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Series Editors’ Foreword

The topics of control engineering and signal processing continue to flourish and
develop. In common with general scientific investigation, new ideas, concepts
and interpretations emerge quite spontaneously and these are then discussed,
used, discarded or subsumed into the prevailing subject paradigm. Sometimes
these innovative concepts coalesce into a new sub-discipline within the broad
subject tapestry of control and signal processing. This preliminary battle be-
tween old and new usually takes place at conferences, through the Internet and
in the journals of the discipline. After a little more maturity has been acquired
by the new concepts then archival publication as a scientific or engineering
monograph may occur.

A new concept in control and signal processing is known to have arrived
when sufficient material has evolved for the topic to be taught as a specialized
tutorial workshop or as a course to undergraduate, graduate or industrial
engineers. Advanced Textbooks in Control and Signal Processing are designed
as a vehicle for the systematic presentation of course material for both popular
and innovative topics in the discipline. It is hoped that prospective authors will
welcome the opportunity to publish a structured and systematic presentation
of some of the newer emerging control and signal processing technologies in
the textbook series.

One of our aims for the Advanced Textbooks in Control and Signal Pro-
cessing series is to create a set of course textbooks that are comprehensive
in their coverage. Even though a primary aim of the series is to service the
textbook needs of various types of advanced courses we also hope that the
industrial control engineer and the control academic will be able to collect
the series volumes and use them as a reference library in control and signal
processing.

Robotics is an area where the series has the excellent entry in the volume
by L. Sciavicco and B. Siciliano entitled Modelling and Control of Robot Ma-
nipulators, now in its second edition. To complement our coverage in Robotics,
we are pleased to welcome into the series this new volume Control of Robot
Manipulators in Joint Space by Rafael Kelly, Victor Santibdniez and Antonio
Loria. Other topics like models, kinematics and dynamics are introduced into
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the narrative as and when they are needed to design and compute the robot
manipulator controllers. Another novel feature of the text is the extensive use
of the laboratory prototype Pelican robotic manipulator as the test-bed case
study for the robot manipulator controllers devised. This ensures that the
reader will be able to see how robot manipulator control is done in practice.
Indeed, this means that the text can be closely linked to “hands on” laboratory
experience. Control and mechatronics lecturers wishing to use the textbook
to support their advance course on robot manipulator control will find the
lecture presentation slides, and the problem solutions, which are available at
springonline.com, an added bonus.

The style of the text is formally rigorous but avoids a lemma—theorem
presentation in favour of one of thorough explanation. Chapter 2 of the text
covers the main mathematical tools and introduces the concepts of the direct
(or second) method of Lyapunov for system stability analysis. This is needed
because the robot manipulator system is a nonlinear system. Since the cover-
age in this chapter includes a wide range of stability concepts, the reader will
be pleased to find each new concept supported by a worked example. Robot
dynamics and their implications for robot manipulator control are covered in
Chapters 3 and 4 whilst Chapter 5 moves on to discuss the model details of
the Pelican prototype robotic manipulator. The kinematic and dynamic mod-
els are, described and model parameter values given. This chapter shows how
the Pelican prototype is “kitted out” with a set of models the properties of
which are then investigated in preparation for the control studies to follow.

Parts II to IV (covering Chapters 6 to 16) are devoted to robot manip-
ulator controller design and performance case studies. This shows just how
focused the textbook is on robot manipulator control. This study is given
in three stages: position control (Part II); motion control (Part Ill) and ad-
vanced control topics (Part IV). Remarkably, the workhorse controller type
being used is from the PID family so that the control focus is close to the
type of controllers used widely in industrial applications, namely from the
classical Proportional, Integral, Derivative controller family. In these chapter-
length controller studies, the earlier lessons in Lyapunov stability methods
come to the fore, demonstrating how Lyapunov theory is used for controllers
of a classical form being used with nonlinear system models to prove the
necessary stability results. The advanced control topics covered in Part IV
include a range of adaptive control methods. Four appendices are given with
additional material on the mathematical and Lyapunov methods used and on
the modelling details of direct current motors.

There is no doubt that this robot manipulator control course textbook
is a challenging one but ultimately a very rewarding one. From a general
viewpoint the reward of learning about how to approach classical control for
systems having nonlinear models is a valuable one with potential application in
other control fields. For robot manipulator control per se, the book is rigorous,
thorough and comprehensive in its presentation and is an excellent addition
to the series of advanced course textbooks in control and signal processing.

M.J. Grimble and M.A. Johnson
Glasgow, Scotland, U.K.
March 2005



Preface

The concept of robot has transformed from the idea of an artificial super-
human, materialized by the pen of science fiction writer Karel Capek, into
the reality of animated autonomous machines. An important class of these
are the robot manipulators, designed to perform a wide variety of tasks in
production lines of diverse industrial sectors; perhaps the most clear exam-
ple is the automotive industry. Robotics, introduced by science fiction writer
Isaac Asimov as the study of robots, has become a truly vast field of modern
technology involving specialized knowledge from a range of disciplines such as
electrical engineering, mechatronics, cybernetics, computer science, mechani-
cal engineering and applied mathematics.

As a result, courses on robotics continue to gain interest and, following the
demands of modern industry, every year more and more program studies, from
engineering departments and faculties of universities round the globe, include
robotics as a compulsory subject. While a complete course on robotics that
is, including topics such as modeling, control, technological implementation
and instrumentation, may need two terms at graduate level to be covered in
fair generality, other more specialized courses can be studied in one senior
year term. The present text addresses the subject in the second manner; it is
mostly devoted to the specific but vast topic of robot control.

Robot control is the spine of robotics. It consists in studying how to make a
robot manipulator do what it is desired to do automatically; hence, it consists
in designing robot controllers. Typically, these take the form of an equation
or an algorithm which is realized via specialized computer programs. Then,
controllers form part of the so-called robot control system which is physically
constituted of a computer, a data acquisition unit, actuators (typically elec-
trical motors), the robot itself and some extra “electronics”. Thus, the design
and full implementation of a robot controller relies on every and each of the
above-mentioned disciplines.

The simplest controller for industrial robot manipulators is the Propor-
tional Integral Derivative (PID) controller. In general, this type of controller
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is designed on the basis that the robot model is composed of independent cou-
pled dynamic (differential) equations. While these controllers are widely used
in industrial manipulators (robotic arms), depending on the task to be carried
out, they do not always result in the best performance. To improve the latter
it is current practice to design so-called model-based controllers, which require
a precise knowledge of the dynamic model including the values of the physi-
cal parameters involved. Other, non-model-based controllers, used mainly in
academic applications and research prototypes include the so-called variable-
structure controllers, fuzzy controllers, learning controllers, neural-net-based
controllers, to mention a few.

The majority of available texts on robotics cover all of its main aspects,
that is, modeling (of kinematics and dynamics), trajectory generation (that is,
the mathematical setting of a task to be performed by the robot), robot control
and some of them, instrumentation, software and other implementation issues.
Because of their wide scope, texts typically broach the mentioned topics in a
survey rather than a detailed manner.

Control of robot manipulators in joint space is a counter-fact to most avail-
able literature on robotics since it is mostly devoted to robot control, while ad-
dressing other topics, such as kinematics, mainly through case studies. Hence,
we have sacrificed generality for depth and clarity of exposition by choosing
to address in great detail a range of model-based controllers such as: Pro-
portional Derivative (PD), Proportional Integral Derivative (PID), Computed
torque and some variants including adaptive versions. For purely didactic rea-
sons, we have also chosen to focus on control in joint space, totally skipping
task space and end-effector space based control. These topics are addressed in
a number of texts elsewhere.

The present book opens with an introductory chapter explaining, in gen-
eral terms, what robot control involves. It contains a chapter on preliminaries
which presents in a considerably detailed manner the main mathematical con-
cepts and tools necessary to study robot control. In particular, this chapter
introduces the student to advanced topics such as Lyapunov stability, the
core of control theory and therefore, of robot control. We emphasize at this
point that, while this topic is usually reserved for graduate students, we have
paid special attention to include only the most basic theorems and we have
reformulated the latter in simple statements. We have also included numer-
ous examples and explanations to make this material accessible to senior year
undergraduate students.

Kinematics is addressed mainly through examples of different manipula-
tors. Dynamics is presented in two chapters but from a viewpoint that stresses
the most relevant issues for robot control; i.e. we emphasize certain funda-
mental properties of the dynamic model of robots, which are commonly taken
as satisfied hypotheses in control design.
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We have also included a chapter entirely devoted to the detailed descrip-
tion of the Pelican prototype, a 2-degrees-of-freedom direct-drive planar ar-
ticulated arm that is used throughout the book as a case study to test the
performance of the studied controllers, in lab ezperimentation. Dynamic and
kinematic models are derived in detail for this particular robot. The rest of
the book (about 70%) is devoted to the study of a number of robot controllers,
each of which is presented in a separate chapter.

The text is organized in four main parts: I) Preliminaries, which contains
the two chapters on robot dynamics, the chapter on mathematical preliminar-
ies and the chapter describing the Pelican prototype. Parts IT and III contain,
respectively, set-point and tracking model-based controllers. Part IV covers
additional topics such as adaptive versions of the controllers studied in parts
IT and III, and a controller that does not rely on velocity measurements. Ap-
pendices containing some extra mathematical support, Lyapunov theory for
the advanced reader and a short treatment on DC motors, are presented at
the end of the book.

Thus, the present book is a self-contained text to serve in a course on robot
control e.g., within a program of Mechatronics or Electrical Engineering at
senior year of BSc or first year of MSc. Chapter 1 may be covered in one or
two sessions. We strongly recommend taking the time to revise thoroughly
Chapter 2 which is instrumental for the remainder of the textbook. The rest
of the material may be taught in different ways and depths depending on
the level of students and the duration of the course. For instance, Parts I
through III may be covered entirely in about 50 hours at senior year level. If
the course is to be shortened, the lecturer may choose to pass over Chapters
3 and 4 faster (or even completely skip them and refer to their contents only
when necessary) and to introduce the student to kinematics and dynamics
using Chapter 5; then, to focus on Parts II and III. For a yet shorter but
coherent basic course, the lecturer may choose to teach only Chapters 1, 2,
5 and, for the subsequent chapters of Parts IT and III, concentrate on a brief
study of the control laws while emphasizing the examples that concern the
Pelican prototype. Further, support material for class -presentation slides for
the lecturer and problems’ solutions manual- are available in electronic form
at springonline.com.

For a graduate course the lecturer may choose to cover, in addition, the
three chapters on adaptive control (Chapters 14-16), or Chapter 13 on control
without velocity measurements and Chapter 14, to give a short introduction
to adaptive control. We remark that the advanced topics of Part IV require
the material in the appendices which could be taught, for instance, at the
beginning of the course or could be left as a self-study topic.

The textbook is written in a style and technical language targeted toward
undergraduate senior students. Hence, we have favored a thoroughly explana-
tory, yet rigorous, style over a stiff mathematical (theorem-proof streamed)
one. We have taken care to invoke a strictly minimum number of mathematical
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terms and these are mostly explained when introduced. Mathematical objects
such as theorems and definitions are kept to a minimum; they are mainly
present in Chapter 2 (mathematical preliminaries) and some appendices. Yet,
when simplicity in the language may induce mathematical ambiguity or im-
precision we have added clarifying footnotes. A large number of examples,
illustrations and problems to be solved in class or as homework by the stu-
dent are provided.

The precedents of the text date back to lecture notes of the first author
that were printed by the National Autonomous University of Mexico (UNAM)
in 1989. It has been enriched by the authors’ experience of teaching the topic
over more than 15 years at undergraduate (senior year) and graduate levels
(first year), in several institutions in Europe and The Americas: National Au-
tonomous Univ. of Mexico (UNAM), Mexico; Technological Institute and of
High Studies of Monterrey (ITESM), Mexico; Center of Research and High
Studies of Ensenada (CICESE), Mexico; Laguna Institute of Technology, Mex-
ico; University of California at Santa Barbara, USA; National University of
Science and Technology (NTNU), Norway; San Juan National University, Ar-
gentina. This has provided the text with invaluable feedback from a varied
audience with different technical and cultural backgrounds. Thus, the authors
are confident to say that this textbook has not been written to be tested but
to be used in class.

A few final words on the nomenclature are necessary. Figures, Examples,
Equations, Tables, Theorems, Lemmas, Definitions are numbered indepen-
dently and carry the number of the chapter. We use the following abbrevia-
tions of Latin idioms:

i.e. —id est— meaning “that is”;

e.g. —exempli gratia— meaning “for instance”;
cf. —confer— meaning “see”;

etc. —etcetera— meaning “and the rest”.
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Part 1

Preliminaries



Introduction to Part I

The high quality and rapidity requirements in production systems of our
globalized contemporary world demand a wide variety of technological ad-
vancements. Moreover, the incorporation of these advancements in modern
industrial plants grows rapidly. A notable example of this situation, is the
privileged place that robots occupy in the modernization of numerous sectors
of the society.

The word robot finds its origins in robota which means work in Czech.
In particular, robot was introduced by the Czech science fiction writer Karel
Capek to name artificial humanoids — biped robots — which helped human
beings in physically difficult tasks. Thus, beyond its literal definition the term
robot is nowadays used to denote animated autonomous machines. These ma-
chines may be roughly classified as follows:

e Robot manipulators

Ground robots { Wheeled robots

L d robot
e Mobile robots egged robots

Submarine robots
Aerial robots

Both, mobile robots and manipulators are key pieces of the mosaic that con-
stitutes robotics nowadays. This book is exclusively devoted to robot manip-
ulators.

Robotics — a term coined by the science fiction writer Isaac Asimov — is
as such a rather recent field in modern technology. The good understanding
and development of robotics applications are conditioned to the good knowl-
edge of different disciplines. Among these, electrical engineering, mechanical
engineering, industrial engineering, computer science and applied mathemat-
ics. Hence, robotics incorporates a variety of fields among which is automatic
control of robot manipulators.
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To date, we count several definitions of industrial robot manipulator not
without polemic among authors. According to the definition adopted by the
International Federation of Robotics under standard ISO/TR 8373, a robot
manipulator is defined as follows:

A manipulating industrial robot is an automatically controlled, re-
programmable, multipurpose manipulator programmable in three
or more axes, which may be either fixed in place or mobile for use
in industrial automation applications.

In spite of the above definition, we adopt the following one for the prag-
matic purposes of the present textbook: a robot manipulator — or simply,
manipulator — is a mechanical articulated arm that is constituted of links in-
terconnected through hinges or joints that allow a relative movement between
two consecutive links.

The movement of each joint may be prismatic, revolute or a combination
of both. In this book we consider only joints which are either revolute or pris-
matic. Under reasonable considerations, the number of joints of a manipulator
determines also its number of degrees of freedom (DOF'). Typically, a manip-
ulator possesses 6 DOF, among which 3 determine the position of the end of
the last link in the Cartesian space and 3 more specify its orientation.

Figure 1.1. Robot manipulator

Figure 1.1 illustrates a robot manipulator. The variables q1, ¢ and g3
are referred to as the joint positions of the robot. Consequently, these posi-
tions denote under the definition of an adequate reference frame, the positions
(displacements) of the robot’s joints which may be linear or angular. For ana-
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lytical purposes, considering an n-DOF robot manipulator, the joint positions

are collected in the vector g, i.e.?
q1
q2
q:=| .
dn

Physically, the joint positions g are measured by sensors conveniently located
on the robot. The corresponding joint velocities q := %q may also be mea-
sured or estimated from joint position evolution.

To each joint corresponds an actuator which may be electromechanical,
pneumatic or hydraulic. The actuators have as objective to generate the forces
or torques which produce the movement of the links and consequently, the
movement of the robot as a whole. For analytical purposes these torques and
forces are collected in the vector 7, i.e.

T1
T2

Tn

In its industrial application, robot manipulators are commonly employed
in repetitive tasks of precision and others, which may be hazardous for human
beings. The main arguments in favor of the use of manipulators in industry
is the reduction of production costs, enhancement of precision, quality and
productivity while having greater flexibility than specialized machines. In ad-
dition to this, there exist applications which are monopolized by robot manip-
ulators, as is the case of tasks in hazardous conditions such as in radioactive,
toxic zones or where a risk of explosion exists, as well as spatial and sub-
marine applications. Nonetheless, short-term projections show that assembly
tasks will continue to be the main applications of robot manipulators.

2 The symbol “:=" stands for is defined as.
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What Does “Control of Robots” Involve?

The present textbook focuses on the interaction between robotics and electri-
cal engineering and more specifically, in the area of automatic control. From
this interaction emerges what we call robot control.

Loosely speaking (in this textbook), robot control consists in studying how
to make a robot manipulator perform a task and in materializing the results
of this study in a lab prototype.

In spite of the numerous existing commercial robots, robot control design
is still a field of intensive study among robot constructors and research cen-
ters. Some specialists in automatic control might argue that today’s industrial
robots are already able to perform a variety of complex tasks and therefore,
at first sight, the research on robot control is not justified anymore. Never-
theless, not only is research on robot control an interesting topic by itself but
it also offers important theoretical challenges and more significantly, its study
is indispensable in specific tasks which cannot be performed by the present
commercial robots.

As a general rule, control design may be divided roughly into the following
steps:

e familiarization with the physical system under consideration;
e modeling;

e control specifications.

In the sequel we develop further on these stages, emphasizing specifically
their application in robot control.
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1.1 Familiarization with the Physical System under
Consideration

On a general basis, during this stage one must determine the physical variables
of the system whose behavior is desired to control. These may be temperature,
pressure, displacement, velocity, etc. These variables are commonly referred to
as the system’s outputs. In addition to this, we must also clearly identify those
variables that are available and that have an influence on the behavior of the
system and more particularly, on its outputs. These variables are referred to
as inputs and may correspond for instance, to the opening of a valve, voltage,
torque, force, etc.

Figure 1.2. Robot interacting with its environment

In the particular case of robot manipulators, there is a wide variety of
outputs — temporarily denoted by y — whose behavior one may wish to control.



1.1 Familiarization with the Physical System under Consideration 9

For robots moving freely in their workspace, i.e. without interacting with
their environment (c¢f. Figure 1.1) as for instance robots used for painting,
“pick and place”, laser cutting, etc., the output y to be controlled, may cor-
respond to the joint positions g and joint velocities ¢ or alternatively, to the
position and orientation of the end-effector (also called end-tool).

For robots such as the one depicted in Figure 1.2 that have physical contact
with their environment, e.g. to perform tasks involving polishing, deburring of
materials, high quality assembling, etc., the output y may include the torques
and forces f exerted by the end-tool over its environment.

Figure 1.3 shows a manipulator holding a marked tray, and a camera which
provides an image of the tray with marks. The output y in this system may
correspond to the coordinates associated to each of the marks with reference
to a screen on a monitor. Figure 1.4 depicts a manipulator whose end-effector
has a camera attached to capture the scenery of its environment. In this case,
the output y may correspond to the coordinates of the dots representing the
marks on the screen and which represent visible objects from the environment
of the robot.

Camera

Figure 1.3. Robotic system: fixed camera

From these examples we conclude that the corresponding output y of a
robot system — involved in a specific class of tasks — may in general, be of the
form

y=vy(a.q,f).

On the other hand, the input variables, that is, those that may be modified
to affect the evolution of the output, are basically the torques and forces
7 applied by the actuators over the robot’s joints. In Figure 1.5 we show
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Image

Figure 1.4. Robotic system: camera in hand

the block-diagram corresponding to the case when the outputs are the joint
positions and velocities, that is,

y=y(q.q.f)= {g]

while 7 is the input. In this case notice that for robots with n joints one has,
in general, 2n outputs and n inputs.

q
T P
— ROBOT

q

Figure 1.5. Input—output representation of a robot

1.2 Dynamic Model

At this stage, one determines the mathematical model which relates the input
variables to the output variables. In general, such mathematical representa-
tion of the system is realized by ordinary differential equations. The system’s
mathematical model is obtained typically via one of the two following tech-
niques.
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e Analytical: this procedure is based on physical laws of the system’s motion.
This methodology has the advantage of yielding a mathematical model as
precise as is wanted.

e FEzxperimental: this procedure requires a certain amount of experimental
data collected from the system itself. Typically one examines the system’s
behavior under specific input signals. The model so obtained is in gen-
eral more imprecise than the analytic model since it largely depends on
the inputs and the operating point'. However, in many cases it has the
advantage of being much easier and quicker to obtain.

On certain occasions, at this stage one proceeds to a simplification of the
system model to be controlled in order to design a relatively simple con-
troller. Nevertheless, depending on the degree of simplification, this may yield
malfunctioning of the overall controlled system due to potentially neglected
physical phenomena. The ability of a control system to cope with errors due to
neglected dynamics is commonly referred to as robustness. Thus, one typically
is interested in designing robust controllers.

In other situations, after the modeling stage one performs the parametric
identification. The objective of this task is to obtain the numerical values of
different physical parameters or quantities involved in the dynamic model. The
identification may be performed via techniques that require the measurement
of inputs and outputs to the controlled system.

The dynamic model of robot manipulators is typically derived in the an-
alytic form, that is, using the laws of physics. Due to the mechanical nature
of robot manipulators, the laws of physics involved are basically the laws of
mechanics.

On the other hand, from a dynamical systems viewpoint, an n-DOF system
may be considered as a multivariable nonlinear system. The term “multivari-
able” denotes the fact that the system has multiple (e.g. n) inputs (the forces
and torques 7 applied to the joints by the electromechanical, hydraulic or
pneumatic actuators) and, multiple (2n) state variables typically associated
to the n positions g, and n joint velocities ¢ . In Figure 1.5 we depict the cor-
responding block-diagram assuming that the state variables also correspond
to the outputs. The topic of robot dynamics is presented in Chapter 3. In
Chapter 5 we provide the specific dynamic model of a two-DOF prototype of
a robot manipulator that we use to illustrate through examples, the perfor-
mance of the controllers studied in the succeeding chapters. Readers interested
in the aspects of dynamics are invited to see the references listed on page 16.

As was mentioned earlier, the dynamic models of robot manipulators are
in general characterized by ordinary nonlinear and nonautonomous? differ-
ential equations. This fact limits considerably the use of control techniques

! That is the working regime.
2 That is, they depend on the state variables and time. See Chapter 2.
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tailored for linear systems, in robot control. In view of this and the present
requirements of precision and rapidity of robot motion it has become neces-
sary to use increasingly sophisticated control techniques. This class of control
systems may include nonlinear and adaptive controllers.

1.3 Control Specifications

During this last stage one proceeds to dictate the desired characteristics for
the control system through the definition of control objectives such as:

e stability;
e regulation (position control);
e trajectory tracking (motion control);

e optimization.

The most important property in a control system, in general, is stabil-
ity. This fundamental concept from control theory basically consists in the
property of a system to go on working at a regime or closely to it for ever.

Two techniques of analysis are typically used in the analytical study of the
stability of controlled robots. The first is based on the so-called Lyapunov sta-
bility theory. The second is the so-called input-output stability theory. Both
techniques are complementary in the sense that the interest in Lyapunov the-
ory is the study of stability of the system using a state variables description,
while in the second one, we are interested in the stability of the system from
an input—output perspective. In this text we concentrate our attention on
Lyapunov stability in the development and analysis of controllers. The foun-
dations of Lyapunov theory are presented in the Chapter 2.

In accordance with the adopted definition of a robot manipulator’s output
y, the control objectives related to regulation and trajectory tracking receive
special names. In particular, in the case when the output y corresponds to the
joint position g and velocity ¢, we refer to the control objectives as “position
control in joint coordinates” and “motion control in joint coordinates” respec-
tively. Or we may simply say “position” and “motion” control respectively.
The relevance of these problems motivates a more detailed discussion which
is presented next.

1.4 Motion Control of Robot Manipulators

The simplest way to specify the movement of a manipulator is the so-called
“point-to-point” method. This methodology consists in determining a series
of points in the manipulator’s workspace, which the end-effector is required
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to pass through (¢f. Figure 1.6). Thus, the position control problem consists
in making the end-effector go to a specified point regardless of the trajectory
followed from its initial configuration.

Figure 1.6. Point-to-point motion specification

A more general way to specify a robot’s motion is via the so-called (con-
tinuous) trajectory. In this case, a (continuous) curve, or path in the state
space and parameterized in time, is available to achieve a desired task. Then,
the motion control problem consists in making the end-effector follow this
trajectory as closely as possible (¢f. Figure 1.7). This control problem, whose
study is our central objective, is also referred to as trajectory tracking control.

Let us briefly recapitulate a simple formulation of robot control which, as
a matter of fact, is a particular case of motion control; that is, the position
control problem. In this formulation the specified trajectory is simply a point
in the workspace (which may be translated under appropriate conditions into
a point in the joint space). The position control problem consists in driving the
manipulator’s end-effector (resp. the joint variables) to the desired position,
regardless of the initial posture.

The topic of motion control may in its turn, be fitted in the more general
framework of the so-called robot navigation. The robot navigation problem
consists in solving, in one single step, the following subproblems:

e path planning;
e trajectory generation;

e control design.
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Figure 1.7. Trajectory motion specification

Path planning consists in determining a curve in the state space, connect-
ing the initial and final desired posture of the end-effector, while avoiding
any obstacle. Trajectory generation consists in parameterizing in time the so-
obtained curve during the path planning. The resulting time-parameterized
trajectory which is commonly called the reference trajectory, is obtained pri-
marily in terms of the coordinates in the workspace. Then, following the so-
called method of inverse kinematics one may obtain a time-parameterized
trajectory for the joint coordinates. The control design consists in solving the
control problem mentioned above.

The main interest of this textbook is the study of motion controllers and
more particularly, the analysis of their inherent stability in the sense of Lya-
punov. Therefore, we assume that the problems of path planning and trajec-
tory generation are previously solved.

The dynamic models of robot manipulators possess parameters which de-
pend on physical quantities such as the mass of the objects possibly held by
the end-effector. This mass is typically unknown, which means that the values
of these parameters are unknown. The problem of controlling systems with
unknown parameters is the main objective of the adaptive controllers. These
owe their name to the addition of an adaptation law which updates on-line,
an estimate of the unknown parameters to be used in the control law. This
motivates the study of adaptive control techniques applied to robot control.
In the past two decades a large body of literature has been devoted to the
adaptive control of manipulators. This problem is examined in Chapters 15
and 16.

We must mention that in view of the scope and audience of the present
textbook, we have excluded some control techniques whose use in robot mo-
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tion control is supported by a large number of publications contributing both
theoretical and experimental achievements. Among such strategies we men-
tion the so-called passivity-based control, variable-structure control, learning
control, fuzzy control and neural-networks-based. These topics, which demand
a deeper knowledge of control and stability theory, may make part of a second
course on robot control.
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Mathematical Preliminaries

In this chapter we present the foundations of Lyapunov stability theory. The
definitions, lemmas and theorems are borrowed from specialized texts and,
as needed, their statements are adapted for the purposes of this text. The
proofs of these statements are beyond the scope of the present text hence, are
omitted. The interested reader is invited to consult the list of references cited
at the end of the chapter. The proofs of less common results are presented.

The chapter starts by briefly recalling basic concepts of linear algebra
which, together with integral and differential undergraduate calculus, are a
requirement for this book.

Basic Notation

Throughout the text we employ the following mathematical symbols:

v meaning “for all”;
= meaning “there exists”;
€ meaning “belong(s) to”;
= meaning “implies”;
. W : ”» W .
<= meaning “is equivalent to” or “if and only if”;
— meaning “tends to” or “maps onto”;
= and =: meaning “is defined as” and “equals by definition” respectively;
. . x
T meaning —.
dt

We denote functions f with domain D and taking values in a set R by
f: D — R. With an abuse of notation we may also denote a function by f(x)
where x € D.
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2.1 Linear Algebra

Vectors

Basic notation and definitions of linear algebra are the starting point of our
exposition.

The set of real numbers is denoted by the symbol IR. The real numbers are
expressed by italic small capitalized letters and occasionally, by small Greek
letters.

The set of non-negative real numbers, R4, is defined as
Ry={aeR:a€e€[0,00)}.

The absolute value of a real number x € IR is denoted by |z|.

We denote by IR", the real vector space of dimension n, that is, the set of
all vectors & of dimension n formed by n real numbers in the column format

Z1
xr = x:2 = [-Tl Ty - xn]Ta
L
where x1,x2,---,x, € IR are the coordinates or components of the vector

and the super-index 7 denotes transpose. The associated vectors are denoted
by bold small letters, either Latin or Greek.

Vector Product

The inner product of two vectors x,y € IR" is defined as

T

Al 1 Y
n
Y2 T2 Y2
aly = wyi=[rr wy w] || =
=1 N
Yn Tn Yn

It can be verified that the inner product of two vectors satisfies the following:

o zly=yTx forall z,y € R";
o al(y+z)=aly+a’zforalayzcR"

Euclidean Norm

The Euclidean norm ||x|| of a vector € IR" is defined as
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2 =VaTx,

and satisfies the following axioms and properties:

e |xz|| =0if and only if = 0 € R™;

e |z| >0 for all z € R" with « # 0 € R";

o |lax| = |af||x| for all « € R and x € R";

ozl = llyll < llz+yl <[l + [lyl| for all 2,y € R";

o |zTy| < ||| ||ly| for all @,y € R™ (Schwartz inequality).

Matrices

We denote by IR™*™ the set of real matrices A of dimension n x m formed by
arrays of real numbers ordered in n rows and m columns,

a1 a2 - Aim

a21 Qa22 - A2m
A={ai} =

an1 an2 e Anm

A vector & € R™ may be interpreted as a particular matrix belonging to
R™! = R". The matrices are denoted by Latin capital letters and occasion-
ally by Greek capital letters.

The transpose matrix A7 = {a;;} € R™*™ is obtained by interchanging
the rows and the columns of A = {a;;} € R"™*™.

Matrix Product

Consider the matrices A € IR™*P and B € IR”*". The product of matrices A
and B denoted by C = AB € R™*" is defined as

C= {Cij} = AB
aip  Qiz2 - Q1p bir bz - bin

az1 Gz - Az by bap - bop

Am1 Am2 - Gmp bpl bp2 T bpn
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r D p p 1
D1 0kber Y op_q kb o Y41 G1kbrn
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It may be verified, without much difficulty, that the product of matrices satisfy
the following:

o (AB)T = BTAT for all A€ R™*? and B € RP*";

e in general, AB # BA;

o forall Ac IR™*?, B IRP*":
AB+C)=AB+AC  with C € RP™;
ABC = A(BC) = (AB)C  with C € R™" .

In accordance with the definition of matrix product, the expression x”Ay
where £ € IR", A € R™™ and y € R™ is given by

T

r aix aiz - Qim Y1
T2 21 A22 - Q2m Y2
xTAy =
Tn an1 An2 e Anm Ym
n m
= E E Qi TiyYj-
i=1 j=1

Particular Matrices

A matrix A is square if n = m, i.e. if it has as many rows as columns. A square
matrix A € R™*™ is symmetric if it is equal to its transpose that is, if A = AT.
Ais skew-symmetric if A= —AT. By —A we obviously mean —A := {—a;;}.
The following property of skew-symmetric matrices is particularly useful in
robot control:

xTAx =0, for all z € R".

A square matrix A = {a;;} € R"*" is diagonal if a;; = 0 for all i # j. We

denote a diagonal matrix by diag{ai1,ass, -, an,} € R™", i.e.
ail 0 . 0
0 agy 0
diag{a/117a‘22;”'aann} = . . . . € ]RTLX’H,.

0 0 - apn
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Obviously, any diagonal matrix is symmetric. In the particular case when
a1 = Aoy = -+ = any = a, the corresponding diagonal matrix is denoted
by diag{a} € R"*". Two diagonal matrices of particular importance are the
following. The identity matrix of dimension n which is defined as

10 --- 0
01 --- 0
I'=diag{l}=1|. . . .|eR"™™
00 --- 1
and the null matrix of dimension n which is defined as 0,x, := diag{0} €

]Rnxn
A square matrix A € R™*" is singular if its determinant is zero that is,

if det[A]=0. In the opposite case it is nonsingular. The inverse matrix A~!
exists if and only if A is nonsingular.

A square not necessarily symmetric matrix A € IR™*", is said to be positive
definite if
xTAx > 0, for all x € R", with « # 0 € R".

It is important to remark that in contrast to the definition given above, the
majority of texts define positive definiteness for symmetric matrices. However,
for the purposes of this textbook, we use the above-cited definition. This
choice is supported by the following observation: let P be a square matrix of
dimension n and define

P+ PT

A={ay} = —5

The theorem of Sylvester establishes that the matrix P is positive definite if
and only if

detla11] > 0, det {au au} >0,---,det[A4] > 0.
az1  G22

We use the notation A > 0 to indicate that the matrix A is positive
definite!. Any symmetric positive definite matrix A = AT > 0 is nonsingular.
Moreover, A = AT > 0 if and only if A=! = (A71)T > 0.

It can also be shown that the sum of two positive definite matrices yields
a positive definite matrix however, the product of two symmetric positive
definite matrices A = AT > 0 and B = BT > 0, yields in general a matrix
which is neither symmetric nor positive definite. Yet the resulting matrix AB
is nonsingular.

! Tt is important to remark that A > 0 means that the matrix A is positive definite
and shall not be read as “A is greater than 0” which makes no mathematical
sense.
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A square not necessarily symmetric matrix A € IR™*", is positive semidef-
inite if
zTAz > 0 for all z € R".

We employ the notation A > 0 to denote that the matrix A is positive semidef-
inite.

A square matrix A € R™*" is negative definite if —A is positive definite
and it is negative semidefinite if —A is positive semidefinite.

Lemma 2.1. Given a symmetric positive definite matriz A and a nonsingular
matriz B, the product BTAB is a symmetric positive definite matriz.

Proof. Notice that the matrix BTAB is symmetric. Define y = Bz which, by
virtue of the hypothesis that B is nonsingular, guarantees that y = 0 € IR"
if and only if £ = 0 € IR". From this we obtain

x’ [BTAB] x=y Ay >0

for all z # 0 € IR", which is equivalent to having that BTAB is positive
definite. OO0

Eigenvalues

For each square matrix A € IR"*" there exist n eigenvalues (in general, com-
plex numbers) denoted by A;{A}, A\a{A}, -, \n{A}. The eigenvalues of the
matrix A € R™" are numbers that satisfy

det[/\Z{A}I—A]:(), fOI"L':1,2,'~-7’]’L

where I € R™*" is the identity matrix of dimension n.

For the case of a symmetric matrix A = AT € IR"*", its eigenvalues are
such that:

b Al{A}7)\2{A}77>\n{A} eR, and,
e expressing the largest and smallest eigenvalues of A by Amax{A} and

Amin{A} respectively, the theorem of Rayleigh-Ritz establishes that for
all x € R"™ we have

Mtax{ A} 2]* > 2"Az > Auin {A} |||

A symmetric matrix A = AT € IR"*" is positive definite if and only if its
eigenvalues are positive, i.e. if and only if \;{A} > 0 where i = 1,2,---,n.
Consequently, any square matrix A € IR™™" is positive definite if \;{A +
AT} > 0 where i = 1,2,---,n.
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Remark 2.1. Consider a matrix function A : R™ — IR™*" with A symmetric.
We say that A is positive definite if B := A(y) is positive definite for each
y € R™. In other words, if for each y € R we have

xT A(y)x > 0 for all z € R™, with x # 0.

By an abuse of notation, we define Apin{A} as the greatest lower-bound (i.e.
the infimum) of Amin{A(y)} for all y € R™, that is

/\min{A} = y(lgrlgm )‘mm{A(y)} .

For the purposes of this textbook most relevant positive definite matrix func-
tions A : IR™ — R™" satisfy Apin{A} > 0.

Spectral Norm

The spectral norm ||A| of a matrix A € IR™*™ is defined as?

Al =/ Avax{ATA},

where A\yvax{ATA} denotes the largest eigenvalue of the symmetric matrix
ATA ¢ R™*™,

In the particular case of symmetric matrices A = AT € IR™*", we have
o [JA] = max; |\ {A}|;
1
o |[A7= —M——.
I I min; |\;{A4}|
In the expressions above, the absolute value is redundant if A is symmetric
positive definite, i.e. if A = AT > 0.

The spectral norm satisfies the following properties and axioms:

e ||A| =0if and only if A=0¢€ R™™;

o ||A]|>0forall A€ R"™™ where A#0ecR"™™;
o ||[A+ B| <||A||+ Bl for all A,B € R"*™;

o oAl = |af [|A] for all & € R and A € R"™;

o ||AB| < ||A] |B] for all A, B € R™*™.

2 Tt is important to see that we employ the same symbol for the Euclidean norm of
a vector and the spectral norm of a matrix. The reader should take special care
in not mistaking them. The distinction can be clearly made via the fonts used for
the argument of || - ||, i.e. we use small bold letters for vectors and capital letters
for matrices.
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An important result about spectral norms is the following. Consider the
matrix A € R™™™ and the vector € IR". Then, the norm of the vector Az
satisfies

[Az| < [ Al ||l

where ||A|| denotes the spectral norm of the matrix A while ||x|| denotes the
Euclidean norm of the vector x. Moreover, since y € IR", the absolute value
of yTAzx satisfies
T
ly"Az| < [|A] [lyll || -

2.2 Fixed Points

We start with some basic concepts on what are called fized points; these are
useful to establish conditions for existence and unicity of equilibria for ordi-
nary differential equations. Such theorems are employed later to study closed-
loop dynamic systems appearing in robot control problems. To start with, we
present the definition of fixed point that, in spite of its simplicity, is of great
importance.

Consider a continuous function f : IR™ — IR"™. The vector z* € R" is a
fized point of f(x) if
fla*) ==
According to this definition, if x* is a fixed point of the function f(x),
then x* is a solution of f(x) —x = 0.

Some functions have one or multiple fixed points but there also exist func-
tions which have no fixed points. The function f(z) = sin(z) has a unique
fixed point at o* = 0, while the function f(z) = 2® has three fixed points:
x* =1, 2* =0 and z* = —1. However, f(x) = e® has no fixed point.

We present next a version of the contraction mapping theorem which pro-
vides a sufficient condition for existence and unicity of fixed points.

Theorem 2.1. Contraction Mapping

Consider  C IR™, a vector of parameters 6 € Q and the continuous function
f:R" xQ — IR". Assume that there exists a non-negative constant k such
that for all y,z € IR"™ and all @ € Q we have

1f(y,0) = f(z,0)[ <kly—z.
If the constant k s strictly smaller than one, then for each 0* € Q, the

function f(-,0%) possesses a unique fized point x* € IR".

Moreover, the fixed point * may be determined by

z* = lim x(n,0")

where (n,0%) = f(x(n —1,0%)) and with x(0,0%) € IR" being arbitrary.
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An important interpretation of the contraction mapping theorem is the
following. Assume that the function f(x, 0) satisfies the condition of the theo-
rem then, for each 8" € Q) the equation f(x,0%) —x = 0 has a solution in x
and moreover it is unique. To illustrate this idea consider the function h(x, @)
defined as

h(z,0) = ax — b sin(0 — x) (2.1)
= —a[f(z,0) — 1]

with a > 0,5 >0, 0 € IR and
b .
f(z,0) = — sin(0 — x). (2.2)
a

We wish to find conditions on a and b so that h(z,0) = 0 has a unique
solution in z. From (2.1) and (2.2) we see that this is equivalent to establishing
conditions to guarantee that % sin(f — ) —z = 0 has a unique solution in z.
In other words, conditions to ensure that 2 sin(d — x) has a unique fixed point
for each #. To solve this problem we may employ the contraction mapping
theorem. Notice that

7(0:6) ~ 7(z,6)| = | sin(6 — ) —sin(0 — =)

and, invoking the mean value theorem (¢f. Theorem A.2 on page 384) which
ensures that |sin(f — y) —sin(8 — 2)| < |y — z|, we obtain

7(.0) ~ Sz 0] < 21y~ -

for all y, z and § € R. Hence, if 1 > b/a > 0 for each 6, f(x,0) has a unique
fixed point and consequently, h(x,0) = 0 has a unique solution in z.

2.3 Lyapunov Stability

In this section we present the basic concepts and theorems related to Lyapunov
stability and, in particular the so-called second method of Lyapunov or
direct method of Lyapunov.

The main objective in Lyapunov stability theory is to study the behavior
of dynamical systems described by ordinary differential equations of the form

z = f(t,x), zeR", teRy, (2.3)

where the vector @ corresponds to the state of the system represented by
(2.3). We denote solutions of this differential equation by x(¢,t., x(¢,)). That
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is, x(t,to, x(t,)) represents the value of the system’s state at time ¢ and with
arbitrary initial state x(t,) € IR™ and initial time ¢, > 0. However, for sim-
plicity in the notation and since the initial conditions t, and x(t,) are fixed,
most often we use x(t) to denote a solution to (2.3) in place of (¢, t., z(t,)).

We assume that the function f : Ry x IR"™ — IR" is continuous in ¢ and
x and is such that:

e Equation (2.3) has a unique solution corresponding to each initial condition
to, (to);

e the solution x(t, t,, z(t,)) of (2.3) depends continuously on the initial con-
ditions to, & (to).

Generally speaking, assuming existence of the solutions for all ¢ > t, > 0 is
restrictive and one may simply assume that they exist on a finite interval.
Then, existence on the infinite interval may be concluded from the same the-
orems on Lyapunov stability that we present later in this chapter. However,
for the purposes of this book we assume existence on the infinite interval.

If the function f does not depend explicitly on time, that is, if f(¢t, ) =
f(z) then, Equation (2.3) becomes

&= f(x), zeR" (2.4)

and it is said to be autonomous. In this case it makes no sense to speak of
the initial time ¢, since for any given t, and ¢, such that x(t,) = x(t}), we
have x(to + T, to, x(to)) = x(t) + T,t.,x(t))) for any T > 0. Therefore, for
all autonomous differential equations we can safely consider that ¢, = 0.

If f(t,z) = A(t)x + u(t) with A(t) being a square matrix of dimension
n and A(t) and vector u(t) being functions only of ¢ — or constant — then
Equation (2.3) is said to be linear. In the opposite case it is nonlinear.

2.3.1 The Concept of Equilibrium

Among the basic concepts in Lyapunov theory that we underline are: equi-
librium, stability, asymptotic stability, exponential stability and uniformity.
We develop each of these concepts below. First, we present the concept of
equilibrium which plays a central role in Lyapunov theory.

Definition 2.1. Equilibrium

A constant vector ., € IR" is an equilibrium or equilibrium state of the system

(2.3) if
ft,e)=0 Vt>0.

A direct consequence of the definition of equilibrium, under regularity
appropriate conditions that exclude “pathological” situations, is that if the
initial state x(t,) € IR"™ is an equilibrium (x(t,) = ®. € R") then,
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e z(t)=x, Vt>t,>0
o &(t)=0 Vit>t,>0.
This idea is illustrated in Figure 2.1, where the case x(t,) € IR? is depicted.

The initial state x(t,) is precisely ., so the evolution of the solution x(t)
corresponds exactly to the constant value x. for all times ¢ > ..

A 22 - L
o(to) = ze " =) x(to) = x
_-* o) — Le
-~ : ————— *
0 > 0 : >
to t 1

Figure 2.1. Concept of equilibrium

It is typically assumed that the origin of the state space IR", that is,
x = 0 € R", is an equilibrium of (2.3). If this is not the case, it may be
shown that by a suitable change of variable, any equilibrium of (2.3) may be
translated to the origin.

In general, a differential equation may have more than one equilibrium,
indeed even an infinite number of them! However, it is also possible that a
differential equation does not possess any equilibrium at all. This is illustrated
by the following example.

Example 2.1. Consider the following linear differential equation
t=ax+0bu(t),

with initial conditions (¢o, z(t5)) € R4 XIR and where a # 0 and b # 0
are real constants and u : Ry — IR is a continuous function. If u(t) =
ug for all ¢ > 0, that is, if the differential equation is autonomous,
then the unique equilibrium point of this equation is z, = —bug/a.
On the other hand, one must be careful in concluding that any
autonomous system has equilibria. For instance, the autonomous non-
linear system
r=e

has no equilibrium point.
Consider the following nonlinear autonomous differential equation
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j?l = X9
Sbg = Sin(l’l) .
The previous set of equations has an infinite number of (isolated)
equilibria, which are given by z. = [r1. 2.7 = [n7m 0] with
n=---,-1,0,1,--. o

Systems with multiple equilibria are not restricted to mathematical ex-
amples but are fairly common in control practice and as a matter of fact,
mechanisms are a good example of these since in general, dynamic models
of robot manipulators constitute nonlinear systems. The following example
shows that even for robots with a simple mathematical model, multiple equi-

libria may co-exist.

Ezxample 2.2. Consider a pendulum, as depicted in Figure 2.2, of mass
m, total moment of inertia about the joint axis J, and distance [
from its axis of rotation to the center of mass. It is assumed that the
pendulum is affected by the force of gravity induced by the gravity
acceleration g.

Figure 2.2. Pendulum

We assume that a torque 7(t) is applied at the axis of rotation.
Then, the dynamic model which describes the motion of such a system
is given by

JG + mgl sin(q) = 7(¢)
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where ¢ is the angular position of the pendulum with respect to the
vertical axis and ¢ is the corresponding angular velocity. Or, in terms
of the state [¢ ¢]”, the dynamic model is given by

d q q
dt J7 L7 (t) — mgl sin(q)]

If () = 0, the equilibrium states are then given by [¢ ¢]7 = [nm 0]

forn=---,-2,-1,0,1,2,--- since mgl sin(nm) = 0. Notice that if
7(t) = 7* and |7*| > mgl then, there does not exist any equilibrium
since there is no ¢* € IR such that 7* = mgl sin(q*). &

2.3.2 Definitions of Stability

In this section we present the basic notions of stability of equilibria of differ-
ential equations, evoked throughout the text. We emphasize that the stability
notions which are defined below are to be considered as attributes of the
equilibria of the differential equations and not of the equations themselves.
Without loss of generality we assume in the rest of the text that the origin of
the state space, x = 0 € IR", is an equilibrium of (2.3) and accordingly, we
provide the definitions of stability of the origin but they can be reformulated
for other equilibria by performing the appropriate changes of coordinate.

Definition 2.2. Stability

The origin is a stable equilibrium (in the sense of Lyapunov) of Equation (2.3)
if, for each pair of numbers € > 0 and t, > 0, there exists 6 = §(to,e) > 0
such that

le(to)]| <d = Jz(t)]| <e Vit>t,>0. (2.5)

Correspondingly, the origin of Equation (2.4) is said to be stable if for each
€ > 0 there exists § = d(¢) > 0 such that (2.5) holds with ¢, = 0.

In Definition 2.2 the constant § (which is clearly smaller than ) is not
unique. Indeed, notice that for any given constant ¢ that satisfies the condition
of the definition any &’ < § also satisfies it.

If one reads Definition 2.2 with appropriate care, it should be clear that
the number d depends on the number € and in general, also on the initial time
to. Indeed, note that the definition of stability for nonautonomous systems
requires existence of a number § > 0 for each t, > 0 and £ > 0 and not
just for some t, > 0 and € > 0. Correspondingly, in the case of autonomous
differential equations it is required that there exists § > 0 for each ¢ > 0 and
not only for some ¢.
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Also, in Definition 2.2 one should not understand that the origin is Lya-
punov stable if for each § > 0 one may find € > 0 such that

le(t)]| <6 = |lz@®)|<e Vit>t,>0. (2.6)

In other words, the latter statement establishes that “the origin is a stable
equilibrium if for any bounded initial condition, the corresponding solution
is also bounded”. This is commonly known as “boundedness of solutions” or
“Lagrange stability” and is a somewhat weaker property than Lyapunov sta-
bility. However, boundedness of solutions is neither a necessary nor a sufficient
condition for Lyapunov stability of an equilibrium.

Figure 2.3. Notion of stability

To illustrate the concept of stability, Figure 2.3 shows a trajectory with
an initial state x(t,) € R? such that the origin # = 0 € R? is a stable
equilibrium. In Figure 2.3 we also show ¢ and § which satisfy the condition
from the definition of stability, that is, ||x(t.)| < ¢ implies that ||z(t)|| < &
for allt > t, > 0.

Definition 2.3. Uniform stability

The origin is a uniformly stable equilibrium (in the sense of Lyapunov) of
Equation (2.3) if for each number ¢ > 0 there exists § = d(g) > 0 such that
(2.5) holds.

That is, the origin is uniformly stable if 4 can be chosen independently
of the initial time, ¢,. For autonomous systems this is always the case, i.e.
uniform stability and stability of the equilibrium are equivalent.

Ezample 2.3. Consider the system (harmonic oscillator) described by
the equations:
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x1

Figure 2.4. Phase plane of the harmonic oscillator

il = T2 (27)
{tg = —I (28)

and whose solution is

21(t) = 21(0)cos(t) + x2(0)sin(t)
x2(t) = —x1(0)sin(t) + z2(0)cos(t).

Note that the origin is the unique equilibrium point. The graphs
of some solutions of Equations (2.7)—(2.8) on the plane z;—z2, are
depicted in Figure 2.4.

Notice that the trajectories of the system (2.7)—(2.8) describe con-
centric circles centered at the origin. For this example, the origin is
a stable equilibrium since for any € > 0 there exists § > 0 (actually

any® § < ¢) such that
lz(0)]| <d = Jz({@)]|<e Vi=>O0.

¢

Observe that in Example 2.3 stability is uniform since the system is au-
tonomous (notice that the solutions do not depend on t,). It is also important
to stress that the solutions do not tend to the origin. That is, we say that the
origin is stable but not asymptotically stable, a concept that is defined next.
Definition 2.4. Asymptotic stability
The origin is an asymptotically stable equilibrium of Equation (2.3) if:

1. the origin is stable;

3 From this inequality the dependence of § on ¢ is clear.
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Figure 2.5. Asymptotic stability

2. the origin is attractive, i.e. for each to > 0, there exists &' = 0'(ts) > 0
such that

lz(t)]| <& = |lz@)] —0 as t— oo. (2.9)

Asymptotic stability for the origin of autonomous systems is stated by
replacing above “for each t, > 0, there exists 6’ = §'(t,) > 07 with “there
exists ¢ > 07.

Figure 2.5 illustrates the concept of asymptotic stability for the case of
x(t,) € R

In Definition 2.4 above, one should not read that “the origin is stable
when ¢ — 00” or that “attractivity implies stability in the sense of Definition
2.27. As a matter of fact, even though it may seem counter-intuitive to some
readers, there exist systems for which all the trajectories starting close to an
equilibrium tend to that equilibrium but the latter is not stable. We see in
the following example that this phenomenon is not as unrealistic as one might
think.

Ezxample 2.4. Consider the autonomous system with two state vari-
ables expressed in terms of polar coordinates:

5
LD
7 1007“( T)

6 =sin?(0/2) 0€[0,2n).

This system has an equilibrium at the origin [r 6]T = [0 0]T
and another one at [r 6]7 = [1 0]T. The behavior of this system,
expressed in Cartesian coordinates z1 = rcos(f) and zo = r sin(6),
is illustrated in Figure 2.6. All the solutions of the system (with the
exception of those that start off at the equilibria) tend asymptoti-
cally to [r1 2]T = [1 0]T. In particular, notice from Figure 2.6
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Figure 2.6. Attractive but unstable equilibrium

that for each initial condition inside the dashed disk (but excluding
[#1 22]T = [1 0]T) the generated trajectory goes asymptotically to
the equilibrium. That is, the equilibrium is attractive in the sense of
Definition 2.4. Intuitively, it may seem reasonable that this implies
that the equilibrium is also stable and therefore, asymptotically sta-
ble. However, as pointed out before, this is a fallacy since the first item
of Definition 2.4 does not hold. To see this, pick € to be the radius of
the dashed disk. For this particular € there does not exist a number ¢
such that

[2(0)| <0 = Jz®)<e V=0,

because there are always solutions that leave the disk before “coming

back” towards the equilibrium. Hence, the equilibrium [z; 5] =

[1 0]T is attractive but unstable (cf. Definition 2.9). &

Definition 2.5. Uniform asymptotic stability
The origin is a uniformly asymptotically stable equilibrium of Equation (2.3)
1. the origin is uniformly stable;

2. the origin is uniformly attractive, i.e. there erists a number 6’ > 0 such
that (2.9) holds with a rate of convergence independent of t,.

For autonomous systems, uniform asymptotic stability and asymptotic stabil-
ity are equivalent.

One may make precise the idea of “rate of convergence independent of ¢,”
by saying that uniform attractivity means that there exists 8’ > 0 and, for
each €' (arbitrarily small) there exists T'(¢) > 0 such that
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lzto)|| <8 = |z@)|| <& VEt>to+T. (2.10)

Therefore, the rate of convergence is determined by the time T and we say
that it is independent of ¢, if T is independent of the initial time.

The following example shows that some nonautonomous systems may be
asymptotically stable but not with a uniform rate of convergence; hence, not
uniformly asymptotically stable.

Ezample 2.5. Consider the system

with initial conditions ¢, € IRy and z, := z(t,) € IR and whose origin
is an equilibrium point. One can solve this differential equation by

simple integration of
dx dt

r 1+t

(o) = (555)-

from which we obtain

i.€e.

1+t
x(t) = T

o (2.11)

From Equation (2.11) we see that |x(t)| — 0 as t — oo; therefore, the
origin is an attractive equilibrium. More precisely, we see that given
any numbers & and ¢’ > 0, if |z,| < ¢’ then

1+,
14¢

lz(t)| < §  forallt>t,.
It means that for |x(¢)| to be smaller than &’ we need to wait at least
until ¢ = t, + T where

(14+1t:)(¢" =€) .

T >
el

However, since T' grows proportionally with ¢,, for any fixed values
of ¢’ and &', the origin is not uniformly attractive. In other words,
|z(t)| — 0 as t — oo but no matter what the tolerance that we impose
on |z(t)| to come close to zero (that is, £) and how near the initial
states are to the origin (that is, '), we see that the later |x(¢)| starts
to decay the slower it tends to zero. That is, the rate of convergence
becomes smaller as ¢, becomes larger.
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On the other hand, the origin is stable and, actually, uniformly
stable. To see this, observe from (2.11) that, since

1+t <1
(1+1¢)

for any t > t, and any ¢ > 0 then, |z(¢)| < |xo|. We conclude that for
any given € > 0 it holds, with § = ¢, that

[zl <d = |z(t)| <e, VE>1i,.

We conclude that the origin is asymptotically stable and uniformly
stable but not uniformly asymptotically stable. &

The phenomena observed in the previous examples are proper to nonau-
tonomous systems. Nonautonomous systems appear in robot control when
the desired task is to follow a time-varying trajectory, i.e. in motion control
(¢f. Part III) or when there is uncertainty in the physical parameters and
therefore, an adaptive control approach may be used (cf. Part IV).

The concept of uniformity for nonautonomous systems is instrumental be-
cause uniform asymptotic stability ensures a certain robustness with respect
to disturbances. We say that a system is robust with respect to disturbances
if, in the presence of the latter, the equilibrium of the system preserves ba-
sic properties such as stability and boundedness of solutions. In the control
of robot manipulators, disturbances may come from unmodeled dynamics or
additive sensor noise, which are fairly common in practice. Therefore, if for
instance we are able to guarantee uniform asymptotic stability for a robot con-
trol system in a motion control task, we will be sure that small measurement
noise will only cause small deviations from the control objective. However, one
should not understand that uniform asymptotic stability guarantees that the
equilibrium remains asymptotically stable under disturbances or measurement
noise.

In robot control we are often interested in studying the performance of
controllers, considering any initial configuration for the robot. For this, we
need to study global definitions of stability.

Definition 2.6. Global asymptotic stability

The origin is a globally asymptotically stable equilibrium of Equation (2.3)

1. the origin is stable;

2. the origin is globally attractive, that is,

lz@®)|| =0 as t—o00, Va(t,)ecR", to >0.



38 2 Mathematical Preliminaries

It should be clear from the definition above, that if the origin is globally
asymptotically stable then it is also asymptotically stable, but the converse is
obviously not always true.

Definition 2.7. Global uniform asymptotic stability

The origin is a globally uniformly asymptotically stable equilibrium of Equa-
tion (2.3) if:

1. the origin is uniformly stable with 6(¢) in Definition 2.3 which satisfies
d(g) — o0 as e — oo (uniform boundedness) and

2. the origin is globally uniformly attractive, i.e. for all x(t,) € IR™ and all
to >0,
le@®)|| =0 as t— o0

with a convergence rate that is independent of t.

For autonomous systems, global asymptotic stability and global uniform
asymptotic stability are equivalent.

As for Definition 2.5, we can make item 2 above more precise by saying
that for each ¢’ and &’ there exists T'(§',¢’) — hence, independent of ¢, — such
that the implication (2.10) holds.

It is important to underline the differences between Definitions 2.5 and 2.7.
First, in item 1 of Definition 2.7 one asks that § grows unboundedly as ¢ — oo.
In particular, this implies that the norm of all solutions must be bounded and,
moreover, by a bound which is independent of ¢, (uniform boundedness of all
solutions). Secondly, attractivity must be global which translates into: “for
each ¢’ > 0 and &’ > 0 there exists T'(¢',&’) > 0 such that (2.10) holds”, i.e.
in Definition 2.7 we say “for each 6’ > 0” and not “there exists 6’ > 0” as in
Definition 2.5.

It is also convenient to stress that the difference between items 1 and
2 of Definitions 2.6 and 2.7 is not simply that the required properties of
stability and attractivity shall be uniform but also that all the solutions must
be uniformly bounded. The latter is ensured by the imposed condition that
d(e) can be chosen so that d(e) — oo as € — oo.

We finish this section on definitions with a special case of global uniform
asymptotic stability.

Definition 2.8. Global exponential stability

The origin is a globally exponentially stable equilibrium of (2.3) if there exist
positive constants o and (3, independent of to, such that

lz(t)]| < a||le(ts)| e Pt Vit>t, >0, Va(t,) € R™. (2.12)
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According to the previous definitions, if the origin is a globally exponen-
tially stable equilibrium then it is also globally uniformly asymptotically sta-
ble. The opposite is clearly not necessarily true since the convergence might
not be exponential.

We emphasize that the numbers « and 5 must be independent of ¢, since in
some cases, one may establish that for a given system the bound (2.12) holds
but with constants « and § which depend on the initial times ¢,. Then, we
may speak of global exponential (non-uniform) convergence and as a matter
of fact, of global asymptotic stability but it would be erroneous to say that
the origin is globally exponentially stable. Notice that in such case, neither
the origin is uniformly attractive nor the solutions are uniformly bounded.

Definition 2.9. Instability

The origin of Equation (2.3) is an unstable equilibrium if it is not stable.

Mathematically speaking, the property of instability means that there ex-
ists at least one € > 0 for which no § > 0 can be found such that

lzt)|| <6 = Jz)] <e Vit>t, >0.

Or, in other words, that there exists at least one £ > 0 which is desired to be
a bound on the norm of the solution @(t) but there does not exist any pair
of initial conditions ¢, € R4 and x(t,) # 0 € IR"™ whose solution x(t) may
satisfy [|z(t)|| < e for allt > ¢, > 0.

It must be clear that instability does not necessarily imply that the solution
x(t) grows to infinity as t — oo. The latter is a contradiction of the weaker
property of boundedness of the solutions, discussed above.

We now present an example that illustrates the concept of instability.

Ezample 2.6. Consider the equations that define the motion of the van
der Pol system,

.’tl = T2, (213)
To = —T1 + (1 — Z‘%).IQ, (214)

where z1 and 5 € IR. Notice that the origin is an equilibrium of these
equations.

The graph of some solutions generated by different initial condi-
tions of the system (2.13)—(2.14) on the phase plane, are depicted in
Figure 2.7. The behavior of the system can be described as follows. If
the initial condition of the system is inside the closed curve I', and is
away from zero, then the solutions approach I' asymptotically. If the
initial condition is outside of the closed curve I', then the solutions
also approach I'.
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T2

0 1
Figure 2.7. Phase plane of the van der Pol oscillator
The origin of the system (2.13)—(2.14) is an unstable equilibrium.

To show this, we simply need to pick € := g (¢f. Figure 2.7) to see
that there does not exist § > 0 dependent on g such that

lz(0)| <d = |x{)]|<eo VEt=>0.

We close this subsection by observing that some authors speak about “sta-
bility of systems” or “stability of systems at an equilibrium” instead of “sta-
bility of equilibria (or the origin)”. For instance the phrase “the system is
stable at the origin” may be employed to mean that “the origin is a stable
equilibrium of the system”. Both ways of speaking are correct and equiva-
lent. In this textbook we use the second one to be strict with respect to the
mathematical definitions.

2.3.3 Lyapunov Functions

We present definitions that determine a particular class of functions that are
fundamental in the use of Lyapunov’s direct method to study the stability of
equilibria of differential equations.

Definition 2.10. Locally and globally positive definite function
A continuous function W : IR™ — IRy is said to be locally positive definite if

1. W(0) =0,
2.W(x) >0 for small || #DO0.
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A continuous function W : IR" — IR is said to be globally positive definite
(or simply positive definite) if

1. W(0) =0,
2.W(x)>0 Vax#0.

According to this definition it should be clear that a positive definite func-
tion is also locally positive definite. Also, according to the definition of positive
definite matrix, a quadratic function f : IR"™ — IR, i.e. of the form

f(x) = zTPx, PeRY™

is positive definite if and only if P > 0.

The function W (x) is said to be (locally) negative definite if —W (x) is
(locally) positive definite.

For a continuous function V : IRy X IR" — IRy, i.e. which also depends
on time, we say that V(¢,x) is (resp. locally) positive definite if:
1. V(t,0)=0 Vt>0;
2. V(t,z) >W(x), V>0, VaeclR" (resp. for small |x||)

where W(x) is a (resp. locally) positive definite function.
Definition 2.11. Radially unbounded function and decrescent func-

tion

A continuous function W : IR™ — IR is said to be radially unbounded if
W(x) — oo as x| — 0.

Correspondingly, we say that V (t,x) is radially unbounded if V(t,x) >
W(x) for allt > 0.

A continuous function V : IR, x IR"™ — IR is (locally) decrescent if there
exists a (locally) positive definite function W : IR" — IRy such that

Vit,e) <W(x) Vt>0 VaxelR" (for small|x|).

If V(t,x) is independent of ¢, i.e. if V(t,x) = V(x) then V() is decres-
cent.

The following examples illustrate the concepts presented above.

Ezample 2.7. Consider the graphs of the functions V;(z) with i =
1,...,4 as depicted in Figure 2.8. It is apparent from these graphs
that:
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Vs(z) Va(z)

Figure 2.8. Examples

e Vi(z) is locally positive definite but is not (globally) positive defi-
nite;

o V5(z) is locally positive definite, (globally) positive definite and
radially unbounded;

e V3(z) is locally positive definite and (globally) positive definite but
it is not radially unbounded,;

e V,(z) is positive definite and radially unbounded.

2

Ezample 2.8. The function W (zy1,x2) = 2% + 23 is positive definite
and radially unbounded. Since W is independent of ¢, it follows im-
mediately that it is also decrescent. &
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Ezample 2.9. The function V (t,z1,22) = (t + 1)(2% + x3) is positive
definite since V (t,21,22) > 2% + 23 and V(¢,0,0) = 0 for all ¢ > 0.
However, V(t,x1,x2) is not decrescent. &

Ezample 2.10. The function W (z1,22) = (21 —|—J;2)2 is not positive
definite since it does not satisfy W(x) > 0 for all & # 0 such that

21 = —x5. However, the function W (z1,22) = (21 + 22)° + ax?, and
the function W (z1, ) = (21 4 22)° + a2, with @ > 0 are positive
definite. ¢

In order to prepare the reader for the following subsection, where we
present Lyapunov’s direct method for the study of stability of equilibria, we
present below a series of concepts related to the notion of Lyapunov function
candidate.

Definition 2.12. Lyapunov function candidate

A continuous and differentiable* function V : IRy x IR™ — IR, is said to be a
Lyapunov function candidate for the equilibrium x = 0 € IR" of the equation

@ = f(t,x) if

1. V(t,x) is locally positive definite;
oV (t,x)
2. 5
oV (t,x)
oz

s continuous with respect to t and x ;

3 is continuous with respect to t and x .

Correspondingly, a continuous and differentiable function V' : R"” — IRy is
said to be a Lyapunov function candidate for the equilibrium = 0 € IR"™ of
Equation (2.4), i.e. & = f(x), if V(z) is locally positive definite and

dv(x)
dx

is continuous.

In other words, a Lyapunov function candidate for the equilibrium & = 0 €
R" of Equations (2.3) or (2.4) is any locally positive definite and continuously
differentiable function; that is, with continuous partial derivatives.

The time derivative of a Lyapunov function candidate plays a key role in
drawing conclusions about the stability attributes of equilibria of differential
equations. For this reason, we present the following definition.

4 In some of the specialized literature authors do not assume differentiability. We
shall not deal with that here.
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Definition 2.13. Time derivative of a Lyapunov function candidate

Let V(t,x) be a Lyapunov function candidate for the equation (2.3). The total
time derivative of V (t,x) along the trajectories of (2.3), denoted by V(t,x),
is given by

T
V(ta) = S Vi) = 2 D g g,

From the previous definition we observe that if V(x) does not depend
explicitly on time and Equation (2.3) is autonomous then,

dv(z)"
= f@

V()
which does not depend explicitly on time either.

Definition 2.14. Lyapunov function

A Lyapunov function candidate V(t,x) for Equation (2.3) is a Lyapunov
function for (2.3) if its total time derivative along the trajectories of (2.3)
satisfies

Vt,e) <0 Vt>0

and for small ||| .

Correspondingly, a Lyapunov function candidate V'(x) for Equation (2.4) is a
Lyapunov function if V(x) < 0 for small ||z||.

2.3.4 Lyapunov’s Direct Method

With the above preliminaries we are now ready to present the basic results of
Lyapunov stability theory. Indeed, the theory of Lyapunov is the product of
more than a hundred years of intense study and there are numerous specialized
texts. The avid reader is invited to see the texts cited at the end of the chapter.
However, the list that we provide is by no means exhaustive; the cited texts
have been chosen specially for the potential reader of this book.

Theorem 2.2. Stability and uniform stability

The origin is a stable equilibrium of Equation (2.3), if there exists a Lya-
punov function candidate V (t,x) (i.e. alocally positive definite function with
continuous partial derivatives with respect to t and x) such that its total time
derivative satisfies

V(t,z) <0, V¢>0 forsmall ||z].

If moreover V (t,x) is decrescent for small ||x| then the origin is uniformly
stable.
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This theorem establishes sufficient conditions for stability of the equilib-
rium in the sense of Lyapunov. It is worth remarking that the conclusion of
the theorem holds also if V(t, x) <0 forallt >0 and for all z € R", or if
the Lyapunov function candidate V' (¢, ) is globally positive definite instead
of being only locally positive definite. The following theorem allows us to es-
tablish some results on stability of the equilibrium and on boundedness of
solutions.

Theorem 2.3. (Uniform) boundedness of solutions plus uniform sta-
bility

The origin is a uniformly stable equilibrium of Equation (2.3) and the so-
lutions x(t) are uniformly bounded for all initial conditions (to,x(t,)) €
IR, x IR"™ if there exists a radially unbounded, globally positive definite, decres-
cent Lyapunov function candidate V(t,x) such that its total time derivative
satisfies

Vit,e) <0 Vi>te>0 VaxelR".
In particular, item 1 of Definition 2.7 holds.

Ezample 2.11. Consider the dynamic model of an ideal pendulum
without friction as analyzed in Example 2.2 and shown in Figure 2.2
(¢f. page 30) for which we now assume that no torque 7(t) is applied
at the axis of rotation, i.e. we consider the system described by the
differential equation

JG+mgl sin(g) =0 with ¢(0),¢(0) € R.

This equation may be rewritten in the state-space form as

i‘l = T2
. mgl .
Tg = —TSIH(Z‘l),
where 1 = ¢ and x5 = ¢. Notice that these equations are au-

tonomous nonlinear, and the origin is an equilibrium. However, we
remind the reader that from Example 2.2, we know that the pen-
dulum has multiple equilibria, more precisely at [¢ ¢]T = [n7 0]7
forn =---,-2,-1,0,1,2,---; that is, the origin is the equilibrium
corresponding to the case n = 0.

In order to analyze the stability of the origin we use Theorem 2.2
with the following locally positive definite function:

2
V(z1,m2) =mgl [1 —cos(z1)] + J %

Notice that the first term on the right-hand side corresponds to the
potential energy, while the second one corresponds to the kinetic en-
ergy. Observe that V(z1,z2) is not a positive definite function since
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it does not fulfil V(zy,z2) > 0 for all [z 22]” # 0 € IR?. However, it
is locally positive definite because V(x1,z2) > 0 for ||| > 0 small, in
the sense that ||z|| < 2.

Evaluating the total time derivative of V(z1,22) we obtain

V(xl,l‘g) = mgl sin(zl)jzl + JSCQi'Q
=0.
According to Theorem 2.2, the origin is a stable equilibrium, i.e.

the solutions z1(t) and x2(t) remain as close to the origin as desired
if the initial conditions x1(0) and 22(0) are sufficiently small.

Figure 2.9. Phase plane of the pendulum

Above, we proved that the origin is a stable equilibrium point; this
corresponds to n = 0. As a matter of fact, considering the multiple
equilibria, i.e. m # 0, one can also show that the equilibria associated
to n even are stable while those for n odd are unstable.

We stress that although the origin (and strictly speaking, infinitely
many other equilibria) is Lyapunov stable, this system has unbounded
solutions. Notice indeed from Figure 2.9, how the solution may grow
indefinitely to the right or to the left, i.e. in the direction of the
displacements, x1; while the solution remains bounded in the direction
of the velocities, 5. In other words, if the pendulum starts to oscillate
at a speed larger than 24/mgl/J from any position then it will spin
for ever after! &

Thus, Example 2.2 shows clearly that stability of an equilibrium is not

synonymous with boundedness of the solutions.

We present next, sufficient conditions for global asymptotic and exponen-

tial stability.
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Theorem 2.4. Global (uniform) asymptotic stability

The origin of Equation (2.3) (respectively of Equation 2.4) is globally asymp-
totically stable if there exists a radially unbounded, globally positive definite
Lyapunov function candidate V (t,x) (respectively V(x) ) such that its time
derivative is globally negative definite. If, moreover, the function V(t,x) is
decrescent, then the origin is globally uniformly asymptotically stable.

It should be clear that the origin of the autonomous Equation (2.4) is glob-
ally asymptotically stable if and only if it is globally uniformly asymptotically
stable.

FEzample 2.12. Consider the following scalar equation
&= —az?, z(0) € R,

where a is a positive constant. The origin is a unique equilibrium. To
analyze its stability consider the following Lyapunov function candi-
date which is positive definite and radially unbounded:

2
x
Vi) = —.
(0) =5
Its total time derivative is
V(z) = xi
= —azx*.

So we see that from Theorem 2.4, the origin is globally asymptot-
ically stable.

In the case that Equation (2.3) is autonomous there is no difference be-
tween global asymptotic stability and global uniform asymptotic stability.

Theorem 2.5. Global exponential stability

The origin of (2.3) is globally exponentially stable if there exists a Lyapunov
function candidate V (¢, x) and positive constants a, 3, v and p > 1 such that:

o oflz|” <V(t @) < Bl ;

o V(it,z)< |z’ Vt>to,>0 VaxzelR".

If all the above conditions hold only for small ||| then we say that the origin
s an exponentially stable equilibrium.
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Ezxample 2.13. Consider the following scalar equation:
. 1.
x:—a[1—2sm(t)]x z(0) € R,

where a is a positive constant. Note that the origin is a unique equilib-
rium. To analyze its stability consider the following Lyapunov function
candidate which is positive definite and radially unbounded:

V(z) =a2.

Since V' does not depend on t, it is decrescent. The total time deriva-
tive of V is

V(z) = 2zi
=—2a {1 - ;sin(t)} z?
< —az?.

So the conditions of Theorem 2.4 are satisfied and we conclude
that the origin is globally uniformly asymptotically stable. Moreover,
notice that the conditions of Theorem 2.5 also hold, with a = 8 =1,
v = a and p = 2 so the the origin is also globally exponentially stable.

¢

The following result establishes necessary conditions for certain global
properties of stability of equilibria.

Theorem 2.6. Consider the differential Equations (2.3) and (2.4). The unic-
ity of an existing equilibrium point is necessary for the following properties (or,
in other words, the following properties imply the unicity of an equilibrium):

e global asymptotic stability;

e global exponential stability.

The proof of Theorem 2.6 follows straightforwardly from the observation that
each of the above-cited concepts of stability implies that ||x(t) — x.|| — O
when t — oo, and where x. is the equilibrium under analysis. In view of the
“globality” of the mentioned properties of stability, the convergence of the
solution x(t) to the equilibrium ., must be verified for all initial conditions.
Clearly, this would not be the case if besides x. there existed other equilibria,
since in this case any solution starting off at other equilibria, by definition,
would remain at that point forever after.
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Notice that Theorem 2.6 does not establish as a necessary condition for
stability of the equilibrium, that the equilibrium in question be unique. It
is important to mention that for a given system there may coexist equilibria
with local stability properties and in particular, stable equilibria with unstable
equilibria.

Since for a given system the global properties of stability imply existence
of a unique equilibrium, it is correct to speak of not only the properties of
global stability of that equilibrium, but also of such properties for the system
itself. That is, sentences such as “such a system is globally asymptotically
stable” or, “the system is globally exponentially stable” are mathematically
meaningful and correct.

In control theory, i.e. when we are required to analyze the stability of
a particular system, finding a Lyapunov function with a negative definite
derivative is in general very hard. Nevertheless, if in spite of painstaking efforts
we are unable to find a Lyapunov function we must not conclude that the
origin of the system under analysis is unstable; rather, no conclusion can be
drawn. Fortunately, for autonomous systems, there are methods based on more
restrictive conditions but considerably easier to verify. A notable example
is the so-called La Salle’s invariance principle® which is widely used in the
analysis of robot control systems. The following theorem is a simplified version
of La Salle’s invariance principle that appears adequate for the purposes of
this textbook.

Theorem 2.7. La Salle

Consider the autonomous differential equation
& = f(x)

whose origin © = 0 € IR" is an equilibrium. Assume that there exists a globally
positive definite and radially unbounded Lyapunov function candidate V(x),
such that

V(i) <0 VYaclR"

Define the set Q as
Q= {:c eR":V(z) = 0}. (2.15)

If (0) = 0 is the only initial state in Q whose corresponding solution, x(t),
remains forever in Q (i.e. x(t) € Q for allt > 0 ) then the origin x = 0 € IR"
s globally asymptotically stable.

5 While in the western literature this result is mainly attributed to the French math-
ematician J. P. La Salle, some authors call this “Krasovskii-La Salle’s theorem”
to give credit to the Russian mathematician N. N. Krasovskii who independently
reported the same theorem. See the bibliographical remarks at the end of the
chapter.



50 2 Mathematical Preliminaries

We stress that the application of the theorem of La Salle to establish global
asymptotic stability does not require that V(m) be a negative definite function.
However, we recall that this theorem can be employed only for autonomous
differential equations. A practical way to verify the condition of La Salle’s
theorem and which suffices for most of this textbook is given in the following
statement.

Corollary 2.1. Simplified La Salle
Consider the set of autonomous differential equations

z=f, (2 z2), xeR" (2.16)
z2=f,(xz2), z€ R™. (2.17)

where f,.(0,0) = 0 and f,(0,0) = 0. That is, the origin is an equilibrium
point. Let V : IR" x IR™ — IR, be globally positive definite and radially un-
bounded in both arguments. Assume that there exists a globally positive definite
function W : IR™ — IR, such that

V(e,z) = -W(z). (2.18)

If x = 0 is the unique solution of f,(x,0) = 0 then the origin [T 2717 =0
s globally asymptotically stable.

The proof of this corollary is simple and follows by applying Theorem 2.7.
Therefore, for the sake of completeness and to illustrate the use of Theorem
2.7 we present it next.

Proof of Corollary 2.1. Since W(z) is globally positive definite in z we have
from (2.18) that the set Q defined in (2.15) is in this case, {z = 0}U{x € R"}.
This means that for the solutions of (2.16), (2.17) to be contained in € they
must verify that for all ¢ > 0, z(¢) = 2(¢t) = 0 and

#(t) = f.(x(t),0) (2.19)
0 = £.(x(t),0). (2.20)

However, by assumption the unique solution that satisfies (2.20) is the trivial
solution, i.e. &(t) = 0 for all t > 0. In its turn, the trivial solution also satisfies
(2.19) since &(t) = 0 and by assumption, f,(0,0) = 0. Thus, the only initial
state for which [z(t)T z(¢)T]T € Q for all t > 0 is [z(0)T 2(0)T]T = 0. Global
asymptotic stability of the origin follows from Theorem 2.7. OO0

We present next some examples to further illustrate the use of La Salle’s
theorem.
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Ezample 2.14. Consider the autonomous equations

z=—kz, z(0) e R
1=-22+ka, z(0) e R

where k # 0. Note that the origin is an equilibrium point. Consider
now the following Lyapunov function candidate — positive definite and
radially unbounded — to study the stability of the origin:

V(z,z) = % [2° +2%] .

The total time derivative of V(z, z) is given by

V(z,z) = —2*
<0.

Hence, according to Theorem 2.2 we may conclude stability of the

origin. However, note that V(a:,z) = 0 for any value of z and z = 0,

so it cannot be even locally negative definite. Therefore, since V (z, z)

does not satisfy the conditions of Theorem 2.4 we may not conclude

global asymptotic stability of the origin from this result.
Nevertheless, since the equations under study are autonomous, we

may try to invoke La Salle’s theorem (Theorem 2.7). To that end, let

us follow the conditions of Corollary 2.1.

e We already verified that the origin is an equilibrium point.

e  We also have verified that V(z, z) is globally positive definite and
radially unbounded in both arguments.

e In addition, V(z,2) = —z* so we define W(z) := z* which is a
globally positive definite function of z.

e Tt is only left to verify that the only solution of f,(x,0) = 0isz =0
which in this case, takes the form 0 = kz. Hence it is evident that
x = 0 is the only solution.

We conclude from Corollary 2.1 that the origin is globally asymptot-

ically stable. &

FEzample 2.15. Consider the following equations

T1 = —x1 + k1xo + koxs $1(0> cR
To = —k121 .TQ(O) cR
i‘g = 7]'{}2;’171 IEg(O) eR

51
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where k1 # 0, ko # 0. These equations represent an autonomous linear
differential equation whose equilibria are the points

k
[xl xTo 1'3] = |:0 T2 - 1$2:| .

Notice that there exist an infinite number of equilibrium points, one
for each x5 € IR. In particular, for x5 = 0, the origin is an equilibrium.
To study its stability we consider the Lyapunov function candidate
which is positive definite and radially unbounded,

1
V(x) = 3 [2] + 23 + 23] |

and whose total time derivative is
V(x) = —z2.

Theorem 2.3 guarantees stability of the origin and boundedness of
the solutions. Theorem 2.4 on global asymptotic stability, may not be
used since V() is zero at 2, = 0 and for any values of x5 and x3; that
is, it does not hold that V(z) is negative definite. Even though the
equations under study are autonomous they have an infinite number
of equilibria. For this reason and according to Theorem 2.6, the origin
may not be globally asymptotically stable. &

In the previous example it is not possible to conclude that the origin
is an asymptotically stable equilibrium however, under the above conditions
one may conclude that lim; ., 21(t) = 0. Indeed this can be achieved by
invoking the following Lemma which guarantees boundedness of the solutions
and convergence of part of the state. This is obviously a weaker property
than (global) asymptotic stability but it is still a useful property to evaluate,
rigorously, the performance of a controller.

Lemma 2.2. Consider the continuously differentiable functions * : IRy —
R", z: IR, — IR™, h: Ry — Ry and P : IRy — R"T™>*M+m) - Assume
that P(t) is a symmetric positive definite matriz for each t € IRy and P is
continuous. Define the function V : IR, x IR" x IR™ x IRy — IR, as

T
V(t,z, 2,h) = [ﬂ P(t) B’] +h(t) > 0.
If the total time derivative of V(t,x, z,h), i.e.

. oV(t,xz,z,h oV(t,xz,z,h Tdx
V(t,x,z,h) = ( 5 )+ (833 ) o

RAACERERD Tdz dh

0z dt = dt’
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satisfies, for allt € Ry, x € R", z € IR™ and h € IR,

s [ [0 Y 2]

where Q(t) = Q(t)T > 0 for all t > 0 then,
1. z(t), z(t) and h(t) are bounded for all t > 0 and
2. x(t) is square-integrable, i.e.

/ lz(t)|]” dt < oo.
0

If, moreover,  is also bounded then we have

lim x(t) =0.

t—o0

The proof of this lemma is presented in Appendix A.
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Problems

1. Consider the vectors & € IR" and y € IR™. Show that

T
Yy

|
[yl
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2. Consider the matrix

€

k __c
1+ 22

€
1+ 222

P(z) =

where € > 0. Show that if k > 2 then P is positive definite, i.e. P(z) > 0
for all z € IR.

3. Consider the differential equation that describes the behavior of a Hopfield
neuron:
& = —ax + w tanh(x) + b
where a > 0, w,b € R.

a) Show by use of the contraction mapping theorem that if @ — |w| > 0
then the differential equation has a unique equilibrium.

b) Assume that a = b =1 and w = 1/2. Use the contraction mapping
theorem together with a numerical algorithm to obtain an approxi-
mated value of the unique equilibrium of the differential equation.

4. Consider the function
4 1|z
V(xl,l‘g) = [331 xg] |:_10 3:| |:l‘;:| .
Is V(z1, z2) positive definite?

5. Consider the function
V(z1,20) = ax? + 2bx120 + 3.

Show that if @ > 0 and ac > b? then V(z1,x3) is positive definite.

6. Consider the linear autonomous differential equation
T = Acx, xze€R".

Show that if there exists a pole of this equation at the origin of the complex
plane, then the equation has an infinite number of equilibria.

Hint: Here, the “poles” are the eigenvalues of A.

7. An equilibrium @, € R" is an isolated equilibrium of & = f(x) if there
exists a real positive number o > 0 such that there may not be any
equilibrium other than x. in €2, where

Q={zcR": ||z — x| < a}.

In the case that there does not exist any a > 0 that satisfies the above
then the equilibrium @, is not isolated.

Assume that x. is a non-isolated equilibrium. Answer ‘true’ or ‘false’ to
the following claims:
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10.

11.

12.

13.

2 Mathematical Preliminaries

a) the equilibrium x, may not be asymptotically stable;

b) the equilibrium x, is stable.

. Consider the function f(z,y) : R* — IR?,

fl (.’E, y) :|
x,y) = .
Assume that f(z,y) = 0 <= 2 =0 and y = 0. Does this imply that

fi(z,y) =0<=zx=0andy=07?

. Consider the following two differential equations:

1 = elzy — ] + a0 — [11 — €] [[:cl —¢? +x3] . 21(0)eR
o = —[x1 — €] +exo — a9 [[ml—s]z—i—x%} ,  x2(0) e R

where € € IR is constant. Determine the equilibria.

Consider the following second-order differential equation,
j+—1g+y*+1=0, y(0),9(0) € R.

Express this equation in the form & = f(¢,x).
a) Is this equation linear in the state = 7
b) What are the equilibrium points? Discuss.

Consider the equation & = f(x). Assume that . = 0 € R" is a stable
equilibrium. Does this imply that the solutions x(¢) are bounded for all
t>07

Consider the equations

9.31:.1‘2—17?
s 3
Ty = —T1 — Ty

for which the origin is the unique equilibrium. Use the direct Lyapunov’s
method (propose a Lyapunov function) to show that the origin is stable.

Pick positive integer numbers m and n and appropriate constants a and
b to make up a Lyapunov function of the form

V(z1,z2) = ax?™ + bra"
in order to show stability of the origin for
a)
i = —2a3

j;’g = 2581 71%
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b)
: 3 3
T = —x] + x5
By = —ad — a3,

14. Theorem 2.4 allows us to conclude global uniform asymptotic stability of
an equilibrium of a differential equation. To show only uniform asymptotic
stability (i.e. not global), the conditions of Theorem 2.4 that impose to
the Lyapunov function candidate V' (¢, x) to be:

(globally) positive definite;

radially unbounded;

(globally) decrescent and,
for V(t, ), to be (globally) negative definite;
must be replaced by:

e locally positive definite;
e locally decrescent and,
o for V(t,x), to be locally negative definite.

If moreover, the differential equation is autonomous and the Lyapunov
function candidate V' (x) is independent of time, then the equilibrium is
(locally) asymptotically stable provided that V(x) is locally positive def-
inite and V (z) is locally negative definite.

An application of the latter is illustrated next.

Consider the model of a pendulum of length [ and mass m concentrated
at the end of the pendulum and subject to the action of gravity g, and
with viscous friction at the joint (let f > 0 be the friction coefficient), i.e

ml?G + fg + mgl sin(q) = 0,
where ¢ is the angular position with respect to the vertical. Rewrite the
model in the state-space form & = f(x) with = [¢ ¢]7
a) Determine the equilibria of this equation.
b) Show asymptotic stability of the origin by use of the Lyapunov func-

tion

2.1
Vg, q) = 2mgl[l — cos(q)] + o g? + =

5 L\Fcﬂrl\ﬁq}

¢) Is V(g,¢) a negative definite function?
15. Complete the analysis of Example 2.15 by applying Lemma 2.2.
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Robot Dynamics

Robot manipulators are articulated mechanical systems composed of links
connected by joints. The joints are mainly of two types: revolute and prismatic.
In this textbook we consider robot manipulators formed by an open kinematic
chain as illustrated in Figure 3.1.

. a3 4,0 ;
0 2 link2 v
| 7 . @ joint n
. | 2
joint 2 23
\ q2
Z1 '
o link 1
joint 1 [ <
¢ :
X

Yo

Lo

Figure 3.1. Abstract diagram of an n-DOF robot manipulator

Consider the generic configuration of an articulated arm of n links shown
in Figure 3.1. In order to derive the mathematical model of a robot one typ-
ically starts by placing a 3-dimensional reference frame (e.g. in Cartesian
coordinates) at any location in the base of the robot. Here, axes will be la-
beled with no distinction using {z y =z} or {zo yo 20} or {z1 z2 w3}. The
links are numbered consecutively from the base (link 0) up to the end-effector
(link n). The joints correspond to the contact points between the links and
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are numbered in such a way that the ith joint connects the ith to the (i —1)th
link. Each joint is independently controlled through an actuator, which is usu-
ally placed at that joint and the movement of the joints produces the relative
movement of the links. We temporarily denote by z;, the ith joint’s axis of
motion. The generalized joint coordinate denoted by g¢;, corresponds to the
angular displacement around z; if the ith joint is revolute, or to the linear
displacement along z; if the ith joint is prismatic. In the typical case where
the actuators are placed at the joints among the links, the generalized joint
coordinates are named joint positions. Unless explicitly said otherwise, we
assume that this is the case.

Figure 3.2. Example of a 4-DOF robot

Ezxample 3.1. Figure 3.2 shows a 4-DOF manipulator. The placement
of the axes z; as well as the joint coordinates, are illustrated in this
figure. &

The joint positions corresponding to each joint of the robot, and which
are measured by sensors adequately placed at the actuators, that are usually
located at the joints themselves, are collected for analytical purposes, in the
vector of joint positions g. Consequently, for a robot with n joints, that is,
with n DOF (except for special cases, such as elastic-joints or flexible-link
robots), the vector of joint positions g has n elements:
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q1
q2
q= .
qn
i.e. ¢ € IR™. On the other hand it is also of great interest, specifically from a
practical viewpoint, to determine the position and orientation (posture) of the
robot’s end-effector since it is the latter that actually carries out the desired
task. Such position and orientation are expressed with respect to the reference
frame placed at the base of the robot (e.g. a Cartesian frame {z, yo, 20}) and

eventually in terms of the so-called Euler angles. Such coordinates (and angles)
are collected in the vector x of operational positions®

X1

X

where m < n. In the case when the robot’s end-effector can take any position
and orientation in the Euclidean space of dimension 3 (e.g. the room where
the reader is at the moment), we have m = 6. On the other hand, if the
robot’s motion is on the plane (i.e. in dimension 2) and only the position of
the end-effector is of interest, then m = 2. If, however, the orientation on the
plane is of concern then, m = 3.

The direct kinematic model of a robot, describes the relation between the
joint position g and the position and orientation (posture) x of the robot’s
end-effector. In other words, the direct kinematic model of a robot is a function
@ : IR" — IR™ such that

x=(q).

Although lengthy, computation of the direct kinematic model, x = ¢(q),
is methodical and in the case of robots of only few DOF, it involves simple
trigonometric expressions.

The inverse kinematic model consists precisely in the inverse relation of
the direct kinematic model, that is, it corresponds to the relation between the
operational posture x and the joint position g, i.e.

a=¢ (%)

In contrast to the direct kinematic model, computation of the inverse kine-
matic model g = ¢~ !(x) may be highly complex and, as a matter of fact, may
yield multiple solutions.

The dynamic model of a robot consists of an ordinary differential equation
where the variable corresponds to the vector of positions and velocities, which

! These are also known as positions in the operational space or workspace.
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may be in joint coordinates q, g or in operational coordinates x, x. In general,
these are second-order nonlinear models which can be written in the generic
form

.fEL(qﬂ.Jaii;T) = 03 (31)
folx,%,%,7)=0.

The vector 7 stands for the forces and torques applied at the joints by
the actuators. The dynamic model (3.1) is the dynamic model in joint space,
while (3.2) corresponds to the dynamic model in operational space. In this
text, we focus on the dynamic model in joint space and, for simplicity, we
omit the words “in joint space”.

Kinematics as much as dynamics, is fundamental to plan and carry out
specific tasks for robot manipulators. Both concepts are dealt with in consid-
erable detail in a large number of available textbooks (see the list of references
at the end of this chapter). However, for the sake of completeness we present
in this chapter the basic issues related to robot dynamics. In the next two
chapters we present properties of the dynamic model, relevant for control. In
Chapter 5 we present in detail the model of a real 2-DOF lab prototype which
serves as a case study throughout the book.

Besides the unquestionable importance that robot dynamics has in control
design, the dynamic models may also be used to simulate numerically (with a
personal computer and specialized software), the behavior of a specific robot
before actually being constructed. This simulation stage is important, since it
allows us to improve the robot design and in particular, to adapt this design
to the optimal execution of particular types of tasks.

One of the most common procedures followed in the computation of the
dynamic model for robot manipulators, in closed form (i.e. not numerical), is
the method which relies on the so-called Lagrange’s equations of motion. The
use of Lagrange’s equations requires the notion of two important concepts
with which we expect the reader to be familiar: kinetic and potential energies.

We describe next in some detail, how to derive the dynamic model of a
robot via Lagrange’s equations.

3.1 Lagrange’s Equations of Motion

The dynamic equations of a robot manipulator in closed form may be obtained
from Newton’s equations of motion or, via Lagrange’s equations. All of these
are well documented in textbooks on analytical mechanics and are only briefly
presented here.

The disadvantage of the first method is that the complexity of the analysis
increases with the number of joints in the robot. In such cases, it is better
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to use Lagrange’s equation of motion. The latter are named after the French

mathematician Joseph Louis de La Grange (today spelled “Lagrange”) which

first reported them in 1788 in his celebrated work “Mécanique analytique’?.

Consider the robot manipulator with n links depicted in Figure 3.1. The
total energy £ of a robot manipulator of n DOF is the sum of the kinetic and
potential energy functions, C and U respectively, i.e.

£(q,9) =K(q,q)+U(q)

where q = [q1, -, qn]” .

The Lagrangian £(q, ) of a robot manipulator of n DOF is the difference
between its kinetic energy K and its potential energy U, that is,

L(q,q) =K(q,q) —U(q). (3.3)

We assume here that the potential energy U is due only to conservative
forces such as gravitational energy and energy stored in compressed springs.

Then, the Lagrange equations of motion for a manipulator of n DOF, are

given by
d [0L(q,q)| 0L(q,9) _
dt 0q

-
dq ’
or in the equivalent form by

d [ac(q,q)} _ 9L(q,9)

=1, =1, 4
g 9, 94, T, i n (3.4)

where 7; correspond to the external forces and torques (delivered by the ac-
tuators) at each joint as well as to other (nonconservative) forces. In the class
of nonconservative forces we include those due to friction, the resistance to
the motion of a solid in a fluid, and in general, all those that depend on time
and velocity and not only on position.

Notice that one has as many scalar dynamic equations as the manipulator
has degrees of freedom.

The use of Lagrange’s equations in the derivation of the robot dynamics
can be reduced to four main stages:

1. Computation of the kinetic energy function K(g, q) .

2. Computation of the potential energy function U(q) .

3. Computation of the Lagrangian (3.3) L(q,q).

4. Development of Lagrange’s equations (3.4).

2 These equations are also called Euler-Lagrange equations in honor to the Swiss

scientist Leonhard Euler, contemporary of La Grange, who discovered a similar
but more general set of second-order differential equations.
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In the rest of this section we present some examples that illustrate the
process of obtaining the robot dynamics by the use of Lagrange’s equations
of motion.

Lo

~ Yo

a1
Figure 3.3. Example of a 1-DOF mechanism

Ezample 3.2. Consider the mechanism shown in Figure 3.3. It consists
of a rigid link formed by two parts, of lengths I; and lo, whose masses
my and my are, for simplicity, considered to be concentrated at their
respective centers of mass, located at the ends. The angle ¢ is constant.

The mechanism possesses only revolute motion about the zy axis,
the angle of which is represented by ¢;. For this example, the only
degree-of-freedom is associated to the joint 1. Then, ¢ is a scalar de-
fined as ¢ = q1.

We emphasize that the dynamic model of this mechanism may be
obtained using the concepts of dynamics of rigid bodies in rotation,
which are subjects of study in elementary courses of physics. However,
for the sake of illustration we employ Lagrange’s equations of motion.

The kinetic energy function K(gq,q) of the system is given by the
product of half the moment of inertia times the angular velocity
squared, i.e.

K (4,) = ymalf cos’(p) ¢

and the corresponding potential energy

U(q) = milig +ma (I3 + 13 sin(p)) g
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where g is the gravity acceleration. Here, we assumed that the poten-
tial energy function is zero on the plane zg—y. Actually, notice that
in this example the potential energy is constant so in particular, it
does not depend on the joint position q.

The Lagrangian £(q, ¢), expressed by (3.3), is in this case

L(q,q) = 7213 cos?(¢) ¢° —malig — ma (I + lasin(p)) g.

From this, one can obtain the following equations:

oL .

£ = mol3 cos®(¢) g
d [oL] 9 o .
pn {aq] = mgl3 cos®(p) §

oL

87q - 0 .

Then, the corresponding Lagrange Equation (3.4) is
mal3 cos?(p) G =T, (3.5)

where 7 is the torque applied at the joint 1. Equation (3.5) describes
the dynamic behavior of the mechanism. Notice that the dynamic
model is simply a linear second-order nonautonomous differential
equation.

Equation (3.5) may be expressed in terms of the state vector [q¢ ¢]

as .
d |9 q q(0)
a = T 3 < Rz .
q mal3 cos?(p) q(0)

The necessary and sufficient condition for the existence of equi-
libria is 7(¢) = 0 for all ¢ > 0. In this situation, the equation has an
infinite number of equilibria which are given by [¢ ¢]” = [¢* 0]7 € R?
with ¢* € IR. The interpretation of this result is the following. If at the
instant ¢ = 0 the position ¢(0) has any value ¢* € IR, the velocity ¢(0)
is zero and moreover no torque is applied at the joint (i.e. 7(¢) = 0 for
all ¢) then, we have ¢(t) = ¢* and ¢(¢) = 0 for all ¢ > 0. Note that the
latter is in accordance with the physical interpretation of the concept
of equilibrium. &

The following example illustrates the derivation of the dynamic model of
the 2-DOF robot with revolute joints shown in Figure 3.4 and that moves
about purely on the horizontal plane. Therefore, gravity has absolutely no
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influence on the robot dynamics. This should not surprise the reader; note
that the potential energy for this robot is constant since its mass does not
move in the vertical direction.

A particularity of this example, is that the actuators that deliver the
torques are not physically located at the joints themselves, but one of them
transmits the motion to the link through belts. Such types of transmission are
fairly common in industrial robots. The motivation for such configurations is
to lighten the weight (henceforth the inertia) of the arm itself by placing the
actuators as close to the base as possible.

Figure 3.4. Example of a 2-DOF robot

Example 3.3. Consider the robot manipulator with 2 DOF shown in
Figure 3.4. This manipulator consists of two rigid links where [; is
the length the first link. Both joints are revolute. The robot moves
about only on the horizontal plane x—y as is shown in Figure 3.4. The
masses of the links are denoted by m; and ms respectively. Notice
that the center of mass of link 2 may be physically placed “out” of
the link itself! This is determined by the value of the constant angle 9.
The distances of the rotating axes to the centers of mass, are denoted
by l.1 and l.; respectively. Finally, Iy and I denote the moments
of inertia of the links with respect to axis that passes through their
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respective centers of mass and that are parallel to the z axis. The joint
positions associated to the angles ¢; and ¢ are measured between each
respective link and an axis which is parallel to the x axis. Both angles
are taken to be positive counterclockwise. The motion is transmitted
to link 2 by a belt since the corresponding actuator is placed at the
base of the robot. The vector of joint positions q is defined as

a=[n ¢)"

The kinetic energy function K(q,g) for this arm may be decom-
posed into the sum of two parts: K(q, q) = K1(q, ¢) + K2(q, q), where
Ki(q,q) and Kz(q,q) are the kinetic energies associated with the
masses my and msy respectively. In turn, the kinetic energy includes the
linear and angular motions. Thus, we have K1(q, q) = %mlv% + %Ilq'%,
where v, is the speed® of the center of mass of link 1. In this case,

L.
=hg;. (3.6)

. 1 )
Ki(q,q) = §m1l§1q% + 5

On the other hand, K2(q,q) = imovd + 11543, where v is the
speed of the center of mass of link 2 This speed squared, i.e. v3, is
given by

vy =5+ 9
where Z5 and ¢, are the components of the velocity vector of the
center of mass of link 2. The latter are obtained by evaluating the
time derivative of the positions x2 and yo of the center of mass of link
2, i.e.
x9 =1y cos(q1) + le2 cos(ga — 9)
Y2 = l1 sin(q1) + le2 sin(gz — 6) .

Using the trigonometric identities, cos(6)? + sin(6)? = 1 and

sin(g )sin(ga — 0) 4+ cos(q1 )cos(ga — §) = cos(q1 — g2 +9), we finally get

v3 = 1347 + 12565 + 21l cos(q1 — g2 + 0)d1de

which implies that

K2(q,q) = l1 qi + 7l22612 + malilez cos(q1 — g2 + 0)q1d2

1 .
=+ §IZQ§ . (3.7)
Since the robot moves only on the horizontal plane, the potential

energy is constant, e.g. U(q) =0.

3 Some readers may be surprised that we use the word speed as opposed to velocity.
We emphasize that velocity is a vector quantity hence, it has a magnitude and
direction. The magnitude of the velocity is called speed.
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So from Equations (3.6) and (3.7), it is clear that the Lagrangian,

takes the form

1 ) 1 .
= §(mll(2;1 +mal3)d; + §m2l§2q§

+ malilea cos(q1 — g2 + 0)G142

1. . 1. .
+ 511Q% + 5]2(1%-

From this equation we obtain the following expressions:

oL

aiq_l = (mllgl + mzl% + I])q'l

+malilea cos(qr — g2 + 0)ga,

d [ oL .
P {3411] = (mul2, + malf + 1) Gy

+malilea cos(qr — g2 + 0)do
— malileasin(qr — g2 +6)(¢1 — 42)G2

oL . ..
e —mialilee sin(gr — g2 + 6)dage,
q1
BYe ) R
9 = malZoGa +maliley cos(qr — g2 + )41 + I2qa,

d [oL .. =
dt {3612] = malZyia + maliles cos(q1 — g2 + 8)dia

—maliles sin(qy — g2 + 6)d1(G1 — ¢2) + 242,

oL

0 = malilea sin(qr — g2 + )41z -
q2

Thus, the dynamic equations that model the robot manipulator
may be obtained by using Lagrange’s equations (3.4),
= [milZ + mol + 1] Gy
+malilez cos(q1 — g2 + 9)Go
+ maliles sin(qr — g2 + 0)d5

and,
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7o = maliles cos(q1 — g2 + 0)d1 + [mal2y + L)do
— malyles sin(qr — ga + 0)di

Finally using the identities
cos(q1 — g2 + 9) = cos(d)cos(q1 — g2) — sin(d)sin(q; — ¢o
= cos(d)cos(q2 — ¢1) + sin(d)sin(q2 — ¢1),
(9) )
(

)
)

d)sin(g1 — g2) + sin(d)cos(q1 — ¢2)
= —cos(d)sin(g2 — q1) + sin(d)cos(g2 — 1

Il
Q
@}
0

sin(q1 — g2 + 0)
)

and denoting Cy1 = cos(ga — q1), S21 = sin(ga — ¢1), one obtains

7 = [milZ, + molf + L] G
+ [mglllcg COS((S)CQl + mglllcg sin(5)521]('j2
—+ [77712[1[62 COS(J)SQl =+ mQleCQ 81n(§)C’21]q§

(3.8)
and
To = [maliles cos(8)Cayr + malileo sin(6)S21]G
+ [mal? + L) Go
+ [mzlllcg COS(6)521 — mglllcg Sin((S)Czl]q'%
(3.9)

which are of the form (3.1) with

. 7 — RHS(3.8)
fei(a.4,4.7) = [Tz - RHS(S.Q)]

where RHS(3.8) and RHS(3.9) denote the terms on the right-hand
side of (3.8) and (3.9) respectively. O

In the following example we derive the dynamic model of a Cartesian robot
with 3 DOF whose main feature is that it has a linear dynamic model.

Example 3.4. Consider the 3-DOF Cartesian robot manipulator shown
in Figure 3.5. The manipulator consists of three rigid links mutually
orthogonal. The three joints of the robot are prismatic. The robot’s
displacements happen in the space x¢—yo—2z¢ shown in Figure 3.5. The
vector of joint positions is ¢ = [¢1 ¢2 ¢3]7.

The kinetic energy function for this manipulator is given by (cf.
Figure 3.5):
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o o T q3

Figure 3.5. Example of a 3-DOF Cartesian robot

) 1 ) . )
K(q,q) = 3 [m1d3 + [m1 + ma]ds + [m1 +me +msldi] . (3.10)

On the other hand, the potential energy is given by
U(q) = [m1 +ma + mslgq . (3.11)
From Equations (3.10) and (3.11) we obtain the Lagrangian,

1

=3 [m1g3 + [my + mald3 + [m1 + ma + ms)d? |
— [m1 + ma + mslgq -
So we have

%—[m +m +m}'i-%-—[m + ma + m3lg
din = 1 2 3191 dt _3d1_ = 1 2 3/q1
DL L[OE]
9dn = 1 2/42 dt _342_ = 1 2/42
oc dfoe] .
3(}3_ 193 dt _8q'3_ = miqs
L _GE
0q2  0Ogs oq ! 2 819

The dynamic equations that model this robot may be obtained by
applying the Lagrange’s equations (3.4) to obtain
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[m1 + ma + mg)d1 + [m1 +me + m3lg =71 (3.12)
[ml + mg]dg = To (313)
TTL1Q3 = T3 (314)

where 71, 5 and 73 are the external forces applied at each joint. Notice
that in this example Equations (3.12)—(3.14) define a set of linear
autonomous differential equations.

In terms of the state vector [¢1 ¢2 ¢35 ¢1 G2 ¢s] , the equations
(3.12), (3.13) and (3.14) may be expressed as

[q1] an
“ g2
J 0 q3
P78 P ) R — [11 = [m1 + ma2 + m3]g]
¢ mi1 + ma +m3
] 1
-
q2 my + ma 2
. 1
L g3 —173
L mq J

The necessary and sufficient condition for the existence of equilib-
ria is 71 = [m1 + ma + m3]g, 72 = 0 and 73 = 0 and actually we have
an infinite number of them:

.. .4T T
[ql q2 43 41 g2 Q3] :[lﬁ (fzk Q§ 00 O]

with ¢f, ¢3, ¢5 € R. %

3.2 Dynamic Model in Compact Form

In the previous section we presented some examples to illustrate the applica-
tion of Lagrange’s equations to obtain the dynamic equations for robots with
particular geometries. This same methodology, however, may be employed in
general to obtain the dynamic model of any robot of n DOF.

This methodology is commonly studied in classical texts on robotics and
theoretical mechanics and therefore, we present it here only in compact form.
The interested reader is invited to see the cited texts at the end of the chapter.

Consider a robot manipulator of n DOF composed of rigid links intercon-
nected by frictionless joints. The kinetic energy function K(g,q) associated
with such an articulated mechanism may always be expressed as
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1

Kla,4) = 5d"™M (@) (3.15)

where M(q) is a matrix of dimension n x n referred to as the inertia matrix.
M(q) is symmetric and positive definite for all g € IR". The potential energy
U(q) does not have a specific form as in the case of the kinetic energy but it
is known that it depends on the vector of joint positions gq.

The Lagrangian £(q, q), given by Equation (3.3), becomes in this case

£(q.4) = 3a"M(a)d ~ U(a).

With this Lagrangian, the Lagrange’s equations of motion (3.4) may be
written as

% o |ga@al | - 5 Gatr@a] + 52— -

On the other hand, it holds that

% [;qTM@q] — M(9)q (3.16)
4 [fq [;qTMm)qH — M(a)d+ N(q)d. (3.17)

Considering these expressions, the equation of motion takes the form

M@+ 31(@)d - 5 5 (M (@) + L — .
or, in compact form,
M(q)g+C(q,9)q +9(q) =T (3.18)
where
N . 10 .p .
C(q,4)q = M(q)q — 3 9q (4" M(q)q] (3.19)
9(q) = azgflq) : (3.20)

Equation (3.18) is the dynamic equation for robots of n DOF. Notice that
(3.18) is a nonlinear vectorial differential equation of the state [¢7 ¢*]”.
C(q,q)q is a vector of dimension n called the vector of centrifugal and
Coriolis forces, g(q) is a vector of dimension n of gravitational forces or

torques and 7 is a vector of dimension n called the vector of external
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forces, which in general corresponds to the torques and forces applied by the
actuators at the joints.

The matrix C(q,q) € IR™™", called the centrifugal and Coriolis forces
matrix may be not unique, but the vector C(g, ¢)q is indeed unique. One way
to obtain C(q, q) is through the coeflicients or so-called Christoffel symbols
of the first kind, ¢;;x(q), defined as

) _ 1 [OMy;(q) | OMyi(q) 9Mij(q)
Cz]k(q) 9 dq; + aqj oqy,

(3.21)

Here, M;;(q) denotes the ijth element of the inertia matrix M (q). Indeed, the
kjth element of the matrix C(q, ¢), Ci;(q, @), is given by (we do not show here
the development of the calculations to obtain such expressions, the interested
reader is invited to see the texts cited at the end of the chapter)
C1 jk(Q) ’
c25k(q)
Crj(a,q) = : q. (3.22)

cnjk(q)
The model (3.18) may be viewed as a dynamic system with input, the

vector 7, and with outputs, the vectors q and q. This is illustrated in Figure
3.6.

q
T f—
— ROBOT

q

Figure 3.6. Input—output representation of a robot

Each element of M(q), C(q,q) and g(q) is in general, a relatively complex
expression of the positions and velocities of all the joints, that is, of g and q.
The elements of M (q), C(g,q) and g(q) depend of course, on the geometry of
the robot in question. Notice that computation of the vector g(q) for a given
robot may be carried out with relative ease since this is given by (3.20). In
other words, the vector of gravitational torques g(q), is simply the gradient
of the potential energy function U(q).

Ezample 3.5. The dynamic model of the robot from Example 3.2, that
is, Equation (3.5), may be written in the generic form (3.18) by taking

M(q) = mal3 cos®(p),
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Ezxample 3.6. The Lagrangian dynamic model of the robot manipula-
tor shown in Figure 3.4 was derived in Example 3.3. A simple inspec-
tion of Equations (3.8) and (3.9) shows that the dynamic model for
this robot in compact form is

Mii(g) Mix(g)| . [Ci(a,9) Cig,9)| . _
V(@ M;z(Q)]q+[C;1(q,é) Colg ) | 9= 7O

M(q) C(q,q)
where
Mll(q) = [mllgl + mgl% + Il}
Mlg(q) [mzl lcg COS(5)021 -+ mQleCQ sin(5)521]
Ms1(q) = [malilca cos(6)Car + malile sin(6)Sa1]
Mas(q) = [mal2, + I
Cu(‘l;‘]) =0
C12(q, q) = [-malilca cos(8)S21 + maliles sin(6)Cai]de
C21(q, q) = [malilea cos(8)Sa1 — malyiles sin(6)Carld
022(‘1,‘1) =0
That is, the gravitational forces vector is zero. &

The dynamic model in compact form is important because it is the model
that we use throughout the text to design controllers and to analyze the
stability, in the sense of Lyapunov, of the equilibria of the closed-loop system.
In anticipation of the material in later chapters of this text and in support of
the material of Chapter 2 it is convenient to make some remarks at this point
about the “stability of the robot system”.

In the previous examples we have seen that the model in compact form
may be rewritten in the state-space form. As a matter of fact, this property is
not limited to particular examples but stands as a fact for robot manipulators
in general. This is because the inertia matrix is positive definite and so is the
matrix M(q)~!; in particular, the latter always exists. This is what allows us
to express the dynamlc model (3.18) of any robot of n DOF in terms of the
state vector [q7 @7 that is, as
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d q q
a _ . (3.23)
q M(q)~'[7(t) - C(q,q4)q — 9(q)]

Note that this constitutes a set of nonlinear differential equations of the
form (3.1). In view of this nonlinear nature, the concept of stability of a robot
in open loop must be handled with care.

We emphasize that the definition of stability in the sense of Lyapunov,
which is presented in Definition 2.2 in Chapter 2, applies to an equilibrium
(typically the origin). Hence, in studying the “stability of a robot manipula-
tor” it is indispensable to first determine the equilibria of Equation (3.23),
which describes the behavior of the robot.

The necessary and sufficient condition for the existence of equilibria of
Equation (3.23), is that 7(t) be constant (say, 7*) and that there exist a
solution g* € IR" to the algebraic possibly nonlinear equation, in g(g*) = 7*.
In such a situation, the equilibria are given by [q7 ¢”]” = [¢*T 0T]T € R*".
In the particular case of 7 = 0, the possible equilibria of (3.23) are given
by [¢7 ¢7]T = [¢*T 07]T where q* is a solution of g(q*) = 0. Given the
definition of g(q) as the gradient of the potential energy U(q), we see that g*
corresponds to the vectors where the potential energy possesses extrema.

A particular case is that of robots whose workspace corresponds to the
horizontal plane. In this case, g(q) = 0 and therefore it is necessary and

T
sufficient that 7(¢) = 0 for equilibria to exist. Indeed, the point [g” qT] =
[@*T 0717 € R®" where q* is any vector of dimension n is an equilibrium.

This means that there exist an infinite number of equilibria. See also Example
2.2.

The development above makes it clear that if one wants to study the topic
of robot stability in open loop (that is, without control) one must specify the
dynamic model as well as the conditions for equilibria to exist and only then,
select one among these equilibria, whose stability is of interest. Consequently,
the question “is the robot stable? ” is ambiguous in the present context.

3.3 Dynamic Model of Robots with Friction

It is important to notice that the generic Equation (3.18) supposes that the
links are rigid, that is, they do not present any torsion or any other defor-
mation phenomena. On the other hand, we also considered that the joints
between each pair of links are stiff and frictionless. The incorporation of these
phenomena in the dynamic model of robots is presented in this and the fol-
lowing section.

Friction effects in mechanical systems are phenomena that depend on mul-
tiple factors such as the nature of the materials in contact, lubrication of the
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latter, temperature, etc. For this reason, typically only approximate models of
friction forces and torques are available. Yet, it is accepted that these forces
and torques depend on the relative velocity between the bodies in contact.
Thus, we distinguish two families of friction models: the static models, in
which the friction force or torque depends on the instantaneous relative ve-
locity between bodies and, dynamic models, which depend on the past values
of the relative velocity.

Thus, in the static models, friction is modeled by a vector f(g) € IR"™ that
depends only on the joint velocity ¢. Friction effects are local, that is, f(q)
may be written as

fn(dn)
An important feature of friction forces is that they dissipate energy, that
is,

q"F(@) >0 Vg#0eR".

A “classical” static friction model is one that combines the so-called viscous
and Coulomb friction phenomena. This model establishes that the vector f(q)
is given by

f(@) = F1q + Fpy2 sign(q) (3.24)

where F),; and F},2 are n xn diagonal positive definite matrices. The elements
of the diagonal of F},,; correspond to the viscous friction parameters while the
elements of Fj,s correspond to the Coulomb friction parameters. Furthermore,
in the model given by (3.24)

=
sign(@)= | .
sign(gn)

and sign(x) is the sign “function”, given by

. 1ifx>0
sign(w) = {—1;fi<0

However, sign(0) is undefined in the sense that one do not associate a partic-
ular real number to the “function” sign(z) when z = 0.

In certain applications, this fact is not of much practical relevance, as for
instance, in velocity regulation, — when it is desired to maintain an operating
point involving high and medium-high constant velocity, but the definition of
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sign(0) is crucial both from theoretical and practical viewpoints, in position
control (i.e. when the control objective is to maintain a constant position).

For this reason, and in view of the fact that the “classical” model (3.24)
describes inadequately the behavior of friction at very low velocities, that is,
when bodies are at rest and start to move, this is not recommended to model
friction when dealing with the position control problem (regulation). In this
case it is advisable to use available dynamic models. The study of such models
is beyond the scope of this textbook.

Considering friction in the joints, the general dynamic equation of the
manipulator is now given by

M(q)q+C(q,9)q+g(q) + f(q) =T. (3.25)

In general, in this text we shall not assume that friction is present in the
dynamic model unless it is explicitly mentioned. In such a case, we consider
only viscous friction.

3.4 Dynamic Model of Elastic-joint Robots

In many industrial robots, the motion produced by the actuators is transmit-
ted to the links via gears and belts. These, are not completely stiff but they
have elasticity which can be compared to that of a spring. In the case of revo-
lute joints, where the actuators are generally electric motors these phenomena
boil down to a torsion in the axis that connects the link to the rotor of the
motor. The elasticity effect in the joints is more noticeable in robots which
undergo displacements with abrupt changes in velocity. A direct consequence
of this effect, is the degradation of precision in the desired motion of the robot.
Evidently, industrial robots are designed in a way to favor the reduction of
joint elasticity, however, as mentioned above, such an effect is always present
to some degree on practically any mechanical device. An exception to this
rule is the case of the so-called direct-drive robots, in which the actuators are
directly connected to the links.

Robot dynamics and control under the consideration of joint elasticity, has
been an important topic of research since the mid-1980s and continues today.
We present below only a brief discussion.

Consider a robot manipulator composed of rigid n links connected through
revolute joints. Assume that the motion of each link is furnished by electric
motors and transmitted via a set of gears. Denote by J;, the moment of inertia
of the rotors about their respective rotating axes. Let r; be the gear reduction
ratio of each rotor; e.g. if r = 50 we say that for every 50 rotor revolutions, the
axis after the corresponding gear undergoes only one full turn. Joint elasticity
between each link and the corresponding axis after the set of gears is modeled
via a torsional spring of constant torsional ‘stiffness’; k;. The larger k;, the
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stiffer the joint. Figure 3.7 illustrates the case of a robot with two joints.
The joint positions of each link are denoted, as usual by q while the angular
positions of the axes after the set of gears are @ = [#; 65 --- 6,]7. Due to
the elasticity, and while the robot is in motion we have, in general, q # 6.

612(':3

Rap
71d5

7777777777

Figure 3.7. Diagram of a robot with elastic joints

Typically, the position and velocity sensors are located at the level of the
rotors’ axes. Thus knowing the gears reduction rate, only 8 may be determined
and in particular, g is not available. This observation is of special relevance in
control design since the variable to be controlled is precisely g, which cannot
be measured directly unless one is able to collocate appropriate sensors to
measure the links’ positions, giving a higher manufacturing cost.

Due to elasticity a given robot having n links has 2n DOF. Its generalized
coordinates are [q7 6”]7. The kinetic energy function of a robot with elastic
joints corresponds basically to the sum of the kinetic energies of the links and



3.4 Dynamic Model of Elastic-joint Robots 79

those of the rotors,* that is,
1 1T
K(g,4.0) = 54" M(a)q + 50" J6

where M (q) is the inertia matrix of the “rigid” (that is, assuming an infinite
stiffness value of k; for all i) robot, and J is a diagonal positive definite
matrix, whose elements are the moments of inertia of the rotors, multiplied
by the square of the gear reduction ratio, i.e.

Jir2 0 -0
0 Jor2 -+ 0
J=1 . o :
0 0 v Ju?

On the other hand, the potential energy is the sum of the gravitational
energy plus that stored in the torsional fictitious springs®, i.e.

U(a,0) = (a) + 3la— 0)"Klg 6] (3.26)

where U;(q) is the potential energy due to gravity and corresponds exactly
to that of the robot as if the joints were absolutely stiff. The matrix K is
diagonal positive definite and its elements are the ‘torsion constants’, i.e.

kt 0 - 0
0 ky - 0
K= . .. .
0 0 - ky

The Lagrangian is in this case
. 1, . l.7 . 1
£(q,60.4.0) = 54" M(a)q + 56" J6 —Uh(q) — ;[q — 6]"K[q — 0].

Hence, using Lagrange’s motion equations (3.4) we obtain

2 | 5 5a @il ) _5’;[iqTM@)q—ul(q)—i[q—mTK[q—e]}
dt ;Be%e} ;{—;[q—eJTK[q—Hﬂ

~Jo
= HE
4 Here, we neglect the gyroscopic and other coupling effects between the rotors and
the links.
® We assume here that the rotors constitute uniform cylinders so that they do not

contribute to the total potential energy. Therefore, in (3.26) there is no term
‘U(0) .
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Finally, using (3.16), (3.17), (3.19) and

| Sla-0Kla—6)| = Kla ).

we obtain the dynamic model for elastic-joint robots as

M(q)g+C(q,q)a+9g(q) + K(g—6)=0 (3.27)
JO—Klq—60] =T. (3.28)

The model above may, in turn, be written in the standard form, that is
. T
through the state vector [¢7 87 ¢* 6|7 as

q q

d 0 ) 0

dt g M~*(q)[-Klq - 6] - C(q,4)q — 9(q)]
L6 L J7 YT+ K|q - 0]] i

Ezample 3.7. Consider the device shown in Figure 3.8, which consists
of one rigid link of mass m, and whose center of mass is localized
at a distance [ from the rotation axis. The moment of inertia of the
link with respect to the axis that passes through its center of mass is
denoted by I. The joint is elastic and has a torsional constant k. The
rotor’s inertia is denoted by J .

The dynamic model of this device may be computed noticing that

1 1,
K(g,0) = =[mi* +1]¢* + 5Jr292

5l
1
U(gq,0) = mgl[l — cos(q)] + §k[q —0)?,
which, using Lagrange’s equations (3.4), leads to

[mi? + I]G + mgl sin(q) + k[g — 6] = 0,
Jr26—klg—0) = 7.
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| V
|
I

Figure 3.8. Link with an elastic joint

Unless clearly stated otherwise, in this text we consider only robots with
stiff joints i.e. the model that we use throughout this textbook is given by
(3.18).

Figure 3.9. Example of a 2-DOF robot
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Figure 3.10. Example of a 2-DOF robot

3.5 Dynamic Model of Robots with Actuators

On a real robot manipulator the torques vector 7, is delivered by actuators
that are typically electromechanical, pneumatic or hydraulic. Such actuators
have their own dynamics, that is, the torque or force delivered is the product
of a dynamic ‘transformation’ of the input to the actuator. This input may
be a voltage or a current in the case of electromechanical actuators, fluid
(typically oil) flux or pressure in the case of hydraulic actuators. In Figures
3.9 and 3.10 we illustrate two robotic arms with 2 DOF which have actuators
transmitting the motion through gears in the first case, and through gear and
belt in the second.

Actuators with Linear Dynamics

In certain situations, some types of electromechanical actuators may be mod-
eled via second-order linear differential equations.

A common case is that of direct-current (DC) motors. The dynamic model
which relates the input voltage v applied to the motor’s armature, to the out-
put torque 7 delivered by the motor, is presented in some detail in Appendix
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D. A simplified linear dynamic model of a DC motor with negligible armature
inductance, as shown in Figure 3.11, is given by Equation (D.16) in Appendix

D,

where
o Jy
o K,
e R,
o K,
e fm

KaKb.+l_ Kav
R, g 2 TR,

ImG + fmd + (3.29)

: rotor inertia [kgm?],

: motor-torque constant [Nm/A],
: armature resistance [Q],

: back emf [Vs/rad],

: rotor friction coefficient with respect to its hinges [Nm],

e 7 :net applied torque after the set of gears at the load axis [N m],

e ¢ : angular position of the load axis [rad],

e 1 : gear reduction ratio (in general r > 1),

e v : armature voltage [V].

Equation (3.29) relates the voltage v applied to the armature of the motor
to the torque 7 applied to the load, in terms of its angular position, velocity
and acceleration.

T

Figure 3.11. Diagram of a DC motor

Considering that each of the n joints is driven by a DC motor we obtain
from Equation (3.29)

with

J§+ Bg+ Rt = Kv (3.30)

J = diag {Jun,}

. KaKb
B = .
dlag{fm[ - ( R, )z}
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R = diag {12} (3.31)

r
K, 1
K =di == =
e { <Ra>iri }
where for each motor (i = 1,---,n), Jy,, corresponds to the rotor inertia, f,,

to the damping coefficient, (K, K,/ R,); to an electromechanical constant and
r; to the gear reduction ratio.

Thus, the complete dynamic model of a manipulator (considering friction
in the joints) and having its actuators located at the joints® is obtained by
substituting 7 from (3.30) in (3.25),

(RM(q)+J)a+RC(q.q)g+Rg(q)+ R f(q)+Bg=Kv. (3.32)
The equation above may be considered as a dynamic system whose input

is v and whose outputs are ¢ and ¢. A block-diagram for the model of the
manipulator with actuators, given by (3.32), is depicted in Figure 3.12.

———————————————————————————

ACTUATORS = ROBOT

o
L=
ey

Figure 3.12. Block-diagram of a robot with its actuators

Ezxample 3.8. Consider the pendulum depicted in Figure 3.13. The de-
vice comnsists of a DC motor coupled mechanically through a set of
gears, to a pendular arm moving on a vertical plane under the action
of gravity.
The equation of motion for this device including its load is given
by
[J+ml?] G+ frd + [mply +ml] g sin(q) =7

where:

e J:arm inertia without load (i.e. with m = 0), with respect to the
axis of rotation;
e my : arm mass (without load);

6 Again, we neglect the gyroscopic and other coupling effects between the rotors
and the links.
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Figure 3.13. Pendular device with a DC motor

I, : distance from the rotating axis to the arm center of mass
(without load);

m : load mass at the tip of the arm (assumed to be punctual”);

[ : distance from the rotating axis to the load m;

g : gravity acceleration;

7 : applied torque at the rotating axis;

fr : friction coefficient of the arm and its load.

The equation above may also be written in the compact form
JrLG+ frg+ kg sin(q) =7
where
Jr = J +mi?
kr = [mply + ml]g.

Hence, the complete dynamic model of the pendular device may
be obtained by substituting 7 from the model of the DC motor, (3.29),
in the equation of the pendular arm, i.e.

fo  K.Kp kr

JL . . . Ka
[Jm+7ﬂ2} G+ [fm+r2+ R |12 sin(q) =

9y,
rR,
from which, by simple inspection, comparing to (3.32), we identify

" That is, it is all concentrated at a point — the center of mass — and has no “size”
or shape.
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M(Q) =JL J=J,
1
= = K- K,
KaKb . T'R.a
B:fm+ Ra f(q):qu
C(g,4) =0 9(q) = ki sin(q) .

The robot-with-actuators Equation (3.32) may be simplified considerably
when the gear ratios r; are sufficiently large. In such case (r; > 1), we have
R = 0 and Equation (3.32) may be approximated by

Jg+Bg~Kv.

That is, the nonlinear dynamics (3.25) of the robot may be neglected. This can
be explained in the following way. If the gear reduction ratio is large enough,
then the associated dynamics of the robot-with-actuators is described only
by the dynamics of the actuators. This is the main argument that supports
the idea that a good controller for the actuators is also appropriate to control
robots having such actuators and geared transmissions with a high reduction
ratio.

It is important to remark that the parameters involved in Equation (3.30)
depend exclusively on the actuators, and not on the manipulator nor on its
load. Therefore, it is reasonable to assume that such parameters are constant
and known.

Since the gear ratio r; is assumed to be nonzero, the matrix R given by
(3.31) is nonsingular and therefore, R~! exists and Equation (3.32) may be
rewritten as

M'(q)q +C(q,q)q +9(q) + f(q) + R"'Bg=R"'Kv (3.33)

where M'(q) = M(q) + R7'J.

The existence of the matrix M’(q)~! allows us to express the model (3.33)
in terms of the state vector [q ¢] as

d |4 q
dt 1 pe o N :
M'(q)"' [R™ Kv— R~ Bg—C(q,9)q - g(a) - £(q)]
That is, the input torque becomes simply a voltage scaled by R~'K. At

this point and in view of the scope of this textbook we may already formulate
the problem of motion control for the system above, under the conditions
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previously stated. Given a set of bounded vectors q,, ¢, and q,, determine a
vector of voltages v, to be applied to the motors, in such a manner that the
positions g, associated to the joint positions of the robot, follow precisely g, .
This is the main subject of study in the succeeding chapters.

Actuators with Nonlinear Dynamics

A dynamic model that characterizes a wide variety of actuators is described
by the equations
& =m(q,q,z) +G(q,q,x)u (3.34)

T=1I(q,x) (3.35)

where u € R"™ and © € IR" are the input vectors and the state variables
corresponding to the actuator and m, G and I are nonlinear functions. In
the case of DC motors, the input vector u, represents the vector of voltages
applied to each of the n motors. The state vector @ represents, for instance,
the armature current in a DC motor or the operating pressure in a hydraulic
actuator. Since the torques T are, generally speaking, delivered by different
kinds of actuators, the vector m(q, ¢, x) and the matrix G(q,q,x) are such
that the dl(q,x)/0x™ and G(q,q, ) are diagonal nonsingular matrices.

For the sake of illustration, consider the model of a DC motor with a non-
negligible armature inductance (L, % 0) as described in Appendix D, that
is,

dig . .
v = Laé + Raiq + Kprqg
T=rKgi,

where v is the input (armature voltage), i, is the direct armature current and
7 is the torque applied to the load, after the set of gears. The rest of the
constants are defined in Appendix D. These equations may be written in the
generic form (3.34) and (3.35),

d i, —1 . . -1 ~/=
T —L7 " [Raia + Kprgl+ Ly v
T=rK4i, .

——
l(q,z)

Considering that the actuators’ models are given by (3.34) and (3.35), the
model of the robot with such actuators may be written in terms of the state
vector [q q x], as
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q q 0
d » N
Zlal= M(q)~"[l(q,x) —C(q,9)q —g(q)] | + 0 u
x m(q7 Q’m) g(q7 Q’m)

The dynamics of the actuators must be taken into account in the model

of a robot, whenever these dynamics are not negligible with respect to that of
the robot. Specifically for robots which are intended to perform high precision
tasks.
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Problems

1. Consider the mechanical device analyzed in Example 3.2. Assume now
that this device has friction on the axis of rotation, which is modeled here
as a torque or force proportional to the velocity (f > 0 is the friction
coefficient). The dynamic model in this case is

mal3cos® () + fg=.

Rewrite the model in the form & = f(¢,x) with = = [¢ ¢]7.
a) Determine the conditions on the applied torque 7 for the existence of
equilibrium points.

b) Considering the condition on 7 of the previous item, show by using
Theorem 2.2 (see page 44), that the origin [¢ ¢]7 = [0 0]T is a stable
equilibrium.

Hint: Use the following Lyapunov function candidate

1 mal3cos? () ,)2 1
e a—

V(q,d)=2(q+ 7 + 2¢2.

2
2. Consider the mechanical device depicted in Figure 3.14.

A simplistic model of such a device is
mi+ fq+kqg+mg=1, q(0),4(0) € R

where

e m > 0 is the mass

e f > 0 is the friction coefficient

e k > 0 is the stiffness coefficient of the spring
e g is the acceleration of gravity

e 7 is the applied force

e ¢ is the vertical position of the mass m with respect to origin of the
plane z—y.

Write the model in the form & = f(¢, z) where x = [¢ ¢]”.
a) What restrictions must be imposed on 7 so that there exist equilibria?

b) Is it possible to determine 7 so that the only equilibrium is the origin,
x=0¢cR??
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e
J
—

3

Figure 3.15. Problems 3 and 4

3. Consider the mechanical arm shown in Figure 3.15.

Assume that the potential energy U(q1,q2) is zero when ¢ = g2 = 0.
Determine the vector of gravitational torques g(q),

(@) = {91(QIaq2):| _

92(q1, g2)
4. Consider again this mechanical device but with its simplified description
as depicted in Figure 3.15.
a) Obtain the direct kinematics model of the device, i.e. determine the

relations

Yoz = f1(q1,92)
202 = fa(q1, q2) -
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b) The analytical Jacobian J(q) of a robot is the matrix

d d d
871901(‘1) aiqz@l(Q) 671"801((1)
d d d
9 87902(‘1) 87802(‘1) 67”@2(11)
(@) = goela) = a“ i ¢
d B d
_afqltpm(q) @wm(tﬁ @wm(q)_

where ¢(q) is the relation in the direct kinematics model (x = ¢(q)),
n is the dimension of ¢ and m is the dimension of x. Determine the
Jacobian.

5. Consider the 2-DOF robot shown in Figure 3.16, for which the meaning
of the constants and variables involved is as follows:

Figure 3.16. Problem 5

e my,my are the masses of links 1 and 2 respectively;

e [ is the moment of inertia of link 1 with respect to the axis parallel
to the axis x which passes through its center of mass; the moment of
inertia of the second link is supposed negligible;

e [ is the length of link 1;

e [ is the distance to the center of mass of link 1 taken from its rotation
axis;

e ¢ is the angular position of link 1 measured with respect to the hori-
zontal (taken positive counterclockwise);
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e o is the linear position of the center of mass of link 2 measured from
the edge of link 1;

e J is negligible (6 = 0).

Determine the dynamic model and write it in the form & = f(¢, ) where
x=[q q".

. Consider the 2-DOF robot depicted in Figure 3.17. Such a robot has a
transmission composed of a set of bar linkage at its second joint. Assume

that the mass of the lever of length [, associated with actuator 2 is negli-
gible.

Figure 3.17. Problem 6

Determine the dynamic model. Specifically, obtain the inertia matrix
M (q) and the centrifugal and Coriolis matrix C(q, q).

Hint: See the robot presented in Example 3.3. Both robots happen to be
mechanically equivalent when taking ms = I3 =9 =0.
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Properties of the Dynamic Model

In this chapter we present some simple but fundamental properties of the
dynamic model for n-DOF robots given by Equation (3.18), i.e.

M(q)g+C(q,q)a +g(q) =T1. (4.1)

In spite of the complexity of the dynamic Equation (4.1), which describes
the behavior of robot manipulators, this equation and the terms which consti-
tute it have properties that are interesting in themselves for control purposes.
Besides, such properties are of particular importance in the study of control
systems for robot manipulators. Only properties that are relevant to control
design and stability analysis via Lyapunov’s direct method (see Section 2.3.4
in Chapter 2) are presented. The reader is invited to see the references at the
end of the chapter to prove further.

These properties, which we use extensively in the sequel, may be classified
as follows:
e properties of the inertia matrix M(q);
e properties of the centrifugal and Coriolis forces matrix C(q, q);
e properties of the gravitational forces and torques vector g(q);
e properties of the residual dynamics.

Each of these items is treated independently and constitute the material of
this chapter. Some of the proofs of the properties that are established below

may be consulted in the references which are listed at the end of the chapter
and others are developed in Appendix C.

4.1 The Inertia Matrix

The inertia matrix M (q) plays an important role both in the robot’s dynamic
model as well as in control design. The properties of the inertia matrix which is
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closely related to the kinetic energy function K = %qTM (q)q, are exhaustively
used in control design for robots. Among such properties we underline the
following.

Property 4.1. Inertia matriz M(q)

The inertia matriz M(q) is symmetric positive definite and has dimension
n x n. Its elements are functions only of g. The inertia matrix M(q) satisfies
the following properties.

There exists a real positive number a such that
L M(q)>al VYgqgeR"

where I denotes the identity matrix of dimension nxn. The matrix
M(q)~! exists and is positive definite.

For robots having only revolute joints there exists a constant 3 > 0
such that
)\Max{M(q)} éﬂ Vq cR".

9 One way of computing (3 is

B>n (m,aéc Mij(‘])|)

75

where M;;(q) stands for the ijth element of the matrix M(q).

For robots having only revolute joints there exists a constant ky; >

0 such that
[M(x)z — M(y)z|| < kar [l —yl| || 2] (4.2)
3.
for all vectors x,y, 2z € IR". One simple way to determine kj; is
as follows oM
ky > n? (max ”(q)’) . (4.3)
ijka|  Oqr
For robots having only revolute joints there exists a number &}, >
4 0 such that

IM(z)yll < ki llyll
for all z,y € R".

The reader interested in the proof of Inequality (4.2) is invited to see
Appendix C.
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An obvious consequence of Property 4.1 and, in particular of the fact that
M(q) is positive definite, is that the function V : R" x R" — IR, defined as

V(g.q) =q"M(q)q

is positive definite in ¢. As a matter of fact, notice that with the previous
definition we have V' (g, ¢) = 2K(q, g) where K(q, g) corresponds to the kinetic
energy function of the robot, (3.15).

4.2 The Centrifugal and Coriolis Forces Matrix

The properties of the Centrifugal and Coriolis matrix C(q, ¢) are important
in the study of stability of control systems for robots. The main properties of
such a matrix are presented below.

Property 4.2. Coriolis matriz C(q, q)

The centrifugal and Coriolis forces matrix C'(qg, ¢) has dimension n x n and its
elements are functions of ¢ and ¢. The matrix C(g, q) satisfies the following.

1.| For a given manipulator, the matrix C(g,q) may not be unique
but the vector C(q, ¢)q is unique.

2.1 C(q,0) = 0 for all vectors q € R"™.

For all vectors q,x,y,z € IR" and any scalar a we have

3. C(g,z)y = C(q,y)z
C(q,z +ax)y = C(q,2)y +aC(q,x)y.

The vector C(q, )y may be written in the form

z'Cy(q)y

Olg.ayy = | & C2OY (4.4)

‘BTCR(Q)ZJ

where C(q) are symmetric matrices of dimension n x n for all
k = 1,2,---,n. The ij-th element Cy(q) of the matrix Cy(q)
corresponds to the so-called Christoffel symbol of the first kind
¢;jik(q) and which is defined in (3.21).
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For robots having exclusively revolute joints, there exists a number
kc, > 0 such that

- IC(q, )yl < ke, |z |y

for all g, z,y € R™.

For robots having exclusively revolute joints, there exist numbers
kc, > 0 and k¢, > 0 such that

6. 1C(, 2)w - C(y, v)w| < ke, ||z = vf| [lw]
tho, 2 =yl wl 2] (4.5)

for all vector v, z,y, z,w € R".

The matrix C(q, ¢), defined in (3.22) is related to the inertia ma-
trix M(q) by the expression

1 .
z' |5M(@) - Clg.q)|2=0 V¥g,gzecR"

and as a matter of fact, %M(q) — C(q,q) is skew-symmetric.
Equivalently, the matrix M(q) —2C(q, q) is skew-symmetric, and
7.1 it is also true that

M(q) = C(q,q) + C(q,q)" .

Independently of the way in which C(q, q) is derived, it always
satisfies

. 1. N . n
q" |sM(q)—Clq.q)|g=0 VqgqgeR".

We present next, the proof for the existence of a positive constant k¢,
such that ||C(q,x)y|| < k¢, ||| ||y for all vectors q,x,y € R"™.

Considering (4.4), the norm ||C(q, z)y||* of the vector C(q, )y is defined
in the usual way that is, as the sum of its elements squared,

n

IC(g, z)yl* =Y («"Cila)y)”.

k=1

This implies that
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IC(q. )yl Z;mTck y|’

< [Z ||Ck(Q)||2] lz|)* [ly]I* (4.6)
k=1

where we have used the fact that for vectors , y and a square matrix A of
compatible dimensions it holds that |z”Ay| < [|A| ||z [ly|.-

Taking into account that the spectral norm ||A]| of a symmetric matrix
A = {a;;} of dimension n x n verifies the inequality || A|| < n max; ; {|a;|},
we have

Gl < |max {[C, )]}

where Cy, (q) stands for the ijth element of the symmetric matrix Cj(q).
Therefore, we obtain

[Xn:|0k(q)|2‘| < n? Z [I?J??{’Ck,ij(q)”]Q
h=1 P 2
<n? {max {|Ck,,(a |}]

kyi,3,q

<ut [ ([0, @])]

kyi,3,q

where we used the fact that n > 1. Though conservative, the last step above,
is justified to maintain integer exponents. Using this last inequality in (4.6)
we finally obtain

Cla.onl <o (ax [Cu, @) Tl T @7)
where one clearly identifies the constant k¢, as

ko, =n? (max |Ch,, ( )|> : (4.8)

k,i,7,q

As an immediate application of the expression in (4.7), ||C(q,x)y| <
key [ [[yll, we have

IC(q,@)all < ke, llal®

We present now an example with the purpose of illustrating the previous
computations.
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Ezample 4.1. Consider the centrifugal and Coriolis forces matrix

—molileo sin(ga)ge  —maliles sin(ga)[d1 + ¢o
Clq,q) =
malilee sin(ge)d1 0

We wish to find a positive constant ko, such that ||C(q,q)q| <
ke, ||a]®. To that end, the vector C(g, ¢)g may be rewritten as

—malilea sin(qz) [2¢142 + ¢3]

C(q,9)q =
moaliles sin(ga)d3

I Ci(q) i
[qlr [ 0 —malles Sin(Qz)} [ql]
Go —malyles sin(ga) —maliles sin(qe) | | ¢2

Bl |

G2 0 0] | ¢

L Ca(q) |
Using the matrices C1(q) and C3(q) one can easily verify that

man ‘Clu (Q)| =0

man \0112 (Q)| = malile
max |C1,, (@) = malilen
max [C1y, (q)] = malilez
m(?x\an(qﬂ = malileo
i |C, (g)] = 0
ma Cs,, ()] = 0
s |0, ()] = 0.

Hence, considering (4.8) we obtain

kcl = 4m211162 .

o

The reader interested in the proof of Inequality (4.5) is invited to see
Appendix C.
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4.3 The Gravitational Torques Vector

The vector of gravitational torques, g(q), is present in robots which from a
mechanical viewpoint, have not been designed with compensation of gravi-
tational torques. For instance, without counter-weights, springs or for robots
designed to move out of the horizontal plane. Some of the most relevant prop-
erties of this vector are enunciated next.

Property 4.3. Gravity vector g(q)

The gravitational torques vector g(q), of dimension n x 1, depends only on
the joint positions q. The vector g(q) is continuous and therefore bounded for
each bounded q. Moreover, g(q) also satisfies the following.

The vector g(q) and the velocity vector ¢ are correlated as

forall T e IRy .

For robots having only revolute joints there exists a number A,
such that

T
2. / g(a(t)7a(t) dt +U(g(0) = ku

for all T € IR and where ki = min {U(q)}.
q

For robots having only revolute joints, the vector g(q) is Lips-
chitz, that is, there exists a constant k, > 0 such that

lg(z) = g(y)|| < kq [lz -yl (4.10)

for all &,y € R™. A simple way to compute k, is by evaluating
its partial derivative

8?;;;1) D . (4.11)

Furthermore, k, satisfies

ko > Ha%(:)H > )\Max{ag(q} .
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For robots having only revolute joints there exists a constant k'
such that

4. lg(a)ll < &’
for all g € R".

To prove (4.9) consider the potential energy function U(q) for a given
manipulator. The partial time derivative of U(q) is given by

Suta) =490 g

hence, replacing (3.20) we obtain

%UMGD=QMVQ

To integrate the above on both sides from 0 to T, define Uy := U(q(0))
and Up :=U(q(T)) for any T' € IR, then,

Ur T
J— T'
/ dul = / g(a(t)Ta(t) dt

Ug

which is equivalent to
4 T
u(a(r) - t(a0) = | gla)"a dr.
0

The proof of (4.10) is presented in Appendix C.

4.4 The Residual Dynamics

To each robot dynamic model there is an associated function named “residual
dynamics” that is important in the study of stability of numerous controllers.

The residual dynamics h(t,q, q) is defined as follows!:

h(t,q,q) = [M(q,) — M(q,— q)] 4,
+ [C(qda a,) —C(q,—q,44 — [1)] qq
+9(qq4) —9(a, — 9), (4.12)

! Note that, in general, because q, depends on time so does the function of residual
dynamics.
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and with an abuse of notation it may be written as
h(t,@,q) = [M(qy) — M(@)] 44+ [C(q 44) — C(q, @) 44+ 9(qa) — g(q).

This function has the characteristic that h(¢,0,0) = 0 for all ¢ but more
importantly, the residual dynamics h(t,q,q) has the virtue of not growing
faster than ||q|| and ||g||. Moreover it may grow arbitrarily fast only when so
does ||g|, independently of ||g||.

In order to make this statement formal we need to recall the definition and
properties of a continuously differentiable monotonically increasing function:
the tangent hyperbolic. As a matter of fact, the statement can be shown for a
large class of monotonically increasing functions but for clarity of exposition,
here we restrict our discussion to

X —T

e
et +e ¥

— €

tanh(z) =
which is illustrated in Figure 4.1.
tanh(z)
1.0

0.5 4

Figure 4.1. Graph of tangent hyperbolic: tanh(x)

As it is clear from Figure 4.1, tanh(z) is continuous monotonically in-
creasing. Also, it has continuous derivatives and it satisfies |z| > |tanh(z)]
and 1 > |tanh(x)| for all z € IR. All these observations are stated formally
below.

Definition 4.1. Vectorial tangent hyperbolic function
We define the vectorial tangent hyperbolic function as
tanh(z)
tanh(z) := (4.13)
tanh(z,,)
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where ® € IR"™. The first partial derivative of tanh(x) is given by

Otanh
ox

(x) =: Sech®(x) = diag{sech®(x;)} (4.14)

where

1

eri — e~ Ti

sech(x;) :=

The vectorial tangent hyperbolic function satisfies the following properties.
For any x,& € R"

o [tanh(z)] < o Jlz]
e |tanh(z)| < as

e |tanh(z)|® < as tanh(z)Tx
. ||Sech2(w)a'3’| < ay |||

where aq, -+, a4 > 0. With tanh(z) defined as in (4.13), the constants a; =
].,CYQ = \/’E,Oég = 1,(14 =1.

Property 4.4. Residual dynamics vector h(t,q, Z])

The wvector of residual dynamics h(t,q, E]) of n x 1 depends on the position
errors q, velocity errors é, and on the desired joint motion —q,, ¢4, and
G,— that is supposed to be bounded. In this respect, we denote by ||@yl|\
and [|@q||y; the supreme values over the norms of the desired velocity and
acceleration. In addition, h(t, g, F]) has the following property:

There exist constants kpi,kpe > 0 such that the norm of the
residual dynamics satisfies

1 |n(t.a.8)|| < il + e banh(@)] (415)

for all ¢,q € IR", where tanh(q) is the vectorial tangent hyper-
bolic function introduced in Definition 4.1.

Proof. According to the definition of the residual dynamics function (4.12),
its norm satisfies

|nt.a.)| < v - M, - D)l
+||[etas a0 - Clas— a0 — @) ad
+ll9(aq) —9(aa — @) - (4.16)
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We wish to upperbound each of the three terms on the right-hand side of
this inequality. We start with ||g(q;) — g(g; — @)||. From Property 4.3 it fol-
lows that the vector of gravitational torques — considering robots with revolute
joints — satisfies the inequalities

lg(aq) —9(qqs — D < kg |4l
lg(aq) —g(as — @)l < 2K

for all g;,¢ € R"™ and where we have used ||g(q)| < k' for the second in-
equality. This may be illustrated as in Figure 4.2 where ||g(q;) — g(q; — @)||
is in the dotted region, for all g,;, g € R".

llg(as) —glas — @)l

P Ve
_ ,~<—slope kq

L :

|
|
T
|
|
I

o
[\

K lall
kg

Figure 4.2. Belonging region for ||g(q,) — g(g; — @)

Regarding the first term on the right-hand side of Inequality (4.16), we
have from Property 4.1 of the inertia matrix M(q), that the following two
inequalities hold:

1M (qq) = M(qq — @] Gall < karllgall g1l
1M (qq) = M(qq — @)] Gall < 2K [1Gally >

where for the second inequality, we used that || M (z)q,| < k4, |4, which is
valid for all z € R"™.

Finally it is only left to bound the second term on the right-hand side
of Inequality (4.16). This operation requires the following computations. By
virtue of Property 4.2 it follows that (see (4.5))

. ~ 2 . . 2 . 2 ~
H [C(qd, 9a) = C(q4— 4,44 — q)} qu < ko 19allm HqH + ke, 1galln llall-
(4.17)
Also, observe that the left-hand side of (4.17) also satisfies
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H [C(Qm 44) —C(q4— 8,94 — fl)] fIdH < 1C(a4:q4)qqll
+ Hc(qd —4,9q— (L])('IdH
(4.18)

but in view of the fact that ||C(q, )y|| < ke, ||z| ||y| for all ¢,z,y € R",
the terms on the right-hand side also satisfy

1C(aa, @)all < ke, 1dallyy
and,
|Ctas—a.a0 - Dai| < ke, Nl ||a. - &
< hy @l + ke llaally |-

Using the latter in (4.18) we obtain

|[C(as @a) = Clas— @ aa— @] aa| < 2ke Nlaals + ke, Il |4
(4.19)

Hence, to bound the norm of the residual dynamics (4.16) we use (4.17)
and (4.19), as well as the previous bounds on the first and third terms. This
yields that h(t, g, q) also satisfies

~ X . 2 . . 2 ~
|n(t.a.@)|| < ke laalla [[@]| + [ko + Far ldall + ke, laalld] Nall
and
~ A . 2 . . 2
|p(t.a.a) < ke, Naally [[a]| +2 [+ kor laalln + ke, laall]
for all ¢ € IR". In other terms,

|t @)|| < ke, laal||] + (@) (4.20)

where the scalar function s(q) is given by

o [silal i ] < sa/s
s@= {4 e
with ,
1= [Fig + Far gl + ke 12l (421)
and

52.= 2 [+ g [@allyg + ke alld] - (4:22)
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Figure 4.3. Graph of the function s(q)

The plot of s(q) is shown in Figure 4.3. It is clear that s(g) may be
upperbounded by the tangent hyperbolic function of ||g|| that is,

|5(@)] < kp2 tanh([|q]|) (4.23)

where kpo is any number that satisfies

52
. .
tanh <2>
51

in (4.20) satisfies

kna > (4.24)

Thus, we conclude that Hh(t, a.q)

|n(t..@) < kn @ + kno [tann(@)]

where we have used the fact that

tanh(||q[|) < [[tanh(g)],

where tanh(q) is the vectorial tangent hyperbolic function (4.13) and kp; is
assumed to satisfy
ke 1@l < Ena - (4.25)

Thus, Property 4.4 follows.
OO0

Residual Dynamics when ¢; = 0

In the situation when ¢, = 0, and therefore g, = 0, the residual dynamics
(4.12) boils down to
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Notice also that s; and s in (4.21) and (4.22) respectively, become
S1 = kg7

S9 = 2kl

With this information and what we know about kp; from (4.25) and about
kne from (4.24), we conclude that these constants

khl = 07
2k’

— .
tanh <2k>
kg

From this last inequality one can show that kjo satisfies

Y

kna

kno > kg .
Thus, we finally conclude from (4.20) and (4.23) that

|t @)|| = llgta) ~ 9(aa — @) < knz tan(|al),
tanh(q)

< Kna : ;
tanh(gy, )

for all g;,q € R".

4.5 Conclusions

Properties 4.1, 4.2, 4.3 and 4.4 are exhaustively used in the succeeding chap-
ters in the stability analysis of the control schemes that we present. In particu-
lar, Property 4.1 is used to construct non-negative functions and occasionally,
Lyapunov functions to study stability and convergence properties for equilib-
ria in robot control systems.

To close the chapter we summarize, in Table 4.1, the expressions involved
in the computation of the main constants introduced, where s; and s, are
given by Equations (4.21) and (4.22), respectively.
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Table 4.1. Bounds on the matrices involved in the Lagrangian model

Bound Definition
6 n (max;,jq|Mi;j(q))
OMi;(q)
]ﬂ]u n2 (maxiyjyk,q T]]k
ke, n® (max; jkq |Ch,; (q)])
ke, n? (maXi,j,k,z,q aq]z
09i(q)
k i
g n <max v
kn1 ket [1gqll o
kno 87232
tanh (—)
S1
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Problems

1. Consider the simplified Cartesian mechanical device of Figure 4.4.

To
Figure 4.4. Problem 1

a) Obtain the dynamic model using Lagrange’s equations. Specifically,
determine M (q), C(q,q) and g(q).

b) Verify that the matrix %M(q) — C(q, q) is skew-symmetric.

c) Express the dynamic model in terms of the state vector [¢1 ¢2 ¢1

¢2]*. Under which conditions on the external 7; and 75 do there exist
equilibria?
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2. Is it true that the inertia matrix M(q) is constant if and only if C(q, q) =
0 ? (The matrix C(g,q) is assumed to be defined upon the Christoffel
symbols of the first kind.)

3. Consider the dynamic model (3.33) of robots with (linear) actuators. Sup-
pose that there is no friction (i.e. f(g) = 0). Show that

S'(q) — Cla. @) = 3Ni(g) ~ Cla,d).

4. Consider the equation that characterizes the behavior of a pendulum of
length [ and mass m concentrated at the edge and is submitted to the
action of gravity g to which is applied a torque 7 on the axis of rotation,

ml?G + mgl sin(q) = 1

where ¢ is the angular position of the pendulum with respect to the ver-
tical.

Show that there exists a constant § such that
T
/ 7(8)4(s) ds > B, VT eR;.
0
Hint: Using Property 4.3, show that for any 7" > 0,

T
/0 i(s)sin(q(s)) ds > —K

with K > 0.



5

Case Study: The Pelican Prototype Robot

The purpose of this chapter is twofold: first, to present in detail the model of
the experimental robot arm of the Robotics lab. from the CICESE Research
Center, Mexico. Second, to review the topics studied in the previous chapters
and to discuss, through this case study, the topics of direct kinematics and
inverse kinematics, which are fundamental in determining robot models.

For the Pelican, we derive the full dynamic model of the prototype; in par-
ticular, we present the numerical values of all the parameters such as mass,
inertias, lengths to centers of mass, etc. This is used throughout the rest of the
book in numerous examples to illustrate the performance of the controllers
that we study. We emphasize that all of these examples contain experimen-
tation results.

Thus, the chapter is organized in the following sections:

e direct kinematics;

e inverse kinematics;

e dynamic model;

e properties of the dynamic model;

e reference trajectories.

For analytical purposes, further on, we refer to Figure 5.2, which represents
the prototype schematically. As is obvious from this figure, the prototype is a
planar arm with two links connected through revolute joints, i.e. it possesses
2 DOF. The links are driven by two electrical motors located at the “shoulder”
(base) and at the “elbow”. This is a direct-drive mechanism, i.e. the axes of
the motors are connected directly to the links without gears or belts.

The manipulator arm consists of two rigid links of lengths /; and /5, masses
my and msy respectively. The robot moves about on the plane x—y as is illus-
trated in Figure 5.2. The distances from the rotating axes to the centers of
mass are denoted by [.; and l.o for links 1 and 2, respectively. Finally, I; and
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Figure 5.2. Diagram of the 2-DOF Pelican prototype robot

I> denote the moments of inertia of the links with respect to the axes that
pass through the respective centers of mass and are parallel to the axis x.
The degrees of freedom are associated with the angle g1, which is measured
from the vertical position, and g3, which is measured relative to the extension
of the first link toward the second link, both being positive counterclockwise.
The vector of joint positions q is defined as

qa=[n ¢’
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The meaning of the diverse constant parameters involved as well as their
numerical values are summarized in Table 5.1.

Table 5.1. Physical parameters of Pelican robot arm

Description Notation [ Value |Units
Length of Link 1 1y 0.26 m
Length of Link 2 lo 0.26 m

Distance to the center of mass (Link 1) le1 0.0983| m

Distance to the center of mass (Link 2) le2 0.0229| m

Mass of Link 1 mi 6.5225| kg

Mass of Link 2 mo 2.0458 | kg
Inertia rel. to center of mass (Link 1) I 0.1213 | kg m?
Inertia rel. to center of mass (Link 2) Iz 0.0116 | kg m?
Gravity acceleration g 9.81 | m/s?

5.1 Direct Kinematics

The problem of direct kinematics for robot manipulators is formulated as
follows. Consider a robot manipulator of n degrees-of-freedom placed on a
fixed surface. Define a reference frame also fixed at some point on this sur-
face. This reference frame is commonly referred to as ‘base reference frame’.
The problem of deriving the direct kinematic model of the robot consists in
expressing the position and orientation (when the latter makes sense) of a ref-
erence frame fixed to the end of the last link of the robot, referred to the base
reference frame in terms of the joint coordinates of the robot. The solution to
the so-formulated problem from a mathematical viewpoint, reduces to solving
a geometrical problem which always has a closed-form solution.

Regarding the Pelican robot, we start by defining the reference frame of
base as a Cartesian coordinated system in two dimensions with its origin
located exactly on the first joint of the robot, as is illustrated in Figure 5.2. The
Cartesian coordinates x and y determine the position of the tip of the second
link with respect to the base reference frame. Notice that for the present case
study of a 2-DOF system, the orientation of the end-effector of the arm makes
no sense. One can clearly appreciate that both Cartesian coordinates, = and
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y, depend on the joint coordinates ¢q; and go». Precisely it is this correlation
that defines the direct kinematic model,

B] =¢(q1,92)

where ¢ : R? — R%
For the case of this robot with 2 DOF, it is immediate to verify that the
direct kinematic model is given by

x = lysin(q1) + lasin(q1 + g2)
y = —licos(q1) — lacos(q1 + q2) .

From this model is obtained: the following relation between the velocities

[x] _ {llCOS(ql) + l2c0s(q1 + g2)  lacos(q1 + QQ)] [611}
(] lisin(q1) + lasin(q1 + q2)  lasin(q1 + q2) | | G2

i@ | 1]

G2

0
where J(q) = <g(q) € IR**? is called the analytical Jacobian matrix or

simply, the Jacobian of the robot. Clearly, the following relationship between
accelerations also holds,

x d Q1 ¢
| == |+ ol
o) o] 4] o ]
The procedure by which one computes the derivatives of the Jacobian
and thereby obtains expressions for the velocities in Cartesian coordinates, is

called differential kinematics. This topic is not studied in more detail in this
textbook since we do not use it for control.

5.2 Inverse Kinematics

The inverse kinematic model of robot manipulators is of great importance
from a practical viewpoint. This model allows us to obtain the joint positions
q in terms of the position and orientation of the end-effector of the last link
referred to the base reference frame. For the case of the Pelican prototype
robot, the inverse kinematic model has the form

[ql] = ¢ ! (z,y)

q2
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where ¢~ : 6 — R? and © C IR?.

The derivation of the inverse kinematic model is in general rather complex
and, in contrast to the direct kinematics problem, it may have multiple solu-
tions or no solution at all! The first case is illustrated in Figure 5.3. Notice
that for the same position (in Cartesian coordinates z, y) of the arm tip there
exist two possible configurations of the links, i.e. two possible values for q.

Figure 5.3. Two solutions to the inverse kinematics problem

So we see that even for this relatively simple robot configuration there
exist more than one solution to the inverse kinematics problem.

The practical interest of the inverse kinematic model relies on its utility
to define desired joint positions q; = [qq, qdz]T from specified desired posi-
tions x4 and yg for the robot’s end-effector. Indeed, note that physically, it
is more intuitive to specify a task for a robot in end-effector coordinates so
that interest in the inverse kinematics problem increases with the complexity

of the manipulator (number of degrees of freedom).
Thus, let us now make our this discussion more precise by analytically
computing the solutions [Zdl } = ¢~ (24, ya). The desired joint positions g,
da

can be computed using tedious but simple trigonometric manipulations to

obtain
Losi
qd, = tan ! <xd ) —tan~! (2sm(qd2) )
—Yd Iy + lzcos(qas,)

2 .2 12 g2
L (rgty; — -1
= cos )
% ( 21ls
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The desired joint velocities and accelerations may be obtained via the
differential kinematics' and its time derivative. In doing this one must keep
in mind that the expressions obtained are valid only as long as the robot does
not “fall” into a singular configuration, that is, as long as the Jacobian J(q,)
is square and nonsingular. These expressions are

)= 5]

] = | G| ) || )

Gds Ja

1 (@)

where J (g ) and 2 [J(g,)] denote the inverse of the Jacobian matrix and
its time derivative respectively, evaluated at ¢ = q,. These are given by

Siz. G
_ l182 1182
J gy =
@) =1 18, — 1,81, 1€y +1Cra
111282 Z1Z2SZ
and
d —11514a, — 12512(4a, + da,)  —12512(da, + da,)
—[J(gq)] = ’

dt 11C14a, +12C12(da, + da,)  12C12(4a, + da,)

where, for simplicity, we have used the notation S; = sin(gq, ), S2 = sin(qq, ),
C1 = cos(qa, ), S12 = sin(qa, + qa,), C12 = cos(qa, + qa,) -

Notice that the term Sy appears in the denominator of all terms in J(q) ™!
hence, g4, = nm, with n € {0,1,2,...} and any ¢4, also correspond to singular
configurations. Physically, these configurations (for any valid n) represent the
second link being completely extended or bent over the first, as is illustrated
in Figure 5.4. Typically, singular configurations are those in which the end-
effector of the robot is located at the physical boundary of the workspace
(that is, the physical space that the end-effector can reach). For instance, the
singular configuration corresponding to being stretched out corresponds to
the end-effector being placed anywhere on the circumference of radius Iy + [,
which is the boundary of the robot’s workspace. As for Figure 5.4 the origin
of the coordinates frame constitute another point of this boundary.

Having illustrated the inverse kinematics problem through the planar ma-
nipulator of Figure 5.2 we stop our study of inverse kinematics since it is

! For a definition and a detailed treatment of differential kinematics see the book
(Sciavicco, Siciliano 2000) —cf. Bibliography at the end of Chapter 1.
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Figure 5.4. “Bent-over” singular configuration

beyond the scope of this text. However, we stress that what we have seen in
the previous paragraphs extends in general.

In summary, we can say that if the control is based on the Cartesian coor-
dinates of the end-effector, when designing the desired task for a manipulator’s
end-effector one must take special care that the configurations for the latter
do not yield singular configurations. Concerning the controllers studied in this
textbook, the reader should not worry about singular configurations since the
Jacobian is not used at all: the reference trajectories are given in joint coor-
dinates and we measure joint coordinates. This is what is called “control in
joint space”.

Thus, we leave the topic of kinematics to pass to the stage of modeling
that is more relevant for control, from the viewpoint of this textbook, i.e.
dynamics.

5.3 Dynamic Model

In this section we derive the Lagrangian equations for the CICESE proto-
type shown in Figure 5.1 and then we present in detail, useful bounds on
the matrices of inertia, centrifugal and Coriolis forces, and on the vector of
gravitational torques. Certainly, the model that we derive here applies to any
planar manipulator following the same convention of coordinates as for our
prototype.

5.3.1 Lagrangian Equations

Consider the 2-DOF robot manipulator shown in Figure 5.2. As we have
learned from Chapter 3, to derive the Lagrangian dynamics we start by writing
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the kinetic energy function, K(q, q), defined in (3.15). For this manipulator,
it may be decomposed into the sum of the two parts:

e the product of half the mass times the square of the speed of the center of
mass; plus

e the product of half its moment of inertia (referred to the center of mass)
times the square of its angular velocity (referred to the center of mass).

That is, we have K(q, ¢) = K1(q, §)+K2(q, q) where K1(q, ¢) and K2(q, q) are
the kinetic energies associated with the masses m; and my respectively. Let
us now develop in more detail, the corresponding mathematical expressions.
To that end, we first observe that the coordinates of the center of mass of link
1, expressed on the plane z—y, are

1 = le sin(qr)

y1 = —le1 cos(qr) .

The velocity vector v of the center of mass of such a link is then,

v, = {xl} — [ch COS(fh)(h} .

1 le1 sin(q1)q

Ty, of the center of mass becomes

Therefore, the speed squared, ||v1||? = v
T 2 .2
viv1 = 1547

Finally, the kinetic energy corresponding to the motion of link 1 can be ob-
tained as

. 1 1.
Ki(q,q) = ~miviv, + ~ 143

2 2
L S S S
= leld% + 211% . (5.1)

On the other hand, the coordinates of the center of mass of link 2, expressed
on the plane xz—y are

wy = Iy sin(q1) + le2 sin(q1 + q2)
Y2 = —licos(q1) — le2 cos(q1 + g2) -
Consequently, the velocity vector vy of the center of mass of such a link is
)
vy = | .
’ [yz]

_ [ll cos(q1)q1 + le2 cos(q1 + q2)[d1 + ¢2]
l1 sin(q1)gr + lez sin(q1 + ¢2)[d1 + ¢2)
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Therefore, using the trigonometric identities cos()? + sin(#)? = 1 and

sin(q1)sin(q; + g2) + cos(q1)cos(q1 + g2) = cos(gz) we conclude that the speed

squared, ||ve]|?> = vivs, of the center of mass of link 2 satisfies

vivy = 136 + 12, [ + 24142 + 3] + 2lilen [ + d1d2] cos(ga)

which implies that

. 1 1 . .
Ka(q,q) = §m205’02 + 512[(11 + ¢o)?

ma .. ma . .. .
7l%q% + 7@2 [Qf +2q192 + qg]
+ maliles [¢7 + d12] cos(gz)

1. )
+ 512[% + o).

Similarly, the potential energy may be decomposed as the sum of the
terms U(q) = U1(q) +U2(q), where U (q) and Us(q) are the potential energies
associated with the masses m; and msy respectively. Thus, assuming that the
potential energy is zero at y = 0, we obtain

Ui(q) = —malcrg cos(qr)

and
Us(q) = —malig cos(q1) — maleag cos(qr + o) - (5.2)

From Equations (5.1)—(5.2) we obtain the Lagrangian as

= K1(q,q) + K2(q, q) — Ur(q) — Uaz(q)

1 ) 1 ) .. .
= §[mll?z1 + mal3]d; + 5m2l32 (47 + 24162 + ¢3]
+malilea cos(qz) [¢7 + Gia]

+ [mllcl + mgll]g COS(ql)

+ magles cos(qr + q2)

1_ . 1. . .
+ 51111% + 512[(11 + ¢o)?.

From this last equation we obtain the following expression:

oL ) . .
% = [m1l§1 + m2l%]Q1 + m2l§2Q1 + mzl§2q2

1

+ 2maliles cos(g2)qi + malilea cos(q2)do

+ gy + L2[q1 + g2
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d [0L ..
7 [3(11} = [mllfl + mglf + mgng + 2moliles cos(qg)] 0
+ [malZ, + maliles cos(qz)] Go
— 2malileasin(g2)d1de — maliles sin(g2)d3
+ Iigi + L[g1 + do).

oL . .

90 = —[myle1 + mali]g sin(q1) — magles sin(qr + q2)-
aﬁ 2 . 2 . . . .
O maliaqr + maliode + maliles cos(q2)dr + I2[d1 + ¢a.

d [oL

R e l2 . 12 .

dt |:8q2:| mat.oq1 + mat.oq2

+ malileo cos(qz)di — malilez sin(q2)qigo
+ L[dr + ¢a.

oL . L. . .
7 —maliles sin(g2) [d1d2 + ¢5] — magles sin(q1 + ¢2).

The dynamic equations that model the robot arm are obtained by applying
Lagrange’s Equations (3.4),
d [0L oL
ol _ -7
dt [9¢; |  Oqg;

i=1,2

from which we finally get
T = [mllgl + mglf + mglgz + 2maliles cos(qa) + I + Ig] g1
+ [mal2, + malilen cos(qo) + o] G
— 2maliler sin(qz)d1dz — malilez sin(qz)ds
+ [maler + mali]g sin(q1)
+ magle sin(q1 + q2) (5.3)

and

o = [malZ, + maliles cos(q2) + 2] 1 + [malZy + L]do
+ maliles sin(gz)di + magles sin(qr + g2) , (5.4)
where 7y and 75, are the external torques delivered by the actuators at joints
1 and 2.

Thus, the dynamic equations of the robot (5.3)-(5.4) constitute a set of
two nonlinear differential equations of the state variables = [q7 qT]T, that
is, of the form (3.1) .
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5.3.2 Model in Compact Form

For control purposes, it is more practical to rewrite the Lagrangian dynamic
model of the robot, that is, Equations (5.3) and (5.4), in the compact form
(3.18), i.e.

Mii(q) Mi2(q) | . Ci(q,q) Ci2(q,q) | . 91(q)
}‘”[ ( J‘”[g(

M>1(q) Maa(q) Co1(q,q) Cxn(q,q 2(q)
. >
M(q) C(q,q) g(q)
where
Mu(q = mllgl + mo [l% + l(2:2 + 211l COS(QQ)] + 1)+ 1
Mis(q) = mo [ng + l1lez cos(q2)] + I
Ms1(q) = my [IZ, + lilez cos(qz)] + I
Mgg(q = m2132 + 12

Ci11(g,q

Ci2(q,q) = —maliles sin(go) [g1 + ¢o]
Ca1(q, q) = malileo sin(gz2)gy
Ca2(q,q) =0

)
)
)
)
) = —maliles sin(ga)qo
)
)
)
)
)

We emphasize that the appropriate state variables to describe the dynamic
model of the robot are the positions ¢; and g and the velocities ¢; and ¢s. In
terms of these state variables, the dynamic model of the robot may be written
as

q1 (h
dlae|_ Go
dt | 41
o M(q)~ " [r(t) — C(q,q)q — 9(q)]

Properties of the Dynamic Model

We present now the derivation of certain bounds on the inertia matrix, the ma-
trix of centrifugal and Coriolis forces and the vector of gravitational torques.
The bounds that we derive are fundamental to properly tune the gains of the
controllers studied in the succeeding chapters. We emphasize that, as stud-
ied in Chapter 4, some bounds exist for any manipulator with only revolute
rigid joints. Here, we show how they can be computed for CICESE’s Pelican
prototype illustrated in Figure 5.2.



124 5 Case Study: The Pelican Prototype Robot

Derivation of Apmin{M}

We start with the property of positive definiteness of the inertia matrix. For
a symmetric 2x2 matrix

|:M11(Q) M21(Q)]
M3 (q) M2 (q)

to be positive definite for all ¢ € IR", it is necessary and sufficient that?
Mi1(g) > 0 and its determinant

My1(q)Maa(q) — M21(‘1)2

also be positive for all g € IR".
In the worst-case scenario My1(q) = mql% + I + Io + ma(ly — l:2)? > 0,

we only need to compute the determinant of M(q), that is,
det[M(q)] = 11[2 + 12 [l?lml + l%mg] + lgzmgll + lgllzzmlmg
+1§12,m3[1 — cos®(q2)]

Notice that only the last term depends on g and is positive or zero. Hence,
we conclude that M(q) is positive definite for all ¢ € IR", that is®

e’ M(q)x > Amin{M}|z]? (5:5)

for all ¢ € R", where Apin{M} > 0.

Inequality (5.5) constitutes an important property for control purposes
since for instance, it guarantees that M (q)~! is positive definite and bounded
for all g € R™.

Let us continue with the computation of the constants 3, kar, ke, ke,
and k, from the properties presented in Chapter 4.

Derivation of Anax{M}

Consider the inertia matrix M(q). From its components it may be verified
that

2 Consider the partitioned matrix

Exl

fFA=AT>0,C=CT" >0and C —BTA™'B >0 (resp. C — BTA™'B > 0),
then this matrix is positive semidefinite (resp. positive definite). See Horn R. A.,
Johnson C. R., 1985, Matrix analysis, p. 473.

3 See also Remark 2.1 on page 25.
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I??)é |M,'j(q)| = mllfl + ma [l% + 132 + 211102} + 1)+ 1.

According to Table 4.1, the constant 3 may be obtained as a value larger or
equal to n times the previous expression, i.e.

B=n[mill +meo [i§+12 420l + 1 + 1] .
Hence, defining, Avax{M} = B we see that
27 M ()@ < Atax {M} |2
for all ¢ € IR". Moreover, using the numerical values presented in Table 5.1,

we get 3 = 0.7193 kg m?, that is, Aax{M} = 0.7193 kg m>.

Derivation of kps

Consider the inertia matrix M(q). From its components it may be verified
that

OM1(q) OM;i1(q) .
— 2 =0, T/ = _9mylylesin
a0 902 2l1lc2sin(g2)
0Mi2(q) 0Mi2(q) )
= 0, 2 = —mglyleesin
a0 943 2l1lcosin(ga)
0M>1(q) 0M>1(q) )
=2 =0, ——=—= = —malylesin
a0 903 al1lcosin(ga)
0M>s2(q) —0 OMa3(q) —0
oq ’ 0q2 .

According to Table 4.1, the constant k; may be determined as

%)

Oq

ka > n? [ max
,3,k,q

hence, this constant may be chosen to satisfy

kM Z n22m211162 .

Using the numerical values presented in Table 5.1 we get kp; = 0.0974 kg m? .

Derivation of k¢,

Consider the vector of centrifugal and Coriolis forces C'(q, ¢)gq written as

—maliles sin(g2) (24142 + G3)
Clq,q4)q=
maliles sin(go)di
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[ C1(q) ]
q1 g 0 —maliles sin(g2) | | Gu
P —malile sin(qa)  —malileo sin(q2) | | ¢2

4T . .
{‘h] |:m2111c2 SIH(QQ) 0} {ih]
Go 0 0] | ¢
L Ca(q) i

According to Table 4.1, the constant k¢, may be derived as

ke, > n? ( max |Ck'17(q)|)

0,9,k,q
hence, this constant may be chosen so that

ke, > n2malyles

Consequently, in view of the numerical values from Table 5.1 we find that
ke, = 0.0487 kg m*.

Derivation of k¢,

Consider again the vector of centrifugal and Coriolis forces C'(g, ¢)q written
as in (5.6). From the matrices C1(q) and C>(q) it may easily be verified that

8C(111 (Q) -0 80111((1) -0
Iq ’ 92
60112 (Q) _ 80112 (q> _
90 0, 9 malileacos(qo)
80121 (Q) o 80121 (Q) _
7@@ =0, 94s = —malyle2c08(q2)
8C'122 (Q) aClzz (Q)
—= =0, = —myglyl.oc08
a1 D4s 2l1lcacos(gz)
80211(‘1) _ 80211(‘1) _
75)(11 =0, 78(]2 = malilcacos(qz)
80212 (q) =0 80212 (q) -0
Iq , 9q2
80221 (Q) -0 80221 (Q) -0

oq - 0q2
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30222 (Q) =0
oq ’

Furthermore, according to Table 4.1 the constant k¢, may be taken to satisfy

)

ko, > nd max
e = < oq

i,5,k,l.q

Therefore, we may choose k¢, as

ko, > n*maliles,

which, in view of the numerical values from Table 5.1, takes the numerical
value k¢, = 0.0974 kg m*:

Derivation of kg

According to the components of the gravitational torques vector g(q) we have

9]

%1(1(1q) = (mala +maly) g cos(q1) + malcag cos(qr + ¢2)
0

galq(z‘I) = maleag cos(qr + ¢2)
992(q)
—2 = mil,

o malezg cos(qi + g2)
992(q

= lc ’
o maleag cos(qr + g2)

Notice that the Jacobian matrix 6%21(1) corresponds in fact, to the Hessian

matrix (i.e. the second partial derivative) of the potential energy function
U(q), and is a symmetric matrix even though not necessarily positive definite.

The positive constant k, may be derived from the information given in
Table 4.1 as

09:(q) ‘ )
aq]'

kg > n max
,7,9

That is,
kg > nmile + moly + malea) g

and using the numerical values from Table 5.1 may be given the numerical
value k, = 23.94 kg m?/s”.



128 5 Case Study: The Pelican Prototype Robot

Table 5.2. Numeric values of the parameters for the CICESE prototype

Parameter |[Value | Units

AMax{M} [0.7193| kg m?

kv 0.0974| kg m?

ke, 0.0487| kg m?

ke, 0.0974| kg m?

kg 23.94 | kg m?/s*

Summary

The numerical values of the constants Aiax{M }, ks, ke, ko, and k4 obtained
above are summarized in Table 5.2.

5.4 Desired Reference Trajectories

With the aim of testing in experiments the performance of the controllers
presented in this book, on the Pelican robot, we have selected the following
reference trajectories in joint space:

a1 bi[1 — e 20 ) 4 ¢1[1 — €720 ] sin(wyt)
- rad]  (5.7)
dd2 bo[l — €720 '] 4 ¢5[1 — €720 ] sin(wot)

where by = 7/4 [rad], c; = 7/9 [rad] and w; = 4 [rad/s], are parameters
for the desired position reference for the first joint and be = 7/3 [rad], c3 =
/6 [rad] and we = 3 [rad/s] correspond to parameters that determine the
desired position reference for the second joint. Figure 5.5 shows graphs of
these reference trajectories against time.

Note the following important features in these reference trajectories:

e the trajectory contains a sinusoidal term to evaluate the performance of the
controller following relatively fast periodic motions. This test is significant
since such motions excite nonlinearities in the system.

e It also contains a slowly increasing term to bring the robot to the operating
point without driving the actuators into saturation.

The module and frequency of the periodic signal must be chosen with
care to avoid both torque and speed saturation in the actuators. In other
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9.0 [rad]
7 qd2
1.5
N qd1
1.0
0.5
0.0 T T — T T T T T T 7
0 2 4 6 8 10
t [s]

Figure 5.5. Desired reference trajectories

words, the reference trajectories must be such that the evolution of the robot
dynamics along these trajectories gives admissible velocities and torques for
the actuators. Otherwise, the desired reference is physically unfeasible.

Using the expressions of the desired position trajectories, (5.7), we may
obtain analytically expressions for the desired velocity reference trajectories.
These are obtained by direct differentiation, i.e.

Gar = 6byt2e 20 t? + 6cqt2e 20 t3sin(w1t) +[c1 — cre” 20 ts] cos (wit)wy,

Gaz = Gbyt?e=20 &y 6eate20 tSSin(th) + [ca — coe™ 20 tS} cos (wat)ws ,
(5.8)

in [rad/s]. In the same way we may proceed to compute the reference accel-
erations to obtain

Gar = 12b1te=20 £t _ 36b,t4e=20 t? +12¢1te 20 tssin(wlt)
— 36¢;tte 20 tgsin(wlt) +12¢1t%e720 t* cos (wit)wr

—le1 — cre720 t3]sin(w1t)wf [rad/s?]

Gao = 12bote= 20 £t _ 36bytte =20 £y 12¢ote =20 t* sin (wat)
— 36cotte 20 ' gin (wot) + 12¢ot%e20 t cos (wat)wo

— [e2 — c2e20 ') sin (wat)w? [rad/s®] .
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llga@)I] [rad]
2.0 1
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Figure 5.6. Norm of the desired positions

laa@Il =2
2.4

1.8 1

1.2

0.6

0.0 T T T T T T T T T 1

t[s]

Figure 5.7. Norm of the desired velocities vector

Figures 5.6, 5.7 and 5.8 show the evolution in time of the norms corresponding
to the desired joint positions, velocities and accelerations respectively. From
these figures we deduce the following upper-bounds on the norms

”qd”Max S 1.92 [rad]
||Qd||Max S 2.33 [rad/s]
|Gallrax < 9-52 [rad/s?].
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.l %]

10

1
0 2 4 6 8 10
t[s]

Figure 5.8. Norm of the desired accelerations vector
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Problems

1. Consider the matrices M(q) and C(q,q) from Section 5.3.2. Show that
the matrix %M(q) - C(q, q)} is skew-symmetric.

2. According to Property 4.2, the centrifugal and Coriolis forces matrix
C(q,q), of the dynamic model of an n-DOF robot is not unique. In Sec-
tion 5.3.2 we computed the elements of the matrix C(q, ¢) of the Pelican

4 “Centro de Investigacién Cientifica y de Educacién Superior de Ensenada”.
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robot presented in this chapter. Prove also that the matrix C(q, ¢) whose
elements are given by

C11(q, q) = —2malilca sin(g2)ge
Ci2(q,q) = —maliles sin(ga)do
Ca1(q,q) = malile2 sin(g2)dq1
C22(q,q) =0

characterizes the centrifugal and Coriolis forces, C(q, q)g. With this def-
inition of C(q, q), is %M(q) — C(q, q) skew-symmetric?

Does it hold that ¢” %M(q) —C(q,4q)| ¢ =0 ? Explain.
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Position Control



Introduction to Part II

Depending on their application, industrial robot manipulators may be classi-
fied into two categories: the first is that of robots which move freely in their
workspace (i.e. the physical space reachable by the end-effector) thereby un-
dergoing movements without physical contact with their environment; tasks
such as spray-painting, laser-cutting and welding may be performed by this
type of manipulator. The second category encompasses robots which are de-
signed to interact with their environment, for instance, by applying a comply-
ing force; tasks in this category include polishing and precision assembling.

In this textbook we study exclusively motion controllers for robot manip-
ulators that move about freely in their workspace.

For clarity of exposition, we shall consider robot manipulators provided
with ideal actuators, that is, actuators with negligible dynamics or in other
words, that deliver torques and forces which are proportional to their inputs.
This idealization is common in many theoretical works on robot control as well
as in most textbooks on robotics. On the other hand, the recent technological
developments in the construction of electromechanical actuators allow one to
rely on direct-drive servomotors, which may be considered as ideal torque
sources over a wide range of operating points. Finally, it is important to
mention that even though in this textbook we assume that the actuators are
ideal, most studies of controllers that we present in the sequel may be easily
extended, by carrying out minor modifications, to the case of linear actuators
of the second order; such is the case of DC motors.

Motion controllers that we study are classified into two main parts based on
the control goal. In this second part of the book we study position controllers
(set-point controllers) and in Part III we study motion controllers (tracking
controllers).

Consider the dynamic model of a robot manipulator with n DOF, rigid

links, no friction at the joints and with ideal actuators, (3.18), and which we
recall below for convenience:
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M(q)q+C(q,q)q+g(q) =T. (IL1)

where M(q) € IR™™" is the inertia matrix, C(q,q)q € IR" is the vector of
centrifugal and Coriolis forces, g(g) € IR" is the vector of gravitational forces
and torques and 7 € IR" is a vector of external forces and torques applied
at the joints. The vectors q, ¢, ¢ € IR" denote the position, velocity and joint
acceleration respectively.

In terms of the state vector [qT qT] T these equations take the form
d q q
dt 1 N
M(q)~" [r(t) = C(q,9)q — 9(q)]

The problem of position control of robot manipulators may be formulated
in the following terms. Consider the dynamic equation of an n-DOF robot,
(IL.1). Given a desired constant position (set-point reference) q,, we wish to
find a vectorial function 7 such that the positions q associated with the robot’s
joint coordinates tend to g, accurately.

In more formal terms, the objective of position control consists in finding
T such that

Jim g(t) = qq

— 00

where g; € R" is a given constant vector which represents the desired joint
positions.

The way that we evaluate whether a controller achieves the control ob-
jective is by studying the asymptotic stability of the origin of the closed-loop
system in the sense of Lyapunov (c¢f. Chapter 2). For such purposes, it appears
convenient to rewrite the position control objective as

lim q(t) =0
t—oo

where ¢ € IR" stands for the joint position errors vector or is simply called
position error, and is defined by

qt):=q,—q(t).

Then, we say that the control objective is achieved, if for instance the
origin of the closed-loop system (also referred to as position error dynamics)
in terms of the state, i.e. [§7 ¢7]7 = 0 € IR®*, is asymptotically stable.

The computation of the vector 7 involves, in general, a vectorial nonlinear
function of g, ¢ and ¢. This function is called the “control law” or simply,
“controller”. It is important to recall that robot manipulators are equipped
with sensors to measure position and velocity at each joint, hence, the vectors
q and g are assumed to be measurable and may be used by the controllers.
In general, a control law may be expressed as
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T=17(9,9,4,94,M(q),C(q,9),9(q)) . (I1.2)

However, for practical purposes it is desirable that the controller does not

depend on the joint acceleration g, because measurement of acceleration is
unusual and accelerometers are typically highly sensitive to noise.

Figure II.1 presents the block-diagram of a robot in closed loop with a

position controller.

94 —~] CONTROLLER T - { ROBOT q
q

Figure II.1. Position control: closed-loop system

If the controller (I1.2) does not depend explicitly on M(q), C(q,q) and

g(q), it is said that the controller is not “model-based”. This terminology is,
however, a little misfortunate since there exist controllers, for example of the
PID type (¢f. Chapter 9), whose design parameters are computed as functions
of the model of the particular robot for which the controller is designed. From
this viewpoint, these controllers are model-dependent or model-based.

In this second part of the textbook we carry out stability analyses of

a group of position controllers for robot manipulators. The methodology to
analyze the stability may be summarized in the following steps.

1.

Derivation of the closed-loop dynamic equation. This equation is obtained
by replacing the control action 7 (¢f. Equation I1.2 ) in the dynamic model
of the manipulator (c¢f. Equation I1.1). In general, the closed-loop equation
is a nonautonomous nonlinear ordinary differential equation.

. Representation of the closed-loop equation in the state-space form, i.e.

d[‘ldq

AL ]f(q,q,qd,M@),c<q,q>,g<q>>. (1L.3)

This closed-loop equation may be regarded as a dynamic system whose
inputs are q4,q, and g,, and with outputs, the state vectors g =g, — q
and g. Figure I1.2 shows the corresponding block-diagram.

Study of the existence and possible unicity of equilibrium for the closed-
loop equation. For this, we rewrite the closed-loop equation (I1.3) in the
state-space form choosing as the state, the position error and the velocity.
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4, + N q
ROBOT q

Figure I1.2. Set-point control closed-loop system. Input—output representation.

2.2

That is, let ¢ := g; —q denote the state of the closed-loop equation. Then,
(I1.3) becomes

d [q ~

— | 2| =Ff(a,q 114

HE Y (1L.4)
where f is obtained by replacing g with g; — q. Note that the closed-loop
system equation is autonomous since q, is constant.
Thus, for Equation (I1.4) we want to verify that the origin, [§7 ¢7]|7 =
0 € R?" is an equilibrium and whether it is unique.

. Proposal of a Lyapunov function candidate to study the stability of the

origin for the closed-loop equation, by using the Theorems 2.2, 2.3, 2.4
and 2.7. In particular, verification of the required properties, i.e. positivity
and negativity of the time derivative.

. Alternatively to step 4, in the case that the proposed Lyapunov function

candidate appears to be inappropriate (that is, if it does not satisfy all of
the required conditions) to establish the stability properties of the equilib-
rium under study, we may use Lemma 2.2 by proposing a positive definite
function whose characteristics allow one to determine the qualitative be-
havior of the solutions of the closed-loop equation.

It is important to underline that if Theorems 2.2, 2.3, 2.4, 2.7 and Lemma
do not apply because one of their conditions does not hold, it does not

mean that the control objective cannot be achieved with the controller under
analysis but that the latter is inconclusive. In this case, one should look for
other possible Lyapunov function candidates such that one of these results
holds.

The rest of this second part of the textbook is divided into four chapters.

The controllers that we present may be called “conventional” since they are
commonly used in industrial robots. These controllers are:

Proportional control plus velocity feedback and Proportional Derivative
(PD) control;

PD control with gravity compensation;
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PD control with desired gravity compensation;

Proportional Integral Derivative (PID) control.
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Proportional Control plus Velocity Feedback
and PD Control

Proportional control plus velocity feedback is the simplest closed-loop con-
troller that may be used to control robot manipulators. The conceptual ap-
plication of this control strategy is common in angular position control of DC
motors. In this application, the controller is also known as proportional control
with tachometric feedback. The equation of proportional control plus velocity
feedback is given by

T=K,q— Ky,q (6.1)

where K, K, € IR"*" are symmetric positive definite matrices preselected by
the practitioner engineer and are commonly referred to as position gain and
velocity (or derivative) gain, respectively. The vector g; € R™ corresponds to
the desired joint position, and the vector § = q; — g € IR" is called position
error. Figure 6.1 presents a block-diagram corresponding to the control system
formed by the robot under proportional control plus velocity feedback.

Figure 6.1. Block-diagram: Proportional control plus velocity feedback

Proportional Derivative (PD) control is an immediate extension of propor-
tional control plus velocity feedback (6.1). As its name suggests, the control
law is not only composed of a proportional term of the position error as in the
case of proportional control, but also of another term which is proportional
to the derivative of the position, i.e. to its velocity error, (j The PD control
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law is given by ]
T=Kyq+K,q (6.2)

where K, K, € R™" are also symmetric positive definite and selected by
the designer. In Figure 6.2 we present the block-diagram corresponding to the
control system composed of a PD controller and a robot.

Figure 6.2. Block-diagram: PD control

So far no restriction has been imposed on the vector of desired joint posi-
tions g, to define the proportional control law plus velocity feedback and the
PD control law. This is natural, since the name that we give to a controller
must characterize only its structure and should not be reference-dependent.

In spite of the veracity of the statement above, in the literature on robot
control one finds that the control laws (6.1) and (6.2) are indistinctly called
“PD control”. The common argument in favor of this ambiguous terminology
is that in the particular case when the vector of desired positions g, is re-
stricted to be constant, then it is clear from the definition of ¢ that ¢ = —¢
and therefore, control laws (6.1) and (6.2) become identical.

With the purpose of avoiding any polemic about these observations, and
to observe the use of the common nomenclature from now on, both control
laws (6.1) and (6.2), are referred to in the sequel as “PD control”.

In real applications, PD control is local in the sense that the torque or force
determined by such a controller when applied at a particular joint, depends
only on the position and velocity of the joint in question and not on those of
the other joints. Mathematically, this is translated by the choice of diagonal
design matrices K, and K,,.

PD control, given by Equation (6.1), requires the measurement of positions
g and velocities ¢ as well as specification of the desired joint position g, (cf.
Figure 6.1). Notice that it is not necessary to specify the desired velocity and
acceleration, g, and q,.
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We present next an analysis of PD control for n-DOF robot manipulators.

The behavior of an n-DOF robot in closed-loop with PD control is deter-
mined by combining the model Equation (II.1) with the control law (6.1),

M(q)j+C(q,9)q+9(q) = Kp,q — Kuq (6.3)

. 7T
or equivalently, in terms of the state vector [(}T q }

q

Q

4
dt

I

dg— M(q)" ' [Kpq— Kvqg — Cl(q,4)qd — g(q)]

which is a nonlinear nonautonomous differential equation. In the rest of this
section we assume that the vector of desired joint positions, g , is constant.
Under this condition, the closed-loop equation may be rewritten in terms of

~ .77
the new state vector [qT qT] , as

d [1 _q
& = . (6.4)
M(q)™ [Kpq — Kog — C(q,4)d — 9(q)]

Note that the closed-loop differential equation is still nonlinear but au-
tonomous. This is because g is constant. The previous equation however, may
] =

have multiple equilibria. If such is the case, they are given by [(}T q’
[sT 0T]T where s € R" is solution of

Kps—g(qg—s) =0. (6.5)

Obviously, if the manipulator model does not include the gravitational
torques term g(q), then the only equilibrium is the origin of the state space,
ie. g ¢T)T =0 e R?™. Also, if g(q) is independent of q, i.e. if g(q) = g
constant, then s = K;lg is the only solution.

Notice that Equation (6.5) is in general nonlinear in s due to the gravi-
tational term g(g,; — s). For this reason, and given the nonlinear nature of
g(gq, — s), derivation of the explicit solutions of s is in general relatively com-
plex.

In the future sections we treat separately the cases in which the robot
model contains and does not contain the vector of gravitational torques g(q).

6.1 Robots without Gravity Term

In this section we consider robots whose dynamic model does not contain the
gravitational g(q), that is
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M(q)qg+C(q,q)q =T

Robots that are described by this model are those which move only on
the horizontal plane, as well as those which are mechanically designed in a
specific convenient way.

Assuming that the desired joint position g, is constant, the closed-loop
Equation (6.4) becomes (with g(q) = 0),
d q *l.]
M(qq— @)~ " [Kpa — Ko — Clag — ,9)4]

which, since g, is constant, represents an autonomous differential equation.
~ .7 T . e . .
Moreover, the origin [qT qT] = 0 is the only equilibrium of this equation.
To study the stability of the equilibrium we appeal to Lyapunov’s direct
method, to which the reader has already been introduced in Section 2.3.4 of
Chapter 2. Specifically, we use La Salle’s Theorem 2.7 to show asymptotic
stability of the equilibrium (origin).

Consider the following Lyapunov function candidate

114 K, 0

Qr

Vi(g,q)

ful}

q 0 M(qs—q)

1. .1 -
quM(Q)q + §qTqu~

Notice that this function is positive definite since M(q) as well as K, are
positive definite matrices.

The total derivative of V(q, q) yields

. . U R .. B
V(g,q4) = q"M(q)g+ §qTM(q)q +§"K,q.

Substituting M (q)g from the closed-loop Equation (6.6), we obtain

V(a,q) = -4"K.q
g1 To o

Q

q] |0 K] [q

where we canceled the term qTBM — C’] g by virtue of Property 4.2.7 and

we used the fact that (1 = —q since g, is a constant vector.
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From this and the fact that V(g,q) < 0 we conclude that the function
V(q, ) is a Lyapunov function. From Theorem 2.3 we also conclude that the
origin is stable and, moreover, that the solutions g(t) and ¢(¢t) are bounded.

Since the closed-loop Equation (6.6) is autonomous, we may try to apply
La Salle’s theorem (Theorem 2.7) to analyze the global asymptotic stability
of the origin.

To that end, notice that here the set () is given by
Q:{a:E]RZ”:V(zE)zo}

o [g] v
={geR",g=0€cR"}.

Observe also that V (g, q) = 0 if and only if ¢ = 0. For a solution x(t) to
belong to Q for all ¢ > 0, it is necessary and sufficient that ¢(¢) = 0 for all
t > 0. Therefore, it must also hold that g(¢t) = 0 for all ¢ > 0. Considering all
this, we conclude from the closed-loop equation (6.6), that if x(t) € Q for all
t > 0 then,

0= M(q,—a(t)” Kyq(t).

Since M(q; — q(t))~!' and K, are positive definite their matrix product
is nonsingular!, this implies that q(t) = O for all ¢ > 0 and therefore,
[q(0)T Q(O)T]T = 0 € R*" is the only initial condition in 2 for which x(t) €
Q for all ¢ > 0. Thus, from La Salle’s theorem (Theorem 2.7), this is enough
to establish global asymptotic stability of the origin, [E]T qT]T =0 e R™
and consequently,

Jim g(t) = lim [g, —q(t)] =0
lim ¢(¢t) = 0.
t—o0

In other words the position control objective is achieved.

It is interesting to emphasize at this point, that the closed-loop equation
(6.6) is exactly the same as the one which will be derived for the so-called PD
controller with gravity compensation and which we study in Chapter 7. In
that chapter we present an alternative analysis for the asymptotic stability of
the origin, by use of another Lyapunov function which does not appeal to La
Salle’s theorem. Certainly, this alternative analysis is also valid for the study
of (6.6).

! Note that we are not claiming that the matrix product M(g, — q(t)) 'K, is
positive definite. This is not true in general. We are only using the fact that this
matrix product is nonsingular.
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6.2 Robots with Gravity Term

The behavior of the control system under PD control (¢f. Equation 6.1) for
robots whose models include explicitly the vector of gravitational torques g(q)
and assuming that g, is constant, is determined by (6.4), which we repeat
below, i.e.

. [a 4
M(q) [Kpg — K,q—C(q,9)q — 9(q)]

The study of this equation is somewhat more complex than that for the
case when g(q) = 0.

In this section we analyze closed-loop Equation (6.7), and specifically, we
address the following issues:

e unicity of the equilibrium;

e boundedness of solutions.
The study of this section is limited to robots having only revolute joints.
6.2.1 Unicity of the Equilibrium

In general, system (6.7) may have several equilibrium points. This is illustrated
by the following example.

Ezample 6.1. Consider the model of an ideal pendulum, such as the
one studied in Example 2.2 (¢f. page 30)
JG+ mgl sin(q) = 7.

In this case the expression (6.5) takes the form

kps —mgl sin(gq — s) = 0. (6.8)

For the sake of illustration consider the following numerical values

J=1 mgl =1
k, =0.25 qq = /2.

Either by a graphical method or using numerical algorithms, it
may be verified that Equation (6.8) has exactly three solutions in
s whose approximate values are: 1.25 (rad), —2.13 (rad) and —3.59
(rad). This means that the closed-loop system under PD control for
the ideal pendulum, has the equilibria
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(210 )

Multiplicity of equilibria certainly poses a problem for the study of (global)
asymptotic stability; hence, it is desirable to avoid such a situation. For the
case of robots having only revolute joints we show below that, by choosing K,
sufficiently large, one may guarantee unicity of the equilibrium of the closed-
loop Equation (6.7). To that end, we use the contraction mapping theorem
presented in this textbook as Theorem 2.1.

The equilibria of the closed-loop Equation (6.7) satisfy
T .71 T
[@" '] =[s" o"]",
where s € IR" is solution of

s=K,'g(q;—s)
= .f(saqd) N

If the function f(s,q,) satisfies the condition of the contraction mapping
theorem (Theorem 2.1) then the equation s = f(s, q,) has a unique solution
s* and consequently, the unique equilibrium of the closed-loop Equation (6.7)

T T
is [q7 ¢ = [S*T OT} .
Now, notice that for all vectors x,y,q,; € R",

1f(x.q4) — F(y,a2)ll = | K, g(qs — =) — K, g, — )|
= ||K,  {g(qa — =) —g(qa — v)}|
< Max{ K, Y lg(aq — 2) —g(aq —y)| -

On the other hand, using the fact that Ayax{A™'} = 1/Anin{A} for any
symmetric positive definite matrix A, and Property 4.3.3 that guarantees the
existence of a positive constant k, such that ||g(z) — g(y)| < kg ||z — y||, we
get

k
1f(x,qq4) — f(y,q4)] < F{QKP} lz -yl

hence, invoking the contraction mapping theorem, a sufficient condition for
the unicity of the solution of f(s,q;) —s = K, 'g(q; —s) —s = 0 and
consequently, for the unicity of the equilibrium of the closed-loop equation, is
that K, be selected to satisfy Amin{Kp} > kq.
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6.2.2 Arbitrarily Bounded Position and Velocity Error

We present next a qualitative study of the behavior of solutions of the
closed-loop Equation (6.7) for the case where K, is not restricted to satisfy
Amin{Kp} > kg, but it is enough that K, be positive definite.

For the purposes of the result presented here we make use of Lemma 2.2,
which, even though it does not establish any stability statement, enables one
to make conclusions about the boundedness of trajectories and eventually
about the convergence of some of them to zero. We assume that all joints are
revolute.

Define the following non-negative function
o . 1. -
V(a,q) = K(q,q) +U(a) — kv + 53" Kpq

where K(q, g) and U(q) denote the kinetic and potential energy functions of
the robot, and the constant ky is defined as (cf. Property 4.3)

ku = mqin{l/{(q)} :

The function V(q, ¢) may be expressed in the form

P
-~ T -
B a| [3K, 0 q
V(g,q) = ) i
q 0 5M(g,—q)] |a
+U(qy—q) — kv >0. (6.9)
—————

or equivalently, as

1, ol
V(g,q) = §qTM(q)q - §qTqu +U(q) —ku >0.

The derivative of V(q, q) with respect to time yields

SIS . N R L P
V(g,q4) =4"M(q)g+ quM(q)q +3'K,q+4d"9(q) (6.10)

where we used (3.20), i.e. g(q) = %U(q). Factoring out M(q)g from the
closed-loop equation (6.3) and substituting in (6.10),

V(a,q) = 4"Kpqa — ¢"Kva + @"Kpq., (6.11)

where the term qT[%M - C’}q has been canceled by virtue of the Property

4.2. Recalling that the vector g, is constant and that g = g, —gq, then Z] = —q.
Taking this into account Equation (6.11) boils down to
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Q
.

v q
g1" 7o o
_ <0. (6.12)

q 0 Ky |q

V(a.q) =—-q"

Qe

Using V(q,q) and V (g, q) given in (6.9) and (6.12) respectively and in-
voking Lemma 2.2, we conclude that ¢(¢) and q(t) are bounded for all ¢ and
moreover, the velocities vector is square integrable, that is

/OOC la(®)|?dt < oc. (6.13)

Moreover, as we show next, we can determine the explicit bounds for
the position and velocity errors, g and ¢. Considering that V (g, ) is a non-
negative function and non-increasing along the trajectories (V(q, q) < 0), we
have

0 <V(q(®),q(t) <V(q(0),4(0))

for all ¢ > 0. Consequently, considering the definition of V'(q, q) it readily
follows that

()" Ka(t) < V(g(0),4(0))

54 ™M (q(1))a(t) < V(@(0),4(0))

Qi

for all ¢ > 0, from which we finally conclude that the following bounds:

o 2V(a(0).4(0)

laol* < = "
_ 4(0)"M(q(0)a(0) +a(0) K,a(0) + h(a(0) =2y o\,
B )‘min{Kp} )
2 < 2V(@(0),4(0)
la@I” < =y
_ 4(0)"M(a(0)4(0) +(0) K,a(0) + h(q(0) =2y |
B )‘min{M(Q)} .

hold for all t > 0.

We can also show that actually lim;—, ., ¢(¢) = 0. To that end, we use (6.3)
to obtain
G=M(q)"" [K,q - Kvg— Cla.0)q —g(a)] - (6.16)
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Since ¢(t) and q(t) are bounded functions, then C(q,q)q and g(q) are
also bounded, this in view of Properties 4.2 and 4.3. On the other hand, since
M(q)~? is bounded (from Property 4.1), we conclude from (6.16) that g(t) is
also bounded. This, and (6.13) imply in turn that (by Lemma 2.2),

lim ¢(t)=0.
t—o0
Nevertheless, it is important to underline that the limit above does not

guarantee that q(t) — g, as t — oo and as a matter of fact, not even that?
q(t) — constant as t — oo.

Ezample 6.2. Consider again the ideal pendulum from Example 6.1
Ji+ mgl sin(q) = T,

where we clearly identify M(q) = J and g(q) = mgl sin(q). As was
shown in Example 2.2 (¢f. page 30), the potential energy function is

U(q) = mgl[1 — cos(q)] .

Since min,{U(¢)} = 0 the constant kg is zero.
Consider next the numerical values from Example 6.1

J=1 mgl =1
kp =025k, =050
ga=m7/2.

Assume that we apply the PD controller to drive the ideal pendu-
lum from the initial conditions ¢(0) = 0 and ¢(0) = 0.

According to the bounds (6.14) and (6.15) and considering the
information above, we get

(t) < ¢*(0) = 2.46 rad? (6.17)
@t) < k—fq?(()) =0.61 (“Zd) (6.18)

for all ¢ > 0. Figures 6.3 and 6.4 show graphs of ¢(¢)? and ¢(t)? respec-
tively, obtained in simulations. One can clearly see from these plots
that both variables satisfy the inequalities (6.17) and (6.18). Finally,
it is interesting to observe from these plots that lim; .., G*(t) = 1.56
and lim; o ¢%(t) = 0 and therefore,

. gt)| 125
e (50 =[]
That is, the solutions tend to one of the three equilibria determined

in Example 6.1. &

2 Counter example: For z(t) = In(t + 1) we have lim;—o #(t) = 0; however,
limy 00 z(t) = 00 !



6.2 Robots with Gravity Term 151

3 G(t)* [rad?)

Figure 6.3. Graph of §(t)?

0.08 1 q(t)? [(x24)?]
0.06 |
0.04 —

0.02

0.00 T T T T T \

Figure 6.4. Graph of ¢(t)?

To close this section we present next the results we have obtained in ex-
periments with the Pelican prototype under PD control.

FEzample 6.3. Consider the 2-DOF prototype robot studied in Chapter
5. For ease of reference, we rewrite below the vector of gravitational
torques g(q) from Section 5.3.2, and its elements are

91(q) = (maler + mal1)g sin(q1) + magles sin(qr + g2)

92(q) = maglez sin(q1 + g2).

The control objective consists in making
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t—o0

lim q(t) = g, = [ﬂ;g} rad].

It may easily be verified that g(g,;) # 0. Therefore, the origin
[Z]T qT]T = 0 € R?* of the closed-loop equation with the PD con-
troller, is not an equilibrium. This means that the control objective
cannot be achieved using PD control. However, with the purpose of
illustrating the behavior of the system we present next some experi-
mental results.

Consider the PD controller

T = qu_qu

with the following numerical values

30 0 70
K, = [ 0 30} [Nm/rad], K, = [0 3} [Nms/rad] .
0.4 4 [rad]
O.Sj &
0.2
b 0.1309
0.1 I\ G2
i 0.0174
00+ -———-——-—C-— e —
—0.1 T T T T T T T 1
0.0 0.5 1.0 1.5 2.0
t [s]

Figure 6.5. Graph of the position errors ¢i and ¢

The initial conditions are fixed at g(0) = 0 and ¢(0) = 0. The
experimental results are presented in Figure 6.5 where we show the
two components of the position error, g. One may appreciate that
limy o ¢1(t) = 0.1309 and lim;_, o, ¢2(t) = 0.0174 therefore, as was
expected, the control objective is not achieved. Friction at the joints
may also affect the resulting position error. &
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6.3 Conclusions

We may summarize what we have learned in this chapter, in the following
ideas. Consider the PD controller of n-DOF robots. Assume that the vector
of desired positions g, is constant.

e If the vector of gravitational torques g(q) is absent in the robot model,

then the origin of the closed-loop equation, expressed in terms of the state
~ .71 . .

vector [qT qT] , is globally asymptotically stable. Consequently, we have

e For robots with only revolute joints, if the vector of gravitational torques
g(q) is present in the robot model, then the origin of the closed-loop equa-

~ .1 . .

tion expressed in terms of the state vector [qT qT] , is not necessarily
an equilibrium. However, the closed-loop equation always has equilibria.
In addition, if Amin{X,} > kg, then the closed-loop equation has a unique
equilibrium. Finally, for any matrix K, = KpT > 0, it is guaranteed that
the position and velocity errors, g and ¢, are bounded. Moreover, the
vector of joint velocities ¢ goes asymptotically to zero.
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Problems

1. Consider the model of the ideal pendulum studied in Example 6.1

JG+ mgl sin(q) =7
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with the numerical values
J=1, mgl =1, qa =m/2

and under PD control. In Example 6.1 we established that the closed-loop
equation possesses three equilibria for k, = 0.25.

a) Determine the value of the constant ky (cf. Property 4.3).
b) Determine a value of k, for which there exists a unique equilibrium.

c) Use the value of k, from the previous item and the contraction map-
ping theorem (Theorem 2.1) to obtain an approximate numerical value
of the unique equilibrium.

Hint: The equilibrium is [§ ¢]T = [z* 0]T, where 2* = lim,,_ o (n)
with

z(n) = ﬂ;jlsin(qd —xz(n—1))

and, for instance x(—1) = 0.

2. Consider the model of the ideal pendulum studied in the Example 6.1
JG+ mgl sin(q) =7

with the following numerical values,
J =1, mgl =1, qa=7/2.
Consider the PD control with initial conditions ¢(0) = 0 and ¢(0) = 0.
From this, we have ¢(0) = 7/2.
a) Obtain k, which guarantees that

Q) <er VE>0

where ¢; > 0. Compute a numerical value for &k, with ¢; = 1.
Hint: Use (6.15).
3. Consider the PD control of the 2-DOF robot studied in Example 6.3. The

experimental results in this example were obtained with K, = diag {30}
and the following numerical values

l1 =0.26 le.1 = 0.0983 leo = 0.0229
my = 6.5225 meo = 2.0458 g=9.81
qa1 = 7/10 ga2 = /30

Figure 6.5 shows that lim;_.c §1 (¢) = 0.1309 and lim,_.o G2 (t) = 0.0174.
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a) Show that [” ¢"]" =[¢" 07]" with
_ [a&a]  [0.1309
1= 4]~ |o.0174
is an equilibrium of the closed-loop equation. Explain.

4. Consider the 2-DOF robot from Chapter 5 and illustrated in Figure 5.2.
The vector of gravitational torques g(q) for this robot is presented in
Section 5.3.2, and its components are

91(q) = (maler +maly)g sin(q1) + magles sin(q1 + go)
92(q) = maglea sin(q1 + ¢2) .

Consider PD control. In view of the presence of g(q), in general the origin

~ .7 T . . R
[qT qT] = 0 € IR* of the closed-loop equation is not an equilibrium.

However, for some values of q,, the origin happens to be an equilibrium.

a) Determine all possible vectors q; = [qa1 qa2] for which the origin of
the closed-loop equation is an equilibrium.

5. Consider the 3-DOF Cartesian robot from Example 3.4 (cf. page 69) il-
lustrated in Figure 3.5. It dynamic model is given by
(m1 4+ mg +mg3)ds + (m1 +me +mg)g =7
(m1 + mg)dg = To

migs = T3.
Consider the PD control law
T = Kp{] - Ky,q

where g, is constant and K, K, are diagonal positive definite matrices.

a) Obtain M(q), C(q,q) and g(q). Verify that M(q) = M is a constant
diagonal matrix. Verify that g(q) = g is a constant vector.

b) Define ¢ = [§1 G2 G3]T. Obtain the closed-loop equation.

¢) Verify that the closed-loop equation has a unique equilibrium at

3-[%)

d) Define z = F]—Kglg. Rewrite the closed-loop equation in terms of the

new state [zT qT] . Verify that the origin is the unique equilibrium.
Show that the origin is a stable equilibrium.

Hint: Use the Lyapunov function,

. 1.p. 1 _
V(z,q) = quq + izTM 1sz.
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e) Use La Salle’s theorem (Theorem 2.7) to show that moreover the origin
is globally asymptotically stable.

6. Consider the model of elastic-joint robots (3.27) and (3.28), but without
the gravitational term (g(q) = 0), that is,

M(q)qg+C(q,q)q + K(q —0)
JO — K(q—8)

0
T.

It is assumed that only the positions vector corresponding to the motor
shafts 6, is available for measurement as well as its corresponding velocities
6. The goal is that q(t) — g, as t — oo for any constant q,.

The PD controller is in this case,

T=K,0-K,0

where 6 = g, — 0 and K,, K, € R™" are symmetric positive definite

matrices.
~T
a) Obtain the closed-loop equation in terms of the state vector g’ o

T

. T
T 6 where ¢ = g, — g. Verify that the origin is the unique

q
equilibrium.
b) Show that the origin is a stable equilibrium.

Hint: Use the following Lyapunov function

o 1, .ol .
V(a,0,4.0) = 54" M(@)g + ;670

tylo-a Ko+
and the skew-symmetry of %M —-C.

c¢) Use La Salle’s theorem (Theorem 2.7) to show also that the origin is
globally asymptotically stable.
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PD Control with Gravity Compensation

As studied in Chapter 6, the position control objective for robot manipulators
may be achieved via PD control, provided that g(g) = 0 or, for a suitable
selection of g,. In this case, the tuning — for the purpose of stability — of
this controller is trivial since it is sufficient to select the design matrices K,
and K, as symmetric positive definite. Nevertheless, PD control does not
guarantee the achievement of the position control objective for manipulators
whose dynamic models contain the gravitational torques vector g(q), unless
the desired position g, is such that g(g,;) = 0.

In this chapter we study PD control with gravity compensation, which
is able to satisfy the position control objective globally for n DOF robots;
moreover, its tuning is trivial. The formal study of this controller goes back
at least to 1981 and this reference is given at the end of the chapter. The
previous knowledge of part of the dynamic robot model to be controlled is
required in the control law, but in contrast to the PID controller which, under
the tuning procedure proposed in Chapter 9, needs information on M (q) and
g(q), the controller studied here only uses the vector of gravitational torques

g9(q).
The PD control law with gravity compensation is given by

T=K,q+K,q+9(q) (7.1)

where K, K, € R"*" are symmetric positive definite matrices. Notice that
the only difference with respect to the PD control law (6.2) is the added term
g(q). In contrast to the PD control law, which does not require any knowledge
of the structure of the robot model, the controller (7.1) makes explicit use of
partial knowledge of the manipulator model, specifically of g(q). However,
it is important to observe that for a given robot, the vector of gravitational
torques, g(q), may be obtained with relative ease since one only needs to
compute the expression corresponding to the potential energy U(q) of the
robot. The vector g(q) is obtained from (3.20) and is g(q) = 0U(q)/0q.
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The control law (7.1) requires information on the desired position g,(t)
and on the desired velocity ¢,(t) as well as measurement of the position g(t)
and the velocity g(t) at each instant. Figure 7.1 shows the block-diagram
corresponding to the PD controller with gravity compensation.

Figure 7.1. Block-diagram: PD control with gravity compensation

The equation that describes the behavior in closed loop is obtained by
combining Equations (II.1) and (7.1) to obtain

M(q)g+C(q.q)q+9(q) = K@+ K.q +g(q) .

~ ar
Or, in terms of the state vector [qT q } ,

q

Qi

d

dt

e

Qd - M(q)il |:qu + va] - C’(q, q)Q}

.T T
A necessary and sufficient condition for the origin {(}T q } =0 e R*",

to be an equilibrium of the closed-loop equation is that the desired position
q,(t) satisfies

M(q4)4q+C(q4,94)0. =0

or equivalently, that g,(t) be a solution of

v {Zﬂ = [—M(qd)—?g(qd,q@qJ

for any initial condition [g,4(0)” q'd(O)T]T cR™.
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Obviously, in the case that the desired position g,(t) does not satisfy
the established condition, then the origin may not be an equilibrium of the
closed-loop equation and, therefore, we may not expect to satisfy the control
objective. That is, to drive the position error g(t) asymptotically to zero. Nev-
ertheless, we may achieve the condition that the position error g(¢) becomes,
asymptotically, as small as wished if the matrices K, and K, are chosen suf-
ficiently “large”. For the formal proof of this claim, the reader is invited to

see the corresponding cited reference at the end of the chapter.
- ek .
A sufficient condition for the origin [qT q } = 0 € IR* to be the unique

equilibrium of the closed-loop equation is that the desired joint position g,
be a constant vector. In what is left of this chapter we assume that this is the
case.

As we show next, this controller achieves the position control objective,
that is,

lim q(t) = qq

t—o0

where g; € IR" is any constant vector.

7.1 Global Asymptotic Stability by La Salle’s Theorem

Considering the desired position g, as constant, the closed-loop equation may

- 71T
be written in terms of the new state vector [§° ¢"] as

d [1 —i]

q M(qq—q) ' [Kpq — Kuvq — C(qy — 4,4)q]

which, in view of the fact that g, is constant, is an autonomous differential
~ .71 . . Sye .

equation. The origin [qT qT] =0 € IR* is the unique equilibrium of this

equation.

The stability analysis that we present next is taken from the literature.
The reader may also consult the references cited at the end of the chapter.

To study the stability of the origin as an equilibrium, we use Lyapunov’s
direct method, which has already been presented in Chapter 2. Specifically,
we use Theorem 2.2 to prove stability of the equilibrium (origin).

Consider the following Lyapunov function candidate

- . 1. .
V(q.q) =K(q,q) + 5qTqu

where K(q, q) stands for the kinetic energy function of the robot, i.e. Equa-
tion (3.15). The function V(q, q) is globally positive definite since the kinetic



160 7 PD Control with Gravity Compensation

energy K(q, q) is positive definite in ¢ and on the other hand, K, is a positive
definite matrix. Then, also the quadratic form F]TKpi] is a positive definite
function of q.

The Lyapunov function candidate may be written as

~ T -
. 1 q Kp 0 q
@a=35| N
q 0 M(g,—q)] | q
1. R
= §qTM (@) + §qTqu (7.3)

and its total derivative with respect to time is

. . N R L B
V(g,q) =q"M(q)g+ iqTM(q)q +q"'K,q.

Substituting M (q)qg from the closed-loop Equation (7.2) we get

V(a,q) = —4"K.q
al'fo 0774

<0 (7.4)
gl |0 K,||q

where we have eliminated the term qT[%M — C’] g by virtue of Property 4.2

and used g = —q since g, is assumed to be a constant vector.

Therefore, the function V(q,q) is a Lyapunov function since moreover
V((], q) <0 for all g and ¢ and consequently, the origin is stable and all the
solutions q(t) and q(t) are bounded (cf. Theorem 2.3).

Since the closed-loop Equation (7.2) is independent of time (explicitly) we
may explore the use of of La Salle’s theorem (cf. Theorem 2.7) to analyze the
global asymptotic stability of the origin.

To that end, we first remark that the set € is here given by

Q:{m€lR2":V(a:):O}

z = [g} eR*>:V(q,q) :0}
{geR",g=0€R"}.

Observe that V(g,q) = 0 if and only if ¢ = 0. For a solution x(t) to
belong to Q for all ¢ > 0, it is necessary and sufficient that ¢(¢) = 0 for all
t > 0. Therefore it must also hold that g(¢) = 0 for all ¢ > 0. Taking this into
account, we conclude from the closed-loop Equation (7.2) that if (t) € Q for
all ¢t > 0 then
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0= M(q,—q(t)) " Kpa(t)

which means that g(t) = 0 for all ¢ > 0. Thus, [g(0)” q(O)T]T =0cR™is
the only initial condition in €2 for which «(t) € Q for all t > 0. Then, according
to La Salle’s theorem (c¢f. Theorem 2.7), this is enough to guarantee global

~ .77
asymptotic stability of the origin [qT qT] =0eR*".
As a result we have

lim g(¢t) =0

t—oo

lim ¢(t) =0,

t—oo
that is, the position control objective is achieved.

We present next an example with the purpose of showing the performance
of PD control with gravity compensation for the Pelican robot.

v oA
|
|
[

Figure 7.2. Diagram of the Pelican robot

FEzxzample 7.1. Consider the Pelican robot studied in Chapter 5, and
shown in Figure 7.2.

The components of the vector of gravitational torques g(q) are
given by

91(q) = (maler +maly)g sin(qr) + maleag sin(qr + g2)
92(q) = maleag sin(q1 + q2) -
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0.4 - [rad]
03\ ¢,
0.2
0.1 N % 0.0620
] 0.0144
00— —
—0.1 T T T T T T T ]
0.0 0.5 1.0 15 2.0
t [s]

Figure 7.3. Graph of the position errors ¢i and ¢

Consider the PD control law with gravity compensation for this
robot where the design matrices K, and K, are positive definite. In
particular, let us pick (arbitrarily)

K, = diag{k, } = diag{30} [Nm/rad]
K, = diag{k,} = diag{7, 3} [Nm s/rad] .
The components of the control input vector 7, are given by
= kpdl —kug1 + 91(Q)
T2 = pq2 —kygo + 92(Q) :

The initial conditions corresponding to the positions and velocities

are chosen as
q1(0) =0, ¢2(0) =0
41(0) =0, g2(0) = 0.

The desired joint positions are chosen as
qda1 = 7/10, gg2 = 7/30 [rad].

In terms of the state vector of the closed-loop equation, the initial
state is taken to be

i /10 0.3141
a0 a0l |o1047
T o | T o
q(0) 0 0

Figure 7.3 presents the components of the position error q obtained
in the experiment. The steady state position errors shown this figure
are a product of the friction phenomenon which has not been included
in the robot dynamics. &
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7.2 Lyapunov Function for Global Asymptotic Stability

In this section we present an alternative proof for global asymptotic stability
without the use of La Salle’s theorem. Instead, we use a strict Lyapunov
function, ¢.e. a Lyapunov function whose time derivative is globally negative
definite. We consider the case of robots having only revolute joints and where
the proportional gain matrix K, is diagonal instead of only symmetric, but
of course, positive definite. Some readers may wish to omit this somewhat
technical section and continue to Section 7.3.

tanh(z)
1.0 —

0.5

Figure 7.4. Graph of the tangent hyperbolic function: tanh(z)

~ .7 T
Before starting with the stability analysis of the equilibrium [qT qT}
= 0 € R?" of the closed-loop Equation (7.2), it is convenient to cite some

properties of the vectorial function®

tanh(x) = [tanh(z;) tanh(zy) --- tanh(z,)]” (7.5)

where tanh(z) (see Figure 7.4) denotes the hyperbolic tangent function,

et —e *

tanh(l‘) = +7 .
et +e 7

Note that this function satisfies |z| > |tanh(z)|, and 1 > |tanh(z)| for all
x € IR therefore, the Euclidean norm of tanh(x) satisfies

le]| ¥V e€R"
|| tanh(x)| < {\/ﬁ V zeR" (7.6)

! See also Definition 4.1 on page 103.
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and tanh(xz) = 0 if and only if € =0
One can prove without much difficulty that for a symmetric positive defi-

nite matrix A the inequality

" AG > Amin{A} |tanh(g)||> VY geR"

holds. If moreover, A is diagonal, then

tanh(q)T A@ > M\uin{A} || tanh(q)||®> V e R". (7.7)

We present next our alternative stability analysis. To study the stability
T
properties of the origin [Z]T qT] = 0 € R*, of the closed-loop Equation
(7.2), consider the Lyapunov function (7.3) with an added term, that is,

V(Gq) = ldT Ky g — tanh(@)TM(q)q  (7.8)

1. .
~q"M(q)q+ 5

2

where tanh(g) was defined in (7.5) and v > 0 is a constant sufficiently small
so as to satisfy simultaneously,

)\min{Kp})\min{M}
Mras{ M}

> 2 (7.9)

and
4)\m1n {Kp } AInllfl {K }

)\Iz\/lax{K } + 4Am1n{Kpr k01 + )‘Max{M}}

Since the upper-bounds above are always strictly positive constants, there
always exists v > 0 arbitrarily small and that satisfies both inequalities.

> . (7.10)

7.2.1 Positivity of the Lyapunov Function

In order to show that the Lyapunov function candidate (7.8) is positive definite
we first observe that the third term in (7.8) satisfies

vtanh(q)" M(q)g < 7 |[|tanh(q)| || (q)4||
<7 AMax{ M} [[tanh(q)] [|q]|

<7 Avax{M} ||l 14l
where we have used (7.6) in the last step. Therefore,
—ytanh(q)" M(q)q = —7 Miax{M} 4l 14l

and consequently the Lyapunov function candidate (7.8) satisfies the inequal-
ity
11T .
Vs L M [ il K} = AMax{M}} [nqn]
2 Ll | =7 Max{M}  Amin{M} lall

Since by assumption K, is positive definite — A\yin{K,} > 0 — and ~ is sup-
posed to satisfy (7.9) it follows that V(q, q) is a positive definite function and
moreover it is radially unbounded.
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7.2.2 Time Derivative of the Lyapunov Function

The time derivative of the Lyapunov function candidate (7.8) along the tra-
jectories of the closed-loop system (7.2) may be written as

. . - . .. 1. .
V(g,q4) = 4" [K,q — K,q— C(q,q)q) + §qTM(tJ)q
— [K,a@l" g+ vq"Sech®(q)" M (q)q — vtanh(q)" M (q)q

—ytanh(q)" [K,q — K.q — C(q,4)q]

where we used Equation (4.14) in
d . 2/xn s
7 (tanh(@)} = —Sech”(q)g

that is, Sech?(q) := diag{sech®(g;)} where

1

SeCh(di) = m

and therefore, Sech®(g) is a diagonal matrix whose elements, sech®(g;), are
positive and smaller than 1.

Using Property 4.2, which establishes that qT[%M — C] g =0and M(q) =

C(q,q) + C(q,q)T, the time derivative of the Lyapunov function candidate
yields

V(a,q) = —q" K.,q+~q" Sech®(§)" M (q)q — vtanh(q)"K,q
+ ~ytanh(q)" K,q — vtanh(q)"C(q,9)"q. (7.11)

We now proceed to upper-bound V (g, ¢) by a negative definite function
of the states ¢ and ¢. To that end, it is convenient to find upper-bounds for
each term of (7.11).

The first term of (7.11) may be trivially bounded by
—q" K4 < —duin{ 10}
To upper-bound the second term of (7.11) we use |sech?(z)| < 1, so
[Sech®(@)q]| < 4l -
From this argument we also have
74" Sech®(@)" M (q)q < yAntax {M} |l4]I” -

On the other hand, note that in view of (7.7), the following inequality also
holds true since K, is a diagonal positive definite matrix,
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ytanh((])TKp[] > YAmin{Kp} ||tanh(?])||2
which in turn, implies the key inequality
—ytanh(q)" K,q < —yAmin{K,} [[tanh(q)|”

A bound on ytanh(q)” K, ¢ that is obtained directly is
'ytanh((])Tqu < YAMax{ K} [|4] [[tanh(q)]| -

The upper-bound on the term —~ytanh(q)”C(q,q)" ¢ must be carefully
selected. Notice that

—~tanh(q)"C(q,4)"q = —v4¢" C(q, ¢)tanh(q)
<714l |C(q; @)tanh(q)| .

Then, considering Property 4.2 but in its variant that establishes the existence
of a constant kg, such that ||C(q,z)y|| < ke, ||| ||ly]| for all q,x,y € R",
we obtain

—ytanh(q)"C(q,4)"q < vke, [|4|” [tanh(@)] .
Making use of the inequality (7.6) of tanh(g) which says that ||[tanh(g)| <
V/n for all ¢ € R"™, we obtain
—~tanh(q)"C(q.9)"q < 1 ke, |4l

The previous bounds yield that the time derivative V([], g) in (7.11), sat-
isfies

6.8 < — lntanm >||] o l”tanh( >|] 712)

4l 4l

where
1
)\min{Kp} _iAMax{Kv}

1 1
_iAMax{KU} g)\min{Kv} - \/ﬁkcl - AMax{]\4}

The two following conditions guarantee that the matrix @) is positive defi-
nite, hence, these conditions are sufficient to ensure that V(Q, q) is a negative
definite function,

Amin{Kp} >0
and
mm{Kp}Amln{K }
Mias{ Ko} + min{ KpHVnkc1 + Avax{M}]

> .
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The first condition is trivially satisfied since K, is assumed to be diagonal
positive definite. The second condition also holds due to the upper-bound
(7.10) imposed on 7.

According to the arguments above, there always exists a strictly positive
constant «y such that the function V' (g, g), given by (7.8) is positive definite,
while V (g, q) expressed as (7.12), is negative definite. For this reason, V (g, §)
is a strict Lyapunov function.

Finally, Theorem 2.4 allows one to establish global asymptotic stability of
the origin. It is important to underline that it is not necessary to know the
value of v but only to know that it exists. This has been done to validate the
result on global asymptotic stability that was stated.

7.3 Conclusions

Let us restate the most important conclusion from the analyses done in this
chapter.

Consider the PD control law with gravity compensation for n-DOF robots
and assume that the desired position g, is constant.

o If the symmetric matrices K, and K, of the PD control law with grav-
ity compensation are positive definite, then the origin of the closed-loop

~ .1 .
equation, expressed in terms of the state vector [qT qT} , is a globally
asymptotically stable equilibrium. Consequently, for any initial condition
q(0),q(0) € R", we have lim;_,o q(t) =0 € R".
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Problems

1. Consider the PD control with gravity compensation for robots. Let g (t)
be the desired joint position.

Assume that there exists a constant vector & € IR" such that

T *Kgl [M(qy — )4, + C(qs — ®,44)4,) =0 € R".

T
a) Show that {(]T F]T} = [acT OT]T € R*" is an equilibrium of the
closed-loop equation.
2. Consider the model of an ideal pendulum studied in Example 2.2 (see
page 30)
JG+ mgl sin(q) = 7.

The PD control law with gravity compensation is in this case
7 = kpq + koG + mgl sin(q)

where k, and k, are positive constants.

. . . - 7T
a) Obtain the closed-loop equation in terms of the state vector [q q]
Is this equation linear in the state ?
b) Assume that the desired position is gq(t) = at where « is any real

constant. Show that
lim ¢(t) =0.

t—o0

3. Verify the expression of V(?], g) obtained in (7.4).
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. Consider the 3-DOF Cartesian robot studied in Example 3.4 (see page 69)
and shown in Figure 3.5. Its dynamic model is given by
(my +ma +m3)g1 + (M1 +mg +mz)g =71
(m1 +ma)Ga = T2
migs = Ts.

Assume that the desired position g, is constant. Consider using the PD
controller with gravity compensation,

T=K,q—-K,q+g(q)

where K, K, are positive definite matrices.

a) Obtain g(q). Verify that g(q) = g is a constant vector.

b) Define ¢ = [1 G ¢3]7. Obtain the closed-loop equation. Is the
closed-loop equation linear in the state ?

¢) Is the origin the unique equilibrium of the closed-loop equation?
d) Show that the origin is a globally asymptotically stable equilibrium
point.

. Consider the following variant of PD control with gravity compensation?
T =K,q— M(q)K.q+9(q)

where g is constant, K, is a symmetric positive definite matrix and K, =
diag{k,} with k, > 0.
- .7 T
a) Obtain the closed-loop equation in terms of the state vector [qT qT]
b) Verify that the origin is a unique equilibrium.
¢) Show that the origin is a globally asymptotically stable equilibrium
point.

. Consider the PD control law with gravity compensation where the matrix
K, is a function of time, i.e.
T = K,q - Ky(t)g + 9(q)

and where g, is constant, K, is a positive definite matrix and K,(t) is

also positive definite for all ¢ > 0.

a) Obtain the closed-loop equation in terms of the state vector [f]T qT] T.
Is the closed-loop equation autonomous?

b) Verify that the origin is the only equilibrium point.

¢) Show that the origin is a stable equilibrium.

7. Is the matrix Sech?(x) positive definite?

2 This problem is taken from Craig J. J., 1989, “ Introduction to robotics: Mechanics
and control”; Second edition, Addison—Wesley.
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PD Control with Desired Gravity
Compensation

We have seen that the position control objective for robot manipulators
(whose dynamic model includes the gravitational torques vector g(q)), may be
achieved globally by PD control with gravity compensation. The correspond-
ing control law given by Equation (7.1) requires that its design symmetric
matrices K, and K, be positive definite. On the other hand, this controller
uses explicitly in its control law the gravitational torques vector g(q) of the
dynamic robot model to be controlled.

Nevertheless, it is worth remarking that even in the scenario of position
control, where the desired joint position g; € IR™ is constant, in the imple-
mentation of the PD control law with gravity compensation it is necessary to
evaluate, on-line, the vector g(g(t)). In general, the elements of the vector g(q)
involve trigonometric functions of the joint positions g, whose evaluations, re-
alized mostly by digital equipment (e.g. ordinary personal computers) take a
longer time than the evaluation of the ‘PD-part’ of the control law. In certain
applications, the (high) sampling frequency specified may not allow one to
evaluate g(q(t)) permanently. Naturally, an ad hoc solution to this situation
is to implement the control law at two sampling frequencies: a high frequency
for the evaluation of the PD-part, and a low frequency for the evaluation of
g(q(t)). An alternative solution consists in using a variant of this controller,
the so-called PD control with desired gravity compensation. The study of this
controller is precisely the subject of the present chapter.

The PD control law with desired gravity compensation is given by
T =Kyq+ K,q+9(q,) (8.1)

where K, K,, € R"*" are symmetric positive definite matrices chosen by the
designer. As is customary, the position error is denoted by § = q; — q € R",
where g, stands for the desired joint position. Figure 8.1 presents the block-
diagram of the PD control law with desired gravity compensation for robot
manipulators. Notice that the only difference with respect to the PD controller
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with gravity compensation (7.1) is that the term g(q,) replaces g(q). The
practical convenience of this controller is evident when the desired position
g,(t) is periodic or constant. Indeed, the vector g(q,), which depends on g,
and not on g, may be evaluated off-line once g, has been defined and therefore,
it is not necessary to evaluate g(q) in real time.

—

=
I
I
I
I
I
I
I
I
I
I
. |
P ;
I

dq

Figure 8.1. Block-diagram: PD control with desired gravity compensation

The closed-loop equation we get by combining the equation of the robot
model (I1.1) and the equation of the controller (8.1) is

M(q)g+C(q.q)a+9(qa) = Kpq + K,q + g(a,)

~ okl
or equivalently, in terms of the state vector [qT q } ,

q

)

4
dt

Qe

4, — M(q)™ [Kpé +K,q—C(q,9)q+9(qq) — g(q)

which represents a nonautonomous nonlinear differential equation. The nec-
T

T
essary and sufficient condition for the origin [i]T q } =0 € IR*" to be an

equilibrium of the closed-loop equation, is that the desired joint position g,
satisfies

M(qy)dq+C(a4,94)q3 =0 € R
or equivalently, that g,(t) be a solution of

d | 4d a4

dt 44 —M(qy) " [C(q4,44)q4]
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for any initial condition [g4(0)” q'd(O)T}T € R,

Obviously, in the scenario where the desired position g,(t) does not satisfy
the established condition, the origin may not be an equilibrium point of the
closed-loop equation and therefore, it may not be expected to satisfy the mo-
tion control objective, that is, to drive the position error g(¢) asymptotically
to zero.

.7 T

A sufficient condition for the origin {F]T q ] =0 € R*" to be an equi-
librium point of the closed-loop equation is that the desired joint position g,
be a constant vector. In what is left of this chapter we assume that this is the
case.

As we show below, this controller may verify the position objective globally,
that is,

A g(t) = g4
where g, € R" is a any constant vector and the robot may start off from any
configuration. We emphasize that the controller “may achieve” the position
control objective under the condition that K, is chosen sufficiently ‘large’.
Later on in this chapter, we quantify ‘large’.

Considering the desired position g, to be constant, the closed-loop equa-
]T

tion may be written in terms of the new state vector [QT g’ as
d q *q
il = 8.2
o (8.2)

M(q)~* [Kpq — Kuq—C(q,9)q + 9(q4) — 9(q)]

that is, in the form of a nonlinear autonomous differential equation whose
~ .77 . e . .
origin [qT qT] = 0 € IR?" is an equilibrium point. Nevertheless, besides the
origin, there may exist other equilibria. Indeed, there are as many equilibria

as solutions in g, may have the equation
Kpq=9(q:—q) —9(qq). (8.3)

Naturally, the explicit solutions of (8.3) are hard to obtain. Nevertheless,
as we show that later, if K, is taken sufficiently “large”, then g =0 € IR" is
the unique solution.

Example 8.1. Consider the model of the ideal pendulum studied in
Example 2.2 (see page 30)

JG+mglsin(q) =T

where we identify g(q) = mgl sin(q).
In this case, the expression (8.3) takes the form
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kpq = mgl [sin(gq — G) — sin(qa)] - (8.4)
For the sake of illustration, consider the following numerical values,

J=1 mgl =1
k, =0.25 qa=17/2.

Either via a graphical method or numerical algorithms, one may
verify that Equation (8.4) possess exactly three solutions in ¢. The
approximated values of these solutions are: 0 (rad), —0.51 (rad) and
—4.57 (rad). This means that the PD control law with desired gravity
compensation in closed loop with the model of the ideal pendulum
has as equilibria,

HRl R

Consider now a larger value for k, (sufficiently “large”), e.g.
kp = 1.25

In this scenario, it may be verified numerically that Equation (8.4)
has a unique solution at ¢ = 0 (rad). This means that the PD control
law with desired gravity compensation in closed loop with the model
of the ideal pendulum, has the origin as its unique equilibrium, i.e.

HEHE

The rest of the chapter focuses on:
e boundedness of solutions;
e unicity of the equilibrium;

e global asymptotic stability.

The studies presented here are limited to the case of robots whose joints
are all revolute.

8.1 Boundedness of Position and Velocity Errors, g and ¢q

Assuming that the design matrices K, and K, are positive definite (without
assuming that K, is sufficiently “large”), and of course, for a desired constant
position g, to this point, we only know that the closed-loop Equation (8.2) has
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an equilibrium at the origin, but there might also be other equilibria. In spite

of this, we show by using Lemma 2.2 that both, the position error g(¢) and the

velocity error ¢(t) remain bounded for all initial conditions [g(0)" ¢(0)”] Te

IRQn
Define the function (later on, we show that it is non-negative definite)

. . 1,
V(q,q) = K(q,q) +U(q) — ku + 5qTqu

N 1 _
+q"g(q) + 59(a4)" K, "9(q)

where K(g,q) and U(q) denote the kinetic and potential energy functions of
the robot, and the constant k;, is defined as (see Property 4.3)

ky = mqin{l/l(q)} )

The function V(q, ¢) may be written as

V(@,9) = 4"P(@)q + (@) (8.5)

) . 1o 1 -
hG) =U(qy— q) — ku + ququ +q"g(qy) + 59(92)" K, "9(aq) -

Since we assumed that the robot has only revolute joints, U(q) — ks > 0
for all g € IR". On the other hand, we have

1o 1 _
3 TKpa+a" glqy) + 59(94)"K, 9(qy),

may be written as
~ T ~
q K, I q
9(qy) I K;'| |g9(q)

which is non-negative for all q,q; € IR". Therefore, the function h(g) is
also non-negative. Naturally, since the kinetic energy %qTM (q)q is a positive
definite function of g, then the function V(q, ¢) is non-negative for all q, g €
R".

The time derivative of V'(q, g) is

e . . 1. . . . - 2 T
V(g,q4)=q"M(q)g+ §qTM(q)q +4q"g9(a)+ @' Kpa+q glgy) (3.6
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where we used (3.20), i.e. g(q) = %L{(q). Solving for M(q)q in the closed-
loop Equation (8.2) and substituting in (8.6) we get

e . - . . . - 2 =T
V(@,4) =4q"Kpqa—a"K,qa+q"g(a,) + @ K,a+a g(qy) (8.7)

where the term (']T[%M — C’] g was eliminated by virtue of Property 4.2. Re-

calling that the vector g, is constant and that ¢ = g, — g, then qg=—q.
Incorporating this in Equation (8.7) we obtain

V(3,4)=—q"Ku,q. (8.8)

Using V(q, g) and V(q,q) given by (8.5) and (8.8) respectively, and in-
voking Lemma 2.2 (c¢f. page 52), we conclude that both, ¢(t) and g(¢) are also
bounded and that the velocities vector ¢(t), is square integrable, i.e.

/O T la)IPdt < oo. (8.9)

As a matter of fact, it may be shown that the velocity g is not only
bounded, but that it also tends asymptotically to zero. For this, notice from
(8.2) that

d=M(q) " [Ky,qg— Kvq+9(a,) —g(q) — Clq,a)d] . (8.10)

Since ¢(t) and g(t) were shown to be bounded then it follows from Prop-
erties 4.2 and 4.3 that C(q(¢),q(t))q(t) and g(q(t)) are also bounded. On the
other hand, M(q)~! is a bounded matrix (from Property 4.1), and finally,
from (8.10) we conclude that the accelerations vector §(t) is also bounded
and therefore, from (8.9) and Lemma 2.2, we conclude that

fim a(®) = Jim 4(t) = 0.

For the sake of completeness we show next how to compute explicit upper-
bounds on the position and velocity errors. Taking into account that V(q, q) is
a non-negative function that decreases along trajectories (i.e. %V(E], q) <0),
we have

0<V(q(t),q(t) < V(q(0),4(0))

for all ¢ > 0. Consequently, considering the definition of V(q,q) we deduce
immediately that

LK) + a0 g(a,) + 59(a0)"K; Ygla,) < V(@(©),a(0)  (8.11)
L™ (a(t)a(t) < V(@(0), 4(0) (8.12)

2
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for all t > 0, and where
V(q(0),4(0)) = tI(O) M(q(0))q(0) +U(q(0)) — ky

a(0)"K,a(0) + g(a,)"q(0) + 2g(qd) K, '9(q,) .

1
2

The value of V(g(0),g(0)) may be obtained if we know the inertia ma-
trix M(q) and the vector of gravitational torques g(q). Naturally, we assume
here that the position q(t), the velocity ¢(t) and, in particular at the instant
t = 0, are measured by appropriate instruments physically collocated for this
purpose on the robot.

We obtain next, explicit bounds on ||g|| and ||g|| as a function of the initial
conditions. We first notice that
{ r}
AnintBo) )2

7. 1 T
lg(aq)ll llall < q "Kpq+g(qy) @+ 59(a4) K, 'g(qy)

(&

where we used the fact that ¢ > 0 and that for all vectors  and y € IR"
we have —zTy < |2Ty| < [|z|| |yl|, so — [|z|| |y|| < #”y. Taking (8.11) into
account, we have

Amin o) 2112~ lg(aa)l I - v(@(0). 4(0)) < 0

from which we finally obtain

lg(@)ll + /lg(@0) > + 2Amin{ K}V (@(0), 4(0))

qt) < 8.13
ol et (5.19
for all t > 0.
On the other hand, it is clear from (8.12) that
o2 < 2V(4(0),4(0)
q)|” < 8.14
4O . 0ra) S

for all ¢ > 0. The expressions (8.13) and (8.14) establish the bounds we were
looking for.

Ezample 8.2. Consider again the model of the ideal pendulum from
Example 8.1
JG+ mgl sin(q) =

where we clearly identify M(q) = J and g(q) = mgl sin(q). As has
been shown before in Example 2.11 (see page 45), the potential energy
function is given by
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U(q) = mgl[l — cos(q)] .

Since min,{U(¢g)} = 0, the constant ks takes the value of zero.
Consider the numerical values used in Example 8.1

J=1 mgl =1
k, =10.25 k, = 0.50
qa :7T/2.

Assume that we use PD control with desired gravity compensation
to control the ideal pendulum from the initial conditions ¢(0) = 0 and

§(0) = 0.

35 G(t)? [rad?]
30

25

20

15

10

5 -

0 T T T T T ]
0 10 20 30
t[s]

Figure 8.2. PD control with desired gravity compensation: graph of the position
error §(t)?

With the previous values it is easy to verify that
9(gq) = mgl sin(n/2) =1

V(0),4(0)) = $kd(0) +mgl(0) + 51— (mgl)* = 357,

According to the bounds (8.13) and (8.14) and taking into account
the previous information, we get

mgl + 1/ [mgl + ky(0)]? + (mgl)?

~2 <
q(t) < 5

< 117.79 [rad?] (8.15)

-2 2 | kp o ~ 1 2
< Z 2P _
q-(t) < 7|54 (0) + mglg(0) + o, (mgl)
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394(0)? [(29)?)

t [s]

Figure 8.3. PD control with desired gravity compensation: graph of velocity, ¢(t)?

rad]?

<7.75 [S] , (8.16)
for all ¢ > 0. Figures 8.2 and 8.3 show the plots of (t)? and ¢(¢)?
respectively, obtained by simulation. We clearly appreciate from the
plots that both variables satisfy the inequalities (8.15) and (8.16).
Finally, it is interesting to observe from Figure 8.2 that lim; ., G(¢)? =
20.88 (evidence from simulation shows that lim; . G(t) = —4.57) and
lim; o ¢%(t) = 0 and therefore

. gty | | —4.57
A [q(t)} = [ 0 |
This means that the solutions tend precisely to one among the three
equilibria computed in Example 8.1, but which do not correspond to

the origin. The moral of this example is that PD control with desired
gravity compensation may fail to meet the position control objective.

&

To summarize the developments above we make the following remarks.
Consider the PD control law with desired gravity compensation for robots
with revolute joints. Assume that the design matrices K, and K, are positive
definite. If the desired joint position q,(t) is a constant vector, then:

e the position error q(¢) and the velocity g(t) are bounded. Maximal bounds
on their norms are given by the expressions (8.13) and (8.14) respectively.

o lim¢(t)=0€R".
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8.2 Unicity of Equilibrium

For robots having only revolute joints, we show that with the choice of K,
sufficiently “large”, we can guarantee unicity of the equilibrium for the closed-
loop Equation (8.2). To that end, we use here the contraction mapping theorem
(¢f. Theorem 2.1 on page 26).
T
The equilibria of the closed-loop Equation (8.2) satisfy [QT qT] =
[?]T OT]T € IR*™ where g € R™ solves (8.3),

K, ' g9(aq— @) — g(ay)]
.f(Qa qd) .

q

Naturally, g = 0 € IR" is a trivial solution of ¢ = f(q,q,), but as has
been illustrated above in Example 8.1, there may exist other solutions.

If the function f(q, q,) satisfies the condition of the contraction mapping
theorem, that is, if f(q, q,) is Lipschitz (cf. page 101) with Lipschitz constant
strictly smaller than 1, then the equation g = f(q, q,;) has a unique solution
q" and consequently, the unique equilibrium of the closed-loop Equation (8.2)

. rar o1 T T T
is [qT qT] = [q OT} e R*".
Now, notice that for all vectors x,y € IR"
1f(®,9q) — f(y, a0l = || K, 'g(aq — =) — K, 'g(a; — 9)||
= ||K,  {9(aa — =) —9(aq — v)}
< Mtax{ K, '} lg(aq —®) — g(aq — )l -

On the other hand, using the fact that Avax{A"'} = 1/Amin{A} for any
symmetric positive definite matrix A, and Property 4.3 that guarantees the
existence of a positive constant k, such that ||g(x) — g(y)|| < kg |l — y||, we
have

k
7@ a0) ~ £ w00l < 5l e~y

which, according to the contraction mapping theorem, implies that a sufficient
condition for unicity of the solution of f(q,q,;) — q = 0 or equivalently of

K, [g(as— @) —9(ay) —a=0

and consequently, for the unicity of the equilibrium of the closed-loop equa-
tion, is that K, be chosen so as to satisfy

Amin {5} > Ky - (8.17)
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Therefore, assuming that K, is chosen so that Amin{K,} > kg, then the
unique equilibrium of the closed-loop Equation (8.2) is the origin, [(}T qT] T
(07 07]" e R>".

8.3 Global Asymptotic Stability

The objective of the present section is to show that the assumption that the
matrix K, satisfies the condition (8.17) is actually also sufficient to guarantee
that the origin is globally asymptotically stable for the closed-loop Equation
(8.2). To that end we use as usual, Lyapunov’s direct method but comple-
mented with La Salle’s theorem. This proof is taken from the works cited at
the end of the chapter.

First, we present a lemma on positive definite functions of particular rel-
evance to ultimately propose a Lyapunov function candidate.!

Lemma 8.1. Consider the function f : IR" — IR given by
- - . 1. -
F(@) =Ulgs—a) - U(ga) +9(as) @+ -a'K,a (8.18)
where K, = KpT > 0, g; € IR" is a constant vector, € is a real positive

constant number and U(q) is the potential energy function of the robot. If
99(q4 — q)
9(qq — q)
for all q4,q € IR", then f(q) is a globally positive definite function. The
previous condition is satisfied if

2
K, + >0
9

Amin{K,} > gkg

where kg has been defined in Property 4.3, and in turn is such that

vz

Due to the importance of the above-stated lemma, we present next a de-
tailed proof.

Proof. It consists in establishing that f(g) has a global minimum at g =0 €
IR". For this, we use the following result which is well known in optimization
techniques. Let f : IR" — IR be a function with continuous partial derivatives
up to at least the second order. The function f(x) has a global minimum at
x=0cR"if

! See also Example B.2 in Appendix B.
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1. The gradient vector of the function f(x), evaluated at @ = 0 € IR" is
Z€ero, i.e.

0
—f(0)=0cR".
2 50
2. The Hessian matrix of the function f(x), evaluated at each x € IR", is
positive definite, i.e.

62
- 63;1833]

H(x) flx)>0.

The gradient of f(q) with respect to q is

oU(g, — q)

2
°K,q.
9 +g(qd)+5 »a

o ...
a*af(‘I):

Recalling from (3.20) that g(q) = 0U(q)/dq and that?

0 o 0(qa—q) " oU(gs— @)

7,,2/{ - = po =

0q S 9q gy —q)
we finally obtain

a ...

. 2. .
871]‘(11) =-9(q4— @) +9(qa) + - Kpq.

Clearly the gradient of f(q) is zero for ¢ = 0 € IR". Indeed, one can show
that if Amin{Kp} > 5ky the gradient of f(g) is zero only at ¢ = 0 € IR™.
The proof of this claim is similar to the proof of unicity of the equilibrium in
Section 8.2.

The Hessian matrix H(g) (which by the way, is symmetric) of f(q),
defined as

FO@) Pf@ @) T
0101 04102 0G10qn
*f@ f@ . f@
H(?]):% {82(;)] _ 042041 0G20q2 0G20qn,
Fra #f@ . f@
- a’jnafjl 8‘%8’?2 aqna‘jn -

2Let f:IR" - R, g:R” - R", &,y € R" and « = g(y). Then,

Of(x) _ [ag@)} " of(z)
oy oy ox
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corresponds to®
0 —q 2
_99(aa—a) 2k,
ogg—a) ¢
Hence, f(q) has a (global) minimum at ¢ = 0 € R" if H(q) > 0 for all
g € IR™, in other words, if the symmetric matrix

H(q)

dg(q) | 2
PR (8.19)

is positive definite for all g € IR".

Here, we use the following result whose proof is given in Example B.2 of
Appendix B. Let A, B € IR™*" be symmetric matrices. Assume also that the
matrix A is positive definite but possibly not B. If Apnin{A} > ||B||, then the
matrix A + B is positive definite. Defining A = %Kp, B = 8%7;1)7 and using
the result previously mentioned, we conclude that the matrix (8.19) is positive
definite if

99(q)

|- (5.20)

£
min K s

Since the constant k, satisfies k, > Hagaiglq) , then the condition (8.20) is

implied by

Amin{ )} > gkg.

Therefore, if Amin{Kp} > 5ky, then f(g) has only one global minimum* at
g =0 € R". Moreover, f(0) =0 € IR, then f(q) is a globally positive definite
function. OO0

We present next, the stability analysis of the closed-loop Equation (8.2) for
which we assume that K, is sufficiently “large” in the sense that its smallest

eigenvalue satisfies
Amin{Kp} > k'g .

As has been shown in Section 8.2, with this choice of K,,, the closed-loop

~ .7 T
equation has a unique equilibrium at the origin [qT qT] =0 e R*.

To study the stability of the latter, we consider the Lyapunov function
candidate

V(@.d) = 5a"M(a, - D+ 1@ (3.21)

S5Let f,g:R"™ - R", z,y € R™ and « = g(y). Then

of(@) _ 0f(x) dg(y)
Oy oxr Oy

4 Tt is worth emphasizing that it is not redundant to speak of a unique global
minimum.
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where f(q) is given in (8.18) with ¢ = 2. In other words, this Lyapunov
function candidate may be written as

1. N .
V(g,q) = §qTM(qd —q)q+U(qy—q) —U(qy)
1
+9(q)"a+-3"K,q.

2

The previous function is globally positive definite since it is the sum of
a globally positive definite term ¢: g7 M (q@)q, and another globally positive
definite term of q: f(q).

The time derivative of V(q, q) is given by

. ) N . .
V(a,4) = 4"M(@)g + 54" M(a)d
+d"9(as— @) —9(a)"qa— T"Kpa,

where we used g(q,; — q) = 0U(q; — q)/9(q,; — @) and also
d __ =1OU(qq — q)
U@ —a)=q 9

.79(q, — q) TﬁU(Qd - q)

0q (g, —q)

T ~
q (-Ig(q,—q)
ng(qu -q).

I
Q

Solving for M(q)g from the closed-loop Equation (8.2) and substituting
its value, we get )
V(2,9) = —q"Kuq

where we also used Property 4.2 to eliminate qT[éM — C] q. Since -V (g, q)
is a positive semidefinite function, the origin is stable (cf. Theorem 2.2).

Since the closed-loop Equation (8.2) is autonomous, we may explore the
application of La Salle’s Theorem (¢f. Theorem 2.7) to analyze the global
asymptotic stability of the origin.

To that end, notice that the set €2 is here given by

Q:{w€R2":V(w):0}

= {w: [g} c R :V(q,q) :0}

={GgeR",g=0€R"}.
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Observe that V(q,q) = 0 if and only if ¢ = 0. For a solution x(t) to
belong to Q for all ¢ > 0, it is necessary and sufficient that ¢(¢) = 0 for all
t > 0. Therefore, it must also hold that g(t) = 0 for all ¢ > 0. Taking this into
account, we conclude from the closed-loop Equation (8.2) that if (t) € © for
all ¢ > 0, then

0=M(q,—q(t) " [Kpa(t) + g(qq) — g(q, — q(t)].

Moreover, since K, has been chosen so that Anmin{K,} > k4 hence, g(t) =0
for all ¢ > 0 is its unique solution. Therefore, [g(0)” Q(O)T]T =0cR™is
the unique initial condition in € for which x(t) € 2 for all ¢ > 0. Thus, from
La Salle’s theorem (cf. Theorem 2.7), it follows that the latter is enough to

~ .11
guarantee global asymptotic stability of the origin [qT qT] =0e R*™.

In particular, we have

tlim q(t)=0,
tlim q(t)=0,

that is, the position control objective is achieved.

We present next an example with the purpose of showing the performance
achieved under PD control with desired gravity compensation on a 2-DOF
robot.

Ezample 8.3. Consider the 2-DOF prototype robot studied in Chapter
5 and illustrated in Figure 5.2.

The components of the gravitational torques vector g(q) are given
by

91(q) = [maler +mali]g sin(q1) + maleag sin(qr + g2)
92(q) = malcag sin(qr + ¢2) -

According to Property 4.3, the constant k, may be obtained as
(see also Example 9.2)

9gi(q)
k, = y
) n |:maX J,a 8%
= n[[miler +mali]g + maleag]
=2394 [kg m?/s?].

Consider the PD control law with desired gravity compensation
of the robot shown in Figure 5.2 for position control, and where the
design matrices are taken positive definite and such that



186 8 PD Control with Desired Gravity Compensation

)\min{Kp} > k‘g .
In particular, we pick
K, = diag{k,} = diag{30} [Nm/rad],
K, = diag{k,} = diag{7, 3} [Nm s/rad] .
The components of the control input 7 are given by
T1 = pdl - kvql + gl(qd) 5
T2 = kpGa — kvG2 + 92(qq) -
The initial conditions corresponding to the positions and velocities,
are set to
71(0) =0, q2(0) =0,
¢1(0) =0, ¢2(0) =0.
The desired joint positions are chosen as

ga1 = 7/10 [rad] qa2 = 7/30 [rad].

In terms of the state vector of the closed-loop equation, the initial
state is set to

i 7/10 0.3141
a(0) /30 0.1047
. = 0 = 0 [rad].
q(0) 0 0
0.4~ [rad]
0.3j &
0.2
0.1\ ¢
| 0.0359
el R 00138
_01 T T T T T T T |
0.0 0.5 1.0 1.5 2.0
t [s]

Figure 8.4. Graph of the position errors ¢ and ¢

Figure 8.4 shows the experimental results. In particular, it shows
that the components of the position error vector g(t) tend asymptoti-
cally to a small value. They do not vanish due to non—modeled friction
effects at the arm joints.



8.3 Global Asymptotic Stability 187

It is interesting to note the little difference between the results
shown in Figure 8.4 and those obtained with PD control plus gravity
compensation presented in Figure 7.3. &

The previous example clearly shows the good performance achieved under
PD control with desired gravity compensation for a 2-DOF robot. Certainly,
the suggested tuning procedure has been followed carefully, that is, the matrix
K, satisfies Amin{ K} > kq. Naturally, at this point one may ask the question:
What if the tuning procedure (Amin{K,} < kg) is violated? As was previously
shown, if the matrix K, is positive definite (of course, also with K, positive
definite) then boundedness of the position and velocity errors g and ¢ may
be guaranteed. Nevertheless, this situation where ky > Amin{K,} yields an
interesting dynamic behavior of the closed-loop equation. Phenomena such as
bifurcations of equilibria and catastrophic jumps may occur. These types of
phenomena appear even in the case of one single link with a revolute joint.
We present next an example which illustrates these observations.

Ezxample 8.4. Consider the pendulum model studied in Example 2.2
(see page 30),
JG+mgl sin(q) =7

where we identify g(q) = mgl sin(q).
The PD control law with desired gravity compensation applied in
the position control problem (gq constant) is in this case given by

T = kpG — kyg + mgl sin(qq)

where k, > 0 and we consider here that k, is a real number not
necessarily positive and not larger than k, = mgl.

The equation that governs the behavior of the control system in
closed loop may be described by

11i-

which is an autonomous differential equation and whose origin [§ ¢
0 € IR? is an equilibrium regardless of the values of kp, ky and gq.
Moreover, given g4 (constant) and defining the set g, as

—q

%[kpq — ko + mgl[sin(qq) — sin(gqg — §)]]

]T

Q. ={Gd€R: kg + mgl [sin(qq) —sin(ga — §)] =0 V k,},

any vector [¢* O]T € IR? is also an equilibrium as long as §* € Q,.
In the rest of this example we consider the innocuous case when
qq = 0, that is when the control objective is to drive the pendulum to
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— >
P / k,
equilibria

Figure 8.5. Bifurcation diagram

the vertical downward position. In this scenario the set ,, = (g is

given by
k
0 = {QE]R:(j:sincl (-”)} ,
mgl

where the function sinc(z) = S”‘xﬁ Figure 8.5 shows the diagram

of equilibria in terms of k,. Notice that with k, = 0 there are an
infinite number of equilibria. In particular, for k, = —mgl the origin
[q q']T = 0 € IR? is the unique equilibrium. As a matter of fact, we
say that the closed-loop equation has a bifurcation of equilibria for
k, = —mgl since for slightly smaller values than —mgl there exists
a unique equilibrium while for values of k), slightly larger than —mgl
there exist three equilibria.

Even though we do not show it here, for values of k), slightly smaller
than —mgl, the origin (which is the unique equilibrium) is unstable,
while for values slightly larger than —mgl the origin is actually asymp-
totically stable and the two other equilibria are unstable. This type of
phenomenon is called pitchfork bifurcation. Figure 8.6 presents several

trajectories of the closed-loop equation for k, = —11, —4, 3, where we
considered J =1, mgl = 9.8 and k, = 0.1
Besides the pitchfork bifurcation at k, = —mgl, there also exists

another type of bifurcation for this control system in closed loop:
saddle-node bifurcation. In this case, for some values of k, there exists
an isolated equilibrium, and for slightly smaller (resp. larger) values
there exist two equilibria, one of which is asymptotically stable and
the other unstable, while for values of k,, slightly larger (resp. smaller)
there does not exist any equilibrium in the vicinity of the one which
exists for the original value of k,. As a matter of fact, for the closed-
loop control system considered here (with gg = 0), the diagram of
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kp =3

Figure 8.6. Simulation with k, = —11,—4,3

equilibria shown in Figure 8.5 suggests the possible existence of an
infinite number of saddle-node bifurcations.

34

Figure 8.7. Catastrophic jump 1
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The closed-loop equation also exhibits another interesting type of
phenomenon: catastrophic jumps. This situation may show up when
the parameter k, varies “slowly” passing through values that corre-
spond to saddle-node bifurcations. Briefly, a catastrophic jump occurs
when for a small variation (and which moreover is slow with respect
to the dynamics determined by the differential equation in question)
of ky, the solution of the closed-loop equation whose tendency is to
converge towards a region of the state space, changes abruptly its be-
havior to go instead towards another region “far away” in the state
space. Figures 8.7 and 8.8 show such phenomenon; here we took

ky(t) = 0.01¢ + 1.8

\“’;Wa I iy

Figure 8.8. Catastrophic jump 2

and we considered again the numerical values: J = 1, mgl = 9.8 and
k, = 0.1, with the initial conditions ¢(0) = 4 [rad] and ¢(0) = 0 [rad/s].
When the value of k, is increased passing through 2.1288, the asymp-
totically stable equilibrium at [§ q'}T = [1.430307 O]T, disappears
and the system solution “jumps” to the unique (globally) asymptoti-
cally stable equilibrium: the origin [§ ¢]” = 0 € IR%. O

8.4 Lyapunov Function for Global Asymptotic Stability

A Lyapunov function which allows one to show directly global asymptotic
stability without using La Salle’s theorem is studied in this subsection. The
reference corresponding to this topic is given at the end of the chapter. We
present next this analysis for which we consider the case of robots having
only revolute joints. The reader may, if wished, omit this section and continue

his/her reading with the following section.
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Consider again the closed-loop Equation (8.2),

d [1 *1'1
= - . (8.22)
q M(q)™ [Kpq — Kuq— C(q,9)q + 9(q4) — 9(q)]

As a design hypothesis, we assume here, as in Section 8.3, that the gain
position matrix K, has been chosen to satisfy

Amin{Kp} > k'g .

This selection of K, satisfies the sufficiency condition obtained in Section
8.2 to guarantee that the origin is the unique equilibrium of the closed-loop
Equation (8.22).

To study the stability properties of the origin, consider now the following
Lyapunov function candidate, which as a matter of fact, may be regarded as
a generalization of the function (8.21),

P
- 7T 2 €0 ~
1] s M@ Ta
Vig.q) =5
2 . %o .

S B
+U(q) —U(gqy) +glay)"a+ ;qTqu,

£q)
1. . -
= 54"M(a)q +U(q) —Ulaq) + 9(22)"a
1 1 ~T - €0 ~T .
+ | —+ — K,q———qM 8.23

where f(q) was defined in (8.18) and the constants eg > 0, €1 > 2 and 3 > 2
are chosen so that

2>\min K
Pnin{Hy} >ep>2 (8.24)
k!]
281
= > 2 8.25
©2 €1 — 2 ( )

[22min{ K}

where 8 ( > Avax{M(q)} ) was defined in Property 4.1. The condition (8.24)
guarantees that f(q) is a positive definite function (see Lemma 8.1), while
(8.26) ensures that P is a positive definite matrix. Finally (8.25) implies that
1,11
41 -1
€1 £2 2
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Alternatively, to show that the Lyapunov function candidate V(q,q) is
positive definite, first define € as

€0

514l (8.27)

e =e(llal))

Consequently, Inequality (8.26) implies that the matrix

2 €0 r 2 )
—K, — — M(q) =—K, —c"M(q
2t (] M@= 20—t
is positive definite.

On the other hand, the Lyapunov function candidate (8.23) may be rewrit-
ten as

Va0 =y el M@ eal + 57| 2, - ) a

1
+U(q) —Ulgy) +g(ay)"q+ ququ,

()

which is clearly positive definite since the matrices M(q) and %Kp —e2M(q)
are positive definite and f(q) is also a positive definite function (due to
Amin{Kp} > kg and Lemma 8.1).

The time derivative of the Lyapunov function candidate (8.23) along the
trajectories of the closed-loop Equation (8.22) takes the form

V(@) = " [Kyd — Ko~ Cla, @)+ a(a,) — g(a)] + 3a" V()

+9(@)7q-9(a)"q - T'Kpq+eq"M(q)q — " M(q)q
—eq" [Kpq— Kvq — C(q,q)q + g(ay) — 9(q)]

—£4'M(q)q,
where we used g(q) = 81’8[—((1(1). After some simplifications, the time derivative

V (@, q) may be written as
V@) = ~a"a+ i | 331 - Cla.d)| 4+ e M@
—2q" [M(q) - C(a,@)| @ — cq" [K,d — Kod]
—¢q"[9(qs) —9(9)] —£¢"M(q)q.

Finally, considering Property 4.2, i.e. that the matrix %M(q) —-C(q,q) is
skew-symmetric and that M(q) = C(q, q) + C(q,q)", we get
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V(@,q) = —q"Kuq +eq"M(q)q — cq"Kpq + 4" K. q
—eq'C(q,9)q —<q" [g(ay) — 9(q)] —¢@"M(q)q. (8.28)

As is well known, to conclude global asymptotic stability by Lyapunov’s
direct method, it is sufficient to prove that V(0,0) = 0 and V(q,q) < 0 for

all vectors [QT (']T]T # 0 € R?". These conditions are verified if V (g, q) is
a negative definite function. Observe that it is very difficult to ensure from
(8.28), that V(q,q) is negative definite. With the aim of finding additional
conditions on gy such that V(E],(]) is negative definite, we present now the
upper-bounds on the following three terms:

e —2G¢'C(q,4)q
o —2q" [g(a,) — g(q)]
o —£q"M(q)q.

First, concerning —e¢’C(q, ¢)q, we have

—£4"C(q,4)q < |-e4"C(q.4)q|
<elqlllC(a. @)all
<ceke, llall llall llall
< eokc, [l (8.29)

where we took into account Property 4.2, i.e. ||C(q, )yl < ke, |1z]] ||y]|, and
the definition of € in (8.27).

Next, concerning the term —eq” [g(g,) — g(q)] we have

—q" [g(qy) — 9(q)] < |-<a" [g(q,) — 9(a)]|
<ellqllllg(qqs) —g(q)|
< ek, ) (3.30)

where we used Property 4.3, i.e. ||g(z) — g(v)|| < ky ||z — y].
Finally, for the term —¢g” M(q)q, we have

—£q"M(q)q < |—¢q" M(q)q|
€o T .~T .
=\ - .-.24 49 M(q)q

lal [1+ [l

€o

= lall (a1 1AL (e
130+ Gl gl gl gl 1M (q)ql

€0 .2
< — [|]l” Amax{M (g})
71l (Mg}

< cof 4l (8.31)
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where we used again the definition of € in (8.27) and Property 4.1, i.e. 3||q| >

Avax{M (@)} |l = |1M (q)q]- _
From the inequalities (8.29), (8.30) and (8.31), the time derivative V(q, q)
in (8.28) reduces to

V(@,dq) < —q"Kuq+eq"M(q)q — cq"Kpq + 4" Ko q
.12 ~12 .12
+ eoke, 1G]” + ekg [lall” + 0B g™,

which in turn may be written as

-1 7T ~
_ q ek, —%KU q )
V(g.q) < - + kg llq||
i] _%Kv %K'U q
1 .
- 5 P\min{Kv} - 250(k01 + 2/8)] ||q||2 ) (832)

where we used
. . 1 . . )\min K'u .2
L R o s LA P

and ="M (q)q < eof3[|4])”
Finally, from (8.32) we get

Q
~ T ~
_ lal Amin{Kp} = kg =3 vax{ Ko} [lg]
V([]vq) <—-¢ . 1 1 .
Hq” _§AMax{KU} E)\min{Kv} ||q||
1 .
= 5 Pain{Eo} — 220 (kc, +20)] lql* . (8.33)

1

Next, from the latter inequality we find immediately the conditions on &q
for V(f], g) to be negative definite. To that end, we first require to guarantee
that the matrix @ is positive definite and that § > 0. The matrix @ is positive
definite if it holds that

Amin{Kp} > kg, (8.34)
2Amm{K:§4(:{?}1}E§<p} L) B (8.35)

and we have § > 0 if
M > ep. (8.36)

Observe that (8.34) is verified since K, was assumed to be picked so as
to satisfy Amin{Kp} > Sk, with e; > 2. Tt is important to stress that the
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constant €p is only needed for the purposes of stability analysis and it is
not required to know its actual numerical value. Choosing ¢ so as to satisfy
simultaneously (8.35) and (8.36), we have Apin{@Q} > 0. Under this scenario,
we get from (8.33) that

S €0 2 nen2] 02
%4 < ————Xmin -5 ’
(@) <~ (@) [l + lal*] - Slal

[T
< - )\min -1 o 3

which is a negative definite function. Finally, using Lyapunov’s direct method

(cf. Theorem 2.4), we conclude that the origin [(}T qT]T =0eR™isa
globally asymptotically stable equilibrium of the closed-loop equation.

8.5 Conclusions

The conclusions drawn from the analysis presented in this chapter can be
summarized as follows.

Consider PD control with desired gravity compensation for n-DOF robots.
Assume that the desired position g, is constant.

o If the symmetric matrices K, and K, of the PD control law with desired
gravity compensation are positive definite and moreover Ayin{K,} > kg,
then the origin of the closed-loop equation, expressed in terms of the state

vector [f]T qT}T, is globally asymptotically stable. Consequently, for any

initial condition q(0), ¢(0) € R™ we have lim; . q(t) =0 € R".
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Problems

1. Consider the model of the ideal pendulum studied in Example 8.2
JG+ mgl sin(q) =7
with the following numerical values
J=1, mgl =1, qa=7/2.

Consider the use of PD control with desired gravity compensation and
suppose the following initial conditions: ¢(0) = 0 and ¢(0) = 0. From this,
we have §(0) = m/2. Assume that k, = 4/7.

a) Obtain an upper-bound on ¢(t)?.
Hint: Use (8.16).

2. Consider the PD control law with desired gravity compensation for the
pendulum described by the equation

JG+ mgl sin(q) = 7.
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The equilibria of the closed-loop equation are [§ ¢]” = [s 0]” where s is
the solution of

kps +mgl [sin(gq) — sin(ge — s)] = 0.

a) Show that s satisfies

2mgl

Is| < 2190
kp

b) Simulate the system in closed loop with the following numerical values:
J=1,m=1=1,¢g=10,k, =1/4, k, = 1 and with initial conditions:
q(0) = 7/8 and ¢(0) = 0. For the desired angular position gq = 7/2,
verify by simulation that lim; ., q(¢) # ¢q4.

¢) Obtain by simulation the approximate value of lim;_, . q(t). Verify
that lim—o |qa — q(t)| < 2P

3. Consider the model of the ideal pendulum studied in Example 8.1
JG+ mgl sin(q) =7

with the following numerical values:
J=1, mgl =1, qa=T7/2.

Consider the use of PD control with desired gravity compensation.
a) Obtain the closed-loop equation in terms of the state vector [§ ¢]"
b) Compute the value of the constant k, (see Property 4.3).

¢) In Example 8.1 we showed that the closed-loop equation had three
equilibria for k&, = 0.25. Compute a value for k, that guarantees that
the origin [g Q]T = 0 € IR? is the unique equilibrium point of the
closed-loop equation.

d) Consider the previously obtained value for k,. Show that the origin is
a stable equilibrium point.

Hint: Show that

f(q@) = —mgl cos(qa — q) + mgl cos(qa)
. _o 1
+ mgl sin(qq)G + ikqu

is a positive definite function. Use the Lyapunov function candidate
. 1., -
VI(@.4) = 574" + f(@)-

e) Use La Salle’s theorem (c¢f. Theorem 2.7) to show that the origin is
globally asymptotically stable.
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4. Verify the expression for V (g, g) given in Equation (8.7).

5. Consider the model of robots with elastic joints, (3.27) and (3.28), but with
an additional term for friction at the links f(q) that satisfies ¢ f(q) >
0 Vg+#0and f(0)=0, ie.

M(q)qg+C(q,q)a +9g(q) + f(q) + K(q —6)

0,
JO—K(qg—6)=rT1.

It is assumed that only the vector of positions 6 of the motors axes, and the
corresponding velocities 8, are available from measurement. The control
objective is that q(t) — g, as ¢ — oo where g, is constant.

A variant of the PD control with desired gravity compensation is®

T = Kpé - K’ue + g(qd)

where

and K,, K, € R"™" are symmetric positive definite matrices. The matrix
of elasticity K, is diagonal and positive definite.

a) Verify that the closed-loop equation in terms of the state vector

-T .77
[i]T 0 qT (7] } , may be written as

o L

al?l -

Wlg|  |[Ma@™|-KO-9)+g(a) - Cla.)q—9(a) (D)
o] | I [0~ Kb+ K (6 - )] ]

b) Verify that the origin is an equilibrium of the closed-loop equation.
c) Show that if Amin{K,} > kg and Amin{ K} > kg, then the origin is a
stable equilibrium point.

Hint: Use the following Lyapunov function:

. . L= . 1 7 ~
V(q,0,4.0) =V1(q,0.9,0) + §qTKq + V2(q)

5 This controller was proposed and analyzed in Tomei P., 1991, “A simple PD con-
troller for robots with elastic joints”, IEEE Transactions on Automatic Control,
Vol. 36, No. 10, October.
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where
Vi@.0.4.0) = Ja" M@y + 50" 10+ 07 K,0
+ %éTKé ~8"Kq,
Va(@) = U(gy — ) —U(gq) + 3" 9(dq) ,

and verify that
= .T . . .
V(qa 0, q, 9) = _0 K’Ue - qTf(q) .

199



9

PID Control

With PD control we are able to achieve the position control objective for
robots whose models do not contain the gravitational term (i.e. g(q) = 0). In
this case, the tuning procedure' for PD control is trivial since it is enough to
select the design matrices K, and K, to be symmetric and positive definite
(see Chapter 6).

In the case where the robot model contains the vector of gravitational
torques (i.e. g(q) # 0) and if in particular, g(q,) # 0, where g, is the joint
desired position, then the position control objective cannot be achieved by
means of a simple PD control law. As a matter of fact it may happen that the
position error g tends to a constant vector but which is always different from
the vector 0 € R"™. Then, from an automatic control viewpoint and with the
aim of satisfying the position control objective, in this case it seems natural
to introduce an Integral component to the PD control to drive the position
error to zero. This reasoning justifies the application of Proportional Integral
Derivative (PID) control to robot manipulators.

The PID control law is given by
t
T :KPQ+KU?1+K1-/ q(o) do (9.1)
0

where the design matrices K, K,, K; € R"*", which are respectively called
“position, velocity and integral gains”, are symmetric positive definite and
suitably selected. Figure 9.1 shows the block-diagram of the PID control for
robot manipulators.

Nowadays, most industrial robot manipulators are controlled by PID con-
trollers. The wide use of robot manipulators in everyday applications, is testa-
ment to the performance that can be achieved in a large variety of applications

! By ‘tuning procedure’ the reader should interpret the process of determining the
numerical values of the design parameters of the control law, which guarantee the
achievement of the control objective.
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Figure 9.1. Block-diagram: PID control

when using PID control. However, in contrast to PD control, the tuning proce-
dure for PID controllers, that is, the procedure to choose appropriate positive
definite matrices K, K, and Kj;, is far from trivial.

In practice, the tuning of PID controllers is easier for robots whose trans-
mission system includes reduction mechanisms such as gears or bands. The
use of these reductions effectively increases the torque or force produced by
the actuators, and therefore, these are able to drive links of considerably large
masses. In principle, this has the consequence that large accelerations may
be reached for ‘light’ links. Nevertheless, the presence of reduction mecha-
nisms, such as gears and bands, may introduce undesired physical phenomena
that hamper the performance of the robot in its required task. Among these
phenomena we cite vibrations due to backlash among the teeth of the gears,
positioning errors and energy waste caused by friction in the gears, positioning
errors caused by vibrations and elasticity of the bands and by gear torsions.
In spite of all these the use of reduction mechanisms is common in most robot
manipulators. This has a positive impact on the tuning task of controllers, and
more particularly of PID controllers. Indeed, as has been shown in Chapter 3
the complete dynamic of the robot with high-reduction-ratio transmissions is
basically characterized by the model of the actuators themselves, which are
often modeled by linear differential equations. Thus, in this scenario the differ-
ential equation that governs the behavior of the closed-loop system becomes
linear and therefore, the tuning of the controller becomes relatively simple.
This last topic is not treated here since it is well documented in the literature;
the interested reader is invited to see the texts cited at the end of the chapter.
Here, we consider the more general nonlinear case.

In the introduction to Part II we assumed that the considered robot ac-
tuators were ideal sources of torques and forces. Under this condition, the
dynamic model of a robot of n DOF is given by (3.18), i.e.

M(q)q+C(q,9)q+g(q) =T, (9.2)
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where the vector of gravitational torques g(q) is clearly present. In this chap-
ter, we assume that the joints of the robot are all revolute.

We study the control system formed by the PID controller given by Equa-
tion (9.1) and the robot model (9.2). This study is slightly more complex than
that for the PID control of robots with high-reduction actuators. Specifically,
we obtain a tuning procedure for PID control that guarantees achievement of
the position control objective, locally. In other words, for the desired constant
position g , tuning ensures that lim; ., q(t) = 0, as long as the initial posi-
tion error q(0) and the initial velocity error ¢(0) are sufficiently “small”. From
an analytic viewpoint this is done by proving local asymptotic stability of the
origin of the equation that describes the behavior of the closed-loop system.
For this analysis, we use the following information drawn from Properties 4.1,
4.2, and 4.3:

1..
e The matrix §M(q) — C(q, q) is skew-symmetric.

e There exists a non-negative constant k¢, such that for all x,y,z € R",
we have

1C(, y)z|| < ke, llyll [I=]]-

o There exists a non-negative constant k, such that for all z,y € R", we
have

lg(x) —g(y)ll < kqllz—yll,

where kg, > Hag(q) for all g € R™.

dq

The integral action of the PID control law (9.1) introduces an additional
state variable that is denoted here by &, and whose time derivative is £ = q.

The PID control law may be expressed via the two following equations:
T = Kpq + K,q+ Ki€ (9.3)
£=4q. (9.4)

The closed-loop equation is obtained by substituting the control action 7
from (9.3) in the robot model (9.2), i.e.

M(q)d + C(q.q)q+g(q) = Kpq + K.,q + K€
é = ija

.7T
which may be written in terms of the state vector [ET g’ q } , as
13 q
d -
— 1 ql|= q . (9.5
L (9.5)

Qe

Ga— M(9)™" [Kpa+ Kog + Ki€ — Cla,@)a — 9(a)]
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The equilibria of the equation above, if any, have the form [ﬁT q q
T
[ﬁ*T o7 OT} where
& =K, [M(qy)dq+ C(qq,44)qa + 9(a,)]

must be a constant vector. Certainly, for £ to be a constant vector, if the
desired joint position g, is time-varying, it may not be arbitrary but should
have a very particular form. One way to obtain a q, for which £* is constant,
is by solving the differential equations

d | 4 44 q4(0) )
o = , e R™

dq M(qy) " [T0— C(q4,4a)qa — 9(q,)] q4(0)
(9.6)

where 79 € IR" is a constant vector. This way &* = Ki_l'rg. In particular,
if 7o = 0 € IR" then the origin of the closed-loop Equation (9.5), is an
equilibrium. Notice that the solution of (9.6) is simply the position g and
velocity g when one applies a constant torque 7 = 7 to the robot in question.
In general, it is not possible to obtain an expression in closed form for g, so
Equation (9.6) must be solved numerically. Nevertheless, the resulting desired
position q,, may have a capricious form and therefore be of little utility. This
is illustrated in the following example.

Ezample 9.1. Consider the Pelican prototype robot studied in Chapter
5, and shown in Figure 5.2.

Considering 79 = 0 € IR? and the initial condition [qd1 Qa2 dar
da2)" = [-7/20 /20 0 0]"; the numerical solution of (9.6) for
q,4(t), is shown in Figure 9.2.

With g,4(t), whose two components are shown in Figure 9.2, the

T T
origin [ﬁT a q ] = 0 € R is an equilibrium of the closed-loop
equation formed by the PID control and the robot in question. &

In the case where the desired joint position q, is an arbitrary function
of time, and does not tend to a constant vector value, then the closed-loop
equation has no equilibrium. In such cases, we cannot study the stability in
the sense of Lyapunov and in particular, one may not expect that the position
error q tend to zero. In the best case scenario, and under the hypothesis that
the initial position and velocity errors q(0) and g(0) are small, the position
error q remains bounded. The formal proof of these claims is established in
the works cited at the end of the chapter.

Let us come back to our discussion on the determination of an equilibrium
for the closed-loop system. We said that a sufficient condition for the existence
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Figure 9.2. Desired joint positions

and unicity of the equilibrium for the closed-loop Equation (9.5) is that the
desired position q4(t) be constant. Denoting by g, such a constant vector the
equilibrium is

3 K™ g(qq)
ql| = 0 e R*".
q 0

This equilibrium may of course, be translated to the origin via a suitable
change of variable, e.g. defining

z=¢-K; 'g(qy)-

Then, the corresponding closed-loop equation may be expressed in terms of
T
the state vector [zT g’ (]T] as

z q
i | »
| = q
q M(q)"' [Kyq — Koq+ Kiz + g(q4) — Cq,9)q — g(q)]

(9.7)

Notice that the previous equation is autonomous and its unique equilibrium
-7 .77T
is the origin [zT g’ qT] =0c R,
For the sequel, we find it convenient to adopt the following global change
of variables,
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w al T 0 z
q|l=1]10 10 q (9.8)
q 0 0 I q

with a > 0.

The closed-loop Equation (9.7) may be expressed as a function of the new
variables as

M(q) ™ [[K, — 2 K| @ Koq+ L Kaw + g(a0) - Cla, @)a — g(a)]

(9.9)
T (}T
qT]T = 0 € R is the unique equilibrium of the closed-loop system.

Moreover, due to the globality of the change of variable (9.8), the sta-
bility features of this equilibrium correspond to those for the equilibrium
2T q" qT]T =0 € R*" of Equation (9.7).

If we can find conditions on the matrices K, K, and K; of the PID con-
troller such that the origin of the closed-loop Equation (9.9) is asymptotically
stable, i.e. such that the origin is stable and at least for sufficiently small val-
ues of the initial states z(0), g(0) and ¢(0), the state — particularly q(¢) — tend
asymptotically to zero, then we are able to conclude that the position control
objective is achieved (at least locally). Therefore, based on this argument we
use Lyapunov’s direct method via La Salle’s theorem to establish conditions
under which the choice of design matrices for the PID controller guarantee
asymptotic stability of the origin of the closed-loop Equation (9.9).

These equations are autonomous and the origin of the state space, [w

Thus, let us study the stability of the origin of the equation closed-loop
(9.9). This equation governs the behavior of n-DOF robot manipulators under
PID control in the case of a constant desired position g . Specifically, we shall
see that if the matrices K, and K, are sufficiently “large” and the integral
gain matrix K; sufficiently “small” in the following sense

)\min{M}Amin{K’u} > )\MaX{Ki}
/\Maxg{M} Amin{Kp} - kg ’

(9.10)



9.1 Lyapunov Function Candidate 207

and moreover
Amin{Kp} > kg (9.11)

then, we can guarantee that the position control objective is achieved locally.
As a matter of fact, the larger the margin with which the inequality (9.10)
holds, the larger the domain of attraction? of the equilibrium will be. The
property of asymptotic stability with domain of attraction arbitrarily large is
commonly referred to as semiglobal asymptotic stability.

9.1 Lyapunov Function Candidate

To study the stability of the origin of the state space, we use Lyapunov’s
direct method by proposing the following Lyapunov function candidate

w T 1
K, 0 0 w
o 1] a 5
V@, qw) =35 | q 0 aK, —aM(q)| |@a
q 0 —aM(q) M(q) q
1. 1.7, 5 ;
1 §qT {Kp — aKi:| q+Ugy—q) —Ulgy) +q" glay)

(9.12)

where U(q) denotes as usual, the robot’s potential energy and « is the positive
constant used in the definition of the variable transformation (9.8). For the
sequel we assume that this number satisfies

Amin{M})\min{KU} a AMax{[(v}
)\MaXQ{M} )\min{Kp} - kg

(9.13)

Following the tuning guide given by (9.10), there always exists « that
satisfies the above.

For the Lyapunov function candidate (9.12) to be a Lyapunov function we
must verify first that it is positive definite. For this, consider the following
terms from this function,

1. 1 N - ~
54" [Kp - EKQ} q+Ulq—a) —Uga) + 7" 9(qa)-

According to Example B.2 of Appendix B and taking € = 2, we conclude
that the function defined as the sum of these terms is positive definite, globally
for all q if

2 Roughly, for the purposes of this book, a domain of attraction may be considered
as the set of all possible initial conditions which generate trajectories that tend
to the equilibrium asymptotically.
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1
)\min{Kp — EKZ} > k/’g .
In its turn, this inequality is implied by®
1
)\min{Kp} - EAMax{Ki} > kgv

which holds due to the lower-bound condition imposed on «, in accordance
with (9.13). Therefore, we may claim that the Lyapunov function candidate
(9.12) satisfies

Tri1
w] [lg, o 0 w
- 1] . @ -
V(q,q,w) > 5|9 0 aK, —-aM(q)| |4
q 0 —aM(q) M(q) q

On the other hand using the inequalities

1 1
—wTKaw > ~Amin{ K} [w]]?,
[ «

o qTqu Z (e )\min{Kv} ”i]HQa
q"M(q)q > Auin{M} ||q|I*,

—aq" M(q)q = —aAwax{M} gl |,

we come to the following lower-bound for the Lyapunov function candidate,

1
[ dnl 0 0 [l
~ . « ~ ~
V(q,q,w) Z 5 Hq” 0 )\min{Kv} _)\Max{M} HqH
. 1 .
4l 0 —AMax{M } EAmin{M} lall

This shows that V (g, g, w) is globally positive definite, since « is supposed to
satisfy (9.13), in particular because

3 Theorem of Weyl (R. A. Horn and C. R. Johnson, 1985, “Matrix Analysis”,
Cambridge University Press, pp. 181.). For matrices A and B symmetric it holds
that

Amin{AA + B} 2 )\mln{A} + )\mm{B} .
On the other hand, since Amin{A} = —Amax{—A}, we have

Amin{A — B} > Amin{A} — Aiax{B}
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)\min{M})\min{KU}
>\Max2{M}

which implies that the determinant of the ‘southeastern’ 2 x 2 sub-block in
the matrix above is positive for all q.

9.2 Time Derivative of the Lyapunov Function
Candidate

Once we have established the conditions under which the Lyapunov function
candidate is (globally) positive definite, we may proceed to compute its time
derivative. After some straightforward algebraic computations which involve
the use of the skew-symmetry of the matrix %M(q) —C(q, q) and the equality

M(q) = C(q,q)+C(q,q)" established in Property 4.2, the time derivative of
the Lyapunov function candidate (9.12) along the solutions of the closed-loop
Equation (9.9), may be written as
V(@ ¢ w) = —¢" [K, —aM(q)]qd " [ak, - K|]q
~aq"C(e.9)"q ~ aq" [9(a0) — 9(a)] (9.14)

where we also used (3.20), i.e. g(q) = dU(q)/0q.

From standard properties of symmetric positive definite matrices we con-
clude also that the first two terms of the derivative of the Lyapunov function
candidate above, satisfy the following inequalities:

~q" [K, — aM(@)]§ < — Pnin{ 0} — @ Mtax{ M} [l

and
—q" [aK, — Ki]q < — [0 Anin{Ep} — Avax{ K] @17

respectively.

On the other hand, from Properties 4.2 and 4.3 and using:

o |C(z,y)z| < ke, llyll |z,
o g(x)—gy)ll <kyllz—yll,

we may show that the last two terms in the expression of the derivative of the
Lyapunov function candidate satisfy

—0q"C(q,q)"q < o ke, ) gl

and
—aq"(g(a,) —g(q)] < a kgl .
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Consequently, it also holds that

vaaw <[] (% ol oo

where

Q11 = Pmin{Kp} — kgl — Amax{K:},
Q22(q) = Amin{ Ko} — @ [Mvtax{M} + ke, [|qll] -

We show next that there exists a ball D of radius n > 0 centered at the
origin of the state space, that is,

D:=<qqweR":

Q- 8
AN
3

on which V(g, ¢, w) is negative semidefinite.

With this goal in mind, notice that we have from the condition (9.13)
imposed on « that

Amin{M}/\min{Kv} P\min{Kp} B kg}

2
MY,
AMax{Ki} > /\Max{ }
Since obviously Apax{M} > Amin{M}, then
)\min{Kv} [)\min{Kp} - kg]
> AMaxi{M
AMax{ K } Mex{ M}
and knowing that ko, > 0, it readily follows that
1 /\min{KU} [)\min{Kp} B kg] :|
— AMax{M}| >0. 9.16
ke, { Aatax (K} Mw{ M} (9:16)

It is now convenient to define the radius 7 of the ball D centered at the
origin of the state space to be exactly the term on the left-hand side of the
inequality (9.16), that is

L 1 |:)\min{K'u}’ [)\min{Kp} - kg]
" ke, Mt (K}

()] )

It is important to observe that the radius 7 is not only positive but it
increases as Amin{Kp} and Anin{K,} increase and as Amvax{K;} decreases,
while always satisfying the condition (9.13) on a.

We now show that V(Z], q,w) is negative semidefinite on the ball D. On
this region of the state space we have
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lal <mn.
Incorporating the definition (9.17) of n we get

~ 1 )\min{Kv} [/\min{Kp} _ kq]
< — = —A ax M
lal o Nt (K} Max { M}

which, after some simple manipulations, yields the inequality

Amin{Kv} > AMax{Ki}
AMax{M} + ke, ”(1” )‘min{KP} - kg

which is valid on the region D.

Since « is any real number that satisfies the condition (9.13) and in par-
ticular it satisfies
AMax{ K}

)‘min{Kp} - kg ’
it can always be picked to satisfy also,

)\min{Kv} )\Max{Ki}
—>a>
Avax{M} + ke, |||l Amin{Kp} — kg

o >

on the region D. It is precisely these inequalities that captures the conditions
on « such that the scalars Q11 and Q22(q) in the derivative (9.15) of the
Lyapunov function candidate are strictly positive. This implies that V(f], q,w)
is negative semidefinite on the ball D with radius 7 defined by (9.17).

9.3 Asymptotic Stability

Summarizing, so far we have shown that if the matrices K, K, and K; of the
PID control law satisfy the conditions (9.10) and (9.11), then V(g, ¢, w) is
a globally positive definite function while V(E], g, w) is negative semidefinite
— locally, though the domain of validity may be arbitrarily enlarged by an
appropriate choice of the control gains. Therefore, according to Theorem 2.2,
the origin of the closed-loop Equation (9.9), is a stable equilibrium. Since
V(?],q,w) is not negative definite but only negative semidefinite, Theorem
2.4 cannot be invoked to prove asymptotic stability. Yet, since the closed-loop
Equation (9.9) is autonomous, we may use a local version of La Salle’s theorem

(i.e. a local version of Theorem 2.7).

Since the function V (g, g, w) obtained in (9.15) is negative semidefinite
but only locally, Theorem 2.7 may not be invoked directly. Even though we do
not show this here?, it is also true that if in the statement of Theorem 2.7 we

4 See any of the cited texts on nonlinear systems.
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replace “V () < 0 for all & € IR™, by “V(z) < 0 for all € IR" sufficiently
small in norm” then, one can guarantee local asymptotic stability. We may
proceed to claim that in this case the set Q2 is given by

Q:{w€R3":V(:ﬂ):0}

eR’™ : V(q,qw) =0

I

8

I
Q- 8

={weR",g=0cR",g=0cR"}.

Observe that from (9.14) and with the restrictions imposed on the choice
of a, it follows that V((},i],w) = 0 if and only if ¢ = 0 and ¢ = 0. For a
solution x(¢) to belong to Q for all ¢ > 0, it is necessary and sufficient that
g = 0 and ¢(t) = 0 for all ¢ > 0. Therefore it must also hold that g(t) = 0
for all t > 0. Taking this into consideration, we conclude from the closed-loop
Equation (9.9) that if (t) € Q for all ¢t > 0, then

w(t) = 0
0=~ Mg)" Kuw(t),

which, since M(q,) is positive definite, implies that w(t) = 0 for all ¢t > 0.
Therefore, [w(0)”  q(0)”" Q(O)T]T = 0 € IR*" is the only initial condition
in 2 for which x(t) € Q for all ¢ > 0. Finally, we conclude from all this that the
origin of the closed-loop Equation (9.9) is locally asymptotically stable. It is
worth emphasizing that in the particular situation of robots for which ke, = 0,
e.g. a pendulum, some Cartesian robots or with transmission by levers, the
function V(E],i],'w) obtained in (9.15), is globally negative semidefinite. In
this situation, the asymptotic stability of the origin is also global.

The analysis developed so far applies to the classic PID control law given
by (9.3) and (9.4). We have also assumed that the joint desired position g,
is constant. In the practical implementation of the PID controller on ordi-
nary personal computers, the desired position g, may be a piecewise constant
function, being constant in between two sampling times. Therefore, before
and after the sampling times, the desired position g, takes constant values
which are usually different, and at the sampling instant there occurs an abrupt
change of magnitude. For this reason, the position error ¢ = g; — g, and the
control action 7 = K,q— K,q+ K;§ also vary abruptly at the sampling times.
Consequently, the control action 7 demands instantaneous variations to the
actuators; in this situation the latter may be damaged or, simply, we may
obtain unacceptable performance in some tasks.

With the aim of conserving the advantages of PID control but avoiding this
undesirable phenomenon, several modifications to the classical PID control
have been proposed in the literature. An interesting modification is
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T = — pq_KUq+K1£

where

£(t) = / 4(0) do + £(0).

This modified PID control preserves exactly the same closed-loop Equation
(9.7) that the classical PID control, but with z defined by

z=¢—K; ' [g(a,) + Kpa4] -

Therefore, the analysis and conclusions established above also apply to
this modified PID control.

9.4 Tuning Procedure

From the stability analysis presented in the previous subsections we can draw
a tuning procedure which is fairly simple for PID control. This method yields
symmetric matrices K, K, and K; that guarantee achievement of the position
control objective, locally.

The procedure stems from (9.11) and from the condition (9.13) imposed
on o and may be summarized in terms of the eigenvalues of the gain matrices
as follows:

b )\Max{Ki} 2 Amin{Ki} > 0,
* )‘Max{Kp} > )\min{Kp} > kg

Masc{Ki} At {M}
)‘min{Kp}_kg )‘min{M}

It is important to underline that this tuning procedure requires knowledge
of the structure of the inertia matrix M(q) and of the vector of gravita-
tional torques g(q) of the robot in question. This, is necessary to compute
Amin{M (@)}, Aax{M(q)} and k, respectively. Nonetheless, since it is suffi-
cient to have upper-bounds on Aax{M(q)} and kg, and a lower-bound for
Amin{M (q)} to use the tuning procedure, it is not necessary to know the exact
values of the dynamic parameters of the robot, e.g. masses and inertias, but
only the bounds.

o AMa\x{[(v} Z Amim{l(v} >

Next, we present an example in order to show an application of the ideas
discussed above.

Ezample 9.2. Consider the 2-DOF Pelican robot shown in Figure 9.3.
The elements of the inertia matrix M (q) are
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Figure 9.3. Diagram of the Pelican prototype robot

(q) = malZ +my [IF 4 12 + 21lep cos(qa)] + 11 + I
Mia(q) = mz [IZ% + lilez cos(gz)] + 12
(q) = ma [IZ, + lilea cos(ga)] + I>
Moo (q) = malZy + .
The components of the gravitational torques vector g(q), are given
by
91(q) = (maler +mal)g sin(q1) + maleag sin(q1 + g2)
92(q) = maleag sin(q1 + g2)-

The purpose of this example is to use the tuning procedure pre-
sented above in order to determine suitable gain matrices K,,, K, and
K;. First, we compute the value of k,; and then that of the eigenvalues
Amin{M(q)} and Avax{M(q)}.

Using Property 4.3, as well as the elements of the vector of gravi-
tational torques g(q), we obtain

99i(q) )
aq]‘

= n(miler + mali + malea)g
=23.94 [kg m?/s?]

kg =mn (Max ij.q

where we also used the numerical values of the robot parameters listed
in Table 5.1 on page 115.
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We proceed next to compute Amin{M(q)} and Aax{M (q)}, which
for this robot depend only on gs; we do this by evaluating the matrix
M (q) for a set of values of g2 between 0 and 27, and extracting the
corresponding eigenvalues. The values obtained are

Amirl{M(q)} = 0.011 [kg mQ] s
Antax{M (@)} = 0.361, [kg m?]
which correspond to g2 = 0.
With the numerical values of Amin{M(q)}, Avax{M(q)} and kg,

and following the tuning procedure, we finally determine the following
matrices:

K; = diag{1.5} [Nm /(rad s)],
K, = diag{30} [Nm /rad],
K, = diag{7,3} [Nms/rad].

0.4 - [rad]

0.3 4

0.2
4 fjl

0.1
P

00— ===

—0.1 I I I \

0.0 12.5 25.0 37.5 50.0

Figure 9.4. Graphs of position errors ¢i and G2

Figure 9.4 depicts the position errors against time; notice that
the scale on the ordinates axis spans up to 50s which is longer than
the intervals used elsewhere. We may conclude from this, that the
transient response is slower than those obtained with PD control with
gravity compensation (see Figure 7.3) and PD control with desired
gravity compensation (see Figure 8.4). This is due to the fact that the
control gains of the PID control law were chosen according with the
tuning procedure exposed in this chapter, which limits the maximal
eigenvalue of K; by a relatively small upper-bound.

However, as may be appreciated from Figure 9.5, if the tuning pro-
cedure is violated the performance of PID control improves to parallel
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0.4 - [rad]
0.3

0.2

Figure 9.5. Graphs of position errors ¢1 and g2

the respective performances of PD control with gravity compensation
and PD control with desired gravity compensation. The latter exper-
imental results have been obtained with the following gains:

30 0

K, = 0 30] [Nm /rad],
(7 0

K, = 0 3} [Nm s /rad],
(700

K; = K 100} [Nm / (rad s)],

that is, K, and K, have the same values than in the cases of the
PD-based control laws. &

9.5 Conclusions

We may summarize the ideas of this chapter as follows. Consider PID control
for n-DOF robots and assume that the desired position g, is constant.

e If the symmetric matrices K, K, and K; of the PID control law satisfy
(Z) )\Max{Ki} Z )\min{Ki} >0
(“) /\Max{KP} 2 Amin{Kp} > kg

(i) Ataxc{ Ko} > Amin{ Ko} > Max{Ki}  Amtax”{M}

)‘min{Kp} - kg )‘min{M}
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then the origin of the closed-loop equation, expressed in terms of the state
vector [wT g’ qT]T is locally asymptotically stable. Consequently, if
the initial conditions are “sufficiently small”, we have lim;_ ., g(¢t) = O.
Nevertheless, this conclusion holds also for “large” initial conditions as long
as Amin{Kp} and Amin{K,} also are “large” and Amax{K;} are “small”.
If the terms of centrifugal and Coriolis forces, C(q,q) do not appear in
the robot dynamic model then, the asymptotic stability is global.
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Problems

1. Consider the model of an ideal pendulum studied in Example 2.2 (see
page 30)
JG+ mgl sin(q) = 7.

Assume that the PID control
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t
T= kpc]—FkU(j—i—ki/ G(o) do
0

is used to drive the position ¢ to a desired constant position gg4.

a) Obtain the closed-loop equation in terms of the state vector [w ¢ (ﬂT,

where

t
l
w= a/ G(o) do — awlig sin(qq) + ¢
0 i

with a > 0.

b) Show, by means of a candidate Lyapunov function that if
o k; >0,
o kp,>mygl,

ki J

* k> ky, —mgl’
then the origin of the closed-loop equation is globally asymptotically
stable.

¢) Does this imply that lim;_ G(¢t) = 0 for all §(0) € IR ?

2. Verify the expression of V (g, q, z) given in Equation (9.14).

3. Consider the PID control law with gravity compensation for the position
control problem (i.e. with constant desired position, g,) for n-DOF robots
and whose control law is

T = K,q+ K,q+Ki§ +g(q)
£=gq.
a) Obtain the closed-loop equation in terms of the state vector [£T g’
qT} T. Verify that the origin is an equilibrium of the closed-loop equa-

tion.

b) Explain why the following tuning policy guarantees local asymptotic
stability of the origin.

¢ Max{ i} > Amin{Ki} >0,

o Max{EKp} > Amin{Kp} >0,

Miax{Ki}  Antax {M}

/\min{KP} )‘min{M} .

Hint: The only difference with the tuning procedure established above is
the absence of k4 in the expressions for K, and K,.

4. Consider the PID control law given by (9.1). Show that this is equivalent
to

L AM&X{K”U} 2 Al‘ﬂin{[(v} >

t
7= K)q—K,q+ K;/ [aq(o—) +4(0)| do
0
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where

forall « #0 .

5. Consider the linear multivariable system described by the equation:
Mz+Cx+g=u

where € IR" is part of the state and at the same time, the output of
the system, u € IR" is the input, M,C € IR™*™ are symmetric positive
definite constant matrices and g € IR" is constant as well.

Consider the application of PID control to drive the state trajectories x(t)
to a constant vector x4 € R", i.e.

u=K,x - Ko+ K;§

=%

where & = ¢4 — .

a) Obtain the closed-loop equation expressed in terms of the state
|:£T &7 d}T}T

b) Verify that the point

¢ Ki'g
z| = 0 e R>"
@ 0

of the closed-loop equation is the unique equilibrium.

c¢) Use the tuning procedure presented in this chapter to suggest a pol-
icy of tuning that guarantees asymptotic stability of the equilibrium
for the closed-loop equation. Can it be shown that the asymptotic
stability is actually global ?
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Consider the dynamic model of a robot manipulator with n degrees of freedom,
rigid links, no friction at the joints and with ideal actuators, (3.18), which we
repeat here for ease of reference:

M(q)g+C(q.9)q+9(q)=T. (IIL.1)
In terms of the state vector [qT qT]T these equations are rewritten as
d |4 q
dt _1 N
M(q)~" [7(t) — C(q,9)q — 9(q)]

where M(q) € R™*" is the inertia matrix, C(q,q)gq € IR" is the vector of
centrifugal and Coriolis forces, g(q) € IR" is the vector of gravitational torques
and 7 € IR" is a vector of external forces and torques applied at the joints.
The vectors q, q,q € IR" denote the position, velocity and joint acceleration
respectively.

The problem of motion control, tracking control, for robot manipulators
may be formulated in the following terms. Consider the dynamic model of an
n-DOF robot (II1.1). Given a set of vectorial bounded functions q4, ¢, and g,
referred to as desired joint positions, velocities and accelerations we wish to
find a vectorial function 7 such that the positions q, associated to the robot’s
joint coordinates follow g, accurately.

In more formal terms, the objective of motion control consists in finding 7
such that
lim g(¢t) =0
t—oo
where g € IR" stands for the joint position errors vector or is simply called
position error, and is defined by

q(t) = q(t) —q(t) .
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Considering the previous definition, the vector q(t) = ¢,(t) — q(t) stands
for the velocity error. The control objective is achieved if the manipulator’s
joint variables follow asymptotically the trajectory of the desired motion.

The computation of the vector 7 involves in general, a vectorial nonlinear
function of q, ¢ and ¢. This function is called “control law” or simply, “con-
troller”. It is important to recall that robot manipulators are equipped with
sensors to measure position and velocity at each joint henceforth, the vectors
q and ¢ are measurable and may be used by the controllers. In some robots,
only measurement of joint position is available and joint velocities may be
estimated. In general, a motion control law may be expressed as

T=T (qa Q7 Qa qda (.Idv qd7 M(q)a O(q7 q)a g(q)) .

However, for practical purposes it is desirable that the controller does not
depend on the joint acceleration g since accelerometers are usually highly
sensitive to noise.

Figure III.1 presents the block-diagram of a robot in closed loop with a
motion controller.

q4
g;—— CONTROLLER T - {ROBOT q
s - q
q4

Figure III.1. Motion control: closed-loop system

In this third part of the textbook we carry out the stability analysis of a
group of motion controllers for robot manipulators. As for the position control
problem, the methodology to analyze the stability may be summarized in the
following steps.

1. Derivation of the closed-loop dynamic equation. Such an equation is ob-
tained by replacing the control action control 7 in the dynamic model of
the manipulator. In general, the closed-loop equation is a nonautonomous
nonlinear ordinary differential equation since g; = g (t).

2. Representation of the closed-loop equation in the state-space form,

d[qcl—q

7 |4 — (-J = £(2,4:94:44-G44- M(q), C(q,4), 9(q)) -



Introduction to Part III 225

This closed-loop equation may be regarded as a dynamic system whose
inputs are g4,q, and g4, and whose outputs are the state vectors g =
g,—q and g = q;—q. Figure II1.2 shows the corresponding block-diagram.

qq

i CONTROLLER

; P ey
¢ ROBOT q

Figure II1.2. Motion control closed-loop system in its input—output representation

3. Study of the existence and possible unicity of the equilibrium for the

closed-loop equation

d |q - .z
— | f| = f(t 111.2
HHEEY (1112)
where f is obtained by replacing q with q,(t) — q and g with ¢,(t) — q.
Whence the dependence of f on t. That is, the closed-loop system equation

is nonautonomous.
T

Thus, for Equation (IT1.2) we want to verify that the origin, [g7, ¢ ]T =0

€ IR?" is an equilibrium and whether it is unique.

. Proposal of a Lyapunov function candidate to study the stability of any

equilibrium of interest for the closed-loop equation, by using the Theorems
2.2, 2.3 and 2.4. In particular, verification of the required properties, i.e.
positivity and, negativity of the time derivative. Notice that in this case,
we cannot use La Salle’s theorem (c¢f. Theorem 2.7) since the closed-loop
system is described, in general, by a nonautonomous differential equation.

. Alternatively to step 4, in the case that the proposed Lyapunov func-

tion candidate appears to be inappropriate (that is, if it does not satisfy
all of the required conditions) to establish the stability properties of the
equilibrium under study, we may use Lemma 2.2 by proposing a positive
definite function whose characteristics allow one to determine the quali-
tative behavior of the solutions of the closed-loop equation. In particular,
the convergence of part of the state.

The rest of this third part is divided in three chapters. The controllers

that we consider are, in order,

Computed torque control and computed torque+ control.

PD control with compensation and PD+ control.



226 Part I11

e Feedforward control and PD plus feedforward control.

For references regarding the problem of motion control of robot manipu-
lators see the Introduction of Part II on page 139.
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Computed-torque Control and
Computed-torque+ Control

In this chapter we study the motion controllers:

e Computed-torque control and

e Computed-torque+ control.

Computed-torque control allows one to obtain a linear closed-loop equation
in terms of the state variables. This fact has no precedent in the study of the
controllers studied in this text so far. On the other hand, computed-torque+
control is characterized for being a dynamic controller, that is, its complete
control law includes additional state variables. Finally, it is worth anticipating
that both of these controllers satisfy the motion control objective with a trivial
choice of their design parameters.

The contents of this chapter have been taken from the references cited at
the end. The reader interested in going deeper into the material presented
here is invited to consult these and the references therein.

10.1 Computed-torque Control

The dynamic model (IIL.1) that characterizes the behavior of robot manipula-
tors is in general, composed of nonlinear functions of the state variables (joint
positions and velocities). This feature of the dynamic model might lead us
to believe that given any controller, the differential equation that models the
control system in closed loop should also be composed of nonlinear functions
of the corresponding state variables. This intuition is confirmed for the case
of all the control laws studied in previous chapters. Nevertheless, there exists
a controller which is also nonlinear in the state variables but which leads to a
closed-loop control system which is described by a linear differential equation.
This controller is capable of fulfilling the motion control objective, globally
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and moreover with a trivial selection of its design parameters. It receives the
name computed-torque control.

The computed-torque control law is given by
7= M(q) [du+ K.§ + ,d] + C(a.0)a + 9(9). (10.1)

where K, and K, are symmetric positive definite design matrices and q =
g, — q denotes as usual, the position error.

Notice that the control law (10.1) contains the terms K,q + K,q which
are of the PD type. However, these terms are actually premultiplied by the
inertia matrix M(q; — q). Therefore this is not a linear controller as the
PD, since the position and velocity gains are not constant but they depend
explicitly on the position error q. This may be clearly seen when expressing
the computed-torque control law given by (10.1) as

T=M(q,— @) K,q+ M(qs— @) K,q+ M(q)d, + C(q,q)a+g(q).

Computed-torque control was one of the first model-based motion control
approaches created for manipulators, that is, in which one makes explicit
use of the knowledge of the matrices M(q), C(q,q) and of the vector g(q).
Furthermore, observe that the desired trajectory of motion q,(t), and its
derivatives ¢, (t) and g,(t), as well as the position and velocity measurements
q(t) and q(t), are used to compute the control action (10.1).

The block-diagram that corresponds to computed-torque control of robot
manipulators is presented in Figure 10.1.

Figure 10.1. Block-diagram: computed-torque control

The closed-loop equation is obtained by substituting the control action 7
from (10.1) in the equation of the robot model (III.1) to obtain

M ()i = M(q) |d4+ Koi + Kpd] - (10.2)
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Since M(q) is a positive definite matrix (Property 4.1) and therefore it is also
invertible, Equation (10.2) reduces to

a+K,q+K,g=0

.7 T
which in turn, may be expressed in terms of the state vector [(}T q } as
JMal [ a

dt | = - ~ 3
q | —Kpq — Kuq

0 1 q

= s (10.3)
| —K, —K, q

where I is the identity matrix of dimension n.

It is important to remark that the closed-loop Equation (10.3) is repre-

sented by a linear autonomous differential equation, whose unique equilibrium
T

T
point is given by [QT § } — 0 € IR?". The unicity of the equilibrium fol-
lows from the fact that the matrix K, is designed to be positive definite and
therefore nonsingular.

Since the closed-loop Equation (10.3) is linear and autonomous, its so-
lutions may be obtained in closed form and be used to conclude about the
stability of the origin. Nevertheless, for pedagogical purposes we proceed to
analyze the stability of the origin as an equilibrium point of the closed-loop
equation. We do this using Lyapunov’s direct method.

To that end, we start by introducing the constant ¢ satisfying
Amin{Kp} >€>0.

Multiplying by «”2 where & € IR™ is any nonzero vector, we obtain
)\min{Ku}mTw > exTx. Since K, is by design, a symmetric matrix then
T K,z > Apin{ K, }xzTx and therefore,

!’ [K, —ellx >0 Ve#£0eR".

This means that the matrix K, — €l is positive definite, i.e.

K,—el>0. (10.4)

Considering all this, the positivity of the matrix K, and that of the con-
stant € we conclude that

K, +eK, -1 >0. (10.5)
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Consider next the Lyapunov function candidate

g [K,+cK, eI

Q

V(a.q) =

el

Qe
~
=18

1 3 ~ T 53 ~ 1 ~ ~
= 5[‘14-6!1} [q—l—eq} +§qT[Kp+EKU —521] qg (10.6)
where the constant € satisfies (10.4) and of course, also (10.5). From this, it
follows that the function (10.6) is globally positive definite. This may be more
clear if we rewrite the Lyapunov function candidate V (g, q) in (10.6) as

IS 1.1 1. . T
V(g.9)=5aa+ iqT[Kp +eK,)G+eq"q.

Evaluating the total time derivative of V(q, f]) we get
S e T2 -T B T Tz
V(g,a)=q q+a [K,+eKJa+eqq+eq q.
Substituting Z] from the closed-loop Equation (10.3) in the previous ex-
pression and making some simplifications we obtain

2T

V(q,q9) = —q K, —<llg—a"K,q
ql'TeK, 0 q
=—1. - (10.7)
q 0 K,—¢Il||q

Now, since ¢ is chosen so that K, — el > 0, and since K, is by design

positive definite, the function V(f],f]) in (10.7) is globally negative definite.
. T

In view of Theorem 2.4, we conclude that the origin |g” QT =0eR™

of the closed-loop equation is globally uniformly asymptotically stable and

therefore

Jim qt)=0
Jlim g(t) =0

from which it follows that the motion control objective is achieved. As a matter
of fact, since Equation (10.3) is linear and autonomous this is equivalent to
global exponential stability of the origin.

For practical purposes, the design matrices K, and K, may be chosen diag-
onal. This means that the closed-loop Equation (10.3) represents a decoupled
multivariable linear system that is, the dynamic behavior of the errors of each
joint position is governed by second-order linear differential equations which
are independent of each other. In this scenario the selection of the matrices
K, and K, may be made specifically as
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K, = diag {w], -+, wp}
K, = diag {2w1, -, 2w, } .

With this choice, each joint responds as a critically damped linear system
with bandwidth w;. The bandwidth w; defines the velocity of the joint in
question and consequently, the decay exponential rate of the errors g(t) and
E](t) Therefore, in view of these expressions we may not only guarantee the
control objective but we may also govern the performance of the closed-loop
control system.

Example 10.1. Consider the equation of a pendulum of length [ and
mass m concentrated at its tip, subject to the action of gravity g and
to which is applied a torque 7 at the axis of rotation that is,

mi%§ +mgl sin(q) = T,

where ¢ is the angular position with respect to the vertical. For this
example we have M (q) = mi?, C(q,¢) = 0 and g(q) = mgl sin(q). The
computed-torque control law (10.1), is given by

7 =ml? [c’jd + koG + k;p(j] + mygl sin(q),

with k, > 0, k, > 0. With this control strategy it is guaranteed that
the motion control objective is achieved globally.

¢

Next, we present the experimental results obtained for the Pelican proto-
type presented in Chapter 5 under computed-torque control.

Ezample 10.2. Consider the Pelican prototype robot studied in Chap-
ter 5, and shown in Figure 5.2. Consider the computed-torque control
law (10.1) on this robot for motion control.

The desired reference trajectory, q,(¢), is given by Equation (5.7).
The desired velocities and accelerations g4(t) and §,(t), were ana-
lytically found, and they correspond to Equations (5.8) and (5.9),
respectively.

The symmetric positive definite matrices K, and K, are chosen as

K, = diag{w?, w3} = diag{1500, 14000} [1/s]
K, = diag{2wy, 2w} = diag{77.46, 236.64} [1/s°] ,

where we used wy = 38.7 [rad/s] and wp = 118.3 [rad/s].
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[rad]

Figure 10.2. Graph of position errors against time

The initial conditions which correspond to the positions and ve-
locities, are chosen as

q1 (0) = O, QQ(O) =0
¢1(0) =0, ¢2(0) =0.

Figure 10.2 shows the experimental position errors. The steady-
state position errors are not zero due to the friction effects of the
actual robot which nevertheless, are neglected in the analysis. &

10.2 Computed-torque+ Control

Most of the controllers analyzed so far in this textbook, both for position as
well as for motion control, have the common structural feature that they use
static state feedback (of joint positions and velocities). The exception to this
rule are the PID control and the controllers that do not require measurement
of velocities, studied in Chapter 13.

In this section! we study a motion controller which uses dynamic state
feedback. As we show next, this controller basically consists in one part that

! The material of this section may appear advanced to some readers; in particular,
for a senior course on robot control since it makes use of results involving con-
cepts such as ‘functional spaces’, material exposed in Appendix A and reserved
for the advanced student. Therefore, the material may be skipped if convenient
without affecting the continuity of the exposition of motion controllers. The ma-
terial is adapted from the corresponding references cited as usual, at the end of
the chapter.
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is exactly equal to the computed-torque control law given by the expression
(10.1), and a second part that includes dynamic terms. Due to this character-
istic, this controller was originally called computed-torque control with com-
pensation, however, in the sequel we refer to it simply as computed-torque—+.

The reason to include the computed-torque+ control as subject of study
in this text is twofold. First, the motion controllers analyzed previously use
static state feedback; hence, it is interesting to study a motion controller whose
structure uses dynamic state feedback. Secondly, computed-torque+ control
may be easily generalized to consider an adaptive version of it, which allows
one to deal with uncertainties in the model (¢f. Part IV).

The equation corresponding to the computed-torque+ controller is given
by

7= M(q) |4, + Kod + K,a| + Cla.)a+9(a) - Cla.qw  (108)
where K, and K, are symmetric positive definite design matrices, the vector

q = q, — q denotes as usual, the position error and the vector v € R" is
obtained by filtering the errors of position ¢ and velocity q, that is,

bp 2 b [ 5 -
=———q——— |K\q+ K } , 10.9
V=N o et K (10.9)
where p is the differential operator (i.e. p := %) and A, b are positive design

constants. For simplicity, and with no loss of generality, we take b = 1.

Notice that the difference between the computed-torque and computed-
torque+ control laws given by (10.1) and (10.8) respectively, resides exclu-
sively in that the latter contains the additional term C'(q, q)v.

The implementation of computed-torque+ control expressed by (10.8) and
(10.9) requires knowledge of the matrices M(q), C(q,q) and of the vector
g(q) as well as of the desired motion trajectory g,(t), g,(t) and g,(t) and
measurement of the positions g(t) and of the velocities ¢(t). It is assumed
that C(g, @) in the control law (10.8) was obtained by using the Christoffel
symbols (c¢f. Equation 3.21). The block-diagram corresponding to computed-
torque+ control is presented in Figure 10.3.

Due to the presence of the vector v in (10.8) the computed-torque+ control
law is dynamic, that is, the control action 7 depends not only on the actual
values of the state vector formed by q and g, but also on its past values. This
fact has as a consequence that we need additional state variables to completely
characterize the control law. Indeed, the expression (10.9) in the state space
form is a linear autonomous system given by

51 —AI 0 51 Kp K,
= + (10.10)
£, 0 -l 0 A

Qi

4
dt

Qe
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P+ A

qq &=
Figure 10.3. Computed-torque+ control

3
v=[-1 —I —[0 I] (10.11)

3

Qr

Qe

where £€,,&, € IR" are the new state variables.

To derive the closed-loop equation we combine first the dynamic equation
of the robot (III.1) with that of the controller (10.8) to obtain the expression

M(q) [§+ Kud+ K,3] - Cla,q)v = 0. (10.12)

. T
In terms of the state vector [Z]T QT Ef 55} , the equations (10.12),
(10.10) and (10.11) allow one to obtain the closed-loop equation

q q
Jla| | M@Tc@) g+ +a] - K- Ka
& - + Kpq + Koq
Le,] L IR _

.T T
of which the origin [(}T g &7 ¢F] =0eR™is an equilibrium point.
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The study of global asymptotic stability of the origin of the closed-loop
Equation (10.13) is actually an open problem in the robot control academic

community. Nevertheless we can show that the functions q(t), ¢(t) and v(t) are
bounded and, using Lemma 2.2, that the motion control objective is verified.

To analyze the control system we first proceed to write it in a different
but equivalent form. For this, notice that the expression for v given in (10.9)
allows one to derive

v =g+ K,q+ Kyq| . (10.14)

Incorporating (10.14) in (10.12) we get

M(q)[#+ ]+ C(q.q)v =0. (10.15)

The previous equation is the starting point in the analysis that we present
next. Consider now the following non-negative function

V(taV>Q): §VTM(qdfa)VZO’

which, even though it does not satisfy the conditions to be a Lyapunov func-
tion candidate for the closed-loop Equation (10.13), it is useful in the proofs
that we present below. Specifically, V (v, ¢) may not be a Lyapunov function
candidate for the closed-loop Equation (10.13) since it is not a positive defi-
nite function of the whole state, that is, considering all the state variables q,
f], &, and &,. Notice that it does not even depend on all the state variables.

The derivative with respect to time of V (v, q) is given by

V(v,q) =vIM(q)v + %VTM(L])V .

Solving for M (q)v in Equation (10.15) and substituting in the previous
equation we obtain _
V(v,q) = —vAM(q)v <0 (10.16)

where the term VT[%M - C’] v was canceled by virtue of Property 4.2. Now,

considering V (v, q) and (10.16) we see that
V{v,q) = -2\V(v,9),
which in turn implies that
V(v (t),q(t) = V(v(0),q(0))e>*.

Invoking Property 4.1 that there exists a constant o > 0 such that M(q) > al,
we obtain
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av(t)v(t) < v(t)M(q(t)v(t) = 2V (v(t),q(t))

from which we finally get

I/(t)TI/(t) < QV(V(O)v Q(O))672)\t' (1017)
N—— (0%
lv@l?

This means that that v(t) — 0 exponentially.
On the other hand, the Equation (10.14) may also be written as

(p+Nv=—[pI+pK, +K,] q
or in equivalent form as
a=—(p+N [Pl +pK, + K, v, (10.18)

Since A > 0, while K, and K, are positive definite symmetric matrices,
Equation (10.14) written in the form above defines a linear dynamic system
which is exponentially stable and strictly proper (i.e. where the degree of
the denominator is strictly larger than that of the numerator). The input to
this system is v which tends to zero exponentially fast, and its output q. So
we invoke the fact that a stable strictly proper filter with an exponentially
decaying input produces an exponentially decaying output?, that is,

lim g(t) =0,
t—oo

which means that the motion control objective is verified.

It is interesting to remark that the equation of the computed-torque+
controller (10.8), reduces to the computed-torque controller given by (10.1) in
the particular case of manipulators that do not have the centrifugal and forces
matrix C(q, q). Such is the case for example, of Cartesian manipulators.

Next, we present the experimentation results obtained for the computed-
torque+ control on the Pelican robot.

Ezample 10.3. Consider the 2-DOF prototype robot studied in Chapter
5, and shown in Figure 5.2.

Consider the computed-torque+ control law given by (10.8), (10.10)
and (10.11) applied to this robot.

The desired trajectories are those used in the previous examples,
that is, the robot must track the position, velocity and acceleration
trajectories q4(t), q4(t) and g4(t) given by Equations (5.7)—(5.9).

2 The technical details of why the latter is true rely on the use of Corollary A.2
which is reserved to the advanced reader.
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[rad]

Figure 10.4. Graph of position errors against time

The symmetric positive definite matrices K, and K,, and the con-
stant A\ are taken as

K, = diag{w?, w3} = diag{1500, 14000} [1/s]
K, = diag{2w1, 2ws} = diag{77.46, 236.64} [1/s?]
A =60.

The initial conditions of the controller state variables are fixed at

51(0) =0, 52(()) =0.

The initial conditions corresponding to the actual positions and
velocities are set to

Figure 10.4 shows the experimental tracking position errors. It is
interesting to remark that the plots presented in Figure 10.2 obtained
with the computed-torque control law, present a considerable similar-
ity to those of Figure 10.4. &

10.3 Conclusions

237

The conclusions drawn from the analysis presented in this chapter may be

summarized as follows.
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e For any choice of the symmetric positive definite matrices K, and K, the
origin of the closed-loop equation by computed-torque control expressed in

~ .7 . .
terms of the state vector {qT q } , is globally uniformly asymptotically
stable. Therefore, computed-torque control satisfies the motion control ob-
jective, globally. Consequently, for any initial position error g(0) € IR"
velocity error q(0) € R™, we have lim; o, q(t) = 0.

e For any selection of the symmetric positive definite matrices K, and K,,,
and any positive constant A\, computed-torque+ control satisfies the mo-
tion control objective, globally. Consequently, for any initial position error
q(0) € R™ and velocity error g(0) € R"™, and for any initial condition of
the controller £,(0) € IR", £,(0) € R"™, we have lim; . q(t) = 0.
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Problems

1. Consider the Cartesian robot 2-DOF shown in Figure 10.5.

Figure 10.5. Problem 1. Cartesian 2-DOF robot.

a) Obtain the dynamic model and specifically determine explicitly M (q),
C(q,q) and g(q).
b) Write the computed-torque control law and give explicitly 7 and 7.

2. Consider the model of an ideal pendulum with mass m concentrated at
the tip, at length [ from its axis of rotation, under the control action of a
torque 7 and a constant external additional torque 7,

mi%§+mgl sin(q) =7 — 7. .

To control the motion of this device we use a computed-torque controller
that is, )
T =mi? [dd + kyq + kp(j] + mgl sin(q),

where k, > 0 and k, > 0. Show that

. ~ _ Te
tlig)loq(t) ~ kymi2”

Hint: Obtain the closed-loop equation in terms of the state vector
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Te T
T ]2
kpyml

q

q

and show that the origin is globally asymptotically stable.

3. Consider the model of an ideal pendulum as described in the previous
problem to which is applied a control torque 7, and an external torque 7,
from torsional spring of constant k. > 0 (7. = keq),

mi%§ +mgl sin(q) = 7 — keq.

To control the motion of such a device we use the computed-torque con-
troller )
7 =ml? [dd + kyq + kp(j] + mgl sin(q)

where k, > 0 and k, > 0. Assume that gq is constant. Show that
ke
lim ¢(t) = —————qq -
00 q(t) kpyml? + k. 4
Hint: Obtain the closed-loop equation in terms of the state vector

ke
kymi2 + K,

q

q

and show that the origin is a globally asymptotically stable equilibrium.

4. Consider the model of an ideal pendulum described in Problem 2 under
the control action of a torque 7, i.e.

mi%§ +mgl sin(q) = 7.

Assume that the values of the parameters [ and g are exactly known, but
for the mass m only an approximate value mg is known. To control the
motion of this device we use computed-torque control where m has been
substituted by mg since the value of m is assumed unknown, that is,

T = mgl? [c'jd + kyq + kp(j] + mogl sin(q),
where k, > 0 and &, > 0.

AT
a) Obtain the closed-loop equation in terms of the state vector [(j éj}

b) Verify that independently of the value of m and mg (but with m # 0),
the origin [q* cﬂ T 0 € IR? is an equilibrium of the closed-loop
equation if the desired position ¢4(t) satisfies

Ga(t) + % sin(ga(t) =0 V¢>0.
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5. Consider the closed-loop equation obtained with the computed-torque+
- T T
controller given by Equation (10.13) and whose origin {qT q 5{ 55

= 0 is an equilibrium. Regarding the variable v we shown in (10.17) that

l/(t)TV(t) < 2V(V(O)7q(0))6—2>\t .

N—_—— «
[I4Ols

On the other hand we have from (10.10) and (10.18)

1 - -+

& = RN [KpQ+ qu}
A
&= *mq

a=—(p+)N [P I+pK,+K)] v

where K, and K, are symmetric positive definite matrices. Assume that
the robot has only revolute joints.

a) May we also conclude that q(t), q(t), &,(t) and &€,(t) tend exponen-
tially to zero ?

b) Would the latter imply that the origin is globally exponentially stable?

6. In this chapter it was shown that the origin of the robot system in closed
loop with the computed-torque controller is globally uniformly asymptot-
ically stable. Since the closed-loop system is linear autonomous, it was
observed that this is equivalent to global exponential stability. Verify this
claim using Theorem 2.5.
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PD+ Control and PD Control with
Compensation

As we have seen in Chapter 10 the motion control objective for robot ma-
nipulators may be achieved globally by means of computed-torque control.
Computed-torque control belongs to the so-called class of feedback linearizing
controllers. Roughly, the technique of feedback linearization in its simplest
form comnsists in applying a control law such that the closed-loop equations
are linear. Historically, the motivation to develop feedback-linearization based
controllers is that the stability theory of linear systems is far more developed
than that of nonlinear systems. In particular, the tuning of the gains of such
controllers is trivial since the resulting system is described by linear differen-
tial equation.

While computed-torque control was one of the first model-based controllers
for robot manipulators, and rapidly gained popularity it has the disadvantages
of other feedback-linearizing controllers: first, it requires a considerable com-
puting load since the torque has to be computed on-line so that the closed-loop
system equations become linear and autonomous, and second, it relies on a
very accurate knowledge of the system. This second feature may be of signif-
icant importance since the computed-torque control law contains the vector,
of centrifugal and Coriolis forces vector, C(q, q)q, which contains quadratic
terms of the components of the joint velocities. The consequence of this is that
high order nonlinearities appear in the control law and therefore, in the case of
model uncertainty, the control law introduces undesirable high order nonlin-
earities in the equations of the closed-loop system. Moreover, even in the case
that the model is accurately known, the control law increases proportionally
to the square of certain components of the vector of joint velocities hence,
these demanded large control actions may drive the actuators into saturation.

In this chapter we present two controllers whose control laws are based on
the dynamic equations of the system but which also involve certain nonlinear-
ities that are evaluated along the desired trajectories, i.e. the desired motion.
These control systems are presented in increasing order of complexity with
respect to their stability analyses. They are:
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e PD control with compensation and
e PD+ control.

These controllers have been thoroughly studied in the literature and, as
for the other chapters, the corresponding references are given at the end. For
clarity of exposition each of these controllers is treated in separate sections.

11.1 PD Control with Compensation

In 1987 an adaptive controller to solve the motion control problem of robot
manipulators was reported in the literature. This controller, which over the
years has become increasingly popular within the academic environment, is
often referred to by the names of its creators: ‘Slotine and Li controller’. The
related references are presented at the end of the chapter. While this controller
is the subject of inquiry in Chapter 16 its ‘non-adaptive’ version is studied
in this first section of the present chapter in its non-adaptive version. From a
purely structural viewpoint, the control law of this controller is formed by a
‘PD’ term plus a ‘compensation’ term hence, one could also call it “PD plus
compensation control”.

The material of this section has been taken from the references cited at
the end of the text. The PD control law with compensation may be written
as

T = Ky + Kod + M(a) [dg+ 48] + C(a,@) a0+ A3 + g(a),  (11.1)

where K, K, € R"*" are symmetric positive definite design matrices, g =
g, — q denotes the position error and A is defined as

A=K, 'K,.

Notice that A is the product of two symmetric positive definite matrices.
Even though in general this matrix may or may not be symmetric or positive
definite, it is always nonsingular. This characteristic of A will be of utility
later on. It is assumed that the centrifugal and Coriolis matrix C(q,q) is
built using the Christoffel symbols (c¢f. Equation 3.21).

Observe that the first two terms on the right-hand side of the control
law (11.1) correspond to the PD control law. PD control with compensation
is model-based, that is, the control law explicitly uses the terms from the
model of the robot (II1.1), M(q), C(q,q) and g(q). Figure 11.1 presents the
block-diagram that corresponds to the PD control law with compensation.

The closed-loop equation is obtained by substituting the control action
7 from the control law (11.1) in the equation of the robot model (IIL.1), to
obtain
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aq
dq

Figure 11.1. Block-diagram: PD control with compensation

M(q) [§+ 43| +C(a.9) [a+ A3 = ~K,q - K.q.
r 77
which may be expressed in terms of the state vector [(1 q } as
7 q
d |4
— = 11.2
dt | = SR )

M(q)™ [~K,q — Kod — Cla, @) [§+ 1a]| - 4§

T = T T
that is, this differential equation is nonautonomous and has the origin [(} q ]
0 € IR*" as an equilibrium point.

The stability analysis of the origin of the closed-loop equation may be
carried out by considering the Lyapunov function candidate

- T ~ ~
ql [2K,+A™M(q,—q)A A™M(q,—q)

Qe

V(t,q,q) =

Qe

‘;”l M(q, —q)A M(q, - q)

At first sight it may not appear evident that this Lyapunov function candidate
is positive definite but it may help that we rewrite it in the following form:

~ o~ ]- ~ ~ T ~ ~ ~ ~
Vi(t,q.q) = 5[ +Aq} M(q) [q+/1q} +3'K,q (11.3)
which is equivalent to
. qT .
.. 1Tqg] [1AT][2K, O I10][q
V(t.4,9) =5 {EJ {0 7 ] [ 0 M(q)] {AI] L} : (11.4)

BT AB
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And we see from Lemma 2.1 (cf. page 24) that the matrix product BT AB,
above, is positive definite since K, and M(q) are positive definite.

Also, it is apparent from (11.4) that V (¢, q, q) satisfies
Nuin{ B ABY (141> + 1]

Loz 1

so it is also radially unbounded. Correspondingly, since the inertia matrix is
bounded uniformly in g, from (11.3), we have

~ A 1 P ~ 2 ~
V(t,q,q) < iAMax{M} HqﬂLAqH + Mtax{ Ky} @l

hence, V (t,q, q) is also decrescent.

It is interesting to mention that the function (11.3) may be regarded as
an extension of the Lyapunov function (11.9) used in the study of the PD+
control. Indeed, both functions are the same if, as well as in the control laws,
A is set to zero.

The time derivative of the Lyapunov function candidate (11.3) is

V(a.a) = [a-+Aa] M@]a+ad) + ¢ [a+ ] Ni(a)[a -+ Ad]

+24"K,q. (11.5)

Solving for M(q)?] in the closed-loop Equation (11.2) and substituting in
the previous equation, we obtain

. . . T . .
V(ta.d) = - |4+ 44| K. |a+a] + 28" K4,
where we canceled the term

[+ a]" BM (9) - Clg. q)} 4+ 4a]

by virtue of Property 4.2. Now, using K, = K,A, the equation of V(t, q, f])
reduces finally to

. - x T B - -
V(t,q,q) = —-q K.q—q A"K,Aq

g1 ATk, A 0
—_ . (11.6)
0 K,

Q

Qe
Qe

Recalling again Lemma 2.1, since K, is symmetric positive definite and A
is nonsingular, we conclude that ATK,A is positive definite. Consequently,

! See Remark 2.1 on page 25.
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V(t,q,q) given by (11.6) is indeed a globally negative definite function. Since
moreover the Lyapunov function candidate (11.3) is globally positive definite,
from Theorem 2.4 we conclude immediately global uniform asymptotic sta-

.T T
bility of the equilibrium [(}T q } = 0 € IR*". Consequently, for any initial
position and velocity error we have
Jim g(t) = lim (q,(t) - q(t)) =0
—00 t—o0

lim 4(t) = Jim (g,(1) — q(t)) =0,

t—oo

thus, the motion control objective is verified.

Next, we present some experimental results for the PD control with com-
pensation on the Pelican robot.

v oA
|
|
[

Figure 11.2. Diagram of the Pelican robot

Ezxample 11.1. Consider the Pelican robot presented in Chapter 5, and
shown in Figure 11.2. The numerical values of its parameters are listed
in Table 5.1.

Consider this robot under PD control with compensation (11.1). Tt
is desired that the robot tracks the trajectories q4(t), g,(t) and g (t)
represented by Equations (5.7)—(5.9).

The symmetric positive definite matrices K, and K, are chosen so
that
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K, = diag{200, 150} [Nm/rad],
K, = diag{3} [Nms/rad],
and therefore A = K 'K, = diag{66.6, 50} [1/s].

The initial conditions corresponding to the positions and velocities
are

0.

71(0) =0, 42(0)
G1(0) =0, 42(0)

Figure 11.3. Graph of position errors against time

Figure 11.3 shows that the experimental tracking position errors
g(t) remain acceptably small. Although in view of the stability anal-
ysis of the control system we could expect that the tracking errors
vanish, a number of practical aspects — neglected in the theoretical
analysis — are responsible for the resulting behavior; for instance, the
fact of digitally implementing the robot control system, the sampling
period, the fact of estimating (and not measuring) velocities and, most
importantly, in the case of the Pelican, friction at the joints. &

11.2 PD+ Control

PD+ control is without doubt one of the simplest control laws that may be
used in the control of robot manipulators with a formal guarantee of the
achievement of the motion control objective, globally. The PD+ control law
is given by
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T=K,q+K,q+M(q)d,+C(q.9)q,+9(q) (11.7)

where K,, K, € R™*" are symmetric positive definite matrices chosen by
the designer and as is customary, ¢ = q; — g denotes the position error.
The centrifugal and Coriolis matrix C(q, q) is assumed to be chosen by us-
ing the Christoffel symbols (¢f. Equation 3.21). This ensures that the matrix
%M(q) — C(q, q) is skew-symmetric; a feature that will be useful in the sta-
bility analysis.

The practical implementation of PD+ control requires the exact knowl-
edge of the model of the manipulator, that is, of M(q), C(g,q) and g(q). In
addition, it is necessary to know the desired trajectories q,(¢), q,(t) and G,(t)
as well as to have the measurements q(t) and ¢(¢). Figure 11.4 depicts the
corresponding block-diagram of the PD+ control for robot manipulators.

Figure 11.4. Block-diagram: PD+ control

Notice that in the particular case of position control, that is, when g, =
g, = 0 € R", PD+ control described by (11.7) is equivalent to PD control
with gravity compensation, (7.1).

The equation which governs the behavior in closed loop is obtained by
substituting the control action 7 of the control law (11.7) in the equation of
the robot model (I11.1) to get

M(q)q+Clq.9)q = ~Kpq — Kuq.
Notice that the closed-loop equation may be written in terms of the state
T
[?]T Z]T} as
q q

d |4
— = 11.8
<1 . 4]

q M(g;—q) ' |-Kpqg— K,q—Cla;— q,4,— 9)q
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which is a nonlinear differential equation — in general, nonautonomous. The
latter is due to the fact that this equation depends explicitly on the functions
of time: q4(t) and g (t).

Moreover, it is immediate to see the only equilibrium point of the closed-
T

loop equation is the origin [(}T Z]T} = 0 € IR?". Therefore, if g(0) = q,4(0)
and g(0) = ¢,4(0), then q(t) = g4(t) and ¢(t) = ¢,4(t) for all ¢ > 0. Notice that
the latter follows simply from the concept of equilibrium without needing to
invoke any other argument. However, to draw conclusions for the case when
q(0) # q4(0) or q(0) # ¢,4(0) it is necessary to proceed to the stability analysis
of the equilibrium.

To analyze the stability of the origin consider now the following Lyapunov
function candidate

~ T ~
. 114 K, 0 q
Vit.a.a) =35 | NEE
q 0 M(g,—aq)] |a
1 =T k3 1 ~ ~
= 5a M(a)g+ QqTqu, (11.9)

which is positive definite since both the inertia matrix M(q) and the matrix
of position (or proportional) gains, K, are positive definite.

Taking the time derivative of (11.9) we obtain
. s T i 1 T - o ~ 2
V(t.a.9) =q M(@)g+ 50 M(9)g+q'Kyq.

Solving for M(q)q of the closed-loop Equation (11.8) and substituting in
the previous equation,

. - T 2
V(t,q,q9) = —q Kuq
T

l

0 0
- <0 (11.10)
0 K,

Q1

Qe
Qe

.T . .
where the term ¢q [%M 70]?] has been canceled by virtue of Property

4.2. From Theorem 2.3 we immediately conclude stability of the origin
. T
[QT QT} =0 e IR*" and, by Theorem 2.3, the state remains bounded.

Notice that the expression (11.10) is similar to that obtained for the Lya-
punov function used to analyze the stability of the robot in closed loop with
PD control with gravity compensation (cf. Inequality 7.4). For that controller
we used La Salle’s theorem to conclude global asymptotic stability. With this
under consideration one might also be tempted to conclude global asymptotic
stability for the origin of the closed-loop system with the PD+ controller that
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is, for the origin of (11.8). Nevertheless, this procedure would be incorrect
since we remind the reader that the closed-loop Equation (11.8) is nonau-
tonomous due to the presence of q; = q,(t). Hence, Theorem (2.7) cannot be
used.

Alternatively, we may use Lemma 2.2 to conclude that the position and
velocity errors are bounded and the velocity error is square-integrable, i.e. it
satisfies:

/OOO Hf](t)HZdt <00, (11.11)

Taking into account these observations, we show next that the velocity
error q tends asymptotically to zero. For this, notice from the closed-loop
Equation (11.8) that

G=M(a)" [-K,a— K. - Cla, @) (11.12)

where the terms on the right-hand side are bounded due to the following. We
know that g(¢) and g(t) are bounded and that M (q) and C(q, q) are bounded
matrices provided that their arguments are also bounded. Now, due to the
boundedness of g and g, we have q(t) = —q(t)+q(t), and ¢(t) = —q(t)+q4(t)
are also bounded since the desired position and velocity g, and ¢, are bounded
vector functions. Under these conditions, the acceleration error q(t) in (11.12)
is a bounded vector function of time. The latter, together with (11.11) and
Lemma 2.2, imply that
lim g(t) = lim (G,4(t) —q(t)) =0 € R".
t—o0 t—o0

Unfortunately, from the study sketched above, it is not possible to draw
any immediate conclusion about the asymptotic behavior of the position error
q. For this, we need to show not only stability of the origin, as has already
been done, but we also need to prove asymptotic stability. As mentioned
above, La Salle’s theorem (c¢f. Theorem 2.7) cannot be used to study global
asymptotic stability since the closed-loop Equation (11.8) is nonautonomous.
However, we stress that one may show that the origin of (11.8) is global
uniform asymptotic stability by other means. For instance, invoking the so-
called Matrosov’s theorem which applies nonautonomous differential equations
specifically in the case that the derivative of the Lyapunov function is only
negative semidefinite. The study of this theorem is beyond the scope of this
text, hence reader is invited to see the references cited at the end of the chapter
for more details on this subject.

Yet for the sake of completeness, we present in the next subsection an alter-
native analysis of global uniform asymptotic stability by means of a Lyapunov
function which has a negative definite derivative.

Example 11.2. Consider the model of an ideal pendulum of length [
with mass m concentrated at its tip, subject to the action of gravity g
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and to which a torque 7 is applied at the axis of rotation (see Example
2.2) that is,
mi%§ +mgl sin(q) = 7

where we identify M(q) = mi?, C(q,4) = 0 and g(q) = mgl sin(q).
For this example, the PD+ control law given by (11.7) becomes

7 = kpd + koG + mi%q + mgl sin(q)

where k, and k, are real positive numbers. The closed-loop equation
is

mi?q + koG + kpg =0
which constitutes a linear autonomous differential equation whose
unique equilibrium [(j (ﬂT = 0 € R? as can easily be shown, is
globally exponentially stable. &

Next, we present experimental results obtained for the Pelican 2-DOF
robot under PD-+ control.

Ezxample 11.3. Consider the 2-DOF prototype robot studied in Chapter
5, and shown in Figure 11.2.

Consider the application of PD control+ (11.7) to this robot. The
joint desired trajectories of position, velocity and acceleration, g,(t),
q,(t) and @ (¢), are given by Equations (5.7)—(5.9) on page 128.

The symmetric positive definite matrices K, and K, are chosen as

K, = diag{200, 150} [Nm/rad]
K, = diag{3} [Nms/rad] .

The initial conditions corresponding to the positions and velocities,
are fixed at
q1 (O) = 07 CI2(O) =0
¢1(0) =0, G2(0)=0.
Figure 11.5 presents the experimental steady state tracking posi-

tion errors q(t), which, in view of the practical aspects mentioned in
Example 11.1 (mainly friction phenomena), do not vanish. &

Comparing the experimental results in Figures 11.5 and 11.3, we see that
PD control with compensation behaves better than PD+ control, in the sense
that the tracking error |G;| satisfies a smaller bound.
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Figure 11.5. Graph of the position errors against time

11.2.1 Lyapunov Function for Asymptotic Stability

We present next an alternative stability analysis for the origin of the closed-
loop Equation (11.8). This study has been taken from the literature and its
reference is cited at the end of the chapter. The advantage of the study we
present in this section is that we use a Lyapunov function that allows one to
conclude directly global uniform asymptotic stability.

In the particular case that all the joints of the robot manipulator are rev-
T

T
olute, it may be shown that the origin [(}T q } = 0 € IR*" is globally
uniformly asymptotically stable. This can be done by using a Lyapunov func-
tion somewhat more complex than the one proposed in (11.9) and exploiting
the properties presented in Chapter 4.

As stated in Property 4.1, the fact that a robot manipulator has only
revolute joints, implies that the largest eigenvalue Ayrax{M(q)} of the inertia
matrix is bounded. On the other hand, in this study we assume that the
desired joint velocity g,(t) is a bounded vector, but the bound does not need
to be known.

We present now the formal stability analysis. To study the stability prop-
T

LT
erties of the origin {?]T q =0 € R®" of the closed-loop Equation (11.8),
consider the following Lyapunov function candidate:

- T €0
1 K 7~M
a S TR

1
20| | —0 M
a] |TrpM@ ()

Qi

(11.13)

Qe
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where W (t,q, q) is the Lyapunov function (11.9). The positive constant g is
chosen so as to satisfy simultaneously the three inequalities:

Amin{Kp}
Ataxc{ M (q)}
Amin { Ko}
2 (ke, + 2 ax{M(q)})
22 min {Kp FAmin { Ko }
(AMax{Eo} + ke, 104l viax)

where ke, > 01is a constant such that ||C(q, ¢)q|| < kc, ||q]| ||g]| for all g € R™
(by Property 4.2) and ||q || .y is the largest value of ||g,(t)]|. It is important to
underline that in the study presented here, it is only required to guarantee the
existence of €9 > 0 and it is not necessary to know its actual numerical value.
In particular, it is not necessary to know ||q,||max- Fortunately, the existence
of g9 > 0 is guaranteed since in the inequalities above, upper-bounds on &g
exist (that is, they are finite) and are strictly positive.

>e0>0;

>eg9>0;

2>€0>0;

Next, we show that the Lyapunov function candidate (11.13) is positive
definite provided that

/\min{Kp}

———— >0 >0 VY geR". 11.14
AMax{M(q)} ‘ ( )

To show that under the previous condition the function (11.13) is positive
definite, we proceed in two steps. First, notice that since €3 > &2 where ¢ =
eo/(1 +1|qll), Inequality (11.14) implies that

Amin{Kp}

2 n
—— = >c" >0 vV geR".
Amax{M(q)}

This in turn, implies that the matrix K, — M (q) is positive definite, i.e.
K, —¢*M(q) > 0.
On the other hand, the function (11.13) may be rewritten as
~ 1r. e 3 ~ 1_+ 2 ~
V(t,a.q) = §[q+5q} M(q)[q+€q} +54 [K, —<*M(g)] 4

which is positive definite since so are M(q) and K, — 2M(q).
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To show that the function defined in (11.13) is also decrescent, notice that
V(t,q, q) satisfies

180177 Atk Ko} 20 Avta lall
vead=y|[3] [t i) (9] o

for which we have used the fact that

‘ y

— | llall < eollqll-
1+ IIqII‘

The matrix on the right-hand side of inequality (11.15) is positive definite
in view of the condition on ¢,

)‘Max{Kp}

— >0 >0 \4 cR",
MM ()}~ 1

which implies that the determinant of this matrix is positive, and which triv-
ially holds under hypothesis (11.14). Thus, the function (11.13) is positive
definite, radially unbounded and decrescent.

It is interesting to remark that the Lyapunov function candidate (11.13)
is very similar to that used for the study of the PD control law with gravity
compensation (7.8). On the other hand, the function (11.13) may be consid-
ered as a more general version of the previous Lyapunov function (11.9) which
corresponds to the case ¢y = 0.

Following the study of stability, the time derivative of the Lyapunov func-
tion candidate (11.13) is given by

)a"M(q)q +£(@)i"M (q)q (11.16)
where W (t,q, q) corresponds to the right-hand side of (11.10), that is

. JS T -

W(t.q,q) = —q Kuq.

Taking into account the previous expression, substituting M (q)i] from the
closed-loop Equation (11.8) and rearranging terms, Equation (11.16) becomes

V(ta.4) = —4'K.q+=@)q M(@)a+=2)3"|M(a) - C(a.9)| 4

— @[k, + K. +£@a'M (9. (11.17)

Now, considering Property 4.2 which establishes M(q) = C(q,q9) +
C(q,q)", Equation (11.17) becomes
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V(a.4) =~ K.g+=@)q M@ +£@)dq Ca.9)
a(q.9)
—c@a"|K,q+ K.d| +2@a'M(@)g . (1118)
b(q.q)
Next, we proceed to obtain upper-bounds on the terms a(g, q) and b(g, q).
Regarding the term a(q, é) we have

0(a,q) < [0(@,d)| = -3 C(a,a)q
<<||] Ict @l

| 1al ial

| (|| + 1aal) va

ke Nall a]” + ke al a4

A

1+ qul

< cohes|[a]|” + ke a4 Il

where once again, we used Property 4.2 (i.e. that [|C(q, @)q| < k¢, |4l lall
for all g € R™).

Next, regarding the term b(g, q), first notice that

50 ~T%

@ = art

Taking this into account we obtain

b(g.§) < ’b(q,i])‘ _ ‘é(~)~TM &‘
< e M@
< i el v@d
= m lal | & nal @i
—m Jal ] 1l /e (@ )} ]
*1;@ | H Mvtax{M (q)}

(q)
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where Aax{M} = v/ AMax{MTM}, since M(q) is a symmetric positive defi-
nite matrix function.

~ Keeping in mind the upper-bounds on a(q, q) and b(q, q), the derivative
V(t,q, q) of the Lyapunov function given by Equation (11.18), may be upper-
bounded as

. oz 2T - T 22 ~ 3 .
V(@) <~ Ko+ =4 Ma+ ok, || + ke, Il |a| .

. 112
. aqT[qu " K,,q} T sAMaX{M}HqH (11.19)

where for simplicity in the notation we omitted the arguments of (g) and
M (q). Using the inequalities

T )\min {KU}
2

3 T 3
K’U S _%q qu -

2112
4

.12 .12
L4 EAMax{M} HQH S EOAMax{M} H(}H

Qe

o i@ < M) ] < corantnr} a]

we see that Inequality (11.19) may be rewritten in the form

(
[q "TeK, 5K,

q| |iK, iK.,] |a

Y

+ekey lal || laa

i {5}~ 220 ke, + 2ae M) ]

Notice that in addition V(t, q, (1) may be upper-bounded in the following
manner:

- T .
. lal gl

V(Labé) S —€ . Q -
lal] " L]

h(lall. llal)
L a3 =250 (ks + 200 ] (11.20)
1
where the symmetric matrix () is given by
0 Amin{Kp} —5 (ntax{ Ko} + ke [14ll)
— 3 Oax{ Ko} + ke, [144ll) 3 Amin { K0}

and where we used



258 11 PD+ Control and PD Control with Compensation

€ . 2 €|~ 2 1> ~ 2 3 ~ A~
o 'K <5 |a"G] < S lall||Kud| < 5l wed K2R |4
! g2 1+ al g2 1 yE
_7)\min K’u ‘ H = - )\min Kv ’ H < _7Amin Kv ) H .
* —gAmin{Bu}||q 2% {Kolf|af = =g Amn{Ko}a

To guarantee that V (¢, g, q) is a negative definite function, it is necessary
to pick €¢ appropriately. On one hand, it is required that § > 0, that is

)\min{KU}
2 (ke, + 2Amax{M})

>e€0.

On the other hand, it is also required that the matrix @) be positive definite.
The latter is guaranteed if

2Amin{Kp}>\min{K’u}
Antac{ 50} + Fe, [dallva)’

> €0,

where ||qllyax = 14(t)]| for all £ > 0, since the previous inequality implies
that

1 1 .
E)‘min{Kp})‘min{Kv} - Z(AMax{Kv} + kCl ||qd||)2 >0,

which actually corresponds to the determinant of ().

To summarize, the inequality in (11.20) involving V (¢, @, q), may be writ-
ten as ) ) ) )
V(t,q,q) < —<(@) h(lal, llal) - <llql,

where, with the choice we made for ¢, it follows that A(||q||, ||q||) is a positive

i
definite function and ¢ > 0. The function V(t, q, (}) is negative definite since
e(q) h(l|qll, lgll) —clql|? is a positive definite function of q and §. In particular,

e V(t,0,0)=0

llall
) <0 v | #£0
llall

Q-

o Vi(tgq,
. s - 3 2
o V(t,q,q) — —oco when |[|g|*>+]g]” — oo.

. T
Thus, using Theorem 2.4 we conclude that the origin [E]T QT} =0ecR™
is globally uniformly asymptotically stable.

11.3 Conclusions

We may summarize the ideas exposed in this chapter as follows:
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For any selection of the symmetric positive definite matrices K, and K,
the origin of the closed-loop equation of robots with the PD control law
- .7 .

with compensation, expressed in terms of the state vector [qT q , is
globally uniformly asymptotically stable. Therefore, the PD control law
with compensation satisfies the motion control objective, globally. This
implies in particular, that for any initial position error q(0) € IR" and any
velocity error q(0) € IR™, we have lim; o, q(t) = 0.

For any choice of the symmetric positive definite matrices K, and K, the
origin of the closed-loop equation of a robot with the PD+ control law,

~ -7 . .
expressed in terms of the state vector [qT q } , is globally uniformly

asymptotically stable. Therefore, PD+ control satisfies the motion control
objective, globally. In particular, for any initial position error (0) € R"
and velocity error g(0) € R", we have lim;_,o q(t) = 0.
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Problems

1. Consider the model of an ideal pendulum studied in Example 2.2 (see
page 30)
JG+mgl sin(q) = 7.

Assume that we apply the PD controller with compensation

T =kpq + koG + J[Ga + Aj] + mgl sin(q)

where A = k,/k,, k, and k, are positive numbers.

AT
a) Obtain the closed-loop equation in terms of the state vector [(j (j]
Verify that the origin is its unique equilibrium point.

b) Show that the origin [@ ('j]T = 0 e IR? is globally asymptotically
stable .
Hint: Use the Lyapunov function candidate

~ 1 i a2 N
V(G.q) = 57 [+ 2] + kpd® .

2. Consider PD+ control for the ideal pendulum presented in Example 11.2.
Propose a Lyapunov function candidate to show that the origin [(j cj] =
[0 0]7 =0 € R? of the closed-loop equation

ml?G + koG + kpg =0

is a globally asymptotically stable equilibrium point.

2 This, together with PD control with compensation were the first controls with
rigorous proofs of global uniform asymptotic stability proposed for the motion
control problem.
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. Consider the model of the pendulum from Example 3.8 and illustrated in
Figure 3.13,

JL . fL KaKb . kL . Ka
(JerTQ) q+ (fm+7"2+ R )quTQ sin(q) = R

where
e v is the armature voltage (input)

e ¢ is the angular position of the pendulum with respect to the vertical
(output),

and the rest of the parameters are constants related to the electrical and
mechanical parts of the system and which are positive and known.

It is desired to drive the angular position ¢(t) to a constant value gq. For
this, we propose to use the following control law of type PD+3,

TR, ~ . kr .
X, (k‘pq — kyq + oy sm(q))

with k, and k, positive design constants and G(t) = g4 — q(t).

v =

a) Obtain the closed-loop equation in terms of the state [§ ¢]7.

b) Verify that the origin is an equilibrium and propose a Lyapunov func-
tion to demonstrate its stability.

¢) Could it be possible to show as well that the origin is actually globally
asymptotically stable?

. Consider the control law
T = K,q + K,q + M(q)ig +C(a.40)d + 9(q) -
a) Point out the difference with respect to the PD+ control law given by

Equation (11.7)

b) Show that in reality, the previous controller is equivalent to the PD+
controller.

Hint: Use Property 4.2.
5. Verify Equation (11.6) by use of (11.5).

3 Notice that since the task here is position control, in this case the controller is
simply of type PD with gravity compensation.
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Feedforward Control and PD Control plus
Feedforward

The practical implementation of controllers for robot manipulators is typically
carried out using digital technology. The way these control systems operate
consists basically of the following stages:

e sampling of the joint position g (and of the velocity q);
e computation of the control action 7 from the control law;

e the ‘order’ to apply this control action is sent to the actuators.

In certain applications where it is required that the robot realize repetitive
tasks at high velocity, the previous stages must be executed at a high cadence.
The bottleneck in time-consumption terms, is the computation of the control
action 7. Naturally, a reduction in the time for computation of 7 has the ad-
vantage of a higher processing frequency and hence a larger potential for the
execution of ‘fast’ tasks. This is the main reason for the interest in controllers
that require “little” computing power. In particular, this is the case for con-
trollers that use information based on the desired positions, velocities, and
accelerations q,4(t), g,(t), and q,(t) respectively. Indeed, in repetitive tasks
the desired position g,(t) and its time derivatives happen to be vectorial pe-
riodic functions of time and moreover they are known once the task has been
specified. Once the processing frequency has been established, the terms in
the control law that depend exclusively on the form of these functions, may
be computed and stored in memory, in a look-up table. During computation
of the control action, these precomputed terms are simply collected out of
memory, thereby reducing the computational burden.

In this chapter we consider two control strategies which have been sug-
gested in the literature and which make wide use of precomputed terms in
their respective control laws:

e feedforward control;

e PD control plus feedforward.

Each of these controllers is the subject of a section in the present chapter.



264 12 Feedforward Control and PD Control plus Feedforward

12.1 Feedforward Control

Among the conceptually simplest control strategies that may be used to con-
trol a dynamic system we find the so-called open-loop control, where the
controller is simply the inverse dynamics model of the system evaluated along
the desired reference trajectories.

For the case of linear dynamic systems, this control technique may be
roughly sketched as follows. Consider the linear system described by

r=Ax+u

where € IR" is the state vector and at same time the output of the system,
A € R™" is a matrix whose eigenvalues \;{A} have negative real part,
and u € IR" is the input to the system. Assume that we specify a vectorial
function x4 as well as its time derivative &4 to be bounded. The control goal
is that ®(t) — @x4(t) when t — oo. In other words, defining the errors vector
& = x4 — x, the control problem consists in designing a controller that allows
one to determine the input w to the system so that lim; ., &(t) = 0. The
solution to this control problem using the inverse dynamic model approach
consists basically in substituting « and & with x; and &, in the equation of
the system to control, and then solving for u, i.e.

UZde—AiL‘d.

In this manner, the system formed by the linear system to control and the
previous controller satisfies _
T =Ax

which in turn is a linear system of the new state vector & and moreover we
know from linear systems theory that since the eigenvalues of the matrix A
have negative real parts, then lim; .. &(¢) = 0 for all £(0) € R".

In robot control, this strategy provides the supporting arguments to the
following argument. If we apply a torque 7 at the input of the robot, the
behavior of its outputs g and ¢ is governed by (I11.1), i.e.

d q q
= — . (12.1)
q M(q)~' [ — C(q,9)q — 9(q)]

If we wish that the behavior of the outputs g and g be equal to that
specified by g, and g, respectively, it seems reasonable to replace g, ¢ and ¢
by q4, G4, and @, in the Equation (12.1) and to solve for 7. This reasoning
leads to the equation of the feedforward controller, given by

T =M(q4)q4+ C(24,9a)3a + 9(q4) - (12.2)
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Notice that the control action 7 does not depend on g nor on ¢q, that is,
it is an open loop control. Moreover, such a controller does not possess any
design parameter. As with any other open-loop control strategy, this approach
needs the precise knowledge of the dynamic system to be controlled, that is,
of the dynamic model of the manipulator and specifically, of the structure
of the matrices M(q), C(q,q) and of the vector g(q) as well as knowledge
of their parameters (masses, inertias etc.). For this reason it is said that the
feedforward control is (robot-) ‘model-based’. The interest in a controller of
this type resides in the advantages that it offers in implementation. Indeed,
having determined g, ¢, and g, (in particular for repetitive tasks), one may
determine the terms M(q,), C(q4,q,) and g(q,) off-line and easily compute
the control action 7 according to Equation (12.2). This motivates the qualifier
“feedforward” in the name of this controller.

Nonetheless, one should not forget that a controller of this type has the
intrinsic disadvantages of open-loop control systems, e.g. lack of robustness
with respect to parametric and structural uncertainties, performance degra-
dation in the presence of external perturbations, etc. In Figure 12.1 we present
the block-diagram corresponding to a robot under feedforward control.

Figure 12.1. Block-diagram: feedforward control

The behavior of the control system is described by an equation obtained
by substituting the equation of the controller (12.2) in the model of the robot
(I11.1), that is

M(q)g+C(q,q)q+9(q) = M(q)q,+C(a4,92)a + 9(qq).  (12.3)

To avoid cumbersome notation in this chapter we use from now on and
whenever it appears, the following notation

M = M(q)
Mg = M(q,)
C=0C(g,9)
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Ca=C(q4,44)
g=9(q)
94 =9(44) -
r 77
Equation (12.3) may be written in terms of the state vector [f] q ] as
PR q
7 I e o !
q —M~H (Mg — M)+ Caqy — Cq+ 94— 9

which represents an ordinary nonlinear nonautonomous differential equation.
T

T
The origin [E]T q } = 0 € IR?" is an equilibrium point of the previous equa-
tion but in general, it is not the only one. This is illustrated in the following
examples.

Ezample 12.1. Consider the model of an ideal pendulum of length [
with mass m concentrated at the tip and subject to the action of
gravity g. Assume that a torque 7 is applied at the rotating axis

mi%§ +mgl sin(q) = 7

where we identify M(q) = mi?, C(q,¢) = 0 and g(q) = mgl sin(q).
The feedforward controller (12.2), reduces to

7 = mi%{q + mgl sin(qq) .
The behavior of the system is characterized by Equation (12.3),

mi%§ + mgl sin(q) = mi?Gy + mgl sin(qq)

or, in terms of the state [(j Q]T, by
g i g
dt |-~ . . N
q — 7 [sin(qa) — sin(ga — q)]

Clearly the origin [(j q~]T = 0 € R? is an equilibrium but so are
the points [§ (j]T = [2n7 0] for any integer value that n takes. <

The following example presents the study of the feedforward control of a 3-
DOF Cartesian robot. The dynamic model of this manipulator is an innocuous
linear system.
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Ezxample 12.2. Consider the 3-DOF Cartesian robot studied in Exam-
ple 3.4 (see page 69) and shown in Figure 3.5. Its dynamic model is
given by

[m1 4+ ma + m3)g1 + [m1 +me +m3lg =71

[m1 + ma] do = T

mléjS = T3,
where we identify
_ml + mo + m3 0 0
M(q) = 0 my+mo 0
L 0 0 mi
C(q,q) =0
[m1 + ma + mglg
g(q) = 0
0

Notice that the dynamic model is characterized by a linear differen-
tial equation. The “closed-loop” equation! obtained with feedforward
control is given by

0 I

Q
W

d

dt | 0ol l§

Qi

which has an infinite number of non-isolated equilibria given by
~ .77 - T
[qT & } _ [qT OT] € R?",

where @ is any vector in IR". Naturally, the origin is an equilibrium
but it is not isolated. Consequently, this equilibrium (and actually
any other) may not be asymptotically stable even locally. Moreover,
due to the linear nature of the equation that characterizes the control
system, it may be shown that in this case any equilibrium point is
unstable (see problem 12.2). O

The previous examples makes it clear that multiple equilibria may coexist
for the differential equation that characterizes the behavior of the control
system. Moreover, due to the lack of design parameters in the controller, it is
impossible to modify either the location or the number of equilibria, and even

! Here we write “closed-loop” in quotes since as a matter of fact the control system
in itself is a system in open loop.
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less, their stability properties, which are determined only by the dynamics of
the manipulator. Obviously, a controller whose behavior in robot control has
these features is of little utility in real applications. As a matter of fact, its
use may yield catastrophic results in certain applications as we show in the
following example.

Figure 12.2. Diagram of the Pelican prototype

Ezxample 12.3. Consider the 2-DOF prototype robot studied in Chapter
5, and shown in Figure 12.2.

Consider the feedforward control law (12.2) on this robot. The
desired trajectory in joint space is given by q,;(t) which is defined in
(5.7) and whose graph is depicted in Figure 5.5 (¢f. page 129).

The initial conditions for positions and velocities are chosen as

q1 (O) = 0, QQ(O) =0
¢1(0) =0, ¢2(0) =0.

Figure 12.3 presents experimental results; it shows the components
of position error ¢(t), which tend to a largely oscillatory behavior.
Naturally, this behavior is far from satisfactory.

¢
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2.0 — [rad]

Figure 12.3. Graphs of position errors ¢ and ¢

So far, we have presented a series of examples that show negative features
of the feedforward control given by (12.2). Naturally, these examples might
discourage a formal study of stability of the origin as an equilibrium of the
differential equation which models the behavior of this control system.

Moreover, a rigorous generic analysis of stability or instability seems to
be an impossible task. While we presented in Example 12.2 the case when
the origin of the equation which characterizes the control system is unstable,
Problem 12.1 addresses the case in which the origin is a stable equilibrium.

The previous observations make it evident that feedforward control, given
by (12.2), even with exact knowledge of the model of the robot, may be
inadequate to achieve the motion control objective and even that of position
control. Therefore, we may conclude that, in spite of the practical motivation
to use feedforward control (12.2) should not be applied in robot control.

Feedforward control (12.2) may be modified by the addition, for example,
of a feedback Proportional-Derivative (PD) term

T =M(qy)dy+ C(a4,42)qq + 9(a4) + Kpa + K.q (12.4)

where K, and K, are the gain matrices (n x n) of position and velocity
respectively. The controller (12.4) is now a closed-loop controller in view of
the explicit feedback of g and ¢ used to compute ¢ and g respectively. The
controller (12.4) is studied in the following section.

12.2 PD Control plus Feedforward

The wide practical interest in incorporating the smallest number of computa-
tions in real time to implement a robot controller has been the main motiva-
tion for the PD plus feedforward control law, given by
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T =K,q+K,q+ M(qy)dy + Clas, d42)dq + 9(a4), (12.5)

where K, K, € R"*" are symmetric positive definite matrices, called gains
of position and velocity respectively. As is customary in this textbook, ¢ =
g, — q stands for the position error. The term ‘feedforward’ in the name of the
controller results from the fact that the control law uses the dynamics of the
robot evaluated explicitly at the desired motion trajectory. In the control law
(12.5), the centrifugal and Coriolis forces matrix, C(q, ), is assumed to be
computed via the Christoffel symbols (¢f. Equation 3.21). This allows one to
ensure that the matrix %M (q) — C(q, q) is skew-symmetric, a property which
is fundamental to the stability analysis of the closed-loop control system.

It is assumed that the manipulator has only revolute joints and that the
upper-bounds on the norms of desired velocities and accelerations, denoted as
laqlla and ||G4llm, are known.

The PD control law plus feedforward given by (12.5) may be regarded as
a generalization of the PD control law with gravity precompensation (8.1).
Figure 12.4 shows the block-diagram corresponding to the PD control law
plus feedforward.

i, ——{M(aq) =) ©) RT ROBOT | | Z
| C(qd7Qd> g(qd) Kv Kp

4q (Z)—

R B R |

Figure 12.4. Block-diagram: PD control plus feedforward

Reported experiences in the literature of robot motion control using the
control law (12.5) detail an excellent performance actually comparable with
the performance of the popular computed-torque control law, which is pre-
sented in Chapter 10. Nevertheless, these comparison results may be mislead-
ing since good performance is not only due to the controller structure, but
also to appropriate tuning of the controller gains.

The dynamics in closed loop is obtained by substituting the control action
7 from (12.5) in the equation of the robot model (IIL.1) to get

M(q)§+C(q,q)q +9(q) = Kpgq + Koq + M(qy)dq + C(qu, 4)dq + gqu) -)
12.6
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The closed-loop Equation (12.6) may be written in terms of the state

T T T
vector [q q } as

Q
LS

d

- - . (12.7)

M(q)™ [~Kya — Ko — Cla.@)d — h(t..§)]

I

where we remind the reader that h(t, q, Z]) is the so-called residual dynamics,
given by

h(t,q,q) = [M(q,) — M(@))d, + [C(aq44) — C(a. @)l + g(as) — 9(q).

See (4.12).

It is simple to prove that the origin [6T ET]T = 0 € IR?" of the state space
is an equilibrium, independently of the gain matrices K, and K,. However,
the number of equilibria of the system in closed loop, i.e.(12.7), depends on
the proportional gain K,. This is formally studied in the following section.

12.2.1 Unicity of the Equilibrium

We present sufficient conditions on K, that guarantee the existence of a unique
equilibrium (the origin) for the closed-loop Equation (12.7).

For the case of robots having only revolute joints and with a sufficiently
T

“large” choice of K,,, we can show that the origin [QT ZJT} =0 e R*" is the
unique equilibrium of the closed-loop Equation (12.7). Indeed, the equilibria

~7 T ~ ~ .
are the constant vectors [§° ¢ |7 = [ 07]7 € R*™, where ¢* € R" is a
solution of
K,q" + h(t,g",0)=0. (12.8)

The previous equation is always satisfied by the trivial solution g* = 0 €
IR", but this does not exclude other vectors g* from being solutions, depending
of course, on the value of the proportional gain K. Explicit conditions on the
proportional gain to ensure unicity of the equilibrium are presented next. To
that end define

k(q") = K, 'h(t,q",0).

The idea is to note that any fixed point ¢* € IR"™ of k(g") is a solution of
(12.8). Hence, we wish to find conditions on K, so that k(g*) has a unique
fixed point. Given that ¢* = 0 is always a fixed point, then this shall be
unique.

Notice that for all vectors @,y € IR", we have
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[k(x) — k(y)|| < ||K, " [h(t,2,0) — h(t,y,0)]]
< Mvtax { K, '} [|R(t, 2,0) — h(t,y,0)] .

On the other hand, using the definition of the residual dynamics (4.12),
we have

[|h(t,z,0) — h(t,y,0)|| <[[M(q;—y) — M(q, — )] q,ll
+11C(qq — ¥, 44) — Clay — x,q,4)] 44l
+1lg(qs —y) —g(q, — =) -

From Properties 4.1 to 4.3 we guarantee the existence of constants ks, k¢, ,
kc, and kg, associated to the inertia matrix M (q), to the matrix of centrifugal
and Coriolis forces C(q,q), and to the vector of gravitational torques g(q)
respectively, such that

| M (z)z — M(y)z|| < knlle -yl [z],
|C(x, 2)w — C(y, v)w|| < kcilz — vl [Jw|
+heallz]l [z =yl wll,
lg(z) —g(y)|l < kgllz —yll,

for all v, w, x, y, z € IR". Taking into account this fact we obtain
.. .2
I(t,2,0) = h(t.y, Ol < [ky +kar dally + kes 40l I =yl -

From this and using Ayax {Kp_l} = 1/Amin {K,}, since K, is a symmetric
positive definite matrix, we get

1 .. . 2
= N 1) - .
=< Amin {Kp} [kg + kar [|@alla + ke ||qd||M:| |l — y|

[k(z) — k(y)
Finally, invoking the contraction mapping theorem (c¢f. Theorem 2.1 on
page 26), we conclude that

Amin {Kp} > kg + kar [dallyg + ke 1l (12.9)

is a sufficient condition for k(g™) to have a unique fixed point, and therefore,
for the origin of the state space to be the unique equilibrium of the closed-loop
system, i.e. Equation (12.7).

As has been shown before, the PD control law plus feedforward, (12.5),
reduces to control with desired gravity compensation (8.1) in the case when
the desired position g, is constant. For this last controller, we shown in Section
8.2 that the corresponding closed-loop equation had a unique equilibrium if
Amin{Kp} > kg. It is interesting to remark that when g, is constant we recover
from (12.9), the previous condition for unicity.



12.2 PD Control plus Feedforward 273

Ezample 12.4. Consider the model of an ideal pendulum of length [
with mass m concentrated at its tip and subject to the action of gravity
g. Assume that a torque 7 is applied at the axis of rotation, that is

mi*G +mgl sin(q) = 7.
The PD control law plus feedforward, (12.5), is in this case
T = kpG + ko + mi%Gy + mgl sin(ga)

where £, and k, are positive design constants. The closed-loop equa-

tion is
g i q
dat |- = L 3 3 . ) N
q — L5 [kpG + koG +mgl [sin(qa) — sin(qa — §)]]

which has an equilibrium at the origin [(j (j]T =0 € R If q4(t) is

T
constant, there may exist additional equilibria [§ ¢] = [¢* 0]7 € R?
where ¢* is a solution of

kpq" 4+ mgl [sin(qq) — sin(ga — G*)] = 0.

Example 8.1 shows the case when the previous equation has three
solutions. For the same example, if k,, is sufficiently large, it was shown
that ¢* = 0 is the unique solution.

We stress that according to Theorem 2.6, if there exist more than
one equilibrium, then none of them may be globally uniformly asymp-
totically stable. &

12.2.2 Global Uniform Asymptotic Stability

In this section we present the analysis of the closed-loop Equation (12.6) or
equivalently, of (12.7). In this analysis we establish conditions on the design
matrices K, and K, that guarantee global uniform asymptotic stability of
the origin of the state space corresponding to the closed-loop equation. We
assume that the symmetric positive definite matrix K, is also diagonal.
.7 T

Before studying the stability of the origin [E]T q } = 0 € IR*™ of the
closed-loop Equation (12.6) or (12.7), it is worth recalling Definition 4.1 of
the vectorial tangent hyperbolic function which has the form given in (4.13),
i.€.
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tanh(z)
tanh(x) = (12.10)
tanh(x,)

with & € IR". As stated in Definition 4.1, this function satisfies the following
properties for all z,z € R"

[tanh(z)|| < a |||
[tanh(z)| < o

[tanh(z)|* < o5 tanh(z) z
||Sech2(a:):'n’| < ay |||

with a1, -+, a4 > 0. For tanh(x) defined as in (4.13), the constants involved
are taken as a3 = 1,2 = /n,a3 = 1,a4 = 1.

In the sequel we assume that given a constant v > 0, the matrix K, is
chosen sufficiently “large” in the sense that

/\Max{Kv} 2 )\min{Kv} > khl + Y b7 (1211)

and so is K, but in the sense that

[2 v a+ k’hg]2
4 Y P\min{KU} - khl - fo]

)\Max{Kp} > )\min{Kp} > Qa3 + kpo (12.12)

so that 5 o
207 /\Max{M}

)\Max{Kp}’ 2 )\min{Kp} > Y Ao {M}

(12.13)

where kp1 and kpo are defined in (4.25) and (4.24), while the constants a and
b are given by

1 )
a = 5 Antax{ Ko} +key [@alln + k]
b=ay )\Max{M} + o kcl .

Lyapunov Function Candidate

Consider the Lyapunov function candidate? (7.3),
~ o~ ~ ~ 1 ~ ~ ~ ~
V(t.a,9) = 54 M(g)a+ 53" K,q+ytanh(q)"M(q)q (12.14)

2 Notice that V = V(¢,§,q). The dependence of ¢ comes from the fact that, to
avoid cumbersome notation, we have abbreviated M (q,(t) — q) to M(q).
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where tanh(g) is the vectorial tangent hyperbolic function (12.10) and v > 0
is a given constant.

To show that the Lyapunov function candidate (12.14) is positive definite
and radially unbounded, we first observe that the third term in (12.14) satisfies

Ytanh(@)”M(a)g < 7 |[tanh(@)||||M (@)

<7 Amax{M} [[tanh(g)| la]
<7 ardvax{M} gl llqll

where we used |[tanh(q)|| < aq ||| in the last step. From this we obtain
—ytanh(a)” M(@)d = —7 e iax (M} 4] ]| -

Therefore, the Lyapunov function candidate (12.14) satisfies the following
inequality:

Vi,

Qe

o[0T el =y an e} ] [
aq) 2 a 5 ‘| B
2 HqH [_7 aq /\Max{M} )\min{M} HqH

and consequently, it happens to be positive definite and radially unbounded
since by assumption, K, is positive definite (i.e. Amin{K,} > 0) and we also
supposed that it is chosen so as to satisfy (12.13).

Following similar steps to those above one may also show that the Lya-
punov function candidate V' (¢, g, q) defined in (12.14) is bounded from above
by

~ T ~
_ lall MacdE,} v on Avax{M}] | 14
V(t,q,q) <

il et wton | {4

which is positive definite and radially unbounded since the condition

N | =

AMax{Kp} > ’720‘% )\Max{M}

is trivially satisfied under hypothesis (12.13) on K,. This means that V' (¢, g, q)
is decrescent.

Time Derivative

The time derivative of the Lyapunov function candidate (12.14) along the
trajectories of the closed-loop system (12.7) is
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V(ta 67 (1) = &T [_Kpa - Kv& - O(Qa Q)EI - h(t7 (1’ Q)} +
+ 47K, +~4 Sech®(@)" M(q)q + vtanh(q)” M(q)§
+ ~ytanh(g)" [—K - K,q—C(q,q)q— h(t,q )}

Using Property 4.2 which establishes the skew-symmetry of M C and

M(q) = C(q,q) + C(q,q)T, the time derivative of the Lyapunov function
candidate yields

V(t,3.d) = 4 K.q+74 Sech’(@)"M(q)§ — vtanh(q)” K,q
— fytanh(q)Tqu + 'ytanh(q)TC(q, q) q

T oz ~ I
—q h(t,4,q) - tanh(9)"h(t,4,q). (12.15)
We now proceed to upper-bound V(t7 q, Z]) by a negative definite function

in terms of the states ¢ and g. To that end, it is convenient to find upper-
bounds for each term of (12.15).

The first term of (12.15) may be trivially bounded by
T K B
~q Kuq < —Amin{Ku} |- (12.16)

To upper-bound the second term of (12.15) we first recall that the
vectorial tangent hyperbolic function tanh(q) defined in (12.10) satisfies

HSech qH < ay HqH with ay > 0. From this, it follows that

7§ Sech®(g)"M(q)g < vau Avtax { M} H‘~1H2

On the other hand, notice that in view of the fact that K, is a diagonal
positive definite matrix, and |tanh(q)||* < as tanh(q)Tq, we get

v a3 tanh( ) pq > ’7)\m1n{ } ||tanh( )H

which finally leads to the important inequality,

~ ~ Amin K ~
—tanh(@)" K <~ anh )|

A bound on ytanh(q)T K, g is obtained straightforwardly and is given by

Ytanh(@)” K,d < Pniac Ko } @] Itanh(@)]]

The upper-bound on the term ytanh(q)” C(q, Q)Té must be carefully cho-
sen. Notice that
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~ . L T . _
~tanh(q)'C(q,q)' ¢ = v4" C(q, @)tanh(q)
<] I1ca atann@) .
Considering again Property 4.2 but in its variant that establishes the existence

of a constant k¢, such that ||C(q,z)y| < ke, ||| ||y|| for all g, z,y € R",
we have

ytanh(q)"C(q,9)"q < ke,

| Il Itanh(@)]|.

| ||a - 4| ntann@)1.
| lal Itann(@)|

| [|a| itann@1

< '7'1{:01

< ’chl

+’7kC1

Making use of the property that [[tanh(q)|| < a2 for all g € R", we get

L2
i -

Ytanh(@)"C(q,4)7d < 7 ke, |dally ||| Itanb(@)] + a2 ke,

At this point it is only left to find upper-bounds on the two terms which
contain h(t,q,q). This study is based on the use of the characteristics es-
tablished in Property 4.4 on the vector of residual dynamics h(t, g, Z]), which
indicates the existence of constants kpi,kr2 > 0 — which may be computed
by (4.24) and (4.25) — such that the norm of the residual dynamics satisfies
(4.15),

|(t.a&)| < #ot ||| + s 1tanb(@) |
. T ~ 2
First, we study the term —q h(t,q,q):

T _ 2 - _
—q h(t,q,q) < HqH Hh(t,q,Q)

112 .
< b [[q]|” + oz ||| Ibannc@).
The remaining term satisfies

)

—ytanh(@)"h(t,.4) <~ [tanh(@) | a(t.3.)

<7k ]| ltanh (@] +7 k2 ltanh(q)

.
(12.17)

The bounds (12.16)(12.17) yield that the time derivative V (t,q,q) in
(12.15), satisfies
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V(t,q,q) <
~ T )\min{K} 1kh2 -
7/llItanh(q)H] ey b2 —a- oy Phanhﬁnﬂl
lal —a— 25 S adE} k] —b | L 14l
R(v)
(12.18)
where

1 )
a= ) [Mtax{ Ko} + key |@ally + Enal
b=ay )\Max{M} + o kCl-

According to the theorem of Sylvester, in order for the matrix R(¥) to be
positive definite it is necessary and sufficient that the component R;; and the
determinant det{R(7)} be strictly positive. With respect to the first condition
we stress that the gain K, must satisfy

AInin{[(p} Z a3 khQ . (1219)

On the other hand, the determinant of R(v) is given by
1 )\min K
det{R(’y)} - ; l:Ck{gp - kh2:| [)\min{Kv} - khl]

Amin{ K 1knal?
{{p}khg}b[a+h2] )
Qs Yy 2

The latter must be strictly positive for which it is necessary and sufficient
that the gain K, satisfies

2y a+ kna)”
/\min K, k 12.20
{ P} ” @ [4 v [)\min{Kv} - khl - ’Yb} + h2 ( )
while it is sufficient that K, satisfies
Amin{ Ko} > kn1 +7 b (12.21)

for the right-hand side of the inequality (12.20) to be positive. Observe that
in this case the inequality (12.19) is trivially implied by (12.20).

Notice that the inequalities (12.21) and (12.20) correspond precisely to
those in (12.11) and (12.12) as the tuning guidelines for the controller. This
means that R(7) is positive definite and therefore, V(t7 d,q) is globally nega-
tive definite.

According to the arguments above, given a positive constant v we may
determine gains K, and K, according to (12.11)—(12.13) in a way that the
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function V (¢, q, q) given by (12.14) is globally positive definite while V (¢, 4, ¢)
expressed as (12.18) is globally negative definite. For this reason, V (¢, q, q) is a
strict Lyapunov function. Theorem 2.4 allows one to establish global uniform
asymptotic stability of the origin of the closed-loop system.

Tuning Procedure

The stability analysis presented in previous sections allows one to obtain a
tuning procedure for the PD control law plus feedforward. This method deter-
mines the smallest eigenvalues of the symmetric design matrices K, and K,
— with K, diagonal — which guarantee the achievement of the motion control
objective.

The tuning procedure may be summarized as follows.

e Derivation of the dynamic robot model to be controlled. Particularly, com-
putation of M(q), C(g,q) and g(q) in closed form.

e Computation of the constants Avax{M (@)}, Amin{M (@)}, krrs Ky ke,
kc,, k' and k,. For this, it is suggested that the information given in
Table 4.1 (cf. page 109) is used.

o Computation of ||qg|yiaxs [@allyax from the specification of a given task
to the robot.

e Computation of the constants s; and so given respectively by (4.21) and
(4.22), i.e.

.. .2
s1.= [k + Far lidallyg + ke, Nl -
and ,
s2.= 2 [+ Ky lallyg + s Nl -
Computation of kp1 and kp2 given by (4.24) and (4.25), i.e.

o kni>ke laglly;
52

kho > —F—.
tanh (;—f)

e Computation of the constants a and b given by

1 .
a= b} [’\Max{Kv} + ke, ||Qd||M + khl] s
b= Oy )\Max{M} + Qo kCla

where as = v/n, a4 = 1.
e Select v > 0 and determine the design matrices K, and K, so that their
smallest eigenvalues satisfy (12.11)—(12.13), i.e.

L Amin{Kv} > khl +’Y b7
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[2 v a—+ khg}z
° mln > a + k )
{ } 3 4 [)\min{Kv} - khl - ’}/b] h2
MtaxiM
o uin{Kp} > 2M{A{4} 3

with oy = 1, a3 = 1.

Next, we present an example in order to illustrate the ideas presented so
far.

Ezxample 12.5. Consider the Pelican prototype robot shown in Figure
12.2, studied in Chapter 5 and in Example 12.3.
The elements of the inertia matrix M (q) are

Mi1(q) = mal2) +mo [IF + 12 + 2Ll cos(qo)] + I + I
Mia(q) = ma 12y + hilea cos(qz)] + I

Ma1(q) = ma 12y + hilea cos(qz)] + I

Moy(q) = mol?, + 1

The elements of the centrifugal and Coriolis forces matrix C(q, q)
are given by

C11(q, q) = —malile sin(gz2)go
Ci2(q,q) = —maliles sin(go) [g1 + ¢o]
Ca1(q,q) = malile2 sin(gz2)dq1
C22(q,q) =0.

The elements of the vector of gravitational torques g(q) are

91(q) = [miler +mali]g sin(q1) + maleag sin(qr + g2)
92(q) = maleag sin(q1 + ¢2) -
Using the numerical values of the constants given in Table 5.1 (¢f.
page 115) as well as the formulas in Table 4.1 (¢f. page 109), we get
lear = 0.0974 [kg m®]
ke, = 0.0487 [kg m?],
ke, =0.0974 [kg m*],
kg =23.94 [kg m*/s?]
W = Max{M(q)} = 0.3614 [kg m?],
Amin{M(q)} = 0.011 [kg m*].
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For the computation of Aax{M(q)} and Anin{M(q)}, see the
explanation in Example 9.2 on page 213.

To obtain k', we proceed numerically, that is, we evaluate the norm
g(q) for a set of values of ¢; and g2 between 0 and 27, and extract
the maximum. This happens for ¢; = ¢ = 0 and the maximum is

K =7.664 [N m]

Consider the PD control law plus feedforward, (12.5), for this
robot. As in Example 12.3, the specification of the task for the robot
is expressed in terms of the desired trajectory g,(t) shown in Figure
5.5 and whose analytical expression is given by (5.7). Equations (5.8)
and (5.9) correspond to the desired velocity ¢,(t), and desired accel-
eration §,(t) respectively. By numerical simulation, can be verified
the following upper-bounds on the norms of the desired velocity and
acceleration,

194llyax = 2-33 [ rad/s]
HQdHMax =9.52 [ rad/SQ] .

Using this information and the definitions of the constants from
the tuning procedure, we get

s1 = 25.385 [N m],
sp = 22.733 [N m],
kp1 = 0.114 [kg m2/s] ,
kina = 31.834 [N m],
a=1614 [kgm®/s],
b=0.43 [kg m’].

Finally, we set v = 2 [s71], so that it is only left to fix the de-
sign matrices K, and K, in accordance with the conditions (12.11)—
(12.13). An appropriate choice is

K, = diag{200, 150} [Nm],
K, = diag{3} [Nms/rad].

The initial conditions corresponding to the positions and velocities

are chosen as
7:(0) =0, q2(0) =0
@1(0) =0, 42(0) =0.
Figure 12.5 shows the experimental tracking errors q(t). As pointed

out in previous examples, the trajectories g(¢) do not vanish as ex-
pected due to several aspects always present in real implementations

281
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Figure 12.5. Graphs of position errors ¢ and G2

— usually neglected in the theoretical analysis — such as digital im-
plementation of the continuous-time closed-loop control system (de-
scribed by an ordinary differential equation), measurement noise and,
most important in our experimental setting, friction at the arm joints.
Yet, in contrast to Example 12.3 where the controller did not carry
the PD term, the behavior obtained here is satisfactory. &

12.3 Conclusions

The conclusions drawn from the analysis presented in this chapter may be
summarized in the following terms.

e The feedforward control for n-DOF robots is an open-loop control scheme
in open loop. For this reason, it is not advisable and moreover, in general
this control is unable to satisfy the motion control objective.

e With PD control plus feedforward we may satisfy the control objective
globally for n-DOF robots under the condition that sufficiently “large”
design matrices K, and K, are used. More significantly, global uniform
asymptotic stability of the origin of the closed-loop equations may be
achieved under such conditions.
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Problems

1. Consider feedforward control of the ideal pendulum studied in Example
12.1. Assume that the desired position g4(t) is zero for all ¢ > 0.

a) Obtain the equation that governs the control system, in terms of
[ 4"
b) Show that the origin is a stable equilibrium.
Hint: See Example 2.2, on page 30.
2. Consider feedforward control of the 3-DOF Cartesian robot studied in
Example 12.2.
a) Show that if g(0) # 0, then lim,_ . [|G(t)|| = oc.
3. Consider the model of an ideal pendulum studied in Example 12.1 but
now including a term for viscous friction, that is,

ml?G +mgl sin(q) + f¢=1

where f > 0 is the friction coefficient. The feedforward controller (12.2)
obtained when neglecting the friction term is

7 = ml%§q + mgl sin(qq)-

Assume that g4(t) = sin(t).
a) Obtain the equation & = f(t, ) where = [§ ¢]”. Does this equation
have any equilibria ?
b) Assume moreover that ¢4(0) = ¢(0) and ¢4(0) = ¢(0). May it be
expected that lim; .o, G(¢t) =0 ?
4. Consider a PD control law plus feedforward on the ideal pendulum ana-

lyzed in Example 12.4. In this example we derived the closed-loop equa-
tion,

q

L)

d
dt | = 1 - - . . .

q — i [kpd + ko +mgl (sin(ga) — sin(ga — )]
Assume now that the desired position is given by

qa(t) = sin(t) .

On the other hand, the design constants &, and k, are chosen so that
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ky > ml?
2
2 [mgl + le]
ky + 5 l 2
tann [ 21mgtt M%)
2 [mgl + mi?] mgl
ky, > +
P (2 [mgl + mlﬂ > 4[ky — mi?]
tanh | ———————
mgl

a) Show that the origin [cj zﬂT
stable equilibrium.

= 0 € IR? is a globally asymptotically
Hint: Use the Lyapunov function candidate
JUNS 1 9:2 1 2 2 NS
V(@ q) = 5ml°q + Skypq” +mitanh(q)g
and verify that its time derivative satisfies

tanh()| 1" [ [tanh(q)|

V(Qv (j) S - . R .
jal jal
where
2 2
- Q[Zlgl+ml]2 - - Z[mgl+ml]2
tanh ( [mgl +ml }) tanh (2 [mgl + ml ])
mgl mgl
R =
2
7% ko 4 2[mgl—|—ml]2 Ky — mil?
tanh <2 [mgl + ml ])
mgl

5. Consider a PD control law plus feedforward on the 2-DOF robot proto-
type used in Example 12.5. In this example we presented some simulations
where K, = diag{200, 150}. Verify that with such a selection, the corre-
sponding closed-loop equation has a unique equilibrium.

Hint: Verify that the condition (12.9) holds.
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Advanced Topics



Introduction to Part IV

In this last part of the textbook we present some advanced issues on robot
control. We deal with topics such as control without velocity measurements
and control under model uncertainty. We recommend this part of the text for
a second course on robot dynamics and control or for a course on robot control
at the first year of graduate level. We assume that the student is familiar with
the notion of functional spaces, i.e. the spaces Ly and L. If not, we strongly
recommend the student to read first Appendix A, which presents additional
mathematical baggage necessary to study these last chapters:

e P“D” control with gravity compensation and P“D” control with desired
gravity compensation;

e Introduction to adaptive robot control;
e PD control with adaptive gravity compensation;

e PD control with adaptive compensation.
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P“D” Control with Gravity Compensation and
P“D” Control with Desired Gravity
Compensation

Robot manipulators are equipped with sensors for the measurement of joint
positions and velocities, ¢ and g respectively. Physically, position sensors may
be from simple variable resistances such as potentiometers to very precise
optical encoders. On the other hand, the measurement of velocity may be
realized through tachometers, or in most cases, by numerical approximation
of the velocity from the position sensed by the optical encoders. In contrast to
the high precision of the position measurements by the optical encoders, the
measurement of velocities by the described methods may be quite mediocre in
accuracy, specifically for certain intervals of velocity. On certain occasions this
may have as a consequence, an unacceptable degradation of the performance
of the control system.

The interest in using controllers for robots that do not explicitly require
the measurement of velocity, is twofold. First, it is inadequate to feed back a
velocity measurement which is possibly of poor quality for certain bands of
operation. Second, avoiding the use of velocity measurements removes the need
for velocity sensors such as tachometers and therefore, leads to a reduction in
production cost while making the robot lighter.

The design of controllers that do not require velocity measurements to
control robot manipulators has been a topic of investigation since broached
in the decade of the 1990s and to date, many questions remain open. The
common idea in the design of such controllers has been to propose state ob-
servers to estimate the velocity. Then the so-obtained velocity estimations are
incorporated in the controller by replacing the true unavailable velocities. In
this way, it has been shown that asymptotic and even exponential stability
can be achieved, at least locally. Some important references on this topic are
presented at the end of the chapter.

In this chapter we present an alternative to the design of observers to
estimate velocity and which is of utility in position control. The idea consists
simply in substituting the velocity measurement g, by the filtered position
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g through a first-order system of zero relative degree, and whose output is
denoted in the sequel, by 9.

Specifically, denoting by p the differential operator, i.e. p = %, the com-

ponents of ¥ € IR™ are given by

[ 1 blp 0 17 1
191 p+a1 ) q1
s 0 _U2p 0 0
= p+az (13.1)
b
s 0 0 P Gn
L i L ptapd L _

or in compact form,

. bip
9=d
1ag{p+ai}q

where a; and b; are strictly positive real constants but otherwise arbitrary, for
1=1,2,---,n.

A state-space representation of Equation (13.1) is

= —Ax — ABq
¥ =x+ Bq

where € IR" represents the state vector of the filters, A = diag{a;} and
B = diag{b;}.

In this chapter we study the proposed modification for the following con-
trollers:

e PD control with gravity compensation and

e PD control with desired gravity compensation.

Obviously, the derivative part of both control laws is no longer proportional
to the derivative of the position error q; this motivates the quotes around “D”
in the names of the controllers. As in other chapters appropriate references
are presented at the end of the chapter.

13.1 P“D” Control with Gravity Compensation

The PD control law with gravity compensation (7.1) requires, in its derivative
part, measurement of the joint velocity ¢ with the purpose of computing the
velocity error f] = ¢, — g, and to use the latter in the term va]. Even in the
case of position control, that is, when the desired joint position g, is constant,
the measurement of the velocity is needed by the term K, q.
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A possible modification to the PD control law with gravity compensation
consists in replacing the derivative part (D), which is proportional to the
derivative of the position error, i.e. to the velocity error (1 =4qg,—¢q, by a
term proportional to

q,—9
where ¥ € IR" is, as said above, the result of filtering the position g by means
of a dynamic system of first-order and of zero relative degree.

Specifically, the P“D” control law with gravity compensation is written as

T =Kpq+ Ky [q, — 9]+ 9(q) (13.2)
= —Ax — ABq
¥ =x+ Bq (13.3)

where K, K, € R"*" are diagonal positive definite matrices, A = diag{a;}
and B = diag{b;} and a; and b; are real strictly positive constants but other-
wise arbitrary for i =1,2,---,n.

Figure 13.1 shows the block-diagram corresponding to the robot under
P“D” control with gravity compensation. Notice that the measurement of the
joint velocity q is not required by the controller.

Figure 13.1. Block-diagram: P“D” control with gravity compensation

Define £ = « + Bq,. The equation that describes the behavior in closed
loop may be obtained by combining Equations (II1.1) and (13.2)—(13.3), which

v -7 .77
may be written in terms of the state vector {5 qg q ] as
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13 —Af+ ABq + Bq,
al| | .
dt q| = q
al  La,— M(q)"' [K,q+ K.la, — €+ Ba) - C(q,)d]

- .77
A sufficient condition for the origin [ﬁT i q ] =0 € R* to be a

unique equilibrium point of the closed-loop equation is that the desired joint
position g, be a constant vector. In what is left of this section we assume that
this is the case. Notice that in this scenario, the control law may be expressed
as

(3

- bip
= - 'Ud. + 3
T=K,q—-K lag{p+a }q 9(q)

which is close to the PD with gravity compensation control law (7.1), when
the desired position g, is constant. Indeed the only difference is replacement

of the velocity ¢ by
dia, { bip }
g P+ a; q,

thereby avoiding the use of the velocity ¢ in the control law.

As we show in the following subsections, P“D” control with gravity com-
pensation meets the position control objective, that is,

lim q(t) = g,
t—o0

where g, € IR" is any constant vector.

Considering the desired position g, as constant, the closed-loop equation

T
may be rewritten in terms of the new state vector [{T g’ qT} as

¢ —A¢ + ABg
4 la| = 4 (13.4)
0l LM(gqy— @) [Kpd - Kuol€ — Ba - Claq— @ )dl

which, in view of the fact that g, is constant, constitutes an autonomous
T

differential equation. Moreover, the origin {ET q’ qT} =0 € R* is the

unique equilibrium of this equation.

With the aim of studying the stability of the origin, we consider the Lya-
punov function candidate

V(€.d.) =Kla.q) + 3a"Kya+ (€~ Ba) KB (€~ Ba)  (135)
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where K(q,q) = %qTM (q)q is the kinetic energy function corresponding to
the robot. Notice that the diagonal matrix K,B~! is positive definite. Con-
sequently, the function V' (€, q, q) is globally positive definite.

The total time derivative of the Lyapunov function candidate yields
P . .o Lopo L s -
V(£a9) =qa'M)d+ 54" M(g)a+a'Kyq
+1¢- By "K,B7 |¢ - Bdl .

Using the closed-loop Equation (13.4) to solve for £, qand M (q@)g, and
canceling out some terms we obtain

V(¢£.4.9) = — ¢ — Bq" K,B~'A[¢ - Bg]

TITK,B'A4 —K,A 0
_K,A BK,A 0
0 0 0

(13.6)

Il

I
Q- QI
Qe QN

where we used

which follows from Property 4.2.

Clearly, the time derivative V (£, §, g) of the Lyapunov function candidate
is globally negative semidefinite. Therefore, invoking Theorem 2.3, we con-
clude that the origin of the closed-loop Equation (13.4) is stable and that all
solutions are bounded.

Since the closed-loop Equation (13.4) is autonomous, La Salle’s Theorem
2.7 may be used in a straightforward way to analyze the global asymptotic
stability of the origin (c¢f. Problem 3 at the end of the chapter). Neverthe-
less, we present below, an alternative analysis that also allows one to show
global asymptotic stability of the origin of the state-space corresponding to
the closed-loop Equation, (13.4). This alternative method of proof, which is
longer than via La Salle’s theorem, is presented to familiarize the reader with
other methods to prove global asymptotic stability; however, we appeal to the
material on functional spaces presented in Appendix A.

T
According to Definition 2.6, since the origin [ST q’ i]T] =0cR*™isa

stable equilibrium, then if [£(¢)T q(t)” Q(t)T]T —0cR*™ast — oo (forall
initial conditions), the origin is a globally asymptotically stable equilibrium.
It is precisely this property that we show next.

In the development that follows we use additional properties of the dy-
namic model of robot manipulators. Specifically, assume that q,q € LZ.
Then,
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d
o M(q)™", S M(a) Lm

e Clg,q)q€ L.
If moreover g € L2, then,

d

lClaa)d) e L.

The Lyapunov function V' (€, q, ) given in (13.5) is positive definite since
it is composed of the following three non-negative terms:

* 34"'M(q)q
e 13'K,q
o 3l¢-Ba"K,B7'[£ - B .
Since the time derivative V (£, g, ¢) expressed in (13.6) is negative semidef-
inite, the Lyapunov function V(&,q,q) is bounded along the trajectories.

Therefore, the three non-negative terms above are also bounded along tra-
jectories. From this conclusion we have

Incorporating this information in the closed-loop system Equation (13.4),
and knowing that M (g, — q)~! is bounded for all g;,q € L and also that
C(q,—q,q)q is bounded for all g,;,q,q € L™, it follows that the time deriva-
tive of the state vector is also bounded, i.e.

£q.qeLl, (13.8)

and therefore, ) .
§—Bgel™. (13.9)

Using again the closed-loop Equation (13.4), we obtain the second time
derivative of the state variables,

£ = —A¢ + ABg
i=-i

= ta [

()] Mla) K0~ Ko e - B~ Cla. )

(@) K- K, 6~ 53] - 4 0@

where ¢® denotes the third time derivative of the joint position q and we
used
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d

G @) = =M@ | §ar(a)| @)

In (13.7) and (13.8) we have already concluded that £.4,4,€,q4,4 € L
then, from the properties stated at the beginning of this analysis, we obtain

€d.q" e LT, (13.10)
and therefore, . .

On the other hand, integrating both sides of (13.6) and using that
V (&, q,q) is bounded along the trajectories, we obtain

€ — BgleLl. (13.12)
Considering (13.9), (13.12) and Lemma A.5, we obtain

lim [£(t) — Bg(t)] = 0. (13.13)

t—o0o

Next, we invoke Lemma A.6 with f = € — Bq. Using (13.13), (13.7), (13.9)
and (13.11), we get from this lemma

lim |&(t) — Bg(t)| = 0.

t—oo
Consequently, using the closed-loop Equation (13.4) we get

lim —A[€(t) — Bg(t)] + Bq =0.

t—o0
From this expression and (13.13) we obtain

lim §(t) = 0 € R". (13.14)

Now, we show that lim; ., g(t) = 0 € IR". To that end, we consider again
Lemma A.6 with f = q. Incorporating (13.14), (13.7), (13.8) and (13.10) we
get

tll>rgo a(t) = 0.

Taking this into account in the closed-loop Equation (13.4) as well as

(13.13) and (13.14), we get

lim M(q, — q(t) ™ K,q(t) = 0.

t—o0

So we conclude that
tlim git)y=0€R". (13.15)
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The last part of the proof, that is, the proof of lim; ., £(¢) = 0 follows
trivially from (13.13) and (13.15). Therefore, the origin is a globally attractive
equilibrium point.

This completes the proof of global asymptotic stability of the origin of the
closed-loop Equation (13.4).

We present next an example with the purpose of illustrating the perfor-
mance of the Pelican robot under P“D” control with gravity compensation.
As for all other examples on the Pelican robot, the results that we present are
from laboratory experimentation.

Ezample 15.1. Consider the Pelican robot studied in Chapter 5, and
depicted in Figure 5.2. The components of the vector of gravitational
torques g(q) are given by

91(q) = (maler +mali)g sin(q1) + maleag sin(q1 + g2)
92(q) = maleag sin(q1 + g2) -
Consider the P“D” control law with gravity compensation on this

robot for position control and where the design matrices K, K,,, A, B
are taken diagonal and positive definite. In particular, pick

K, = diag{k,} = diag{30} [Nm/rad],
K, = diag{k,} = diag{7, 3} [Nm s/rad],
A = diag{a;} = diag{30, 70} [1/s],
B = diag{b;} = diag{30, 70} [1/s].

The components of the control input 7 are given by

1 = kpgi — k91 + g1(q)
To = kpgo — kuy¥2 + 92(q)

1 = —a171 — artbiq1
Tp = —agw2 — azbaqa
U1 =21 +biqa

Vo = X2 + baga .

The initial conditions corresponding to the positions, velocities and
states of the filters, are chosen as
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0.4 - [rad]

0.3 ar

0.2

0.1\ ¢ 0.0587
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4 0.0151
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Figure 13.2. Graphs of position errors ¢i(¢) and g2 (t)

The desired joint positions are chosen as
qar = /10, gaz = 7/30 [rad].

In terms of the state vector of the closed-loop equation, the initial

state is
by /10 9.423
£(0) by /30 7.329
. 7/10 0.3141
a0) | = | /30 | = |0.1047
4(0) X 8

Figure 13.2 presents the experimental results and shows that the
components of the position error g(t) tend asymptotically to a small
nonzero constant. Although we expected that the error would tend
to zero, the experimental behavior is mainly due to the presence of
unmodeled friction at the joints. &

In a real implementation of a controller on an ordinary personal computer
(as is the case of Example 13.1) typically the joint position g is sampled
periodically by optical encoders and this is used to compute the joint velocity
q. Indeed, if we denote by h the sampling period, the joint velocity at the
instant kh is obtained as

q(kh) — q(kh —h)
h 3

q(kh) =

that is, the differential operator p = % is replaced by (1 —271)/h, where 2~}

is the delay operator that is, z~q(kh) = q(kh — h). By the same argument,



300 P“D” Control

in the implementation of the P“D” control law with gravity compensation,
(13.2)—(13.3), the variable ¥ at instant kh may be computed as

q(kh) —q(kh—h) 1

I(kh) = . + 50(kh —h)

where we chose A = diag{a;} = diag{h~!'} and B = diag{b;} = diag{2/h}.

13.2 P“D” Control with Desired Gravity Compensation

In this section we present a modification of PD control with desired gravity
compensation, studied in Chapter 7, and whose characteristic is that it does
not require the velocity term ¢ in its control law. The original references on
this controller are cited at the end of the chapter.

This controller, that we call here P“D” control with desired gravity com-
pensation, is described by

T = Kpq+ K, [q, — 9] +9(qq) (13.16)
& =—Ax — ABgq
¥ =x+ Bq (13.17)

where K, K, € R"*" are diagonal positive definite matrices, A = diag{a;}
and B = diag{b;} with a; and b; real strictly positive constants but otherwise
arbitrary for all i =1,2,---,n.

Figure 13.3 shows the block-diagram of the P“D” control with desired
gravity compensation applied to robots. Notice that the measurement of the
joint velocity g is not required by the controller.

44

Figure 13.3. Block-diagram: P “D” control with desired gravity compensation
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Comparing P“D” control with gravity compensation given by (13.2)—(13.3)
with P“D” control with desired gravity compensation (13.16)—(13.17), we im-
mediately notice the replacement of the term g(q) by the feedforward term
9(q4).

The analysis of the control system in closed loop is similar to that from
Section 13.1. The most noticeable difference is in the Lyapunov function con-
sidered for the proof of stability. Given the relative importance of the controller
(13.16)—(13.17), we present next its complete study.

Define £ = « + Bq,. The equation that describes the behavior in closed
loop is obtained by combining Equations (III.1) and (13.16)—(13.17), which
T

may be expressed in terms of the state vector [£T g’ qT] as

¢ — A€ + ABG + Ba,
d| | .
%Q— q
ql Lagg—M(q) ' [Kpq+K,[q,—&+Bal+9(q.)—C(q,)q—g(q)]

~ ar
A sufficient condition for the origin [ET i’ q ] =0 ¢ R* to be a
unique equilibrium of the closed-loop equation is that the desired joint position
g, is a constant vector. In what follows of this section we assume that this is
the case. Notice that in this scenario, the control law may be expressed by

_ ) bip
T =K,q— K,dia + ,
»a g{p+%}q 9(a,)

which is very close to PD with desired gravity compensation control law (8.1)
when the desired position g, is constant. The only difference is the substitution

of the velocity term ¢ by
b;
Y = diag { P } q,
p+a;

thereby avoiding the use of velocity measurements ¢(t) in the control law.

As we show below, if the matrix K, is chosen so that
Amin{Kp} > kg )

then the P“D” controller with desired gravity compensation verifies the posi-
tion control objective, that is,

lim g(t) = q,

t—o0o

for any constant vector g; € R™.
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Considering the desired position g, to be constant, the closed-loop equa-

tion may then be written in terms of the new state vector [éT g’ i]T} ’ as
13 —A§ + ABgq

~lal- 4
ql LM(q)7" [Kpq—K.[6~Bal+g(as)—Claa—1, Q)q_g(Qd_?l):])) s)

which, since g, is constant, is an autonomous differential equation. Since
the matrix KI? has been picked so that Amin{Kp} > k4, then the origin
[ﬁT g’ qT} = 0 € IR is the unique equilibrium of this equation (see
the arguments in Section 8.2).

In order to study the stability of the origin, consider the Lyapunov function
candidate

V(4,9 =Klg,—q,9) + f(q) + %(5 -~ Bg)"K,B™' (¢ - Bg) (13.19)

where
1, N
K(a,—q,4) = §qTM(qd —-q)q
- - .1 .
f@=U(gs—a) —Uay) +9(a)"a+-a"K,q.

2

Notice first that the diagonal matrix K,B~! is positive definite. Since it
has been assumed that Apin{K},} > kg, we have from Lemma 8.1 that f(q) is a
(globally) positive definite function of g. Consequently, the function V' (€, q, q)
is also globally positive definite.

The time derivative of the Lyapunov function candidate yields
. ~ . . . 1, . . T ~ 5
V(£a.9) =q'M@)i+ 54" M(@)a—a 9(a.— @) +9(e.)"q

+4"K,q + € - Ba) K, B~ [¢ - Bq| .

Using the closed-loop Equation (13.18) to solve for &, ¢ and M(q)g, and
canceling out some terms, we obtain

V(€,4,4) = — (€ - Bg)" K,B"'A(¢ - Bg)

¢1" [K,B'A —K,A 07 ¢
- g _K,A BEK,A 0| |q (13.20)
q 0 0 0] lqg

where we used (cf. Property 4.2)
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|l .- N
q" 5M(a) = C(g,4)[ 4 =0.

Clearly, the time derivative V(E , 4, q) of the Lyapunov function candidate
is a globally semidefinite negative function. For this reason, according to the
Theorem 2.3, the origin of the closed-loop Equation (13.18) is stable.

Since the closed-loop Equation (13.18) is autonomous, direct application
of La Salle’s Theorem 2.7 allows one to guarantee global asymptotic stability
of the origin corresponding to the state space of the closed-loop system (cf.
Problem 4 at the end of the chapter). Nevertheless, an alternative analysis,
similar to that presented in Section 13.1, may also be carried out.

T
Since the origin [éT q’ (']T} = 0 € R*" is a stable equilibrium, then

if [T q@)T q(t)T]T — 0 € R*" when t — oo (for all initial conditions),
i.e. the equilibrium is globally attractive, then the origin is a globally asymp-
totically stable equilibrium. It is precisely this property that we show next.

In the development below we invoke further properties of the dynamic
model of robot manipulators. Specifically, assuming that q,q € L2, we have
o M(q)7', FM(q) € L™
o C(4,9)4,9(q), 59(q) € L.

The latter follows from the regularity of the functions that define M, g and
C. By the same reasoning, if moreover ¢ € L7 then

o 21[0(q,q)q) € L.

The Lyapunov function V'(§, q, q) given in (13.19) is positive definite and
is composed of the sum of the following three non-negative terms

e 1¢"M(q)g
o Ulg,—q) —Ulgy) +9(a)"q+ 37K,
e L(¢-By"K,B'(&-Bg) .

Since the time derivative V(£,@,¢q), expressed in (13.6) is a negative
semidefinite function, the Lyapunov function V(€,q,q) is bounded along
trajectories. Therefore, the three non-negative listed terms above are also
bounded along trajectories. Since, moreover, the potential energy U(q) of
robots having only revolute joints is always bounded in its absolute value, it
follows that

4,9,§,§ - BgeLg,. (13.21)

Incorporating this information in the closed-loop Equation (13.18), and
knowing that M(q, —q)~* and g(q, — @) are bounded for all q,;, q € L", and
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also that C(g; — @, q)q is bounded for all q4,q,q € L%, it follows that the
time derivative of the state vector is bounded, i.e.

£4,qe Ly, (13.22)
and therefore, it is also true that

[é - Brﬂ €Ly, (13.23)

Using again the closed-loop Equation (13.18), we can compute the second
time derivative of the variables state to obtain

€= —Af + ABq
i=-i
d

a® = ~Mla)™ | ()| M) [Kya - K € - Bal - Cla. )i

+9(q4) — 9(q)]

+M(q)™! [Kpé - K, (€-Bg) - % (Cla:@)a) + %g@

where ¢® denotes the third time derivative of the joint position g and we

used
d

dt

d

M@ = -p(@) ! | @) e
In (13.21) and (13.22) we concluded that ¢, q,q,&,q,q € L, then, from

the properties stated at the beginning of this analysis, we obtain
£q,q% €L, (13.24)

and therefore also ) )
§E—-BgelL. (13.25)

On the other hand, from the time derivative V(ﬁ,(},Q), expressed in
(13.20), we get
£E—Bgely. (13.26)

Considering next (13.23), (13.26) and Lemma A.5, we conclude that

lim &(t) — Bg(t) =0. (13.27)

t—oo
Hence, using (13.27), (13.21), (13.23) and (13.25) together with Lemma

A.6 we get _ )
lim &(t) — Bq(t) =0

t—oo
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and consequently, taking £ and ¢ from the closed-loop Equation (13.18), we
get
lim —A[€(t) — Ba()] + B = 0.
From this last expression and since we showed in (13.27) that lim;_, o, &£(¢)—
Bq(t) = 0 it finally follows that

lim ¢(t) = 0. (13.28)

t—o0

We show next that lim; . g(t) = 0 € R". Using again Lemma A.6 with
(13.28), (13.21), (13.22) and (13.24) we have

lim ¢(t) =0.

t—oo

Taking this into account in the closed-loop Equation (13.18) as well as
(13.27) and (13.28), we get

lim M(q,—q(t) ™" [K,q(t) +9(qq) —9(qq —q(t))] =0

t—oo

and therefore, since Amin{K,} > ky we finally obtain from the methodology
presented in Section 8.2,
lim g(t) =0. (13.29)
t—oo
The rest of the proof, that is that lim;_ ., &(t) = 0, follows directly from
(13.27) and (13.29).

This completes the proof of global attractivity of the origin and, since we
have already shown that the origin is Lyapunov stable, of global asymptotic
stability of the origin of the closed-loop Equation (13.18).

We present next an example that demonstrates the performance that may
be achieved with P“D” control with gravity compensation in particular, on
the Pelican robot.

Ezxzample 13.2. Consider the Pelican robot presented in Chapter 5 and
depicted in Figure 5.2. The components of the vector of gravitational
torques g(q) are given by

91(q) = (m1ler +maly)g sin(qr) + malcag sin(gr + g2)
92(q) = maleag sin(qy + q2) .

According to Property 4.3, the constant k, may be obtained as (see
also Example 9.2):
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5

= n((miler +mali)g + malcag)
= 23.94 [kg m2/52] .

kg =n <maX ida

Consider the P“D” control with desired gravity compensation for
this robot in position control. Let the design matrices K, K, A, B be
diagonal and positive definite and satisfy

Amin{Kp} > kg .
In particular, these matrices are taken to be
K, = diag{k,} = diag{30} [Nm/rad],
K, = diag{k,} = diag{7, 3} [Nm s/rad],
A = diag{a;} = diag{30, 70} [1/s],
B = diag{b;} = diag{30, 70} [1/s].

The components of the control input 7 are given by

1 = kp(jl — kU1 + gl(qd)
T2 = kpd? - kvﬁQ + g2(qd)

T = —a1x1 — arbiqy
Tg = —agT2 — azbaqa
Y1 =1 +biqu

o = T2 + baga .

The initial conditions corresponding to the positions, velocities and
states of the filters, are chosen as

q1 (0> = Oa qQ(O) =0
¢1(0) =0, 42(0) =0
331(0) = 0, l‘Q(O) =0.

The desired joint positions are

qa1 = /10, qq2 = w/30 [rad].

In terms of the state vector of the closed-loop equation, the initial

state is
by/10 9.423
£(0) by/30 7.329
) /10 0.3141
a) | = | /30 | = |0.1047
0 0

a(0) 0 0
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Figure 13.4. Graphs of position errors ¢i(¢) and g2 (t)

Figure 13.4 shows the experimental results; again, as in the previ-
ous controller, it shows that the components of the position error g(t)
tend asymptotically to a small constant nonzero value due, mainly, to
the friction effects in the prototype. O

13.3 Conclusions

We may summarize the material of this chapter in the following remarks.

Consider the P“D” control with gravity compensation for n-DOF robots.

Assume that the desired position g, is constant.

If the matrices K,, K,, A and B of the controller P“D” with gravity

compensation are diagonal positive definite, then the origin of the closed-
T

loop equation expressed in terms of the state vector |&7 g7 ¢| ,1is a

globally asymptotically stable equilibrium. Consequently, for any initial
condition g(0),q(0) € R", we have lim; , q(t) =0 € R".

Consider the P“D” control with desired gravity compensation for n-DOF

robots. Assume that the desired position g, is constant.

If the matrices K,, K,, A and B of the controller P“D” with desired

gravity compensation are taken diagonal positive definite, and such that

Amin{Kp} > kg, then the origin of the closed-loop equation, expressed
T

in terms of the state vector [ﬁT g’ ¢%| is globally asymptotically

stable. In particular, for any initial condition g(0),g(0) € IR", we have
lim_o g(t) = 0 € R™.
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The controller called here, P“D” with desired gravity compensation and
characterized by Equations (13.16)—(13.17) was independently proposed in
the latter two references; the formal proof of global asymptotic stability was
presented in the second.

Problems

1. Consider the following variant of the controller P“D” with gravity com-
pensation':

T :KPQ+K1)19+9(Q)
@ =—Ax — ABq
¥ =x+ Bq

where K,, K, € IR"" are diagonal positive definite matrices, A =
diag{a;} and B = diag{b;} with a;,b; real strictly positive numbers.
Assume that the desired joint position g,; € IR" is constant.
a) Obtain the closed-loop equation expressed in terms of the state vector
~ .71 T
[mT gt qT] '
b) Verify that the vector

e R

Q8
I
coo

is the unique equilibrium of the closed-loop equation.
¢) Show that the origin of the closed-loop equation is a stable equilibrium
point.

Hint: Use the following Lyapunov function candidate?:

L. 1. .1 .
V(z,q,q) = §qTM(q)q + iqTqu

1 ) ) _
+5 @+ By KB (z +Bq) .

2. Consider the model of robots with elastic joints (3.27) and (3.28),

! This controller was analyzed in Berghuis H., Nijmeijer H., 1993, “Global regulation
of robots using only position measurements”, Systems and Control Letters, Vol.
21, October, pp. 289-293.

2 By virtue of La Salle’s Theorem it may also be proved that the origin is globally
asymptotically stable.
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M(q)g+C(q,q)qa+9(q) + K(g—6)=0
JO—-K(qg—0)=r

It is assumed that only the vector of positions € of motors axes, but not
the velocities vector 6, is measured. We require that q(t) — g, where g,
is constant.

A variant of the P“D” control with desired gravity compensation is®

T=K,0 - K,29+g(q,)
&= —Ax — ABO

Y =x+ BO

where
0=q,-60+K "g(q,)
q=9q9,—4q

and K,, K,, A, B € R"™" are diagonal positive definite matrices.
a) Verify that the closed-loop equation in terms of the state vector

~T .T T
[éT a6 ¢' o } may be written as

Yol —A¢ + AB6 1
a —q
d - .
= -0
at|®

q M(q)*l[—K(é —a) +9(q4) —Cla,4)q ~ g(q)}

Lo} | I [K6- Ko - BO+ K(6-2)

where £ = + B [q,+ K 'g(q,)].
b) Verify that the origin is an equilibrium of the closed-loop equation.

c) Show that if Apnin{K,} > kg and Amin{K} > kg, then the origin is a
stable equilibrium point.

Hint: Use the following Lyapunov function and La Salle’s Theorem
2.7.

3 This controller was proposed and analyzed in Kelly R., Ortega R., Ailon A.,
Loria A., 1994, “Global regulation of flexible joint robots using approzimate dif-
ferentiation”, IEEE Transactions on Automatic Control, Vol. 39, No. 6, June, pp.
1222-1224.
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V(,0.q,0) =V1(q,0,q,0) + quKq + V2(q)

1T ~
+ % [g - Be] K,B~! [g - Bo}
where
Vi(@.0.4.0) = 3a"M(a)a + 507 10+ 187K,
+ %E)TK?) _8"Kq

Va(@) =U(g, — @) —U(a,) + 3" 9(a,)
and verify that

V(§.0,4,0) = — [5 - Bér K,B~'A [g - Bé} .

3. Use La Salle’s Theorem 2.7 to show global asymptotic stability of the
origin of the closed-loop equations corresponding to the P“D” controller
with gravity compensation, i.e. Equation (13.4).

4. Use La Salle’s Theorem 2.7 to show global asymptotic stability of the
origin of the closed-loop equations corresponding to the P“D” controller
with desired gravity compensation, i.e. Equation (13.18).
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Introduction to Adaptive Robot Control

Up to this chapter we have studied several control techniques which achieve
the objective of position and motion control of manipulators. The standing
implicit assumptions in the preceding chapters are that:

e The model is accurately known, i.e. either all the nonlinearities involved
are known or they are negligible.

e The constant physical parameters such as link inertias, masses, lengths to
the centers of mass and even the masses of the diverse objects which may
be handled by the end-effector of the robot, are accurately known.

Obviously, while these considerations allow one to prove certain stability
and convergence properties for the controllers studied in previous chapters,
they must be taken with care. In robot control practice, either of these assump-
tions or both, may not hold. For instance, we may be neglecting considerable
joint elasticity, friction or, even if we think we know accurately the masses
and inertias of the robot, we cannot estimate the mass of the objects carried
by the end-effector, which depend on the task accomplished.

Two general techniques in control theory and practice deal with these
phenomena, respectively: robust control and adaptive control. Roughly, the
first aims at controlling, with a small error, a class of robot manipulators
with the same robust controller. That is, given a robot manipulator model,
one designs a control law which achieves the motion control objective, with a
small error, for the given model but to which is added a known nonlinearity.

Adaptive control is a design approach tailored for high performance ap-
plications in control systems with uncertainty in the parameters. That is,
uncertainty in the dynamic system is assumed to be characterized by a set
of unknown constant parameters. However, the design of adaptive controllers
requires the precise knowledge of the structure of the system being controlled.
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Certainly one may consider other variants such as adaptive control for
systems with time-varying parameters, or robust adaptive control for systems
with structural and parameter uncertainty.

In this and the following chapters we concentrate specifically on adaptive
control of robot manipulators with constant parameters and for which we
assume that we have no structural uncertainties. In this chapter we present
an introduction to adaptive control of manipulators. In subsequent chapters
we describe and analyze two adaptive controllers for robots. They correspond
to the adaptive versions of

e PD control with adaptive desired gravity compensation,

e PD control with adaptive compensation.

14.1 Parameterization of the Dynamic Model

The dynamic model of robot manipulators', as we know, is given by La-
grange’s equations, which we repeat here in their compact form:

M(q)q+C(q,q)q+g(q) =T. (14.1)

In previous chapters we have not emphasized the fact that the elements of the
inertia matrix M (q), the centrifugal and Coriolis forces matrix C(q, ¢) and the
vector of gravitational torques g(q), depend not only on the geometry of the
corresponding robot but also on the numerical values of diverse parameters
such as masses, inertias and distances to centers of mass.

The scenario in which these parameters and the geometry of the robot are
exactly known is called in the context of adaptive control, the ideal case. A
more realistic scenario is usually that in which the numerical values of some
parameters of the robot are unknown. Such is the case, for instance, when the
object manipulated by the end-effector of the robot (which may be considered
as part of the last link) is of uncertain mass and/or inertia. The consequence
in this situation cannot be overestimated; due to the uncertainty in some of
the parameters of the robot model it is impossible to use the model-based
control laws from any of the previous chapters since they rely on an accurate
knowledge of the dynamic model. The adaptive controllers are useful precisely
in this more realistic case.

To emphasize the dependence of the dynamic model on the dynamic pa-
rameters, from now on we write the dynamic model (14.1) explicitly as a
function of the vector of unknown dynamic parameters, 8, that is?,

! Under the ideal conditions of rigid links, no elasticity at joints, no friction and
having actuators with negligible dynamics.

2 In this textbook we have used 8 to denote the joint positions of the motor shafts
for models of robots with elastic joints. With an abuse of notation, in this and the
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M(q,0)4+C(q,q4,0)q+9(q,0) = 7. (14.2)

The vector of parameters @ may be of any dimension, that is, it does not
depend in any specific way on the number of degrees of freedom or on whether
the robot has revolute or prismatic joints etc. Notwithstanding, an upper-
bound on the dimension is determined by the number of degrees of freedom.
Therefore, we simply say that @ € IR™ where m is some known constant. It is
also important to stress that the dynamic parameters, denoted here by 8, do
not necessarily correspond to the individual physical parameters of the robot,
as is illustrated in the following example.

Example 14.1. Consider the example of an ideal pendulum with its
mass m concentrated at the tip, at a distance [ from its axis of rotation.
Its dynamic model is given by

mi?G +mglsin(q) = 7 (14.3)

hence, compared to (14.2) we identify M(q,0) = mli?, g(q,0) =
mglsin(q). Hence, assuming that both the mass m and the length
from the joint axis to the center of mass [, are unknown, we identify
the vector of dynamic parameters as

0 — {le} 7
mgl
which is, strictly speaking, a nonlinear vectorial function of the phys-
ical parameters m and [, since 8 depends on products of them. &

Note that here, the number of dynamic parameters coincides with the
number of physical parameters, however, this is in general not the case as is
clear from the examples below.

14.1.1 Linearity in the Dynamic Parameters

Example 14.1 also shows that the dynamic model (14.3) is linear in the pa-
rameters 6. To see this more clearly, notice that we may write

mi%j+ mglsin(q) = [§  sin(q)] [;ZZ]
=: 9(q,4)0.

other chapters on adaptive control, the symbol 8 denotes the vector of dynamic
parameters.
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That is, the dynamic model (14.3) with zero input (7 = 0), can be rewritten as
the product of a vector function @ which contains nonlinear terms of the state
(the generalized coordinates and its derivatives) and the vector of dynamic
parameters, 6.

This property is commonly known as “linearity in the parameters” or “lin-
ear parameterization”. It is a property possessed by many nonlinear systems
and, in particular, by a fairly large class of robot manipulators. It is also
our standing hypothesis for the subsequent chapters hence, we enunciate it
formally below.

Property 14.1. Linearity in the dynamic parameters.

For the matrices M(q,0), C(q, q,0) and the vector g(g, 0) from the dynamic
model (14.2), we have the following.

For all u, v, w € R" it holds that
M(q,6)u+C(q,w,0)v+g(q,0) = P(q,u,v,w)0 + K(q, u, v, w)

1. (14.4)

where k(q,u,v,w) is a vector of n X 1, &(q, u, v, w) is a matrix
of n x m and the vector 8 € IR™ depends only on the dynamic
parameters of the manipulator and its load.

2.| Moreover?, if g, u, v, w € L7 then &(q,u,v,w) € L¥X™.

It is worth remarking that one may always find a vector § € IR" for which
k(q,u,v,w) = 0 € R". With this under consideration, setting u = g,
v = w = q, on occasions it appears useful to rewrite Equation (14.4) in
the simplified form

Y(q,q,4)0 = M(q,0)4+ C(q,q,0)q +g(q,0) (14.5)

where Y(q,q,4) = ?(q,q,4q,q) is a matrix of dimension n X m and 6 is a
vector of dimension m x 1 which contains m constants that depend on the
dynamic parameters. The constant n is clearly the number of DOF and m
depends on the selection of the dynamic parameters of the robot.

Notice that Property 14.1 is stated in fair generality, i.e. it is not assumed,
as for many other properties stated in Chapter 4, that the robot must have
only revolute joints.

It is also important to underline, and it must be clear from Example 14.1,
that the dynamic model of the robot is not necessarily linear in terms of the

3We remind the student reader that the notation Lo is described in detail in
Appendix A which is left as self-study.
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masses, inertias and distances of the centers of mass of the links but rather, it
is linear in terms of the dynamic parameters 8 which in general, are nonlinear
functions of the physical parameters. Therefore, given a selection of masses,
inertias and distances to the centers of mass (of all the links), called here
‘parameters of interest’, the dynamic parameters are obtained from the robot
model according to (14.4).

In general, the relation between the parameters of interest and the dy-
namic parameters is not available in a simple manner, but by developing
(14.4) explicitly and using the fact that the matrix &(q,u,v,w) as well as
the vector k(q,u,v,w), do not depend on the dynamic parameters 6. This
methodology is illustrated below through several examples; the procedure to
determine the dynamic parameters may be too elaborate for robots with a
large number of degrees of freedom. However, procedures to characterize the
dynamic parameters are available.

Example 1/.2. The right-hand side of the dynamic model of the device
studied in Example 3.2, that is, of Equation (3.5),
molicos®(@)j =T

may be expressed in the form (14.5) where

Y (q,4,4) = l3c08°(p)§
0 = mso .

¢

The following example shows that, as expected, the model of the Pelican
prototype of Chapter 5 satisfies the linear parameterization property. This is
used extensively later to design adaptive control schemes for this prototype
in succeeding examples.

Ezample 14.3. Consider the Pelican manipulator moving on a vertical
plane under the action of gravity as depicted in Figure 5.2. For sim-
plicity, the manipulator is assumed to have two rigid links of unitary
length (I; = lo = 1) and masses m; and mqy concentrated at the ends
of the links (I.; = le2 = 1, and I; = Iy = 0). The dynamic model
associated with the manipulator was obtained in Chapter 5 and is
described by Equations (5.3) and (5.4):

71 = [[m1 + ma] + ma + 2ma2 cos(q2)] G1
+ [m2 + ma cos(qz2)] Go
— 2my sin(q2)d1do — Mo sin(go)da
+ [m1 + molg sin(q1)
+ mag sin(q1 + go2) (14.6)
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Ty = [ma + ma cos(g2)] §1 + mado
+ My sin(go)d? + mag sin(qr + q2) . (14.7)
The dynamic parameters in the model are the masses m; and ms.
Define the vector § of dynamic parameters as 8 = [m; mo]T .

The set of dynamic Equations (14.6) and (14.7) may be rewritten
in linear terms of @, that is, in the form (14.5):

Y(q,4,4)0 =7,

where Y(q, q, q) is the matrix of dimension 2 x 2:

PR Yll (q7 Q7 Q) Y12 (q7 Qa q)
Y(q.4.4) = 1,4 1,4
(q 7 q) YQl(q7 q, q) Yé? (q7 q, q)

with

Y11(q,4,9) = ¢1 + 951
Y12(q, 4, @) = 241 + G2 + C2(241 + §2)
— 52G3 — 2524142 + gS12 + 951
Y21(q,4,4) =0
Yoo(q, q,d) = Codr + G + G2 + S245 + 9512

where C; = cos(q;), S; = sin(g;), C12 = cos(q1 + ¢2) and S12 =
sin(q1 + ¢2). &

From Property 14.1, one can also show that the dynamic model of robots
with (linear) actuators described by (3.33) also satisfies a linearity relation
in terms of the dynamic parameters of the robot as well as in terms of the
actuator constants. Specifically, for all ¢, ¢,g € R",

2q,9,§)0 = K~'[R M(q)+J]g+ K 'R C(q,9)d
+K 'Rg(q)+ K 'Rf(q)+ K 'Bq
= (14.8)
where Q(q, g, @) is a matrix of dimension n x m and 6 is a vector of dimension

m X 1 that contains m constants that depend on the dynamic parameters of
the robot and on those of the actuators.

Example 14.4. Consider the pendulum depicted in Figure 3.13 and
whose dynamic model is derived in Example 3.8, that is,

fo KoKy kr

JL . . . Ka
[Jm—l-ﬁ]q-i-[fm—f—ﬂ—i— R, q+r—251n(q)—

rR,

v.
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The dynamic equation may be written in linear terms of the vector
0, that is, in the form (14.8),

2q,4,4)0 =v

where

g, 4:4) =14 ¢ sin(q)]

rRq Ji KKy  fu k)’

14.1.2 The Nominal Model

We remark that for any given robot the vector of dynamic parameters 6 is
not unique since it depends on how the parameters of interest are chosen. In
the context of adaptive control, the parameters of interest are those whose
numerical values are unknown. Usually, these are the mass, the inertia and
the physical location of the center of mass of the last link of the robot.

For instance, as mentioned and illustrated through examples above, the
vector k(gq, u,v,w) and the matrix ¢(q, u, v, w) are obtained from knowledge
of the dynamic model of the robot under study, as well as from the vector
6 € R™ formed by the selection of the m dynamic parameters of interest.
Naturally, it is always possible to choose a vector of dynamic parameters 6
for which (14.4) holds with k(gq,u,v,w) =0 € R".

However, on certain occasions it may also appear useful to separate from
the dynamics (14.2), those terms (if any) which involve known dynamic pa-
rameters or simply, that are independent of these. In such case, the parame-
terization (14.4) may be expressed as

M(q,0)u+ C(q,w,0)v +g(q,0) =
?(q,u,v,w)0 + My(q)u + Co(q, w)v + go(q), (14.9)

where we may identify the nominal model or nominal part of the model,
k(q,u,v,w) = Mo(q)u + Co(q, w)v + go(q) -

That is, the matrices My(q), Co(g, w) and the vector g,(q) represent
respectively, parts of the matrices M(q), C(g,q) and of the vector g(q) that
do not depend on the vector of unknown dynamic parameters 6.

According with the parameterization (14.9), given a vector 6 € R™, the
expression @(q, u, v, w)O corresponds to
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d(q, u,fv,w)é =
M(qa é)u+C(q, w, é)’U+g(q, é) *Mo(q)U*Co(q, w)”*Qo (q) (1410)

A particular case of parameterization (14.9) is when u = v = w =0 €
IR™. In this scenario we have the following parameterization of the vector of
gravitational torques:

The following example is presented with the purpose of illustrating these ideas.

Ezample 14.5. Consider the model of a pendulum of mass m, inertia
J with respect to the axis of rotation, and distance ! from the axis of
rotation to the center of mass. The torque 7 is applied at the axis of
rotation, that is,

JG+ mgl sin(q) = 7.

We clearly identify M (q) = J, C(q,¢) = 0 and g(q) = mgl sin(q).
Consider as parameters of interest the mass m and the inertia .J.
The parameterization (14.9) in this scenario is

M(q,0)u + C(q,w,0)v +g(q,0)
= Ju + mgl sin(q)
= ds(qau7vaw)0+M0(q)u+CO(Qaw)v+g0(q) (1411)

where
&(q,u,v,w) = [u glsin(q)] (14.12)
_|J
o= [
Mo(q) = Co(g,w) = go(q) = 0. (14.13)

The reader may appreciate that particularly for this example, the
dynamic parameters coincide precisely with the parameters of interest,
m and J.

On the other hand, defining 6 € R? as

o-[2]

the expression (14.10) becomes
M(q,0)u+ C(q,w,0)v + g(q,0)
= Ju + rngl sin(q)
= @(q, u, v, w)é + MO (Q)u + CO (Qa ’IU)’U + 9o (Q)
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where &(q, u,v,w), My(q), Co(q,w) and go(q) are exactly the same as
in (14.12) and (14.13) respectively.

Assume now that the unique parameter of interest is the inertia
J. The expression (14.9) is given again by (14.11) but now

P(q,u,v,w) = u (14.14)
0=1J
Mo(q) =0
Co(q,w) =0
9o(q) = mgl sin(q) . (14.15)

On the other hand, defining 6= j, the expression (14.10) becomes

M(q, é)u + C(q,w, é)v + g(q, é)
= Ju + mgl sin(q)
= @(qv u,v, w)é + MO(q)u + C()(CL ’LU)’U + gO(q)a

where @(q,u,v,w), My(q), Co(g,w) and go(q) are exactly (14.14)-
(14.15). &

We present next an example of a planar 2-DOF robot. This robot is used in
succeeding chapters with the aim of illustrating different adaptive controllers.

Ezample 14.6. Consider the planar manipulator having two DOF il-
lustrated in Figure 14.1 and whose dynamic model was obtained in
Example 3.3.

The dynamic model of the considered 2-DOF planar manipulator
is given by (3.8)—(3.9), and may be written as

0161 + (03C21 + 04521) Gio — 0359145 + 04Co1G5 = 71 (14.16)
(03091 + 04521) G + O2G2 + 0352145 — 04Ca14F = 7o (14.17)
where

91 = mllzl + mgl% + Il
0y = m2lg2 + I
93 = mzlllcg COS(é)

94 = mglllcg sm(§) .

It is easy to see that the previous model may be written in the
standard form of the robot model (14.1) where
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Figure 14.1. Planar 2-DOF manipulator on a horizontal plane

03C91 + 04521
03C9q + 04521 0
C(a,d,6 [ (04C21 — 03521) Qz}
i 03551 — 94021) 0

g(q,0) =0.

The dynamic model of the robot has been written in terms of
the components 61, 62, 83 and 64 of the vector of unknown dynamic
parameters. As mentioned above, these depend on the physical char-
acteristics of the manipulator such as the masses and inertias of its

links. The vector of dynamic parameters @ is given directly by

61
02
03
04

0= eR*.

Next, define the vectors
ol B MR i
U V2 wo

The parameterization (14.9) in this example yields
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M(q,0)u+ C(q,w,0)v +g(q,0)

_ 01 03Co1 + 04521 u
93021 + 94521 92
0 (04C21 — 03521) wo .
(03521 — 04C21) wy 0
01

{@11 D1y D3 @14] 02
D1 Doy Doz Doy | | O3
04

+ Mo(q)u + Co(q, w)v + go(q)-

After spelling out M(g,0)u + C(q,w,0)v + g(q,0), it may be
verified that

P11 = w1
$15=0
D13 = Cayug — So1wav2
D14 = Sa1us + Corrwavs
Py =0
Doz = ug
Po3 = Coruy + Sa1wivs
Doy = Soru1 — Ca1wyvy
My(q) = 0 € R**?
Co(q, w) = 0 € R**?
go(q) =0 € R”.

Finally, we present an example of the Pelican robot, with which the reader
must already be familiar.

Example 14.7. Consider the Pelican robot presented in Chapter 5, and
shown in Figure 5.2. Its dynamic model is repeated here for conve-
nience:

M (q) Mm(‘])} i+ {Cn(q,i]) Cm(%{]ﬂ g+ {91(‘1)}

: =T
Ms1(q) Maa(q) Co1(q,q) Cxn(q,q 92(q)
——
M(q) c(q.q) 9(q)

where
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Mi1(q) = mylZ) +mo [I7 + 12 + 211l cos(q)] + I + I
Mia(q) = mo [132 + lileo COS(QQ)] + I

Ma1(q) = ma [12, + lilea cos(q2)] + Iz

Msa(q) = malZy + 1o

C11(q,i1) = —malileo Sin(%)(b
Ci2(q,q) = —malileo sin(ge) [¢1 + ¢2]
C21(q, q) = malile sin(g2)d1
Ca2(q,q) =0

91(q) = [maler +mali] g sin(q1) + maleag sin(g1 + ¢2)
92(q) = maleag sin(q1 + q2) -

For this example we have selected as parameters of interest, the
mass ms, the inertia I and the location of the center of mass of
the second link, [.o. In contrast to the previous example where the
dynamic model (14.16)—(14.17) was written directly in terms of the
dynamic parameters, here it is necessary to determine the latter as

functions of the parameters of interest.
To that end, define first the vectors

et R M R

The development of the parameterization (14.9) in this example
leads to

M(q,0)u+ C(q,w,0)v+g(q,0) =

|:(I)11 ¢12 @13:|

61
D1 Doz Pos 02 | + Mo(q)u+ Colg, w)v + go(a),

03
where

b1y = Bug + 11 g sin(qy)
P19 = 2y cos(ga)uy + 11 cos(ga)us — Iy sin(ge)wavy
—1y sin(g2)[w1 + walva + g sin(q1 + ¢2)
D13 = uy +us
Po1 =0
Pog =1y cos(ga)uy + 11 sin(ge)wivy + g sin(q1 + ¢2)
Doz = up + uz
th ma
0= 10| = Maleo
93 mglgz + [2
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(a2 + 1 0
M) = | ™10

[0 0
Co(Q,'LU): 0 0:|

0

go(q) _ _mllclg Sin(Ql):| )

Notice that effectively, the vector of dynamic parameters 8 depends
exclusively on the parameters of interest ms, I and I.o. &

14.2 The Adaptive Robot Control Problem

We have presented and discussed so far the fundamental property of linear
parameterization of robot manipulators. All the adaptive controllers that we
study in the following chapters rely on the assumption that this property
holds.

Also, it is assumed that uncertainty in the model of the manipulator con-
sists only of the lack of knowledge of the numerical values of the elements of
6. Hence, the structural form of the model of the manipulator is assumed to
be exactly known, that is, the matrices &(q,u,v,w), My(q), Co(g,w) and
the vector g,(g) are assumed to be known.

Formally, the control problem that we address in this text may be stated
in the following terms. Consider the dynamic equation of n-DOF robots (14.2)
taking into account the linear parameterization (14.9) that is,

M(q,0)q+C(q,4,0)q+9(q,0) =7
or equivalently,

Assume that the matrices (q, q,q,q) € R"*™, My(q),Co(gq,q) € R™*" and
the vector g,(g) € IR" are known but that the constant vector of dynamic
parameters (which includes, for instance, inertias and masses) 8 € R™ is un-
known*. Given a set of vectorial bounded functions q,, ¢, and §,, referred
to as desired joint positions, velocities and accelerations, we seek to design
controllers that achieve the position or motion control objectives. The solu-
tions given in this textbook to this problem consist of the so-called adaptive
controllers.

1 By ‘®(q, 4, ¢, q) and Co(q, ¢) known’ we understand that &(q, u, v, w) and Co(g, w)
are known respectively. By ¢ @ € R™ unknown’ we mean that the numerical values
of its m components 61,03, - - -, 0y, are unknown.
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We present next an example with the purpose of illustrating the control
problem formulated above.

Ezxample 14.8. Consider again the model of a pendulum of mass m,
inertia J with respect to the axis of rotation, and distance [ from the
axis of rotation to its center of mass. The torque 7 is applied at the
axis of rotation, that is,

JG+ mgl sin(q) = 7.

We clearly identify M (q) = J, C(q,¢) = 0 and ¢(q) = mgl sin(q).
Consider as parameter of interest, the inertia .J. The model of the
pendulum may be written in the generic form (14.9)

M(q,0)u+ C(q,w,0)v+ g(q,0)
= Ju + mgl sin(q)
= @(qv u, v, w)@ + MO(q)u + Oo(q, w)v + QO(Q)7

where
D(q,u,v,w) =u
0=1J
Mo(q) =0
Co(g,w) =0
90(q) = mgl sin(q)

Assume that the values of the mass m, the distance [ and the
gravity acceleration g are known but that the value of the inertia
0 = J is unknown (yet constant). The control problem consists in
designing a controller that is capable of achieving the motion control
objective

lim ¢(t) =0 R
t—oo

for any desired joint trajectory gq(t) (with bounded first and second
time derivatives). The reader may notice that this problem formula-
tion has not been addressed by any of the controllers presented in
previous chapters. &

It is important to stress that the lack of knowledge of the vector of dynamic
parameters of the robot, 8 and consequently, the uncertainty in its dynamic
model make impossible the use of controllers which rely on accurate knowledge
of the robot model, such as those studied in the chapters of Part II of this
textbook. This has been the main reason that motivates the presentation of
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adaptive controllers in this part of the text. Certainly, if by any other means
it is possible to determine the dynamic parameters, the use of an adaptive
controller is unnecessary.

Another important observation about the control problem formulated
above is the following. We have said explicitly that the vector of dynamic
parameters 6 € IR™ is assumed unknown but constant. This means precisely
that the components of this vector do not vary as functions of time. Conse-
quently, in the case where the parametric uncertainty comes from the mass
or the inertia corresponding to the manipulated load by the robot?, this must
always be the same object, and therefore, it may not be latched or changed.
Obviously this is a serious restriction from a practical viewpoint but it is
necessary for the stability analysis of any adaptive controller if one is inter-
ested in guaranteeing achievement of the motion or position control objectives.
As a matter of fact, the previous remarks also apply universally to all con-
trollers that have been studied in previous chapters of this textbook. The
reader should not be surprised by this fact since in the stability analyses the
dynamic model of robot manipulators (including the manipulated object) is
given by

M(q)g+C(q,9)q+g(q) =T
where we have implicitly involved the hypothesis that its parameters are con-
stant. Naturally, in the case of model-based controllers for robots, these con-

stant parameters must in addition, be known. In the scenario where the pa-
rameters vary with time then this variation must be known exactly.

14.3 Parameterization of the Adaptive Controller

The control laws to solve the position and motion control problems for robot
manipulators may be written in the functional form

T=17(4,9,494: 94,44 M(q),C(a,9),9(q)) - (14.18)

In general, these control laws are formed by the sum of two terms; the
first, which does not depend explicitly on the dynamic model of the robot to
be controlled, and a second one which does. Therefore, giving a little ‘more’
structure to (14.18), we may write that most of the control laws have the form

T = Tl(qa iL dq> iLi?éd) + M(q)u + C(qa ’UJ)’U + g(q)v

where the vectors u, v, w € IR" depend in general on the positions g, velocities
g and on the desired trajectory and its derivatives, g4, ¢, and ¢,. The term

5 The manipulated object (load) may be considered as part of the last link of the
robot.



328 14 Introduction to Adaptive Robot Control

71(9,4,4,4,4,,44), which does not depend on the dynamic model, usually
corresponds to linear control terms of PD type, i.e.

Tl(Q»fL 44, de qd) = Kp[qd - q] + KU[Qd - q]

where K, and K, are gain matrices of position and velocity (or derivative
gain) respectively.

Certainly, the structure of some position control laws do not depend on
the dynamic model of the robot to be controlled; e.g. such is the case for PD
and PID control laws. Other control laws require only part of the dynamic
model of the robot; e.g. PD control with gravity compensation.

In general an adaptive controller is formed of two main parts:

e control law or controller;

e adaptive (update) law.

At this point it is worth remarking that we have not spoken of any partic-
ular adaptive controller to solve a given control problem. Indeed, there may
exist many control and adaptive laws that allow one to solve a specific control
problem. However, in general the control law is an algebraic equation that
calculates the control action and which may be written in the generic form

T=T1 (qa (.L qda qda qd) + M(qa é)’u’ + C(qa w, é)v + g(q> é) (1419)

where in general, the vectors u,v,w € IR" depend on the positions g and
velocities g as well as on the desired trajectory g, and its derivatives g, and
G,4. The vector 0 € R™ is referred to as the vector of adaptive parameters
even though it actually corresponds to the vectorial function of time é(t),
which is such that (14.10) holds for all ¢ > 0. It is important to mention that
on some occasions, the control law may be a dynamic equation and not just
‘algebraic’.

Typically, the control law (14.19) is chosen so that when substituting the
vector of adaptive parameters 0 by the vector of dynamic parameters 8 (which
yields a nonadaptive controller), the resulting closed-loop system meets the
control objective. As a matter of fact, in the case of control of robot manipu-
lators nonadaptive control strategies that do not guarantee global asymptotic

~ . T ~ .7 T
stability of the origin [qT q } =0ecR*™ or [qT qT] =0 e IR*" for the
case when g,(t) is constant, are not candidates for adaptive versions, at least
not with the standard design tools.

The adaptive law allows one to determine é(t) and in general, may be
written as a differential equation of 8. An adaptive law commonly used in
continuous adaptive systems is the so-called integral law or gradient type

t
0
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whereS I' = I'T € R™*™ and 6(0) € R™ are design parameters while 9 is a
vectorial function to be determined, of dimension m.

The symmetric matrix I" is usually diagonal and positive definite and is
called ‘adaptive gain’. The “magnitude” of the adaptive gain I is related
proportionally to the “rapidity of adaptation” of the control system vis-a-
vis the parametric uncertainty of the dynamic model. The design procedures
for adaptive controllers that use integral adaptive laws (14.20) in general, do
not provide any guidelines to determine specifically the adaptive gain I'. In
practice one simply applies ‘experience’ to a trial-and-error approach until sat-
isfactory behavior of the control system is obtained and usually, the adaptive
gain is initially chosen to be “small”.

On the other hand, 9(0) is an arbitrary vector even though in practice,
we choose it as the best approximation available to the unknown vector of
dynamic parameters, 6.

Figure 14.2 shows a block-diagram of the adaptive control of a robot.

An equivalent representation of the adaptive law is obtained by differen-
tiating (14.20) with respect to time, that is,

e(t) = F’¢ (s7qu7Qaqdaq(17qd) B (1421)

dq4 N -
q ? r(t.q,q,q,, 4,0 ROBOT 4
dq (t.4,4:94,44,9) - q

a4 f

t
/ ¢(87q7Qaijqu7Qd7Qd) dS
0

Figure 14.2. Block-diagram: generic adaptive control of robots

It is desirable, from a practical viewpoint, that the control law (14.19) as
well as the adaptive law (14.20) or (14.21), do not depend explicitly on the
joint acceleration q.

14.3.1 Stability and Convergence of Adaptive Control Systems
An important topic in adaptive control systems is parametric convergence.
The concept of parametric convergence refers to the asymptotic properties of

In (14.20) as in other integrals, we avoid the cumbersome notation
¢(t7q(t)7q(t)7q(t)7qd(t)7qd(t)7qd(t))
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the vector of adaptive parameters 6. For a given adaptive system, if the limit
of 8(t) when t — oo exists and is such that

lim 6(t) = 6,

t—o0
then we say that the adaptive system guarantees parametric convergence. As
a matter of fact, parametric convergence is not an intrinsic characteristic of an
adaptive controller. The latter depends, of course, on the adaptive controller

itself but also on the behavior of some functions which may be internal or
eventually external to the system in closed loop.

The study of the conditions to obtain parametric convergence in adaptive
control systems is in general elaborate and requires additional mathematical
tools to those presented in this text. For this reason, this topic is excluded.

The methodology of stability analysis for adaptive control systems for
robot manipulators that is treated in this textbook is based on Lyapunov sta-
bility theory, following the guidelines of their nonadaptive counterparts. The
main difference with respect to the analyses presented before is the inclusion
of the parametric errors vector @ € IR™ defined as

6=6-6
in the closed loop equation’s state vector.

The dynamic equations that characterize adaptive control systems in
closed loop have the general form

Q

N q = f (t7q7q7qd7Qdanaé> )

D

for which the origin is an equilibrium point. In general, unless we make appro-
priate hypotheses on the reference trajectories, the origin in adaptive control
systems is not the only equilibrium point; as a matter of fact, it is not even
an isolated equilibrium! The study of such systems is beyond the scope of the
present text. For this reason, we do not study asymptotic stability (neither
local nor global) but only stability and convergence of the position errors.
That is, we show by other arguments, achievement of the control objective
lim g(¢t) =0.
t—oo
We wish to emphasize the significance of the last phrase. Notice that we are
claiming that even though we do not study and in general do not guarantee
parameter convergence (to their true values) for any of the adaptive con-
trollers studied in this text, we are implicitly saying that one can still achieve
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the motion control objective. This, in the presence of multiple equilibria and
parameter uncertainty.

That one can achieve the control objective under parameter uncertainty is
a fundamental truth that holds for many nonlinear systems and is commonly
known as certainty equivalence.
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Problems

1. Consider the simplified Cartesian mechanical device of Figure 14.3.
Express the dynamic model in the form

M(q)qg+ C(q,q)a+9(q) =Y (q.4.9)0

where 6 = [m; +mg ma]T.
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Figure 14.3. Problem 2. Cartesian robot.



15

PD Control with Adaptive Desired Gravity
Compensation

It must be clear at this point that position control — regulation — is one of the
simplest control objectives that may be formulated for robot manipulators. In
spite of this apparent simplicity, the controllers which may achieve it globally
require, in general, knowledge of at least the vector of gravitational torques
g(q) of the dynamic robot model in question. Among the simplest controllers
we have the following:

e PD control with gravity compensation;

e PD control with desired gravity compensation.

The first satisfies the position control objective globally with a trivial
choice of the design parameter (c¢f. Chapter 7) while the second, even though
it also achieves the position control objective globally, it requires a particular
choice of design parameters (c¢f. Chapter 8). Nevertheless, the second controller
is more attractive from a practical viewpoint due to its relative simplicity. As
mentioned above, a common feature of both controllers is the use of the vector
of gravitational torques g(q). The knowledge of this vector must be complete
in the sense that both the structure of g(q) and the numerical values of the
dynamic parameters must be known. Naturally in the case in which one of
them is unknown, the previous control schemes may not be implemented.

In this chapter we study an adaptive control that is capable of satisfying
the position control objective globally without requiring exact knowledge of
the numerical values involved in the dynamic model of the robot to be con-
trolled. We consider the scenario where all the joints of the robot are revolute.
Specifically, we study the adaptive version of PD control with desired gravity
compensation.

The material presented in this chapter has been taken from the corre-
sponding references cited at the end of the chapter.
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15.1 The Control and Adaptive Laws

We start by recalling the PD control law with desired gravity compensation
given by (8.1), and which we repeat below for convenience,

T=K,q+K,q+9g(qy).

We also recall that K,,, K, € R"*" are symmetric positive definite matrices
chosen by the designer. As is customary, the position error is denoted by
q = g, — g, while g; € R" stands for the desired joint position. In this
chapter we assume that the desired joint position g, is constant and therefore
the control law covers the form

T=K,q—-K,q+g(q,). (15.1)

The practical convenience of this control law with respect to that of PD
control with gravity compensation, given by (7.1), is evident. Indeed, the
vector g(q,) used in the control law (15.1) depends on g, and not on g
therefore, it may be evaluated “off-line” once g, is defined. In other words, it
is unnecessary to compute g(q) in real time.

For further development it is also worth recalling Property 14.1, which
establishes that the dynamic model of a n-DOF robot (with a manipulated
load included) may be written using the parameterization (14.9), i.e. as

M(q,0)u+ C(q,w,0)v+g(q,0) =
?(q,u, v, w)0 + Mo(q)u + Co(g, w)v +go(q), (15.2)

where &(q, u, v,w) € R"™™, My(q) € R™", Cy(q, w) € R™", gy(q) € R”
and @ € IR™. The vector 6, known by the name vector of dynamic parameters,
contains elements that depend precisely on physical parameters such as masses
and inertias of the links of the manipulator and on the load. The matrices
My(q), Co(g, w) and the vector g,(q) represent parts of the matrices M (q),
C(q, q) and of the vector g(q) that do not depend on the vector of (unknown)
dynamic parameters 6.

By virtue of the previous fact, notice that the following expression is valid
for all x € R"

g(x,0) = &(x,0,0,0)0 + gy(x), (15.3)
where we set
=0
v=20
0.

On the other hand, using (14.10), we conclude that for any vector € R™
and z € R"
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g9(x,0) = 6(x,0,0,0)0 + go() . (15.4)
For notational simplicity, in the sequel we use the following abbreviation

®,(x) = d(x,0,0,0). (15.5)

Considering (15.3) with @ = g, the PD control law with desired gravity
compensation, (15.1), may also be written as

T=K,q— K,q+24(q,)0 +90(q,) - (15.6)

It is important to emphasize that in the implementation of the PD control
law with desired gravity compensation, (15.1) or, equivalently (15.6), knowl-
edge of the dynamic parameters € of the robot (including the manipulated
load) is required.

In the sequel, we assume that the vector 8 € IR™ of dynamic parameters
is unknown but constant. Obviously, in this scenario, PD control with desired
gravity compensation may not be used for robot control. Nevertheless, we
assume that the unknown dynamic parameters 6 lay in a known region 2 C
R of the space IR™. In other words, even though the vector 0 is supposed to
be unknown, we assume that the set {2 in which 0 lays is known. The set {2 may
be arbitrarily “large” but has to be bounded. In practice, the set €2 may be
determined from upper and lower-bounds on the dynamic parameters which,
as has been mentioned, are functions of the masses, inertias and location of
the centers of mass of the links.

The solution that we consider in this chapter to the position control prob-
lem formulated above consists in the so-called adaptive version of PD control
with desired gravity compensation, that is, PD control with adaptive desired
gravity compensation.

The structure of the motion adaptive control schemes for robot manipu-
lators that are studied in this text are defined by means of a control law like
(14.19) and an adaptive law like (14.20). In the particular case of position
control these control laws take the form

r=r (t, 4,4, é) (15.7)

WU=FA¢@%¢%)ﬂ+m®, (15.8)

where I' = I'T € R™*™ (adaptation gain) and 6(0) € R™ are design pa-
rameters while 1) is a vectorial function to be determined, and has dimension
m.

The PD control with adaptive desired gravity compensation is described
in (15.7)—(15.8) where
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T =K,q—K.,q+g(q.0) (15.9)
= Kpq — Kvq +®4(q4)0 + 90(q4): (15.10)

and .
0(t) =I'd,(q T/ [EOJ}—Q} ds + 6(0), 15.11

where K, K, € R"*" and I' € R™*™ are symmetric positive definite design
matrices and € is a positive constant that satisfies conditions that are given
later on. The pass from (15.9) to (15.10) was made by using (15.4) with
T =q,

Notice that the control law (15.10) does not depend on the dynamic pa-
rameters 6 but on the so-called adaptive parameters 6 that in their turn,
are obtained from the adaptive law (15.11) which of course, does not depend
either on 6.

Among the design parameters of the adaptive controller formed by Equa-
tions (15.10)—(15.11), only the matrix K, and the real positive constant &
must be chosen carefully. To that end, we start by defining Ayax{M}, kc1
and k4 as

.AMaX{M(qve)} < )‘Max{M} v qc IRn, 0cQ)
¢|C(q,q,0)|| < ke gl Vg, qgelR", 6cQ
ollg(x,0)—g(y,0)| <kyllx -yl Vz,ycR" 6cQ.

Notice that these conditions are compatible with those established in Chapter
4. The constants Avax{M}, kc1 and k, are considered known. Naturally, to
obtain them it is necessary to know explicitly the matrices M(q,0), C(q, q,0)
and of the vector g(q, 0), as well as of the set 2, but one does not require to
know the exact vector of dynamic parameters 6.

The symmetric positive definite matrix K, and the positive constant gy
are chosen so that the following design conditions be verified.

C.1) Amin{Ep} > Ky,

2)\Inln{ }
C.2 > €0,
) 52)\Max{M} 0
2 min { K0 HAmin { K p } — kg
03) A%AaX{K } >€O7
mm{K }
C4 > &
) SThcn + Dt (1))
where ¢5 is defined so that )
y = —1 (15.12)
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and ¢ satisfies the inequality

QAmin K
# >ep > 2. (15.13)
g9

It is important to underline that once the matrix K, is fixed in accordance
with condition C.1 and the matrix K, has been chosen arbitrarily but of
course, symmetric positive definite, then it is always possible to find a set
of strictly positive values for ¢y for which the conditions C.2—-C.4 are also
verified.

Before proceeding to derive the closed-loop equation we define the param-
eter errors vector 8 € IR™ as

6=6-0. (15.14)

The parametric errors vector 0 is unknown since this is obtained as a function
of the vector of dynamic parameters @ which is assumed to be unknown.
Nevertheless, the parametric error 0 is introduced here only for analytical
purposes and evidently, it is not used by the controller.

From the definition of the parametric errors vector 6 in (15.14), it may be
verified that

g(qu)é +P4(qq)0
0(22)0 + 9(a4,0) — go(a4),

where we used (15.3) with = = q,.

Using the expression above, the control law (15.10) may be written as
T = Kpq — Koq + 94(44)0 + 9(d4,0).

Using the control law as written above and substituting the control action
T in the equation of the robot model (14.2), we obtain

M(q,0)d+C(q.q,0)q = K,q— K,q+Py(q,)0+9(a,.0)—9g(q,0). (15.15)

On the other hand, since the vector of dynamic parameters 6 has been
assumed to be constant, its time derivative is zero, 8 = 0 € IR™. Therefore,
taking the derivative with respect to time of the parametric errors vector 6,
defined in (15.14), we obtain = . In its turn, the time derivative of the

vector of adaptive parameters 6 is obtained by derivating with respect to time
the adaptive law (15.11). Using these arguments we finally get

6—rd,(q T[ 0 q-q]. 15.16
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From all the above conclude that the closed-loop equation is formed by
Equations (15.15) and (15.16) and it may be written as

Q1

4
dt

D
L

—q

M(q,0)™ | Kpq—K,q+ D4(q,)0—C(q,4,0)q+9(q4,0) — g(q.0)

T €0~ _ ¢
I'dy(q,) [1+|(1”q Q:|

(15.17)

Notice that this is a set of autonomous differential equations with state

[(}T q’ éT} ! and the origin of the state space, i.e.
q
q|=0eR*™,
6

is an equilibrium point of (15.17).

15.2 Stability Analysis

The stability analysis of the origin of the state space of closed-loop equation
follows along the guidelines of Section 8.4. Consider the following extension of

~T ~
the Lyapunov function candidate (8.23) with the additional term %0 r-1e,
i.e.

P
- _T -
q
2 —_f0 g 0
V@) - | 2l TRt 0
q,q, =35 q q
2 __&o
~ 1+H(~IHM((I70) M(q,0) 0 ~
0 0 0 -1 0

1
+U(q,0) —U(gy,0) +9(q,,0)7q + ququ

f(@)
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1q M(q,0)q +U(q,0) —U(q,,0) +9(q4,0)"q

~ €0 ~T .
K,q— ———= q M(q,0)q
( ) P Ty g 4 M@f)

o' 19, (15.18)

w\»—‘

where f(q) is defined as in (8.18) and the constants eg > 0, €1 > 2 and €3 > 2
are chosen so that

2>\min K;
Pnin{ Ky} >ep>2 (15.19)
k!]
261
= 15.20
&2 &1 — 2 ( )

22min{Kp}
— > > 0. 15.21
V e M} (15:21)

The condition (15.19) guarantees that f(q) is a positive definite function
(see Lemma 8.1), while (15. 21) ensures that P is a positive definite matrix.
Finally (15.20) implies that — + —- . Notice that condition (15.21) cor-
responds exactly to condltlon C 2 Wthh holds due to the hypothesis on the
choice of &g.

Thus, to show that the Lyapunov function candidate V(q, g, é) is positive
definite, we start by defining ¢ as

== <(lal) =

€0
1+ (gl

(15.22)

Consequently, the inequality (15.21) implies that the matrix

2 €0 )2 2 )
—K, — = M(q,0)=—K,—<"M(q,0
2= (57) M@0 =2 - arta)
is positive definite.

On the other hand, the Lyapunov function candidate (15.18) may be
rewritten in the following manner:

.. = 1. . . . -
V(@,4,0) = 5 [~q+cq)" M(q,0)[~q +<q]
102 N
+§qT =K, —¢"M(q,0)| q
)
1.1 ~
~01r'e
3
1
+U(q,0) —U(gq,0) +9(q,,0)"q + ququ,

f(a)
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which is a positive definite function since the matrices M(q, 8) and %Kp -
e2M(q,0) are positive definite and f(g) is also a positive definite function
(since Apin{Kp} > k4 and from Lemma 8.1).

Now we proceed to compute the total time derivative of the Lyapunov
function candidate (15.18). For notational simplicity, in the sequel we drop the
argument @ from the matrices M(q,8), C(q, q,0), from the vectors g(q, 8),
g(q,,0) and from U(q,0) and U(q,, @). However, the reader should keep in
mind that, strictly speaking, V' depends on time since 8 = é(t) - 0.

The time derivative of the Lyapunov function candidate (15.18) along the
trajectories of the closed-loop Equation (15.17) becomes, after some simplifi-
cations,

V(a,4.6) = 4" 1K, - Kud — Ola, @) + 9(a,) — 9@ + 5"V (a)a
+9(@)"a—9(q)"q - T'Kpqg +q"M(q)q — eG"M(q)q
—eq" [Kpq — Kvq — C(q,q)q + g(ag) — 9(q)]
—-2q"M(q)q.

where we used g(q) = 8%% After some further simplifications, the time

derivative V(é7 q,q) may be written as

.. . a8 N . )
V(q,4,0) = —4"K,qg+q" [QM((I) - C(q,q)} q+eqd"™M(q)q

—<q" |M(g) - C(a.9)| q —=a" [K,a — Kod]
— 4" [9(g4) — 9(9)] — €4"M(9)q -

Finally, considering Property 4.2, i.e. that the matrix %M(q) —C(q,q) is
skew-symmetric and M(q) = C(q,q) +C(q,q)T, we get

V(@.q.0) = —q"Kvq+cq"M(q)q — eq"Kpq + 4" Koq
—eq"C(q,@)a —<a" [9(aq) — 9(q)]
—eq"™M(q)q. (15.23)

As we know now, to conclude stability by means of Lyapunov’s direct
method, it is sufficient to prove that V(0,0,0) = 0 and that V(gq,q,0) < 0

77T
for all vectors [?]T qt o ] # 0 € R*"™™_ These conditions are verified for

instance if V(q, q, é) is negative semidefinite. Observe that at this moment, it
is very difficult to ensure from (15.23), that V(q, q, é) is a negative semidefinite
function. With the aim of finding additional conditions on &g so that V(f], q, é)
is negative semidefinite, we present next some upper-bounds over the following
three terms:
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o —£4'C(q,4)q
o —q" [g(qy) —
o —2q"M(q)q.

First, with respect to —e¢”C/(q, ¢)@, we have

9(q)]

~4"C(q,4)q < |~4"C(q,4)q]
<ellqlic(g; @)al
< eke, gl gl Nl
< eoke, |lalf® (15.24)
where we took into account Property 4.2, i.e. that ||C(q, )yl < ke, ||| ||yl
and the definition of ¢ in (15.22).
Next, concerning the term —eq” [g(q,) — g(q)], we have

—q" [g(qy) — 9(q)] < |-<a" [g(q,) — 9(a)]|
<ellqlliglgs) —g(a@)l
< <k, 1l (15.25)

where we used Property 4.3, i.e. that ||g(x) — g(y)|| < kg ||z — y].
Finally, for the term —¢g” M(q)q, we have

—£q" M(q)q < |—¢q" M(q)q|

90} ~T . ~T .
=|————5q 49 M(q)q
lall (1 + [qll)

€o ~ . ~ .

< —————— gl 4|l gl | M (q)q]|
~ ~ 11\ 2

lall (1+lql)

€0 .2
< — [lq]l” Amax {M (q)}
1+1q|

< eodmtax{ M} ||| (15.26)

where we considered again the definition of € in (15.22) and Property 4.1, i.e.
that Avax{M} [14] > Miax{M(q)} 4]l > [|M(q)q]-

From the inequalities (15.24), (15.25) and (15.26), it follows that the time
derivative V (g, ¢, 0) in (15.23) reduces to

V(@.4.0) < ~4"K,q +24"M(q)q — 24" K,q + <" K.q
+ ok, 1411 + kg [1a1* + codax {M} [lg])* -
which in turn may be rewritten as

e

al'[ K 3K [a
~ . 7 ~112
V(q’q>0) < - € 1 +8k9 Hq”
a] L=3hv il le

= 5 Pmin{Ko} = 220(key + 2Anmtax{M})] lal*, (15.27)
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where we used —q"K,q < —2q"K,q — 2 1412 and cgTar(g)q <
corax{ M} ||g||*. Finally, from (15.27) we get
Q

T 1 -
lal Amin{Ep} — kg =5 Avax {Ko} | [ |4l

V((ané) S — &

. 1 1 .
4]l _QAMax{Kw} EAmin{Kv} lall
1 .
Y Amin{ Ko} — 2e0(kc, + 2AMax{ M })] HQ||2 . (15.28)

)

From the inequality above, we may determine immediately the conditions
for £y to ensure that V(q,q,0) is a negative semidefinite function. For this,
we require first to guarantee that the matrix @ is positive definite and that

6 > 0. The matrix @ is positive definite if

Amin{ Ky} > kg (15.29)
2)\min{Kv}()‘min{Kp} — k(]) > e
Ai/[ax{Kv} ’
while § > 0 if \ K
min { £} > g0 (15.30)

2(14301 + 2>\Max{M})

Observe that the three conditions (15.29)-(15.30) are satisfied since by
hypothesis the matrix K, and the constant €y verify conditions C.1 and C.3~
C.4 respectively. Therefore, the matrix @) is symmetric positive definite which
means that Apnin{Q} > 0.

Next, invoking the theorem of Rayleigh—-Ritz (c¢f. page 24), we obtain

Q
-y T 1 -
lall Amin{Kp} = kg =5 ax{Ko} | [l
e <
. 1 1 . -
lall] | 5B} g Amind B0} | Ll

—eAmin{ @} {HEI”2 + Hq”ﬂ '

Incorporating this inequality in (15.28) and using the definition of ¢ we
obtain

ST 3 - . o,

V(@:@0) < 3= Awin{Q} [lal* + lal*] - Slal®
< —20Amin{Q} iy —§||q||2. (15.31)
. T+ a2
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Therefore, it appears that V (g, q, é) expressed in (15.31), is a globally neg-
ative semidefinite function. Since moreover the Lyapunov function candidate
(15.18) is globally positive definite, Theorem 2.3 allows one to guarantee that
the origin of the state space of the closed-loop Equation (15.17) is stable and
in particular that its solutions are bounded, that is,

q.q€ L, (15.32)
6ecLm.
Since V(q, q,0) obtained in (15.31) is not negative definite we may not

conclude yet that the origin is an asymptotically stable equilibrium point.

Hence, from the analysis presented so far it is not possible yet to conclude
anything about the achievement of the position control objective. For this it
is necessary to make some additional claims.

The idea consists in using Lemma A.5 (c¢f. page 392) which establishes
that if a continuously differentiable function f : Ry — IR" satisfies f € L%
and f, f € L then lim, .., f(t) =0 € R".

Hence, if we wish to show that lim; ... q(t) = 0 € IR", and we know from
(15.32) that g € L™, and g = —¢ € L, it is only left to prove that g € LY,
that is, to verify the existence of a finite positive constant k£ such that

b= [ lao) .
0

This proof is developed below.
Since 2 ||q|| > 0 for all ¢ € IR" then, from (15.31), the following inequality

holds:
V10.30.00) = ~eorani@) 1 TG

dt
The next step consists in integrating the inequality (15.33) from ¢ = 0 to

t = 0o, that is!
Voo
dVv < —50)\mm{Q}/ —————dt
/vo 1+ ||q )||

(15.33)

where we defined V; := V(0,§(0), ¢(0), 8(0)) and

! Recall that for functions g(t) and f(t) continuous in a < t < b, satisfying g(t) <
F (@) for all a <t < b, we have

Llwaglﬂmw
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Vie := lim V(q(t),q(t),0(t)) .

t—o0o

The integral on the left-hand side of the inequality above may be trivially
evaluated to obtain

2

V - VO _50)\m1n{Q}/ 1 + ||q )” dt,
or in equivalent form
1q(t)
*Vo *60)\mm{Q}/ —— " —dt — V. (1534)
1+ (q( )H >

Here it is worth recalling that the Lyapunov function candidate V'(q, (;17 é)
is positive definite, hence we may claim that V. > 0 and therefore, from the
inequality (15.34) we get

7V0 7€O>\m1n{Q}/ 1+ ||q )Hdt

From the latter expression it readily follows that

Ve = Ja@
P (@) / T+ Ja@n ™

where the left-hand side of the inequality above is constant, positive and
bounded. This means that the position error g divided by /1 + ||g|| belongs
to the Ly space, i.e.

q
—=__c1Iy. (15.35)
1+ [|qll

Next, we use Lemma A.7. To that end, we express the position error q as
the product of two functions in the following manner:

. - q
a=[Vi+lal] | ==
& Vit

" 7

As we showed in (15.32), the position error ¢ belongs to the L7 space and
therefore, \/1 4+ ||g|| € Loo. On the other hand in (15.35) we concluded that
the other factor belongs to the space L7, hence q is the product of a bounded
function times another which belongs to L%. Using this and Lemma A.7 we
obtain

qgelLs,
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which is what we wanted to prove.

Thus, from g € LY, (15.32) and Lemma A.5 we conclude that the position
error q tends asymptotically to the zero vector, i.e.

lim g(t) =0 € R".

In words, the position control objective is achieved.

Invoking some additional arguments it may be verified that not only the
position error q tends to zero asymptotically, but so does the velocity g.
Nevertheless, these conclusions should not be extrapolated to the parametric
errors 0(t).

Thus, from the previous analysis we conclude that in general, the origin of
the closed-loop Equation (15.17) may not be an asymptotically stable equi-
librium point, not even locally. Nevertheless, as has been demonstrated the
position control objective is guaranteed.

15.3 Examples

We present two examples that illustrate the application of PD control with
adaptive desired gravity compensation.

Example 15.1. Consider the model of a pendulum of mass m, inertia
J with respect to the axis of rotation, and distance [ from the axis
of rotation to the center of mass. A torque 7 is applied at the axis of
rotation, that is,

JG+ mgl sin(q) = 7.

We clearly identify M(q) = J, C(q,¢) = 0 and g(q) = mgl sin(q).

In Example 14.8 we stated the following control problem. Assume
that the values of mass m, distance [ and gravity acceleration g, are
known but that the value of the inertia J is unknown (but constant).
The control problem consists now in designing a controller that is
capable of satisfying the position control objective

tlim qt) =g € R

for any desired constant joint position gq.

We may try to solve this control problem by means of PD control
with adaptive desired gravity compensation. The parameter of interest
that has been assumed unknown is the inertia .J.

The parameterization corresponding to (15.2) is, in this example:
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M(q,0)u+ C(g,w,0)v+ g(q,0)
= Ju + mygl sin(q)
= ¢(q7 U, v, ’LU)9 + MO (q)u + CO (q7 ’LU)’U + 90 (q)v
where
D(q,u,v,w) = u
0=1J
Mo(q) =0
CO(Q, Q) =0
90(q) = mgl sin(q) .
Notice that according to the definition of @4(x) we have
Py(x) = $(2,0,0,0) =0
for all z € IR.

Therefore, the adaptive control law given by Equations (15.10) and
(15.11) becomes

7 = kpG — ko + Py(ga)0 + go(qa)
= kpG — kg + mgl sin(qq)

and

00 =220 [ |Lra ) as+i0)

As the reader may notice not without surprise, the design of the
PD controller with adaptive desired gravity compensation yields a
non-adaptive controller (observe that the control law does not depend
on the adaptive parameter 6 and consequently, there does not exist
any adaptive law). Therefore, it simply corresponds to PD control
with desired gravity compensation. This is because the parametric
uncertainty in the model of the pendulum considers only the inertia
J, otherwise the component g(¢) = mgl sin(q) is completely known
and therefore, the control problem that has been formulated may be
solved directly for instance by the PD control law with desired gravity
compensation, that is without appealing to any concept from adaptive
control theory. Nevertheless, the control problem might not be solvable
by PD control with desired gravity compensation if for example, the
mass m were unknown. This interesting scenario is left as a problem
at the end of the chapter.
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Recall that condition C.1 establishes that the gain k, must be
larger than kg; in this example, k; > mgl. This is a sufficient condi-
tion to guarantee global asymptotic stability for the origin of a PD
control with desired gravity compensation in closed loop with an ideal
pendulum (see Chapter 8).

The moral of this example is significant: the application of adaptive
controllers in the case of parametric uncertainty in the system must
be carefully evaluated. As the control problem of this example shows
adaptive control approaches are unnecessary in some cases. O

We present next the design of PD control with adaptive compensation for
the Pelican robot presented in Chapter 5. The reader should notice that the
resulting adaptive controller is more complex than in the previous example.

Ezample 15.2. Consider the Pelican robot studied in Chapter 5 and
shown in Figure 5.2. Its dynamic model is recalled here for conve-
nience:

Mi1(q) Mm(‘])} i+ {Cn(q,i]) 012(%51)} g+ {91('1)} .

M>1(q) Maz(q) Ca1(q,q) C2(q,q) 92(q)
N—_——
M(q) c(q.q) 9(q)
where
Mll(q = mllzl —+ mo [l% + ZEZ —+ QleCQ COS(QQ)] + Il —+ 12
Mlg(q = My [132 + lllcg COS(qQ)] + IQ
Mo1(q) = ma [IZ, + lilea cos(g2)] + 1>
Mo (q) = m2l32 + Iy

Cll(qvq = —malile2 Sin((h)fb
Ci2(q, q) = —malilco sin(qe) [¢1 + 4o
Co1(q, q) = maliles sin(g2)d1
Ca2(q,q) =0
91(q) = [maler +mali] g sin(q1) + maleag sin(qr + ¢2)

For this example we consider parametric uncertainty in the mass
ma, the inertia Iy and in the location of the center of mass l.o of the
second link; that is, the numerical values of these constants are not
known exactly. Nevertheless, we assume we know upper-bounds on
these constants, and they are denoted by 7z, Io and l. respectively,
that is,
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me <Mgz; Ih<TIy; lo<lea.

The control problem consists in driving asymptotically to zero the
position error g(t) for any constant vector of desired joint positions
q,(t). Notice that in view of the supposed parametric uncertainty, the
solution of the control problem is not trivial. In particular, the lack of
knowledge of mo and [.o has a direct impact on the uncertainty in the
vector of gravitational torques g(q). The solution that we give below
is based on PD control with adaptive desired gravity compensation.

The robot considered here, including parametric uncertainty, was
analyzed in Example 14.7 where we used the (unknown) dynamic pa-
rameters vector 8 € R,

(91 mo
0= 10| = maleo
03 m2l32 + IQ

The structure of the PD control law with adaptive desired gravity
compensation is given by (15.10)—(15.11), i.e.

T = Kpq — K,q+9,(q,)0 + go(a,)

t

N €0 N . N

0(t)=rI9o (qd)T/ {~q — q] ds + 6(0)

I o L1+14l

where K, K, € R"*" and I' € R™*™ are symmetric positive definite
design matrices and g¢ is a positive constant, which must be chosen
appropriately. The vector g,(q) was obtained previously for the robot
considered here, in Example 14.7, as

g0(a) = |:m1lclgOSin(Qd1):| _

In Example 14.7 we determined &(q,u, v, w). Therefore, the matrix
P4(q,) follows from (15.5) as

QSQ (qd) = @(qda 07 07 0)

_ | g sin(ga) g sin(gar +qaz) O
0 g sin(gar +qa2) 0] "

Once the structure of the controller has been defined, we proceed
to determine its parameters. For this, we see that we need to compute
the matrices K, and K, as well as the constant £( in accordance with
conditions C.1 through C.4 (¢f. page 340). To that end, we first need
to determine the numerical values of the constants Aax{M }, ko1 and
kg, which must satisfy
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e Max{M(q,0)} < Avax{M} VgelR", 00
.”C(qvq70)” §k01 ”q” Vq,quRn, 0
ellg(x,0) —g(y,0)| < kyllx—yl|Va,yecR" 0.

Therefore, it appears necessary to characterize the set Q ¢ R® to
which belongs the vector of unknown dynamic parameters 8. This can
be done by using the upper-bounds 73, I and ., which are assumed
to be known. The set 2 is then given by

Z1
- —_ 72 —
Q=1 |z | € R: 21| < Tg; |w2| < Malen; o3| < Talea + 1o
Zs3
Expressions for the constants Avax{M }, kc1 and k, were obtained

for the robot under study, in Chapter 5. In the case of parametric
uncertainty considered here, such expressions are

—2 JR— _
Mt {M} = mal?y + 7733 |1 + 2" + Blala| + L+ T
ko1 > n*glile
kg >n [mile + Mzl +Male)] g.

Considering the numerical values shown in Table 5.1 of Chapter 5,
and fixing the following values for the bounds,

mz = 2.808  [kg]
I, =0.0125 [kg m’]

leo = 0.02862 [m],
we finally obtain the values:

Aax{M} = 0475 [kg m?]
kc1=0.086  [kg m?
kg =28.99 [kgm?/s?] .

The next step consists in using the previous information together
with conditions C.1 through C.4 (cf. page 340) to calculate the matri-
ces K, K, and the constants g and 2. As a matter of fact we may
simply choose K, so as to satisfy condition C.1, any positive definite
matrix K, and any constant e, strictly larger than two. Finally, using
conditions C.2 through C.4 we obtain €¢. The choice of the latter is
detailed below.

Condition C.1 establishes the inequality

/\min{Kp} > kg
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where k, = 28.99. Hence the matrix K, = diag{k,} = diag{30}
satisfies such a condition.

The matrix K, is chosen arbitrarily but of course it must be
symmetric positive definite. For instance, we may fix it at K, =
diag{k,} = diag{7, 3}.

Next, we choose ¢; in accordance with the inequality (15.13), that
is,

2Amin { K}
kg
where for instance, e; = 2.01 is an appropriate value. The constant e
is determined from the definition (15.12), that is,

> > 2,

261
€9 =
&1 — 27

so we get €9 = 402.
Using all this information, we immediately verify that

| 2Amin{ K}
———— = 0.561
<<52)\Max{]\4}

2 min { Ko HAmin { K} — kg
Ao A Ko }
Amin{ Ko }
2[kc1 + 2 max{ M }]

=0.124

= 1.448

According to conditions C.2 through C.4, the positive constant ¢
must be strictly smaller than the previous quantities. Therefore, we
choose g = 0.12.

The adaptation gains matrix I must be symmetric positive def-
inite. A choice is I' = diag{~1, 72} = diag{500, 10}. The vector of
initial adaptive parameters is arbitrary, and here it is taken to be zero:
6(0) = 0.

In summary, the control law may be written as

71 = kpGi — koG + g sin(gar )01 + g sin(gar + qaz)02
+ mlag sin(qar)
Ty = kpGa — kyG2 + g sin(qa1 + qa2)02 .

Notice that the control law does not depend on the adaptive pa-
rameter 93. This is because the vector of gravitational torques g(q)
does not depend explicitly on the dynamic parameter 03 = mal%, + I5.
Consequently, the adaptive law has only the following two components
instead of three:
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t
A . 9N - . ~
0,(t) = ™l —q1 — ds+61(0
1() Y119 Sln(qdl)A |:1_|_ ||(}Hq1 fh] S+ 1( )
02(t) = Y29 sin(qar + az) /t {EO —q1 — qh] ds
o L1+14l

t
. €0 ~ . A

+ sin + — (o — ds + 05(0) .

Y29 sin(qa de)/o [1+”q”q2 Q2] 2(0)

We describe next the laboratory experimental results. The initial
conditions corresponding to the positions and velocities, are chosen as

q:1(0) =0, q2(0) =0
¢1(0) =0, ¢2(0) =0.

The desired joint positions are chosen as
qa1 = /10, qda2 = 7/30 [rad].

In terms of the state vector of the closed-loop equation, the initial
state is

_ /10 0.3141
a(0) /30 0.1047
. =l | = 0 [rad].
q(0) 0 0
0.4 - [rad]
0.3 N @
0.2
0.1 I
00F —————— ——==—=—=
—0.1 T T T T T T T 1
0.0 12.5 25.0 37.5 50.0

Figure 15.1. Graphs of position errors ¢ and ¢

Figures 15.1 and 15.2 present the experimental results. In particu-
lar, Figure 15.1 shows that the components of the position error g(t)
tend asymptotically to zero in spite of the non-modeled friction phe-
nomenon. The evolution in time of the adaptive parameters is shown
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10.0
7.5
5.0 i,
2.5

0.0 e = == = = = =
—2.5+ 02

—5.0
—7.5

—10.0 T T T T T T T 1
0.0 12.5 25.0 37.5 50.0

Figure 15.2. Graphs of adaptive parameters 6, and 0,

in Figure 15.2 where we appreciate that both parameters tend to val-
ues which are relatively near the unknown values of 61 and s, i.e.

i [9:1@)] _ {3.2902} - [91} _ [ ma } _ [2.0458}

t—oo 02(t) 0.1648 02 maleo 0.047 | -
As mentioned in Chapter 14 the latter phenomenon, i.e. that é(t) —
0 as t — oo is called parametric convergence and the proof of this
property relies on a property called persistency of excitation. Verifying
this property in applications is in general a difficult task and as a
matter of fact, often in complex (nonlinear) adaptive control systems
it may be expected that parameters do not converge to their true
values.

Similarly as for PID control, it may be appreciated from Figure
15.1 that the temporal evolution of the position errors is slow. Note
that the timescale spans 50s. Hence, as for the case of PID control
the transient response here is slower than that under PD control with
gravity compensation (see Figure 7.3) or PD control with desired grav-
ity compensation (see Figure 8.4). As before, if instead of limiting the
value of £y we use the same gains as for the latter controllers, the

performance is improved, as can be appreciated from Figure 15.3. For
this, we set the gains to

30 0

K, = 0 30] [Nm/rad],
(7 0

K, = 0 3} [Nms/rad],
500 0

r= 0 10} [Nm/rads],
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and ¢g = 5, i.e. K, and K, have the same values as for the PD
controllers.

0.4

J

[rad]
0.3 ~
0.2
0.1\ ¢

00+ ————====

—0.1 T T T T T

Figure 15.3. Graphs of position errors ¢i and G2

Figure 15.4. Graphs of adaptive parameters 6, and 6,

15.4 Conclusions

We may draw the following conclusions from the analysis presented in this
chapter.
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Consider the PD control law with adaptive desired compensation gravity
of robots with n revolute rigid joints.

e Assume that the desired position g, is constant.

e Assume that the symmetric matrices K, and K, of the control law satisfy
o Miax{Ep} > Amin{Kp} > kg
e K,>0.

Choose the constants €1 and g9 in accordance with

2 min{ K,
M >eq1 > 2’
k!]
261
E9g = —— .
2 5172

If the symmetric matrix I' and the constant ey from the adaptive law
satisfy

e ['>0

22min{Kp}

—_— >

e hMax{M} T "
2)\min{KU}[Amin{Kp} - kg]

)\i/IaX{KU}

)\min{Kv}
2 [kc1 + QAMaX{M}]

> &o

> €0,

then the origin of the closed-loop equation expressed in terms of the state
T

~T
vector [(}T gt o ] , is a stable equilibrium. Moreover, the position con-

trol objective is achieved globally. In particular we have lim;_., q(t) = 0

~ T
for all initial condition {Q(O)T q(0)” 9(0)T} € R2™,
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Problems

1. Consider the Example 15.1. In this example we assumed uncertainty in the
inertia J. Obtain explicitly the control and adaptive laws corresponding
to PD control with adaptive desired compensation assuming now that the
uncertainty is on the mass m.

2. Show that the PD control law with adaptive desired gravity compensation,
given by (15.10)—(15.11), may be written as a controller of type PID with
“normalized” integral action, that is,

T=Kpq— K,q+K/
' 1+||q||

where we defined

Kp =K, + ®4(q,) ' P4(q,)"
K; = e0®4(qq) ' Py(ay)”

Dy(q4)0(0) = —go(a,) -
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PD Control with Adaptive Compensation

As mentioned in Chapter 11, in 1987 an adaptive control system — control
law and adaptive law — was proposed to solve the motion control problem for
robot manipulators under parameter uncertainty and, since then, this control
scheme has become increasingly popular in the study of robot control. This is
the so-called adaptive controller of Slotine and Li. In Chapter 11 we present
the ‘non-adaptive’ version of this controller, which we have called, PD control
with compensation. In the present chapter we study the same control law in
its original form, i.e. with adaptation. As usual, related references are cited
at the end of the chapter.

In Chapter 11 we showed that in the scenario that the dynamic robot
model is exactly known, that is, both its structure and its dynamic parame-
ters are known, this control law may be used to achieve the motion control
objective, globally; moreover, with a trivial choice of design parameters.

In this chapter we consider the case where the dynamic parameters are
unknown but constant.

16.1 The Control and Adaptive Laws

First, it is worth recalling that the PD control law with compensation is given
by (11.1), i.e.

T = Ky + Koq+ M(q) |dg+ AG] + C(a.@) [aa+ 43 + 9(a),  (16.1)

where K,,, K, € R™*" are symmetric positive definite design matrices, g =
g, — q denotes the position error, and A is defined as

A=K, 'K,.
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Notice that A is the product of two symmetric positive definite matrices.
Even though it is not necessarily symmetric nor positive definite, it is always
nonsingular. This property of A is used below.

Next, it is worth recalling Property 14.1, which establishes that the dy-
namic model of an n-DOF robot (with manipulated load included) may be
written according with the parameterization (14.9), i.e.

M(q,0)u+ C(q,w,0)v +g(q,6)
= @((L u,v, w)e + MO(q)u + CO(q7 'lU)'U + gO(q)

where &(q,u,v,w) € R"™™, My(q) € R"™", Co(q,w) € R™™", g,(q) € R"
and O € R™. The vector 0, referred to as the vector of dynamic parameters,
contains elements that depend precisely on the dynamic parameters of the
manipulator and on the manipulated load. The matrices My(q), Co(q, w)
and the vector g,(g) represent parts of the matrices M(q), C(q,q) and of
the vector g(q) that do not depend on the vector of dynamic parameters 6
respectively.

By virtue of the previous fact, notice that the following holds:

M(q,0) |+ A4 +C(q.4,0) a4+ 1d) + 9(a.0)

= P(q, 44 + A, 44 + 4,00 + Mo(a) [d4 + 4]
+Co(q,q) [aq+ Aq) + go(a), (16.2)

where we defined

u=q,+ Aq
v=q,+Aq
w=gq.

On the other hand, from (14.10) we conclude that for any vector 8 € R™,

= 0(q.d,+ A4, 4, + A3, 00 + Mo(g) |4, + Ad]
+Co(q,q) |4 + Aq] + go(q) - (16.3)

For notational simplicity, in the sequel we use the abbreviation

Considering (16.2), the PD control law with compensation, (16.1) may also
be written as
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T = K,q+K,q+90+My(q) {@d + AZI} +Co(q,q) (G4 + Aq]+go(q) . (16.4)

It is important to emphasize that the realization of the PD control law
with compensation, (16.1), or equivalently (16.4), requires knowledge of the
dynamic parameters of the robot, including the manipulated load, i.e. 8. In
the sequel, we assume that the vector 8 € IR™ of dynamic parameters is
unknown but constant. Of course, in this scenario, the control law (16.4) may
not be implemented. Therefore, the solution considered in this chapter for
the formulated control problem consists in applying PD control with adaptive
compensation.

As is explained in Chapter 14, the structure of the adaptive controllers for
motion control of robot manipulators that are studied in this text are of the
form (14.19) with an adaptive law (14.20), i.e.!

T=T <t7Q7q7qd7(.Zd7qcl7é) (165)

o) =T / (5,4, Qgr dgr @a) ds +0(0) (16.6)

where I' = I'T € R™ ™ (adaptive gain) and 8(0) € IR™ are design parame-
ters while 1) is a vectorial function of dimension m to be determined.

The PD control law with adaptive compensation is given by (16.5)—(16.6)
where

T = K, + K.+ M(q.0) [4,+ Ad] + C(a.4.0) (4, + Ad]

+9(q.0) (16.7)
= K4+ K,g + 00+ Mo(q) @, + A4 + Co(a, ) [a4 + 1G]
+90(q), (16.8)
and .
6(t) = F/ " {i; + /1(1} ds + 6(0), (16.9)

where K, K, € R"*" and I' € R™*™ are symmetric positive definite design
matrices. The pass from (16.7) to (16.8) follows by using (16.3). It is assumed
that the centrifugal and Coriolis forces matrix C(q, q,6) is chosen by means
of the Christoffel symbols (¢f. Equation 3.21).

Notice that the control law (16.8) does not depend on the dynamic param-

eters @ but on the adaptive parameters @, which in turn, are obtained from
the adaptive law (16.9), which of course, does not depend on 6 either.

! In (16.6) as in other integrals throughout the chapter, we avoid the correct but
cumbersome notation % (s, q(s), §(5), g4(s), 4a(s), qa(s))-
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Before proceeding to derive the closed-loop equation we first write the
parametric errors vector 8 € IR™ as

0=6-6. (16.10)

The parametric errors vector 6 is unknown since it is a function of the vector
of dynamic parameters 6 that has been assumed to be unknown. Nevertheless,
the parametric error 8 is introduced only with analytic purposes, and it is not
used by the controller.

From the definition of the parametric errors vector 6 in (16.10), it may be
verified that

PO = 90 + 90
= #0+M(q.0) |44+ Ad| +C(q,4,0) [d4 + 1) +9(q.0)

~Mo(q) [y + 4d] = Cola @) [a + 1) - go(a)

where we used (16.2).

Making use of this last expression, the control law (16.8) takes the form
T =K,q+ K,q+ 90

Using the control law expressed above and substituting the control action
7 in the equation of the robot model (14.2), we get

M(q,6) [E,+A§} +C(q,q,0) [&+Aq} = K,G— K,g— 0. (16.11)

On the other hand, since the vector of dynamic parameters 6 has been
assumed constant, its time derivative is zero, that is = 0 € IR™. Therefore,
the time derivative of the parametric errors vector 6 defined in (16.10), satisfies

0 =86.In turn, the time derivative of the vector of adaptive parameters ]
is obtained by differentiating with respect to time the adaptive law (16.9).
Considering these facts we have

0—ro” [& n AE]] . (16.12)
The closed-loop equation, which is formed of Equations (16.11) and

(16.12), may be written as

q q
% i| = M@0 [~Ka- K-8 -C(a,4.0) |[a+4d|| - 4q |,
3 e’ g+ Aq|

(16.13)
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which is a nonautonomous differential equation and the origin of the state
space, 1.e.

Q

2
=0¢c R>™™,

Qe

D

is an equilibrium point.

16.2 Stability Analysis

The stability analysis of the origin of the state space for the closed-loop system
is carried out using the Lyapunov function candidate

Tra2K, + ATM(q,0)A AT™M(q,0) 0

q q
~ L7 1 3 5
0 0 0 r—11e

At first sight, it may not appear evident that the Lyapunov function candidate
is positive definite, however, this may be clearer when rewriting it as

PO I - T i - - - l-7__,~
Vit ,q,0):§[ +Aq} M(q,@)[q+Aq]+qTqu+§0 19, (16.14)

It is interesting to remark that the function defined in (16.14) may be
regarded as an extension of the Lyapunov function (11.3) used in the study
of (nonadaptive) PD control with compensation. The only difference is the

~T ~
introduction of the term %9 I'"'6 in the Lyapunov function candidate for
the adaptive version.

The time derivative of the Lyapunov function candidate (16.14) becomes

T

V(,a,4.0) = [d+ Aa] M(q,0)[a+Ad] + 1 [d+ 4] Ni(a,0)[ + Aq]

+24"K,g+0 16,

Solving for M(q)q and 6 from the closed-loop Equation (16.13) and sub-
stituting in the previous equation, we obtain

V(6.2.8.0) = ~[a+ Aa] K.[a+ Aa] + 28" Ka

where we canceled the term
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i+ aa]" | 5ta.0) - Cla.a.0)] [a+ 4q

by virtue of Property 4.2. Now, using K, = K, 4, the equation of V(t,, q, 0)
reduces to

y ~ X A =T * - -

V<t’ q,q, 0) = —q qu — qTATKUAq
"rATK,A 00

q q
=—|q 0 K, 0| |q (16.15)
6 0 0 oJLeé

Recalling that A is a nonsingular matrix while K, is a symmetric positive
definite matrix, it follows that the matrix ATK,A is also symmetric posi-
tive definite (¢f. Lemma 2.1). Therefore, it follows that V (¢, g, @, 0) expressed
in (16.15) is a globally negative semidefinite function. Since moreover the
Lyapunov function candidate (16.14) is globally positive definite, radially un-
bounded and decrescent, Theorem 2.3 guarantees that the origin of the closed-
loop Equation (16.13) is uniformly stable and all the solutions are bounded,
i.e.

a.qeLn, (16.16)

6ecLm.

Since V(t7 4.4, é) obtained in (16.15) is not negative definite, we may not
yet conclude that the origin is an asymptotically stable equilibrium point. On
the other hand, La Salle’s theorem may not be used either to show asymptotic
stability since the closed-loop Equation (16.13) is nonautonomous since it
depends implicitly on the functions g,(t) and 6(t).

Thus, from the previous analysis, it is not possible yet to conclude anything
about the achievement of the motion control objective. For this, it is necessary
to present further arguments.

The idea consists in using Lemma A.5, which establishes the following.
Consider a continuously differentiable function f : IR, — IR™ which satisfies
. fely
o fifell.

Then, the function f necessarily satisfies lim; ., f(¢t) =0 € R".

Therefore, if we wish to prove that lim; . g(t) = 0 € R", and we know
from (16.16) and Theorem 2.3, that q,q € L™, it is only left to prove that

e}

q € L3, that is, it is sufficient to show that there exists a finite positive

constant k such that -
bz [ lao) .
0
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This proof is carried out below.

Since éTKUf] >0 for all g € R", it follows from (16.15) that

SVt a0, 00)) < ~a()™A" K, Aq()

< “AminfATK A} |Gt (16.17)

where we used the fact that A7 K, A is a symmetric matrix and therefore (cf.
Theorem of Rayleigh—Ritz, on page 24),

" [ATK,A] § > Auin{ATK, A} ||

for all g € IR™. Notice that, moreover, Apin{ATK,A} > 0 since the matrix
AT K, A besides being symmetric, is also positive definite.

The next step consists in integrating the inequality (16.17) from ¢ = 0 to
t = oo, that is?

Voo
/ dV < —Amin{ATK, A}/ |7 dt

Vo

where we defined V4 := (0, §(0), g(0), 8(0))

Voo := lim V(¢,q(t),q(¢),0(t)).

t—oo

The integral on the left-hand side of this inequality is calculated trivially to
obtain

Voo = Vo < “Amin{ATK /1}/ 2 dt,
or in equivalent form

Vo € “Amin{ATK, A}/ DI dt — Ve (16.18)

We recall that the Lyapunov function candidate V(t,(],&,é) is positive
definite, radially unbounded and decrescent and moreover, all the signals are
bounded. Therefore, co > V,, > 0 and, from Inequality (16.18), we get

Voo
2 Here we are using the following elementary facts: / C;—‘t/dt / dV and,
0 Vo

that for functions g(¢) and f(t) continuous in a < ¢ < b, satisfying g(t ) < f(¢) for

all a <t < b, we have
b b
/ o(t) dt < / £(t) di
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Vo £ A {ATK A} / la()|? dt.
0

From this expression we immediately conclude that

o oo
I R
Amin{ AT K, A} —/O la®)|I” dat

where the left-hand side of the inequality is finite positive and constant. This
means that the position error g belongs to the Ly space which is precisely
what we wanted to prove.

Thus, according to the arguments above, we may conclude now that the
position error q tends asymptotically to the zero vector, i.e.

lim () =0 € R

or in words, that the motion control objective has been achieved.

Invoking further arguments one may also show that not only the position
error ¢ tends to zero asymptotically, but that so does the velocity error g.
Nevertheless, these conclusions should not be extrapolated to the parametric
error 6, unless the desired joint position g,(t) satisfies some special proper-
ties that are not discussed here. From these comments we conclude that, in
general, the origin of the closed-loop Equation (16.13) may not be asymptoti-
cally stable, not even locally. However, as has been demonstrated, the motion
control objective is guaranteed.

16.3 Examples

Next, we present a series of examples which illustrate the application of PD
control with adaptive compensation.

The first example is presented as a solution to the formulated control
problem in Example 14.8.

Ezxample 16.1. Consider the model of a pendulum of mass m, inertia
J with respect to the axis of rotation and distance [ from the axis of
rotation to the center of mass. The torque 7 is applied at the axis of
rotation, that is,
JG+ mgl sin(q) = 7.
We clearly identify M(q) = J, C(q,q) = 0 and ¢(g) = mgl sin(q).
In Example 14.8 we formulated the following control problem. As-

sume that the values of the mass m, the distance | and the gravity
acceleration g are known but that the value of the inertia J is unknown
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(yet constant). The control problem consists in designing a controller
that is capable of satisfying the motion control objective

lim ¢(t) =0 R

t—o0
for any desired joint position g4(t) (with bounded first and second
time derivatives).

The solution to this control problem may be obtained via PD con-
trol with adaptive compensation. The parameter of interest that has
been supposed unknown is the inertia J. The parameterization which
corresponds to (16.2) is, in this example,

M(q,0) [da+ M) + C(g,4,0) [ga + Ad] + g(q,0)
= J [da + Aq] +mgl sin(q)
= @0 + Mo(q) [Ga + AG] + Colq. q) [da + AQ) + g0(q)

where
D =ga+ A
0=J
Mo(q) =0
Co(g,4) =0
90(q) = mgl sin(q)

Therefore, the adaptive control system given by Equations (16.8)
and (16.9) becomes

7 = kpG + koG + D0 + go(q)
= kpd + koG + [da + Ad] 0 + mgl sin(q)

and
~ t . ~
O(t) = 'y/ @ [q+ AG] ds+60(0)
0
t
= 7/ [da +Aq] [¢+ Aq] ds+6(0),
0
where k, > 0, k, > 0, A = k,/k,, v > 0 and é(O) € R. Figure 16.1

shows the block-diagram corresponding to this adaptive controller.

o

We present next, the design of the PD control law with adaptive compen-
sation, the Slotine and Li controller, for a planar 2-DOF robot. As the reader
should notice, the resulting adaptive controller presents a higher degree of
complexity than the previous example.
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mgl I—-—| sin(-) I-———;
|
|

Gd

()
&

N
a &=
@ : multiplication operator

Figure 16.1. Block-diagram: pendulum under PD control with adaptive compen-
sation

Ezxample 16.2. Consider the 2-DOF planar manipulator shown in Fig-
ure 16.2 and whose dynamic model is described in Example 3.3.

The dynamic model of this planar manipulator is given by (3.8)—
(3.9), and may be written as

01G1 + (03021 + 04591) G2 — 0359145 + 0402145 = 71
(03C51 + 04551) G1 + O2d2 + 0352147 — 04C2147 = 72
where

01 = mllgl + mgl% + I
Oy = mol?y + I

03 = molyleo cos(d)

04 = molyleo sin(9) .

The four dynamic parameters 61, 62, 83 and 64 depend on the phys-
ical characteristics of the manipulator such as the masses and inertias
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Figure 16.2. Planar 2-DOF manipulator

of its links. The vector of unknown constant dynamic parameters 6 is
defined as

In Example 14.6 we obtained the parameterization (14.9) of the
dynamic model, i.e.
M(q,0)u + C(q,w,0)v +9g(q,0)
2
P P12 Pz Pua| | 02

| P Doy Doy DPou| | O3
04

+Mo(q)u + Co(q, w)v + go(q)

where

D11 = uy
D13 = Corug — Sa1wavs
D1y = Sorug + Corwavy
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D91 =0
Do = Us
Doz = Coruq + Sa1wivs

Doy = Sr1u1 — Corwn vy

Mo(q) = 0 € R¥*®
Co(q,q) = 0 € R**?
g0(q) =0 € R*.

Hence, the parameterization (16.2) yields

M(q,0) |d,+ A4 +C(q.4.0) [a4 + 1a) + 9(a.0)

_ 61 03C21 + 04591 | . B
N |:03021 + 04521 02 :| |:qd + Aq:|
0 (04021 - 93521) q2:| . ~
; A
* {(935’21 —604C51) G1 0 [q4 + Aq]
= ¢0

where this time,

. : |w a1 + M1y + M2dy
u=q,+ Aq= = | L =
da 24 [ ] [de + A21q; + A22G

. - V1 Gar + M1 + M2G2
v = + Ag = = . ~ ~
Qa4 [ ] {%2 + A1 + /\22612]

and

The adaptive control system is given by Equations (16.8) and
(16.9). Notice that My = Cy = g, = 0 therefore, the control law
becomes

0
D11 P12 Pi3 9514} 02
Doy Doy Poz Doy | 05|
04

Tzqu+KU§+[

while the adaptive law is
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0, (t) ¢11{U1 - qﬂ 6,(0)
0a2(t) | _ K Paalv2 — 2 o 65(0)
Gig(t) /o P13lv1 — ¢1] + Pas[v2 — do] o 9:3(0)
04(t) D14[vr — G1] + Poafv2 — ¢o] 04(0)

where K, = K >0, K, = K] >0, A= K;'K,, ' =I'" > 0 and
6(0) e R™. o

We end this section with an example that illustrates the performance of
PD control with adaptive compensation on the Pelican robot prototype.

Figure 16.3. Diagram of the Pelican robot

FEzxzample 16.5. Consider the Pelican robot presented in Chapter 5 and
shown in Figure 16.3. Its dynamic model is recalled below for ease of
reference:

Mii(q) Miz(q) | .. Ci1(q,q9) Ci2(q,q) | . gi1(q) | _
M2 (q) Mm(q)} +[021<q,q> 022(Q7Q)}q+{92(Q)}_T

M(q) c@.q 9@

where
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Mi1(q) = myl? +my [l% + 12+ 2l cos(q2)] + 11 + I
Mi2(q) = mo [12, + lilea cos(q2)] + Iz
Ma1(q) = ma [12, + lilea cos(q2)] + Iz
Mao(q) = malZy + I>
Ci1(q,q) = —malileo sin(g2)go
Cr2(q,q) = —malileo sin(ge) [¢1 + ¢2]
Co1(q, q) = malileo sin(g2)d1
Ca2(q,q) =0
91(q) = [miler +mali] g sin(qr) + maleag sin(qr + go)
92(q) = maleag sin(q1 + q2) -

For this example we selected as unknown parameters, the mass
ms, the inertia I and the distance to the center of mass, l.o.

We wish to design a controller that is capable of driving to zero
the articular position error q. It is desired that the robot tracks the
trajectories q4(t), q4(t) and g,(t) represented by Equations (5.7)-
(5.9). To that end, we use PD control with adaptive compensation.

In Example 14.6 we derived the parameterization (14.9) of the
dynamic model, i.e.

M(q,0)u+ C(q,w,0)v + g(q,0)

_[4511 2P 9513}

01
— (7
Doy DPap D3 92

3
+Mo(g)u + Co(g, w)v + go(q)

where

= l%ul + l1g sin(q1)

D19 = 211 cos(gz)ur + 11 cos(ga)us — 11 sin(ga)wavy
—1y sin(ge)[w1 + walve + g sin(g1 + g2)

P13 = u1 + uz

Py =0

Doy = 11 cos(g2)uy + 1y sin(ge)wivy + ¢ sin(qr + ¢2)

Doz = Uy + U2

91 mo 2.0458
0= 92 = mglcg = 0.047
03 mal% + I 0.0126
mil2,+1, 0
Mofa) = | ™
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Colq, w) = [8 8}

sola) = [0

Since the numerical values of msy, I> and [ are assumed unknown,
the vector of dynamic parameters 6 is also unknown. This hypothesis
obviously complicates our task of designing a controller that is capable
of satisfying our control objective.

Let us now see the form that the PD control law with adaptive
compensation takes for the Pelican prototype. For this, we first define

A1 A2 2%2
A= cR .
{)\21 >\22]

Then, the parameterization (16.2) is simply

M(q,0) 44+ Ad] + C(q,4,0) [d4 + Ad] + 9(a.6)
= P60 + Mo(q) [éd + /151} +90(a),

where

uy | _ | dar + M1qy + A2y

U3 Gaz + A21qq + A22G5

V1| _ | Ga1 + Aigr + Ai2ge
Gaz2 + A21q1 + A22¢2

UZQd"'ACLI:{

UZQd+A(~1:|:

e-o-[2)-[8]

The adaptive control system is given by Equations (16.8) and
(16.9). Therefore the control law becomes

0
D11 D2 @13} él

gzs21 4522 @23 -2

TKp‘}+Kva+|:
03

n [(mllgl —|—Il)u1] + [mllclg sin(ql)}
0 0 ’

while the adaptive law is

B (1) . P11[v1 — ¢1] 61(0)
05(t) | = F/ Pr2vr — qu] + Pa2[va — Go] | ds+ | 6,(0)
03(t) ’ Di3[v1 — ¢1] + Paslva — ¢o] 03(0)
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In this experiment the symmetric positive definite design matrices
were chosen as
K, = diag{200, 150} [Nm/rad],
K, = diag{3} [Nms/rad],
I' = diag{1.6 [kgs®/m?], 0.004 [kgs®], 0.004 [kgm?s®]},
and therefore A = K, 1K, = diag{66.6, 50} [1/s].

The corresponding initial conditions for the positions, velocities
and adaptive parameters are chosen as

q1 (O) = 0, QQ(O) =0
@10)=0,  ¢2(0)=0
0.1(0) =0,  6:(0)=0
05(0) =0

Figure 16.4. Graphs of position errors ¢i and G

Figures 16.4 and 16.5 show the experimental results. In particular,
Figure 16.4 shows the steady state tracking position errors g(t), which,
by virtue of friction phenomena in the actual robot, are not zero. It is
remarkable, however, that if we take the upper-bound on the position
errors as a measure of performance, we see that the latter is better
than or similar to that of other nonadaptive control systems (compare
with Figures 10.2, 10.4, 11.3, 11.5 and 12.5).

Finally, Figure 16.5 shows the evolution in time of the adaptive
parameters. As mentioned before, these parameters were arbitrarily
assumed to be zero at the initial instant. This has been done for no
specific reason since we did not have any knowledge, a priori, about
any of the dynamic parameters 6.



Bibliography 377

3.0 .
2.5
2.0 H
1.5
1.0 H

0.5

0.0 T ] T T T AT

Figure 16.5. Graphs of adaptive parameters 61, ég, and 03

16.4 Conclusions

We conclude this chapter with the following remarks.

For PD control with adaptive compensation the origin of the state space

. . . ~r T =T T .
corresponding to the closed-loop equation, i.e. {q q 6 = 0, is
stable for any choice of symmetric positive definite matrices K, K, and
I'. Moreover, the motion control objective is achieved globally. That is,
for any initial position error q(0) € IR™ velocity error ¢(0) € IR", and
arbitrary uncertainty over the dynamic parameters 8 € IR"™ of the robot
model, lim; ., g(t) = 0.
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Problems

1. Consider Example 16.1 in which we studied control of the pendulum

JG+ mgl sin(q) = 7.
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Supposing that the inertia J is unknown, the PD control law with adaptive
compensation is given by

7 = kpG + koG + [da + ] 0 + mgl sin(q)

ézw/o (G4 + AG) [§+ A ds +0(0)

where k, > 0, k, >0, A =k, /k,, v > 0 and 6(0) € R.

. AT
a) Obtain the closed-loop equation in terms of the state vector {c] q 9] €
IR® where 6 = 6 — J.

b) Show that the origin of the closed-loop equation is a stable equilib-
rium, by using the following Lyapunov function candidate:

[ TT2k, + 102 AT 0 7 [d
V(3,0.0) =5 |4 Ix 104
0 0 0 ~t 0

. Consider again Example 16.1 in which we studied control of the pendulum
JG + mgl sin(q) = 7.

Assume now that, in addition, the inertia J and the mass m are unknown.
Design a PD controller with adaptive compensation, i.e. give explicitly
the control and adaptive laws.

. On pages 366-368 we showed that g € L3. Use similar arguments to prove
also that g € LY. May we conclude that lim; . q(t) =0 ?

. Consider the 2-DOF Cartesian robot showed in Figure 16.6. The corre-
sponding dynamic model is given by M (q)g+g(q) = T where ¢ = [¢1 ¢2]"
and

=™
ata) = | ("

Assume that the masses m; and mqy are constant but unknown.

a) Design a PD controller with adaptive compensation to achieve the
motion control objective. Specifically, determine the matrix & for the
control law and for the adaptive law

T =Kyg+ K,q+®0

t
9:/ o7 [é+/1q] ds + 9(0),
0
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Figure 16.6. Problem 4. Cartesian 2-DOF robot.

where
my + ma

0= | (m+m2)g
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Mathematical Support

In this appendix we present additional mathematical tools that are employed
in the textbook, mainly in the advanced topics of Part IV. It is recommended
that the graduate student following these chapters read first this appendix,
specifically the material from Section A.3 which is widely used in the text. As
for other chapters and appendices, references are provided at the end.

A.1 Some Lemmas on Linear Algebra

The following lemmas, whose proofs may be found in textbooks on linear
algebra, are used to prove certain properties of the dynamic model of the
robot stated in Chapter 4.

Lemma A.1. Consider a vector € IR". Its Euclidean norm, |||, satisfies

el < [max {Jel}] -

Lemma A.2. Consider a symmetric matriz A € IR"*" and denote by a;; its
ijth element. Let \i{A}, -+, \p{A} be its eigenvalues. Then, it holds that

[Me{A} <n [max{aiﬂ}} for alk=1,---,n.
i

Lemma A.3. Consider a symmetric matric A = AT € IR"*"™ and denote by
a;j its ijth element. The spectral norm of the matriz A, ||Al|, induced by the
vectorial Euclidean norm satisfies

141 = Pl ATa} < o [mox (o]
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We present here a useful theorem on partitioned matrices which is taken
from the literature.

Theorem A.1l. Assume that a symmetric matriz is partitioned as

B (A1)

where A and C' are square matrices. The matrix is positive definite if and only
if
A>0
C-BTA™'B > 0.

A.2 Vector Calculus

Theorem A.2. Mean-value
Consider the continuous function f : IR" — IR. If moreover f(z1, 22, ", 2n)
has continuous partial derivatives then, for any two constant vectors x,y €
IR"™ we have

of=| 1"

aZl Z:£
9f(2)

fw) ) =| 7% =€ | oy

91 (2)
On 12— ]

where € € IR"™ is a vector suitably chosen on the line segment which joins the
vectors © and y, i.e. which satisfies

{=y+alz—y
=azr+ (1 -a)y

for some real v in the interval (0,1). Notice moreover, that the norm of €
verifies

1€l < llyll + llz — vl

and also
1€l < [l + llyll -

An extension of the mean-value theorem for vectorial functions is presented
next
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Theorem A.3. Mean-value theorem for vectorial functions

Consider the continuous vectorial function f : IR™ — IR™. If fi(z1,22, "+, 2Zn)
has continuous partial derivatives for i =1,---,m, then for each pair of vec-
tors &,y € IR™ and each w € IR™ there exists & € IR™ such that
[ 9f1(2) of1(2) - 0fi(z) i
821 Z:E 822 Z:€ 82;” Z:€
df2(z) 9f2(2) . 0fa(2)
@) f)Tw=w | % L P2 g O g oy
Wn(2)| =] Ofm(z)
L 621 Z:£ 02’2 Z:£ 6Zn 2:5_
Jacobian of f evaluated in z =&
— wT 8f(z) [.’1} _ y}
0z 2-¢

where € is a vector on the line segment that joins the vectors x and vy, and
consequently satisfies
E=y+oalz—y

for some real o in the interval (0,1).

We present next a useful corollary, which follows from the statements of
Theorems A.2 and A.3.

Corollary A.1. Consider the smooth matriz-function A : IR" — IR"™™. As-
sume that the partial derivatives of the elements of the matriz A are bounded
functions, that is, that there exists a finite constant § such that

<9

3aij (Z)
82:}€

Z=Z9

fori,j,k=1,2,---.n and all vectors zq € IR" .

Define now the vectorial function
[A(z) — A(y)] w,

with x,y,w € IR". Then, the norm of this function satisfies

I[A(=) — A(y)]aw] < n® max {| Da(2)

i3,k 20 0z,

} [l =yl [lw], (A2)

Z=Zy

where a;;(z) denotes the ijth element of the matriz A(z) while z;, denotes the
kth element of the vector z € IR".
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Proof. The proof of the corollary may be carried out by the use of Theorems
A.2 or A.3. Here we use Theorem A.2.

The norm of the vector A(x)w — A(y)w satisfies
[A(z)w — A(y)w|| < [|A(z) — A(y)[| w] .
Considering Lemma A.3, we get

lA(@)w — Aly)w]| < n |max {lai;(x) —ai (W)} lwll . (A3)

On the other hand, since by hypothesis the matrix A(z) is a smooth func-
tion of its argument, its elements have continuous partial derivatives. Conse-
quently, given two constant vectors @,y € IR", according to the mean-value
Theorem (cf. Theorem A.2), there exists a real number «;; in the interval
[0, 1] such that

i Oaij(z) 17
321

aaij (Z)
622

Z2=Y+ai; [T-Y]

aij(®) — aij(y) = [z —y].

Z=Y+ai;[T-Y]
aaij(z)

L 9% lzeyrayz-y)

Therefore, taking the absolute value on both sides of the previous equation
and using the triangle inequality, |a”'d| < ||a|||b||, we obtain the inequality

aaij (Z)
(92’1
dai;(z)

lai (@) —ag () < | 92 lz—yra,m-y1|| |o -y
Ozn,

<n [m{ H =y

where for the last step we used Lemma A.1 ( ||z| < n [max; {|z;|}]).

zZ=Y+a;[T-Y]

aaij (Z)

Z=Y+a;;[T-Y]
6@2‘]‘(2)

Z=Y+ai;[X-Y]

Moreover, since it has been assumed that the partial derivatives of the
elements of A are bounded functions then, we may claim that
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H & —yl| -

From the latter expression and from (A.3) we conclude the statement
contained in (A.2).

6&1‘]‘ (Z)

laij(®) — aij(y)| <n [max{ o1

k,zo

Z=Zy

OO0

Truncated Taylor Representation of a Function

We present now a result well known from calculus and optimization. In the
first case, it comes from the ‘theorem of Taylor’ and in the second, it comes
from what is known as ‘Lagrange’s residual formula’. Given the importance
of this lemma in the study of positive definite functions in Appendix B the
proof is presented in its complete form.

Lemma A.4. Let f : IR® — IR be a continuous function with continuous
partial derivatives up to at least the second one. Then, for each & € IR", there
exists a real number « (1 > a > 0) such that

F@) = £(0) + g—i(o)% + %a:TH(om:):L’

where H(ax) is the Hessian matrixz (that is, its second partial derivative) of
f(x) evaluated at azx.

Proof. Let « € IR be a constant vector. Consider the time derivative of f(tx)

01(s) ) r”"

0s
_ O iy
—aw(tac) x.

it = |

Integrating from ¢t =0 to t = 1,

ra-x) Lof
d = [ =(tzx)'zd
/f ) If (tx) /0 &B(tm) x dt

o-x
Lof ., or
flx) — f(0) = 6—(t:c) x dt. (A4)
0 Oz
The integral on the right-hand side above may be written as
1
/ y(t) Tz dt (A.5)
0

where
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of
t) = —(x). A6
y(t) = o (1) (4.6)
Defining
u=yt) 'z
v=t-1
and consequently
du . T
e
il QR
dv
= -1
dt ’

the integral (A.5) may be solved by parts’
1 1 .
/ y(t) e dt = —/ [t —1yt) @ dt + y(t) o[t — 1],
0 0
1
_ / L= D)g(t) "z dt + y(0) 7. (A7)
0

Now, using the mean-value theorem for integrals?, and noting that (1—t) >
0 for all ¢ between 0 and 1, the integral on the right-hand side of Equation
(A.7) may be written as

/0 (1= )yt dt = y(a)%/o (1—1) dt

for some «a (1 > a > 0).
Incorporating this in (A.7) we get

1 We recall here the formula:

1 1
dv du 1
—dt = — —dt .

/0 udtd /Ovdtd + uv|y

2 Recall that for functions h(t) and g(t), continuous on the closed interval a < ¢ < b,
and where g(t) > 0 for each ¢ from the interval, there always exists a number ¢
such that a < ¢ < b and
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1
| w0Te = Sg@) e+ y(0)e
0
and therefore, (A.4) may be written as
1,
f(@)~ 1(0) = L9(0)"e +y(0)". (A38)

On the other hand, using the definition of y(t) given in (A.6), we get
y(t) = H(tx)x,

and therefore ¢(a) = H(ax)x. Incorporating this and (A.6) in (A.8), we
obtain )

lﬂx)—fﬂD::%mTHhmwa4—5£UDTw

which is what we wanted to prove.

OO0

We present next a simple example with the aim of illustrating the use of
the statement of Lemma A.4.

Ezxample A.1. Consider the function f : IR — IR defined by
flz)=¢€".
According to Lemma A.4, the function f(x) may be written as

1
fl@y=e"=14+2+ 56‘”;162

where for each € IR there exists an a (1 > « > 0). Specifically, for
x =0 € R any a € [0,1] applies (indeed, any o € R). In the case
that x # 0 € IR then « is explicitly given by

m(%&—j—m)

X

o =

Figure A.1 shows the corresponding graph of « versus x.
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Figure A.1. Example A.1: graph of «

A.3 Functional Spaces

A special class of vectorial spaces are the so-called L; (pronounce “el/pi:/en”)
where n is a positive integer and p € (0, 00]. The elements of the Ly spaces
are functions with particular properties.

The linear spaces denoted by L3 and L7 , which are defined below, are
often employed in the analysis of interconnected dynamical systems in the
theory of input—output stability. Formally, this methodology involves the use
of operators that characterize the behavior of the distinct parts of the inter-

connected dynamic systems.

We present next a set of definitions and properties of spaces of functions
that are useful in establishing certain convergence properties of solutions of
differential equations.

For the purposes of this book, we say that a function f : R" — IR™ is
said to be continuous if

lim f(x)=f(xo) VxzoeR".

T—Ig

A necessary condition for a function to be continuous is that it is defined at
every point « € IR". It is also apparent that it is not necessary for a function
to be continuous that the function’s derivative be defined everywhere. For
instance the derivative of the continuous function f(x) = |x| is not defined
at the origin, i.e. at * = 0. However, if a function’s derivative is defined
everywhere then the function is continuous.

The space L7 consists in the set of all the continuous functions f : R4 —
IR"™ such that

o0

FOTF(E) dt = / T IFOIR di < oo

0
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In words, a function f belongs to the LY space (f € L%) if the integral of
its Euclidean norm squared, is bounded from above. We also say that f is
square-integrable.

The L space consists of the set of all continuous functions f : IR, — R"
such that their Euclidean norms are upperbounded as?,

sup [ f(t)] < oo.
t>0

The symbols Lo and L, denote the spaces L and Ll respectively.

We present next an example to illustrate the above-mentioned definitions.

Example A.2. Consider the continuous functions f(t) = e ' and
g(t) = a sin(t) where o > 0 . We want to determine whether f and g
belong to the spaces of Ly and L.

Consider first the function f(t):

| sara= [ roa

— / 672at dt
0

1
= % < 0o
hence, f € Ly. On the other hand, |f(t)| = |e™*] < 1 < oo for all
t > 0, hence f € Lo. We conclude that f(t) is bounded and square-
integrable, i.e. [ € Lo N Lo respectively.
Consider next the function g(t). Notice that the integral

/ l9(t)]? dt:ag/ sin?(t) dt
0 0

does not converge; consequently g ¢ Lo. Nevertheless |g(t)| = | sin(t)]
< a < oo for all t > 0, and therefore g € L. &

A useful observation for analysis of convergence of solutions of differential
equations is that if we consider a function x : IRy — IR" and a radially
unbounded positive definite function W : IR™ — IRy then, since W(x) is
continuous in x the composition w(t) := W(x(t)) satisfies w € Lo if and
only if x € L7

3 For those readers not familiar with the sup of a function f(t), it corresponds
to the smallest possible number which is larger than f(¢) for all ¢ > 0. For
instance sup|tanh(¢)|] = 1 but |tanh(¢)| has no maximal value since tanh(¢) is
ever increasing and tends to 1 as t — oo.
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We remark that a continuous function f belonging to the space L5 may not
have a limit. We present next a result from the functional analysis literature
which provides sufficient conditions for functions belonging to the L} space
to have a limit at zero. This result is very often used in the literature of
motion control of robot manipulators and in general, in the adaptive control
literature.

Lemma A.5. Consider a once continuously differentiable function f : IR, —
IR"™. Suppose that f and its time derivative satisfy the following

o ff=4felLn,
o feclLjy.

Then, necessarily lim;_., f(t) =0 € IR".

Proof. It follows by contradiction*. Specifically we show that if the conclusion
of the lemma does not hold then the hypothesis that f € L} is violated.

To that end we first need to establish a convenient bound for the function
£ = F@&TF(2). Its total time derivative is 2 (¢)7 f(¢) and is continuous
by assumption so we may invoke the mean value theorem (see Theorem A.2)
to conclude that for any pair of numbers ¢,¢; € IR there exists a number s
laying on the line segment that joins ¢ and ¢;, such that

IFOI = IF@)IP] < 2£(6)7 Fs) 1t ta]

On the other hand, since f, f € L7 it follows that there exists £ > 0 such
that

FOIP = IFEP| <kl =t ViheRe. (A9

Next, notice that
IFO1 = IFO1 = 1 F I + 1F )]

for all ¢,¢; € IR4. Now we use the inequality |a+ b| > |a| — |b] which holds for
all a, b € R, with a = || f(t1)]|? and b= [[|£()]|* — | F(t1)]?] to see that

4 Proof “by contradiction” or, “by reductio ad absurdum’, is a technique widely
used in mathematics to prove theorems and other truths. To illustrate the method
consider a series of logical statements denoted A, B, C, etc. and their negations,
denoted A, B, C, etc. Then, to prove by contradiction the claim, “A AND B =
C”, we proceed as follows. Assume that A AND B hold but not C'. Then, we seek
for a series of implications that lead to a negation of A AND B, i.e. we look for
other statements D, E, etc. such that C = D =—> E = A AND B. So we
conclude that C => A AND B. However, in view of the fact that A AND B must
hold, this contradicts the initial hypothesis of the proof that C does not hold (i.e.
C). Notice that A AND B = A OR B.
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IF@I* = I EOI = | FOIF = £ )1
for all ¢,¢; € IRy. Then, we use (A.9) to obtain
IF @ = £ N — k|t —t] - (A.10)

Assume now that the conclusion of the lemma does not hold i.e, either
lim;_, o f(t) # O or this limit does not exist. In either case, it follows that for
each T' > 0 there exists an infinite unbounded sequence {t1 ,¢2,...}, denoted
{t,} € R4 with ¢, — 0o as n — 00, and a constant € > 0 such that

IFE)* > Vi >T. (A.11)

To better see this, we recall that if lim; . f(t) exists and is zero then,
for any e there exists T'(¢) such that for all t > T we have ||f(t)]®> < e.

Furthermore, without loss of generality, defining § := BT we may assume

that for all ¢ < n, t;y1 —t; > § —indeed, if this does not hold, we may always
extract another infinite unbounded subsequence {t;} such that t; ; —t; > ¢
for all 4.

Now, since Inequality (A.10) holds for any ¢ and ¢; it also holds for any
element of {¢,}. Then, in view of (A.11) we have, for each ¢; belonging to {¢,}
and for all t € R,

IF@I > e~ Kkt —ti] . (A.12)

Integrating Inequality (A.12) from ¢; to t; + 0 we obtain

ti+o ti+0 ti+d
/ £ dt >/ sdt—/ k|t —t;| dt. (A.13)
t t t

Notice that in the integrals above, ¢ € [t;, t; + d] therefore, —k|t — t;| > —kJ.
From this and (A.13) it follows that

ti+o
/ IFOI? dt > <6 — ke®
t

7

and since by definition Qi = ¢ we finally obtain

ti+o 5 €5
[ IFOF dt>5 > 0. (A14)

Li

On the other hand, since ¢;11 > t; 4+ § for each t;, it also holds that

t i1
i [ e S [ s (A.15)

{t:}

> Z/ IF(m)|? dr. (A.16)

{t:}
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We see that on one hand, the term on the left-hand side of Inequality (A.15)
is bounded by assumption (since f € LY ) and on the other hand, since {t,}
is infinite and (A.14) holds for each t; the term on the right-hand side of
Inequality (A.16) is unbounded. From this contradiction we conclude that it
must hold that lim;_, f(¢) = 0 which completes the proof.

OO0

As an application of Lemma A.5 we present below the proof of Lemma 2.2
used extensively in Parts I and III of this text.

t,x,z,h) < 0 for all
(r) and h(7) and all
) <0 from 0 to t we

Proof of Lemma 2.2. Since V(t,,2,h) > 0 and V(
x, z and h then these inequalities also hold for x(7), z
7 > 0. Integrating on both sides of V (7, x(7), z(1), h(1)
obtain®

V(0,2(0), 2(0), h(0)) > V(t, 2(t), 2(t), h(t)) = 0 ¥Vt >0.

Now, since P(t) is positive definite for all ¢ > 0 we may invoke the theorem
of Rayleigh-Ritz which establishes that 'Kz > Apin{K}zTz where K is
any symmetric matrix and Ay, {K} denotes the smallest eigenvalue of K, to
conclude that there exists® p,, > 0 such that yT P(t)y > p,,{P}|ly|]? for all
y € R™™ and all t € IR,.. Furthermore, with an abuse of notation, we will
denote such constant by A,in{P}. It follows that

(1) ||’

2| O

Y

0 Vt>0

hence, the functions x(t), z(t) and h(t) are bounded for all ¢ > 0. This proves
item 1.

To prove item 2 consider the expression

V(ta(t), z(t), (1)) = —2(t)TQ(t)x(t) -

Integrating between 0 and 7' € IR we get

V(T, :E(T),Z(T), h(T)) - V(07 w(o)v Z(O), h(O)) = _/0 :B(T)TQ(T):B(T) dr

® One should not confuse V (¢, x, 2z, h) with V (¢, x(t), z(t), h(t)) as often happens
in the literature. The first denotes a function of four variables while the sec-
ond is a functional. In other words, the second corresponds to the function
V(t,x,z,h) evaluated on certain trajectories which depend on time. Therefore,
V(t,x(t), z(t), h(t)) is a function of time.

6 In general, for such a bound to exist it may not be sufficient that P is positive
definite for each ¢t but we shall not deal with such issues here and rather, we
assume that P is such that the bound exists. See also Remark 2.1 on page 25.
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which, using the fact that V(0,z(0), z(0), h(0)) > V(T,x(T),z(T),h(T)) > 0
yields the inequality

T
V(0,2(0), 2(0), h(0)) > / z(1)1Q(T)x(t) dr VT € R, .
0
Notice that this inequality continues to hold as T — oo hence,

V(0,2(0),2(0),h0) = [ a(r)Q(r)a(r) dr
0
so using that @ is positive definite we obtain” =7 Q(t)x > Anin{Q}|x||? for
all x € R" and ¢ € R therefore

V(0,%(0), 2(0), h(0)) * T
o 1O} 2/0 x(r) x(r) dr.

The term on the left-hand side of this inequality is finite, which means that
e L.

n
00

Finally, since by assumption & € L” , invoking Lemma A.5 we may con-

clude that lim;— ., x(t) = 0.

OO0

The following result is stated without proof. It can be established using the
so-called Barbélat’s lemma (see the Bibliography at the end of the appendix).

Lemma A.6. Let f : IR, — IR" be a continuously differentiable function
satisfying

o limy_ f(t)=0
e f.f fell.
Then,

o limy .o f(t)=0.

Another useful observation is the following.

Lemma A.7. Consider the two functions f : IRy — IR" and h : IRy — IR
with the following characteristics:

« fery
e hely.

Then, the product hf satisfies
o hfcly.

7 See footnote 6 on page 394.
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Proof. According to the hypothesis made, there exist finite constants ky > 0
and kj > 0 such that

/0 T ROTE) di < Ky
sup |h(t)] < kp, .
>0
Therefore
[ mosornosora= [ nwsoTse a
0 0

<K / T FOTRG) de < K2k,

which means that hf € LY.

OO0
Consider a dynamic linear system described by the following equations
& = Ax + Bu
y=Cx

where € IR™ is the system’s state u € IR", stands for the input, y € IR" for
the output and 4 € R"™*™, B € R™*" and C € R™™™ are matrices having
constant real coefficients. The transfer matrix function H(s) of the system is
then defined as H(s) = C(sI — A)~!B where s is a complex number (s € C).

The following result allows one to draw conclusions on whether y and ¥
belong to L5 or LY, depending on whether u belongs to Ly or L.

Lemma A.8. Consider the square matriz function of dimension n, H(s) €
IR ™ (s) whose elements are rational strictly proper® functions of the complex
variable s. Assume that the denominators of all its elements have all their
roots on the left half of the complex plane (i.e. they have negative real parts).

1. Ifue Ly thenye LY NLY, y € LY and y(t) — 0 as t — oo.
2. Ifue Ll thenyelLl ,yeLl.

To illustrate the utility of the lemma above consider the differential equation
T+ Ax=u

where € IR" and A € IR"*" is a constant positive definite matrix. If uw € L%,
then we have from Lemma A.8 that @ € Ly N L%, & € L} and z(¢t) — 0
when t — oc.

Finally, we present the following corollary whose proof follows immediately
from Lemma A.8.

8 That is, the degree of the denominator is strictly larger than that of the numer-
ator.
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Corollary A.2. For the transfer matriz function H(s) € IR"*"(s), let u and
y denote its inputs and outputs respectively and let the assumptions of Lemma
A.8 hold. If w e Ly N LY, then

o yclynNLy
o ycLinNLy
o y(t) — 0 whent — oo .

The following interesting result may be proved without much effort from
the definitions of positive definite function and decrescent function.

Lemma A.9. Consider a continuous function x : IRy — IR" and a radially
unbounded, positive definite, decrescent continuous function V : IR, x IR" —
IR,. The composition v(t) := V(t,x(t)) satisfies v € Loo if and only if © €
LY.
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Problems

1. Consider the continuous function

. 1
fn<t<n+——

2n+2 [t _ n] 2n+2

f(t) =< 1—ont2 {t— {n+2n1+2” if n+

0 if n+

on i1 <t<n+1

1
2n+2 S t< n+ 2n+1

with n =0,1,2,---. The limit when ¢t — oo of f(¢) does not exist (see the

Figure A.2). Show that f(t) belongs to Lo .

f(t)

[
1

I

2 t

D= —
N —]

Figure A.2. Problem 1

Hint: Notice that f2(t) < h2(t) where
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11fn<t<n+2n+2

1
PPt =< 1ifn+ —— s St<n+ o

on 2n+1

1
Olfn—&—2 <t<n+1
o0

and/ t) |Pdt = > (1/2).

=1

399
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Support to Lyapunov Theory

B.1 Conditions for Positive Definiteness of Functions

The interest of Lemma A.4 in this textbook resides in that it may be used
to derive sufficient conditions for a function to be positive definite (locally or
globally). We present such conditions in the statement of the following lemma.

Lemma B.1. Let f : IR™ — IR be a continuously differentiable function with
continuous partial derivatives up to at least second order. Assume that

e f(0)=0€eR
Of (on _ n
%(O)fOEZR.

Furthermore,

e if the Hessian matriz satisfies H(0) > 0, then f(x) is a positive definite
function (at least locally).

e If the Hessian matriz H(x) > 0 for all x € IR", then f(x) is a globally
positive definite function.

Proof. Considering Lemma A.4 and the hypothesis made on the function f(x)
we see that for each x € IR™ there exists an « (1 > « > 0) such that

f(x) = %a:TH(a:c)w )

Under the hypothesis of continuity up to the second partial derivative, if
the Hessian matrix evaluated at = 0 is positive definite (H(0) > 0), then
the Hessian matrix is also positive definite in a neighborhood of x = 0 € IR,
e.g. for all & € IR™ such that ||| < ¢ and for some € > 0, i.e.

H(x)>0 VeeR":|z| <e.
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Of course, H(ax) > 0 for all & € IR" such that ||x|] < € and for any «
(1 > a >0). Since for all z € IR™ there exists an a (1 > « > 0) and

then f(x) > 0 for all  # 0 € R" such that ||z| < e. Furthermore, since by
hypothesis f(0) = 0, it follows that f(x) is positive definite at least locally.
On the other hand, if the Hessian matrix H(x) is positive definite for all
x € IR", it follows that so is H(ax) and this, not only for 1 > a > 0 but for
any real a. Therefore, f(x) > 0 for all x # 0 € R" and, since we assumed
that f(0) = 0 we conclude that f(x) is globally positive definite.

OO0

Next, we present some examples to illustrate the application of the previ-
ous lemma.

Ezample B.1. Consider the following function f : IR> — IR used in the
study of stability of the origin of the differential equation that models
the behavior of an ideal pendulum, that is,

f(z1,22) = mgl[l — cos(z1)] + J%% .

Clearly, we have f(0,0) = 0 that is, the origin is an equilibrium
point. The gradient of f(x1,x2) is given by

= 0]

which, evaluated at = 0 € IR? is zero. Next, the Hessian matrix is
given by

iy = [t e 0]

and is positive definite at = 0 € IR?. Hence, according to Lemma
B.1 the function f(z1,z2) is positive definite at least locally. Notice
that this function is not globally positive definite since cos(x;) = 0

for all z; = n?w with n = 1, 2,3 ... and cos(z1) < 0 for all z; €

(?,W) foralln=1,5,7,9,... O

The following example, less trivial than the previous one, presents a func-
tion that is used as part of Lyapunov functions in the study of stability of
various control schemes of robots.
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Ezample B.2. Consider the function f : IR" — IR defined as
. - - 1. p
fla)=Ulas—q) ~Ulgs) +9(q2)" ¢+ 27" Kpq

where K, = KpT >0, g; € R" is a constant vector, ¢ is a real positive
constant and U(q) stands for the potential energy of the robot. Here,
we assume that all the joints of the robot are revolute.
The objective of this example is to show that if K, is selected so
that ! .
/\min{Kp} > ikg

then f(g) is a globally positive definite function.
To prove the latter we use Lemma B.1. Notice first that f(0) = 0.
The gradient of f(q) with respect to q is

MU(g, —q)

2
‘K,q.
9 +g(qd)+€ »4q

o , .
%f(Q> =
Recalling from (3.20) that g(q) = oU(q)/dq and?

o, . 0q-q" MUg,—7q)
%u(qd 9= dq d(a,—q)

we finally obtain the expression:
g .. - 2 .
a71]‘(@1) =—9(a4— @) +9(aq4) + ZK»q.

Clearly the gradient of f(q) is zero at ¢ =0 € R".
On the other hand, the (symmetric) Hessian matrix H(q) of f(q),
defined as

! The constant kg has been defined in Property 4.3 and satisfies

dg(q) H .

>
kg > aq

2Let f:R" =R, g:R" — R", z,y € R" and « = g(y). Then,

aﬂm_{@@quw>
oy Oy ox
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. {W(a)} _ | 92040 9604

actually corresponds to>

H@ = o+ 2Ry

»*fl@ °f(@) ?f(@) |
0101  0G10G2 0G10Gn
»*fl@) f(@) *f(@)
a‘anqn
»fla) f(@) *f(@)
aqn aql 3% 862 3%3@”

According to Lemma B.1, if H(gq) > 0 for all g € R", then the

function f(q) is globally positive definite.

To show that H(g) > 0 for all g € IR, we appeal to the follow-
ing result. Let A, B € IR™*" be symmetric matrices. Assume more-
over that the matrix A is positive definite, but B may not be so. If
Amin{A} > ||B||, then the matrix A + B is positive definite?. Defining

35Let f,g: R®™ — R™, 2,y € R™ and & = g(y). Then,
of(®) _ 0f(x) og(y)

oy or Oy

* Proof. Since by hypothesis Amin{A} > || B||, then
Amin{ A} [|2|* > || B [l]*

for all & # 0.

Observe that the left-hand side of the inequality above satisfies

x” Az > Amin{A} |2
while the right-hand side satisfies

1Bl l2|* = 1B ||l |||
> || Ba|| |||
> |a:TB:c|
> 2" Be.
Therefore,
z” Az > —x" Bz
for all « # 0, that is
" [A+ Blz >0,

which is equivalent to matrix A + B being positive definite.
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A= 2K , B = o9 851 ), and using the latter result, we conclude that

the Hess1an matrix is positive definite provided that

e ||29(q)
Amin{Kp} > Ak (B.1)
Since the constant k, satisfies kg > H (B.1)
is implied by
€
)\min{Kp} > §kg
¢

The following example may be considered as a corollary of the previous
example.

Ezample B.3. This example shows that the function f(g) defined in
the previous example is lower-bounded by a quadratic function of g
and therefore it is positive definite.

Specifically we show that

~ T~ oo L

Ulgg— @) —U9a) +9(92)" @+ 58 Kpd 2 5 Dain{Kp} — ko lla I”
is valid for all ¢ € R", with K, = KpT such that A\nin{Kp} > kg,
where q; € IR™ is a constant vector and U(q) corresponds to the
potential energy of the robot. As usual, we assume that all the joints
of the robot are revolute.

To carry out the proof, we appeal to the argument of showing that
the function

£(@) = Ula,-a)-Ula,)+9(a,) @+ 5@ Ky Dind ) — k] al)?

is globally positive definite. With this objective in mind we appeal to
Lemma B.1. Notice first that f(0) =
The gradient of f(g) with respect to q is

%ﬂm:—g(qd—a)w(qdwl{pa Ponin (B} — k] @

Clearly the gradient of f(q) is zero at ¢ = 0 € R".
The Hessian matrix H(g) of f(q) becomes

J9(q, — q)

H(‘j) a(qd q) + K [ min{Kp} - k‘lg} I
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B Support to Lyapunov Theory

We show next that the latter is positive definite. For this, we start
from the fact that the constant k, satisfies

o> %]

for all g € IR". Therefore, it holds that

0
/\min{Kp} - /\min{Kp} + kg > H%E;I)H

or equivalently,

i) =t (i 5} = ) 1) > | 2912

By virtue of the fact that for two symmetric matrices A and B we
have that Apin{A4 — B} > Anin{A} — Aax{B}, it follows that

Nmin L — Doin{Kp} — Jig] T} > Hag(q‘”H |

Finally, invoking the fact that for any given symmetric positive

definite matrix A, and a symmetric matrix B it holds that A+ B > 0
provided that Apmin{A} > || BJ|, we conclude that

dg(q)

9q >0

KP - [/\min{Kp} - kg] I+

which corresponds precisely to the expression for the Hessian. There-
fore, the latter is positive definite and according to Lemma B.1, we
conclude that the function f(q) is globally positive definite. &




C

Proofs of Some Properties of the Dynamic
Model

Proof of Property 4.1.3

The proof of the inequality (4.2) follows straightforward invoking Corollary
A.1. This is possible due to the fact that the inertia matrix M (q) is continuous
in g as well as the partial derivative of each of its elements M;;(q). Since
moreover we considered the case of robots whose joints are all revolute, we
obtain the additional characteristic that

OM;;(q) ‘
aqk q:qo

is a function of g, bounded from above.

Therefore, given any two vectors x,y € IR", according to Corollary A.1,
the norm of the vector M (x)z — M(y)z satisfies
} e —yll (=[] -

Now, choosing the constant kj; in accordance with (4.3), i.e.

[M(z)z — M(y)z|| < kmllz—yl =]

|M(x)z — M(y)z|]| < n? max 5.7\4”((1)‘
i.5,k.q0 I |g—q,

0M;;(q)

kar =n? max { 3 ‘
Tk qZQO

1,5,k,q0

we obtain

which corresponds to the inequality stated in (4.2). 02024
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Proof of Property 4.2.6

To carry out the proof of inequality (4.5) we start by considering (4.4) which
allows one to express the vector C(z, z)w — C(y, v)w as

wl'Cy(x)z wl'Cy (y)v
wlCy(x)z wl Cy(y)v

C(z,z)w — Cy,v)w = (C.1)

wl'C,(x)z— | | wl'C,(y)v

where Cj(q) is a symmetric matrix of dimension n, continuous in q and with
the characteristic of that all of its elements Cy,; (q) are bounded for all ¢ € R"
and moreover, so are its partial derivatives (Cy,,(q) € C*).

According to Equation (C.1), the vector C(x, z)w — C(y,v)w may also
be written as
[w” [C1(z) — Ci(y)] 2 — w Ci(y)[v — 2]

w’ [Ca(z) — Ca(y)] 2 — w Ca(y)[v — 2]
C(z,z)w — Cy,v)w =

Evaluating the norms of the terms on each side of the equality above we
immediately obtain

w C CQ(
[C(x, z)w — C(y, v)w| < : +[1C(y,v — z)w].
wT [Cn(w) - Cn(y)] z
(C.2)
We proceed next to determine upper-bounds on the two normed terms on

the right-hand side of this inequality. First, using Lemma A.1 we get

g
ST < ma (" (Gu@) - Gl 2} (©3)

w? [Co() — Co(y)] 2
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Furthermore, since the partial derivatives of the elements of the matrices
Ck(q) are bounded functions, Corollary A.1 leads to
} [z —yll

}

lw” [C(x) — Cr(y)] 2| < [Ch(x) — Cr(y)] 2|l |w]
0C. .
< n? max { ki 3 (a)
,3,1,90

oq
[z [[wll,

'q_qo

and therefore, it follows that

dCy,;(q)
dqi

[ =yl 1z ]l

n mgx“wT [Cr(x) — Cr(y z‘}<n max {

%,7:k,0,q0

‘ q:qo

Incorporating this last inequality in (C.3) we finally obtain

TCy(z) - Ci(y)] 2
T[Cy(m) — Caly)] 2
: <
wT [Cn(:c).— Cn(y)] 2
ack” (q)
" “%5‘{ “0u lgq, }Ilw—yn 2]l |[w]| - (C.4)

On the other hand, using (4.8) it follows that the second normed term on
the right-hand side of Inequality (C.2) may be bounded as

Iy, v — 2wl < n? ( max |Ci., <q>!) lo—2| Jwl.  (C5)
Defining the constant k¢, and k¢, in accordance with table 4.1, i.e.

k‘cl :’I’L? (maX ’Ck Q)’)

2ok
0Ck,.(q)
k — 3 ij ,
e (Ifl??q da

and using (C.4) and (C.5) in the Inequality (C.2), we finally get
1C(z, 2)w — C(y, v)w|| < ko, lv—z[| lw] + ke, [z =yl 2] w],

which is what we wanted to demonstrate. SOO
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Proof of Property 4.3.3

The proof of inequality (4.10) follows invoking Theorem A.3. Since the vector
of gravitational torques g(q) is a vectorial continuous function, then for any
two vectors x,y € IR", we have

dg(q)

g(x) —gy) = “0q [z — y]

‘q—f
where € = y+ oz — y] and « is a number suitably chosen within the interval
[0, 1]. Evaluating the norms of the terms on both sides of the equation above
we obtain

dg9(q
lot) 9wl < | 22| el ()
1 lg=¢
On the other hand, using Lemma A.3, we get
89(11)‘ < n max 3gi(q)’ .
09 |lgq-¢ I 04; lg-¢

Furthermore, since we considered the case of robots with only revolute joints,
the function

‘592‘(‘1) ‘
8(]j
is bounded. Therefore, it is also true that
ag(q)’ <n max{‘agi(Q)‘} .
99 |q_¢ 0.3, 9q;

Incorporating this inequality in (C.6), we obtain

lota) ~ a(w)l < n max{| %D | o~y

4,7,

Choosing next the constant k, as in (4.11), i.e.

99i(q) D

k, =n | max
J ( ' dq;

1,5,4

which by the way implies, from Lemma A.3, that

-

)

we finally get the expression
lg(x) —g()ll < kg [z -yl

which is what we were seeking. OO
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Dynamics of Direct-current Motors

The actuators of robot manipulators may be electrical, hydraulic or pneu-
matic. The simplest electrical actuators used in robotics applications are
permanent-magnet direct-current motors (DC).

Figure D.1. DC motor

An idealized mathematical model that characterizes the behavior of a
permanent-magnet DC motor controlled by the armature voltage is typically
described by the set of equations (see Figure D.1)

Tn = Kaia (D.1)
0 = Ruia+ La22 4o, (D
dt
er = KpGm (Dg)
dm =74,

e K, : motor-torque constant (Nm /A)
e R, :armature resistance ()

e [, :armature inductance (H)

e Kj : back emf constant (Vs/rad)
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e 7, : torque at the axis of the motor (Nm)

e i, :armature current (A)

e ¢ : back emf (V)

® (., : angular position of the axis of the motor (rad)

e ¢ : angular position of the axis of the mechanical load! (rad)
e 7 : gears reduction ratio (in general r > 1)

e v :armature voltage (V).

The equation of motion for this system is
. . T
Imbm = T — fm(Qm) - ; (D4)

where 7 is the torque applied after the gear box at the axis of the load, J,,
is the rotor inertia of the rotor, and fp,(¢m) is the torque due to friction
between the rotor and its bearings, which in general, is a nonlinear function
of its argument.

From a dynamic systems viewpoint, the DC motor may be regarded as
a device whose input is the voltage v and output is the torque 7, which is
applied after the gear box. Eventually, the time derivative 7 of the torque 7
may also be considered as an output.

The dynamic model that relates the voltage v to the torque 7 is obtained
in the following manner. First, we proceed to replace i, from (D.1) and e,
from (D.3) in (D.2) to get
R, di,
= 27+ Lo—2 + Ky - D.5
v =g Tt Loyt + Kodm (D-5)
Next, evaluating the time derivative on both sides of Equation (D.1) we

obtain Cgt”' = T/ K, which, when replaced in (D.5) yields

R, L, . .
v = ETm —+ ETm -+ Kqu . (DG)

On the other hand, from (D.4) we get 7, as
.. . T

and whose time derivative is

d. | Ofm(dm)

. J n i T
Tm = Jm —7;9m . m -
dt a Am 1 r

which, substituted in (D.6) yields

! For instance, a link of a robot.
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R, . . 71 La d Ofm(dm).. 7
V= [qum+fm(qm) + r] g {detqur S i
+Kme

Finally, using the relation ¢, = rq, the previous equation may be written

as
Ko  LaoJm d Lo 0fm(rq)
rR, R, d (J +Ra a(rq) i+ fm(TQ)
K, K, L,
— D.
+ R. + 5+ 55 R (D.7)

q q
d ;
al | _ D.8
at | ¢ ! o
Laid |3 [Sev— (Radw + L2250 ) 4+ g(d,7,7)
where

0007 ) = — 28 f () — KuKpd — Ral — Lo
r r r
Equation (D.8) constitutes a differential equation of third order. In addi-
tion, this equation is nonlinear if the friction term f,,(-) is a nonlinear function
of its argument. The presence of the armature inductance L, multiplying %ij,
causes the equation to be a ‘singularly-perturbed’? differential equation for
“small” inductance values.

Negligible Armature Inductance (L, = 0)

In several applications, the armature inductance L, is negligible (L, = 0).
In the rest of the present appendix we assume that this is the case. Thus,
considering L, = 0, Equation (D.7) becomes

K.Ky T K,

L= e D.
R, Q+r2 rRaU (D-9)

A .
J’rnq + ;fm(TQ) +

or equivalently, in terms of the state vector [¢ (]

q q
= i Ka@_fm(”i) _KaKb._l
Jm | TR, r R, q 72

2 See for instance H. Khalil, Nonlinear Systems, Prentice-Hall, 1996.
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This important equation relates the voltage v applied to the armature of
the motor, to the torque 7 applied to the mechanical load, in terms of the
angular position, velocity and acceleration of the latter.

Ezxample D.1. Model of a motor with a mechanical load whose center
of mass is located at the axis of rotation.

In the particular case when the load is modeled by a single inertia Jy,
with friction torques f1,(¢) as illustrated in Figure D.2, the torque 7
is obtained from the equation of motion associated with the load as

Jrg=1—fr(d). (D.10)
gears
4,
r

- TN I @

Ka, Ky, Rq fm
Figure D.2. DC motor with cylindrical inertia

The model of the motor-with-load for this case is obtained by
substituting 7 from (D.10) in (D.9), that is,

JL . 1 . 1 . KaKb . Ka
(254 ) 2t + S 0u)+ i = o

(D.11)

&

Ezample D.2. Model of a pendular device.

Consider the pendular device depicted in Figure D.3. The joint con-

sists of a DC motor connected through gears to the pendular arm.
The equation of motion for the arm and its load is given by

(J+mi*) G+ fr(q) + (mply +ml) g sin(q) = 7 (D.12)

where

e J:arm inertia (without load)

e m; : arm mass (without load)

e [, : distance from the axis of rotation to the center of mass of the
arm (without load)
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e m : load mass (assumed concentrated at the center of mass)
e [ : distance from the axis of rotation to the load m
e ¢ : gravity acceleration
e 7 : applied torque at the axis of rotation
e fr(¢) : friction torque between the arm and its bearings.
Figure D.3. Pendular device
Equation (D.12) may rewritten in compact form
Jrg+ fL(q) + kr, Sin(q) =T (D13)

where
Jp = J +ml?
kr = (mblb +ml)g.

Thus, the complete model of the pendular device that we obtain
by substituting 7 from (D.13) in the model of the DC motor (D.9) is

Jr, .1 . 1 ~ KoKy . kp . K,
<73+Jm>Q+rfm(TQ)+7n2fL(Q)+ R, i+ sin(q) = R
(D.14)

Notice that the previous model constitutes a nonlinear differential
equation due not only to the friction torques f,,(r¢) and f1(g) but
also due to the term (kz,/7?) sin(q).

In the particular case where the gear reduction ratio r is high
(r > 1) then, neglecting terms in 1/72, the model (D.14) may be
approximated by the model of the DC motor (D.9) with zero torque
(7 = 0). Also, observe that if the center of mass of the arm and that of
the load are both located on the axis of rotation (i.e. [, =1 =0 =

415
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kr, = 0) then, Equation (D.11) corresponds to the model of a motor
with load whose center of mass is located on the axis of rotation.

¢

D.1 Motor Model with Linear Friction

In spite of the complexity of friction phenomena, typically linear models are
used to characterize their behavior, that is,

fm((jm) = fm(jm (D15)

where f,,, is a positive constant.
Considering the linear model above for the friction torques, Equation

(D.9), that relates the voltage v applied at the armature of the motor to

the torque 7 applied on the load, takes the form

U

2 rR,

v. (D.16)

K, K .
I+ (fm+ 0 b>q+

Example D.3. Model of the motor with a load whose center of mass is
located on the axis of rotation (linear friction).

Consider the linear model (D.15) for the friction torque corresponding
to the rotor with respect to its bearings as well as the following linear
equation for the friction torque between the load and its bearings:

fo(d) = frq

where fr, is a positive constant. The model of the motor-with-load
(D.11) reduces to

J K.Ky\ . K,
<§+Jm>c'j+<fm+f§+ b)q: v
r T

R, rR,

or, in compact form

J . . .
<§+Jm>q+f§q+bqku
r r

where
KaKb
b= fn
fm + R,
" rR,’
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D.2 Motor Model with Nonlinear Friction

A more realistic model that characterizes the friction torques is given by the
nonlinear expression

fm(Qm) = fmdm +c1 Sign(Qm) (D17)

where f,, and ¢; are positive constants (see Figure D.4) and sign(-) is the sign
function which is defined as sign(s) = —1 if s < 0, sign(s) = +1 if s > 0 and
at zero this function is discontinuous since clearly, its limits from the left and
from the right are different.

C1

-

Figure D.4. Nonlinear friction

Strictly speaking one must be very careful in studying the stability of
a system described by a differential equation which contain discontinuous
functions. None of the theorems of stability presented here apply to this case.
In general one cannot even guarantee the basic assumption that we made on
page 28 that the solutions are unique for each initial condition. All this makes
the study of Lyapunov stability for these systems a highly complex problem
that is beyond the scope of this textbook.

Nevertheless, for the sake of completeness we present below the dynamic
model of the motor with a discontinuous friction term. Considering the nonlin-
ear model above for the friction torques, Equation (D.9) relating the voltage
v applied to the armature of the motor together with the torque 7 applied to
the load, becomes

K. Ky
Rq

K,
rR,

.. . c1 . . T
JmQ+(fm+ >Q+7}Slgn(m)+rgz v.
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Ezxzample D.4. Model of the motor with load whose center of mass is
located on the azxis of rotation (nonlinear friction).
Consider the model of nonlinear friction (D.17) for the friction torque
between the axis of the rotor and its bearings, and the corresponding
load’s friction,
fo(d) = frd+ c2 sign(q) (D.18)

where f;, and cy are positive constants.

Taking into account the functions (D.17) and (D.18), the motor-
with-load model (D.11) becomes

oo KaK . . . Ka
(Jo+ Jm) G+ ( S+ =5+ fr ) d+ (1 + c2) sign(q) = 2o
R, R,
where for simplicity, we took r = 1. &
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