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A METHOD FOR THE DYNAMIC CONTROL

"OF REDUNDANT MANIPULATORS

A. Litceors® anp M. RENAun*f

ABSTRACT

The work presented in this paper deals with the study of the dynamic mo-
del and with the control system synthesis of adaptive advanced manipulators un-
der complex and time varying environmental conditions. One of the problems to
be solved in this case is the automatic coordination of the movements of the
varlous degrees of freedom in the redundant mechanical system.

A method of dynamic coordination is presented in this paper which can be
applied to articulated mechanical systems, which have a tree-like structure.
Bach branch may exhibit translational and rotational relative motions. The pro-~.
posed method can be divided into thres main stages :

(1) in the space of the meaningful variables (for instance those defining the
manipulating device's orientation and position) a potential function is cons-
tructed in such a2 way that iz bas a unique aminimum for the desired values
of “these variables,

{2} the generalized forces obtained frow the potential function are applied to
the joints,

(3) dissipative forces are added which are couputed in order to insure the opti-
mal stabilization of the mechanical system. . '

The practical application of this method in synthesizimg the lower level
control system requires the knowledge of the mechanism's dynamical model.- The
equations of motion, based upon the Lagrangian formalism, are preésentad. The
different methods developed in the literature for obtaining such equations are
summarized and compared. .

Finally the theoretical results exposed in this paper are applied to the
controel of an experimental mechanism : the "REOTHETAPHI®, a telescopic gimballed
manipulator. '

T. INTRODUCTION

Some wanipulators have a large number of degrees-of-freedom, which insure
great flexibility and thus the ability to avoid obstacles. Here the problem of
the automatic contrel, of such a redundant device is considered from a given
initial positicn to a final position corresponding to the task completion. In
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general, this problem leads to arbitrariness since there iz an infinite mummber
of final configurations which enable the given goal to be attained. It may
therefire be of interest to select, among all these configurations, the one
which is “optimal®™ with respect to a secondary criterion. This will be the case,
‘for example, if all the joint variables are required to be sufficiently "far™
from the limiting and locking values.

The typé of manipulator under consideration is an electro-mechanical
asystem with many couplings. The mechanism is assumed to have a tree-like struc—
ture, l.e. without loops ; it is formed by the inferconnexion of an arbitrary
mmber of links, with revolute and prismatic joints. Each degree of freedom
is actuated by a motor. The system inputs are the motor torques. The outputs
are the positions and the velocities of the joint variables. The input-output
general description of a manipulator as a mechanical system will be obtained in
deriving the dynamical state equations which describe the motions. Thus the
first problem arising in the dynamic¢ control of manipulators is to obtain a
dynamical model. Then, the second problem is to develop a control system which
ensures a good coordination, or synergy, in a dynamic sense.- .

2. DYNAMICAL MODELS OF ARTICULATED MECHANICAL SYSTEMS

There are three main groups of methods, presented in the literat:re,
suitable for obtaining the dynamical tquations :

{1} the methods using the NEWION-EULER squations,
{2) the methods using the LAGRANGE equations,
{3) a recent method using the D'ALEMBERT principle of virtual work.

2.1. Methods based on the NEWTON-EULER equations

These methods were first developed for the study of the dynamic behavionr
of deformable spacecraft.

The particular model established in 1962 by H.J. FLETCHER et al /1/ was
generalized later by W. HOOKER and G. MARGULIES.” /2/ : the proposed model intro-
duces the concept of “augmented bodies™, which simplifies the equations. Pur-
thermore, the matrix formalism used by R.E. ROBERSON and J. WITTENBURG /3/,
following the BOOKER-MARGULIES vector equations, is suitable for simulations
on digital computers. ' ' '

Nevertheless these methods are limited to relative rotations and it is
difficult to eliminate the constraint torgues /4,5/.

Recently, J. WITTEMBURG /6/ added the possibility of taking into ac-
count relative translational mottons between adjacent links. This method can be
compared to the work of G.V.KORONEV /7/ who had previously introduced the no—
tions of kinematic and dynamic levels, together with the “principle of compa-
tibility®™. Unfortunately, these methods, which are based upon tensor calculus,
do not lead’ to an explicit formulation of the scalar equations of motion. Such
a drawback does not appear in the method praposed by E.P. POPOV et al /B/.

M. VUROBRATOVIC and J., STEPANENKO /9/ have developed the algorithms, for
the dynamic simulaticns of anthropomorphic systems, by using the NEWTON-EULER
equations and D'ALEMBERT'S principle (cf. § 2.3,). They introduce the notion
of a connexion matrix which allows the ‘study of closed Kinematic loops.

The method of F.W. OSSENBERG-FRANZES /10/ who geals with “he most general
case of articulated systems, is interesting principally from the theoretical
point of view.
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2.2. Mothods based on the LAGRANGE equations
2.2.7. J.J.UICKER'S method /11/

This method is an extension of J. DENAVIT and R.S. HARTENBERG'S forma—
lism /12/ ; its originality is to be found in the use of 4xd4 matrices ; and
also in the fact that, the mechanism under study may have an arbitrary number
of closed loops. The authors have also presented an interesting way tq obtain
the kinetic energy and the potential energy, that leads to the LAGRANGE'S
equativns in a form suitable for simulation studies. R.A. LEWIS /13/ and
A-E. BEJCZY /14/ have applied this method to the design and study of a 6-d.c.f.

UICKER'S method appears to be the most general bunt it suffers from a -
great redundancy in the computations and it ignores the interesting notion of
“auqmented hodies™; : ' - :

2.2.7. A method suitable for anticulated suysfems with revolute joints

. FPor the special case of systems with revolute joints and with a topolo—
gical tree-like structure, we have developed a method which is different from
the above described one and which brings out the “augmented bodies” and the
barycentexs of such bodies /i5-17/. This method has been agpplied to a 4-d.o.f.
arm /18/. .

. The range of application of this method has recently been enlarged by
also considering translatory motions /19/ , the corresponding results will be
summaArized in paragraph {§ 3) of this paper.

2.3. A method using D'ALEMBERT'S painciple o0f virtual wonk

This method will not be developed here. It has been recently proposed
by J.C. SAMIN /20/. Accerding to this author, the main advantages are :

{1) the method does not need the explicit elimination of the constraint torques,

{2) the method does not need to cmllp:.lte the Lagrangian function and its deriva-—
tives. ' : .

3. THE_PROPOSED DYNAMICAL MODEL

This model is cbtained by using Lagrangian formalism. GIBB'S notation
will be used throughout. :

Let us consider an articulated mechanical structure {fig.1) consisting
of In+1) rigid bodies Co,€y, ., € LetF ={1.2,...n}. A Galitean reference frame
is enbedded in '€ ,. The bodies are numbered naturally starting from € .

£.. The topology of the system is uniquely defined by the set of coefficients

<y

£ { 1 if either¥ is a link of the chainEo‘e‘j‘or i=9
iy~

0 else



528

Fig.1. The general structure under consideration.

The relative motions can be (fig.2).

" 2) either a rotation defined by the relative displacement ¥

b) or a translation defined by the displacementt'tt, vhere £ iz a normalization
coefficient. ' :

The nature of the relative motions have been characterized by the set
of coefficients A(, 1=1,2,...,n, such that 4 =0 in case a) andA}=1 in case b).

2%

St = 0 . S, = 1
Fig.2. Definition of the relative motion.

An additlonal facility for establishing the dynamical model is introdu—
ced by considering the so-called “augmented bodies™ : letm{be the mass of €,
(withm =0} ,and let us write m= ; miand p; =§EJ&"‘§-' The "augmented body™ 'e:
is formed by €: to which the following point masses have been added :

* j+j at points O such that i=a(}) (antecedent of j)

s {m-p) at potnt O .
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It is useful to introduce, in the computations the barymterﬁ-,of
the augmented body, defined by P“‘ a O"l %i {fig.1). -

The above notations, together wi additjonal symbols which take inta
account generalized tensors of inertia I (c£./15/), allow us to derive the
.equations of motion in a stra:.ghtfomrd manrier. The corresponding algorithms
are given in the work /19/.

Let g, -(l-s;')]'- +4T; be the 1-th gemeralized coordinate ; the kinetic
energy T can be put the form

) &t - -
w - 2va et g,

where each coefficient a..“' can be computed as a function of the generalized
coordinates and of the structural parameters. SO0 we cano write

' o - ' ik, . ?
{2) ( 3 Ng—%& q_(,-;-_ZbJ qths.Q_ , Yled
vherabe'-‘"'ist:':emxm synbol -

Inordertoputthedjmanicequationsintheclmimlfmnwinm
thestatcmtorx,theelenentsofvhichm

: c‘t .

3 - .

@ :r,g_mg qy with RPef

Let aube the {n x n) symetn.c matrix formed with dle let us

denote byo{*" the elements of its inverse A™1.1f we put 52 qJ ‘H:z.
(the centrifugal and coupling forces}, the LAGRANGE equations talie follauing
form : . mm'.- O L: 4.2,_,_,‘1.

{4} XL =

[ JL 3 J .

3%“ (@ +5J) , €= Mt 2n.

The method summarized in this paragraph has been tested for obtaining
the equations of various mechanical systems. It appeared to be shorter and
simpler than the method used in /14/, even in the simple case of a gimballed
telescopic structure. These advantadges seems to be due principally to the
introduction of the concept of "augmented bodies™.

4. A& METHOD FOR SYNTHESIZING THE DYRAMIC CONTROL LAW

Several well known methods for synthesizing the control system of mani-
pulators have been proposed, They are mainly based upon the use of the kinema-
tic relationships between the orientation and the position of the terminal devi-
ce and the generalized coordinates. Using these methods, however the dynamics
of the mechanical system is ignored and this may lead to unexpectéed movements
during fast transients of large magnitude. In other works /14,21/ the dynamic
- effects are taken into account but there is no redundancy in the system : the
number of inputs of the dynamic level equals the number of degrees of freedom.
The method proposed below is a theoretical approach to the problem of contrel-
ling redundant systems, i.e. systems which may have several different configu-
rations able to execute the given task, or hit the goal. In our case, we shall -
not specify a priori which configuration must be used ; the coordination of
the several degrees of freedom will be done automatically by choosing to
derive part of the generalized force (3 in the LAGRANGE equation from a poten-—
tial function /22/.
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'.rhe proposed method will be illustrated by solving an end-point problem
and will be applied to a simple practical experiment.

Let Y= [y f--'l";""&.] he the vector whose final value Y© muat be the
given goaly#  we have y T fy (oty,xz,..., =0}

Lat Z= 21,...2. freeZ ] be the vector whose final value z must ba as
"near” as possible to zf; we have 3g_-ﬁ-k (=4, 2p,..., %)
'!hasyst‘.en 13 redundant with i:especttotheqoal i m(n.

In order to obtain the part of the generalized force Q deriving from a
potential function, the following functions are introduced

a) A function -Up for gravity compensation

b) A function V, smooth and having a finite numbei of minima, defined on the
(m x p) Buclidian Space

G VeV {y,,- ,3,1,%“‘...,51,)
I-etvhavetheproperty .

o : o .

o =l5- 2 47 = 4,2,...,m.

(6) V'.. Vmin & 'SJ : _ Y ‘
'F(%*'%'!1""§P)=_o

Example : Let us consider & system with 3 d.o.f. (x,, X, X) and let

Y = F4 (.“:ﬁ_nmla"‘:.’a)
"By = Ry (=x2)

2 = he (X3)

)b; = FLS (===, Cl'-s)

We can choose

® Veot,(gy-yfy "'P"l(.'é-t )*ﬁa(ﬁbﬁ z) +f35("oa A

n

To make the state [ xf xz,...x"_,o o,...o] asymptotically stable, it is
necessaty to :Lnr.:odzéc ng forces Q’
(9) Q Q ;  where
Qt ‘ - aU [:"—1 -3 r\_)
'a:r-t

{10)
U (=g wxe)=V [‘94 {4 0mn sy Bp (=4, :r.u)] .
Tha dissipative forces can be chosen in such a way that the transient -
motion is “optimal®™ with respect to a given criterion /22/.

5. APPLICATION TO THE DYNAMIC CONTROL OF AN EXPERIMENTAL SYSTEM

The experimental system is a gimballed telesco;n.c arm with three degrees
of freedom, ag shown in fig:3.

The problem considered here for illustrative purpeses consists of bringing
the end-point of the manipulator anywhere in a given vertical plane defined by
y-y1 with respect to a fixed reference frame (fig.4).



531

Fig.3. The experimental system. Fig.4. Geometry of the.system.
The requirements on the final state are

a}) xp = T /4
b} the telescopic portion half-deployed.

One can choose .

31 = [?, 5:—34-2 ] Cos ey COoSccp

A= T2

BT L, £ .2 £z

Vo= K (Yq-9q) 4+ ﬁ"-(}bq- Ba) + Pe (mz-Rya) .
wWhen using the method proposed in § 3, one cbtalns the coefficients of
the LAGRANGE eguations :

(11}

PRI M2 : a;12 H 2,
oM sas i, osm, 4y Xy 087X, B2 {af a0y sinm,osxs
2 -2 , + 2
uzn { oz a2y a%tog b3, o, 2, s,
a®. o b2: oo,

From this, the following expressions can be computed :
A2 4,4
S9,=-2b :)C,t'ar.s..zb"a:x:,_tocs

. 2
S, = -2 B2 x% _2b™ 3

4.8 2.2% 2
Sy = b"Pxf 4 b x5 .
QE _ _[®y 2y4 AV ¥ LY Y2 ]
P™ |44 @mp O34 Boxp By %R
which allows us to write the LAGRANGE equations explicitly (4).

Lg X
{13) 5 “~e
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e been found experimentally :

The following numerical values hav
- 0.772, a2~ 0.650 |,

‘ 1
E=10:0-0.200 ;% q.068 , al - 0.63 .o’y
2 .o 0.772 (all units in m2 kg,

a,
An exaemple of simulation of the transient mode is shown in fig.5. In that
case the experimental valves are :
a) coefficients of the potential function : oy = By= 10 Ha =50,
b) initial conditions &y = —]I/E,'J-'.azz 0.,y 0.5, %y =Xg = Te =0
c} goal and constraints :3‘;- 0.5.'5:';”'/4, 52 = 0.634
The motion is shown to be asymptotically stable and to satisfy the termi-

nal conditions.

1
R
] --—5
{ _d 1
'5: = 0.735-._.,.{_ SIS iy g3 N SRS SRR SO
) —
|
3;: 0634 7’.“' AL LATE! TRTRPROVES REEPRpI S ..
N
i N
y;: 0.5 f— V4 e
I
I
:’ '
= =1 =50
' % =Hy=10 B,
! $1=%y= =2
i
!
y r
0 S
0 1 2 3 4 s

Fig.5. Example of simulation results.

8. CORCLUSION
paper deals with the dynamical model and with
A method for establishing the dy~

sented, which leads to a straight-
+ further work is necessary in

The work presented in this
the control of redundant mechanica
namical model of such mechanisms has been pre

forward formulation of the LAGRANGE equations
this field in order to extend the method to the case of closed kinematic chains.

The proposed Lagrangian formalism has then beon used to develeop a method for
stabilizing a redundant manipulator in a given manifold ; the results have
shown that the transient response may exhibit poor qualities from the kinematic
point of view (overshoot) but that the dynamic couplings between the variocus
degress of freedom can be suitably exploited in order to reach the goal.

1 systems.
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