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Abstract

This paper describes a flexible three degree of freedom
rohot and compares ibs behavior with a simple model of
vibrating systein. The robot has three rotary joints and
two Hexible steel links, causing it to exbibit many compli-
eated modes of vibration. We present a non-dimensional
analysis of the model shawing how it responds to ramp
counpunds and accecleration commands, and then compare
ihese with the actual robot. Using the model we can select
input commands that minimize the vibration of the robot.

Introduction

Many research groups over the last deeade have built flexi-
ble vest fixtures to experiment with methods of controlling
systems that vibrate. These test fixturces come in a variety
of configurations: simple single degree of freedom beams
[1, 31, planar two degree of freedoya arms {2, 4, 8, 10}, and
complete three degree of freedom robots (7, 9]. We have
constructed a system which falls into the final category. It
has two links, three joints, and exhibits both link and jeint
fexihility {sec (5, 6]). We have nicknamed it the “Flexbot™,
and it will be: described in greater detail later in this paper.

Before we began trying eomplicated control strategies
ot the Flexbot, we decided to see how well we conld conitrol
vibeation with an ordinary PD servo loop and simple step,
ramp, and acceleration inputs. We used a simple model
of Ui robot to predict the robot’s behavior and then ver-
ifiesd the model experimentally, Thesc experiments serve
two purposes: Fivst, they form a boseline to which future
coutrol strategies ean be compared. Second, 1n many cases
snplementing a complicated controller is not practical ot
a robot is wready controlled with a PD serve loop; hence
it is nseful to see how mch vibration can be climinated
Dy careful choice of speeds and accelerations.

The paper is broken up into the following sechions: an
explanation of the model, & description of the test fixture,
and a comparison between the model and cxpetimental
resalts.

Model

A well constructed, complex model of o dynamic system
can accarately predict how a dynamic system will behave,
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Figure 1: Theoretical Madel

Such & model leads to a greater understanding of the sys
tem and how to improve performance. Unfortunately, a
complicated model rarely applies to more than one dy-
namic systemn. Our model is deliberately simple so that it
can apply to virtually any system.

This section of the paper presents the theorctical be-
havior of a simple model responding to several common
types of input. The model is showu n figure 1 it consts
of n mass/spring/damper connected to a plate whose posi-
tion P(t} is specified as a function of lime. We chase this
model for three reasons: First, by non-dimensionalization
its response to a family of inputs can be captured by a
few graphs. Second, this type of modei is often nsed in dy-
namic analysis and is well understood. Third, this partica-
lar mindel is a good approximation to the general behavior
of a system that has u distinct first made of vibration.

For the purposes of this paper we will cotupare input
functions based on the amplitude of residual vibration in
the system after the commanded iupnt is over. We wiil
assmne that the system is underdamped.

With initial conditions given, the free reaponse of a
second order underdamped system can be written as

= w + zg . .
a{t) = ! (-"—:;5‘--1 sinwqt + g cosu,,t) o

where ¢ is the damping ratio, w./%7 is the undatuped nal-
ural frequency of vilwation, wa/ 27 is the dumped natural
frequency of vibration, zo is the initial position, and vy 1s
the initial velocity.

Equation 1 can be written as Ar St infuwgd + o),
where A is the amplitude of vibration and ¢ is a phase off-
set. We can calculate the non-dimensionalized amplitude






