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The design of inversion-based nonlinear control laws solving the problem of accurate trajectory tracking for
robot arms having flexible links is considered. It is shown that smooth joint trajectories can always be exactly
reproduced preserving internal stability of the closed-loop system. The interaction between the Lagrangian/as-
sumed modes modeling approach and the complexity of the resulting inversion control laws is stressed. The
adoption of clamped boundary conditions at the actuation side of the flexible links allows considerable simpli-
fication with respect to the case of pinned boundary conditions. The resulting control is composed of a nonlinear
state feedback compensation term and of a linear feedback stabilization term. A feedforward strategy for the
nonlinear part is also investigated. Simulation results are presented for a planar manipulator with two flexible
links, displaying the performance of the proposed controlers also in terms of end-effector behavior.

Nomenclature
Ay, A; = system matrices in closed-loop flexible
dynamics
a = acceleration input vector

Bys, Bgs, Bgy = sub-blocks of inertia matrix
D = modal damping matrix

(ET); = jth link flexural rigidity

F = input matrix in modified rigid dynamics
Jij = jth natural frequency of ith link

hs, hy = Coriolis and centrifugal force vectors
I = identity matrix

Jhi = ith hub inertia

Joi = ith link inertia about relative joint axis
J, = tip payload inertia

K = modal stiffness matrix

Kp = derivative feedback gain matrix

Kp = proportional feedback gain matrix

f; = jth link length

M = number of deflection variables

My; = jth hub mass

m; = ith link mass

my, = tip payload mass

N = number of joint variables

ns = compound vector in flexible dynamics
0] = null matrix

Os = input weighting matrix

Sss = factorization matrix for A;

Ses = factorization matrix for A,

T = trajectory traveling time

t = .time

u = input torque

Udes = feedforward input torque

u, = computed torque for modified rigid dynamics
|4 = Lyapunov function

w; = jth link deflection

X; = position along ith link
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) = vector of deflection variables

Odes = vector of desired deflection variables
Sij = jth modal coefficient of ith link

& = vector of initial deflection variables
0 = vector of joint variables

vector of desired joint variables
0; = jth joint variable
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Wi = number of modes of ith link

0i = ith link density

(o = jth mode shape of /th link

¥ = forcing vector term in closed-loop flexible
dynamics

Superscripts

T = matrix (vector) transpose

-1 = matrix inverse

= spatial derivative
= time derivative
= estimate

1. Introduction

HE increasing use of robot manipulators in space applica-

tions has been recognized as offering both mission cost
reduction and enhanced task capabilities. Lightweight materi-
als are adopted in the construction of mechanical manipula-
tors, as well as of large spacecraft, to have smaller in-orbit
weight. In addition, lighter robots are capable of executing
faster motions for a given actuator size. However, maneuver-
ing time and accuracy are limited by the vibrations induced by
structural flexibility, mainly distributed in the links. Indeed,
for systems of large dimensions link flexibility prevails over
elasticity of the transmission elements which may be thought
of as concentrated at the joints.!

An effective control system for high-performance light-
weight robots should necessarily consider link flexibility as
well as handle the typical nonlinearities of multibody dynam-
ics. In this respect, the modeling issues play a relevant role in
the derivation of all advanced model-based control tech-
niques.? Although for simulation purposes the need for accu-
rate dynamic models of flexible manipulators is crucial, usu-
ally emphasis is given to model simplicity when designing
control laws. The availability of explicit closed-form—rather
than numerical—equations of motion allows a tradeoff be-
























