811 %% 4 8 Hs I SR ' Vol. 11, No. 4
1994 4E 8 H CONTROL THEORY AND APPLICATIONS Aug. , 1994

‘A New Robust Control Strategy for Robot Tracking

YE Xudong and JIANG Jingping
(Department of Electrical Engineering, Zhejiang University «Hangznou, 310027, PRC)

Abstract; The paper studies the tracking control problem of a robot manipulator subject to para-
metric uncertainty and external disturbance. By exploiting the important properties of robot dynamics,
a new robust control strategy is proposed, based on Lyapunov approach. The novelty lies in that it re-
moves the requirement of .a priori bound on parametric uncertainty and weakené the resttiction on ex-
ternal disturbance. It is shown that with this control strategy, the asymptotic tracking is guaranteed.
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1 Introduction ; ,‘ R

' In fhis paper,v;/e intend to study a new robust control :strategy' for ‘a robot fhanipulator sub-
ject to parametric uncertainty and external disturbance. Much work has been done in this area,
but almost all proposed cori&ol strategies need a priori bound on the parametric uncertainty and
assume a strong restriction on external disturbancel'~%], By exploiting the important properties of
robot dynamics, a new robust control strategy is proposed , based on Lyapunov approach. The
novelty lies in that it removes the requirement of a priori bound on parametric uncertainty and
weakens the restriction on external disturbance, meanwhile, guarantees the asymptotic tracking.
It is Wellk kriown that the'r‘nahi‘p’ulator inertia matrix is bounded above ér;d belowl™. Unlike the re-
quiremen{ of “closeness in norm” of the known inertia matrix to the actual one 581, the present
paper assumes to know only an upper bound (which is not necessary to be the smallest) of the
norm of actual inertia matrix.
2 Some Properties of Robot Dynamics

We shall consider the dynamics of a robot to be described by the following nonlinear differ-

ential equation ) ' k ' , o
v =M@i+ NGD, | (la)
N(g,q) = Vg, 4+ (@ + Fog + F.(p + 74(£5,454)» (1v)
where ¢ is an n X 1 vector of joint variables, v is an X 1 vector of control torque, M (g) is an =
X inertia matrix, V,(¢,¢) is an 2 X2 matrix of centripetal and Coriolis terms, G(g) is an a X
1 vector of gravity terms, F,is an a X # diagonal matrix of dynamic friction coefficients, F(g) is
an 7 X 1 vector of static friction terms, 7,({,q,¢) is an # >< 1 vector of external disturbance,

which in most papers is assumed to be bounded('~%], i, e. , |l7,]|<e with ¢ a known or unknown
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constant. However, since v; may include various unmodeled effects, it in general depends on ¢,
g and ¢, thus, 7, may be unbounded. [9] assumes l7eCtsq, D 1< co-+erllglAezlldll with cos €15
¢z unknown constants. In this paper, we further weaken restriqtion on 7; as follows:

Ity @Dl < 00 + erllall + ealldll + esllall® + ealll® D
where ¢4, ¢), ¢3; c3,04 are unknown constants. Restriction (2) may encompass a broader class of
external disturbance. : |

Let ¢?(¢) characterize the desired trajectory that the robot should track. Suppose ¢, ¢
and §(t) are all bounded. Define error state as e*=[ef, ef]=[¢f, ¢], where e;=¢‘—g is the
~tra'.ckihg error. ‘

Property 171 There exist positive constants m, M and m such that

a) mI<M(g<ml,

o) |[M(DlI<m,
where 7 ié an a2 Xz identity matrix.

Property 2 In terms of (2) and the boundedness of both ¢*(t). and ¢ (¥) ; there exist posi-
tive constants o, Bi» Bzs Ps»Basuch that ‘ S

2) IN(g, DIKBotAillell+ Bellell?s

) Vlas DIBstAillell,

‘Property 2 is based on the factl] that V.(g, ¢)¢ is quadratic in ¢ and both 7, (q, ¢)¢ and

Y ¢€R’

Y (g, 9 ER*XR"

G(g) depend on g only in terms of sine and cosine functions.

Property 3171 For any n X1 vector w, the following relation exists

% TM(Qw = wVa(g,w

In this papér , we assume to know some upper bound m " of m, which isinot necessary to be
the smallest. All other constants in Property. 1 and. Property: 2 are assum’ed' completely
unknown. ; :

3 Derivation of the Control Law

In this paper, we propose the following control law G o

=7+ T ©o o (3a)

7 = § + ke + ke, R ~ (3b)
Ty = 7/’p(e9t)31 -+ ?/).,(e,t)ez . (3¢)

where k,, k, are positive constants to be determined, ¢,(e,t) 7/),,(e,t) are functions to be deter-
mined: ’ ;
Substituting the control law (3) into system (1), we obtain error system
& == Ae -+ BAA — Bry,s e vl (4)
where :
oo 1
i BT

Our control strategy is based on Lyapunov approach. As a first step, we introduce the fol-

= s 4= D W
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lowing lemma.

Choosing for error system (4) a Lyapunov function candidate V,(e) ==¢"Pe and making use
of Property 1~3, we have
Theorem 1 . If control law: (3) satisfies

k, + ak, = f,: ’ - ' : - (5a)
ky, = ak,, (5b)
P,(es8) = ap,(e ). : . (5¢) .
then there exist positive constants &y, &, &, such that
Vi(e) <— Hllell2 + Zollell + &illel? + Zellell® — pCe,t)]laes + ealf?, (6>

where k=k,, p(e,t)=4¢,(e,l).
Regarding &, &1, &2 as unknown constants, we intreduce the following algorithm to regulate
plest) - '

ple,t) = {llae}jrezuz(g""e" el B, it o+ el O ay
; ; Lo, B | . if |lae; + eofl = 0,

. , if 0, ) B

= {Zo,"e", ; :::iez:: Zol (7%

2 2, if 0, :

- el

2 : 300 if 0,

b= et

where y¢, Y15 Yz are positive constants.
Theorem 2 For error system (4) under the control.of (3), (8), (7), the asymptotic
tracking is ensured, i.e. , lime(¢) =0.
oo .
Proof Define Zy=& —&, & =& —&, &=2— £, Choose for extended system a Lya-

punov function candidate

V(%%o; 31, 2;ez) = V(e) + ‘%‘)’0_1584‘ '%“‘)’1”13? + %72—13-

To calculate V (e, &, &, &) along the solution of (4), (7), there are two cases to be consid-
ered. ,
Case 1 when e moves outside the submanifold ae,-e,=0. In terms of (6) and (7), we
have
V=7 + vk + %G + 5 G <— Bl
Case ? when e moves on the submanifold ae,-+e;==0. In this case, é ==¢;==-—ae,, éy== —

aé, == ey,
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In terms of (7)
V =26"Pe + &'Pe
aZM aM)

rﬂl+ o?M am rel-l e

=Coe =y bl T

A

2°

M
/)’I+a2(M——§—a-) aM — 30\ oo

M.

2a

N

= — alef,ef] o _A!_) g
.a( o ’

M YN
BT + (M — 5 a(M——-ﬁ) C e

=— d[eL - ae}':] . . -
a(Mf--gl—) u—-% - cel T
a L 2a ,

= — af pef, 07!, — aefT* =— apeler.
Since “ e " Eem [e'f, _“"}‘][e‘ﬂ ‘aéf]T: (1_{,“2)8}"‘3“ we have

v;- Lalel®

Generalizing the two cases, we obtain Ve, &, &is Ez)<~—s || e Il where s-—-mm{k, 1_*_0‘2}

Thus, from Lassalle’s theorem, we obtain hme @)=0.-

To make the controt:law continuous, we mtroduce a boundary layet around’the submanifold

ae; -+ e, =012,

(%ollell +€1I|ell2+§zllell3),' it g+ el >

¢<e,t)-~’\" ‘+ 1k <8a>;

@l +alelz+ LNl it oo el <o
o (vollels if llaey 4 ezl =2 o n
— | : , L 8
50 {0, it |lae; + esll < ( ;)
o (ylleli?, o if llaer +eall =25 : P ST A PN
= (8
El {0’ ‘ if "ael + ezn < ¢, et C
o (plelts it o+ el > st 1 b o2 ! £
%2 {09 it |jae, +eqll <e » RO
Now we summary our control law as follows i s ot
q‘ + kfl + kvez + a1/)(e ,t)el + '¢‘(89t)92 PEERESING I (9)

where 0<Za<1, ﬁ‘>(1~—a)am ’ k, and k&, satxsfy (5), a/:(e,t) is determined by “(8).

4 Simulation Example
' A simple two~degree—of—freedom mampulator is sxmulated to. test the proposed control law
The manipulator is modeled as.two rigid links of lengths 1, and.l, with point masses u, and mz at

the distal ends of links. The dynamic equations of the manipulator- ‘can’ be found:in: [10] “The

parameters are chosen to be ml—mz—-l Okg, hi=1l==1. Om,’ from ‘Which == 2+2 «/ ¢ The

desired trajectory is chosen to be gf(¢) =sin¢, q3(8) ==cost.
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Suppose we have known an upper bound #* == 40 of . Choose a——O 5, f= 50>(1——a)
s po=p=yp=10, e=0. 01, the control law 00900
is determined by :(9). , : 7050000

In simulation . the initial conditions are chosen , yu001

to be 91(0)_"19 92(0)"“ 3 91(0>“q}.(0)““0 go b

0. 5000 3./
(0)=£,(0) =&, (0) =0; ‘the external disturbance E
: T 1. 00000 e reyeresprrer e e gy HS
s P S o &
is supposed ‘to be 7, == [qlqlsmt, g2qsc08t 1%, Th T T 201 00
simulation results are shqwn in figures, - ) Fig. 1  Position errors of two joints
ol 155000 5

1. 00000

33, 750-

22. £003

0. 50000 3 11, 260
< 1.00000 rnr,ﬁv.T-w'rrrrvrrr-vwrrrvrrrrrnﬂ:ﬁrrvrrmrml/s S 0. 000 Frreeprrrrprrerrrrpeeeey reverrrerrpreerrm /s
0.060 400 R00 12.00 16.00 .20.00 N 0.00 400 800 12.00 16,00 20.00
. Fig. 2 Velocity errors of iwo joints Fig. 3 Transient curves of 20,8 and &
5 - Conclusion

By exploiting robot dynamic structure properties, we propose a new robust control strategy ,
with which the asymptotic tracking is ensured. Since it removes the requirement-of a priori bound
on parametric uncertainty and weakens the restriction on external disturbance, the proposed strat-

égy is suitable ;to‘thc} case of high number of links.
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