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ABSTRACT.

In view of a hierarchically intel

ligent control system for robotic manipula
tors, the major problems arising at hardwa

re control level and coordination level are

analyzed. In particular, based on adaptive

control theory, solutions are proposed both
for effective control in the drive oriented

space and for the inversion of coordinate
transformation. Finally a robust control
scheme is proposed directly in the task
oriented space.

INTRODUCTION.

Since 1980 research in roboti
cs has been undertaken at Istituto Elettro
tecnico, University of Naples, by the con_
trol team.

Manipulation systems represent an appea
ling research field where intelligent con
trol theory can be successfully applied. A
hierarchically intelligent control approa_
ch has been proposed by Saridis [1] as uni
fied theoretic approach of cognitive and
control systems methodologies. The control
intelligence is hierarchically distribui_:
ted according to the principle of decrea_
sing precision with increasing intelligen
ce. One can recognize the following three
basic levels of controls, even though each
level may contain more than one layer of

three-structured functions:

1) organization

2) coordination

3) hardware control.

As an example a hierarchically intelligent
control system for a manipulator with visu
al feedback [1] is reported in Fig. 1.
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Fig.1 Hierarchically intelligent control
system for a manipulator.

In the light of this reference scheme rese
arch in robotics has been carried out by
the above control team following a bottom-
up approach. Such a choice has arisen from
the intent to seek for robust control algo
rithms suitable for highly nonlinear cou_
pled systems, like robotic manipulators.
This approach has been thought as lighte_
ning the upper levels, in particular the
'linguistic decision schemata' of the coor
dination level, after all the software bur
den. '
Listed are below some problems arising
at the lowest level
i) modeling of the manipulator
ii) control of the plant wiht uncertain
dynamics
iii) manipulator control in the drive or_
iented space
iv) coordinate transformation from the ta
sk oriented space to the drive orien_
ted space
v) manipulator control in the task orien
ted space.
These topics are not definitely exhaustive,
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but they are just as well indicative of
the above research activities in robotics
during latest years. By the way, various
contributions are illustrated in the next
sections.

MANIPULATOR MATHEMATICAL MODELS.

Modeling of manipulators is a
well established topic of classical mecha
nics [2] . Robotic manipulators consist of
a set of n+1 rigid bodies linked toghethar
by n actuated joints. It must be underli
ned, however, that system elasticities can
play a significant role as far as control
performance is concerned. In this paper
such effects are neglected. Fig. 2 shows
a commercially available Cincinnati Mila_
cron Model T3; each joint of this industri
al robot is electric-driven.

ELBOW
EXTENSION

Fig. 2 Cincinnati Milacron T3.
Kinematics.

A robot task is naturally spe_
cified in terms of hand Cartesian coordi_
nates. As indicated in Fig. 3 the position
is described by a position vector p(t),
whereas the orientation is defined through
a unit approach vector a(t) and a unit sli
ding vector s(t). All these vector are de
fined with reference to_the base coordina
tes of the manipulator [3). Moreover a u_
nit normal vector, defined as the cross-
product n(t)=s(t)xa(t), is introduced in
order to define the reference orientation
in terms of Euler angles with respect to
base coordinates. Therefore the state of
the hand at time t in Cartesian coordina
tes with reference to the base coordinates
is represented by a nine-dimensional vec_
tor [pT(t) aT(t)!sT(t)]T= [pT(t)! nT(t)]T.

Let n be the number of joints and q; for
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Fig. 3 (a) Position and orientation vec_
tors of hand. (b) Euler angles of

orientation.

i=1,2,...,n the joint variables. Then the
above vector can be expressed in terms of
q; as

[PT (e} hT()]T = £(ay,qp, 000y (1)

where f(.) is a nonlinear nine-by-one vec_
tor-valued function.

Dynamics.

Using the above notation for joint
variables the dynamical model of the mani_
pulator can be written as

B(q)g = -clq,q) + g(q) + 1 (2)
is the inertia matrix, clg,q) is
the vector defining Coriolis and centrifu_
gal terms, and T is the vector of input ge
neralized forces applied to the joints. The
inertial terms and the gravity terms are in
practice dominant in manipulator dynamics,

where B(q)

‘whereas Coriolis and centrifugal terms cou_

nt only when the manipulator is moving at
high speed. It should be pointed out, how
ever, that the inertia matrix is inclusive
of the actuator inertias which mostly deter
mine manipulator dynamics.

MANIPULATOR CONTROL IN THE DRIVE ORIENTED
SPACE.

The control of the manipulator in
the drive oriented space involves the compu
tation of the input generalized forces, so
that each joint will reach a desired posi_
tion, eventually tracking a target trajec_
tory. Nevertheless, (2) represent a set of
highly nonlinear coupled second-order equa
tions which introduce relevant difficulti:
es in synthesizing a robust control algo_
rithm. Various sophisticated dynamic con_



trol schemes have been proposed, like Re_
solved Rate Control [4], Inverse Problem
Technique [5], Computed Torque Technique
[6], Resolved Acceleration Control [3];
but all require accurate modeling of mani_
pulator dynamics. Consequently, a great ef
fort has been made by many researchers in
this area to find efficient algorithms for
automatic dynamics computation [7], [8].
Unfortunately a great amount of computati_
on is always required during the motion,
which limits the maximum sampling frequen_
cy to be used in the control of manipula_
tor. Whatever control scheme is implemen_
ted, however, it must be kept in mind that
the dynamic control is very sensitive to
inaccuracies of the modeling, like errors
in the lengths of the links, their masses
and inertias, and above all variable pay_
loads.

This kind of problems have been faced
up resorting to adaptive contreol techniqu
es [9], [10]: all these, however, assume
a linear and time-invariant reference mo_
del and require the plant dynamics to be
considered stationary when the adaptation
mechanism operating. These assumptions are
invalid for robotic manipulators with high
dynamic performances; hence the necessity
of finding out efficient adaptive control
techniques for nonlinear time-varying plan
ts with uncertain dynamics has led to esta
blish peculiar control algorithms wvia hy
perstability theory [11]. By the way, an
adaptive model following control has been
developed in [12]and applied in the case
of a three-degree of freedom robotic mani_
pulator.

Typically, industrial manipulators have
six degrees of freedom, three of which are
necessary to determine the wrist position,
and all of them concur to define the orien
tation of the hand. As a matter of fact
are the first three joints which are most_
ly sensitive to rapid and wide inertia va_
riations; hence robust control algorithms
must be used at wrist level, while for the
control of the hand conventional control
techniques may prove satisfactory.

As regards to the control of the wrist
in the drive oriented space, reference is
made to the scheme of Fig. 4. Consequent
ly, denoting as xp= [qg:éng the wrist sta
te vector, manipulator dynamics (2) can
be rewritten as

ko= A egxg ¢ |-2lBT )t (3)
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Fig. 4 Model reference adaptive control
for robotic manipulator.

where the input generaliZed forces vector Tt
is given by:

T = Mixp) [¢(e,x5) + ¥(e,Q)]. (4)

At this extent the design procedure set
forth in [12] leads to the following choi_
ces

Mtxp} = I3'.'

T
6 = Kp visan xp) " /lv )
Y = Ky visgn ﬁ}T/IVHr

where v=De is the output of a linear com_
pensator, K, and K, are design parameters
and |v| is any norm, usually the Euclidean
one. This way, the generalized error € is
guaranteed to go asymptotically to zero, i.
e. the controlled plant is forced to behave
as the reference model.

Many other choices for M(xy,), ¢[a,xp} and

Y (e,Q) are feasible [13]; in particular the
dynamic structure of the manipulator gene_
rally ensures that a constant matrix M exi
sts such that B~'M is a diagonally dominant
and positive definite matrix allowing an
oversimplified adaptation mechanism like:

1 = KMsgn(v) (6)

where K is a gain factor taking account of
the maximum values of state variables, ex_
ternal inputs and disturbances.

Although the reference model in Fig. 4 pro
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ves useful from the theoretical point of
view, in robqtics, usually, the state vec
tor xy=[aT}aT]T is known because the tar
get trajectory is wholly specified in ad_
vance at the upper level so that xy can
be assumed as the effective input vector,
simply by reversing the arrows related to
the model reference block.

The adaptation law (6) forces the sy
stem to operate in sliding mode [14] with
the discontinuous control 1 ideally swit_
ched at infinite frequency. In reality, im
perfections such as switching hysteresis
or delay, finite switching time or bandwid
th and approximate modeling as well, i.e.
neglecting electrical time constants of
d.c. motors, all lead to a non-ideal sli_
ding mode (chatter) with a finite and im_
predictable frequency.

In order to avoid the above difficulti_
es, a high frequency sawtooth signal m(t)
can be added to v(t) so as to reali:ie the
modified adaptation mechanism

T = Kﬁsgn(v—m}. (7)

The auxiliary signal m(t) locks the chat_
ter frequency to a well defined value, far

beyond the natural frequencies of the pla_

nt.

A very appealing feature of the modifi
ed adaptation mechanism (7) is that it can
be easily implemented by means of a pulse
width modulator (PWM) amplifier which is
right the power amplifier usually employed
in electrical drives [TS]. Collecting to_
gether all previous remarks, the control
scheme for a single joint, reported in
Fig. 5, is achieved.
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ADAPTATION
MECHANISM PLANT
Kb/ﬂ

Fig. 5 Single joint adaptive control sy_
stem.

It should be noted that frequently the ma_
trix M in (7) can be chosen diagonal so
that three independent control drive ser_
vos can be implemented. A single joint dri
ve equipped with the above adaptation me_
chanism has been extensively tested in la
boratory [15]. Results have shown the ro_
bustness of the proposed scheme with re
spect to wide impredictable load inertia
variations, achieving substantial improve
ments of the dynamic behaviour as compared
to a conventiocnal PI controlled joint dri_
ve. In Fig. 6 illustrated are some experi
mental drive responses; tracking characte_
ristics are constrained only by the inter
nal current limits.

Fig. 6a Drive response with low moment
of inertia.

Fig. 6b Drive response with high moment
of inertia when the current 1i
mit occurs.

14A ATM. Curraat

Fig. 6c Drive response with high moment
of inertia.



 COORDINATE TRANSFORMATION.

In order to provide the control
led manipulator in the drive oriented spa
ce with the target trajectory [QT[QT]
the coordination level is required to per_
form a coordinate transformation from the
task oriented space to the drive oriented
space.

Whenever the goal is specified in terms
of finite number of corner points or a re_
petitive trajectory in the task oriented
space, the coordinate transformation can
be performed either numerically off-line
or recurring to the so=-called 'teaching-
by-doing' method [16]. On the contrary, if
the target trajectory is not prespecified,
the coordinate transformation must be eva_
luated on-line.

Referring to kinematics of robotic mani
pulator (1), because of the nonlinear cha_
racter of the vector-valued function f£(.),
the computation of f'1{.) is very time con
suming [16]. In addition, further difficul
ties arise from the fact that £~1(.) is a
multi-valued function.

The algorithms which compute the coordina_
te transformation must be valued in the 1i
ght of a compromise between computation ti
me and precision requirements. In existing
control schemes the determination of § is

also needed; therefore, besides the inver

sion of f£(.), the pseudo-inverse of the re
lated jacobian matrix J(§) must be evalua

ted in order to compute ﬁ-[ QT]T from

(871 8T]T = s (4514817 . - (8)

which is time consuming as well.

The on-line determination of § and é
directly from (1), (8) proves rather hard,
then. In [17] an adaptive technique has
been proposed in order to solve the coordi
nate transformation problem; the inversion
of (1), (8) has been turned out into a dy
namic problem whose asymptotic stability
is ensured in advance.

At this extent, with the following par
titions

£@) = [£5(qp) i £ (@ ]" (9)

(3,06, i 0 )
p'9p

3@ = | —————— F————I (10)
Whp @) | I, (@) )

(e 1 (a8 - o)
P P

LEh) th = h)

and the choices

E P
vple) = 1+ gt ST (12)
p 9P p PP
€ PRA
Yh:) = 1+ +
“hPhh nPheh
- eEPLInnd (13)
eTp, 3, T1P ¢

the scheme in Fig. 7 gives the required so
lution to the above problem.
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Fig. 7 Coordinate transformation schene.
Pp and Py, are positive definite matrices at
designer's disposal and their values affect
convergence rate and precision attalnable
for a given settling time.

On the one hand the robustness of the
proposed scheme derives from its closed -
loop structure. On the other hand its sim
plicity leads to a digital implementationﬂ
making use of a single dedicated micropro
cessor system, for instance NS16032 with
NS16081 floating point unit. An appealing
feature of this solution is that the hand
orientation is automatically coordinated
with the wrist motion, whatever kind of ta
sk is required to be performed. This way,_
one of the major problems [1] at coordina_
tion level, see Fig. 1, is overcome.

Simulation results for typical kinemati
cal chains have shown that the maximum er
ror ¢ can be kept below 1mm.during the mo
tion, whereas it is practically zero at SEEE
dy-state.

MANIPULATOR CONTROL IN THE TASK ORIENTED
SPACE.

Target trajectories are usually plan
ned in a coordinate frame characterizing B
the task-oriented space, that is the Carte
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sian space. Consequently, it wouid be much
more appealing to implement a controller
which makes the end effector exhibit posi_
tions and forces according to the desired
target trajectory, directly in the task o_
riented space. In this light, many attem_
pts have been made like Resolved Motion
Force Control [18], Dynamic Control in Ope
rational Space [19]; but all require ei_
ther accurate modeling or good load fore
casting. In [20] an adaptive controller
has been proposed, assuring insensitivity
and decoupling in the task oriented space;
but it suffers from the need of inverting,
though approximately, the jacobian matrix
(8).

At this extent, redrawing the scheme of
Fig. 7 in the simpler form of Fig. 8, and
even more considering the adapted manipula
tor in the drive oriented space and the
coordinate transformation previously illu
strated, lead, quite naturally, to the

schemes of Fig. 9.

P COORDINATE q

a TRANSFORMATION i
Fig. 8 Simplified coordinate transforma_

tion scheme.

. It should be observed that the serial
connection of Fig. 9a does not present any
convergence problems from a theoretical
point of view, but, in the worst case, er
rors accumulate, because of the open-loop
structure.

On the contrary, the closed-loop struc_
ture of Fig. 9b looks like the scheme sho_
wn in Fig. 8, provided that the drive o_
riented space adapted manipulator outputs
Teproduce instantaneously the correspon_
ding input$. In reality the drive oriented
space adapted manipulator exhibits a fini_
te bandwidth, which could alter, even inva
lidate, the asymptotic convergence proper_
ties. Nevertheless the robustness of the
scheme in Fig. 8 enables a reliable use of
the solution proposed in Fig. 9b.

Simulation results with reference to
Stanford manipulator [5] have shown, in
fact, that both solutions prove adequate;
in particular the closed-loop one yields
limited errors in dependence of the opera_
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Fig. 9a Open-loop controlled manipulator

in the task oriented space.
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Fig. 9b Closed-loop controlled manipula_
tor in the task oriented space.

ting speed. By the way, trajectories with
typical trapezoidal velocity profiles are
tracked in times 1/6 of those reported in
[3], obtaining a maximum error less than
1 em. for a 40 cm. straight-line path; on
condition that the executing time is hal
ved, the maximum error falls below 2 mmn..
The steady-state errors remain, howewer,
in the range of microns.

CONCLUSIONS.

This paper has dealth with the
major problems existing at lower levels in
a hierarchically intelligent control sche_
me for robotic manipulators.

Taking into account the highly nonline_
ar dynamics of a kinematical chain and the
uncertainty, mainly due to variable pay__
lcads, robust control algorithms are nee_
ded. For this end, extensive use has been
made of adaptive control theory for nonli_
near and uncertain plants. In addition,
this theory has proven useful in solving
the inversion of coordinate transformati_
on, which eases the coordinator at upper
level of the computational burden.

Efficient control schemes for industri_
al robots have been proposed, both in the
drive oriented space and directly in the
task oriented space.
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