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Abstract; In this paper ,the problem of tracking along a constraint surface is studied. Towards
this goal , the main contribution. in this study is the intreduction of. two:task specification projective op-
erators. with these operators, the dynamic equation of a constrained robot manipulator can be decoupled

into two subsystems,one of which describes the motion.and the other describes the constraint force. A

force. 2 .
Keywords: robot control;nonlinear system;target tracking;control system synthesis; hybrid con-

trol

i Introduction . .. o |

Recent research in dynamics-and control of robot manipulators has gained much attention o
developing the task specification for motion and contact: force of the en'dwéffector. ‘This ‘problex
is known as the compliance control of robot manipulators. Two main categories of methods hav
been developed ;impedance control and hybrid position /force control. '

Impedance control is aimed at developing a relationship between interaction force (torque
and position (oﬁentation) of manipulatort!-2), Hybrid position/force control is designed to contri
the force (torque) and position (orientation) in a nonconflicting way. In this method, force |
generated along those directions constrained by the environment, while position is restricted alon
those directions where the manipulator is unconstrained and free to move.

The hybrid control method has been first proposed by Raibert and Craig (1981)[, i
which , however, the dynamics of manipulator is not taken into account rigorously. Then
Yoshikawa (1986)[4] developed a dynamical hybrid control method,but the motion of the robo
manipulator can track only the desired acceleration. Khatib (1987)[5] established the generaliz
task specification matrices matching with the specifications of the motion and the contact forccs
Although the explicit formulation was not given therein,it is pointed out that the control of mo

tion and force can be achieved with respect to different directions in the task space. McClamoroc
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98 g)Le? suggested a control law for a constrained robot to track the desired motion and contact
_This control law is comparatively perfect but the assumption of global solvability for the

r alnt equamon seems too strict. 4

Tln the present paper, the concept of. a ‘couple of nonhnear p!‘O]BCthG operators, called task

, ifi cation projective «operators,is defined -and analyzed Based on these:operatorss the dynamic

constrained robot manipulator can be decoupled into two subsystems one of ‘which

,,Iesents the motion and the other describes the constraint force. With this decoupled dynamics,

e
feed forwar d

and feedback control law is established such that the desired velocity and constraint
'force can be tracked satisfactorily. T

This paper is organized as follows 1).The dynarmc model equatlon and the constraint equa-

on 2) Task specification propctxve operators; 3) The decoupled dynamic ‘equations; 4) A

:dforward and feedback control law.

The dynamic model and the constraint equatnon R

. We consider a constrained robot, its dynamic equation ist®] T T
CD@i+elgs) =u+fo f & b s GiCE)
re g ER* denotes the generalized coordinate vector' of a robot manipulator. In ‘general , the
ponents of ¢ are the joint angles of robot in the joint space. Besides g may also represent the
eralized coordinate in other space instead ,for example,the task variable in the task space. ¢,q
fhe generalized velocity and acceleration ,,respectively.'D(qz)gR‘!—“-D%PR‘;‘X""“, is ‘a positive definite
trix containing the inertia of the sjfstem. u, f denote the generalized control force and the con-

int force. ¢(q,q) : B*X R*—>R*,is a nonlinear term containing gravity , gyroscopic and centrifu-

inertial forces.
We. assume that p€& R* is also a coordinate vector of the robot manipulator’; which is suitable
escribe the constraint of its end-—effector. Gon’sequently,;\the constraint equation can be’ ex-
F(p)««—O S0 IR IR (2>
ete T, R*—> R",is assumed to be analytic in U RE*,;an open set in B* In addition’, the relation
een p and g can be given as follows S 3
any nonsingular’ position of the nonredundant mahipulator considered here, p and ¢ in Eq. (3)

be transformed to each other one to one. Substitution of Eq (3) iato Eq {2 ylelds.‘“

: F(q) = F(H(@) = 0. )
differentiationg Eq. (4)with respect to time , we obtain s et el gaise W
J(@g =0, J(@) =:0F(@/0q. i oo L8)
Where J (¢) € R™** is assumed to be of full rank,that is, ,;
~ Rank[J(p)] =m. (6)

JThe generalized constraint force',,in the ideal case,can be represented by .
i mmdTC@Q de v s s el By o)
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where A€ B* is a so—called Lagrange multiplier vector. It is revealed that the n dimensional g
eralized constraint force only depends on an m dimensijonal vector. According to Eq. (4), we ¢
fine a set in B® as
; ol oI s sm{quCR‘iF(Q)mO} ,
This set: bemg fundamental in-our development, is generally a manifold in B*;on which the m,
tion of the manipulator is constrained. Therefore ,the dynamw model of a constrained robot is'g;
gular. This is the essential difference between the constrained robot and the free one in their mq.
tions, . ¢ srisiery feriteel sids sl sy . ’ { i §
3 Task specification projective operators
“Let us define ‘a pair of ‘projective operators for each ¢& U B as follows
CB@ = DT @I @D NI TV @ g
=D~1(g) (6F/ @)’[(W/dq)l)”‘ (q) (6F/ 69)73”’(61?‘/6@ . g
P{g) = I—P(q) e penip e ah L Dabeam whimnh (Y
Note that these deﬁmtlons are well posed since D(g) is a posmve definite matrix. Some propert
of the aforementioned definitions are given in the following Lemma.
Lemma 1! P(q) and P(g) are all projective operators,and the
1) P =P(0)» P =P(0)s
2 P(+P(p=1I; © g,
3 P(OQP(O=P(p(e)=0;
- ) P M@ fl=D"ND)f5
0 5) Pgg=q. 1 8
. The proof of Lemma 1 is straightforward and is,therefore ,omitted.

- In order to illustrate the geometric concept of task specification projective operators ,:fdfy eal
peoint ¢ & U Ry we define two subspaces in the tangent space T,(9)
51(9) = :{z, € T, |J(@z1,9 € U},
s = {2 € T, V) l:vz = D“l(q)J(q)A, g€ U,2 € R}
It is.clear that
L 31(9) + Sz(q) =T, (U)

From Egs. (9—13) and Lemma 1,we also see that s; is along the tangent surface,
but sz doesnot;;’comczglef with the normal surface of the constraint mamfokd(ﬁ).:ﬁe\sxdes,?( )
fined in T,(U) is a projective mapping along s; to s;;while P(g) is along s; to s1.
4  The decoupled dynamic equations 5 ‘

By using the tagk specification aperators,the dynamlc equatlons of a constrairied robot
nipulator can be decoupled into “ P

P(g)§ = «P(q-)&ﬂ;' s he g
P(p§ = P(Qu + D7UDS,
= DY) [u — elg, ) o
where P(g)¢§ denotes the projective mapping of generalized acceleration ¢ along s, to s,,and
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( 3 maps g alongs; to sy, In the case that robot manipulator were a particle,the two vectors
q o

? menmoned would be the tangent and the normal accelerations, respectively. In general, the
1'6

poneﬂt of the generalized acceleration,used to calculate the generalized constraint force,is not

n ormal acceleration of the constramt manifold. Et is also mterestmg to know that from

i= P@i+ P, and §= dt[P(q)q] = P(q)q + P(Dg,

e can Obtam :
: ©PlQg ="‘P(q)q" . (16)

y summing up the equations mentioned above,the following theorem is obtained.

Theorem 1 The dynamlc equations of constramed robot manipulator ¢an be decoupled into

s (14) and (15). The generahzed constraint force is independent ‘of the generalized accelera-

A feedforward and feedback control law

In order to derive the control law , two nonsingular matrices Q(g) and @' (g) are defined

0 (DPDQ) = Lo ?J S an
QU QPP = |_0 ‘I,jJ' , (18)

The transformation Q~1(g) means that n—m of the independent columns of P(g) and m
ns of P(g) are taken as a group of new base in the tangent space for each point ¢& UC R,
Q(q) can be calculated by the mdependent column; searching algorithm.

Theerem 2  Given a desired trajectory ¢! satisfying the constraint equation. (5) and & de-

Sene;allzed constraint force fé=J7(q) 2%, the following feedforward and feedback control

u= P(g)u + P(pu ,' :
=P[O (g,9) (g4 — @) + qd + K(q) @ — 9] i
+ B[ DV @D¥+P@¢] . UD

lim(¢ — ¢) =0, and Hm(f*— f) =

@D =@ @D,
| | R@ =:@@Ee (@), K =Disgk,00. @0
LK s an a—m dimensional stable matrix.

Proof Let us define a nonlinear transformation for the generalized velocity as follows
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z=—-{j 2 € B

and suppose that
# = Q UDE, #= %ﬁ
then ,we have
2= Q¢ + 0 g, D
Z= QD7+ ¢ (@ De
Substitution of Egs. (21) and (22) into Eq. (19) yields
P9z =P(@{Q(Y g, D[Q(# — @(9)=]

+ QDZ — QD g, DR + QE(# — z)}
=P()[— Q¢ (g, QD2 + QDZ + QK (# — 2)].

Q(g,9) = ——Q (g5

Substituting Eq. (23)into Eq. (14) and premultiplying the two sides by Q () ,respectlve~
ly ,we can obtain S
QTIPQZ — QT'PQYTIQz =— QT'PQYTIQz + QTPQF + QTPQE(# — 2.
that is
#—2) + Ki(# —2) =0
Thus,we have
lim (% — 21) = (.
Also,because -

& — zp= Q“‘PQ(z‘ —2) =Q P(¢— ¢ = 0.

the following limit is guaranteed

lim (£ — z) = 0.
oo
Moreover ,substituting Eq. (19) into Eq. (15) ,we obtain
= P¢ — D"H(JI"(¥ — ).

" Consequently , the limit of the difference between the generalized constraint force and its desir

value is guaranteed to be zero. Thus,the proof is completed.

In addition,the closed loop of the system can be improved for the following cases. In most
the practical problems‘ about compliance control of a robot manipulator,in order to satisfy tt
quality requirements of the closed— loop system, it is enough to tracking only the desired velocity
¢(t) However,in the case where tracking of the desired trajectory ¢ (1) is also a requirement,
additional outer loop is needed to guarantee the difference between the practical generalized coo!

dinate and the desired one to approach zero. This difference ,multiplied by an appropriate gain m:

trix ,can be used as the input of this additional loop. The structure of this system is shown in F'
3 ; , ,
In the case that the end—effector of robot manipulator is free to move,we suppose that
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No.‘l
SFféx = J = 0.

: iﬂ Eq- (gy)y’mfls’ o
o ' P(q) I, P(q) = 0.
o | 1 order to achieve the compliance control of a robot manipulator for the tasks in a vanety of en-
i Virommenm,for example , where the constramt 1s vanable,the complete control system may be hi-
, rarchic ally organized. A high—level frame is demgned to plan the motion and to generate a set of
co amands t0 the lower level (real—time) ,wluch gives the task specification projective operators

a_goclated with a variable constraint in real time. This arrangement is plotted in Fig. 2.

High-Level
Frame |

< Robot
| c(q,d ! |

Fig. 1 The Structure of Control System

Conclusions ; ,
A methodology for the descnptlon of constramed motion tasks of the end — effector based on

) [ Control” ‘System l

Fig. 2 Hierarchical Control System

e construction of task specmcatmn pmJectlve operators has been proposed. By using these opera-
1s,the dynamic equation of constrained robot manipulator can then be decoupled into two. sub-
ems ,representing the motion and the constraint forces srespectively. Moreover ,an. approach of
gning the controller for the dynamic hybrid posmon/force control of a robot. mampulator has
n: presented Fmally ssome suggestxons for unprovmg the desxgned closed loop system have been
for some: cases. 1 , s ,
Recently some methods have been developed (for example ,Slotme J.JE, 1986) te enhance
bustness of the closed — loop systems of robot mampulators,though it 13 open in this paper.

ddition , the VSC law may be used to improve the robustness of the compliance control of robot.

nipulators.
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