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Redundancy Resolution by Minimization of Joint
Disturbance Torque for Independent Joint Controlled
Kinematically Redundant Manipulators

Myoung Hwan Chei

Abstraet @ Majority of industrial robots are controlled by a simple independent foint control af Joint actuators rather than complex
controllers hased on the nonlinear dynamic model of the robol manipulator. [n this independent joint control scheme, the performance
of actuator control is influenced significantly by the joint disturbance torques including gravity, Cariolis and centrifugal torques,
which resull in the trajectory tracking errer in the joint control system. The control performance of a redundant manipulatot
under independent joint control can be improved by minimizing this joint disturbance torque in resolving the kinematic redundancy.
A 3 DOF planar robot is studied as an example, and the dynamic programuming method is used to find ihe globally optimal
joint trajectory thal minimize the joint disturbance torque over the entire motion. The resulling solution is compared with the
solution oblained by the conventional joint torque minimization, and it is shown ihat joint disturbance can be reduced using

the kinematic redundancy.
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I. Introduction

Majority of the present day industrial robots are
cantrolled by independent joint contrel schemes, The
independent joint contrel schemes assume that a robot
consists of independent linear joinl conirol subsystems with
fixed load inertia, rather than a multi-variabje control
systemn ag in model based control approaches ([1]-[5]).
Independent joint control scheme is described in Fig,1b, and
the model based control scheme is described in Fig,la. In
the independent joinl control schemes, the effects ol varying
effective inertia, Coriolis and centrilugal 1orques. and
gravity are regarded as disturbance lorque that is introduced
into the control svslem. This control scheme is easy,
inexpensive, robust and reliable. For this reason, this control
scheme is widely used in industrial robot systems. The
performance of this type of controller depends an the ability
of the joint controller lo reject the joint disturbance torque.
This method gives a pood performance when the joint
speeds of the robot are low and the dyhamic coupling
between Lhe joints can be ignored. However, as the motion
of the joints become [aster, the performance ol this conirol
scheme deteriorates because the effects of the joint
disturbance torque also increase, and results in the joinl
trajeciory tracking error. Thus, lor a high speed - high
accuracy motion, il is important that the joinl disturbance
torque be minimized at the molion planning stage. A
formulation and application of the joint disturbance lorque
for the independent joint controlled manipulator was
reported in [6], where the joint distwbance torque was
defined and wused in (he ftrajectory planning ol a
non-redundant manipulator such that the joint disturbance
torque penerated during the straight line motion was
minimized.

A robotic manipulatov is said to be kinematically
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redundant when it has more joints than necessary for
executing a task. For a x degrees of freedom manipulator
in a m dimensional task space. if w)s, it is kinematically
redundanl. Since the joint space has greatet degrees of
[reedom than the task space, for a given end effector
location, there exist infinite number of joint selutions. In
order to select a joint solution from the infinite aumber of
candidate solutions, thus resolving ihe kinematic redun-
dancy, an optimization criterion is chosen and the joint
solution that minimizes the oplimization criterion is
selected. Hence, by an appropriatc choice of the opti-
mization criteria, the redundant manipulator can be used 1o
perfoim a secondary task. For example, the joint velocity
minimization can be used as the optimization criterion 1o
minimize the unwanted joint metion [7], joini limit
avoidance can be used to maintain the joinl position near
the center of the pesition range [8], the distance from
obstacles can be used 1o execute a moiion among abstacles
without collision [9], singularity measures can be used to
avoid singnlarities [10], kinetic energy can be used 1o
minimize the power consumption [11], and joint torque
minimization can be used to reduce the torque magnitude so
that actuators with small lorque bounds can be used 1o
perform a heavy task [12].

The performance quality of the redundant manipulator, on
the other hand, depends on the quality of the joint motion
control. The oplimization critetia menlioned above is
concermned with the motion plaming stage. No consider-
ations are given 1o the joint control schemes, and the
question of control performance is not addressed. When a
manipulator is contralled by 1he ndependent joint control
scheme. the performance is affected by the joint disturbance
torques, as noted above. and it is important that the joint
disturbance torque be minimized al the motion planning
stage. Hence, the kinematic redundancy can be exploited 1o
reduce this jeint disturbance torque. In this paper, the
minimization of joint disturbance torque is proposed as a
new optimization criterion for the kinematic redundancy
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resolution when the independent joint control is employed.
By minimizing the proposed criterion, the joint disturbance
torque introduced 1o the independent joint control system is
minimized at the motion planning stage, and as a
consequence, the joint tracking eror can be reduced during
the acfual motion. This iz a motion planning scheme
suitable lor high speed - high accuracy motion of ihe
manipulator.

In this work, (he explicii expressions f{or the joint
disturbance torque of a 3 DOF planar redundant manipulator
is obtained using the melhod presenied in [6]. Then,
dynamic programming method is employed 1o find the
globally optimal joint trajectory to produce a straight line
motion that minimize the joint disturbance torque over the
entire motion. The resulting solution is compared with the
solution obtained by minimizing the conventional joint
torque, and it is shown thal the joinl motion obtained by the
proposed method results in smaller joint disturbance torques,

1I. Formulation of joint disturbance torque

The basis of ihe independent joint control is that a robol
is viewed as a set of independent actuator-load pairs, where
the load inertia of joinls are unknown constants. The joint
disturbance lorque, ¢, , are unknown and varies depending
on the motion of the joints. For » joint robatic manipulator,
the dynamic equation of motion can be expressed by the
following Lagrange-Euler equation

=D B+ H(8 8. (I
where D=([,) is an » X » inertia matrix, H=(k4) i5 a
» % 1 vector containing Coriolis, centrifugal effect and
gravity loading vector, and ris a x x 1 joint torque vector.

[f the robot manipulator is viewed as » independent joint
control systems, the dynamic equation in {[) can be written as

ﬁl: éx+rd1 = 1 ,3:1,"'.7?, (2)
where

D, = sum of components of D, which are not

dependant on ¢ 3y

= 2 DD G+ (D DIE+R0. D @)

By definition, 7, are not related with the joint position,
velocity, and acceleration, and are constant regardless of the
motion of the joinls. D, are the constant inertial load for
the joint ., and cotresponds to J, in Fig. 1b. In (4), £,
are ilhe disturbance torque of joint 7 and contains torque
componenis in robot dynamic equation related to the
variation of effective joint inerlia due 1o joint position
change, Coriolis and centrifugal effect, and gravity loading.

The joint disturbance torque in (4} is applied 10 a 3 DOF
planar robot. In Fig. 2, a simplified model of a 3 DOF
planar robot is shown. It is assumed that planar arm moves
in a horizonial plane, and the gravity acceleration vector is
set to zero. It is also assumed that the links have uniform
mass distribution. In this figure, m, 7, 4, are mass, lenglh
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Fig. 2. Three link planar manipulator.

and jomni position of the ith link respectively. The
Lagrange Euler equation of motion for this manipulator can
be writlen in a below form [L3]

Bl Dy Dy Dyl| & Uh )
|=|Da Dy Dyl| &)+ i (5)
T3 Dy Dy Dyl| 8 fg

and from the definitions in (3) and (4), Dy, Dy, D,

Ta» T Tas AN be written as below.
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Let 1, denote the joint disturbance vector such thal
te = 7a 7a 7w ][- (12)

Dy Dy Dy in (6), (7) and (8) are components of D),
Dy, Dy respectively, which are independeni ol the joint
molion, and these can be used as the constant joint inertia
in the independent joinl controlled manipulators. Similarly,
g 0 (9), (10), (11) are the companents of the joint lorques
that depend upen the joint motion, and thus correspond 1o
the joint disturbance torques.

III. Redundancy resolution by global minimi-
zation of joint disturbance torque
In this section, the joint disturbance torque formulated in
section 11 is used in the kinemalic redundancy resolution so
that the optimal joint trajectory for a given end effector
motion is obtained which globally minimizes the joini
disturbance torque. The slale equation formulation for the
dynamic programming presented in [14] is applied in this
work, and it is briefly described in this section. The global
optimization problems can be represented wn Lhe following
general form in optimal control theory [15]

min fP(z,u,i‘)dzf (13}
st z=s(z, w8

27 <zt

W < u< oy

where P is the optimization crilerion, =z 1s the system state,
and # is the conatrol inpul.

The kinematic relations beiween the joint position 4 and
the task variable x of a manipulaior can be expressed as

follows,
x = Aé) (14
= JNe (15)
= KOo+ 18 Ho (16)

where x is the m-dimensional veclor describing the end

effector in tlask space. J=F ™" represents the Jacobian
malrix. In order lo formulate the state equation, the dynamic
equation of the manipulalor is parameterized by (n-m})
independent joint variables. Lel the joint paosition and torque
vectors be partitioned as

Phell

where 7 and § are dependent and independent joint
variables respeciively, and % and 7 are the coiresponding
joint torques. The dependent joint variable 3 can be given
as 8= 88,z 0, a [unciion of independent joint vatiable
?, and desired end elfector path x, through the kinematic
relation {14). Let Lhe Jacobian matrix be partitioned as
F=[ Jwm Jowem_m] » then the dependent joint velocities ?
is given by (15Y as 9= J '{x,— 7 & . The state is chosen
as z=[ @ 017, and the control inpul is chosen as 1 .
Then. the slale equation is given by

g7 ]

dt

(18)

7‘8 [Oli!*ﬁi).’ﬂii ](H*il!)] - l(f_H)
The joinl torgque ¢ is oblained as lollows. The expression
(16} can be rewritlen using {1) as

Aldr = b8, 8, %, {19

where A(D =707 WO, 0, Xp= x,— JO+ID UL Lel A be
partitioned as A=[ & .. A .w-m]. lhen the dependent
joinl lorques T can be ablained as

P= A Ye-ATD €20)

thus the derivation of the state cquation is completed., Note
that the kinemalic relationships were used to reduce the
number ol stales and the number of control variables to
2{n-m) and {n-m) respectively.

In this work, n = 3 and m = 2, so there are 1wo stales
and one contral variable. The independent joint variable was
selected as d=4d,, hence the slate variables used were
21=0;, 2= ¢,. The control variable was selecled as r=r,,
The dynamic programming technique [15] can now be
applied to this optimal control problem.

Table. |. Parameters used in dynamic programrming.

losver limm upper hmit siep 5120
2=t —0.5% 057 | 0.00021 (rad)
a9= 4 —r +r 0.063 (rad/s)
U=ty —10 +10 0.2 (N/m)

1 0 1.01 0.003(sec)

IV. Simulations and discussions
For the demonstration of kinematic redundancy resolution
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using global joint disturbance torque minimization, the three
link planar robot in Fig. 2 is used in 1his work. The link
paramefers used are ;=1.0m, &=0.8m, L=0.0m, m=
10kz, my,=8kg, wmy;=">0ke. The manipulator task is 1o move
from a initial end effector position of ‘x,=(1.94,0.83)7
with the joint position of & =[0 30 30]7 degrees to the
final end effector position of “x,=(1.35, 1.307, ina
straight line trajectory. The position and velocity prolile of
the end effector along the straight line path is shown in Fig.
8. The joint velocities are zero at initial and {inal positions,
and the end effector travels through a distance of 0.76
meters in 1.01 sec.

The optimization criterion used is the 2-norm square of
the joinl disturbance torque vecter, F, formulated as
[ollows. For comparison, the 2-norm square of joint torque
vector, £, is also used.

Pr=lc i, By=liel® 2D

For dynamic programming, the joint space was
discretized as shown in Table 1. In order 1o reduce the
memory requirement to the minimum, lor each node, only
the optimal control input from a node in a stage to the
optimal node in the next slage was recorded. The cost of
the node was not stored for the nodes in all stages. Instead,
the cost of nodes of two stages, the present and next stages,
were stored and used to compute the optimal control from
present stage to the next stage. The total number of nodcs
were 4.443x10%, each control input required 2 bytes memory
storage, and the tolal memory requirement for the node dafa
storage was §99.85 Mbyles.

The optimal solution minimizing the joint disturbance
torgue, ie, P; is shown in Fig. 3. The joint torques arc
shown in (4}, and the joint disturbance lorques are shown in
{b). The resulting values of P,=|r,J|* and P,=|[r||* are
shown in (c). The resulting joint trajectory is shown in
Fig.4. For comparison, the optimal solutien minimizing the
conventional joint torque, i.e., P=z||® are shown in Fig.5,
and corresponding joint trajeciory is shown in Fig.6. The
simulation result shows t1hai the peak wvalue of joimnl
disturbance torque, P, =||r,I* shown in Fig.3c is an order

of magnitude less than that shown in Fig. 5¢. The joint
velocity of the two trajectories are shown in Fig. 7. This
figure shows that minimizing the joini disturbance torque,
ie, Py=|lz,t* results in a smaller joint motion.

In Fig, 3 and Fig, 5, discontinuitics can be seet in the
joint torques. The discontinuities in the control mput of an
optimal control problem can be seen elsewhere such as in
bang-bang control input of a time optimal probletn. This
phenomenan can be reduced by including the joinl torque
continuity condition in the problem formulation (13), and/er
reducing the step sizes in Table 1. Reducing the step sizes,
hewever, could lead 1o the explosion of the amount of the
required memory, so in praclice, it can not be reduced
arbitrarily small, and a compromise has to be made.

It can be seen that the kinematic redundancy can be used

to reduce the joint disturbance torque while executing the
specified end effeclor motion. The reduction of the joint
disturbance torque 15 important when the joints  are
controlled by the independent joint control scheme, since
the joint disturbance torque canses joint tracking error.

V. Conclusions

In an independent joint control scheme of a manipulator,
the robol system is regarded as a set of independent
actualor-load paits, and the joint interaction such as
centrifugal and Coriolis torque and the gravity elfecl are
regarded as joint disturbance torque introduced into the joinl
control system. This joint disturbance torques resulls in the
joint trajectory iracking error, and degrades the control
performance. It is necessary o0 minimize the joint
disturbance torque at the meotion planning stage , and the
kinematic redundancy of a manipulator can be exploited to
reduce the joint disturbance torque. In this paper, the
minimization of the joint disturbance torque is proposed as
a new optimizalion criterton [or the kinematic redundancy
resolution when the independent joint contrel scheme is
employed. Using a 3 DOF planar manipulaior as an
example, a globally optimal joint trajectory to produce a
straight line motion of the end effeclor is obtained that
minimizes the joint disturbance torque during the motion.
The result is compared with a solulion oblained by
minimizing the conventional joint torque, and it is shown
that using the proposed criterion, a joinl motion with
reduced joint distuwbance torque is possible,
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