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Inverse Kinematics of Multilink Flexible
Robots for High-Speed Applications

Joono Cheong, Member, 1EEE, Wan Kyun Chung, Member, IEEE, and Youngil Youm

Abstract—A straightforward inverse kincmatic algorithm for
multitink flexible yubots is proposed to improve the control per-
formance. The inclusion of 3 dynamic constraint maximizes the
performance of fecdback controllers in high-speed applications. To
obtain a numerically feasible solution, the singular perturbation
approach is employed, which decomposes the inverse kinematics
inta an averaged part (slow part) and a parasilic pard (fast part).
The solution of the averaged part is considered the desired inverse
kinematics. while the parusi nally removed. The
parameter expansion is carried out to obtain the solution sequen-
tially. The implicit expansion method, which is a refined version of
the expuansion method, reduces computing time considerably. The
formula in discrete time offers efficiency in computer applications,
In addition, a requirement on differentiability of the desired task
trajectory is derived.

Index Terms—Flexible robots, inverse kinematics, singular per-
turbation, tracking control.

I. INTRODUCTION

HE OUTPUT tracking conirol |11, [2] may be one of the

most important tasks in robot manipulation, because the
majority of tasks being carried out by the industrial manipu-
lators are painting, spraying, welding, and other manipulation
by the end-elfectors, In the case of multilink flexible robots, the
output tracking tends to be quite difficult because of the mechan-
ical flexibility. This challenging problem has often been tackled
by the inverse dyvamic control method, whose goal is to ob-
tain the teedlorward torgue that generates the given output. Two
types of inverse dynamic control methods have been popular:
the frequency-domain inversion method 3] and the time-do-
main inversion methad 4], These methods require long pre-
fpost actuation time because of the infinite time integration, The
nonhincar inversion method {S) treats gencral output tracking
problems for various nonlinear systems. but there are still many
constraings on the forms of nonlinearitics. It may also be difficuit
to apply this approach to the systems which have an unstable
zero dynamics, Numerical optimization methods 6], |7] were
also addressed; however, their resulting solutions are usually so
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oscillatory that they can hardly be used for real applications.
The input shaping techniyue [8] might be regarded as o type of
inverse dynamic control method, because the inpul torque is cal-
culated (o follow the linal posture exactly, and at the sime time.
(o nullify the residual vibration. The shaping techniquu is appli-
vable to lincar systems for the present.

These inverse dynamic control methods are vutnerable (v un-
certainties. 11 there are modeling uncertaintics, a considerable
amount of complexity, or other unmadceled nonfinearities, the
caleuluted torque will not produce the desired output trajectory.
Even il the accurate torgue could be numerically oblained. the
implementation ol the exact amount of the torgue would not be
guaranteed. These uncertaintics necessitate combining the in-
verse dynamic method with the feedback of jointand deflection,
The cooperation with the feedback control eliminates the merit
ol the inverse dynamic controb afler all. On the other hand, if
the feedback control is 1o be used. the desired joint trajectory
and deflection triajectory should be calculated beforchand. The
caleulation could be achieved by solving the forward dynamics
with inverse torque, but this often results in oscllutory solutions.
I the use of feedback control is indispensable, and if there is
a sophisticated inverse kinematic algorithing, we do not have o

rely on the previous methods of inverse dynamics. The inverse
kinematic solution, which is by far casier to get, can be vsed for
the feedback control, and even for the feedforward control.

Somc researchers have been (rying (o devetop a perfeet feed-
back controller to achicve flawless tracking. However, such an
excellent conteol has not been reported yet, and we are skeptival
about the idea, which pays no serious consideration to the de-
stred joint and deflection trajectory. The inverse kinematics of
multlink flexible robots has not been dealt with seriously de
spite its fundamental importance in control.

Our study on the inverse kinematics begins with ao observa.
tion that the desired deflection his been usvally set o 7ero, and
thitt the joint trajectory has been solved on top of that condi-
tion. Obviously, this solution is not effective in achieving good
tracking performance, since the bending deflection by the dy
namic foree is nol being compensated {or during the motion.
There are just a few works noticeable in the area of the inverse
kinematics of flexible robots. Tterative numerical kinemalic al-
gorithms Tor @ lumped mass-spring model were presented by
Dai et al. [9] and Luikianov ¢r af. F10]. They employed a nice
incrtial property for a Jumped mass-spring model to caneel the
inertial terms. However, these methods are not applicable to (he
general dynamic model. Besides, the online application is al-
most impossible because of the use of ieration. For an cusily
realizable method, the closed-loop inverse kinematic algorithm
was addressed by Siciliano [ 1] and Siciliano and Vitlaai [ 12],
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