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Ahsmceg In this paper, an iterative learning control strategy is presented for a ciass of con-
strained robots. The controller design is based on the reduced form of the robot model. The strategy
guarantess the perfect motion iracking of the robot with its end-effector moving on a linear and fric-
tionless constrained surface in the pregence. of unknown bounded disturbances, The bounded and ad-
justable force tracking eitor ie obmined
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1 Introduction _

For many operations of the vobot, the robot end-effector is required to make contact with its
environment. As a result of contact with a rigid environment, the robot motion is kinematically
constrained, In that case, it is necessary in general to control both the position of the end-effector
and the contact force between the end—effec_tor and the environment. The mathermatical model for
" the constrained robot, explicitly taking into account the contact force, has been given in [ 1~3].
This model is in the form of singular systems. McClamroch and Wang(4l transformed the con-
strained system into the reduced unconstrained subsystems and proposed a modified computed
torque method to solve the stability and tracking problem of a ¥obot moving on a frictionless holo-
nomic constrained surface. A number of other approaches havé recently besn proposed to deal
with this problem, ¢.g. [ 5~8]. ‘

vlf the dynamics are exacily known for fhe control of a robot in constrained manipulation ,
the methods as mentioned above can be used for designing the sffective controllers for the con-
strained motion of a robot. However, if there exist uncertainties o such as unknown disturbances,
the controller so designed may give a degraded performance. To enhance the dynamic perfor-
mance of a robotic system in the presence of uncertainties, we present a learning conirol strategy
in this paper. The learning contrel is attributed to a class of S@l‘fmtuning process with the system
performance of a specified task being improved based on the previous performance of identical

tasks, In many applications, the repsatability of operation is one of main technical features of
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present ﬂmﬂ&&tﬂ&ﬂ fobots. A number of learning control methods for ugconstrained robots have
been reported in the literature, such as [:‘;%«12]° The learriing control methods can serve as ef-
fective means for improving & performance index.

“The purposs of this paper is to present an itemtive learning control strategy for a class of
consizained robois. Before developing the sirategy, we sumnarize the-ideal principles that under-
lie the concept of lestning contiol as the following set of postulatestt;

1) Each operation ends in a fixed finite time &> 0.

2) A desired output y,(£) is given a priori over the time duration 1€ [0, ¢].

3) Hepeatability of the initial setting is satistied, i.e. , the initial state /(D) of the system
can be set the same at the beginning of each opafation in the following way : '

H(0) = a0, for j= 1,2,
where j denotes the irial number of operation. ’ v ,
4) Invariance of the system dynamics is assumed throughout repeated training.
5) Each output trajectory y{¢) can be measured without noise and hence the error signal
of = go(t) = () -
can bs utilized in consiruction of the next command. input.

$) The next command input #/T1(¢) must be composed of a simple and fixed recursive law as

follows ¢
W) = F(@), ().

For convenience of later reference, we state briefly the nonlinear tmns.formationm which
converts the constrained systern into two reduced unconstrained subsysterns, and some structﬁral
properties of the reduced form of i‘he'mbot model in the next section. o
9  Constralned Robot Dynamics and Main Properties

For a constrained vobot having @ revolute joints, explicitly Incorporating the effects of con-
tact forces, the mathematical model of the robot system; at the jth iteration, is descnbed as

MO + (¢ ¢ + G(g) + Tu(®) = W + f7, D
?(gh) = 0 ’ ' C@
where ¢/&R" is the generalised displacement; M (¢/) € R is the symmetric positive definite in-
ertia matrix s C(g?, ¢FE R is the vector of centripetal and Coriolis torques and G(¢)) ER¥is'the

vector of gravitational torques; T,(4) € R* is the unknown bounded disturbance vector that is

repetitive for cach immﬁong‘ WE R is the generalised control input; ®(g¢’) is the m-dimensional
constraiat vector function; F==JT(g)M; J(¢) ==[30(¢) /3¢’ | is an m X n Jacobian matrix; and
AMER™ is the generalised contact force vector associated with the constraints.

The mmtmng given in (2) are assumed to be holonomic and frictionless. Note that, if
B{(g’) =0 is identically zatisfied, then also J(¢) ¢ =0, Hence, the raotion of robot is constrained
in the constraint manifold SCR?, defined by

8 == {(gf¢?) (g = 0, J(g)¢} == 0}, ‘

MeClamroch and Wangl) use the following nonlinear transformation to convert the con-
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stralped system into two reduced unconstrained subsystems in which

automatically.

33 that there exisis an open set Ve=R*"" and a function L. V-»R7,
P((gd)ygl) = 0 forall ¢ € V.

Consider the nonlinear transformation

Supp

which is differentigble and has a differentiabls inverse ({rausformation @ RP=R*; such
Yy

Eg - QG = i“ xi{%%j | )
Let the nonsingular Jacobian matrix of the inverss transformation be
[7, a@(g. D /3d] .
ﬂ@ Lew 1 0
“The constralned system, given in (1) and {2), can s tran
M (@Da + Tl ,ahysd + T - T8y o P8I0 A T DTy SYEN {6
of = 0 ' (7

where M <x5> = 4T (ah) M (@Y (),
Gl 39 o= Q”(W)O(@Q&"),Tﬁ
G == 7

gj s

«
Nt

kY

‘where T € R i3 g constant matrix and rank® =<m; &
generality , we can rewrite (8) as
D) = qf + Togh - 0 = 0

where ¢{ € R" and A= s g const

mmms giz (5"’

J@h = [LTy]; 7@ =

Lo 7..]"
and thus (@) == TMQ )T, ' <)
O &) = 170 (QLady , %), ’ (1
Gy == TG ). (D

By introducing the partitioning of the identity maiix 7, ere By is an m X g

trix and By is an {(n~—m) X» mairix, (8) can further be transformed o

Elﬂ(:@)i% ,j A IO (o ) B8+ BTG (wd) + By

Ez."?M?(yg) 4 L?O(,azzg;a})ﬁ%a E?Zi(:ﬁé) A B w

y M &y, Oaf, a9

d G{2%) eva

o robot dy

see, €. g, [13]and [147]. we immediately obtain the following properties ;
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‘such that for'any 24, 4
and || G(ab)

PN,

Sy == Oy Y g 2 B

gociion, we consider

=

15 siror is bounded ai

where, K i8 an 5
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The constraint surface, in terms of roboi coordinates, v expressed as
‘ " WD =g =0
where y is a constant. J‘T (qf) [1 0%, and thus fz-wO in thlS example, the parameters are as-
sumed to have the followmg values’ AR e S o
m = my = 1(kg), z1 = zz = 1(m), re= /T (m)
and thus pu=g/ 2 ’I‘he desired tr&jectory and the desxred constmmt fome am m@pactwely assumed

fI’ (i) e

t0 gg== [-=-- sm(Zé)]T and fy==[7. ()jT In the controller demga, we @hoose

srad
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Fig. 2(6)  Position tracking error of joint 2,at § = 20 “Fig . 2(c) "~ Force tracking ervors at § = Land j== 20

“onclusion

We have presented a new iterative learning controller for constrained robots in the presence
of unknown bounded disturbances. The controlier design is based on the singular system model
representation. In the motion tracking of the closed-loop sysiem, the unkanown disturbance rejec-
tion is achieved for all € [0, ¢;] and'the perfect motion tracking is gnaranteed. In addition, the’
force tracking éﬂér_rerﬁaihs bounded and the bound can be adjusted by a design matrix Gy The

control input contains no acceleration measurement or‘estimation.
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