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Abstract

For the control of redundant manipulators, conventional
dynamic control methods of local torque optimization
showed the instability which resulted in physically un-
realizable torque requirements. In this paper, a new dy-
namic control method which is based on the concept of
aspectsis proposed. The proposed method starts with the
basic understanding of the minors in the Jacobian ma-
trix. It was shown by computer simulations that the pro-
poscd method demonstrates a drastic reduction of torque
loadings at the joints in the tracking motion of along tra-

jectory, and thus guarantees the stability of joint torque.

1 Introduction

Kinematically redundant manipulators have more joint
degrees-of-freedoms (DOT) than are required to complete
a specified task. The majority of researches on utilizing
redundancy have been focused on the resolution of redun-
dancy at the kinematic level. This paper presenis a new
real-titne control law which is based on the full row rank
minors of a Jacobian matrix, and the cffectiveness of the
new approach is evaluated by computer simulations in

comparison with other conventional methods.

2 Preceding Studies on Control
of Redundant Manipulators

The dynamic resolution of redundancy, which is taking
account of the manipulator dynamics, has been mainly
focused on minimizing torque loadings at the joints. The
command torque T of model-based control is in general
generated by the measured values of joint angle and ve-
locity vectors, namely @ and 8, and the command joint

acceleration 54. That ié,

= M(8)8,+ N(8,9) m

where M(6) € R™" is a symmetric, positive definite
inertia matrix, and N (9,9) € R" is a vector contain-
ing terms such as Coriolis, centripetal, and gravitational
torques.

The dynamic resolution of redundancy was at first
presented by Khatib [1] who proposed the inertia-
weighted pscudoinverse J7{@) which instantaneously
minimizes the kinctic energy 1/2 éTM(O) 8. In this case,
the inertin-weighted psendoinverse matrix is given by

I =M"J" (IMIT)” @)
when J has full rank. Thus, the command joint acceler-
ation 8, is expressed in the form

bs=Jt(z24+ K, e+ K,e—J0) (3)

where e 2 @4 ~ ¢ is a tracking error vector, K, and K,
are constant velocity and position feedback gain matrices,
respectively.

While Khatib’s approach is indirectly related to
torque optimization, Hollerbach and Suh (2] resolved re-
dundancy at the acceleration level to instantancously
minimize joint torque. In this case, the command torque
is obtained in the form

r=F-M[MI-JD)" 5, ()
where ¥ is given by
F=MJ*2,+ K, e+ K,e~J8)+N. (5)

Unfortunately, it has been shown in [2] that both
Khatib’s approach and the method of Hollerbach and Suh
require remarkable large joint torques in the tracking mo-
tion of a long trajectory. To overcome this instability of
local torque optimization, Hirose and Ma [3] proposed
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a control method named “Redundancy Decomposition
Control”, which decomposes the degrees-of-freedom of a
redundant manipulator into a subset of non-redundant
combinations. Ouly the decomposed non-redundant ma-
nipulator with the selecied m joint DOF is presumed to
be accelerated/decelerated during the time interval from
t to t + At, while the other (n —m) joints are kept at con-
stant velocity during the time interval Al. Comparing
the magnitudes of command torques for ,C,, combina-
tions, the optimal combination which has the minimum
magnitude is adopted for generating the command torque
during the time interval from ¢ to t+ At. The redundancy
decomposition control method also fails to hold down the
joint torques at reasonable values, which will be shown in
the computer simulations performed later, and thus does

not guarantee the stahility of torque optimization.

3 Proposal of a New Control
Law

In this section, we proposc a new dynamic control law
based on the concept of an aspect which are a function
of 2 manipulator’s configuration. Borrel and Liégeois [4]
found that there exist various classes of configurations
called “aspects”. The admissible domain in the joint
space is divided into ,Cy, aspects for m task variables and
n joint variables. One of the separating surfaces between
aspects is the locus of joint coordinates corfesponding to
one of the m-th order minors of the manipulator Jacobian
matrix J € R™*" equal to zero.

Based on the definition of an aspect, we can suggest
the hypothesis that the necessary condition lo guaran-
tee the stability of joint torque is to preserve the aspect
to which an initial configuration at the beginning of a
task belongs. Thus the proposed method for the dynamic
control of redundant manipulators aims at preserving this
preferred aspect by using the performance function ()
which has a direct control over cach m-th order minor,
and generating the command joint velocity @4 from the

resolved motion method [5] expressed by

Hit+l

0" = 38" &} +n {1 J*(8)J(6)} VIIE) (6)

where i denotes the current state at time ¢ =1 - At (AL
sampling Lime); 8° and 8" are the measured values of joint
angle and velocity al time ¢, respectively. Especially, the
performance function H(@) in the above equation plays
an important role in the proposed method because the
aspect can be preserved by maximizing this function.

In order to preserve an aspeet or prevent the switch-

ing of aspects, Chang [6] proposed the minor measurec as

the product of minors of the Jacobian matrix, which is
expressed in the form

, M

where A;’s for ¢ = 1,2,...,p are the minors of rank m
of the Jacobian matrix J € ®™*" and p = ,C,,. Each
minor is maximized as well as kept at nonzero by maxi-
mizing through the gradient vector of this measure in the
second term of Eq. (6), so the aspect can be preserved.
The desired joint angle (or displacement for a pris-

matic joint) 84 is calculated by numerical integration:
0 =6\ +8, At 8)

where 93 is assumed to be equal to o° for i = 0. The
command joint acceleration @, is generated by numerical
differentiation:

sitl

é;’” _ @,

-8, 8- ©
At At
where (éf;“ - 9:) is assumed to be approximately equal
to (0:, - 9‘;1 ), and b: is assumed to be zero. The above
numerical differentiation can generate relatively large val-
ues of the command joint accclerations, which may in
turn induce large joint torques, especially at the begin-
ning stage of motion when 93 = 0 and 4 large value of 0:
due to the improper choice of x in Eq. (6) are assigned to
Eq. (9). This difficulty can be fixed by selecting a small
value of x which is enough to induce smooth self-motion.
It is noted that the command joint acceleration is not in-
fluenced by any noise signal because the measured joint
velocities are not involved in Eq. (9).

By using the computed-torque control law [7] which
is well known for non-redundant manipulators, the com-

mand torque can be easily generated in the form
= M(8) {8+ K1 (6, - ) + K (6 - 09}
+N(6',6"), (10)

where K, € R"*" and K| € R"** are position and
veloeity feedback gain matrices, respectively. 1t is worth-
while noticing that the proposed method does not have
any Lorque optimization scheme explicitly, but focuses
on suppressing the switching of aspeets at the kinematic

level.

4 Computer Simulations

The comparative evaluation of the proposed method
against the conventional methods summarized in Section
2 has been conducted by computer simulations. The sim-

ulated model is a planar 3-DOF manipulator depicted in
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Iig. 1. The links are all identical and modeled as the
uniform thin rods with lengths of 1 m and masses of
10 kg. The joints are labelled 1, 2, 3 from the base of
the manipulator. The presumed movements of the end-
effector are straight-line Cartesian trajectorics starting
and ending with zero velocity, with constant tangential
acceleration and deceleration over first and last halves of
the movements, respectively, The fourth-order Runge-
Kutta algorithm is used to find the next joint velocities
and angles with the integration time of At = 2 ms or the
sampling rate of 500 Hz.

To generate a long trajectory ol the end-effector, the
command acceleration/deceleration of the end-effector
and the total duration time are given by &4 = [£1.4 F
1.1)7 m/s® and T = 3 s, respectively, where the signs
%+ and F denote acceleration/deceleration and decelera-
tion/acceleration over first and last halves of the move-
ment. The simulation for the proposed method was per-
formed for this long trajectory. 'T'he initial configura-
tion for the given trajectory is chosen as 8 = [140° -
50° —10°)T which is close to a singular configuration.
The minor measure was used for the proposed method as
the performance function which plays a key role in sup-
pressing the switching of aspects, and is expressed for the

simulated manipulator by

H

{detf" 77 detfs? ) detf? )
{(€,€,5; + €,€35,3) 826355 (~8,€355
—bbSu)) ()

il

wherce J¥ is the i-th column vector of the matrix J; Sy =
sin @y, Sy = sin 0y, and Sy = sin(f,+03). In the proposed
method, a small value of x in Eq. (6) is desirable for
suppressing large self-motion at the beginning stage of
the task, and thus the constant of & was sclected as 0.001.

The arm motion illustrated in I%g. 2 implics that the
manipulator’s configurations stay within one kind of as-
pects, namely the aspect to which the initial configura-
tion belongs. This is verified in Fig. 3 which demonstrates
that any minor among the three ones does not hecome
zero. [ig. 4 illustrales that the proposed method has
extremely sinall values of joint torque norims when com-
pared with the other three methods including the method
of Kiatil, the method of Hollerbach and Sub, and the
method of Mirose and Ma which are simulated for the
same trajectory. ‘This figure implics that the proposed

method guarantees the stability of joint torque.

5 Conclusion

This paper presented a new real-time dynamic control

law which is based on the observation that the conven-
tional methods of local torque optimization have shown
the instability of joint torques in the tracking motion of a
long trajectory due to the frequent switching of aspects.
By maximizing the minor measure which has a direct
control over each minor of full row rank in a manipulator
Jacobian matrix, the proposed method can preserve an
aspect which is a function of a manipulator’s configura-
tion.

It was shown by computer simulations that the pro-
posed method generates in the global sense reasonably
low values of joint torques which are within physically
achievable limits. The proposed method is simple from
the viewpoint of real-time control, and efficient in torque
minimization when compared with the other conven-
tional methods.
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Fig. 2 Arm motion. Fig. 3 Minor profiles.
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Fig. 4 Profiles of torque magnitude for the four methdds.
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