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Abstract

The accuracy and performance of robotic manipulators are crucial to their com-
mercial viability and widespread use in industry. Nowadayvs robotic manipulators
are required to achieve more accurate positioning, high speeds and have the ability
to 1interact with their environment. This increases the range of tasks for which
they could be suitable.

The speed and accuracy of a manipulator are determined by the knowledge of
1ts dynamic and kinematic characteristics and the capability of its control svstem.
Improving the accuracy can be done through improving the controller by using
accurate information about the dynamics and kinematics. Theretore, generating
a model 1s the hrst step tor the operation.

This thesis explores the different aspects of robotic manipulator modelling
and covers both the dvnamic and the kinematic i1ssues for the purpose of
improving the overall manipulator accuracy. It 1s shown that the modelling should
not stop at producing the model. but rather the model should be validated.
The thesis presents a description of the modelling process and examines the
three most important formulations for dynamic modelling. A comparison ot
their performance and ease of use 1s made, both for manual and computer
assisted implementation. Three commercial computer modelling packages are
also described and compared with regard to their pertormance and ease of usc

for robotic manipulator modelling. It is shown that some software development ix

required to make the packages easy to use for manipulator specific modelling. \x
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part of this work. one such development was a programme written as a back end
to AUTOLEV. This combination provides a powerful tool for dvnamic modelling
and simulation of manipulators. A more integrated computer aided enginccrine
approach 1s also discussed through modelling a large industrial manipulator
using a geometric modelling package along with another dvnamic modelling and
simulation program. This approach is very efficient in providing useful information
which 1s difficult to otherwise obtain from direct measurements.

1'he thesis emphasises validation as part of the modelling process. .\ model
does not have to be an exact mathematical description of the manipulator.
inclusive of all characteristics. but rather a valid description for the intended
use. It 1s shown that a manipulator model can be split into several joint models
and validation performed on each using a parameter estimation technique. It is

also shown that friction parameter tuning produces acceptable parameter values

for a valid model of a Puma 560 manipulator.

As a result of this work 1t has been established that dvnamic modelling and
analysis do not solve all manipulator positioning dehciencies. It 1s necessary to
perform kinematic modelling and kinematic model validation to ensure accurate
positioning of the manipulator’s end-eftector. The thesis introduces a new method-
ology based on Stone's method to improve the kinematic model. The method 1s
tested both experimentally and 1n simulation and vields good positioning improve-
ment.

The work 1s extended to produce a specific dynamic model of a manipulator
operating underwater. The hydrodynamic eftects are evaluated through a series
of simulations. The information gained provides a better understanding and may

aid in designing a suitable controller for such manipulators.
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Chapter 1

Introduction

The history of the human fascination with physically constructed lite forms. which
includes robots and automatic machines, 1s long. An historic overview of the
fascination with regard to the robot evolution and 1ts effects upon human life was
presented by Mowforth |3|. He also discussed the growing expectations from the
use of robots in contemporary industry.

The industrial robot was pioneered by George Duvall and Joe Englberger,
who brought the first unimate to market 1n 1957 [3|. It was used to remove parts
from die casting machines. In the late 1970’s these devices became profitable
in paint spraying and spot welding. Unfortunately, the new robot workforce did
not live up to expectations and are still used throughout the industry in simple.
repetitive tasks of the pick and place mode [4]. To attain commercial viability and
more efficient industrial use, robotic manipulators must be developed to achieve
more accurate positioning, high speeds and have the ability to interact with their

enivironment.

To define a robotic manipulator a number of questions concerning the func-
tional concepts, should be answered:
What is, and what is not, a robot 7

How is a robot constructed 7
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How does 1t operate 7

Despite this, only a few manufacturers and associations would agree on one sngle

definition [5]. Since there is no standard definition. it would be helpful to consider

some of the attempts to provide one.

o The British Robot Association (BRA) emphasises the four degrees of
freedom as one of the qualifications defining a robot as :
A reprogrammable device with a minimum of four degrees of freedom
designed to both manipulate and transport parts, tools or specialised

manufacturing implements through variable programmed motions for the

performance of the specific manufacturing task.

e The Robotics Institute of America (RIA) defines the robot as a repro-
grammable multi-functional manipulator designed to move material, parts.
tools or specialised devices through variable programmed motions for the
performance of a variety of tasks.

The RIA emphasises the programmable facilities, and 1ts definitien 1s widely

accepted for an industrial robot.

¢ The Japan Industrial Robot Association (JIRA) and the Japanese Industrial
Standards Committee define the robots at various levels as:

mamnipulator : a machine which has functions similar to those of the human
upper limbs, and moves the objects spatially, from one location to the other
. playback robot: a manipulator which 1s able to perform an operation by
reading off the memorised information for an operating sequence. including
positions and the like, which 1t learned by being taken manually through

the routine beforehand ...

and base higher levels definitions upon the first one.

Generally, a robotic manipulator is thought of as a programmable machine

constructed by a chain of interconnected links by means of rotary or sliding joints.
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where each joint can be actuated independently bv its own actuator to allow the
end effector to follow a defined trajectory in order to perform a defined task.
lo attamn the desired features a manipulator should be equipped with good

sensors, a good control system with adequate computing power and light weight
links. This 1s correct when developing new manipulators. However. there is still
the need to improve the qualities of the existing ones. This can be done through
implementing more sophisticated control algorithms or adjusting the existing ones.

Whether for developing new manipulators or improving existing ones. a good
model ot the system 1s required. An accurate mathematical model would be
implemented 1n new control schemes such as computed torque control and model
based control [4] [6]. A fully inclusive dynamic model could be complex and
computationally expensive if implemented 1n real time applications. Generating
such models for robotic manipulators 1s difhcult and error prone, despite the
existence of adequate formulations such as the Newton-Euler and Lagrange
formulations. Computer automatic model generation using multibody dynamic
systems modelling packages 1s obviously desirable. These do not support all
the modelling activities required for robotic manipulators and may need further
development, as shown in chapter 3. A good model 1s also required tfor
computer simulation to predict the behaviour of a particular manipulator under
particular conditions ot actuation. The simulation exercise aids the analysis of
the manipulator design and performance evaluation, as well as the evaluation ot
controller design.

Although the dynamic model 1s critical for the above activities several sim-
plifying assumptions and approximations are considered during its development
7]. Therefore, the model does not have to be inclusive of all characteristics to
be a valid description of the manipulator dynamics, but 1t i1s valid 1if it 1s even-
tually judged fit for the purpose for which it was intended [8] [9]. A validation

process must therefore follow the model generation to establish if the model 1s
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a valid representation of the real system. This issue is elaborated in chapter 3.
where 1t 1s concluded that a good dynamic model and its analysis do not solve
all manipulator end-effector positioning performance even when joint control is
pertectly achieved. The end-effector positioning through off-line programming re-
lies fundamentally on the manipulator internal functional relationship between
the end-effector and the base. This relationship, the kinematic model. is unicque
for each manipulator and should be established accurately after manufacturing.
as discussed by Roth et al [10] A chapter of the thesis is dedicated to improving
manipulator end-effector positioning through improving its kinematic model. A
new methodology based on Stone’s method [11] is proposed, and its success is
1llustrated with both experimental and simulation results.

Manipulators operating underwater are not different kinematically from those
operating in normal conditions, however their dynamics are severely affected
by the hydrodynamic eflects. A better understanding ot their dynamics 1s
required since there i1s an increased need for their use in underwater activities
related to sea bed exploration, rescue and similar activities [12]. Although
generic models of underwater manipulators have been proposed, no study of
the particular hydrodynamic effects on a specific manipulator model has been
reported. This issue 1s addressed 1n a separate chaptler where hydrodynamic
effects are explicitly calculated, extending previous works which were limited to
generic models. The chapter provides greater understanding of the dynamics of
underwater manipulators, which are part of the robotic manipulators tamily. and
also aids designing suitable controllers according to the nature of their dynamics.

The aspects of robotic manipulators modelling studied in this work can be

summarised as follows:

¢ Examine the aspects and requirements of dynamic modelling using the

existing formulations, and comparing their efficiency.

e Study samples from the existing computer modelling packages with regard
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to their use for robotic manipulator modelling. Establish a comparison of
their ease of use and performance. Choose a computer package to perform

modelling and simulation of a real industrial manipulator.

e Perform full dynamic modelling of an industrial manipulator and examine
its validity considering that some approximations are included. Perform
model validation based on measurements taken from the manipulator usine
a locally constructed measurement system. Raise the need for kinematic

modelling and analysis.

e Perform kinematic modelling and validation to improve the positioning of
the end-eftector of the manipulator since 1t 1s part of the overall positioning

accuracy and pertormance ot the robot.

e (Generate a specific model of a two links manipulator operating underwater

and study the hydrodynamic eftects through a series of simulations.

While each chapter deals with one major aspect of modelling, all aspects presented
should be considered when designing and developing new robotic manipulators as
well as when analysing existing ones for the purpose of improving their accuracy

and performance.

1.1 Literature Survey

Dynamic models are useful for computer simulation of the robot arm motion.
the design of suitable control and evaluation of the kinematic design. analvsis
of manipulator performance, evaluation of controller design, and form a major
part of some controllers’ algorithms. Kinematic manipulator models. on the other

hand, constitute the essential part of the manipulator kinematic controllers that

ensure the positioning of the end-eftectors.
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Formulation of the dynamic equations has been an active research topic
concerning general mechanisms, especially robot manipulators. The two mosi
commonly used formulations are Lagrange-Euler (L-E) and Newton-IJuler (\-
[) methods. Other methods such as Recursive Lagrangian and Generalised
D’Alembert are cited in |6] as having been used.

Craig (4] presented a detailed analysis of the use of the N-E recursive
formulation to generate rigid manipulators models, and also of the Lagrangian
formulation of manipulator dynamics. Both methods were also described by [Fu
et al [13]. Kane et al [14] compared different existing methods to formulate the
equations of motion for spacecratt, and presented a new, eflicient method, known
nowadays as Kane’s Formulation, which has been used for manipulator dynamics.
The Newton-Euler formulation has been regarded as useful in providing insight
into the representation of manipulator dynamics, whilst the Lagrange formulation
has been shown to be computationally more efficient [15].

Regardless of the method used, the symbolic expansion of the robot arm
equations of motion by hand i1s a difficult and tedious task, which 1s both timc
consuming and error-prone. This created a great demand for the automatic
generation of equations of motion which resulted in many commercial computer
modelling packages several of which are listed in [16], which lists the modelling
packages 1n separate chapters without consistently comparing them.

Dynamic model validation has long been recognised as an integral part of model
development in textbooks such as [17] [18]. Although formal validation processes
are emphasised in theory, Murray-Smith [19] argues that most application papers
pass over questions of validation superficially. While validation appears to be of
central importance in the past, mainly for a few safety-critical application, it is
noted that it has extended in recent years to cover other applications such as

robotics {20] {21].

The accuracy of the robotic manipulator kinematic model is crucial for



Chapter 1. Introduction |

accurate end-effector positioning. There has been a considerable volume of
work 1n the last decade on the subject of improving the positioning accuracy
of manipulators, much of which was reviewed by Roth et al [10] mainly under
titles with key words such as, calibration and accuracy improvement. The
most commonly used kinematic model is the one using Denavit-Hartenberg
representation [22]. The unique model for each manipulator should be established
atter 1t 1s manutactured. Despite the number of publications on the subject. real
measurements were reported only in some works, especiallv the latest papers, such
as (23] [24] [25] [26] [27] {28] and [29]. A variety of measurement techniques were
used, including visual and automatic theodolites [23] [28] [29], acoustic sensors
24|, laser tracking devices [25] and coordinate measuring machines [30]. Some
other reported work was based on computer stmulations. It 1s indicated that the

method described by Driel et al [29] results in positioning accuracy of an order

comparable to that ot the repeatability ot the given manipulator.

The use of underwater-robotic vehicles 1s nowadays common 1in maritime
activities such as exploration, rescue and oil exploitation. 'T'he vehicles are
usually equipped with manipulators {12], and a study of their dynamics should
be done. Although modelling of vehicles themselves has been the topic of
several papers such as [31] [32] [33], the dynamics of the manipulators were
not considered specifically. o1 et al [34] have proposed a generic model of an
underwater manipulator and included added mass, drag and lift caused by the
hydrodynamic eftects. Nevertheless, no study of the hydrodynamic effects on a

specific manipulator model seems to have been reported.

More references are cited in the appropriate places in the body of the thesis.

1.2 Thesis Outline

The thesis i1s organised as follows:
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Chapter 2 outlines the basic steps and requirements for the modelling pro-
cess of robotic manipulators. Several mathematical modelling formulations are
presented and discussed with regard to their efficiency and ease of computer 1m-

plementation for automatic model generation. The need for automatic computer

modelling 1s raised.

In chapter 3 existing general multibody systems dynamic modelling packages
are highlighted and three of them examined closely. Theyv are compared with
regard to their efficiency and ease ot use in robotic manipulator modelling. .\
back end computer program 1s written to complement one of the commercial
packages where the combination is described as a powertul modelling tool and used
throughout the work. A computer aided design and simulation approach 1s also
presented in the form of an example using a commercial industrial manipulator,
to show the benefits of the method in developing manipulators and providing
essential information for dynamic modelling.

Chapter 4 describes the development and construction of an instrumentation
system based on commercially available hardware and a personal computer. The
information provided by the system is used in the following two chapters 1n the
model validation process. Chapter 4 also describes other potential uses for the
developed system:.

Chapter 5 emphasises model validation as an integral part of the modelling
process. The chapter shows how the dynamic model validation can be split into
individual joint model validation, and how the relevant dynamic parameters are
estimated using simple methods. Both experimental and simulation based results
are presented. The chapter concludes that the generated dynamic model ot a
Puma 560 manipulator is valid for positioning purposes and the poor end-eftector
positioning is due to kinematic model deficiencies.

The sources of the kinematic model dehciencies are discussed in chapter 6,

and a new methodology based on Stone's Method i1s introduced. The chapter
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also shows the improvement through using experimental data as well as through
simulations.

An explicit model of a two links underwater manipulator is developed in
chapter 7. The chapter highlights the difficulties that arise when generating the
dynamic model of such manipulators due to the complex terms caused bv the
hydrodynamic eftects despite several simplifying assumptions. The chapter also
states that the kinematic model 1s no different from that of manipulators operating

in normal conditions.

Chapter 8 concludes the thesis and examines possible avenues for further

research as a follow up to the thesis.



Chapter 2

Dynamic Modelling of

Manipulators

2.1 Introduction

In practical engineering control problems, analysis starts with modelling of the
robot arm or the physical system under study. The objective of the modelling 1s
to establish the mathematical equations, model, as a set of analytical relations
describing the dynamic behaviour of the robot arm. The modelling process
depends on the characteristics of the arm to be studied and the physical details
to be included. This is why dynamic modelling, according to Gawthrop [35] and

Brussel et al |7], incorporates several stages which can be summarised in :
e physical modelling

e model simplification (schematic model)
¢ mathematical modelling
¢ mathematical model analysis

e model validation

10
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In the above stages the robot arm. or generally a dynamic svstem. would undergo

O
several transiormation and simplifications, for instance in the first stage an
imaginary model of the robot arm is built essentially like the real svstem or from
the design requirements of a robot arm. At this stage many decisions are to be

made concerning aspects such as friction, compliances of links and joints. linearity.

noise, etc. A summery of the effects of some approximations on the mathematical

model are shown in table 2.1 [7].

Table 2.1: Effects ot approximations on the mathematical model

approximations mathematical model simplification

[ 1- Neglect small effects Reduces number and complexity
of differential equations.
2- Assume environment independent | Same as 1.
of system motions |
3- Replace distributed characteristics | Leads to ordinary, rather than
with appropriate lumped elements | partial, differential equations.

4- Assume linear relationships - Makes equations linear. allows
' superposition of solutions.

5- Assume constant parameters LLeads to constant coefficient in
L_ differential equations.

Model simplification consists ot establishing links connectivity and the nature
of their relative motion in a schematic form to give more insight to help generate
the right equations of motion. In the mathematical modelling process. the first
point to consider 1s to select the state variables, which describe essentially. the
storage of energy and mass in the system. The state variables of a robot arm are
the positions and velocities of 1ts links when the rigid mechanical system only 1s
considered. Next step 1s the application of balance equation for force. moment.
mass, energy or writing system elements relations which describe relative motion
of links. Mathematical model analysis (Simulation) is the next step. The obtained
equations of motion are used to imitate the behaviour of the real system under

a stimuli representing the action of a real control system or force/torque applied



Chapter 2. Dynamic Modelling of Manipulators |2

to the system. The behaviour analysis at this stage is useful for the desion of
suitable control system and for the evaluation of the structure and parameters of

the arm under consideration. Model validation is a necessary step at this stage.

TI'he obtained equations represent the dynamic model of the real svstem under
study after several approximations. Therefore, it must be validated in order to
obtain enough confidence that it adequately represents the arm dynamic behaviour
under a set of conditions determined by the purpose of the modelling. This
means that the validation process involves comparison of the mathematical model
solutions(simulation) with the real arm behaviour subjected to the same stimuli.
Usually, a model is not determined as absolutely valid, but rather, evaluation and
model tuning are conducted until suthcient confidence is established within the
context of intended uses of the robot arm.

A brief introduction of most important mathematical modelling formulations
1s given 1n the next section whereas section 2.3 contains a detailed description of
each. In particular, the use of Kane’s formulation 1s explained with the help of

an example. Section 2.4 discusses the need for automatic mathematical modelling

and section 2.5 concludes the chapter.

2.2 Dynamic Equations of Rigid Manipulators

The formulation of the equations of motion 1s always an 1mportant stage of
multi-body mechanisms and robot manipulator design, and performance analyvsis.
With regard to robotics, such equations are useful for computer simulation
of manipulator arm motion, the design of a suitable control system, and the
evaluation ot the structure of the arm.

Formulation of the dynamic equations has been an active research topic
concerning general mechanisms, especially robot manipulators and spacecrafts.

Craig [4] presented a detailed analysis of the use of the Newton-Fuler recursive
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formulation to generate rigid manipulators models. and also the Lagrangian
formulation of manipulator dynamics, also presented by Nicosia et al [36]. Kane
& Levinson [14] compared different existing methods to formulate the equations
of motion tor spacecraft, and presented a new. and more efhicient. method, known
nowadays as Kane's Formulation which has been used for manipulator dvnamics.

The Newton-Euler formulation has been regarded as usetul in providing insight
into the representation of manipulators dynamics, whilst the Lagrange formulation
has been shown computationally more efficient. Kane’s formulation is much
more efficient than the previous two, and is also simpler. These —efficiency and
simplicity— are the principal criteria by which a method would be assessed, and

they become more important when dealing with more complex systems.

2.3 Dynamics

Dynamics of manipulators is a special case of dynamics of mechanisms. and 1s a
field on which many books have been written. However. the work reported here
is an attempt to analyse and use certain formulations of the dynamics problem
which seem particularly well suited to application to manipulators. There are two
major problems related to the dynamics of a manipulator that should be solved.
In the first, a required trajectory is given in terms of O, © and O and the vector
of joint torques, 7, is to be found. This formulation is useful for the problem of
controlling manipulators. The second problem is the opposite task to the frst,
which involves calculating how the mechanism will move under application of a

set of joint torques. This is useful for manipulator simulation and some control

schemes such as computed torque control.
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2.3.1 Newton-Euler Recursive Equation

In this case the problem of computing the torques in terms of a given trajectory
1s considered, assuming that the position, the velocity and the acceleration of
the joints (O, O, @), are known. With this knowledge, and the knowledge of the
mass distribution of each link of the robot, the formulation of the equations of
motion can be done in two main stages. In the first, we compute the rotational
velocity, and linear and rotational acceleration of the centre of mass of each link
of the manipulator, in order to compute the inertial forces and torques acting
on the links at any given instant. This i1s done in an outward iterative manner.
starting with link 1 and moving through to link n. In the second stage. an opposite
procedure 1s applied. In an nward iterative way the joint forces and torques are
calculated by writing force-balance and moment-balance equations based on a tree
body diagram for each link, starting at link n and moving, link by link, to ink 1.

The outward iterations compute velocities and accelerations (kinematics

elements).

[t link 7 1s rotational, then

wi = Ri_j(wiT1 + Zog:) (2.1)
Of = R[0T + Zog 4 wiT! x Zog)) (2.2)
0f = WX pi+wix (W xph) 4+ Ri_0i0 (2.3)
ab = W xsti4w x (W x s+ vl (2.4)

If link ¢ 1s translational, then

oy — Rt_lwz 1 (23)

/A
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where

1L

q
q

;

R:
reterence frame,
;

W

frame,

»
W,

¢ \
frame (z;,vi, 2; ),

ZO — (0,0, l)T

2

2—1(20‘-2' + Uz—ll) T W:Pi T 2”5 X (Ri—lzo(]'i) T *-*'f ("‘""z X P{)

+1—1

i—1%Wi—1 (2.t

‘g

0y X 8;+wi X (W] X 8}) + ; (2.3)

1s the manipulator’s number of degrees of freedom,
1s n X 1 vector ot joint variable positions,
1s n X 1 vector ot joint variable velocities,

1s n X 1 vector of joint variable accelerations,

is 3 X 3 transtformation matrix tfor 9th link coordinates into :th link coordinate
1s 3 x 1 vector of the ¢th link coordinates angular velocity in the :th reterence

is 3 x 1 vector of the ¢th link coordinates angular acceleration.
is 3 X 1 vector of the :th link linear velocity,

is 3 x 1 vector of the 7th link coordinates linear acceleration,
is 3 X 1 vector of the :th link mass centre linear acceleration,

is the position vector of the 7th link mass centre in terms of the reference

Backward equations (: = n,n — 1,...,1) compute the joint torques or forces

corresponding to link motions ( the dynamics elements).

miaz (2())
::+1 z?-{-l-—ll T Fit (210)
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o= R+ < i)+ (p +sh) < Fl 4
I'w! + w! x (I'w!) (2.11)
If link 2 1s rotational, then
i : ._
T =(n;) (Ri_{Zo) + big; (2.12]
whilst 1f link ¢ 1s translational,
i i - 5 1
T = (fz) (Ri_lZo) + bz’%’ (213)

where:

ft is 3 x 1 force vector exerted on link ¢ by link 7 — 1.
n: is 3 x 1 torque vector exerted on link ¢ by link 7 — 1.
F! is 3 x 1 vector of the total force exerted on link i.

N! is 3 x 1 vector of the total torques exerted on link :.

m; 1s the 2th link total mass.

pt  is the vector representing the origin of the ith coordinate system in terms of

the coordinate system ¢ — 1.

[} s the 7th link inertia matrix about its mass centre.

2

Gravity effects have not been included in the formulation so far. This can

be done simply by setting ¢g = (G, where G is the gravity vector. This is
equivalent to saying that the base of the manipulator is accelerating upwards

with an acceleration of 1¢g. This ‘fictious’ acceleration causes exactly the same

effect on the links as real effect.

The robot arm set of the equations of motion are otten represented in a single

equation that shows some of the structure of the individual equations. but hides
the details. After the equations of motion are evaluated symbolically tor any rigid

manipulator, they yield the tollowing dynamic equation:

r=M(q)q + Q(q.9) (2.14)
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where M(q) is the (n x n) symmetric mass matrix of the manipulator and Q(q. ¢/

is an (n X 1) vector containing centrifugal. coriolis and gravitv terms.

2.3.2 Lagrange-Euler Formulation

T'he Lagrangian formulation is an energy-based approach to dvnamics. The
equations ol motion can be obtained by direct application of Lagrange-Euler
formulation for non-conservative systems. In the case of manipulators we make 1se
of the Denavit-Hartenberg [22] matrix representation to describe the displacement
between the neighbouring link coordinate frames, to obtain the kinematics of each
link, with the Lagrange dynamics technique used to derive the actual manipulator
equations of motion. This method results in a convenient and compact algorithmic
description of the equation of motion that facilitate both analvsis and computer
implementation.

The Lagrangian method provides a means of deriving the equations of motion

from a scalar function called the Lagrangian, which is given by
£(0,0)=K(0,0)—u(0) (2.15)

where (O, O) is the kinetic energy of the manipulator and u(©) is the potential
‘energy. The vectors © and © are position and velocity vectors.
The equations of motion for the manipulator are then given by

d (oL\ oL
@ (oL _ 9k _ 216
dt(a@) 50 (2.16)

Where 7 is a vector of generalised forces or torques applied on the manipulator
[inks.

One is required to choose the desired set of generalised coordinates to describe
the system motion, ( for example, relative or absolute angular displacements ).
They are used to describe the position and orientation of different manipulator

links with respect to a reference coordinate frame, the so called base in this
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case. The generalised coordinates for a manipulator with rotarv joints can be

chosen conveniently as the relative angles between links. because thev are useful

for the task of control. Fu al [13] give the total kinetic and potential energy of

manipulator as

K=Y %% Kcip(q)4pgr (2.17)

=1 p=1 r=1
and
n
U = Z ——migF? (218)
1=1

where Kc;,(q;) 1s a function of ¢;, n is the number of links constituting the

manipulator, m; 1s the :th link mass and ¢ 1s the gravity row vector in terms ot

the base reference frame. The vector 7? expresses the 7th link mass centre from

[/

and 1n the base trame.

After using equation 2.15, 2.16, 2.17 and 2.18 the produced equations ot motion

of manipulator can be written in the tollowing form:

D(q)q + H(q,q)q+ C(q,q) =7 (2.19)

where D(q) is an n X n inertial acceleration-related symmetric matrix whose

elements are

o o 0°K
d(z,7) = d(j,1) = 8@-85' (2.20)
1YY

H(q,q) is an n X n nonlinear coriolis and centrifugal force-related matrix whose

elements are

0°K 0°K
h(z,7) = — — = h(y,? (2.21)
1) 0¢;0q; g 04,0¢; %
and C'(¢q,q) 1s an n X n gravity loading force vector whose elements are
K—P

In particular the manipulator’s total kinetic and potential energies are the sum of

the individual links kinetic and potential energies, and are given by

I{ZZkz‘; u=Zui (
=1

1=1

[\
I\~
A
"
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where
ki = 5 Jo* pil @2 + g7 + 22)dl
U; = ¢ fOL‘ p;2;dl
p; = mass per unit length of the zth link
L; = link 72 length.
Although this kind of algorithm is set to facilitate the formulation of the
equations of motion, it 1s still difficult and time consuming to perform manually.
especially for large systems. Li [15| has coded the above algorithm using the

symbolic algebra language REDUCE to automatically generate the equations of

motion for rotating manipulators.

2.3.3 Kane’s Formulation

Kane’s formulation 1s also known as Jourdain method. It applies to any material
system which can be presented in a Newtonian reference frame 1n terms of
generalised coordinates ¢q,.....,q,. This method involves two new quantities.

namely partial angular velocities and partial velocities. These quantities are

dehned as tollows:

If uq,...,uy, called generalised speeds, are introduced as linear combinations ot

q1,---,qn by equations of the form
u;, = Wiiq, + X, (2 =1,...,n) (2.21)

where W;; and X, are functions of ¢, ..., ¢, and the time ¢, and are chosen such
that equation 2.24 can be solved uniquely for ¢y, ...,¢,, then the angular velocity

of any rigid body and the velocity of any point of the system can be expressed

uniquely as a linear function of uq,...,u,. In such a function. the vector which
is the coefficient of u; is the 7th partial angular velocity of the rigid bodyv or the
ith partial velocity of the point. To make this task clearer. the example shown n

Figure 2.1 is used as a sample of a system containing translational and angular
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motion. lts equations of motion will be derived using lhane s tormulation.

'/
/

______ L M ing
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Figure 2.1: A trolley with inverted pendulum
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The generalised coordinates in this case are z and 6. and the generalised speeds
are u; and uy. Indeed , these are the derivatives of z and 0, respectively.

The positions of the two bodies in the reference frame N are

T, (2.20)

[ Z :
(x + §3in9)i + 5 cost). (2.26)

Fa

1

o

The velocities in terms of N are

v, = Ty = i (2.27)
vy = To = (& + é—écos(?)i - (-;—ésinﬁ)j (2.28)
wy = 0 (2.29)
w, = 0Ok (2.30)

From this set of equations and the definitions of partial velocities, the following

are the partial angular velocities and partial velocities for the system of Figure

2.1:

wi =0, wy = 0, wi=0 wi =Kk (2.31)
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, . o z

vy =1, Vg = §cosl9i — 5 sinb] (2.33)

i W

F

To formulate the equations of motion using the partial angular velocities and
the partial velocities two other forms of forces and/or torques are needed. namely.

generalised active forces K; and/or 7;, and generalised inertia forces and/or torques

K and/or 7 (2 =1,...,n) such that

vV

K, = Z(Uf” - F, + w1 (:=1,....n) (2.34)
y=1

K; = ) (vi* F 4w/ 7)) (2 =1,....n) (2.35)
y=1

where v 1s the number of particles in the system under consideration. The variable

Py
U;

is the :th partial velocity ot particle p,. The force F, 1s the resultant of
all applied forces including gravitational forces acting on p, whose mass 1s m,,.
Similarly, 7 and 7 are the resultants of the inertial forces and torques acting on
particle p,.

Dynamic equations of motion are formulated finally by equating to zero the

sum of the generalised inertia active forces and inertia forces:

K+ K =0 (G=1,..,n) (2.36)

The following is the application of the above on the system of Figure 2.1. The
first quantities to be calculated are the active forces which act on the rigid bodies

in this case.

Fy —mg] (2.33)

The inertia forces and torques are given by

F' = —Mazi (2.39)
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* .e Z ~ Z : _ . Z o .

F; = —m(z+ —2-6’0059 - —2-9232719)1 + m(§¢9c039 + ;l)-GQCOSQ)j (2.40)
. ) ml? .

Ty = “lpendulumWz = 72—91{ (2.41)

and the remaining torques are all nil for this case, including the active ones as

well.

Let us now calculate the generalised active and inertia forces:

Ky, = F (2.42)
) ml . o
Ky = 7982719 (2.143)
K = —(M+m)z — -—2-—60399 + -—2—3372,99 (2.14)

) ml . ml*
K, = — > cosfx — 3 0 (2.45)

Finally, the two equations of motion of the system shown in Figure 2.1 can be

tormulated as follow:

I . z .
F—(M+m)x — m?cosﬁé) + %Sinﬁﬁz = 0 (2.46)
[ [ [ .
%gsin@ — %cos@fé — —T%——H = ( (2.47)

2.4 Automatic Mathematical modelling

A considerable effort has been spent in providing specific, formulations and meth-

ods for generation of equations of motion for dynamic systems, and specifically.
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robot arm manipulators, see previous sections. This does not solve the problem
of mathematical modelling completely, especially. when large svstems and mul-
tilink manipulators are considered. Although, the use of the special formulation
helps enormously, nevertheless, manual formulation of the model is tedious. time
consuming, error-prone and extremely difficult to debug. It is also difficult to
adapt to changing requirements and becomes too hard when the modelled svstem
reaches certain complexity. This gives rise to the desire for automatic derivation
of the equations using a computer, even for simple manipulator arms. This results
in several important advantages. It reduces the time spent in deriving the equa-
tions of motion immensely and saves the good engineering talent to be invested
in solving other issues related problems, such as control design.

Since good computer programs already exist, such as MACSYMA and RE-
DUCE, to help mathematicians and engineers in performing complex mathemat-
1cs, one can utilise the algorithms trom previous sections in these programmes in
order to generate the equations of motion for a given manipulator.

Li [15] has coded the Newton-Euler algorithm in REDUCE -Symbolic algebraic
manipulation software- to generate automatically the dynamic equations for rotary
manipulators. In the present work this code has been generalised to deal with
manipulators with prismatic joints as well, see appendix A.1. It has been tested
and generated successfully the correct dynamic equations for several example
systems, including that of figure 2.1. The generated equations in symbolic form
are easily edited and used in simulation to mimic the dynamics ot the system
under given conditions. The Lagrange-Euler formulation was also coded by Li
[15] here at the Department of Mechanical Engineering using REDUCE to derive
automatically the dynamic equations of manipulator in symbolic form.

When comparing the two codes, The Newton-Euler method' provides an

1Tt has been brought to attention during the Viva, that reference [101] is relevant to this
chapter. Walker and Orin [101] discuss the efliciency of the Newton-Euler formulation and
present four methods of calculating the forces acting on the manipulator links.
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insight into the representation of system dynamics and a step by step check of the
correctness of the generation of the equations. This method provides access to
individual link forces and acceleration. The Lagrange-Euler algorithm is proved
to be more eflicient in calculating the equations of motion due to the fact that it
need not to evaluate the acceleration and force for each link. Nane's Formulation.
1s claimed to be much more efficient especially when larger svstems are under
consideration. It is also simpler and more straightforward to program. It has been
used 1n several powerful multibody systems modelling software such as SD/FAST
and smaller ones such as AUTOLEV. Other possible formulations for multibody
systems dynamics are order N, O(N), and O(N?) formulations. Order V. being

an option in SD/FAST is advised to be used for larger systems?.

2.5 Conclusion

A general description of the modelling process of robot manipulator has been
presented and led to the introduction of three methods of dynamic equations for-
mulation. A comparison of the efficiency and ease of applicability i1s also presented

and 1mcluded comparison of programs for automatic derivation, in a symbolic form.

of the dynamic equations. These programmes are written in REDUCE and based
on the discussed algorithms. Several examples systems from (4] and [37] have been
used to check the validity of these programs and produced the correct dynamic
equations. Over the last five to ten years several software packages specialising
in multi-body systems modelling and simulation have been developed. They are
claimed to provide solutions to many engineering problems. Chapter 3 presents a

comparison of some commercially available software packages with regard to their

use and performance in the field of robotics.

2Featherstone [102] proves that O(N) formulations are more efficient than O(N*?) only for
systems with more than 10 degrees of freedom.
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Existing Modelling Programs

Evaluation

3.1 Introduction

From the previous chapter , it i1s apparent that several methods have been
developed and are well established for the purpose of manipulator mathematical
model formulation. These formalisms are valid tor other multibody mechanisms

and general multibody formalisms are applicable to robot arm modelling. The

formulation of the mathematical model through the described methods i1s simple
and straightforward, however 1t becomes complicated and cumbersome when the

number of links exceeds two or three. In adaition to the time 1t takes, 1t becomes
error prone due to the large number of operations needed. To avoid all the

problems associated with the hand formulation of the model a computer program

shall be used to automatically generate the model and cope with the repetitive

and tedious operation and hence save the engineering talent to be invested on

other issues, such as the design of the suitable control.

Research and development in the field of multibody dynamics over the last two

decades resulted in more than 20 computer programs and sottware packages. most

29
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of which are commercially available [16]. Although all the programs generate the
model of the mechanical system as a set of differential equations. onlyv some are

designed to provide these equations in a symbolic form. Most of the programmes
described in [16] support robot systems. however, only one. SY/. is specificallv
designed to deal with serial-link robot manipulators modelling. The programmies
described in [16] are presented in separate chapters and no consistent comparison
1s given, although the general advantages of each software are stated.

This chapter describes three commercially available modelling and simulation
computer software packages and also present comparison of their ease and
performance 1in view of their use for robotic manipulators in particular. The
purpose of this experience based comparison is to provide guidelines to choosing
the convenient modelling software from the numerous programs in the market.
The studied programs were available in the Department and represent three
different types. AUTOLEYV is an example of a symbolic modelling software based
on personal computers, DADS is a numeric modelling and simulation software
package based on bigger computer platforms and SD/FAST 1s an example of
symbolic modelling software available for bigger computer platforms. Some other
non-commercial programs also will be considered during the comparison process.

[ndustrial robot manipulators are very complex mechanical systems, therefore
a simple model has been chosen to undertake the modelling and simulation as
a basis of the comparison. It consists of a double inverted pendulum fixed to a
moving trolley. The lower end of the first rod is fixed to the trolley by means
of rotational joint. For simplicity, motion is restricted to be two dimensional. as
shown in figure 3.1. The ease of the modelling and the simulation time required
by each software is used for the assessment.

An example of computer aided design and simulation 1s also presented 1n this
chapter to show the success of this approach and the advantages provided by

allowing an insight in the robot dynamics and the evaluation of the kinematic
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Figure 3.1: A trolley with double inverted pendulum

and dynamic design of the arm.

3.2 SD/FAST

The information in this section is mainly compiled through the use of SD/FAST

acquired on a trial basis for a period of three months summarised in [38] and from
116]. SD/FAST is a multibody modelling software designed to ease producing
multibody simulation with the best possible run-time performance. It is offered
with choice between two formulations. The first, called Kane’s Formulation. yields
extremely good performance for smaller systems. The second is called “Order (n)
Formulation”. The latter is preferred for larger systems, such as those which occur
1n spacecraft simulation.

One of the goals of SD/FAST is to produce a program that 1s considerably
easier to learn and use than the existing numerical codes. This leads to a greater

chance that the final simulation will actually be simulating the desired mechanical

system.
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SD/FAST provides the user with the following capabilities:

o It generates the model for free( e.g. spacecraft) or attached svstems such ax

manipulators. This means, it is capable of modelling manipulators operating

In space
e Rigid bodies and manipulators up to 50 DOF .

e 1,2, or 3-dimensional rotational joints and one-dimensional sliding joint.

o [t supports serial-links manipulators as well as closed loop ones. and

also non-holonomic constraints. Such constraint simulate. for instance.

manipulator grasping an item on the ground or inside a spacecraft.

To accomplish the goals of SD/FAST, the task of generating the equations
of motion 1s taken from simple, engineering-oriented system description. '|T'he
system description is then provided to SD/FAST as an input file containing the
appropriate information about the system geometry.

Appendix A.3 contains the complete input specification for the model shown
in figure 3.1. This is presented as input file to SD/FAST. which can be edited
using any available text editor and is completely free format. The words to the
left of the equal sign have special meaning to SD/FAST while the others are just
names and values provided by the user.

SD/FAST generates the equations of motion for the specified system and puts
them in a subroutine which can be called from any available simulation medium
such as ACSL, or a written FORTRAN program. SD/FAST also produces output
in the ADSIM simulation language. At the time of making these comparisons it
was planned that further releases would have additional languages, C and ADA.
One has to mention at this stage that SD/FAST 1s not a simulation language.

it only formulates the mathematical model and requires a simulation medium to

accomplish the task.
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3.3 AUTOLEV

AUTOLEV 1s an interactive symbolic manipulation program designed to assist
the user 1n generating the equations of motion for multibody svstems and in their
FORTRAN coding to produce a simulation program.

Unlike SD/FAST and other multibody dynamics programs which can be run
almost by anyone, AUTOLEV can be used effectively only by individuals with a
good background in dynamics.

To accomplish the derivation of the equations of motion, the user must supply
AUTOLEYV with specific information concerning the particular dynamical system.
Then the program performs the necessary operations and also the FORTRAN
coding. AUTOLEV can be used in interactive mode or it can be supplied an
input file containing the necessary information to model a mechanical system,

and in both modes the intermediate calculations are displayed.

The information that must be supplied to AUTOLEV 1n order to generate the

equations of motion of a multibody system are:

1. An expression for the angular velocity in inertial space of each rigid body

1in the system.

2. An expression for the velocity in inertial space for each rigid body mass

centre and point at which a force contributing to generalised active force 1s

applied 1n the system.

3. Expressions for force and/or torques

4. An expression for the angular acceleration in inertial space of each rigid

body in the system, as well as, an expression for the acceleration in inertial
space of every rigid body (link) mass-centre. These can be derived with

AUTOLEV commands from the information already in the workspace.
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Appendix A.4 shows AUTOLEV’s input file containing the necessarv specifica-
tions to generate the model for the trolley with double inverted pendulum men-
tioned above. The subsequent FORTRAN simulation program is presented in

Appendix A.5. In the case of the interactive mode the lines constituting the input

hle are typed line by line.

AUTOLEV 1s designed for use on personal computers which are. byv their

nature, slower than mainframe computers and process less memory. Although

this means that AUTOLEV cannot handle extremely large svstems. it can do
those of approximately 10 bodies efficiently [38] [39] .
The teatures of AUTOLEV could be summarised in the following;

o It generates the model for free( e.g. spacecraft) or attached systems such as

manipulators. This means, 1t 1s capable of modelling manipulators operating

In space
¢ Rigid bodies and manipulators up to 10 bodies.

e Produces complete, fully formatted, ready to compile and run FORTRAN
simulation programs, where repeated strings have been replaced by new

symbols.

e It supports serial-links manipulators and closed loops linkages and a variety

ol constraints

¢ Only available for desktop computers while the formatted simulation code

can be run on any machine or platform that has a FORTRAN compiler.

The equations of motion for the system of figure 3.1 were generated, as well
as the FORTRAN simulation program by AUTOLEV, using the input file of
Appendix A.4. When the simulation program was run however, five seconds
simulation took a considerably long time. The same program has been edited

and put in ACSL form, only the DEQS subroutine was replaced by appropriate
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commands to perform the integrations. Using the phvsical data given in [40]. by

Michel, and the controller to keep the two links in the upper vertical position.

exactly the same response resulted in considerably improved run-time period.

3.4 DADS

DADS: the Dynamic Analysis and Design System software is a set of general
purpose computer programs designed to model and simulate the behaviour of a
variety of mechanical systems, including robot manipulators [16] [41].

DADS builds a mathematical model of the real system using a description of
the system consisting of a set of data, which can be created interactivelv using the
preprocessor program. 1lhe mathematical model calculates positions. velocities
and accelerations of the bodies of the system.

DADS ,—as well as other programs—, provides the user with the possibility
of simulating a wide range of alternate designs prior to building and testing
prototypes, since 1t contains a large library of mechanical elements. The most
important elements of DADS’ library are: rigid and flexible bodies. joints and
other constraints, force and torque elements and control and hydraulic elements.
In addition DADS provides the possibility to create the model in two or three
dimensions. The DADS related files representing the system ot the trolley with
double inverted pendulum are not inciuded due to their considerabie length. The
joints and the bodies are separate built-in elements, the user must supply only
the numerical data. Once the model has been created, the data are processed by
the DADS aﬁalysis program which perform the mathematical assembly. Then the
equations of motion are generated and solved numerically. The results wanted
from this case are the position, the velocity and the acceleration ot each body of
the system since the analysis chosen is dynamic. DADS provides different types

of analysis dynamic, kinematic, static and inverse dynamic as well as the choice
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between global or local body-fixed reference frames.

DADS provides the user with the following capabilities;

o It simulates free and attached systems such as manipulators and therefore.

1t 1s capable of modelling manipulators operating in space

o It 1s capable of dealing with simple and complicated systems in two as well

as 1n three dimensions.
o [ts library contains several control elements.

¢ [t supports serial-links manipulators as well as closed loop ones, and many

types of constraints can be added to the model.

e DADS provides an animation program to permit a deep insight on the

behaviour of a system.

DADS contains considerably big programs and can be supported more effi-
ciently by big computing platforms, although a version for personal computers
does exist. It is also quite slow when simulating three dimensional systems such
as manipulators and does not produce the mathematical model in symbolic form
in any case. The large number of the elements of the DADS library gives a big

range of choice, however it makes the task of modelling more demanding

3.5 Comparison

Generally the modelling packages put an end to the tedious work of generating the
equations of motion by hand and considerably reduce the required time to generate
the equations of motion. However, the current packages, that are looked at so far.
are good at producing models and simulation codes, but provide little support for

other modelling activities such as control design and dynamic understanding.
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SD/FAST is the easiest to use between the aforementioned modelling programs-
as the descriptive input file can be written by anyone with little knowledge of
dynamics. Although DADS is conceptually straight forward to use. the fact that
the information and data have to be entered in certain format and for each element .
makes 1t hard for individuals with little knowledge of dynamics. AUTOLE\" can
be used properly only by individuals with good dynamics knowledge.

SD/FAST and AUTOLEV generate the equations of motion in a very similar
format, in symbolic form, and also both use the same formalism. However
AUTOLEV provides this equation inside a complete FORTRAN program readx
for use and SD/FAST needs a simulation medium such as ACSL. DADS does not
visualise any detail about the equations or their form and therefore theyv are not

accessible.

Codes generated by AUTOLEV and SD/FAST are accessible. clearly com-
mented and easily edited and the set of equations can readily be isolated, where
the states are not confused. Within DADS the states are not alwayvs accessible for
observation nor for control purposes, especially when they reflect angular rates. as
1s the case of robot manipulators. In the 3-dimensional DADS simulation. Euler
parameters only are observable and can be used to teed back tor control purposes.
Often, they do not represent a physical quantity that is usable in a controller or
to visualise physically how a given system (robot) behave. This represented a
major handicap when DADS was used to model and simulate an industrial robot.
Had the axes of rotation not been parallel the task would have been very difhcult.
The details of this simulation are given in section 3.8. The example of figure 3.1
was modelled with the three described programmes and simulation of the system
behaviour under its own weight was executed. Matlab was used to call the equa-
tions generated by SD/FAST after they had been edited to a suitable format.
The FORTRAN code generated by AUTOLEV was used without any changes.

The simulation under the same condition was executed on the same machines and
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resulted in distinctive execution times. These are presented in table 3.1 for the

various programines:

Table 3.1: Simulation execution time in the different software

‘ ~ | AUTOLEV | DADS3D | DADS2D | SD/FAST

CPU (sec) | 84.9 319.26 | 65.28 21.83

In the light ot the above comparison and taking into account the available
computing resources choosing the suitable software for the task is made easier.
One has also to consider the information given in the next section about updates
and new versions, which have not been evaluated 1n current study. The ability to
introduce extra features, such as joint compliance and link flexibility, have also
to be considered for evaluating and for acquiring the suitable program and also
the ability to link to other programs for control design and analysis. The last
point, one should consider 1s the cost of the various programs, and 1t appears
that AUTOLEYV is the less expensive. It has to be noted that the Reduce code
generated equation of motion could be used in simulation with Matlab/Simulink.

The performance of the combination match that of many commercial packages.

3.6 Updates

According to [16] A new version of AUTOLEV in language C, was in progress

and might be completed by now or in the near future. This version would make

it possible to use AUTOLEV not only on personal computers, but also on most

malnframe computers.

Very recently, the new feature added to DADS consist of “DADS/Plant”. a
new module to enable the user to perform time-domain and linear analysis of

systems modelled in DADS to a controller modelled in SIMULINK. The latter

is to apply forces/torques to the DADS system at run time using SIMULINK
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>-Function block [42].

3.7 Interfacing AUTOLEV to MATLAB and
SIMULINK

As mentioned in section 3.5, one has to look at the flexibility of the modelling

software to link with some extra written codes and other existing useful computer

programs, such as MATLAB and SIMULINK, for control design and analysis.
AUTOLEYV can generate the mathematical model and FORTRAN code, therefore
1t 1s conceivable to write a front-end to prepare an AUTOLEYV input file format
from an easy and more convenient format. This has been as a final year project
and subsequently creating the model, for a serial link robot, using AUTOLEV
1s made effortless for specialists and easy for individuals with little knowledge of
dynamics. The code to perform this function is listed in the report [43]. Although
AUTOLEV produces complete simulation programs, these do not support any
control design or linearisation of the model. SIMULINK 5-function block allows
the user to input his own equations. An interface was written to extract the
equations from the AUTOLEV output code and generate the appropriate -
function for the manipulator under consideration. The S-function can be written
in MATLAB code (m file) or compiled FORTRAN or C code ( MEX files). The
MEX files are compiled and therefore 1t 1s suggested that they are used for faster

run time [44]. At the current stage numerical values for the manipulator should

be entered to the AUTOLEYV input file, or added in the appropriate place to the

file filename.f mentioned later in this section. The code we propose 1s written for
UNIX OS and will be even more convenient for the new version of AUTOLEV. The
conversion program a2m given in appendix A.6 takes the output file filename.for

and creates three more files: filename.d, filenameg.t and filenames.m. The two .
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files are compiled and linked to create the filename.mex™**! and that is the onlv
file needed for the simulation. It is called by SIMULINK S-function. filenames.m.
every time step. This extra interface program makes AUTOLE\V verv attractive
modelling software and gives it the added bonus to connect with other powerful
control and analysis programs. To demonstrate the improvement added to the
simulation, the a2m generated MEX file, model, of the system shown in figure 3.1
1s run through SIMULINK under the conditions described in section 3.5. The
execution time shown in table 3.1 1s extremely improved and brought down to
only 8.99 seconds which 1s the shortest simulation time when compared to all
times seen so tar. More details about this interface and others are compiled in the
internal research report [45]. The added features to AUTOLEV can also he done
to the written programs described in the previous chapter to make them more

useful and comparable to commercially available modelling programs. provided

that the necessary time 1s invested on them

3.8 Computer-Aided Modelling of an Indus-

trial Robot

Following the discussion in the previous sections, modelling and simulation
programs have to be chosen depending on the task. Although DADS sounds
less favourable, it provides some features which are not supported by the other
two. These features include, for instance, modelling manipulators with flexible
links or joints as well as providing animation facilities. The latter provide a deep
insight of the nature of the movement of the manipulator mechanisms. 'This
section summarise the modelling and simulation of the AA300 robot situated
at Lamberton Robotics Ltd., Coatbridge, Motherwell, Scotland, through use ot

computer-based geometric modelling package [-DEAS and DADS. The objective

1The *** extension is given to the filename to indicate the architecture of the machine
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of this work is to show the suitability of the computer-aided approach for design.
analysis and dynamic evaluation. The AA300 robot is a big sized robot designed
to handle big loads, however it endured motor failure. It is thought, this was
due to the required large torques to drive the big masses and inertias of the
robot element plus the load. The solution lies in choosing an alternative motor
which will sustain the load or altering the controller to limit the input currents to
acceptable level. Both solutions can be performed using simulation to avoid trials
on the real system and therefore a good model is required. I-DEAS was used for
the geometric modelling of the AA300 to obtain the dynamic and inertial values
of the different part of the manipulator. The final masses computed compared
extremely well with those obtained form on site measurements. Moreover. [-DEAS
gives the position ot the centre of gravity and inertia of different links which are

not as easy to measure 1n practice. The relevant dynamic and inertial values are

shown 1n table 3.2 and the final assembled robot is shown in figure 3.2 and the
detailed modelling i1s presented in |46] and [47] [48]. The I-DEAS built model

compostte system, i.e. assembled robot arm is shown in figure 3.2.

3.8.1 Simulation

DADS was chosen to perform the required numerical simulation using the data
supplied by the geometric model. The mitial DADS model included several
simplifications which can be easily incorporated to the model at later stage.
A torque/force is applied to each rotational/sliding joint directly. Therefore
electrical properties are not included in the model. These can be added directly

into a DADS simulation in a relatively straightforward manner. Although. one of

the incentives for using DADS is to include link flexibility later. tests performed on
the robot elements [49] suggest that robot elements can be considered structurally
rigid.

After all the model specifications were entered to the DADS pre-processor.



Chapter 3. Existing Modelling Programs Evaluation

Table 3.2: Dynamic data generated using [-DEAS for the robot AA300

Clolumn

mass(kg) 1123.099 | C.G. (0.0059,0.9383,0.0638) |

/| L. = 6925912 |1, =85.0788 [ I.. = 699.9323

/| I, = 7.2543 I, =—0.2016 | I,, = 22.1523
— Upper Arm | |
mass(kg) 201.4534 | C.G. (0.3267,0.3938,0.4836) |
/| L, =67.5724 |1, =49.6198 | I.. = 33.8151
/| I, = 0.0444 I,.,=—0.0430 | I,. = —17.8084

Exrtension Tube

mass(kg) 118.9522 | C.G. (0_.00_12_,_(_).‘2900, —0.2111)
[ | I = 18.3198 Ly = 2.7T904 l,, = 17.5240
[ | {zy = —0.0511 I, =0.0292 | [,, =—1.4355

:

| Gripper |
“mass(kg) 65.1572 [ C.G.(0.0773,0.2194,—0.0953)
/| L. =11798  |1,,=06623 |L.=1.2533
/| I, =0.0225 I, =—0.0140 | I,. = 0.0382
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an 1nverse kinematic analysis is performed to obtain the set of joint parameters
corresponding to any desired position of the end-effector. Second., a stand-
alone FORTRAN program (which has been written externally) performs the path
planning using the inverse kinematic analysis results to generate the curves to be
followed by the joints of the robot. Finally, the actual simulation of the robot is
accomplished under the action of forces and torques, the trajectories continuously
monitored by a simple PD controller [38].

Several Simulation were run to mimic, typical manoeuvres required from the
robot. The Upper Arm movement 1s unaffected by the other link whilst, the
dynamics of the other two interacted, due to their parallel axes of rotation.
Figure 3.3 shows a typical animation, produced by DADS, to illustrate the
capability of showing the relative movement ot all links of a robot, system, 1n

one picture.

\ | e , |

[ -

Figure 3.3: Animation Schematic: Upper Arm slides downwards and both Column
and Extension Tube rotate clockwise
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DADS provides several parameters for output and analvsis. which include
different type of energies, positions, Euler parameters. velocities. calculated
applied forces and torques, and also the force acting at a point of particular element
and the torque acting about a local axis. These forces and torques determine in a

design process, what are the ranges expected from the actuators. In the light of

this the motors are chosen, capable of delivering maximum torques not less than
the maximum torques required for typical ssimulated manoeuvres of the robot arm.
The Dynamic and electrical parameters of the motors are then added to the DADS
model and final validation simulations tests are performed. In a recent work [50].
DADS has also been used with other, existing finite element analysis. software 1n
design optimisation of Flexible Mechanisms which are believed to be applicable
to robot arm design. At the time of performing the atorementioned simulation,
a limitation was noted, in that only the Euler parameters and angular velocities
were provided for feedback; the angles are then obtained simply by integration.
Obtaining the angles would prove to be a greater task for a robot with a more

complex general configuration.

3.9 Conclusion

This chapter describes three modelling and simulation computer software packages
and presents a comparison of their features with respect of their use for robot
manipulators modelling. The programs looked at, are good at producing models
and simulation codes, but provide little support for modelling activities such as
control design or dynamic understanding in some cases. The proposed intertaces
put an end to these difficulties in the case of AUTOLEV and make it very powertul
modelling package for robot manipulators. The interfaces have been tested and
results validated and produce the correct desired outcome. The problem of

generating the equations of motion of manipulators is made an easy and effortless
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task with computer programs. The talent and the time of engineers can be used in
more effective and efficient way when using powerful modelling packages. and the
comparison made in this chapter and the proposed interfaces provide guidelines
to choosing the convenient program between the many offered in the market.
I'he comparison is based on using and testing three available sample software
programs representing symbolic and numeric modelling. Appendix B shows a list
of the computer programs known to the author and it is thought there are still
more 1n the market. Using numerical modelling software such as DADS to aid
in the design process was discussed through an example and its use for design
optimisation for flexible links is advised, based on published work [50]. While
looking at the various modelling packages, 1t has been noticed that there was no
support for manipulators operating in fluids like water. Underwater manipulator

modelling 1s dealt with in a later chapter where the automatic model generation

1s also discussed.



Chapter 4

The PUMA 560 Instrumentation

4.1 Introduction

T'his chapter describes the development of a low cost instrumentation system based
on commerclally available low cost hardware and an IBM compatible personal
computer. The main aim of the instrument is to measure the necessary data during
a pre-determined robot arm move. The measured information is then used for the
estimation of the dynamic parameters of each link of the robot arm. Although.
the system was primarily designed to measure information relevant to dynamic
parameter estimation, it proved to be easy to combine with other measurement
systems by establishing the hand-shaking through producing or receiving a signal
to trigger the sampling. This allowed the collection of more information that could
be useful, for instance, for kinematic identification. The system was connected
to a laser tracking system designed and built at Surrey University [51] and the
combined instrument measured successfully the required information at various
speeds and sampling rates. In addition to the description of the tests performed

using the proposed measurement system, further uses and characteristics are also

discussed 1n this chapter.
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4.2 Background

Part of the Metamodelling project [52] was that the Lamberton AA300 robot arm
would be modelled [48] and the model validated against the information provided
by the industrial collaborator. When the data from the industrial collaborator
Lambertons was not forthcoming, the PUMA 560 was chosen as an alternative
robot to undergo the modelling and validation. The robot was modelled using
different means 1.e. DADS, AUTOLEV. The robot was also modelled using
BONDGRAPHS as part of the Metamodelling project investigating the use of
the technique in the field of robotics. The instrumentation of the robot was
then deemed to be necessary for providing the measured information required
for validating model. The minimum parameters needed to be measured are:
the voltage/current and the angular positions of the first three motors. Ideally,
however, the instrument should measure as many parameters as possible for all
joints simultaneously (position of the end-effector, motor torques, current and
voltage, joint angles, gearbox input and output, arm flexibility etc.). which proves
to be a demanding task. An alternative could be achieved by designing the tests
to cover only one joint at a time and measuring all the possible information related
to the move involving the designated joint. In such a case, all relative movement
of other joints must be prevented and joints locked. In fact, due to the size and
the nature of our proposed system, the instrument is capable of collecting data
from three links concurrently.

The instrument was developed here using commercially available plug-in cards
on a 486 personal computer. An A/D card, Lab-PC [53|, was used to capture
signals from the Hall-effect devices, used to measure the motor currents and
a counter/timer card was used to count the encoder pulses, used to measure
the motor angular positions. The instrument system was tested and measured
successfully the currents and the angular position of a PUMAS60 robot arm.

Extra encoders are available to be attached externally to the links to measure



Chapter 4. The PUMA 560 Instrumentation 14

their angular positions. The difference between the measurements of these and
those attached to the motors reflect the gearbox and joint characteristics.

T'he measurement of the absolute end-effector position entailed the use of the
Optotrac laser measurement system, described in section 4.1.1. This exercise

demonstrate the flexibility of our instrument to combine with other existing

measurement tools.

4.3 Description of The PUMA 560

A brief description of the main elements that constitute the PUMA 560 is given
in this section to aid understanding the measurement process using this robot.
The PUMA 560 1s a six axis industrial manipulator manufactured by Unimation.
Fach motor of the PUMA 560 1s instrumented with an incremental optical encoder.
There are no tachometers in the PUMA 560; rather, joint positions are differenced
on subsequent servo cycles to obtain an estimate ot joint velocity.

The Unimation PUMA controller 1s a classical hierarchical controller as shown
in figure 4.1 [54]. The host computer, in the factory configuration, an L5I-11/02
running the VAL robot language, communicates with the Arm Intertface Board
(AIB) over a bi-directional parallel bus. The LSI-11 computer carries all the
high-level operations of the overall control system. It takes care of interpreting
the VAL commands, performs any needed inverse kinematics, plans the desired
trajectory via-points and communicates them every 28 milliseconds to the joint
digital servo boards. The AIB 1n turn communicates with six digital servo [4]
boards over a custom wired DEC double-height backplane. These boards execute
commands (such as position setpoint setting, reading current encoder values.
miscellaneous parameter setting) as well as implementing the position control
loop. They connect through the backplane to the analog servo boards which

implement nested velocity and current control loops. The older Mark I controller.
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Figure 4.1: The PUMA 560 controller -Mark I

available for our tests, uses two boards per axis, one digital and one analog. In
newer MARK Il controllers, the digital and analog boards are combined into one

single servo board per axis.

4.4 Measurement System Used

This section is divided into two main parts, the first details the characteristics

of the hardware used and the second describe the software written to drive and

control the measurement instrument.

4.4.1 Hardware

The main pieces of hardware used are available in the market, such as the counter

card (MIT C12) and the multifunction analog and digital input foutput board

(Lab-PC). These and other devices used to build our measurement instrument




Chapter 4. The PUMA 560 Instrumentation 16

are described bellow.

The PC

TI'he computer used to host the plug-in cards is a Viglen PC' model Genie 1DX.
It 1s based on, and is compatible with, the IBM personal computers with a 80486

processor and speed of 33M Hz . See [55] for more details about the computer.

The MIT C12 card

T'he MIT CI2 1s a universal counter card designed for connecting incremental

shatt encoders to microcomputers. The card offers a powerful combination of

incremental encoder interfacing and counter/timer functions [56].

There are three channels of incremental encoder interface with 24 bit resolu-
tion, a 32 bit incremental encoder interface and 3 channels of 16 bit programmable
timer/counter.

The encoder-intertace 1s designed to connect mechanical devices with quadra-
ture signals to a PC. Each encoder can determine the direction and the dis-
placement of the mechanical device. All the four encoder input channels may

be independently programmed from software to operate on one of tour different

modes.

Lab-PC card

The Lab-PC is a low-cost multifunction analog, digital, and timing I/O board for
the PC [53]. The Lab-PC contains 12 bit successive-approximation ADC with
eicht analog inputs, two 12 bit DACs with voltage outputs, 24 lines ot T'1L-
compatible digital I/0, and six 16 bit counter/timer channels for timing I/O.
The multichannel analog input was used in this case for logging the output
voltage of the hall-effect transducers to measure the current of the robot motors.

These input channels could also be used in signal analysis. The two analog
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output channels were made available to provide voltage which could be used
to trigger the robot start the movement and/or generate a signal, to guarantee
synchronisation with an external measurement device. In a similar way. two out
of the 24 TTL-compatible lines were made available, as digital input channels.
I'he first 1s for triggering the start of the data logging, if necessary. and the
second 1s available for synchronisation. It waits for a signal from an external
device to order a new reading, as required by the measurement procedure. The
avallability of two pairs of input and output channels dedicated to synchronisation
with external devices bring about a great flexibility of measurement. For instance.
during the measurement performed on the PUMA560, the Optotrac. described in
the next section, failed to accept a synchronising signal from our instrument.
Fortunately, the synchronisation was insured by a signal going in the opposite
direction, generated by the Optotrac and read successtully by the Lab-PC card.
Only two counters, Bl and B2, out of the six are always available for
couﬁting/timing operations and the availability of B0 is subjected to whether 1t 1s
used by the card for data acquisition/wavefrom generation. Counter B2 was then
used for timing the data logging since 1t 1s not affected by any data acquisition

and /or waveform generation. For more details about the Lab-PC see [53].

The Optotrack

The Optotrac, is an entirely independent measurement system , designed and
built at Surrey University to measure the Cartesian position of a retroreflective
target. The instrument consists of two tracking stations or sub-systems that each
drive a laser beam towards a retroreflective target attached to the end effector of
the robot by using two orthogonally mounted optical scanner units. Figure 4.2
shows the combined set-up with our measurement instrument.

During tracking, the reflected beam is laterally displaced by an amount

proportional to the tracking error, which is detected within the sub-systems



Chapter 4. The PUMA 560 Instrumentation 1~

and used by the controller to drive the scanners. Triangulations are then used
to calculate the 3 dimensional position of the target. The instrument has a

repeatability of approximately +0.1mm as stated in [57]. and has been used to

track targets with velocities in excess of 5m/s.

Puma
Controller Industnal Robot

3
;1'3,}\,
J) \-;,,',, Optical Target

L |
e |

Optotrac reproduced with perrssion from Prof. Parcker@Surrey

Figure 4.2: The whole data acquisition system

Circuits

Due to some difficulties in the direct measuring of some parameters, extra devices
were used. To measure the torque delivered by the motors, the voltage or
the current of the motors had to be measured, however the priority 1s for the

measurement of the current since 1t 1s directly proportional to the torque:
I = kaara

where, T is the motor torque, k,, is the torque constant and I,, 1s the motor

armature current. Current transducers, based upon the Hall-eftect. were then used
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to generate a small voltage proportional to the measured current. The transducer

' supplies an output that is linearly related to a current of 0 to 200 flowing in the

centre core. Table 1 summarises the technical data of the current transducer used.

" T,

Input Output Supply voltage

—
0 — 200Aa.c. ‘ 0 — 10V | 15V £ 0.2V

The measured current

Power input _«7 l

———._Jl'

Output voltage

Figure 4.3: Current transducer connection
Figure 4.3 gives an idea about how the transducers are used to measure the

current, which 1s calculated by the following formula:

_QOXVt—COff
— N ,}

Ly,

where :

[, is the current through the wire,

V. is the measured voltage, N i1s the number of turns of the wire through the
centre core of the transducer and

C,s¢ is a calibration offset.

The signals generated by the PUMA 560 optical encoders are very poor and
noisy such that they could not be read by the MIT-C12. An alternative solution
would be tapping the encoder signals from the analog axis board and using the

test pins. However the signals are sinusoidal signals and need some conditioning.

The required electrical circiut for this task i1s given in figure 4.4.

I1RS stock number for the current transducer used 1s RS 257-436
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Iigure 4.4: The used circuit to transform Sine signals to square signals

pin 15

The conditioning circuits for the first three motor encoders signals of the

PUMA 560 were fitted in one box, with inputs coming from the analog axis board

and output going to MIT-C12 card in the PC.

4.4.2 Software

A program was written in C language to drive simultaneously both the MIT-C12
and the Lab-PC card plugged in the computer. All the tasks required from MI'T-

C12 are explicitly written within the program, including the channels needed to

be read and the mode required for them. Although the MIT-C12 can handle four

incremental encoders, only the three 24-bit channels were used, and programmed

to operate with the same mode, to have the data with the same resolution. The

mode options and other details about the MIT-C12 are given in [56]. The MIT-

C12 encoder input channels start counting pulses as soon as they are configured.

which is very useful for registering the initial positions of the motor shafts, and

allows a consistent reading when focusing at an end of a particular move.

The functions required from the Lab-PC board are not explicitly written

within the C program, rather LabWindows Data Acquisition Library functions
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58] were used which made the development of the program a simpler. and
faster task. LabWindow data acquisition library provides high-level functions
for controlling National Instruments data acquisition boards that can be used
both in a LabWindows and standalone C programs. The user 1s required only to
plug the right parameters in the function calls.

During each cycle of the data logging the readings include: the values of
encoder pulses and the currents of the first three motors of the robot. The
(X,Y, Z) of the target with reference to base frame are read by the laser system.

The hand-shaking (synchronisation) of the two systems, when using Optotrac.
was insured by a square signal generated by the laser system controller that
triggers the Lab-PC card. At every low-to-high change of the triggering signal
a new set of readings are allowed to be taken by the Lab-PC and the MIT-
C12. The triggering was done in this direction because the Optotrack has a
maximum sampling rate of 1K Hz and a maximum capacity of sampling 1000
samples, whereas the data acquisition system held by the PC could sample at a
rate of 1.6K Hz, which makes it more convenient to receive the triggering signal.

This also helps measuring the time lapse of the data logging.

4.5 Test DATA

Since the measurements were achieved by two independent systems. ours and
the Optotrac, the data for each test are stored 1n two files. The first contains
the time, the three motor angles and the three motor currents, and the second
contains (z,y,z) of the end eftector (target) of the robot with reterence to the

manipulator’s base frame. The latter 1s stored directly by the Optotrac control

system in a special format
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4.5.1 The Arm Zero Position

T'he chosen zero position of the Arm is similar to the one given in [1]. see Figure 4.5.
and not the one that corresponds to the Ready position where the Arm is stretched
up [99].

It was important to run the diagnostic program POTCAL to check the
calibration parameters of the robot before any tests were performed. The new

values of the calibration parameters were stored and used to replace the set

contained in VAL by the VAL command OVERLAY. Then the calibration should

be executed.
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Figure 4.5: The PUMA 560 chosen Zero position; figure reproduced from 2] with

permission

4.5.2 lTests

22 tests were performed, less than the number originally planed due to the time
limits which include the long time of transferring the data from the Optotrac to

the computer disks for each test. The data logging was performed with difterent
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time steps for different sets of tests, depending on the time period of the move

and the limit of 1000 samples of the Optotrac.

¢ The move for the tests concerning joint1 starts with (0,0.0) angles for joint1.
2 and 3 and 90° for joint5. This is the zero position given in [1] with joint3
rotated 90°.

o ['he move for the tests concerning joint2 starts from the position where the

robot arm is stretched horizontally. Joint2 rotates 180° in each test.

¢ During joint3 tests the moves start from a configuration similar to joint?

start with joint3 rotated 90°.

4.5.3 Tests procedure

The Combined measurement instrument was configured to operate as follows: the
PC begins by sending a “start” signal to both robot and Optotrac. From the start
of the move, the Optotrac now ensures synchronisation of all measurements by
sending a trigger signal back to the PC at the start of each sample cycle. Although
the measurement covered the first three joints and the end-effector position during
each test, only one joint 1s made to move at a time. Each of the joints was made
to move 180 degrees at 50% and also at 100% speed. All tests were repeated with
joints moving in opposite direction. More tests were performed involving the end-
etftector moving along the diagonal rectangle of a cubic shape according to the ISO
standard test, described 1n the next section. Although, the measurements were
collected from the three first joints, these tests involve motion of all joints of the
manipulator. The Cartesian end-eftector position i1s used in this case to evaluate
the overshoot at the corners of the cube and also the offsets between the positions

achieved by the manipulator and 1ts model.
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ISO Standard Test

According to [57], five test noints were chosen for the overshoot measurement in
accordance with the ISO test specification. The five points chosen lie on one of

the four planes of the test cube which has the following properties:

I. The cube shall be located in the portion of the working space with the

greatest anticipated use.

2. The cube shall have the maximum volume allowable with edges parallel to

the base coordinate system.

TI'he length chosen for the sides of the test cube is 500mm, see Stanton [57].

4.6 Potential Uses for the System

In this section more characteristics and features of the measurement system are
cited and 1n the light of that, more measurement procedures are proposed in order
to quantify extra parameters of the robot manipulator. The available channels on

the Lab-PC card can be used to measure the voltage supplied to the motor as well
as the one generated by the tachometers and/or potentiometers when these are

fitted to the robot motors. Voltage can also be generated to be used as a control
signal. There are two optical encoders ready to be used 1n conjunction with the
measurement system. An encoder can be fixed externally to a link and measure
its exact position which would be compared to the reading of the corresponding
motor position to check for gear backlash and flexibility. Generally, the use of the
robot determines which details should be included in the robot model. A model
used for force control purposes must include joint and link compliance’s [60] which
are included in position control only when significant. This 1s true also when the

move involves contact with the end-effector and the manipulator's environment

4]. The use of the proposed measurement system is suggested as a tool in the
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estimation of the link dynamic parameters. This is possible when the links are
1solated and only one link is made to move at a time, during which all relative

movement of other links are prevented and locked at known positions. Therefore.

there are two main applications

o The determination of dynamic characteristics through measurement of
angular position, velocity and motor current or voltage. This involves the
use of a model of an electrical D.C. motor driving a load as detailed in [61]

and a least squares i1dentification method as detailed in [62]

¢ The determination of joint compliance through measurement of motor pos-
ition and link position and motor current (torque) under special conditions
such as constraining joint displacement. The example of such a setup is il-
lustrated in figure 4.6 where the components of the PUMA manipulator are
represented schematically. The original encoder 1s linked to the motor and
records the rotation of the motor shatt only. The position of the link i1s then
calculated using the gear ratio. The compliance present in the motor-link
mechanism 1s not considered 1n the actual manipulator. By fixing the second
encoder to the link, 1t would record the exact position of the link 1tself. This
1s then compared to the one calculated from the motor encoder to check for
any backlash and compliance in the joint. The joint compliance 1s measured
by moving the link against a fixed compliant work piece and recording the

torque delivered by the motor, the motor position and the link position.

4.7 Examples of Measured Data

The following set of graphs is concerned with the test in which only joint 2 was
made to move, where the details about the 3D coordinates of the end-effector

(target) of the robot with reference to the robot base frame are shown. The angles
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Compliant
obstacle

Joint Flexibility

Figure 4.6: Schematic representation of a puma link with an external encoder

achieved by the three motors and their corresponding torques are also presented

in hgures 4.7 and 4.8.

Displacement on the =,y and z of the range ot 0.1 mm and less, are observed

in many of the measured data, which confirms the accuracy and the performance

claimed for the Optotrac system.

4.8 Conclusion

In this Chapter the development of a low cost measurement system 1s described.
The instrument proved to be flexible and easily configured to combine with an
other instrument through receiving or generating the hand-shaking signal. It 1s
also easily adaptable to suite a variety of measurements purposes and can be
configured to be used as a control unit. The displacement measured during the
tests are highly accurate and also the currents and the voltages. The Optotrac
instrument provided Cartesian displacement of the order ot 0.1mm and less which

seem consistent with the nature of the moves. The obtained measurements also
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Figure 4.7: angles

showed the performance of the Puma 560 robot dynamic controller. The achieved
positions by the motor compare with high accuracy to the demanded values but
the positioning of the robot’s end-effector 1s commonly known. and verified in this
case, as of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>