl ofziAM,
D=diag(n;wi) . Kediag(k) , Wediag(w{d) ---(9)
wheba wldY FAoe wide e ok
= Pe MY Aadwer wel®ch
¥i 42m;wi X0+ X5 =kjug
---(10)
Selm, olel et Alawel uiet of eiste
M= H(Ku - 2DX2 - W+ H'WD
---(11)
olm, olajet Alxgel 29 MEE ¥ Lo
Ealsle] gl
3. 7073 Allel»| (robust controller)

ujdls ootz Mg W# ( linearizing
transformation del chgzt el hepdciz B
e

X = £(X,u,t)
pn o= glu,X)
---(12)

walg MY ez Wl Z A

k.

Az

AmXm + Bm u
---(13>

(3N
el =@ = gch

olasini, He Aol

o

¢ =29 20

u(t) = FoX(t)

olul,
=62,
ol &t

(12) 2] ofl A 2]

Wolz

=] 3

Al 2 "lo]
ol i &t
w0

Z4 stat.

a of st m ol

= e

X(t,a) =

szl A, ¥ sRoiry Ar=le

(12) 2 offr2| =teat
utel pa<<aq @F2

=l =
el

222 a.E

kAR,

Zag
k&=t

chepbich
AN e
of =i 2rzig

=3
N

dX(t.a)
aa

X(t,a) & X(t,a)[u: aa

el A
sitivity function) &

5 B -7 4§ 21V I
0iCk) = 8a; ]

£ N
chgzt el
o 3 =
olall, =
oy 3.0 Y
FaE Al s
perturbed 2]z
e 2HE

= sy ok

structure 2 2-E

2b, olai g
2t
N Eaz
(G,F ,Fa) &
3. oflAd,

t) = FyXm(t) + FaX(t) + Gu(td

Dyt wuE

H({ KW - 2DXa

rie
sl

SRR

[ A A
oh
o

rif

gk

2
15 a¥
Zoa o2

flr
&

M= NX|+H"h)

ol A
ekl s,
Nasig 4 ek

it A
(G,F\,Fa) &
st A EF

J =

+ @IS B(E)}dE
o 2l Ay, . e(t) = X(&) - Xm(t)
Q=Q" 20, R>0, S >0, tf

2 a) g cb-& =t
vhebd 4 gleh
(1) d= etg
HME A By ek
B. Mal A =3H§F wERste

(14)& k.

o]l 3,
telch.

gl

dRelEE

A,

33

2 = ¥ (perturbed)

B
i

ek 2

2% stel,

g ched

--=-(14)

) 2 (perturbed)

o} at
ERTE

FOXCE,a)m(E),8) + ¥(E

---(15)
s oot
ate

2 e

oj| e}

ek,

1 4= ( Taylor Series )

ol th.

---(16)

e} 4~ (state trajectory sen-
el Wk
1,2,3,...

---(17T)

22 22 ( model following

porel 2
SE-E
W Us) o
T R E-

---(18)

---(1?

e ®

3517e‘<t)q eCk) + WT(HR w(E)
L]

---(20)
-e-(21)
23

2r 2t 5

= A1

2ol



C. (2004¢ Magoza, sl2g wola PpYT 43 g3=2 Wy, m e 43 g3 A

2g¢8 &2 (G,F,FR) & H=sicy, Bolth, B wmoldE T2 me 25 zero
Do 2 3 oldst Yol 2 23y Ao 2] sirlela (0.4, 0.6, 0.2) 2 AZ 24
73 model following control structure) 7hal EAAsImAF shyich, 2el2, Alad mher
T+ By oo sleb Z®  obsist Pol Awsidct
¢ omg = 2 Kg m, = 0 Kg L=10m
p=0.05m m= 10 Kg

4. Algaield

olatel =etoistztg 22X o], B =Rl
T =R Ad dzeEE 2 4 o A Al Ml @A clue Nee Wl
Zeol M2l 2R EE PR ol gels] wey 2} 23 6. ol =ZA=Elel glool, ol Wiy
S22 Algallol s Meleh. oAl aAzie] At . Mol @HeE 2tz oe B2 v 23
#EE =zt r, 0,z ol ol r & radial of z{]z\]‘é‘}'?‘?cl-. olefl, ¥ AMeizlel atsg
extension , 0= vaw angle , = & 4t Wyl Fy , Fp » G 2t crg=} Pcf.
( elevation displacement )olth, nke} bej2} =)
oi.3 =zt bz e EAES RSN TIN 1.2038 -0.1546 0.6240 0.0665
Fy = | -0.7594 0.965L ©0.1338 -0.1885
) 0.0653 -0.0455 1.2859 -0.0397
r &
Xi a8 | e , Xaa¥ = |oé -0.5524 ©0.3982
z Z 0,0803 -0.3319
-0.1185 0.1550
r K
ra| M -1,0187 0.0071 -0.0103 -0.0429
Kz Fy = 0.1177 -1.0059 0.0274 -0.0769
-0.0235 -0.0003 -0.9995 0.0380
e{z]l2, Kr , Mo, Kz ; 2} 2 Zof uwist ¥ 0.0121 -0,0455
2 X =23olch, -0.0088 0.03023
olaier Al2wlg vielhvie wlMY 9yt -0.0032  0.006L
X o= Xz 1,0000 -0.4705 0.3727
Xz = HYOOu-h(x)1 G = 0.5455 1.4007 -1.5354
_(22) -0,2327 0.0L037 1,008
olck, o1z,
mg L
Xu X& - ——— R X%
2(mg +my, )
~2{(mg+m )Xn -(L/2)mp)}
h(X) = = 3 B Xa Xm | ---(23) 5. % &
° 2 wRelnt YA ZPE wlUe o el
= 4 -
B = k-mglXy + (mg+my )X R ---(24) A oYY 4 Ads Alad =eboler Weld
ol 2, xarstz] glsf P 2o 2} (robust controller)
HOO = diag(mgtm, » B, my+m.)  ---(25) & A2, olell Wigr Aol PF=lEHE
olc. aalsheich. olaift WA WU =Y 2 2

( model following structure )& -Z2>|% ¢

$xp WP o|gslsich.

b

mep ¥ E22 2 AW, m, 2 e gy
ol L & 2w= o Holelck, =ela,
k= mpts2 + m? /3
---(26)
3



REFERENCE

T.A.H., Dwyer, III, M.S. Fadali, Ning Chen

and G.K.F. Lee,"Manipulator Maneuvering by

Feedback Linearization with Saturating
Inputs",Proc. IEEE International Conf. on
Robotics and Automation,(St. lLouis, MO,
March 1985).

u Linearizing n Nonlinear X

Transformation i Dynamics

Linear

Controller

2 2. wetoist welst Yeivbal e Alxg

Fig 2. The system - without variation

A.K. Bejezy, T.J. Tarn and Y.L. Chen, "Robot

Arm Dynamic Control by Computer", Proc. IEEE

International Conf, on Robotics and Auto.
(St. Louis, MO, March 1985).
J.E. Slotine,"Robustness Issues in Robot

Control”, Proc. IEEE Internaticnal Conf, on

Robotics and Automation,(St. Louis, MO,
March 1985).

M.W. Spong and M. Vidyasagar, "Robust Linear

Compensator Design for Nonlinear Robotic
Control”, Proc. IEEE International Conf,
Robotics and Automation,(St. Louis, MO,
March 1985).

K.S. Fu, R.C, Gonzalez and C.S5.G. Lee,
"Robotics", McGraw Hill, pp 82-143, 1987.

n

on

pitch

elevate

!

ase rotate

2 4, 522 oluB el d

Fig 4. Robot Manipulator

M 5(. = Xa X

= H(Ku-2DXg -WXy +H'h)

% =H{u-h)

I uir ey ejet

o1, s =g

Fig L. The model of dynamics

disturbance ———————l

Linearizing M Nonlinear X
Trans. o Dynamics
+ F2 k
Linear
Controller i

2% 3. ZW Afe

+ A& ( Raobust Control Structure )

35



oY 5,

position (weter)
8.4

0/

0.8 2.0 4.9

tine (sec)

1valocitg (meter/sec)
T

\
\

8.3

6.8 -,

8.9 2.0 4.9
time (sec)

{ radial extension )

posifion (rad)

0.6 e

ol

/

/

0.0

0.8 2.0 4.9

time (sec)

veloeity (rad/sec)
1.0

8.3

0.4

0.9 2.0 4,0
time (sec)

{ yaw angle }

Cx¥e stal ge Alzw

o o6, 2gdE 8 Alaxgk A

position (meter)
8.4

N

8.0 2.0 4.8

tine (sec)

velocity (weten/sec)
0.8

i

8.4 \

8.0 4 S

8.0 2.8 4.9
time (sec)

{ radial extension )

pasition (rad)
8.6

e T
9.3 ///
/
0.0 |/
2.6 2.0 4,0
tine (sec)

velocity (rad/sec)
1.9

&5! \

| \
} \
0.8 \
0.0 2.0 4,8
time (sec)

{ yaw angle )

=)

. Fig 6. The system performance with compensation
Fig S. The system performance without compensation

36



