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Series Introduction

Many textbooks have been written on control engineering, describing new
techniques for controlling systems, or new and better ways of mathematically
formulating existing methods to solve the ever-increasing complex problems
faced by practicing engineers. However, few of these books fully address the
applications aspects of control engineering. It is the intention of this new
series to redress this situation.

The series will stress applications issues, and not just the mathematics of
control engineering. It will provide texts that present not only both new and
well-established techniques, but also detailed examples of the application of
these methods to the solution of real-world problems. The authors will be
drawn from both the academic world and the relevant applications sectors.

There are already many exciting examples of the application of control
techniques in the established fields of electrical, mechanical (including
aerospace), and chemical engineering. We have only to look around in today’s
highly automated society to see the use of advanced robotics techniques in
the manufacturing industries; the use of automated control and navigation
systems in air and surface transport systems; the increasing use of intelligent
control systems in the many artifacts available to the domestic consumer
market; and the reliable supply of water, gas, and electrical power to the
domestic consumer and to industry. However, there are currently many
challenging problems that could benefit from wider exposure to the
applicability of control methodologies, and the systematic systems-oriented
basis inherent in the application of control techniques.

This series presents books that draw on expertise from both the academic
world and the applications domains, and will be useful not only as
academically recommended course texts but also as handbooks for
practitioners in many applications domains. Nonlinear Control Systems is
another outstanding entry in Dekker’s Control Engineering series.


linsi
Text Box


Preface

The word ‘robot” was introduced by the Czech playwright Karel Capek in
his 1920 play Rossum’s Universal Robots. The word ‘robota’ in Czech
means simply ‘work’. In spite of such practical beginnings, science fiction
writers and early Hollywood movies have given us a romantic notion of
robots. The anthropomorphic nature of these machines seems to have
introduced into the notion of robot some element of man’s search for his
own identity.

The word ‘automation’ was introduced in the 1940’s at the Ford Motor
Company, a contraction for ‘automatic motivation’. The single term
‘automation’ brings together two ideas: the notion of special purpose robotic
machines designed to mechanically perform tasks, and the notion of an
automatic control system to direct them.

The history of automatic control systems has deep roots. Most of the
feedback controllers of the Greeks and Arabs regulated water clocks for the
accurate telling of time; these were made obsolete by the invention of the
mechanical clock in Switzerland in the fourteenth century. Automatic control
systems only came into their own three hundred years later during the
industrial revolution with the advent of machines sophisticated enough to
require advanced controllers; we have in mind especially the windmill and
the steam engine. On the other hand, though invented by others (e.g.
T.Newcomen in 1712) the credit for the steam engine is usually assigned to
James Watt, who in 1769 produced his engine which combined mechanical
innovations with a control system that allowed automatic regulation. That
is, modern complex machines are not useful unless equipped with a suitable
control system.

Watt’s centrifugal fly ball governor in 1788 provided a constant speed
controller, allowing efficient use of the steam engine in industry. The motion
of the flyball governor is clearly visible even to the untrained eye, and its
principle had an exotic flavor that seemed to many to embody the spirit of

vii
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the new age. Consequently the governor quickly became a sensation
throughout Europe.

Master-slave telerobotic mechanisms were used in the mid 1940’s at Oak
Ridge and Argonne National Laboratories for remote handling of radioactive
material. The first commercially available robot was marketed in the late
1950’s by Unimation (nearly coincidentally with Sputnik in 1957-thus the
space age and the age of robots began simultaneously). Like the flyball
governor, the motion of a robot manipulator is evident even for the untrained
eye, so that the potential of robotic devices can capture the imagination.
However, the high hopes of the 1960’ for autonomous robotic automation
in industry and unstructured environments have generally failed to materialize.
This is because robotics today is at the same stage as the steam engine was
shortly after the work of Newcomen in 1712.

Robotics is an interdisciplinary field involving diverse disciplines such as
physics, mechanical design, statics and dynamics, electronics, control theory,
sensors, vision, signal processing, computer programming, artificial
intelligence (AI), and manufacturing. Various specialists study various limited
aspects of robotics, but few engineers are able to confront all these areas
simultaneously. This further contributes to the romanticized nature of
robotics, for the control theorist, for instance, has a quixotic and fanciful
notion of AL

We might break robotics into five major areas: motion control, sensors
and vision, planning and coordination, Al and decision-making, and
manmachine interface. Without a good control system, a robotic device is
useless. The robot arm plus its control system can be encapsulated as a
generalized data abstraction; that is, robot-plus-controller is considered a
single entity, or ‘agent’, for interaction with the external world.

The capabilities of the robotic agent are determined by the mechanical
precision of motion and force exertion capabilities, the number of degrees of
freedom of the arm, the degree of manipulability of the gripper, the sensors,
and the sophistication and reliability of the controller. The inputs for a robot
arm are simply motor currents and voltages, or hydraulic or pneumatic
pressures; however, the inputs for the robot-plus-controller agent can be
desired trajectories of motion, or desired exerted forces. Thus, the control
system lifts the robot up a level in a hierarchy of abstraction.

This book is intended to provide an in-depth study of control systems
for serial-link robot arms. It is a revised and expended version of our 1993
book. Chapters have been added on commercial robot manipulators and
devices, neural network intelligent control, and implementation of advanced
controllers on actual robotic systems. Chapter 1 places this book in the
context of existing commercial robotic systems by describing the robots
that are available and their limitations and capabilities, sensors, and
controllers.
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We wanted this book to be suitable either for the controls engineer or the
roboticist. Therefore, Appendix A provides a background in robot kine-
matics and Jacobians, and Chapter 2 a background in control theory and
mathematical notions. The intent was to furnish a text for a second course
in robotics at the graduate level, but given the background material it is used
at UTA as a first year graduate course for electrical engineering students.
This course was also listed as part of the undergraduate curriculum, and the
undergraduate students quickly digested the material.

Chapter 3 introduces the robot dynamical equations needed as the basis
for controls design. In Appendix C and examples throughout the book are
given the dynamics of some common arms. Chapter 4 covers the essential
topic of computed-torque control, which gives important insight while also
bringing together in a unified framework several sorts of classical and modern
robot control schemes.

Robust and adaptive control are covered in Chapters 5 and 6 in a parallel
fashion to bring out the similarities and the differences of these two
approaches to control in the face of uncertainties and disturbances. Chapter
7 addresses some advanced techniques including learning control and arms
with flexible joint coupling.

Modern intelligent control techniques based on biological systems have
solved many problems in the control of complex systems, including unknown
non-parametrizable dynamics and unknown disturbances, backlash, friction,
and deadzone. Therefore, we have added a chapter on neural network control
systems as Chapter 8. A robot is only useful if it comes in contact with its
environment, so that force control issues are treated in Chapter 9.

A key to the verification of successful controller design is computer
simulation. Therefore, we address computer simulation of controlled
nonlinear systems and illustrate the procedure in examples throughout the
text. Simulation software is given in Appendix B. Commercially available
packages such as MATLAB make it very easy to simulate robot control
systems.

Having designed a robot control system it is necessary to implement it;
given today’s microprocessors and digital signal processors, it is a short step
from computer simulation to implementation, since the controller subroutines
needed for simulation, and contained in the book, are virtually identical to
those needed in a microprocessor for implementation on an actual arm. In
fact, Chapter 10 shows the techniques for implementing the advanced
controllers developed in this book on actual robotics systems.

All essential information and controls design algorithms are displayed in
tables in the book. This, along with the List of Examples and List of Tables
at the beginning of the book make for convenient reference by the student,
the academician, or the practicing engineer.

We thank Wei Cheng of Milagro Design for her IATEXtypesetting and
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figure preparation as well as her scanning in the contents from the first edition
into electronic format.

EL.Lewis, Arlington, Texas
D.M.Dawson, Clemson, South Carolina
C.T.Abdallah, Albuquerque, New Mexico
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Chapter 1

Commercial Robot
Manipulators

This chapter sets the stage for this book by providing an overview of
commercially available robotic manipulators, sensors, and controllers. We
make the point that if one desires bigh performance flexible robotic workcells,
then it is necessary to design advanced control systems for robot manipulators
such as are found in this book.

1.1 Introduction

When studying advanced techniques for robot control, planning, sensors,
and human interfacing, it is important to be aware of the systems that are
commercially available. This allows one to develop new technology in the
context of existing technology, which allows one to implement the new
techniques on existing robotic systems.

A National Association of Manufacturer’s report NAM 1998] states that
the two most important drivers for US commercial business manufacturing
success in the 1990’s have been reconfigurable manufacturing workcells and
local area networks in the factory. In this chapter we discuss flexible robotic
workeells, commercial robot configurations, commercial robot controllers,
information integration to the internet, and robot workcell sensors. More
information on these topics can be found in the Mechanical Engineering
Handbook [Lewis 1998] and the Computer Science Engineering Handbook
[Lewis and Fitzgerald 1997].
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2 Commercial Robot Manipulators

Flexible Robotic Workcells

In factory automation and elsewhere it was once common to use fixed
layouts built around conveyors or other transportation systems in which
each robot performed a specific task. These assembly lines had distinct
workstations, each performing a dedicated function. Robots have been
used at the workstation level to perform operations such as assembly,
drilling, surface finishing, welding, palletizing, and so on. In the assembly
line, parts are routed sequentially to the workstations by the transport
system. Such systems are very expensive to install, require a cadre of
engineering experts to design and program, and are extremely difficult to
modify or reprogram as needs change. In today’s high-mix low-volume
(HMLV) manufacturing scenario, these characteristics tolled the death knell
for such rigid antiquated designs.

Figure 1.1.1: UTA’s Automation and Robotics Test Cell.

In the assembly line, the robot is restricted by placing it into a rigid
sequential system. Robots are versatile machines with many capabilities,
and their potential can be significantly increased by using them as a basis
for flexible robotic workcells [Decelle 1988], [Jamshidi et al. 1992], [Pugh
1983] such as the UTA Automation and Robotics Test Cell in Figure 1.1.1.
In the flexible robotic workcell, robots are used for part handling, assembly,
and other process operations. By reprogramming the robots one changes the
entire functionality of the workcell. The workcell is designed to make full
use of the workspace of the robots, and components such as milling machines,
drilling machines, vibratory part feeders, and so on are placed within the
robots’ workspaces to allow servicing by the robots. Contrary to the assembly
line, the physical layout does not impose a priori a fixed sequencing of the
operations or jobs. Thus, as product requirements change, all that is required
is to reprogram the workcell in software [Mireles and Lewis 2001]. The
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workeell is ideally suited to emerging HMLV conditions in manufacturing
and elsewhere.

The rising popularity of robotic workcells has taken emphasis away from
hardware design and placed new emphasis on innovative software techniques
and architectures that include planning, coordination, and control (PC&C)
functions. A great deal of research into robot controllers has been required
to give robots the flexibility, precision, and functionality needed in modern
flexible workeells. The remainder of this book details such advanced control
techniques.

1.2 Commercial Robot Configurations and Types

Much of the information in this section was prepared by Mick Fitzgerald,
who was then Manager at UTA’s Automation and Robotics Research Institute
(ARRI).

Robots are highly reliable, dependable and technologically advanced
factory equipment. The majority of the world’s robots are supplied by
established companies using reliable off-the-shelf component technologies.
All commercial industrial robots have two physically separate basic
elements—the manipulator arm and the controller. The basic architecture of
most commercial robots is fundamentally the same, and consists of digital
servocontrolled electrical motor drives on serial-link kinematic machines,
usually with no more than six axes (degrees of freedom). All are supplied
with a proprietary controller. Virtually all robot applications require
significant design and implementation effort by engineers and technicians.
What makes each robot unique is how the components are put together to
achieve performance that yields a competitive product. The most important
considerations in the application of an industrial robot center on two issues:
manipulation and integration.

Manipulator Performance

The combined effects of kinematic structure, axis drive mechanism design,
and real-time motion control determine the major manipulation performance
characteristics: reach and dexterity, pay load, quickness, and precision.
Caution must be used when making decisions and comparisons based on
manufacturers’ published performance specifications because the methods
for measuring and reporting them are not standardized across the industry.
Usually motion testing, simulations, or other analysis techniques are used to
verify performance for each application.

Reach is characterized by measuring the extent of the workspace described
by the robot motion and dexterity by the angular displacement of the
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individual joints. Some robots will have unusable spaces such as dead zones,
singular poses, and wrist-wrap poses inside of the boundaries of their reach.

Payload weight is specified by the manufacturers of all industrial robots.
Some manufacturers also specify inertial loading for rotational wrist axes. It
is common for the payload to be given for extreme velocity and reach
conditions. Weight and inertia of all tooling, workpieces, cables and hoses
must be included as part of the payload.

Quickness is critical in determining throughput but difficult to determine
from published robot specifications. Most manufacturers will specify a
maximum speed of either individual joints or for a specific kinematic tool
point. However, average speed in a working cycle is the quickness
characteristic of interest.

Precision is usually characterized by measuring repeatability. Virtually
all robot manufacturers specify static position repeatability. Accuracy is
rarely specified, but it is likely to be at least four times larger than
repeatability. Dynamic precision, or the repeatability and accuracy in
tracking position, velocity, and acceleration over a continuous path, is not
usually specified.

Common Kinematic Configurations

All common commercial industrial robots are serial-link manipulators,
usually with no more than six kinematically coupled axes of motion. By
convention, the axes of motion are numbered in sequence as they are
encountered from the base on out to the wrist. The first three axes account
for the spatial positioning motion of the robot; their configuration
determines the shape of the space through which the robot can be positioned.
Any subsequent axes in the kinematic chain generally provide rotational
motions to orient the end of the robot arm and are referred to as wrist
axes. In a robotic wrist, three axes usually intersect to generate true
independent positioning in terms of 3-D orientation. See Appendix A for a
kinematic analysis of the spherical robot wrist mechanism. Note that in
our 3-dimensional space, one requires three degrees of freedom for fully
independent spatial positioning and three degrees of freedom for fully
independent orientational positioning.

There are two primary types of motion that a robot axis can produce
in its driven link- either revolute or prismatic. Revolute joints are
anthropomorphic (e.g. like human joints) while prismatic joints are able
to extend and retract like a car radio antenna. It is often useful to classify
robots according to the orientation and type of their first three axes.
There are four very common commercial robot configurations:
Articulated, Type I SCARA, Type II SCARA, and Cartesian. Two other
configurations, Cylindrical and Spherical, are now much less common.



1.2 Commercial Robot Configurations and Types 5

Figure 1.2.1: Articulated Arm. Six-axis CRS A465 arm (courtesy of CRS
robotics).

Figure 1.2.2: Type I SCARA Arm. High precision, high speed midsized SCARA 1.
(courtesy of Adept Technologies, Inc.).

Appendix C contains the dynamics of some common robot manipulators
for use in controls simulation in this book.



6 Commercial Robot Manipulators

Articulated Arms. The variety of commercial articulated arms, most of
which have six axes, is very large (Fig. 1.2.1). All of these robots’ axes
are re volute. The second and third axes are co-planar and work together
to produce motion in a vertical plane. The first axis in the base is vertical
and revolves the arm to sweep out a large work volume. Many different
types of drive mechanisms have been devised to allow wrist and forearm
drive motors and gearboxes to be mounted close to the first and second
axis of rotation, thus minimizing the extended mass of the arm. The
workspace efficiency of well designed articulated arms, which is the degree
of quick dexterous reach with respect to arm size, is unsurpassed by other
arm configurations when five or more degrees of freedom are needed. A
major limiting factor in articulated arm performance is that the second
axis has to work to lift both the subsequent arm structure and the pay
load. Historically, articulated arms have not been capable of achieving
accuracy as high as other arm configurations, as all axes have joint angle
position errors which are multiplied by link radius and accumulated for
the entire arm.

Type I SCARA. The Type I SCARA (selectively compliant assembly robot
arm) arm, Figure 1.2.2, uses two parallel revolute joints to produce motion
in the horizontal plane. The arm structure is weight-bearing but the first and
second axes do no lifting. The third axis of the Type [SCARA provides work
volume by adding a vertical or z axis. A fourth revolute axis will add rotation
about the z axis to control orientation in the horizontal plane. This type of
robot is rarely found with more than four axes. The Type I SCARA is used
extensively in the assembly of electronic components and devices, and it is
used broadly for the assembly of small- and mediumsized mechanical
assemblies.

Type II SCARA. The Type II SCARA, Figure 1.2.3, also a four axis
configuration, differs from Type I in that the first axis is a long vertical
prismatic z stroke which lifts the two parallel revolute axis and their links.
For quickly moving heavier loads (over approximately 75 pounds) over longer
distance (more than about three feet), the Type Il SCARA configuration is
more efficient than the Type I.

Cartesian Coordinate Robots. Cartesian coordinate robots use orthogonal
prismatic axes, usually referred to as x, y, and z, to translate their end-effector
or payload through their rectangular workspace. One, two, or three revolute
wrist axes may be added for orientation. Commercial robot companies supply
several types of Cartesian coordinate robots with workspace sizes ranging
from a few cubic inches to tens of thousands of cubic feet, and payloads
ranging to several hundred pounds. Gantry robots, which have an elevated
bridge structure, are the most common Cartesian style and are well suited to
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Figure 1.2.3: Type Il SCARA (courtesy of Adept Technologies, Inc.).

Figure 1.2.4: Cartesian Robot. Three-axis robot constructed from modular single-
axis motion modules (courtesy of Adept Technologies, Inc.).

material handling applications where large areas and/or large loads must be
serviced. They are particularly useful in applications such as arc welding,
waterjet cutting, and inspection of large complex precision parts.

Modular Cartesian robots, see Figure 1.2.4, are also commonly available
from several commercial sources. Each module is a self-contained completely
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functional single-axis actuator; the modules may be custom assembled for
special-purpose applications.

Spherical and Cylindrical Coordinate Robots. The first two axes of the
spherical coordinate robot, Figure 1.2.5, are revolute and orthogonal to
one another, and the third axis provides prismatic radial extension. The
result is a natural spherical coordinate system with a spherical work volume.
The first axis of cylindrical coordinate robots, Figure 1.2.6, is a revolute
base rotation. The second and third are prismatic, resulting in a natural
cylindrical motion. Commercial models of Spherical and Cylindrical robots
were originally very common and popular in machine tending and material
handling applications. Hundreds are still in use but now there are only a
few commercially available models. The decline in use of these two
configurations is attributed to problems arising from use of the prismatic
link for radial extension/retraction motion; a solid boom requires clearance
to fully retract.

Figure 1.2.5: Hydraulic powered spherical robot (courtesy Kohol Systems, Inc.).

Parallel-Link Manipulators. For some special purpose applications, parallel-
link robots are more suitable than serial link robots. These robots generally
have three or six links in parallel, each link attached to a fixed base and to a
moving working platform. See Figure 1.2.7. With proper design, a six-link
parallel-link manipulator can have six degrees of freedom motion of the
working platform. The military Link trainer is a large parallellink robot
moving a pilot’s seat. These robots have greater stiffness and precision than
serial-link robots, where the positioning errors of each link are compounded
as one moves outwards from the base. Thus, lightweight parallel-link robots
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are able to precisely move large loads. These robots have been used for
example in machining and surface finishing of precision industrial and
aerospace components such as bulkheads and air vehicle outer skins.

Figure 1.2.6: Cylindrical arm using scissor mechanism for radial prismatic motion
(courtesy of Yamaha Robotics).

The parallel-link robot is a closed-kinematic-chain system, and as such is
relatively difficult to analyze [Liu and Lewis 1993]. The control system design
problem is more difficult for these robots.

Drive Types of Commercial Robots

The vast majority of commercial industrial robots use electric servo-motor
drives with speed reducing transmissions. Both AC and DC motors are
popular. Some servo-hydraulic articulated arm robots are available now for
painting applications. It is rare to find robots with servo-pneumatic drive
axes. All types of mechanical transmissions are used, but the tendency is
toward low- and zero-backlash type drives. Some robots use direct drive
methods to eliminate the amplification of inertia and mechanical backlash
associated with other drives. Joint angle position sensors, required for real-
time servo-level control, are generally considered an important part of the
drive train. Less often, velocity feedback sensors are provided.
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Figure 1.2.7: Parallel-link robot (courtesy of ABB Robotics).

1.3 Commercial Robot Controllers

Commercial robot controllers are specialized multiprocessor computing
systems that provide four basic processes allowing integration of the robot
into an automation system: Motion Trajectory Generation and Following,
Motion/Process Integration and Sequencing, Human User integration, and
Information Integration.

Motion Trajectory Generation and Following. There are two important
controller-related aspects of industrial robot motion generation. One is the
extent of manipulation that can be programmed, the other is the ability to
execute controlled programmed motion. A unique aspect of each robot system
is its real-time servo-level motion control. The details of real-time control
are typically not revealed to the user due to safety and proprietary information
secrecy reasons. Each robot controller, through its operating system programs,
converts digital data from higher-level coordinators into coordinated arm
motion through precise computation and high-speed distribution and
communication of the individual axis motion commands which are executed
by individual joint servo-controllers. Most commercial robot controllers
operate at a sample period of 16 msec. The real-time motion controller
invariably uses classical independent-joint proportional-integral-derivative
(PID) control or simple modifications of PID. This makes commercially
available controllers suitable for point-to-point motion, but most are not
suitable for following continuous position/velocity profiles or exerting
prescribed forces without considerable programming effort, if at all.
Recently, more advanced controllers have appeared. The Adept Windows
family of automation controllers (bitp://www.adept.com) integrates
robotics, motion control, machine vision, force sensing, and manufacturing
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logic in a single control platform compatible with Windows 98 & Windows
NT/2000. Adept motion controllers can be configured to control other
robots and custom mechanisms, and are standard on a variety of systems
from OEMs.

Motion/Process Integration and Sequencing. Motion/process integration
involves coordinating manipulator motion with process sensors or other
process controller devices. The most primitive process integration is through
discrete digital input/output (I/O). For example a machine controller external
to the robot controller might send a one bit signal indicating that it is ready
to be loaded by the robot. The robot controller must have the ability to read
the digital signal and to perform logical operations (if then, wait until, do
until, etc.) using the signal. That is, some robot controllers have some
programmable logic controller (PLC) functions built in. Coordination with
sensors (e.g. vision) is also often provided.

Human Integration. The controller’s human interfaces are critical to the
expeditious setup and programming of robot systems. Most robot controllers
have two types of human interface available: computer style CRT/keyboard
terminals for writing and editing program code off-line, and teach pendants,
which are portable manual input terminals used to command motion in a
telerobotic fashion via touch keys or joy sticks. Teach pendants are usually
the most efficient means available for positioning the robot, and a memory
in the controller makes it possible to play back the taught positions to execute
motion trajectories. With practice, human operators can quickly teach a series
of points which are chained together in playback mode. Most robot
applications currently depend on the integration of human expertise during
the programming phase for the successful planning and coordination of robot
motion. These interface mechanisms are effective in unobstructed workspaces
where no changes occur between programming and execution. They do not
allow human interface during execution or adaptation to changing
environments.

More recent advanced robot interface techniques are based on behavior-
based programming, where various specific behaviors are programmed into
the robot controller at a low level (e.g. pick up piece, insert in machine
chuck). The behaviors are then sequenced and their specific motion
parameters specified by a higher-level machine supervisor as prescribed by
the human operator. Such an approach was used in [Mireles and Lewis
2001].

Information Integration. Information integration is becoming more
important as the trend toward increasing flexibility and agility impacts
robotics. Many commercial robot controllers now support information
integration functions by employing integrated PC interfaces through the
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communications ports (e.g. RS-232), or in some through direct connections
to the robot controller data bus. Recent integration efforts are making it
possible to interface robotic workeells to the internet to allow remote site
monitoring and control. There are many techniques for this, the most
convenient of which is Lab VIEW 6.1, which doe not require programming
in Java.

1.4 Sensors

Much of the information in this section was prepared by Kok-Meng Lee
[Lewis 1998]. Sensors and actuators [Tzou and Fukuda 1992] function as
transducers, devices through which high-level workcell Planning,
Coordination, and Control systems interface with the hardware components
that make up the workeell. Sensors are a vital element as they convert states
of physical devices into signals appropriate for input to the workcell PC&C
control system; inappropriate sensors can introduce errors that make proper
operation impossible no matter how sophisticated or expensive the PC&C
system, while innovative selection of sensors can make the control and co-
ordination problem much easier.

Sensors are of many different types and have many distinct uses. Having
in mind an analogy with biological systems, proprioceptors are sensors
internal to a device that yield information about the internal state of that
device (e.g. robot arm joint-angle sensors). Exteroceptors yield information
about other hardware external to a device. Sensors yield outputs that are
either analog or digital; digital sensors often provide information about the
status of a machine or resource (gripper open or closed, machine loaded, job
complete). Sensors produce outputs that are required at all levels of the PC&C
hierarchy, including uses for:

servo-level feedback control (usually analog proprioceptors)
process monitoring and coordination (often digital exteroceptors or part
inspection sensors such as vision)

e failure and safety monitoring (often digital—e.g. contact sensor,
pneumatic pressure-loss sensor)

e quality control inspection (often vision or scanning laser).

Sensor output data must often be processed to convert it into a form
meaningful for PC&C purposes. The sensor plus required signal processing
is shown as a Virtual Sensor. It functions as a data abstraction—a set of data
plus operations on that data (e.g. camera, plus framegrabber, plus signal
processing algorithms such as image enhancement, edge detection,
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segmentation, etc.). Some sensors, including the proprioceptors needed for
servo-level feedback control, are integral parts of their host devices, and so
processing of sensor data and use of the data occurs within that device; then,
the sensor data is incorporated at the servocontrol level or Machine
Coordination level. Other sensors, often vision systems, rival the robot
manipulator in sophistication and are coordinated by a Job Coordinator,
which treats them as valuable shared resources whose use is assigned to jobs
that need them by some priority assignment (e.g. dispatching) scheme. An
interesting coordination problem is posed by so-called active sensing, where,
e.g., a robot may hold a scanning camera, and the camera effectively takes
charge of the motion coordination problem, directing the robot where to
move to effect the maximum reduction in entropy (increase in information)
with subsequent images.

Types of Sensors

This section summarizes sensors from an operational point of view. More
information on functional and physical principles can be found in [Fraden
1993], [Fu et al. 1987], [Snyder 1985].

Tactile Sensors. Tactile sensors rely on physical contact with external objects.
Digital sensors such as limit switches, microswitches, and vaccuum devices
give binary information on whether contact occurs or not. Sensors are
available to detect the onset of slippage. Analog sensors such as spring-loaded
rods give more information. Tactile sensors based on rubberlike carbon- or
silicon-based elastomers with embedded electrical or mechanical components
can provide very detailed information about part geometry, location, and
more. Elastomers can contain resistive or capacitive elements whose electrical
properties change as the elastomer conmpresses. Designs based on LSI
technology can produce tactile grid pads with, e.g., 64x64 “forcel’ points on
a single pad. Such sensors produce ‘tactile images’ that have properties akin
to digital images from a camera and require similar data processing.
Additional tactile sensors fall under the classification of ‘force sensors’
discussed subsequently.

Proximity and Distance Sensors. The noncontact proximity sensors include
devices based on the Hall effect or inductive devices based on the
electromagnetic effect that can detect ferrous materials within about 5 mm.
Such sensors are often digital, yielding binary information about whether or
not an object is near. Capacitance-based sensors detect any nearby solid or
liquid with ranges of about Smm. Optical and ultrasound sensors have longer
ranges.
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Distance sensors include time-of-flight rangefinder devices such as sonar
and lasers. The commercially available Polaroid sonar offers accuracy of
about 1 in. up to 5 feet, with angular sector accuracy of about 15 deg. For
360 deg. coverage in navigation applications for mobile robots, both scanning
sonars and ring-mounted multiple sonars are available. Sonar is typically
noisy with spurious readings, and requires low-pass filtering and other data
processing aimed at reducing the false alarm rate. The more expensive laser
rangefinders are extremely accurate in distance and have very high angular
resolution.

Position, Velocity, and Acceleration Sensors. Linear position-measuring
devices include linear potentiometers and the sonar and laser rangefinders
just discussed. Linear velocity sensors may be laser- or sonar-based Doppler-
effect devices.

Figure 1.4.1: Optical Encoders, (a) Incremental optical encoder, (b) Absolute optical
encoder with n=4 using Grey code. (Snyder, W.E., 1985. Industrial Robots, Prentice-
Hall, NJ, with permission.)

Joint-angle position and velocity proprioceptors are an important part of
the robot arm servocontrol drive axis. Angular position sensors include
potentiometers, which use dc voltage, and resolvers, which use ac voltage
and have accuracies of 15 min. Optical encoders can provide extreme accuracy
using digital techniques. Incremental optical encoders use three optical sensors
and a single ring of alternating opaque/clear areas, Figure 1.4.1(a), to provide
angular position relative to a reference point and angular velocity information;
commercial devices may have 1200 slots per turn. More expensive absolute
optical encoders, Figure 1.4.1(b), have #n concentric rings of alternating
opaque/clear areas and require n optical sensors. They offer increased
accuracy and minimize errors associated with data reading and transmission,
particularly if they employ the Grey code, where only one bit changes between
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two consecutive sectors. Accuracy is 360%2" with commercial devices having
n=12 or so.

Gyros have good accuracy if repeatability problems associated with drift
are compensated for. Directional gyros have accuracies of about 1.5 deg.
Vertical gyros have accuracies of 0.5 deg and are available to measure
multiaxis motion (e.g. pitch and roll). Rate gyros measure velocities directly
with thresholds of 0.05 deg/sec or so.

Various sorts of accelerometers are available based on strain gauges (next
paragraph), gyros, or crystal properties. Commercial devices are available
to measure accelerations along three axes. A popular new technology involves
microelectromechanical systems (MEMS), which are either surface or bulk
micromachined devices. MEMS accelerometers are very small, inexpensive,
robust, and accurate. MEMS sensors have especially been used in the
automotive industry [Eddy 1998].

Force and Torque Sensors. Various torque sensors are available, though they
are often not required; for instance, the internal torques at the joints of a
robot arm can be computed from the motor armature currents. Torque sensors
on a drilling tool, for instance, can indicate when tools are becoming dull.
Linear force can be measured using load cells or strain gauges. A strain gauge
is an elastic sensor whose resistance is a function of applied strain or
deformation. The piezoelectric effect, the generation of a voltage when a
force is applied, may also be used for force sensing. Other force sensing
techniques are based on vacuum diodes, quartz crystals (whose resonant
frequency changes with applied force), etc.

Robot arm force-torque wrist sensors are extremely useful in dexterous
manipulation tasks. Commercially available devices can measure both force
and torque along three perpendicular axes, providing full information about
the Cartesian force vector F. Standard transformations allow computation
of forces and torques in other coordinates. Six-axis force-torque sensors are
quite expensive.

Photoelectric Sensors. A wide variety of photoelectric sensors are available,
some based on fibreoptic principles. These have speeds of response in the
neighborhood of 50 microsec with ranges up to about 45 mm, and are useful
for detecting parts and labeling, scanning optical bar codes, confirming part
passage in sorting tasks, etc.

Other Sensors. Various sensors are available for measuring pressure,
temperature, fluid flow, etc. These are useful in closed-loop servo-control
applications for some processes such as welding, and in job coordination
and/or safety interrupt routines in others.



16 Commercial Robot Manipulators

Sensor Data Processing

Before any sensor can be used in a robotic workcell, it must be calibrated.
Depending on the sensor, this could involve significant effort in
experimentation, computation, and tuning after installation. Manufacturers
often provide calibration procedures though in some cases, including vision,
such procedures may not be obvious, requiring reference to the published
scientific literature. Time-consuming recalibration may be needed after any
modifications to the system.

Figure 1.4.2: Signal Processing using FSM for Optical Encoders (a) Phase relations in
incremental optical encoder output, (b) Finite state machine to decode encoder output
into angular position. (Snyder 1985).

Figure 1.4.3: Hardware design from FSM. (a) FSM for sonar transducer control on a
mobile robot, (b) Sonar driver control system from FSM.

Particularly for more complex sensors such as optical encoders, significant
sensor signal conditioning and processing is required. This might include
amplification of signals, noise rejection, conversion of data from analog to
digital or from digital to analog, and so on. Hardware is usually provided
for such purposes by the manufacturer and should be considered as part of
the sensor package for robot workcell design. The sensor, along with its
signal processing hardware and software algorithms may be considered as a
data abstraction and is called the ‘virtual sensor’.
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If signal processing does need to be addressed, it is often very useful to use
finite state machine (FSM) design. A typical signal from an incremental optical
encoder is shown in Figure 1.4.2(a); a FSM for decoding this into the angular
position is given in Figure 1.4.2(b). FSM are very easy to convert directly to
hardware in terms of logical gates. A FSM for sequencing a sonar is given in
Figure 1.4.3(a); the sonar driver hardware derived from this FSM is shown
in Figure 1.4.3(b).

A particular problem is obtaining angular velocity from angular position
measurements. All too often the position measurements are simply differenced
using a small sample period to compute velocity. This is guaranteed to lead
to problems if there is any noise in the signal. It is almost always necessary to
employ a low-pass-filtered derivative where velocity samples v, are computed
from position measurement samples p, using, e.g.,

k — Dk-1
vk = avg-1 + (1 - @) p_’
T
where T is the sample period and « is a small filtering coefficient. A similar
approach is needed to compute acceleration.

Vision Systems, Cameras, and Illumination. Typical commercially available
vision systems conform to the RS-170 standard of the 19507, so that frames
are acquired through a framegrabber board at a rate of 30 frames/sec. Images
are scanned; in a popular US standard, each complete scan or frame consists
of 525 lines of which 480 contain image information. This sample rate and
image resolutions of this order are adequate for most applications with the
exception of vision-based robot arm servoing. Robot vision system cameras
are usually TV cameras—either the solid-state charge-coupled device (CCD),
which is responsive to wavelengths of light from below 350nm (ultraviolet)
to 1100nm (near infrared) and has peak response at approximately 800nm,
or the charge injection device (CID), which offers a similar spectral response
and has a peak response at approximately 650nm. Both line-scan CCD
cameras, having resolutions ranging between 256 and 2048 elements, and
area-scan CCD cameras are available. Medium-resolution area-scan cameras
yield images of 256x256, though high-resolution devices of 1024x1024 are
by now available. Line-scan cameras are suitable for applications where parts
move past the camera, e.g., on conveyor belts. Framegrabbers often support
multiple cameras, with a common number being four, and may support black-
and-white or color images.

If left to chance, illumination of the robotic workcell will probably result
in severe problems in operations. Common problems include low-contrast
images, specular reflections, shadows, and extraneuos details. Such prob-
lems can be corrected by overly sophisticated image processing, but all of
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this can be avoided by some proper attention to details at the work-cell design
stage. lllumination techniques include spectral filtering, selection of suitable
spectral characteristics of the illumination source, diffuse-lighting techniques,
backlighting (which produces easily processed silhouettes), structured-lighting
(which provides additional depth information and simplifies object detection
and interpretation), and directional lighting.
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Chapter 2

Introduction to Control
Theory

In this chapter we review various control theory concepts that are used in
the control of robots. We first review the state-space formulation for both
linear and nonlinear systems and present the stability concepts needed in the
sequel. The chapter is intended to introduce modern control concepts, but
even readers with a background in control theory may wish to consult it for
notation and convenience.

2.1 Introduction

The control of robotic manipulators is a mature yet fruitful area for research,
development, and manufacturing. Industrial robots are basically positioning
and handling devices. Therefore, a useful robot is one that is able to control
its movement and the interactive forces and torques between the robot and
its environment. This book is concerned with the control aspect of robotic
manipulators. To control usually requires the availability of a mathematical
model and of some sort of intelligence to act on the model. The mathematical
model of a robot is obtained from the basic physical laws governing its
movement. Intelligence, on the other hand, requires sensory capabilities and
means for acting and reacting to the sensed variables. These actions and
reactions of the robot are the result of controller design.

In this chapter we review the concepts of control theory that are needed
in this book. All proofs are omitted, but references are made to more
specialized books and papers where proofs are provided. Once a satisfactory
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model of the robot dynamics is obtained as described in Chapter 2, the
automatic control concepts presented in the current chapter may be used to
modify the actions and reactions of the robot to different stimuli. Subsequent
chapters will therefore deal with the application of control principles to the
robot equations. The particular controller used will depend on the complexity
of the mathematical model, the application at hand, the available resources,
and a host of other criteria.

We begin the chapter in section 2.2 with a review of the state-space
description for linear, continuous- and discrete-time systems. A similar review
of nonlinear systems is presented in section 2.3. The Equilibria of nonlinear
systems is reviewed in section 2.4, while concepts of vector spaces is presented
in section 2.5. Stability theory is presented in section 2.6, which constitutes
the bulk of the chapter. In Section 2.7, Lyapunov stability results are presented
while input-output stability concepts are presented in section 2.8. Advanced
stability concepts are compiled to make later developments more concise in
section 2.9. In section 2.10 we review some useful theorems and lemmas. In
section 2.11 we the basic linear controller designs from a state-space point
of view, and the chapter is concluded in Section 2.12.

2.2 Linear State-Variable Systems

Many physical systems such as the robots considered in this book are
described by differential or difference equations. These describing equations,
which are usually obtained from fundamental physical laws, provide the
starting point for the analysis and control of systems. There are, of course,
some systems which are so complicated that describing differential (or
difference) equations are not available. We do not consider those systems in
this book.

In this section we study the state-space model of physical systems that are
linear. We limit ourselves to systems described by ordinary differential
equations which will lead to a finite-dimensional state space. Partial
differential equations, leading to infinite-dimensional systems, are needed to
study flexible robotic manipulators, but those are not considered in this
textbook. We stress that the material of this chapter is intended as a quick
introduction to these topics and will not be comprehensive. The readers are
referred to [Kailath 1980], [Antsaklis and Michel 1997] for more rigorous
presentations of linear control systems.

Continuous-Time Systems

A continuous-time system is said to be linear if it obeys the principle of
superposition] that is, if the output y,(¢) results from the input #,(z) and the
output y,(¢) results from the input u,(z), then the output resulting from



2.2 Linear State-Variable Systems 23

u(t)=ouuy (t)+au,(t) is given by y(t)=a,y,(t)+ayy,(t), where o, and o, are scalar
constants. Linear, single-input/single-output (SISO), continuous-time, time-
invariant systems are described by linear, scalar, constant-coefficient ordinary
differential equations such as

d"y(t) d"1y(t) dy(t)

a -|-¢1n—1————dtn_1 +"'+a1————-+a0y(t)

d"u(t) d™lu(t) du(t) (2.2.1)
=by, T +bn—1—dt—nT+"-+b 3 + bou(t)

where a,, b;, i=0,...,n are scalar constants, y(t) is a scalar output and u(z) is a
scalar input. Moreover, we are given for some time ¢, the initial conditions,

dy d"ly du d"lu
y(to )’dt(tO)’ o ,W(to)yu(to),a(to),' g —— (t0)-

Note that the input #(2) is differentiated at most as many times as the output
y(t). Otherwise, the system is said to be non-dynamic.

State-Space Realization

The state of the system is defined as a sufficient set of variables, which when
specified at time #, along with the input u(2), £>t,, is sufficient to completely
determine the behavior of the system for all £>#, [Kailath 1980]. The state
vector then contains all necessary variables needed to determine the future
behavior of any signal in the system. By definition, such a state vector x(2) is
not unique, a feature that will be exploited later. In fact, if x is a state vector
then so is any Z(#)=Tx(t), where T is any nxn invertible matrix. For the

continuous-time system described in (2.2.1), the following choice of a state

£1(t) = z2(t)
Io (t) =23 (t)

i’n—l (t) = 15n(t)
En(t) = —aoz1(t) — a17a(t) — -+ — @n12a(t) +ult)  (2.2.2)

vector is possible

where ; = —d#, i=1,2,---, n. The input-output equation then reduces to

y(t) = box1 () + biz2(t) + - - + bp_12n(t) + bru(t). (2.2.3)
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A more compact formulation of 2.2.2 and 2.2.3 is given by

() = Ax(t) + bu(t)

y(®) = ca(t)+du(t) (224
where
[ 0 1 0 0 0 1
0 0 1 0 0
0 0 0 0 0
A = : : ,
0 0 o --- 1 0
0 0 0 0 1
[ —@0 —a1 —a2 -°* —Gp-2 —Ap-1 |
01
0
0
b = o,
0
0
[ 1]
c = [bo by b+ bpog bp-1], d=by. (2.2.5)

This particular state-space representation is known as the controllable
canonical form [Kailath 1980], [Antsaklis and Michel 1997]. In general, a
linear, time-invariant, continuous-time system will have more than one input
and one output. In fact, u#(2) is an mx1 vector and y(t) is a px1 vector. The
differential equations relating u(z) to y(¢) will not be presented here, but the
state-space representation of the multi-input/multi-output (MIMO) system
becomes

(t)
y(t)

Az(t) + Bu(t)
Cz(t) + Du(t)

(2.2.6)

where A is nxn, B is nxm, C is pxn, and D is pxm. For the specific forms of
A, B, C, and D, the reader is again referred to [Kailath 1980], [Antsaklis and
Michel 1997]. A block diagram of (2.2.6) is shown in Figure 2.2.1a. Note
that the minimal number of states is equal to the required number of initial
conditions in order to find a unique solution to the set of differential
equations.
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(5]

v——{B}|—O—1] [of—(—r

Uls) C(sI-A)'B+D Y(s)

(b)

Figure 2.2.1: (a) State-space block diagram of (2.2.6); (b) Transfer function block
diagram of (2.2.6)

EXAMPLE 2.2-1: Double Integrator
Consider a SISO system described by

y(t)=u(t)

This system is known as the double integrator and represents a wide variety
of physical systems described by Newton’s Law. In order to obtain a state-
space description, let

I =y
T2 =£I.31=:l)
SO
. 00 0
r = [0 1]z+[1]u
y = [1 0].’1:
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EXAMPLE 2.2-2: Two-Platform System

Consider the MIMO mechanical system shown in Figure 2.2.2 which represents
a 2 platform system used to isolate experiments from external disturbances.
There are 2 inputs to the system given by #, which causes the ground to move
and u, which causes the platform m1 to move. The system also has 2 outputs,
namely the motion y, of platform 72, and the motion y, of platform m1,. The
experiments will be conducted on top of platform 2, and therefore, one would
like to minimize the size of y,. The differential equations describing this system
are obtained using Newton’s second law:

&y -k k1 ¢ a

i L e + — — Iy o

72 m n — Y2 m Y1 + ™ Y2 + i Uy

Py -k ki — ko a c1+c k2 )
- + + — Y — 7 = -~
a2 . (1 . Y2 o, n o + s ys + o Ys
d?ys

—2 = us.

dt? 2

A state-space formulation of this system can be obtained by choosing

Ty = Y15 T2=Y1; T3=Yo;

Y25 Ts =Yz ; Te = Y3

T4

ro 1 0 0 0 0 [0 0]
~k k
W omi om om 000 o O
o o o 1 0 0 0 0
= =k1 e ki—ky; —(eiter) ky  co z+ 0 0 u
ma ma mao ma meo ma
0 0 0 0 0 1 0 0
[ O 0 0 0 0 0 | | 0 1]
|
Transfer Functions

Another equivalent representation of linear, time-invariant, continuous-time
systems is given by their transfer function, which relates the input of the
system #(t) to its output y(z) in the Laplace variable s or in the frequency
domain. It is important to note that the transfer function description has no
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Figure 2.2.2: Two-platform system

information about the initial conditions of the system and, as such, will not
provide a unique output to a particular input unless all initial conditions are
zero [Antsaklis and Michel 1997], [Kailath 1980]. The transfer function
formalism, however, is important in practice, since many engineers are familiar
with frequency-domain specifications. In addition, the identification of many
systems may be effectively performed in the frequency domain [Ljung 1999].
It is therefore imperative that one should be able to move between the state-
space (or modern) description and the transfer function (or classical)
description.

Let us consider the system described by (2.2.6) and take its Laplace
transform,

sX(s) —z(0) = AX(s) + BU(s)

Y (s) = CX(s) + DU(s) (2.2.7)

where X(s), U(s), and Y(s) are the Laplace transforms of x(t), u(t), and y(z)
respectively. The initial state vector is x(0). By eliminating X(s) between the
two equations in (2.2.7), we find the following relation:
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Y(s)=[C(sI-A)'B+D] U(s)+C(sI-A)"'x(0) (2.2.8)

As mentioned previously, the transfer function is obtained as the relationship
between the input U(s) and the output Y(s) when x(0)=0, that is,

Y(s)=[C(sI-A)'B+D] U(s). (2.2.9)

The transfer function of this particular linear, time-invariant system is given

by
P(s)=C(sI-A)'B+D (2.2.10)
such that (see Fig.2.2.1)

Y(s)=P(s)U(s) (2.2.11)

EXAMPLE 2.2-3: Transfer Function of Double Integrator

Consider the system of Example 2.2.1. It is easy to see that the transfer
function % is
Y(s) 1

U(s) s2’

Discrete-Time Systems

In the discrete-time case, a difference equation is used to described the system
as follows:

ylk+n)+apylk+n—-1)+ -+ a1y(k + 1) + agy(k)

—bpu(k + 1) + bnoru(k 41 — 1) + -+ bu(k + 1) + bou(k), >>1%)

where a;, b, i=0,...,n are scalar constants, y(k) is the output, and u(k) is the
input at time k. Note that the output at time k+n depends on the input at
time k+n but not on later inputs; otherwise, the system would be non-
causal.
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State-Space Representation

In a similar fashion to the continuous-time case, the following state-vector is

defined:
z1(k +1) = z2(k)
za(k +1) = z3(k)

Tp-1(k+1) =z,(k)
Znp(k + 1) = —aoz1 (k) — a1z2(k) — - - — ap_12,(k) + u(k).
(2.2.13)

The input-output equation then reduces to
y(k)=box,(kR)+bx,(R)+...+ b, x,(k)+u(k) (2.2.14)

A more compact formulation of (2.2.7) and (2.2.8) is given by

z(k + 1) = Az(k) + bu(k)

y(k) = cz(k) + du(k) (2.2.15)

where

0 1 0 0 0
0 0 1 0 0
0 0 0 0 0
A = . R
0 0 0 1 0
0 0 0 0 1
[ —d0 —a1 —G2 -+ —ap-2 —0Gp— |
F o
0
0
b = s
0
0
1

¢ = [bo by bp-- bu—g by_1], d=bn. (2.2.16)
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The MIMO case is similar to the continuous-time case and is given by

z(k+1) = Az(k)+ Bu(k)

y(k) = Cz(k)+ Du(k) (2.2.17)

where A is nxn, B is nxm, C is pxn, and D is pxm.

In many practical cases, such as in the control of robots, the system is a
continuous-time system, but the controller is implemented using digital
hardware. This will require the designer to translate between continuous-
and discrete-time systems. There are many different approaches to
“discretizing” a continuous-time system, some of which are discussed in
Chapter 3. The interested reader in this very important aspect of the control
problem is referred to [Astrom and Wittenmark 1996], [Franklin et al.
1997].

EXAMPLE 2.2-4: Double Integrator in Discrete Time
Recall Example 2.2.1 which presented a model of the double integrator or

Newton’s system. One discrete-time version of the differential equation is
given by the following difference equation

yk+2)=Tykk+1)+yk) + (T?? + T)u(k)

where T is the sampling period in seconds. If we choose x;(k)=y(k) and
x,(k)=x,(k+1), we obtain the state-space description

[? Hm(k)+[ ; ]u(k),
(1 0Jz(k).

z(k+1)

y(k)

Transfer Function Representation

In a similar fashion to the continuous-time case, a linear, time-invariant,
discrete-time system given by (2.2.17) may be described in the Z-transform
domain, from input U(z) to output Y(z) by its transfer function P(z) such
that

Y(z2)=P(z)U(z)
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where
P(z)=C(zI-A)*B+D

Note that the Z transform is used in the discrete-time case versus the Laplace
transform in the continuous-time case.

EXAMPLE 2.2-5: Tranfer Function of Discrete-Tiem Double Integrator

The transfer function of the Example 2.2.4 is given by

Y(z) T? z+1
Uz) 2 (z—-1)%

2.3 Nonlinear State-Variable Systems

In many cases, the underlying physical behavior may not be described using
linear state-variable equations. This is the case of robotic manipulators where
the interaction between the different links is described by nonlinear differential
equations, as shown in Chapter 3. The state-variable formulation is still
capable of handling these systems, while the transfer function and frequency-
domain methods fail. In this section we deal with the nonlinear variant of
the preceding section and stress the classical approach to nonlinear systems
as studied in [Khalil 2001], [Vidyasagar 1992] and in [Verhulst 1997], [LaSale
and Lefschetz 1961], [Hahn 1967].

Continuous-Time Systems

A nonlinear, scalar, continuous-time, time-invariant system is described by a
nonlinear, scalar, constant-coefficient differential equation such as

d’;@:r(lt) = h[y(t)’ y(l)(t)’ ces ’y(’n—l) (t), u(t), ’U,(l),(t), .. ,u(n) (t)] (2.3.1)

where y(2) is the output and #(2) is the input to the system under consideration.
As with the linear case, we define the state vector x by its components as
follows:
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T
T2

in~1

Tn

T2
z3

Tn

h[zl (t), T2 (t)a e awn(t)’ u’(t)a u(l)(t)’ co ,u(n) (t)] (232)

The output equation then reduces to:

Y(t)=x1(t) (2.3.3)

A more compact formulation of (2.3.2) and (2.3.3) is given by

where

and

it) = fla(),U()
yt) = ealt) 234
U(t)=[u(t) uV(t)...u"V (1)]T
¢=[100...0]. (2.3.5)

EXAMPLE 2.3-1: Nonlinear Systems

We present 2 examples illustrating such concepts:

1. Consider the damped pendulum equation

J+ky+sing=0

A state-space description is obtained by choosing x;=y, x,=y, leading to

Ty | _ T2
Iig - SiIl.’L'l — T2

The time history of y(z) is shown in Figure 2.3.1.
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Figure 2.3.1: Damped pendulum trajectory.

2. Aclassical nonlinear system is the Van der Pol oscillator which is described

by
j+@-Dy+y=0

or in state-space with z; = y and z, = 9,

2 -lo-dha]

The time history of y(¢) and the phase-plane plot (i.e. x, versus x;) is shown
in Figure 2.3.2.

EXAMPLE 2.3-2: Rigid Robot Dynamics

A rigid robot is described by the following equations
M(@i+V(gd)+Gla) =7

where M(q) is an nxn Inertia matrix, q and its derivatives are nx1 vectors of
generalized coordinates, V(q, q), G(gq) and t are nx1 vectors containing
velocity-dependent torques, gravity torques, and input torques respectively.
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Figure 2.3.2: Van der Pol Oscillator Time Trajectories: (a) Time history, (b) phase
plane.

In this example, we will concentrate on writing the # coupled differential
equations into a state-space form. In fact, let a state vector x be

(3]

and the input vector be =71 and suppose the output vector is y= g. Due to
some special properties of rigid robots (see Chapter 2), the matrix M(q) is
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known to be invertible so that

il

[ —M*I?V+G) } + [ M0‘1 ]T

y = [I 0] [ y ]
or
F(z) + G(z)u = f(z,u)
= [I Oz o
where
F(:L‘) = —M-1?V+G) ] ,G(ZL‘) = [ MO—l :|
[ |

Discrete-Time Systems
A nonlinear, scalar, discrete-time, time-invariant system is described by a
nonlinear, scalar, constant-coefficient difference equation such as,

y(k+n) = hly(k+n-1), - ,y(y+1),yk),uk),uk - 1),---,

u(k +n)], (2.3.6)

where y(.) and u are as defined before. A simple choice of state variables will
lead to

ik +1) = z(k)
z2(k+1) = z3(k)

xn_l(k+1). = zn(k)
za(k+1) = hlza(k), -, z2(k), z1(k), u(k),u(k - 1), -,
u(k + n)], (2.3.7)

or, more compactly, as
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z(k+1)
y(k)

flz(k), U(k)]
cz(k) (2.3.8)

where U(k) and ¢ are defined similarly to those given in equation (2.3.4).

EXAMPLE 2.3-3: Logistics Equation

Consider the scalar system

y(k+1) = dy(k)[1 - y(k)]

which leads to the state-space representation

z(k+1) Az(k)[1 — z(k)]
y(k)= = (k)

We will not emphasize the study of discrete nonlinear systems since robots
are described by differential equations. However, as discussed in Chapter 4,
robot controllers are usually implemented using digital controllers. It will
therefore be advantageous to be able to translate between continuous-and
discrete-time description of nonlinear dynamical systems as discussed in
[AAstrom and Wittenmark 1995], [Franklin et al. 1997].

2.4 Nonlinear Systems and Equilibrium Points
In this section, we concentrate on systems described by (2.2.15) with the

additional requirement that u(z) is specified as a function of the state x(z),
1.e.

&(t) = flt, z(2)] (2.4.1)

This will allow us to concentrate on the Analysis problem. We require a
few definitions which we shall now introduce.
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DEFINITION 2.4-1 The system (2.4.1) is said to be autonomous if f[t, x(t)]
is not explicitly dependent on time, i.e.

&(t) = fl=(®)] (1)

EXAMPLE 2.4-1: Nonautonomous System

Both systems introduced in Example 2.3.1 are autonomous while the system

described by

1s not.

DEFINITION 2.4-2 A vector x,eN" is a fixed or equilibrium point of (2.4.1)
at time t, if

flt,ze] =0,Vt > to (1)

EXAMPLE 2.4-2: Equilibrium Point of Autonomous System
The system described by

Ty | _ k)
@2 | | cos[xy] -1
is autonomous and it has an equilibrium point at the origin of N

Note that:

e If a system is autonomous, then an equilibrium point at time #, is also an
equilibrium point at all other times.
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e If x, is an equilibrium point at time #, of the non-autonomous system
(2.4.1), then x, is an equilibrium point of (2.4.1) for all #,>t,.

EXAMPLE 2.4-3: Equilibrium Point of Nonautonomous System

Consider the system
g=tz" -1

which is non-autonomous. It has NO EQUILIBRIUM POINTS. Although it
might seem that it has 2 equilibrium points x,;=-1 and x,,=1 at time #,=1.
However, these are not equilibrium points for times since at times #>1 the
conditions of equilibrium does not hold.

Some books also used the terms stationary or singular points to denote
equilibrium points.
EXAMPLE 2.4-4: Damped Pendulum

Recall the pendulum in Example 2.3.1 and let us try to find its equilibrium
points. Note first that the system is autonomous so that we do not need to
specify the particular time #, and then note that the pendulum is at equilibrium

if both
x,=0 and sin(x;)=0

Therefore the equilibrium points are at

[l’le ] - [ nmw ] ,n=0,+1,+£2 ...
T2e 0

It is obvious that the pendulum is at equilibrium when it is hanging straight
up or straight down with zero velocity.

DEFINITION 2.4-3 An equilibrium point x, at t, of (2.4.1) is said to be
isolated if there is a neighborbood N of x, which contains no other equilibrium
points besides x.. ]
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EXAMPLE 2.4-5: Equilibrium Points of Pendulum

The equilibrium points of the pendulum are isolated. On the other hand, a
system described by £=0 has for equilibrium points any point in R and
therefore, none of its equilibrium points is isolated.

2.5 Vector Spaces, Norms, and Inner Products

In this section, we will discuss some properties of nonlinear differential
equations and their solutions. We will need many concepts such as vector
spaces and norms which we will introduce briefly. The reader is referred to
[Boyd and Barratt], [Desoer and Vidyasagar 1975], [Khalil 2001] for proofs
and details.

Linear Vector Spaces

In most of our applications, we need to deal with (linear) real and complex
vector spaces which are defined subsequently.

DEFINITION 2.5-1 A real linear vector space (resp. complex linear vector
space is a set V, equipped with 2 binary operations: the addition (+) and the
scalar multiplication (.) such that

Lz+y=y+z, Vo,yeV

2 z+@y+2)=(x+y)+z Vo,y,2€V

3. There is an element Oy in V such thatz+0y =0y +z =12, Vz €V

4. For each x € V, there exists an element —x € V such that z+(—z) =
(~z)+z =0y

5. For all scalars 1,79 € R (resp. ¢1,¢0 € C), and each x € V, we have
7‘1.(7‘2..’12') = (7'11"2)..’17 (resp. Cl.(CQ.I) = (Clcz)..’ll)

6. For each r € R (resp. ¢ € C), and each z1,35 € V, 7.(x1 + T2) =
r.xy + r.oa (resp. c.(z1 +x2) = c.x1 + c.x2)

7. For all scalars ri,m9 € R (resp. ¢1,¢2 € C), and each x € V, we have
(ri+r2)x=ri.z+rex (resp. (1 +¢2).x = 1.7 + c2.7)
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8. For each xeV, we have 1.x=x where 1 is the unity in N (resp. in ).

EXAMPLE 2.5-1: Vector Spaces

The following are linear vector spaces with the associated scalar fields: "

with N, and " with .

DEFINITION 2.5-2 A subset M of a vector space V is a subspace if it is a
linear vector space in its own right. One necessary condition for M to be a
subspace is that it contains the zero vector. [ |

We can equip a vector space with many functions. One of which is the
inner product which takes two vectors in V to a scalar either in I or in the
other one is the norm of a vector which takes a vector in V to a positive
value in M. The following section discusses the norms of vectors which is
then followed by a section on inner products.

Norms of Signals and Systems

A norm is a generalization of the ideas of distance and length. As stability
theory is usually concerned with the size of some vectors and matrices, we
give here a brief description of some norms that will be used in this book. We
will consider first the norms of vectors defined on a vector space X with the
associated scalar field of real numbers N then introduce the matrix induced
norms, the function norms and finally the system-induced norms or operator
gains.

Vector Norms

We start our discussion of norms by reviewing the most familiar normed
spaces, that is the spaces of vectors with constant entries. In the following,
llall denotes the absolute value of a for a real a or the magnitude of a if a is
complex.

DEFINITION 2.5-3 A norm |-l of a vector x is a real-valued function defined
on the vector space X such that

1. x>0 for all xe X, with lIx|l=0 if and only if x=0.

2. Meaxli=lallxIl for all xeX and any scalar o.
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3. esylillxll+lyll for all x,y €X,

EXAMPLE 2.5-2: Vector Norms (1)

The following are common norms in X=H" where " is the set of nx1 vectors
with real components.

T-norm: || z [h= Yoy | @i |-

1

2. 2-norm: || z [|2= /E,l; NEZED also known as the Euclidean norm
1
3. pnomi | 2 fly= (g | 2% )5
4

8-norm: || z |leo= max |z; | Vi=1,---,n.
[ |
EXAMPLE 2.5-3: Vector Norms (2)
Consider the vector
1
r=1 -2
2
Then, llxll,=5, llxll,=2 and llxllco=2.
[ |

We now present an important property of norms of vectors " in which will
be useful in the sequel.

LEMMA 2.5-1: Let llxll, and lIx|l, be any two norms of a vector xe ™. Then
there exists finite positive constants ky and k, such that

killzlla <llzlle <k |l zl|la VZER
[ |

The two norms in the lemma are said to be equivalent and this particular
property will hold for any two norms on ™
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EXAMPLE 2.5-4: Equivalent Vector Norms

1. Itcan be shown that for z € R
llzll: < Vallzll2
lzllo < Izl < nllz]lo
Izl < Vallzlle
2. Consider again the vector of Example 2.5.3. Then we can check that
llzlls < V3]l
lzllo < llzll < 3li2lleo

llzll2 < V3llzlloo

Matrix Norms

In systems applications, a particular vector x may be operated on by a matrix
A to obtain another vector y=Ax. In order to relate the sizes of x and Ax we
define the induced matrix norm as follows.

DEFINITION 2.5-4 Let llxll be a given norm of xeR". Then each mxn matrix
A, has an induced norm defined by

l4ll: = sup [|Az]|
Hzil=1

|
where sup stands for the supremum.

It is always imperative to check that the proposed norms verify the
conditions of Definition 2.5.3. The newly defined matrix norm may also be
shown to satisfy

[IABIL< 1Al IBII;

for all nxm matrices A and all mxp matrices B.
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EXAMPLE 2.5-5: Induced Matrix Norms

Consider the « induced matrix norm, the 1 induced matrix norm and the 2
induced matrix norm,

l|Allice = max > lay]
i

l[Alla = max > lais]
i

”A||i2 = Amaz (ATA)

where \,,,., is the maximum eigenvalue. As an illustration, consider the matrix

Then, llAll;;=max(4, 4, 5)=5, llAll,=4.4576, and l|All,.= max(4, 7, 2)=7.

Function Norms
Next, we review the norms of time-dependent functions and vectors of
functions. These constitute an important class of signals which will be

encountered in controlling robots.

DEFINITION 2.5-5 Let f{(.): [0, ©)—R be a uniformly continuous function.
A function [ is uniformly continuous if for any >0, there is a 8(e) such that

|t —to] < &(e) = [f(t) - f(to)l < €

Then, [ is said to belong to L, if for pe[1, ),

| 1nra <o
0

f is said to belong to L, if it is bounded i.e. if SUPye(o,00) | f(t) [< B < 00,
where sup f(t) denotes the supremum of f9t) i.e. the smallest number that is
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larger than or equal to the maximum value of f(t). L, denotes the set of signals
with finite absolute area, while L, denotes the set of signals with finite total

energy. |
The following definition of the norms of vector functions is not unique. A
discussion of these norms is found in [Boyd and Barratt].

DEFINITION 2.5-6 Let L7 denote the set of nx1 vectors of functions f,
each of which belonging to L,. The norm of f & L3 is

1Ol = € f T Y itopa

for pe [1, o) and

17 Ollee = maxs < s < n |lfi(t)lloo
|

Some common norms of scalar signals #(z) that are persistent (i.e. lim,, .,
u(t)#0) are the following:

1/2
1. ||ullrms = [limT_,oo %foT uz(t)dt] which is valid for signals with
finite steady-state power.

2. llulloo=sup,s lu(2) which is valid for bounded signals but is dependent on
outliers.

3. |lulle = imrooo # fOT |u(t)|dt which measures the steady-state average
resource consumption.

For vector signals, we obtain:
L ulleo = max;<i<n ||t
) LT 7 1/2
2. [wllrms = [hmT_,oo LTy (t)u(t)dt]
. T
30 lulla = limrseo 7 fy 20y lu(®)ldt

Note that”u“oo > ﬁ“ullrms 2> l”"'I'”a'

On the other hand, if signals do not persist, we may find their L, or L,
norms as follows:

L Jully = ;7 [u(t)|dt which measures the total resource consumption
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1/2
2. ullz = [f57 uz(t)dt]l/2 = [51; 2, |U(jw)|2dw] which measures the

total energy.

EXAMPLE 2.5-6: Function Norms

1. The function f(z)=e* belongs to L;. In fact, lle?ll;=1. The function
f@) = t-|+1 belongs to L,. The sinusoid f(#)=2sint belongs to L., since its

magnitude is bounded by 2 and I12sintll.= 2.

2. Suppose the vector function x(¢) has continuous and real-valued
components, i.e.

z: [a,b] — R

where [a, b] is a closed-interval on the real line R. We denote the set of such
functions x by "[a, b]. Then, let us define the real-valued function

Izl = supgega,p; Xt

where llx(2)ll is any previously defined norm of x(z) for a fixed ¢. It can be
verified that llx(.)ll is a norm on the set Z*[a, b] and may be used to compare
the size of such functions [Desoer and Vidyasagar 1975]. In fact, it is very
important to distinguish between llx(2)ll and llx(.)Il. The first is the norm of a
fixed vector for a particular time ¢ while the second is the norm of a time-
dependent vector. It is this second norm (which was introduced in definition
2.5.6) that we shall use when studying the stability of systems.

3. The vector f(t)=[e-e’-(1+t)*]" is a member of L3. On the other hand,
f(t)=[e*-e'-(1+£)"]"is a member of L3 and L3,
|

In some cases, we would like to deal with signals that are bounded for finite
times but may become unbounded as time goes to infinity. This leads us to
define the extended L, spaces. Thus consider the function

fr(t) = { fét) iii fg (2.5.1)

then, the extended L, space is defined by
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Lpe = {f(t): fr(t) € Lp}

where T<oo. We also define the norm on L,e as

NGzl = HFOliTe

Similar definitions are available for Ly and the interested reader is referred to
[Boyd and Barratt], [Desoer and Vidyasagar 1975].

EXAMPLE 2.5-7: Extended L, Spaces

The function f(t)=t belongs to L,, for any pe[1, »] but not to L,.
|
System Norms

We would like next to study the effect of a multi-input-multi-output (MIMO)
system on a multidimensional signal. In other words, what happens to a
time-varying vector #(t) as it passes through a MIMO system H? Let H be a
system with » inputs and / outputs, so that its output to the input #(2) is
given by

y(t)=(Hu)(t)

We say that H is L, stable if Hu belongs to L}, whenever u belongs to Lp* and
there exists finite constants y>0 and b such that

| Hullp < vllullp +b

If p=o0, the system is said to be bounded-input-bounded-output (BIBO) stable.

DEFINITION 2.5-7 The L, gain of the system H is denoted by v,(H) and is
the smallest y such that a finite b exists to verify the equation.

1Hull, < Allullp + b

Therefore, the gain vy, characterizes the amplification of the input signal as
it passes through the system. The following lemma characterizes the gains of
linear systems and may be found in [Boyd and Barratt].

LEMMA 2.5-2: Giuen the linear system H such that an input u(t) results in
an output y(t) = fo (t — T)u(r)dr and suppose H is BIBO
stable, then
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1. ~vp(H) is <|| h|l» Vpe€ [1,00]
2. veo(H) =[5~ | W) | dt
3. v (H) = mazyer || H{jw) ||< voo(H)

|
EXAMPLE 2.5-8: System Norms
1. Consider the system
1
H =
(8) = T3
so that the impulse response is
[ e ift>0
h(t)_{ 0 ift<0 (1)
Note that H(s) is BIBO stable. Then
Yoo (H) = 0.5
v2(H) = 0.5

2. Consider the system

1
H[-ﬁ_:' — li’+£,‘+;,l

M N
at kg, atiky,

where k, and k, are positive constants. The system is therefore BIBO stable.
Then
Yoo(H) = maz{l/k,, 4/ek,}

VIFk,

Y (H) = T

where e=2.7183 is the base of natural logarithms.
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|
This concludes our brief review of norms as they will be used in this book.

Inner Products

An inner product is an operation between two vectors of a vector space which
will allow us to define geometric concepts such as orthogonality and Fourier
series, etc. The following defines an inner product.

DEFINITION 2.5-8 An inner product defined over a vector space V is a
function <.,.> defined from V to F where F is either W or (T such that Vx, vy,
z, eV

1. <x, y>=<y, x>* where the <.,.>* denotes the complex conjugate.

2. <X, Y+T>=<X, Y>+<X, T>

3. <zyay>=a<z,y>, VaeF,

4

<x, x>>0 where the 0 occurs only for x=0y

|
EXAMPLE 2.5-9: Inner Products
The usual dot product in 9" is an inner product.
|
We can define a norm for any inner product by
lzl=vV<z,z>VzeV (2.5.2)

Therefore a norm is a more general concept: A vector space may have a norm
associated with it but not an inner product. The reverse however is not true.
Now, with the norm defined from the inner product, a complete vector space
in this norm (i.e. one in which every Cauchy sequence converges) is known as
a Hilbert Space

Matrix Properties

Some matrix properties play an important role in the study of the stability of
dynamical systems. The properties needed in this book are collected in this
section. We will assume that the readers are familiar with elementary
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DEFINITION 2.5-9 All matrices in this definition are square and real.

e DPositive Definite: A real nxn matrix A is positive definite if x™ Ax>0 for
all z € R™, x=0.

e DPositive Semidefinite: A real nxn matrix A is positive semidefinite if **

Ax20 for all z € ®™.

e Negative Definite: A real nxn matrix A is negative definite if x™ Ax<0 for
all z € £™, x#0.

e Negative Semidefinite: A real nxn matrix A is negative semidefinite if x”
Ax<0 for all z € R™.

o Indefinite: A is indefinite if x” Ax>0 for some © € R™ and x" Ax<0 for
other z € ™.

Note that

_r(A+AT)

5 r = 27 A,z

zTAz =

where A, is the symmetric part of A. Therefore, the test for the definiteness
of a matrix may be done by considering only the symmetric part of A.

THEOREM 2.5-1: Let A=[a;] be a symmetric nxn real matrix. As a result,
all eigenvalues of A are real. We then have the following

e Dositive Definite: A real nxn matrix A is positive definite if all its
eigenvalues are positive.

e DPositive semidefinite: A real nxn matrix A is positive definite if all its
eigenvalues are nonnegative.

e Negative Definite: A real nxn matrix A is negative definite if all its
eigenvalues are negative.

e Negative Semidefinite: A real nxn matrix A is negative semidefinite if all
its eigenvalues are non-positive.

e Indefinite: A real nxn matrix A is indefinite if some of its eigenvalues are
positive and some are negative.
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THEOREM 2.5-2: Rayleigh-Ritz Let A be a real, symmetric nxn positive-
definite matrix. Let \,,;, be the minimum eigenvalue and \,,,,, be the maximum
eigenvalue of A. Then, for any x € R",

Amin[Alllz]? < &TAz < AnaalA]llell*

THEOREM 2.5-3: Gerschgorin Let A=[a;] be a symmetric nxn real matrix.
Suppose that

n
Iaﬂ;l > Z laij| s foralli = 1,..,n; j =1
J=1

If all the diagonal elements are positive, i.e. a;>0, then the matrix A is positive
definite.

[ |
EXAMPLE 2.5-10: Positive Definite Matrics
Consider the matrix
4 -4
A= [ —2 6 ] (1
Its symmetric part is given by
4 -3
As = [ -3 6 ] (2)

This matrix is positive-definite since its eigenvalues are both positive (1.8377,
8.1623). Of course, Gershgorin’s theorem could have been used since the
diagonal elements of A, are all positive and

la1] = 4 lai2] = 3; |ag2] = 6 |an| = 3

On the other hand, consider a vector x=[x; x,/T and its 2-norm, then
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0.3944(zx? 4+ z2) < 42 - 6125 + 622 < 7.6056(22 + 22)

as a result of Rayleigh-Ritz theorem.

2.6 Stability Theory

The first stability concept we study, concerns the behavior of free systems, or
equivalently, that of forced systems with a given input. In other words, we
study the stability of an equilibrium point with respect to changes in the
initial conditions of the system. Before doing so however, we review some
basic definitions. These definitions will be stated in terms of continuous,
nonlinear systems with the understanding that discrete, nonlinear systems
admit similar results and linear systems are but a special case of nonlinear
systems.

Let x, be an equilibrium (or fixed) state of the free continuous-time, possibly
time-varying nonlinear system

z(t) = flz,1), (2.6.1)

i.e. f(x., t)=0, where x, f are nx1 vectors.

We will first review the stability of an equilibrium point x, with the
understanding that the stability of the state x(#) can always be obtained with
a translation of variables as discussed later. The stability definitions we use
can be found in [Khalil 2001], [Vidyasagar 1992].

DEFINITION 2.6-1 In all parts of this definition x, is an equilibrium point
at time ty, and |\l denote any function norm previously defined.

1. Stability: x, is stable in the sense of Lyapunov (SL) at t,, if starting
close enough to x, at t, the state will always stay close to x, at later
times. More precisely, x, is SL at t,, if for any given >0, there exists
a positive 8(g, t,) such that if

llzo — zell < d(e, to)

then
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Figure 2.6.1: (a) Stability of x, at #,; (b) Instability of x, at .

llz(t) —ze|]] < €; forallt > to

x, is stable in the sense of Lyapunov if it is stable for any given t,.
See Figure 2.6.1a.

2. Instability: x, is unstable in the sense of Lyapunov (UL), if no matter
how close to x, the state starts, it will not be confined to the vicinity
of x. at some later time. In other words, x, is unstable if it is not
stable at t,. See Figure 2.6.1b for an illustration.

3. Convergence: x, is convergent (C) at t,, if states starting close to x,
will eventually converge to x,. In other words, x, is convergent at t,
if for any positive there exists a positive 8,(t,) and a positive T(ey, X,
to) such that if
llxo — ze|| < d1(to)
then

llz(t) —zel| < e1; forallt > to + T(e1,o,%0)
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X, is convergent, if it is convergent for any t,. See Figure 2.6.2 for
illustration.

\/\m& .
: \ e \'\ﬂ
/ \

Figure 2.6.2: Convergence of x, at t,

4. Asymptotic Stability: x, is asymptotically stable (AS) at t, if states
starting sufficiently close to x, will stay close and will eventually
converge to it. More precisely, x, is AS at t, if it is both convergent
and stable at . x, is AS if it is AS for any t,. An illustration of an AS
equilibrium point is shown in Figure 2.6.3.

-\

Figure 2.6.3: Asymptotic stability of x, at ¢,

5. Global Asymptotic Stability: x, is globally asymptotically stable
(GAS) at t, if any initial state will stay close to x, and will eventually
converge to it. In other words, x, is GAS if it is stable at t,, and if
every x(t) converges to x, as time goes to infinity. x, is GAS if it is
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GAS for any ty and the system is said to be GAS in this case, since it
can only have one equilibrium point x,. See Figure 2.6.4.
|

EXAMPLE 2.6-1: Stability of Various Systems

1. Consider the scalar time-varying system given by

Y

Y= 1+

the solution of this equation for all 7=t is

The equilibrium point is located at x,=y,=0. Let us use the 1-norm
given by Iyl and suppose that our aim is to keep ly(z)l<e for all =1,
It can be seen that our objective is achieved if

€
1+t

ly(to)| = |zo] < 0 =

The origin is therefore a stable equilibrium point of this system.
This is further illustrated in Figure 2.6.5

2. The damped pendulum system has many equilibrium points as
described in Example 2.3.1. It can be shown that the equilibrium
point located at the origin of the state-space is unstable. This is
illustrated in Figure 2.6.6 where it is seen that no matter how close
to the origin the initial state is, the norm of x(#) can not be pre-
specified. On the other hand, note that the two equilibrium points
at [, 0] are stable.

AN AR
= N

Figure 2.6.4: Global asymptotic stability of x, at #,

to
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Figure 2.6.5: Time history for § = 13%.

3. The origin is an equilibrium point of the Van der Pol oscillator.
However, and as shown in Figure 2.6.7, it is an unstable equilibrium
point. In fact, suppose the following norm is used per definition
2.5.6, and let e21.Therefore, we would like

SUPtef0,00) \/ x3(t) +23(t) < 1

for all #>¢,. As can be seen from Figure 2.6.7, no matter how close to
the origin x, is, i.e. no matter how small § is, the trajectory will
eventually leave the ball of radius e=1.

4. The origin is a stable equilibrium point of the robot described in
Example 2.3.1 whenever the following choices are made

K,=diag(k,); K,=diag(k,)

where k,>0 and k,,>0 for all i=1,...n.

EXAMPLE 2.6-2: Stability versus Convergence

Consider the following system

2] = [

2
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Figure 2.6.6: Damped pendulum: (a)time history; (b) phase plane

There are 2 equilibrium points located at (0, 0) and (1, 0), both of which
are unstable (check!). On the other hand, (1, 0) is convergent since all
trajectories will eventually converge to it after some time T. Before T however,
there is no guarantee that a trajectory will stay within some € of (1, 0) no
matter how close the initial state is to (1, 0). In fact, suppose the system
starts at x(0), then the state-vector is given at any =0 by
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Figure 2.6.7: Van der Pol oscillator: (a) time history; (b) phase plane

[””1 (t)] - EUiCE
z2(t) 2arccot{cot(z2(0)/2) — /2]

See Figure 2.6.8 for illustration of the behavior of the state vector.
|

Note that stability and asymptotic stability are local concepts in the
sense that, if the initial perturbation § is too large, the subsequent states
x(t) may stray arbitrarily far from x,. There exists, therefore, a region
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Figure 2.6.8: Example 2.6.2 (a)time history; (b) phase plane

centered at x, and given by Rs(t) = {Zo: | 2o — e | < d2(to)} such that
both stability and asymptotic stability will result for any state starting in
Rs,(t,) = but not for states starting outside of it. This region is called the
domain of attraction of x,. The equilibrium state x, is GAS if Rs,(z5) = Rn.

Note also that all previous stability definitions depended on the initial
time 7, so that the region of attraction may vary with varying initial times. If
the system (2.6.1) were independent of time (or autonomous), then the
stability concepts in definition 2.6.1 are indeed independent of ¢, and they
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will be equivalent to the stability concepts defined next. On the other hand,
and even though the system (2.6.1) is time-dependent, we would like to have
its stability properties not depend on ¢, since that would later provide us
with a desired degree of robustness. This leads us to define the uniform
stability concepts [Khalil 2001].

DEFINITION 2.6-2 In all parts of this definition, x, is an equilibrium point
at time t,.

1. Uniform Stability: x, is uniformly stable (US) over [t,, o) if O(e, t,)in
definition 2.6.1 is independent of t,.

2. Uniform Convergence: x, is uniformly convergent (UC) over [t,, =) if
61(ty) and T(e;,xy, ty) of definition 2.6.1 can be chosen mdependent of
to.

3. Uniform Asymptotic Stability: x, is uniformly, asymptotically stable (UAS)
over [t,, =), if it is both US and UC.

4. Global Umform Asymptotic Stability: x, is globally, uniformly,
asymptotically stable (GUAS) if it is US, and UC.

5. Global Exponential Stability: x, is globally exponentially stable (GES) if
there exists a>0, and f§ 0 such that for all x,e R",

lz(t) = ze|| allzolle ™t s t > ¢,

Note that GES implies GUAS, and see Figure 2.6.9 for an illustration of
uniform stability concepts.

EXAMPLE 2.6-3: Uniform stability

1. Consider the damped Mathieu equation,

T = To
£y = —2g — (2+sint)z;

The origin is a US equilibrium point as shown in Figure 2.6.10

2. The scalar system
T = —zft

has an equilibrium point at the origin which is UC.
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Figure 2.6.9: (a) Uniform Stability of x,; (b) uniform convergence of x,; (c) uniform
asymptotic stability of x,; (d) global uniform asymptotic stability of x,

3. The origin is a UAS equilibrium point for
T = -zt
4. The system
i(t) = —22(t)
has an equilibrium point x,=0 which is GUAS.
5. Consider the system
i) = —(1+2%)z

the origin is then a GES equilibrium point since the solution is given by
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z(t) = a;oe_fot (1+2%(r))dr

so that
e (2)I<]xcole

See Figure 2.6.11, for an illustration of the time history of x(z).

18 . s A . L . L )
= o
x,(t)
(b}

Figure 2.6.10: Damped Mathieu equation: (a)time history; (b) phase plane
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Figure 2.6.11: Example 2.6.3e: (a)time history; (b) phase plane

In many cases, a bound on the size of the state is all that is required in terms
of stability. This is a less stringent requirement than Lyapunov stability. It is
instructive to study the subtle difference between the definition of
Boundedness below and that of Lyapunov stability in Definition 2.6.1.

DEFINITION 2.6-3

1. Boundedness: x, is bounded (B) at t, if states starting close to x, will
never get too far. In other words, x, is bounded at t, if for each 6>0 such
that

[lxo-x,l1<d

there exists a positive €, t))<eo such that for all t=t
llz(t) — ze|| e(r,t0)
x, is bounded if it is bounded for any t,.
2. Uniform Boundedness: x, is uniformly bounded (UB) over [t,, ) if
€(r, ty) can be made independent of t,.

3. Uniform Ultimate Boundedness: x, is said to be uniformly, ultimately
bounded (UUB), if states starting close to x, will eventually become
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bounded. More precisely, x, is UUB if for any 6>0, €>0, there exists a
finite time T(€,8) such that whenever llx,-xl1<8, the following is
satisfied

l|o(t) —ze|]| < €
for all 1=T(g,6).

4. Global Uniform Ultimate Boundedness: x, is said to be globally, uniformly,
ultimately bounded (GUUB) if for e>0, there exists a finite time T(e€)
such that

“z‘(t) -z < e

for all t=T(e) See Figure 2.6.12 for an illustration of the boundedness
stability concepts.

|
EXAMPLE 2.6-4: Boundedness

1. The second-order system given by

i?l = T2
. —_ . 2 -t
Ty = —xesin’t — (1+e ")z

has a uniformly bounded equilibrium point at the origin as shown in
Figure 2.6.13.

2. The second-order system given by

.’)31 = I

ii:z = —.’lI? - I1z9 + e‘t

has an UUB equilibrium point at x,=0, as shown in Figure 2.6.14.

Note that in general, we are interested in the stability of the motion x(z)
when the system is perturbed from its trajectory. In other words, how far
does x(?) get from its nominal trajectory if the initial state is perturbed?

This problem can always be reduced to the stability of the origin of a non-
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Figure 2.6.12: (a) Boundedness of x, at #y; (b) uniform boundedness of x,; (c) uniform
ultimate boundedness of x,; (d) global uniform boundedness of x,.

autonomous system by letting
2=X,-x(1)
and
t) = g(zt) = fz+x,t) - f(z,1)

and studying the stability of the equilibrium point z,=0.
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1.5

X and x{t)

-0.05

Figure 2.6.13: Example 2.6.4-a: (a)x;(0)=x,(0)=1 (b) x,(0)=x,(0)=0.1

EXAMPLE 2.6-5: Stability of the Origin

1. Consider the damped pendulum of Example 2.3.1a. Its equilibrium points

are at [nz 0]7, n=0, =1,.... The stability of these points can be studied
from the stability of the origin of the system

22
sin{z1) — sin(2y + 1) — k2o

2. Consider the rigid robot equations of Example 2.3.2, and assume
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x,fhanx

16 18 20

Figure 2.6.14: Example 2.6.4-b: (a)x;(0)=x,(0)=1 (b) x,(0)=x,(0)=1

that a desired trajectory is specified by

w0 = (5]

Therefore, we can define the new system by choosing z=x,-x so that

Ljd + Mfl(V+G)] * [—1\3‘1]7
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and verify that z,=0 is the desired equilibrium point of the modified system if
x.=x4 is the desired equilibrium trajectory of the robot.

2.7 Lyapunov Stability Theorems

Lyapunov stability theory deals with the behavior of unforced nonlinear
systems described by the differential equations

B(t) = flz(t), 8, t20, z€ R (2.7.1)

where without loss of generality, the origin is an equilibrium point of (2.7.1).
It may seem to the reader that such a theory is not needed since all we had
to do in the examples of the previous section is to solve the differential
equations, and study the time evolution of a norm of the state vector. There
are at least two reasons why Lyapunov theory is needed. The first is that
Lyapunov theory will allow us to determine the stability of a particular
equilibrium point without actually solving the differential equations. This,
as is well known to any student of nonlinear differential equations, is a
large saving. The second and related reason for using Lyapunov theory is
that it provides us with qualitative results to the stability questions, which
may be used in designing stabilizing controllers of nonlinear dynamical
systems.

We shall first assume that any necessary conditions for (2.7.1) to have a
unique solution are satisfied [Khalil 2001], [Vidyasagar 1992]. The unique
solution corresponding to x(y)=x, is x (%, ty, xo) and will be denoted simply as
x(t). Before we actually introduce Lyapunov’s theorems, we review certain
classes of functions which will simplify the statement of Lyapunov theorems.

Functions of Class K

Consider a continuous function o:R—N
DEFINITION 2.7-1 We say that a belongs to class K, if
1. o0)=0

2. o(x)>0, for all x>0
3.  ois nondecreasing, i.e. ox,)=0(x,) for all x;>x,.
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EXAMPLE 2.7-1: Class K Functions

The function a(x)=x?is a class K function. The function o(x)=x>+1 is not a
class K function because (1) fails. On the other hand, ¢(x)=-x? is not a class
K function because (2) and (3) fail.

DEFINITION 2.7-2 In the following, R*=[0,c0).

1. Locally Positive Definite: A continuous function V:R*xR"—R is locally
positive definite (l.p.d) if there exists a class K function a(.) and a
neighborbood N of the origin of R"such that

Vit, x)=ollxl)
for all t=0, and all xe N.

2. DPositive Definite: The function V is said to be positive definite (p.d) if
N=R"
3. Negative and Local Negative Definite: We say that V is (locally) negative
definite (n.d) if -V is (locally) positive definite.
|

EXAMPLE 2.7-2: Locally Positive Definite Functions

[Vidyasagar 1992] The function V(t,z) = z? + cos®(z2)is l.p.d but not
p.d, since V(t, x)=0 at x=(0, ©/2). On the other hand, V(t,z) = e~*(z? + z2)
is not even Lp.d because V(t, x)—>0 as t—oo for any x. The function
V(t,x) = (1+t)(z? + z3) is p.d.

|

DEFINITION 2.7-3

In the following, Rt = [0, c0)

1. Locally Decrescent: A continuous functionV : ®*+ x R* — Ris locally
decrescent if There exists a class K function [§(.) and a neighborhood N
of the origin of R™ such that

Vit, x)=[(llxll)

for all t=0 and all xe N.
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2. Decrescent: We say that V is decrescent if N=R".

EXAMPLE 2.7-3: Decrescent Functions

[Vidyasagar 1992] The function V (t,z) = e[z} + sin®(22)] is locally but
not globally decrescent. On the other hand, V (¢, z) = e~![x? + z3]is globally
decrescent.

DEFINITION 2.7-4 Given a continuously differentiate function V: R xXR"—
R together with a system of differential equations (2.7.1), the derivative of V
along (2.7.1) is defined as a function V: R’xR"—R given by

Vit) = dVC(;;,z) _ BV(‘(;,:B) + [OVa(i,x)]Tf(t’x)

EXAMPLE 2.7-4: Lyapunov Functions

Consider the function V(¢,z) = e7*[z? + z4] of Example 2.7.3 and assume
given a system

1 _ 2
Sk z%]
T -

Then, the derivative of V(z, x) along this system is

V(t,z) = -2 (a? + 23)

Lyapunov Theorems

We are now ready to state Lyapunov Theorems, which we group in Theorem
2.7.1. For the proof, see [Khalil 2001], [Vidyasagar 1992].

THEOREM 2.7-1: Lyapunov
Given the nonlinear system

g = ft,z); z(0) = =z
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with an equilibrium point at the origin, i.e. f(t, 0)=0, and let N be a
neighborhood of the origin of size €. e.

N = {z; ||zl <€}
Then

1. Stability: The origin is stable in the sense of Lyapunov, if for xe N, there
exists a scalar function V(t, x) with continuous partial derivative such
that

(a) V(t, x) is positive definite
(b) V is negative semi-definite

2. Uniform Stability: The origin is uniformly stable if in addition to (a) and
(b) V(t, x) is decrescent for xe N.

3. Asymptotic Stability: The origin is asymptotically stable if V(t, x) satisfies
(a) and is negative definite for xe N.

4. Global Asymptotic Stability: The origin is globally, asymptotically stable
if V(t, x) verifies (a), and V(t, x) is negative definite for all xe R" i.e. if
N=R".

5. Uniform Asymptotic Stability: The origin is UAS if V(t, x) satisfies (a),
V(t, x) is decrescent, and V(t,x) is negative definite for xe N.

6. Global Uniform Asymptotic Stability: The origin is GUAS if N=R", and
if V(t, x) satisfies (a), V(t,x) is decrescent, V(t,x) is negative definite and
V(t, x) is radially unbounded, i.e. if it goes to infinity uniformly in time
as llxll—eo.

7. Exponential Stability: The origin is exponentially stable if there exists
positive constants o, [S, y such that

allz|P<V(t2) <Bllz|? and V(t,e) < -y 2 |* Vo€ N.

8. Global Exponential Stability: The origin is globally exponential stable if
it is exponentially stable for all xe R".
|

The function V(t, x) in the theorem is called a Lyapunov function. Note that
the theorem provides sufficient conditions for the stability of the origin and
that the inability to provide a Lyapunov function candidate has no indication
on the stability of the origin for a particular system.
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EXAMPLE 2.7-5: Stability via Lyapunov Functions
1. Consider the system described by

i:l = Iy
Ty = —(t+0.5).’l:2 - e‘txl

and choose a Lyapunov function candidate
Vt,z) = 22 + 22
Then the origin may be shown to be a stable equilibrium point.

2. Consider the Mathieu equation described in Example 2.6.3. Let the
Lyapunov function candidate be given by

o3

—- 2
Vite) = o1 + 5ram

The origin is then shown to be a US equilibrium point.

3. The system given in Example 2.6.3-5, has a GES equilibrium point at
the origin. This may be shown by considering a Lyapunov function
candidate

V(x)=x>
which leads to
V(z) = —z?(1+2?)
Then,
0.5x°=V(x)=2x>

and

V(r) < —z°

The above inequalities hold for any xe R".
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4. Let
(i'l = —171—6_2"'1'2

Iy = 1 — I
and pick a Lyapunov function candidate
V(t,z) = 27 + (1+e )zl
so that

V = =20} + zi2s + (1 + ¢72)23] < —2[a} + 2172 + 23]

= —(x; +29)% - (:cf + w%)

so that the origin is SL.
|

Lyapunov Theorems may be used to design controllers that will stabilize a
nonlinear system such as a robot. In fact, if one chooses a Lyapunov function
candidate V(z, x), then finding its total derivative V(z, x) will exhibit an
explicit dependence on the control signal. By choosing the control signal to
make V(t, x) negative definite, stability of the closed-loop system is
guaranteed. Unfortunately, it is not always easy to guarantee the global
asymptotic stability of an equilibrium point using Lyapunov Theorem. This
is due to the fact, that V(t, x) may be shown to be negative but not necessarily
negative-definite. If the open-loop system were autonomous, Lyapunov theory
is greatly simplified as shown in the next section.

The Autonomous Case

Suppose the open-loop system is not autonomous, i.e. is not explicitly
dependent on ¢, then a time-independent Lyapunov function candidate V(x)
may be obtained and the positive definite conditions are greatly simplified as
described next.

LEMMA 2.7-1: A time invariant continuous function V(x) is positive definite
if V(0)=0 and V(x)>0 for x#0. It is locally positive definite if the above holds
in a neighborhood of the origin |

Note that the condition that V(0)=0 is not necessary and that as long as
V(0) is bounded above the Lyapunov results hold without modification.
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With the above simplification, the Lyapunov results hold except that no
distinction is made between uniform and regular stability results.

EXAMPLE 2.7-6: Uniform Stability via Lyapunov Functions
Consider again the damped pendulum described by

g(t) + 6 +sind =0

and obtain a state-space by choosing x,=6 and z5 = 8 then a Lyapunov
function candidate is

22
V(z) =(1—cosz )+ -23

so that V = —z2 < 0 and the origin is SL and actually USL.

EXAMPLE 2.7-7: Uniform Stability via Lyapunov Functions
This example illustrates the local asymptotic, uniform stability of the origin

for the system

ii?] = (l)](fl‘% +Z’% - 2) - 427117% (1)
To = 417% +.’l:2(.'13% +:L‘g - 2)

Choose V(z) = 22 + 22 then
V(z) =2z} + 23)((=} + 23 - 2)

which is strictly less than zero for all 2 + 7% < 2.
|

Sometimes, and although V(x) is only non-positive, LaSalle’s theorem
[LaSale and Lefschetz 1961], [Khalil 2001] may be used to guarantee the
global asymptotic stability of the equilibrium point as described in the
next theorem.
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THEOREM 2.7-2: LaSalle
Given the autonomous nonlinear system

¢ = f(x); z(0) = 2o
and let the origin be an equilibrium point. Then,

1. Asymptotic Stability: Suppose a Lyapunov function V(x) has been found
such that for x € N C R® V(x)>0 and V(x) <0 Then the origin is
asymptotically stable if and only if V (z) = 0 only at x=0.

2. Global Asymptotic Stability: The origin is GAS if N = R™ above and
Vi(x) is radially unbounded.

|

Unfortunately, in many applications with time-varying trajectories, the open-
loop systems are not autonomous, and more advanced results such as the
ones described later will be called upon to show global asymptotic stability.

EXAMPLE 2.7-8: LaSalle Theorem

Consider the autonomous system

i‘1=$2

o —a?

Tz = —— — T2 t 1
T2

The origin is an equilibrium point. Moreover, consider a Lyapunov function
candidate

V(z) = 2% + 22
Leading to
Vig) = —2(z1-23)* <0
Since V(z) = 0 for all x,=x,, we need to check whether the origin is the only
point where V() = 0 It can be seen from the state equation that x,=x, can

only happen at the origin, therefore the origin is GAS.
|
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Note that LaSalle’s theorem is actually more general than we have
described. In fact, it can be used to ascertain the stability of sets rather than
just an equilibrium point. The basic idea is that since V(x) is lower bounded
V(x)>c, then the derivative V has to gradually vanish, and that the trajectory
is eventually confined to the set where V=0. The following definitions is
useful in explaining the more general LaSalle’s theorem.

DEFINITION 2.7-5 A set G is said to be an invariant set of a dynamical
system if every trajectory which starts in G remains in G. |

As examples of invariant sets, we can give the whole state-space, an
equilibrium point and a limit cycle. By using this concept, LaSalle was able
to describe the convergence to sets rather than to just equilibrium points.
For example, we can use this result to show that the limit cycle is a stable
attracting set of the Van der Pol oscillator.

The Linear Time-Invariant Case

In the case where the system under consideration is linear and time-invariant,
Lyapunov theory is well developed and the choice of a Lyapunov function is
simple. In fact, in this case, the various stability concepts in definitions 2.6.1
are identical. Lyapunov theory then provides necessary as well as sufficient
conditions for stability as discussed in this section. For the proofs consult
[Khalil 2001].

THEOREM 2.7-3: Given a linear time-invariant system
#(t) = Az(t)

The system is stable if and only if there exists a positive definite solution P to
the equation

ATP+PA=-Q
where Q is an arbitrary positive-definite matrix. |

Note that the stability of the whole system was obtained in the last theorem
since in this case, the origin is the unique equilibrium point and its stability is
equivalent to the system being stable. In addition, no reference was made to
what kind of stability is implied since all stability concepts are equivalent in
the very special case of linear, time-invariant systems [Khalil 2001]. Also
note that this result is equivalent to testing that all eigenvalues of A have
negative real parts [Kailath 1980]. In the following, we include a table
summarizing Lyapunov Stability theorems.
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Lyapunov Stability Theorems

1. Autonomous Systems: & = f(z), such that

e The origin is an equilibrium point.
e ThesetB, ={z€R™; |z||<r}
e There exists V(x) continuous, continuously differentiate, V(0)=0

i V(z) V(z)=VV(z)a Lyapunov Stability
>0, Vrx€ B, <0, Vz € B, Uniformly Stable (US)
>0, Vz € B, <0, Vz € B, | Asymptotically US (AUS)
>0, Vze R,

V() s oc0as jz|| 200 | <0, VZER" Globally UAS (GUAS)

2. Non-autonomous Systems: x=f(t, x), such that
e The origin is an equilibrium point at #=#,.
e Theset B, = {z € ®*; |z|]| <r}
e There exists V(t, x) continuous, continuously differentiate in ¢ and
x, V(t, 0)=0
o ofllxll), B(lxll), and y(llxll) class K functions.

V(t,z) V(z) = 2282 L YV(t,2)¢ | Lyapunov
Stability
> af||lz|l), Vz € B, <0, Vz € B, S at to
Alle) > V(5,2) > alliz,
Yz € B, <0, Vz € B, Us
> a(|z]]), Vz € B, < —=([|z]l), Vz € B, AS at to
Bl=ll) > V¢, z) > a(ll=l)),
Vz € B, < =¥{||z||), Vz € B, UAS
Blli=ll) 2 V(t, 1=) 2 a(ll=l)),
Vz € R < -y(lI=ll), Vze®R* GUAS
V(t,z) = co as [|z:|| —$ 00

Lyapunov Theorems may be used to design controllers that can stabilize
linear time-invariant systems as described in the next example.
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EXAMPLE 2.7-9: Stability of PD Controllers for Rigid Robots

Consider the rigid robot example and the torque input of Example 2.3.2.
The resulting linear system is given by

o _[o 1
T = -k K, 7

The equilibrium point is x,=[07 07]". It is then easy to find K, and K, to
stabilize the equilibrium point. In fact, let O=I and consider the Lyapunov
equation of theorem 2.7.3

ATP+PA=-1
which reduces to

KIPl + RK, = I
KI'PT + BBK, = I + P, + PJ
P, = PK, + KIPs

where

o _ [P P
£ = d[PzT Pa]

The solution of these equations will provide a stabilizing controller for the
robot. In particular, the choices of K, and K, of Example 2.6.3(part §) will
make the origin a GES equilibrium.

|

Convergence Rate

Although Lyapunov stability theory does not directly give an indication of
the transient behavior of the system, it may actually be used to estimate the
convergence rate for linear systems. In order to see this, consider the following
inequalities which are a result of Rayleigh-Ritz theorem 2.5.2,

X Nin(P)x=x" Px=x" Aypor(P)x (2.7.2)
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then, note
V=-2"Qz < —Anin(Qs"z (2.7.3)
< —Amin(@eTa3e=)
S

Now, we can show by separation of variables and integrating that

X™N,in(P)x=V(t)=V(0)e™ (2.7.4)
or that
V() _
2< ~t
Iz [lz< Yoo (P)° (2.7.5)

Therefore, x(t) is approaching the origin at rate faster than y/2. In fact, it
can be shown that the fastest convergence rate estimate is obtained when

O-=I.

Krasovskii Theorem

There are some cases when a Lyapunov function for autonomous nonlinear
systems is easily obtained using Krasovkii’s theorem stated below.

THEOREM 2.7-4: Consider the autonomous nonlinear system x=f(x) with
the origin being an equilibrium point. Let A(x)=0f/ox. Then, a sufficient
condition for the origin to be AS is that there exists 2 symmetric positive-
definite matrices, P and Q such that for all x#0, the matrix

F(x)=A(x)"P+PA(x)+Q (1)

is =0 in some ball B about the origin. The function V(x)=f(x)"Pf(x) is then a
Lyapunov function for the system. If B=R™ and if V(x) is radially unbounded
then the system is GAS.
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EXAMPLE 2.7-10: Krasovkii’s Theorem

Consider the nonlinear system described by

f(z1) + g(z2)
T + axs

I

T

where f(0)=g(0)=0. Let us find the Jacobian matrix

Let P=I, O=¢l and check the conditions on the system which would look
like

4911 a4

T2

d
l2£%+6 ;§+1]

which should be =0.

On the other hand, suppose we have the linear time-invariant system

T = Az + Bu; z(0) = =z
y = Cz

The transfer function is then given by
P(s)=C(sI-A)"1B

Note that P(s) is strictly-proper. The following stability result then holds
[Desoer and Vidyasagar 1975].

THEOREM 2.7-5: Suppose P(s) is a stable transfer function then

1. Ifu(t)eL. i.e. u(t) is bounded, then so is y(t) and y(t).
2. Iflim,_.. u(t)=0 then lim,,.. y(t)=0.



80 Introduction to Control Theory

3. Ifu(t)eL,, thenlims_,o y(t) =0.

EXAMPLE 2.7-11: Input/Output Stability of Rigid Robots

Consider the closed-loop robot of Example 2.7.9. Its input/output behavior
is described by a set of n decoupled differential equations

é?i + km“j + kpiq = “s';?: = 13 2) yeeey T

If 7= —-Kyqg—Kpg+V +G+u Then the transfer function between each
Ui(s) and Qj(s) is

Qi(s) _ 5y _ 1
Ui~ i) = T s T pi

Note that all P,(s) are stable if k,, and k,; are both positive. Assume for the
purposes of illustration that k,,=3 and k,=2, and that #;=sin (t). Note that u;
is bounded and let us find the output y,(z).

yi(t)=-0.2¢'+0.5¢"-0.32 cos(#+0.32)
which is bounded above by 0.62 and below by -0.02. The derivative of y(z)
is also bounded. On the other hand, suppose the input is ;(2)=¢™ then the
output is

vi(t)=0.5¢"-e-*+0.5¢3

Since lim,_,.. u;(t)=0, then so is lim,_,.. y,(t)=0.

2.8 Input/Output Stability

When dealing with nonlinear systems, stability in the sense of Lyapunov
does not necessarily imply that a bounded input will result in a bounded
output. This fact is shown in the next example.
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EXAMPLE 2.8-1: Input/Output Versus Lyapunov Stability

Consider the time-varying system

i + 22 = u

The system is asymptotically stable with a single equilibrium point at y,=0.
On the other hand, a unit step input (which is definitely bounded) starting at
t=0 will lead to the response

ue) = 5

which grows unbounded as ¢ increases.
|

Therefore, we need to discuss the conditions under which a bounded input
will result in a bounded output [Boyd and Barratt], [Desoer and Vidyasagar
1975]. This was actually presented when discussing the system-induced
norms (see Definition 2.5.7) and the current discussion should serve to
contrast these concepts with Lyapunov stability. Consider the nonlinear
system

i) = flz(t), t, w(t)]; z(to) = o (2.8.1)
y(t)=glx(t), t, u(t)] 2.8.2

DEFINITION 2.8-1 The dynamical system (2.8.1) is bounded-input-
bounded-output (BIBO) stable if for any

lloe(P)|=M<8
there exist finite v>0 and b such that

lly () ll<yM+b
|

Note that BIBO stability implies the uniform boundedness of all equilibrium
states.
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EXAMPLE 2.8-2: BIBO Stability

Consider the system

y(t)=u’(t)

It is BIBO stable since for any input #(#) such that lu(z)l<M<eo, the output is
bounded by M2.
[ |

2.9 Advanced Stability Results

In this section we review some advanced stability concepts. These results
will be used in showing the closed-loop stability of systems when robust or
adaptive controllers are used. If the reader is only interested in implementing
these controllers, this section may be skipped. On the other hand, anyone
interested in designing new controllers should be aware of the results presented
here.

Passive Systems

Given a nonlinear system shown in Figure 2.9.1, we are interested in studying
the stability of such a system based on input-output measurements only.
Motivated by energy concepts in network theory, such as

% [Stored Energy|=[External Power Input]+|Internal power Generation]

One can study the internal stability of all kinds of systems. In general,
the external power input is the scalar product y'u of an input effort or
flow u and an output flow or effort y. The last equation then takes on the
form

V= yTu —g(t) (2.9.1)

In many cases (e.g. isolated system) g(#)=0 and one can use the stored
Energy

V() = ]0 YT (r)u(r)dr (2.9.2)
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u(t) y(?)

H()

Figure 2.9.1: Input-output description of nonlinear system

as a Lyapunov function candidate.

The passivity of nonlinear systems was defined as follows [Narendra and
Taylor 1973], [Ortega et al. 1998].
DEFINITION 2.9-1 Counsider the system shown in Figure 2.9.1 and assume
that it has the same number of inputs and outputs i.e. u(t) and y(t) have the

same dimension.

1. Passivity: The system is said to be passive if
T
f v (But)dt > vy
0

for all finite T>0 and some y>-.

2. Strict Passivity: The system is said to be strictly passive if there exists a
0>0 and y>-o such that

T T
/ yT (tyu(tydt > § / uT (t)ut)dt + v
0 0

for all finite T>0.

EXAMPLE 2.9-1: Passivity of Rigid Robots

Consider again the robot equation

Mg + V(g,q) + Glg) =7
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Suppose the robot is representing a system whose input is 7 and whose
output is the joint velocity g. Let the sum of the kinetic energy and potential
energy of the robot be denote by the Hamiltonian H and recall [Ortega and
Spong 1988]

dH T
@ =0T

then

[ @row = Ho)-HO) > -HO
0

which proves that from 7 to g, the rigid robot is a passive system.

A passive system is in effect one that does not create energy.

Positive-Real Systems

If the system under consideration is linear and time-invariant, then passivity
is equivalent to positivity and may be tested in the frequency domain
[Narendra and Taylor 1973]. In fact, let us describe positive-real systems
and discuss some of their properties. Consider the multi-input-multi-output
linear time-invariant system

& = Ar + Bu
y = Cz + Du

where x is an 7 vector, # is an m vector, y is a p vector, A, B, C, and D are of
the appropriate dimensions. The corresponding transfer function matrix is

P(s)=C(sI-A)'B+D

We will assume that the system has an equal number of inputs and outputs,
i.e. p=m. To simplify our notation we will denote the Hermitian part of a
real, rational transfer matrix T(s) by He[T'(s)] = %[T(s) +T7(s*)] where s*
is the complex conjugate of s. A number of definitions have been given for
SPR functions and matrices [Narendra and Taylor 1973]. It appears that the
most useful definition for control applications is the following.

DEFINITION 2.9-2 An mxm matrix T(s) of proper real rational functions
which is not identically zero is positive-real or PR if
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~

All elements of T(s) have no poles in the region Re(s)>0,

2. Anypoles of T(s) on the jw axis are simple with positive-definite residues,
and

3. The matrix He[T(s)] is positive semidefinite for Re(s)>0.

[ |

EXAMPLE 2.9-2: PR Matrices

Consider the matrix

1/(s+1) 2/s

TG = 1771 7 +1)/(s+2)

This matrix is PR as can be checked.

DEFINITION 2.9-3 An mxm matrix T(s) of proper real rational functions
which is not identically zero is strictly-positive-real or SPR if

1. All elements of T(s) have no poles in the region Re(s)=0, and
2. The matrix He[T(s)] is positive definite for Re(s)>0.

|
EXAMPLE 2.9-3: SPR Matrices
Consider the matrix
_ {1/(s+1) 2/(s+3)
T@ = 1" 7 ¥ 1)/(s+2)
This matrix is SPR as can be checked.
|

Lure’s Problem

Consider the following feedback interconnected system

£(t) = Az(t)+ Bu(t)
y(t) = Cz(t) + Du(?) (2.9.3)
u(t) = -—olt,y(t)
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where ¢ is continuous in both arguments. Lure then stated the following
Absolute Stability problem which became known as Lure’s Problem: Suppose
the system described by the above equations is given where:

1. All eigenvalues of A have negative real parts or that A has one eigen-
value at the origin while the rest of them is in the open left-half plane
(OLHP), and

2. (A, b) is controllable, and
(c, A) is observable, and
4. The nonlinearity ¢(.,.) satisfies

(O8]

(a) ¢(,0)=0;Vt=0 and
(b) yo[t,y(t)] >0; Vye R, Vt>0

Then, find conditions on the linear system (A, B, C, D) such that x=0 is a
GAS equilibrium point of the closed-loop system.

Note that sometimes when we know more about the nonlinearity ¢, the
last condition above is replaced by the following:

kiy? < ydlt,y(t)] < koy® ; Yy ER, V>0

where k,=k,;=0 are constants. We then say that ¢ belongs to the sector
[Ry, k).

The first attempt to solve this problem was made by Aizerman in what is
now known as Aizerman’s conjecture |[Vidyasagar 1992] followed by the
efforts of Kalman [Vidyasagar 1992]. The correct solution however, was not
available until the

In order to present the correct results, we need to present the KY and
MKY lemmas.

The MKY Lemma

The following lemmas are versions of the Meyer-Kalman-Yakubovich
(MKY) lemma which appears in [Narendra and Taylor 1973], [Khalil 2001]
amongst other places, and will be useful in designing adaptive controllers
for robots.

LEMMA 2.9-1: Meyer-Kalman-Yakubovitch Let the system (2.9.3) with
D=0 be controllable. Then the transfer function c(sI-A)'b is SPR if and

only if
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1. For any symmetric, positive-definite Q, there exists a symmetric, positive-
definite P solution of the Lyapunov equation

ATP+PA=-Q
2. The matrices B and C satisfy
C=BTP
|

The MKY Lemma gives conditions under which a transfer matrix has a
degree of robustness. Note that the conditions depend on both the input and
output matrices and thus a particular system may be SPR for a certain choice
of input/output pairs and not SPR for others. A modified version of the KY
lemma which relaxes the condition of controllability is given next.

LEMMA 2.9-2: Meyer-Kalman-Yakubovitch Given vector b, an
asymptotically stable A, a real vector v, scalars =0 and >0, and a positive-
definite matrix Q, then, there exist a vector q and a symmetric positive definite
P such that

1.
ATP+ PA=—qq" - Q
2.
oTP = o +/7¢"
if and only if

1. is small enough and,

2. the transfer function y2+v"(sI-A)'b is SPR
|

In most of our applications, g=0. These lemmas find many applications in
nonlinear systems. It is usually possible to divide a nonlinear system into a
linear feed-forward subsystem, and a nonlinear, passive feedback. The
challenge is then to make the linear subsystem SPR so that the stability of the
combined system is guaranteed.
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REVER 1 | By ¥1
e .
+
v2 - e N+ 2

Figure 2.9.2: Feedback interconnection of two nonlinear systems.

2.10 Useful Theorems and Lemmas

Consider the block diagram shown in Figure 2.9.2. The blocks labelled H,
and H, represent two systems (linear or nonlinear) which operate on the
inputs e; and e, as follows

yi=Hie;=H,(us-y,)
yo=H,e,-H, (uy+y1)

Let H, be an mxp matrix function, and H, be a pxm matrix function.
Therefore, #, and y, are px11 vectors, while #, and y, are mx11 vectors. The
first theorem gives sufficient conditions to guarantee that the closed-loop
system shown in Figure 2.9.2 is BIBO stable and is given in [Desoer and
Vidyasagar 1975].

Small-Gain Theorem

THEOREM 2.10-1: Small gain Theorem Let H:L¥, — LT} and H,:

L, — LE,. Therefore H, and H, satisfy the inequalities

A

[[(Hie)7l|l < mllerll + B1; m>0, fLeR

A

[(Hze2)7ll < malleer|l + B2572>0, B2 €R
for all Te [0,00) and suppose that uy € L&, ug € L. If

Ny <1
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Then e, y,,€ L%, and y;, e3 € L2,. [ ]

Basically, the small-gain theorem states that a feedback interconnection
of two systems is BIBO stable if the loop-gain is less than unity. In other
words, if a signal traverses the feedback-loop and decreases in magnitude
then the closed-loop system can not go unstable.

EXAMPLE 2.10-1: Applications of Small-Gain Theorem

Let the feedback connection of Figure 2.9.2 be such that

0.5
s+1

Yl (3) = El (3)

y2(t) = Vlext)|

Then, we can show that

11=0.5; f8,=0

Y2:1; /3221.

Since Y,7,=0.5<1, the feedback connection is BIBO stable.
|

The next theorem provides a test for the stability of a nonlinear system based
on the stability of its linear part. In fact, a certain degree of robustness is
achieved if the linear system is exponentially stable as described in [Anderson
et al. 1986].

Total Stability Theorem

THEOREM 2.10-2: Total Stability Consider the state-space system
described by

T = Alt)z + f(t,z) + g(t,z); z(0) = =
where

1. The system & = A(t)x is exponentially stable i.e. there are some a>0
and K=1, such that

llx(t)ll= Ke; t=0
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2. flt, 0)=0 i.e. the origin is an equilibrium point of f(t, x)
3. WA, x)-f(g, x)I=Lllx,-2,l, for some 5,50

4. lg(t, x JI=L,r, for some f3,50

5. g(, x1)-g(t, x2) =L llxi-x,l

6. |lzoll<r/K , CrtBK

Then, there exists a unique solution x(t) to 1.5.5 and

Kj,

< KelBriK—a)t
lae)l] < Ke@E=jeo + L2z

[l - elBK=0] <

The total stability theorem will be used to design controllers that will
make the linear part of the system exponentially stable. In effect, this
theorem guarantees that if the linear part of the system is “very” stable
(exponentially stable), the destabilizing effect of the bounded
nonlinearities may not be sufficient to destabilize the system and the state
will remain bounded.

EXAMPLE 2.10-2: Total Stability

Consider the nonlinear system

i(t) = —2a(t) + —% +1

Let Ixol<1, and note the following
Kzl, (1:2.; /3120.5; /3)221.

Note first that all conditions of the theorem are satisfied, then there exists a
unique solution x(¢) which is bounded by

2] < eFtlaol + 01—
|

A version of the Bellman-Gronwall lemma is proved in [Sastry and Bodson
1989] and is presented next.
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LEMMA 2.10-1: Bellman-Gronwall Let x(.), a(.), b(.): [0, 8) — [0, 8), and
T=0. Suppose that for all te [0,T], the following inequality holds

z(t) < [ t a(r)z(r)dr + b(t)
0
Then for all te [0,T]
t t
z(t) < f [a(r)b(r)elr *()))dr + b(t)
0

If b(t) is further a constant, the following holds

() < belo a(0)d

EXAMPLE 2.10-3: Bellman-Gronwall Lemma Example
Consider a LTT system given by

t = Ar + Bu

and assume that A is a stable matrix. Then the solution of the state equation
is given by

t
z(t) = e?tz(0) + / eAt=7) Bu(r)dr
0
or
t
e~ 4iz(t) = z(0) + / e~ 4" Bu(t)dr
0
which, when taking the norm of each side becomes

lle=#z(@)|| < [lz(O)| +/ lle= 47|11 BI|.lu()l|dr
0

We can then use the Bellman-Gronwall lemma by letting a(7) =||
Bj|.|lu(7) || and b(t) = ||z(0)|], to obtain
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lle=#z@®)l| < [lz(0)llefo 1Bl

or finally

llz@)|l < lle?]].]|z(0)]|efo NBIMIu(lido
[ |

The next Lemma may be used in the case of non-autonomous systems and
leads to results similar to LaSalle’s theorem. For a proof see for example
[Khalil 2001]

LEMMA 2.10-2: Barbalat Let f(t) be a differentiate function of t.

e First Version: If f(t) = df/dt is uniformly continuous and
lzmt_,oof(t) =k < 00, then lzmt_,oof(t) =0 .
e Second Version: If f(t)=0, f(t) < 0 and f(t) bounded, then
limt—)oof(t) =0
|

EXAMPLE 2.10-4: Barbalat Lemma Example

1. Consider f(t)=e'+1, then dot f(t)=-e* which is uniformly continuous. On
the other hand lim,_,.(e*+1)=1 therefore lim;_, f(t) = 0.
2. Asa second example, consider f(t)=1/(1+t), with #>0. Using the second
version of Barbalat’s lemma, we can show that lim;_, f(¢) = 0.
|

LEMMA 2.10-3: Consider the quadratic equation
P(z) = az’ + bz +c
where a, b, and c are positive constants. Then P(x)<0 if
b> 2\/ac

for all x,<x<x, where

oo b= VB —dac b+ VB —dac
1=—F—, I3 = ———(————
2a 2a
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THEOREM 2.10-3: Let V(x) be a Lyapunov function of a continuous-time
system that satisfies the following properties:

Mllzll? < V() < ozl
Viz) < 0 7y <2<
z(0) = 0
then x(t) is uniformlt bounded [ |

THEOREM 2.10-4: Let V(x) be a Lyapunov function of a continuous-time
system that satisfies the following properties:

n(llzll) < V(z) < n(lzl)
V(z) < =(llzll) + vs(n)

where 1 is a positive constant, Y, and Y, are continuous, strictly increasing
functions, and v is a continuous, nondecreasing function. Then, if

V(z) <0, for|lz(®)||>n

x(t) is uniformly ultimately bounded. In addition, if x(0)=0, x(t) is uniformly
bounded. [ ]

2.11 Linear Controller Design

The purpose of control design is to make the robot respond in a predictable
and desirable fashion to a set of input signals. In this section we review how
a linear controller may be designed in order that the behavior of the robot-
controller combination is acceptable. It seems obvious that the firs requirement
on the robot-controller is its stability. Therefore, the first function of the
controller is to stabilize the robot when it is moving in space. In fact, we can
now pose the problem we wish to solve:
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Linear Control Design Problem: Consider a LTI system. Design a feedback
controller that operates on the output y(¢) without differentiation, and
generates an input #() so that the system goes from any initial state x(0) to
a specified desired final state x, in some finite time. This problem has 2 parts
to 1t:

1. Controllability: Can the problem be solved if y=x?
2. Observability: If so, how do I get x from y?

In the next section we introduce these concepts and find tests that will allow
us to answer the questions posed. Given is a MIMO LTT system

.
—_—
g
S
|

Az(t) + Bu(t); z(0) = zo

Cz(t) + Du(t) (2.11.1)

<=

o~
o+

g
|

where z € R", w € R™, y € RP and A, B, C, D are of the appropriate
dimensions.

DEFINITION 2.11-1 A state x, is controllable if there exists an input u(z),
for 0=t=t, such that x(#,)=0, for some finite #,. The system itself is said to be
controllable if all zo € R™ are controllable. [ ]

Note that the input #(t) is not a feedback function of the state x(z). Let us
recall the solution of the differential equation given by

t
.'.C(t) = B:Ep(At){r.g + / eA(tﬁf)BU(T)df
0

and evaluate it at #, assuming that x, is controllable so that x(#,)=0 to
obtain

ty
T = —/ e~ 4" Bu(r)dr (2.11.2)
0

Therefore, if x, is controllable, it has to satisfy the last equation. This however
is not an easy test. Fortunately, we have a much simpler test given in the
following theorem.

THEOREM 2.11-1: A necessary and sufficient condition for the complete
controllability of the LTI systems is that, The nxnm matrix
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C=[B AB A’B --- A"'B] (1)

is full rank, i. e. rankC=n
|

Next, We show that controllability is sufficient to stabilize the system
(2.11.1) by placing the eigenvalues of the A matrix

THEOREM 2.11-2: Let (A, b) be controllable. Then, there exists a constant
gain matrix K such that u=-Kx+v will place the eigenvalues of A-bk anywhere
in the s plane. |

The state-feedback gain needed to place the eigenvalues may be found in
the single-input case using Ackermann’s formula (see for example [Antsaklis

and Michel 1997]). Assume the desired closed-loop eigenvalues are specified
as the roots of the equation

$(8) = 8"+ ap—18"" 1 +--- +a1s +ao. (2.11.3)

Then, the state-feedback controller is given by

u = —-Kz+v

where C is the controllability matrix of (2.11.1), and ¢(A) is the matrix
obtained by evaluating ¢(s) at A, i.e.

P(A) = A" + ap1 AV 4+ a1 4 + aol. (2.11.5)

EXAMPLE 2.11-1: Control Design for Double Integrator
Consider the double integrator system

- 3]t

y = [10]

Suppose that the desired closed-loop poles are the roots of the equation
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82 + 20w, s + w?’r

Then by Ackermann’s formula

u = -Kz

R P I R I

0 w;
|

Next, we introduce the concept of observability and find an observability
test.

DEFINITION 2.11-2 The state x(0)=x, is said to be observable if knowledge
of u(t), y(t); 0=t, is enough to uniquely determine x,. Note that once x(0) is
known, so is x(z) for t=0. The system is said to be completely observable if
every initial state is observable. |

This problem is a dual problem to the controllability problem as will
become obvious in the following.

THEOREM 2.11-3: A necessary and sufficient condition for the complete
observability of the LTI systems is that The npxn matrix

C
CA
CA?

can-?
cAmt

is full rank, i.e. rank® = n |

EXAMPLE 2.11-2: Observer-Controller Design

Consider the system

y = [0 1]
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then

O = O
—_

O =O

Therefore, this system is controllable but not observable. On the other hand,
the system

y = [0 1z

then

O - OO
[ S

O = O

so this one is observable but not controllable. The trouble is that both of

these realizations have the same transfer function H(s)=c(sI-A)"'b= s/s*=s!.
|

Suppose we have 2 realizations of the transfer function H(s) related by a
state-space transformation,

= Az +bu

Py (2.11.6)

and

T ATz +T 'bu= Az + bu
y = Ti+du=3¢c%+du

S
l
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Then, let us find the controllability matrix C of £

C

2 T2ATT 2% oo TLAY R

Therefore, rankC=rank C, and controllability is therefore preserved under
state-space transformation.

By combining the concepts of observability and controllability, we can
design compensators that solve the Linear Control Design problem. In fact,
the following theorem summarizes linear control design.

THEOREM 2.11-4: The Linear Control Design problem is solvable for a
system 2.11.1, if and only if the state-space realization is both observable
and controllable. |

These compensators are known as the observer-controller compensators and
are shown for example in Figure 2.11.1. In the SISO case, a transfer function
admits a state-space realization which is completely observable and
controllable if and only if no pole-zero cancellations occur [Kailath 1980],
[Antsaklis and Michel 1997]. The next example shows an observer-controller
compensator chosen to obtain desired closed-loop poles.

T 40 “ [ A4BC y

K 22 Observer

Figure 2.11.1

EXAMPLE 2.11-3: Observer-Controller Design

Consider again the double integrator system. It is easily verified that it is a
controllable and observable system. Suppose that the desired closed-loop
poles are the roots of the equation
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8% + 20wps + wl

This can be achieved using the structure of Figure 2.11.1 using the gain
K = [w? 2(wy,)found in Example 2.11.1 ]

The double integrator system being both controllable and observable, also’
lends itself to the most general controller design technique for linear systems,
namely the two-degree -f freedom (2-DOF) design. This allows the
controlled closed-loop system to match any desired model as descried in
[Kailath 1980]. This approach goes beyond the pole or eigenvalue placement
designs, as one can now move both poles and zeros, a goal not achievable
with the observer-controller compensators. This design is illustrated in the
following example.

EXAMPLE 2.11-4: Two DOF Design

Consider again the double integrator system, and assume the desired closed-
loop transfer function is given by

T(s) e 8 +aksu t’ikp

where a, b, k,, and k, are given constants. Then using the model-following
configuration in Figure 2.11.2, and simplifying terms, we obtain

r Q +/ u P Y
R

= [41

Figure 2.11.2

Q(s) _ as+b
s2R(s) +S(s)  s?+kys+k,
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or
(s*+k,s+k,)O(s)=(as+b)[s*R(s)+S(s)].

At this stage, we may choose for example R(s)=1 and suppose for the
purpose of illustration that a=b=k,=1 and that k,=9. Then we solve for S(s)=9s
and Q(s)=s. Note that in this case, the feedback block S(s)/R(s) is improper
but this does not cause any problems in cases (such as robot control) where

velocity measurements are available.
|

The question addressed next is to find conditions on (2.11.1) so that a
static-output feedback controller will render the closed-loop system SPR.
We will consider the SISO case only since this is the only case encountered
in this book.

& = (A-+4BKC)z + BKr
(2.11.8)
y = Cz

or in the frequency-domain

P(s)K

Y(s) = [[++vP(s)K]|'P(s)KR(s) = TTPOR

R(s)(2.11.9)

We present a simple frequency domain result to show the existence of K and
v that will render the closed-loop system SPR. The result first appeared in
[Gu 1988].

THEOREM 2.11-5: Let system (2.2.11) have no common poles and zeros.
Then there exists a nonsingular K and a positive scalar y such that the closed-
loop system (2.11.8, 2.11.9) is SPR, if and only if P(s) has no zeros in the
right half plane and if P(s) has n poles and n - 1 zeros. In fact, one such K is
given by

K=P(CB)"

where P is any symmetric, positive-definite matrix. |
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EXAMPLE 2.11-5: SPR Design

Consider the double integrator system
. _ |01 0
- e B
vy =la ol

where ¢,#20 and ¢, ¢, are of the same sign. The open-loop transfer function is
then

which has relative degree 1 and is minimum phase. Note that CB=c, which is
invertible. The gain K is chosen to be

K:E
(5]

where p>0. The closed-loop system is then

pler + e28)
c25% + ypeas + ypey

T(s) =

which is stable for any choice of y>0 and is SPR if y>c,/(pc, (check!).
|

2.12 Summary and Notes

This chapter is meant to be a review of various control theory concepts that
will be used in the remainder of the book. The emphasis has been to include
enough material so that readers with little or no background in control theory
are able to follow the design of robot controllers. Simplifications were often
made to concentrate on the systems studied in this book, namely, mechanical
systems and systems described by the Lagrange-Euler equations. In particular,
the double integrator system was illustrated in detail, since it will result from
applying a preliminary nonlinear feedback on mechanical manipulators. In
Chapter 3, we introduce the dynamical description of rigid robot
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manipulators, and in subsequent chapters, the control concepts reviewed in
this chapter will be implemented on those manipulators.

Most of the results reviewed here can be found in greater details in the
books by [Kailath 1980], [Antsaklis and Michel 1997] for the linear systems
case, and in [Khalil 2001], [Vidyasagar 1992] in the nonlinear systems case.
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Chapter 3

Robot Dynamics

This chapter provides the background required for the study of robot
manipulator control The arm dynamical equations are derived both in the
second-order differential equation formulation and several state-variable
formulations. Some important properties of the dynamics are introduced. We
show how to include the dynamics of the arm actuators, which may be electric
or hydraulic motors.

3.1 Introduction

Robotics is a complex field involving many diverse disciplines, such as physics,
properties of materials, statics and dynamics, electronics, control theory, vision,
signal processing, computer programming, and manufacturing. In this book
our main interest is control of robot manipulators. The purpose of this chapter
is to study the dynamical equations needed for the study of robot control.

For those desiring a background in control theory, Chapter 2 is provided.
For those desiring a background in the basics of robot manipulators, in Appendix
A we examine the geometric structure of robot manipulators, covering basic
manipulator configurations, kinematics, and inverse kinematics. There we
review as well the manipulator Jacobian, which is essential for control in
Cartesian or workspace coordinates, where the desired trajectories of the arm
are usually specified to begin with.

The robot dynamics are derived in Section 3.2. Lagrangian mechanics are
used in this derivation. In Section 3.3 we review some fundamental properties
of the arm dynamical equation that are essential in subsequent chapters for
the derivation of robot control schemes. These are summarized in Table 3.3.1,
which is referred to throughout the text.

The arm dynamics in Section 3.2 are in the form of a second-order vector
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differential equation. In Section 3.4 we show several ways to convert this
formulation to a state-variable description. The state-variable description is a
first-order vector differential equation that is extremely useful for developing
many arm control schemes. Feedback linearization techniques and Hamiltonian
mechanics are used in this section.

The robot arm dynamics in Section 3.2 are given in joint-space coordinates.
In Section 3.5 we show a very general approach to obtaining the arm
dynamical description in any desired coordinates, including Cartesian or
workspace coordinates and the coordinates of a camera frame or reference.

In Section 3.6 we analyze the electrical or hydraulic actuators that perform
the work required to move the links of a robot arm. It is shown how to
incorporate dynamical models for the actuators into the arm dynamics to
provide a complete dynamical description of the arm-plus-actuator system.
This finally leaves us in a position to move on to the next chapters, where
robot manipulator control design is discussed.

3.2 Lagrange-Euler Dynamics

For control design purposes, it is necessary to have a mathematical model
that reveals the dynamical behavior of a system. Therefore, in this section we
derive the dynamical equations of motion for a robot manipulator. Our
approach is to derive the kinetic and potential energy of the manipulator and
then use Lagrange’s equations of motion.

In this section we ignore the dynamics of the electric or hydraulic motors
that drive the robot arm; actuator dynamics is covered in Section 3.6.

Force, Inertia, and Energy

Let us review some basic concepts from physics that will enable us to better
understand the arm dynamics [Marion 1965]. In this subsection we use boldface
to denote vectors and normal type to denote their magnitudes.

The centripetal force of a mass m orbiting a point at a radius 7 and angular
velocity w is given by

muv?

Feeny = —— = mw’r = mé?r. (3.2.1)

See Figure 3.2.1. The linear velocity is given by
V=WWXT, (3.2.2)

which in this case means simply that v=wr.
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Figure 3.2.1: Centripetal force.

Imagine a sphere (i.e., the earth) rotating about its center with an angular
velocity of wy. See Figure 3.2.2. The Coriolis force on a body of mass m
moving with velocity v on the surface of the sphere is given by

F...=-2mwyxv (3.2.3)

Using the right-handed screw rule (i.e., if the fingers rotate @, into v, the
thumb points in the direction of wyxv, we see that, in the figure, the Coriolis
force acts to deflect 7 to the right.

In a low-pressure weather system, the air mass moves toward the center
of the low. The Coriolis force is responsible for deflecting the air mass to the
right and so causing a counterclockwise circulation known as cyclonic flow.
The result is the swirling motion in a hurricane. A brief examination of
Figure 3.2.2 reveals that in the southern hemisphere F,,, deflects a moving
mass to the left, so that a low-pressure system would have a clockwise wind
motion.

Since wg = @ and v = R, we may write

Feor = —2mpRsin(90° + @) = —2mRE¢p cos . (3.2.4)

It is important to note that the centripetal force involves the square of a
single angular velocity, while the Coriolis force involves the product of two
distinct angular velocities.

The kinetic energy of a mass moving with a linear velocity of v is



110 Robot Dynamics

Figure 3.2.2: Coriolis force.

K= %mfv2. (3.2.5)

The rotational kinetic energy of the mass in Figure 3.2.1 is given by

Krot = 1102, (3.2.6)
where the moment of inertia is
I= / p(r)ridr, (3.2.7)
vol

with p(r) the mass distribution at radius 7 in a volume. In the simple case
shown where 7 is a point mass, this becomes
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I=mr?. (3.2.8)
Therefore, )
Krot = tmr?62. (3.2.9)

The potential energy of a mass m at a height b in a gravitational field with
constant g is given by

P=mgh. (3.2.10)

The origin, corresponding to zero potential energy, may be selected arbitrarily
since only differences in potential energy are meaningful in terms of physical
forces.

The momentum of a mass m moving with velocity v is given by

p=mv. (3.2.11)

The angular momentum of a mass m with respect to an origin from which
the mass has distance 7 is

Pang=rxp. (3.2.12)

The torque or moment of a force F with respect to the same origin is defined
to be

N=rxF. (3.2.13)

Lagrange’s Equations of Motion
Lagrange’s equation of motion for a conservative system are given by [Marion
1965]
d 0L OL
— =7
dt 8¢ 0Oq
where g is an n-vector of generalized coordinates g;, 7 is an n-vector of

generalized forces 7, and the Lagrangian is the difference between the kinetic
and potential energies

(3.2.14)

L=K-P. (3.2.15)

In our usage, g will be the joint-variable vector, consisting of joint angles 6;
(in degrees or radians) and joint offsets d; (in meters). Then 7is a vector that
has components #; of torque (newton-meters) corresponding to the joint
angles, and f; of force (newtons) corresponding to the joint offsets. Note that
we denote the scalar components of by lowercase letters.
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We shall use Lagrange’s equation to derive the general robot arm dynamics.
Let us first get a feel for what is going on by considering some examples.

EXAMPLE 3.2-1: Dynamics of a Two-Link Polar Arm

The kinematics for a two-link planar revolute/prismatic (RP) arm are
given in Example A.2-3. To determine its dynamics examine Figure 3.2.3,
where the joint-variable and joint-velocity vectors are

(2] [2]

The corresponding generalized force vector is

r=[ﬂ 2)

7777077777

Figure 3.2.3: Two-link planar RP arm.



3.2 Lagrange-Euler Dynamics 113

with 7 a torque and fa force. The torque 7 and force f may be provided by
either motors or hydraulic actuators. We discuss the dynamics of actuators in
Section 3.6.

To determine the arm dynamics, we must now compute the quantities
required for the Lagrange equation.

a. Kinetic and Potential Energy

The total kinetic energy due to the angular motion & and the linear motion
7~ 1

K = 1mr®6* + tms? (3)
and the potential energy is
P =mgrsiné (4)
b. Lagrange’s Equation
The Lagrangian is
L=K - P = {mr’6* + }mi* — mgrsin (3)
Now we obtain
oL
oL _|as| _ | mr?8 ‘
dqg % mr (6)
doL _ mr2 + 2mrif -
atoq m 7)
oL _ ~mgr cos §
dg ~ | mré? —mgsiné (8)
Therefore, (3.2.14) shows that the arm dynamical equations are
mr®6 + 2mrif + mgr cos = n 9)
mi — mré? + mgsind = f (10)

This is a set of coupled nonlinear differential equations which describe the
motion q(#)=[0(t) r(t)]" given the control input torque #(#) and force f(z). We
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shall show how to determine g(#) given the control inputs 7(2) and f(t) by
computer simulation in Chapter 4.

Given our discussion on forces and inertias it is easy to identify the terms
in the dynamical equations. The first terms in each equation are acceleration
terms involving masses and inertias. The second term in (9) is a Coriolis
term, while the second term in (10) is a centripetal term. The third terms are
gravity terms.

c. Manipulator Dynamics

By using vectors, the arm equations may be written in a convenient form.
Indeed, note that

mr? 0 6 i 2mrid i mgr cos 0
0 m ¥ —mr6? mgsiné

We symbolize this vector equation as
M(q)j+V(g,q) +Glg) =7 (12)

Note that, indeed, the inertia matrix M(q) is a function of g (i.e., of 8 and 7),
the Coriolis/centripetal vector V(q,¢) is a function of q and ¢, and the gravity
vector G(q) is a function of g.

EXAMPLE 3.2-2: Dynamics of a Two-Link Planar Elbow Arm

In Example A.2-2 are given the kinematics for a two-link planar RR
arm. To determine its dynamics, examine Figure 3.2.4, where we have
assumed that the link masses are concentrated at the ends of the links.
The joint variable is

q=[6, 6,]" (1)
and the generalized force vector is

r=[n m)" (2)
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3
A m,
az 92
L g
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Figure 3.2.4: Two-link planar RR arm.
with 1, and 1, torques supplied by the actuators.
a. Kinetic and Potential Energy
For link 1 the kinetic and potential energies are
Ky = tmal6} (3)
P; =myga; sin 91. (4)
For link 2 we have
Ty = a; cosby + a; cos(fy + 62) (5)
Ys = a; sinfy + ay sin(f; + 6;) (6)
T2 = —ay 9.1 sinf; — 0.2{9‘1 + 92) sin(6; + 62) (7)
Y2 = a16; cos6; + az (61 + 62) cos(6y + 63), (8)
so that the velocity squared is
=5+ 4]
)

= afﬁf -+ ﬂg(él + 5-2)2 + 231112(3-% + 6.192) 60892.
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Therefore, the kinetic energy for link 2 is

K, =%mgv§
=3m2a6; + ymaa3 (61 +6,)°

+ maayaz (63 + 610,) cosbs.

The potential energy for link 2 is

Py=m,gy,=m,gla;sin O,+a, sin(0,+6,)].

b. Lagrange’s Equation

The Lagrangian for the entire arm is

L=K-P=K|+K;-P,-P,

=3(m1 + m2)aif; + moad(6: +6,)°

+ mzalag(éf + élég) cos 62
— (my + mgy)ga, sin
— magas sin(6, + 65).

The terms needed for (3.2.14) are

(12)
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i!:- =(m1 + mg)afél + mza% (91 +92)
1
+ mga1az(291 + 92) cos s
d 8L vy
— — =(my + ma)aif
dt 891 ( 1 2) 1Y1
+ mgag(él + éz) + M20102(251 + 63) cos B,
— Ma@1as (29192 + 5%) sin 92
STL = — (my + my)ga; cosby — magaz cos(fy + 62)
1
?—{’- =mga§(91 + 32) + mzalagél cos 5
90,
d oL . .
Et-ég—z =mza§(01 + 63) + maaya26, cosfy
- mgalagélég sin 92
'gTL == mzﬂ-lag(éi + élgg) sinfy — magas cos(fh + 92)
2

Finally, according to Lagrange’s equation, the arm dynamics are given by the
two coupled nonlinear differential equations

= [(ml =+ mz)af B = mzag + 2maa;ag cos 92] 6,

+ [maa? + maayaz cosy) 6 — maayay(26,6; + 63)sin 8,

+ (my + ma)ga, cosf; + magas cos(6y + 62) (13)
T3 = [maa} + maaya; cosfy] 6y + moa2fy + maaiaz6? sin by

+ magas cos(fy + 62). (14)

¢. Manipulator Dynamics

Writing the arm dynamics in vector form yields
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M(q) [ zl ] + [ —m2a1a2(2916:?§ +0§) sin02 ]
2 maai 0263 sin 6,
n m1 + mgy)gaq cosdy + magas cos(6; + 6s)
magay cos(f; + 62)

72 (15)
where
M(q) =
(my +ma)a? + mya? + 2moaiaz c0s82  moa3 + maaraz cosbsy
m2a3 + maa; as cos b, mea’
(16)

These manipulator dynamics are in the standard form

M(g)i+V(g,9) +G(g) =7 (17)

with M(g) the inertia matrix, V(q,¢q) the Coriolis/centripetal vector, and G(q)
the gravity vector. Note that M(g) is symmetric.

EXERCISE 3.2-3: Dynamics of a Three-Link Cylindrical Arm

We study the kinematics of a three-link cylindrical arm in Example A.2—
1. In Figure 3.2.5 the joint variable vector is

q=[0hr]" (1)

Show that the manipulator dynamics are given by
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[ J + mar? 6‘ 2morié
my +mg h |+ 0 )
A ma i" —mor6?
[ 0
+ | (m1+m2)g
i 0
"
=| f
5 f3 (2)
with J the inertia of the base link and the force vector
r=l £ fi]" (3)
sl s
* m, i
g
h
Q)s
Figure 3.2.5: Three-link cylindrical arm.
n

Derivation of Manipulator Dynamics

We have shown in several examples how to apply Lagrange’s equation to
compute the dynamical equations of any given robot manipulator. In the
examples the dynamics we found always had the special form

M(@)§+V(g,¢) +G(g) =T, (3.2.16)
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with g the joint-variable vector and 7 the generalized force/torque vector. In
this subsection we derive the dynamics for a general robot manipulator. They
will be of this same form.

To obtain the general robot arm dynamical equation, we determine the
arm kinetic and potential energies, then the Lagrangian, and then substitute
into Lagrange’s Equation (3.2.14) to obtain the final result [Paul 1981, Lee
et al. 1983, Asada and Slotine 1986, Spong and Vidyasagar 1989].

Arm Kinetic Energy. Given a point on link i with coordinates of ‘r with respect
to frame i attached to that link, the base coordinates of the point are

r = Tir, (3.2.17)

where T; is the 4x4 homogeneous transformation defined in Appendix A.
Note that T; is a function of joint variables gy, ¢>,..., . Consequently, the
velocity of the point in base coordinates is

dr  ~[0T; . 1,
- 3, 4T (3.2.18)

Since 0T/0q;=0, j>i, we may replace the upper summation limit by 7, the
number of links. The 4x4 matrices 0T/0q; may be computed if the arm matrices
T, are known.

The kinetic energy of an infinitesimal mass dm at ‘r that has a velocity of
v=[v, v, v ] is

dK; = 3(v; + v} +v}) dm = § trace (v 'v) dm = } trace vv™) dm

3T 8T?
1 i 1 1 1
=3 trace E E 3 ; ( dm) .

dm.

(3.2.19)

Thus the total kinetic energy for link 7 is given by

K; = dK;.
link i

Substituting for dK; from (3.2.19), we may move the integral inside the
summations. Then, defining the 4x4 pseudo-inertia matrix for link 7 as

I = / rirT dm, (3.2.20)
link i
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we may write the kinetic energy of link 7 as

n

K; = L trace Zza%h oo ‘bqk - (3.2.21)

=1 k=1

Let us briefly discuss the pseudo-inertia matrix before proceeding to find the
arm total kinetic energy. Let

r=[xyz1]"

be the coordinates in frame i of the infinitesimal mass dm. Then, expanding
(3.2.20) yields

fz?dm  [yzdm [zzdm [zdm
Jzydm [y*dm [zydm [ydm
fzzdm [yzdm [z*dm [zdm |’ (3.2.22)
Jzdm [ydm [zdm [dm

I =

where the integrals are taken over the volume of link 7. This is a constant
matrix that is evaluated once for each link. It depends on the geometry and
mass distribution of link 7. In fact, in terms of the link i moments of inertia

(3.2.23)
Iopi= / (z* +y°) dm,
cross-products of inertia
Iy = /zydm
Iy = [.’rz dm
(3.2.24)
I,. = / yz dm,

and first moments
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mI = /J:dm
miy = /ydm

m2=/zdm, (3.2.25)

with 7 the total mass of link 7, and

17 (3.2.26)

]

T=F 7

the coordinates in frame 7 of the center of gravity of link i, we may write

—Jaa+1, Iz
_*2_2}3'"'_ I, I,

L ” mI

2z !x‘hr:t =

I‘i = Ia:y 2 I { my .
I.. I, sotly=le s | ° (3.227)
mi my mz m

These quantities are either tabulated in the arm manufacturer’s specifications
or may be computed from quantities tabulated there.

Returning now to our development, the total arm kinetic energy may be
written as

Ki =} trace ZZ 3q O e (3.2.28)

o
1l
i

Since the trace of a sum of matrices is the sum of the individual traces, we
may interchange summations and the trace operator to obtain

T mn
K=1%"> m(g)d;d

i=1 k=1

-

or
K = 34" M(q)q, (3.2.29)

where the 7xn arm inertia matrix M(g) has elements defined as

mjk(q) = Z trac {aT‘

i=1

" Bax ] (3.2.30)
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Since 0T/0q,=0 for j>i, we may write this more efficiently as

n
aT; oTT
mik(g) = ) trace [-—,fi—'-]‘ 3.2.31
i=max(j.k) 0g;  Oa ( )

Equation (3.2.29) is what we have been seeking; it provides a convenient
expression for the arm kinetic energy in terms of known quantities and the
joint variables g. Since my=my,, the inertia matrix M(q) is symmetric. Since
the kinetic energy is positive, vanishing only when the generalized velocity ¢
equal zero, the inertia matrix M(q) is also positive definite. Note that the
kinetic energy depends on g and 4.

Arm Potential Energy. If link i has a mass m; and a center of gravity ir
expressed in the coordinates of its frame 4, the potential energy of the link is
given by

P, = -mggTT,:éF, (3.2.32)
where the gravity vector is expressed in base coordinates as

9=1l9z 9 9. 0. (3.2.33)

If the arm is level, at sea level, and the base z-axis is directed vertically
upward, then

g=[0 0 -98062 0], (3.2.34)

with units of m/s2.
The total arm potential energy, therefore, is

n
P=-Y mg"Ti7. (3.2.35)

i=1

Note that P depends only on the joint variables g, not on the joint velocities

Noting that m;i7 is the last column of the link i pseudo-inertia matrix T,

we may write
n

P(q) = - q"Ti(q)Lies (3.2.36)

=1

with e, the last column of the 4x4 identity matrix (i.e., e,=[0 0 0 1]7). Lagrange’s
Equation. The arm Lagrangian is
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L(g,9) = K(q,9) — P(q) = 3¢" M(q)g — P(q). (3.2.37)

It is a fundamental property that the kinetic energy is a quadratic function of
the joint velocity vector and the potential energy is independent of Q.
The terms required in Lagrange’s Equation (3.2.14) are now given by

0L O8K .
%93 M(g)g (3.2.38)
d oL N
i M(q)§ + M(q)q (3.2.39)
OL 10 xpe s 9P@)
. 23q(q M(q)q) 3 (3.2.40)

Therefore, the arm dynamical equation is

M@+ M@ - Yop M@+ HL =7 24

Defining the Coriolis/centripetal vector

o . 10 . -, OK

V(g)§ = M(g)g - 53—q(qTM @) = Md - 7 (3.2.42)

and the gravity vector

9P(q)
G(q) = —, 2.
@=— . (3.2.43)
we may write

M(g)j+V(g,9) +Glg =T, (3.2.44)

which is the final form of the robot dynamical equation we have been seeking.
The units of elements of M(q) corresponding to revolute joint variables
q;=0; are kg-m?2. The units of the elements of M(gq) corresponding to prismatic
joint variables g;=d; are kilograms. The units of elements of V(q, g)and G(g)
corresponding to revolute joint variables are kg-m?/s?. The units of elements
of V(q, g) and G(q) corresponding to prismatic joint variables are kg-m/s”,
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3.3 Structure and Properties of the Robot Equation

In this section we investigate the detailed structure and properties of the
dynamical arm equations, for this structure should be reflected in the form of
the control law. The controller is simpler and more effective if the known
properties of the arm are incorporated in the design stage.

In reality, a robot arm is always affected by friction and disturbances. Therefore,
we shall generalize the arm model we have just derived by writing the
manipulator dynamics as

M(@i+V(g, )+ F(@)+G(g) +ma=r, (3.3.1)

with g the joint variable #-vector and t the n-vector of generalized forces.
M(q) is the inertia matrix, V(q, @) the Coriolis/centripetal vector, and G(q)
the gravity vector. We have added a friction term

F(¢) = F,q+ Fy (3.3.2)

with F, the coefficient matrix of viscous friction and F,; a dynamic friction
term. Also added is a disturbance t, which could represent, for instance, any
inaccurately modeled dynamics.

Friction is not an easy term to model, and indeed, may be the most contrary
term to describe in the manipulator dynamics model. Some more discussion
on friction may be found in [Schilling 1990].

We shall sometimes write the arm dynamics as

M(q)§+ N(q,q) +1a =T, (3.3.3)

where
N(g,4) =V(g,9) + F(¢) + G(q) (3.3.4)

represents nonlinear terms.

Let us examine the structure and properties of each of the terms in the
robot dynamics equation. This study will offer us a great deal of insight
which we use in deriving robot control schemes in subsequent chapters. A
summary of the properties we discover is given in Table 3.3.1, to which we
refer in the remainder of the book. As we develop each property, it will be
worthwhile to refer to Examples 3.2.1 to 3.2.3 in order to verify that the
properties indeed hold there. At the end of this section we illustrate in Example
3.3.1 several of the properties for a two-link planar elbow arm.
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Table 3.3.1: The Robot Equation and Its Properties

M@i+VI(gd+F(@+G(@Q+ma=7
or
M(@§+N(gq)+1a=T
where

N(g,q) =V (g,9)+F(4) +G(q)

Inertia Matrix:
M (q) is symmetric and positive definite.
pml < MA(q) < pol
mi < |M (g)|| < m2

Coriolis/Centripetal Vector:
V (g, 4) is quadratic in ¢
IV (@, )l < v lil*
V{g,d) =Vm(g,4)d
S(g,9) = M (q) — 2V (g, ¢) is a skew-symmetric matrix

Friction Terms:
F(q)=F,(9) + Fua(9)
F, = diag {'Ul}
Fy(¢) = Kqsgn(q), with K4 = diag {k;}
IFug+ Fa (@l <vlldll + k&

Gravity Vector:
G (@)l < g

Disturbance Term:
l|lrall < d

Linearity in the Parameters:
M(q)§+V (g9 +Fug+ Fa(d) +G(q)
=M(@)Gi+N(g,q)=WI(g,4,4)¢

Properties of the Inertia Matrix

As we have seen, M(q) is symmetric and positive definite. In fact, the arm
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kinetic energy is

K = Ypq" M(g)q. (3.3.5)

Some expressions for M are given in the next subsection.
Another vital property of M(g) is that it is bounded above and below. That
is,

mI<M(@)<pl (3.3.6)

with p1, and y, scalars that may be computed for any given arm (see Example
3.3.1). When we say that #,I<M(q), for instance, we mean that (M(q)-p,1) is
positive semidefinite. That is,

xT(M-pu,1)x>0

for all xe R”.
Likewise, the inverse of the inertia matrix is bounded, since

1 1
—I<MYg) < —I.
ml s (g) < o (3.3.7)

If the arm is revolute, the bounds 4, and p, are constants, since g appears only
in M(q) through sin and cos terms, whose magnitudes are bounded by 1 (see
Examples 3.2.2 and 3.3.1). On the other hand, if the arm has prismatic joints,
then g, and ¢, may be scalar functions of g. See Example 3.2.1, where M(q) is
bounded above by p,=mr? (if r>1).

The boundedness property of the inertia matrix may also be expressed as

m<IIM(g)li<im,, (3.3.8)

where any induced matrix norm can be used to define the positive scalars 72,
and m,.

Properties of the Coriolis/Centripetal Term

A glance at (3.2.42) reveals a problem that, if not understood, can make the
study of robot dynamics confusing. Simplification of this V(g, @) term would

require taking the derivative of a matrix [i.e., M(g)] with respect to the 7-
vector q. However, such derivatives are not matrices, but tensors of order
three-that is, they must be represented by three indices, not two. There are
several ways to get around this problem, involving several definitions of
some new quantities.



128 Robot Dynamics

Kronecker Product Analysis of V(q, ) Let us first examine the term V{(q,
q) from the point of view of the Kronecker product [Brewer 1978], defined for
two matrices 4 € R**™, B € RPX9as

A® B = [a;; B] € R**™4, (3.3.9)

where A has elements g, and [a;B] means the npxmq block matrix composed
of the pxq blocks a;B. Thus, for A € R3*® we, have

anB a;2B a;3B
A®@B = .

ang aggB aggB
as1B a3B asB

For matrices A(q), B(g), with ¢ € R™ define the matrix derivative as

g4
oa_[ %
q o (3.3.10)
B¢n
Then we may prove the product rule
0 0B 0A
5g A@B@) = (I ® A5 + 7B, (3.3.11)

with I, the nxn identity.
Now we may examine the Coriolis/centripetal vector V(g, q)[Koditschek
1984, Gu and Loh 1988]. Using (3.3.11) twice on (3.2.42), we may obtain

Viod) = M@i- § |2 "M)] d

. . o1 . OM |
Vigd) = M(9)q - 5. ® qT)a—q, (3.3.12)
or
Vig,d) = [M(Q) - 1/2U(q,é)] ¢, (3.3.13)
where
7y = ;T a_M
U(g,9) = (In®¢ )3q‘ (3.3.14)

V(q’é) = le(@ad)q (3.3.15)
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with the matrix coefficient given by

Vimi(g,4) = M - U (3.3.16)

To find an equivalent expression for V,,;, note that

M(g) = Z 50 i (3.317)
which may be written as
¢ dn %2—/1!
M =
‘jl qn ‘gq—l‘f
. oM (3.3.18)
— (T oM
or as
C i .
oM om] |———2| rom]T
=550 =15 @sn)
q1 dn . aq
an
_ o |

(Note that dM/dq, is symmetric.) Therefore,

Vimi(g,4) = [(é ®I) - ® QT)] %, (3.3.20)

whence using appropriate definitions we may write

V(g,4) = Vu(@)Vp(g)g. (3.3.21)
It is also possible to write (see the Problems)
V(g,9) = Vui(9)Vur (9)4- (3.3.22)

Since V,(@) is linear in 4 it follows that V(q, Q) is quadratic in g. In fact, it
can be shown (see the Problems) that
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AOY Vi(g)

@ _ )
ved=| " S e i= (e V()i

i"Vala)d Vi)

(3.3.23)

for appropriate definition of V;(g) [Craig 1988]. Indeed, the V;(q) are symmetric
nxn matrices.

Since V(g, @) is quadratic in @, it can be bounded above by a quadratic
function of @. That is,

IV (g,d)l < vs(a)lldll* , (3.3.24)

with v,(q) a known scalar function and Il-ll any appropriate norm. For a
revolute arm, v, is a constant independent of q. See Examples 3.2.2 and
3.3.1, where the quadratic terms in @ are multiplied by sin 6,, whose magnitude
is bounded by 1. On the other hand, for an arm with prismatic joints v,(q)
may be function of g; see Examples 3.2.1 and 3.2.3, where V(q, ¢) has a term
in 7 multiplying the quadratic terms 76 and 62

To assist in determining v,(g) for a given robot arm, note that so that||7,, ®
47 = lgl, o that

IVl < V@] - lldll*,

where 7 (q) is defined in (3.3.23). Therefore, for a revolute arm

% = sup IV@)ll- (3.3.25)
We may note that
0
In®d)d=(¢® 1) = q?q =<qq>. (3.3.26)
ang

This is an #*-vector consisting of all possible products of the components of ¢.
This and (3.3.19) allow us to demonstrate that

Mg=UTq. (3.3.27)

In this proof, we also need the identity
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(A B)T = AT @ BT (3.3.28)

for any matrices A and B. Note: It is not true that M = UT.
Now we may use these various identities to show that

No[emM)t o 1 M
Viad = |G| Gomi- 3o

Vig,d) = [UT(q,q'«) - LU(q, q)] q. (3.3.29)

Thus
V(g,4) = Vn2(g,9)4- (3.3.30)

with
Vima(g,9) = UT - iU (3.3.31)

Note that, in general, V,,;#V,,,,.
In terms of M and U, the arm dynamics may be written as

M(@i+ [UT - U] d+Ga) = . (3.3.32)

At this point we may prove an identity that is extremely useful in constructing
advanced control schemes. We call it the skew-symmetric property; it shows
that the derivative of M(q) and the Coriolis vector are related in a very particular
way. In fact,

GT(M = 2Vma)g = ¢T(UT = 2UT + U)g

W —UT)i=0 (3.3.33)

since a matrix minus its transpose is always skew symmetric. This important
identity holds also if V,,; is used in place of V,,,.

It is important to note that the first equality in (3.3.33) holds because
(M — 2V,2) multiplies @. That is, M # UT, so that it is not necessarily true
that (M-2V,,) itself is skew symmetric. However, it is possible to define a
matrix V, (g, ¢) such that

Vi(g,9) = Vin(q,9)4 (3.3.34)

and
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S(q,4) = M(q) — 2Vm(g,q) (3.3.35)

is skew symmetric, so that x7Sx=0 for all x € R" Indeed, according to (3.3.13),
(3.3.27) we may define

Vin(2,4) = Yo(M + UT - 1), (3.3.36)

for then the skew-symmetric matrix is nothing but
S(q,q) =U -UT. (3.3.37)

This V,, is the standard one used in several modern adaptive and robust
control algorithms, and it is the definition we shall use in the remainder of the
book. Thus we shall write the arm equation either as

M(9)i+V(g:9) +Glg) =, (3.3.38)

or

M(g)G + Vin(9,9)4 + G(q) = 7. (3.3.39)

Note that it is possible to split V(q, ¢) into its Coriolis and centripetal
components as

V(g,4) = Veor(q) < 44 >' +Veen(q) < ¢* >, (3.3.40)
where

. .3 . 21T
<¢*>= (414547 (3.3.41)

and < gg >'is (3.3.26) with all the square terms g2 removed [Craig 1988] (see
the Problems).

Componentwise Analysis of V(q, ). An alternative to the Kronecker product
analysis of the Coriolis/centripetal vector is an analysis in terms of the scalar
components of V (g, ¢), which yields additional insight.

In terms of the components 72,(q) of the inertia matrix M(g) we may write
(3.2.38)—(3.2.40) componentwise as
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L )
Er X]: mi;(9)d; (3.3.42)
d 6L . d .
T ZJ: (mkj(‘I)(Ij + [dtmkj ((J)] Qj)
m
= kaﬂa + Z k] B, B0 (3.3.43)
Bm” oP
%0 " 2 Z G4 = 5 (3.3.44)

where all sums are over the number of joints 7. Now, the Lagrange equation
shows that the arm dynamics are expressed componentwise as

amy, 19m 8P
th%+2[ 3-2(9;] q+5a';=fk, k=1,..,n.

(3.3.45)

with 7 the number of joints.
By interchanging the order of summation and taking advantage of symmetry,

3mk a‘m-k 87“1:9
Z oq, 14 = 22 20+, ]qs‘b (3.3.46)

Therefore, we may define

Vi = l [61‘1‘&;‘3 3mk, _ 81‘71,',‘
ijk = 2 | 34, 7R (3.3.47)

and write the arm dynamics as

;mqu} T+ iEjviij’iQ"j + g—;:— =7, k=1,..,n (3.3.48)
The cyclic symmetry of the vy, is what allows us to derive the important
properties of the Coriolis/centripetal vector V(g, g)which corresponds to the
second term in this equation. The quantities v;;, are known as Christoffel
symbols (of the first kind) [Borisenko and Tarapov 1968].

The matrix V,,(q, ) defined in (3.3.36) has components v,; given by
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Vg = Z%‘k (9)di- (3.3.49)

Properties of the Gravity, Friction, and Disturbance

Properties of the Gravity Term G(gq). According to (3.2.43) and (3.2.36),

G(g) = -—-- *Z (9 Ti(q)iea),

whence using (3.3.11) twice reveals
Glg) = - E :3—(9 Ti(q)) Lieq

Glg) = ‘Z (In ®9T) " i€4. (3.3.50)

A bound on the gravity term may be derived for any given robot arm. Thus

IG(g)lI<g,(q), (3.3.51)

where |l|l is any appropriate vector norm and g, is a scalar function that may
be determined for any given arm (see Example 3.3.1). For a revolute arm, g,
is a constant independent of the joint vector g, but for an arm with prismatic
links, g, may depend on g. See the examples in Section 3.2 and Example
3.3.1 to verify these claims.

Properties of the Friction Term F(q). The friction in the arm Equation (3.3.1)
is of the form

F(4) = Fug + Fa(q) (3.3.52)

with F, the coefficient matrix of viscous friction, and F; a dynamic friction
term. The friction coefficients are among the parameters most difficult to
determine for a given arm and, in fact, (3.3.52) represents only an approximate
mathematical model for their influence. For more discussion, see [Craig 1988,
Schilling 1990].

Since friction is a local effect, we may assume that F (qQ) is uncoupled
among the joints, so that
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filar)
F(q) = vec{fi(¢:)} = : (3.3.53)
faldn)

with f;(-) known scalar functions that may be determined for any given arm.
We have defined the vec{-} function for future use.
The viscous friction may often be assumed to have the form

Fyq = vec {vi¢;} (3.3.54)

with v; known constant coefficients. Then F,=diag{v,}, a diagonal matrix with
entries v;. The dynamic friction may often be assumed to have the form

Fa(q) = vec {k; sgn (¢:)}, (3.3.55)

with k; known constant coefficients and the signum function defined for a
scalar x by

+1, >0
sgn (z) = ¢ indeterminate, z =10 (3.3.56)
P z < 0.
Then
Fa(d) = Kasgn (d), (3:3.57)

with K =diag{k;} the coefficient matrix of dynamic friction and the signum
function defined for a vector x by

sgn(z) = vec {sgn (z;)}. (3.3.58)
A bound on the friction terms may be assumed of the form
WFoq + Fa(g)ll < vldll + &, (3.3.59)

with v and k known for a specific arm and Illl a suitable norm.
Another friction term that may be included in F(q)is the static friction,
which has components of the form

Fyi = sgn(gi) [(ksi — ki) exp (= |¢| /€)], (3.3.60)

where kg; is the coefficient of static friction for joint i and € is a small positive
parameter. We shall generally ignore this term.
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Properties of the Disturbance Term. The arm Equation (3.3.1) has a disturbance
term tywhich could represent inaccurately modeled dynamics, and so on. We
shall assume that it is bounded so that

lIrall < d, (3.3.61)

where d is a scalar constant that may be computed for a given arm and -l is
any suitable norm.

Linearity in the Parameters

The robot dynamical equation enjoys one last property that will be of great
use to us in Chapter 5. Namely, it is linear in the parameters, a property first
exploited in [Craig 1988] in adaptive control. This is important, since some
or all of the parameters may be unknown; thus the dynamics are linear in the
unknown terms.

This property may be expressed as

M(q)i+ V(g,q) + Fug + Fa(4) + G(q)
=M(q)§ + N(q,q) = W(q,q,9)p (3.3.62)

with ¢ the parameter vector and W(qg, ¢, ¢) a matrix of robot functions
depending on the joint variables, joint velocities, and joint accelerations.
This matrix may be computed for any given robot arm and so is known.
See Example 3.3.1. Note that the disturbance 1, is not included in this
equation.

EXAMPLE 3.3-1: Structure and Bounds for Two-Link Planar
Elbow Arm

The dynamics of a two-link planar arm are given in Example 3.2.2. We
should now like to compute the structural matrices defined in this section,
as well as the bounds needed in Table 3.3.1. The friction bounds are
straightforward, so we do not mention them here. The dynamical matrices
are
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M(q) =
(m1 + ma)a? + maa3 + 2moaraz cosfy  maad + moajas cosby
maa3 + maayag cos by maa’
. | —meaiaz (29192 + 9%) sin @
V(q’ Q) - [ Moy 029? sin 92

G(g) = (a1 + ma)gay coséy + magas cos(f; + 02)
magas cos(f; + 05) :

The selection of a suitable norm in Table 3.3.1 is not always straightforward.
In the control algorithms to be developed in subsequent chapters, we prove
suitable performance in terms of some norm, which can often be any norm
desired. For implementation of the controller, a specific norm must be selected
and the bounds evaluated. This choice often depends simply on which norm
makes it possible to evaluate the bounds in the table. For instance, choosing
the 2—norm for vectors requires the evaluation of the maximum singular
value of M(q), a very difficult task.

Selecting the co—norm for vectors means determining at each sampling time
the element [of V(g(t), d(t)) for instance] with the largest magnitude. This
requires decision logic, and the norm may not be continuous. Therefore, let
us use the 1—norm in this example. The corresponding matrix induced norm
is then the maximum absolute column sum (Chapter 2).

a. Bounds on the Intertia Matrix

The evaluation of y#;, and y#, amounts to the determination of the minimum
and maximum eigenvalues of M(g) over all q. This is not an easy affair and
requires the solution of some quadratic equations, although it can be carried
out without too much trouble using software such as Mathematica or Maple.
Thus, let us find 72, and m,.

The induced 1—norm for M(q) is the maximum absolute column sum. In
determining bounds for this norm, it is important to consider the range of
allowed motion of the joint angles. To illustrate, suppose that 0;, and 0, are
limited by =m/2. Then the 1—norm is always given in terms of column 1 as

1M (g)ll, = J(ml + mz)ﬂf + mzag + 2maayas cos€2|
+ |m2a3 + moaya; cosy|,
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which is bounded above for all 0, by
My = (my + mg)af + nga% + 3meaias
and below by

M; = (my +m2)a? + 2maal.

Since the arm is revolute and cos 0, is bounded above and below, M, and M,
are constants. It is important to note that if the arm is revolute/prismatic (RP),
so that the joint variables are (0,, a,), the bounds are functions of g.

b. Bounds on the Coriolis and Gravity Terms
The bound v, on the Coriolis/centripetal vector is found using
V(g DIy = |mzalag(2élég + 6%) sin 192| + |mga1agéf sin #;
. . \2
< maaiaz (|91| + |92|) = v |ldl,

whence v,=11,0,4,.
Similarly, for the gravity bound,

IG(@Il; =|(m1 + m2)ga, cos 8 + magas cos(6; + 62)]
+ |magas cos(6y + 85)]
<(m; + mz)ga; + 2maogas = g;.

Notice that if the arm is RP, then v, and g, are functions of g.

c. Coriolis/Centripetal Structural Matrices

We now list the various structural matrices for V(q, @)discussed in this section.
Their computation is left as an exercise (see the Problems).
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oM

U=(I®¢T)-3?

0 0
—(291 + éz)mgalaz sin 65 —élmgal as sin By

The Coriolis/centripetal matrices:

Vi1 = M = 1U
— [ . —20‘27?’1,2(11 2] sin 02 —é?mzalaz sin 92
L (01 - 1/202)1%201 as sin 92 ]‘/201 moayQas sin 02

Vina = UT = 1)U

( . ) 0 —(291 + 92)m2a1a2 sin 02
| (91 + 1/202)7712(11612 sin 6 1/20177’1,2&1 as sin fs
Vin =1 (M +UT - 1)

I -.ézmgal a- sin 8, —(91 + éz)mzal ay sin @,

L 01'"12(110,2 sin 02 0

The skew-symmetric matrix S(q, @):

S(g,q) =U-U"

= [ ; 2 0 (26!"1 RE 5‘2}mza1ag sin 6
—(260: + 62)maa; a2 sin B, 0

The symmetric matrices Vi(q, ¢), V2(q, )

Vi = 0 ~1M2a1az 8in B
—mMmaayas sin 92 —maaas sin 92

Vz - [ mgala§8m92 g ]

The position/velocity decomposition matrices:
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- 0 0
0 0
‘/p(q) - —2maayagsinfs  —moaias sinfy
—Mmaa1a2 sin 6, 0
N 201 /2 2 2 .
PO=1% 6 ah Lk,

d. The Robot Function Parameter Matrix W

The robot dynamics are linear in the parameters. For the purposes of adaptive
control, one should select the parameter vector ¢ in Table 3.3.1 so that it
contains the unknown parameters.

The dynamics, including friction, can be written as

71 = [(m1 + m2) a? + maa} + 2mya;a; cosb;) 6
+ [mgag + Moa1as COS 92] 6y — moayras (29192 + 9%) sin 0
+ (my + mg) gay cosby + magas cos (6, + 63)

+ Ulé1 + kisgn (01)
T2 = [mga% -+ aa; as COS 02] 51 + mga%éz + maay GQé% sin 6

+ magag cos (61 + 02) + v2by + kasgn (92) .
The second mass 72, includes the mass of the payload. This and the friction
coefficients are often unknown. Therefore, select

tp=[m1 mao kl vy kz U ]T.

Then the matrix W(q, @, ) of known robot functions becomes

wyp wiz wiz wiy 0000

W= 0 wyp 0 0  wys wo

with
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wyy = a?6; + ga; cos;
wiz = [a? + a + 20102 cos 2] 81 + [a2 + aras cos 6] &2
— a0z (29192 + 03) sin @, + gay cosfy + gaz cos (61 + 62)
wig = sgn (91)
W4 = 91
waz = [a2 + a1az cos 02) 61 + a2f: + a1a267 sinf, + ga cos (61 + 62)
was = sgn (ég)
was = ba.
The reader should verify that with these definitions, the dynamics may be

expressed as 1= W The matrix W is computed from measured joint positions,
and their velocities and accelerations.

Passivity and Conservation of Energy

The “Newtonian” form of the manipulator dynamics given in Table 3.3.1
obscures some important physical properties, which we should like to explore
here [Koditschek 1984], [Ortega and Spong 1988], [Johansson 1990], [Slotine
and Li 1987], [Slotine 1988]. Note that the dynamics can be written in terms
of the skew-symmetric matrix S(q, g) as

M@i+%(M@-5@d)i=T-G@), (363
where friction and 74 are ignored. Now, with K the

dK _1d r
dt ~ 2dt
whence (3.3.63) yields

M (g) 4 = ¢" MG + Yo" My,

K =1Y4TSi+¢" (r-G) (3.3.64)
or

K=¢T(r-G). (3.3.65)
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This is a statement of the conservation of energy, with the right-hand side
representing the power input from the net external forces. The skew symmetry
of § = (M — 2V,,)is nothing more than a statement that the fictitious forces
S(q, @)q do no work. The work done by the external forces is given by

K= f §7 (r - G) dt. (3.3.66)

Recall at this point the passivity property of the robot arm from z(#)to (Section
1.5), which merely states that the arm cannot create energy. From a controls
point of view, a passive system cannot go unstable. A problem with some
popular control schemes (e.g., standard computed torque, Section 3.4) is that
they destroy the passivity property, resulting in possible instability if the system
parameters are not exactly known or disturbances are present. Passivity-based
designs ensure that the closed-loop system is passive (see Section 4.3, the
references cited above, and [Anderson 1989]).

This analysis does not include the friction terms. A reasonable assumption
regardless of the form of f (¢7) is that friction is dissipative, so that f;(x) lies in
the first and third quadrants only. This is equivalent to

i"F(g) >0 (3.3.67)

Under this assumption, friction does not destroy the passivity of the
manipulator. It is then simple to modify a controller designed for (3.3.63) to
include the friction [Slotine 1988]. The dissipative nature of friction allows
one to increase the system’s bandwidth beyond classical limits.

3.4 State-Variable Representations and Feedback
Linearization

The robot arm dynamical equation in Table 3.3.1 is

M@ §+V(gd+Fig+Fi(@)+G(@+ma=T, (3.4.1)

with g(t) € R” the joint variable vector 7(t)and the control input. M(q) is the
inertia matrix, V(q, ¢) the Coriolis/centripetal vector, Fy(qQ) the viscous friction,
Fyq) the dynamic friction, G(g) the gravity, and 7, a disturbance. These
terms satisfy the properties shown in Table 3.3.1. We may also write the
dynamics as

M(q)§+ N(g,q) +ma=r, (3.4.2)

with the nonlinear terms represented by
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N(q,4) =V (g:9) + Fug+ Fa(d) + G (q). (3.4.3)

In this section we intend to show some equivalent formulations of the arm
dynamical equation.
The nonlinear state-variable representation discussed in Chapter 2,

= f(z,u,t) (3.4.4)

has many properties which are useful from a controls point of view. The
function u(z) is the control input and x(z) is the state vector, which describes
how the energy is stored in a system. We show here how to place (3.4.1) into
such a form. In Chapter 4 we show how to use computers to simulate the
behavior of a robot arm using this nonlinear state-variable form. Throughout
the book we shall use the state-space formulation repeatedly for controls design,
either in the nonlinear form or in the linear form

i = Az + Bu. (3.4.5)

In this section we also present a general approach to feedback linearization
for the nonlinear robot equation, which involves redefining variables in a
methodical way to yield a linear state equation in terms of a dynamical
variable we are interested in. This variable could be, for instance, the joint
variable gq(#), a Cartesian position, or the position in a camera frame of
reference.

Hamiltonian Formulation

The arm equation was derived using Lagrangian mechanics. Here, let us use
Hamiltonian mechanics [Marion 1965] to derive a state-variable formulation
of the manipulator dynamics [Arimoto and Miyazaki 1984], [Gu and Loh
1985]. Let us neglect the friction terms F(q) = F,(¢) + Fy(¢) and the

disturbance 1, for simplicity; they may easily be added at the end of our
development.
In Section 3.2 we expressed the arm Lagrangian as

L=K-P=1"M(g)¢-P(q) (3.4.6)

with g(z) e R"the joint variable, K the kinetic energy, P the potential energy,
and M(qg) the arm inertia matrix. Define the generalized momentum by

AL
P=5: = M (g) g (3.4.7)
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Then we have

g=M"1(q)p (3.4.8)
and the kinetic energy in terms of p(z) is
K =1op" M~ (¢)p. (3.4.9)
It is worth noting that
K = lpTg. (3.4.10)

Defining the manipulator Hamiltonian by

H=pT¢-1L, (3.4.11)
Hamilton’s equations of motion are
. OH
1= 35 (3.4.12)
_p=OH __
P=%¢4 " (3.4.13)
Note that
H=TYp"M (q)p+P(q) =K +P. (3.4.14)

Evaluating (3.4.13) yields

SR | 2 Tar—1 _ 3_P
p= g WM @p) - G-+,
which may be expressed (see the Problems) as

M~ (q)

. F;
p=—Yo (I, ®p") B p—G(g) +T, (3.4.15)

where G(g) is the gravity vector and ® is the Kronecker product (see Section
3.3).
Defining the state vector as x e R* as

T p (3.4.16)

o= )

we see that the arm dynamics may be expressed as

d[gq M~ (g)p

0
dt|p ] - [ ~Yy (I, @ pT) 24 (e l 3 [ L ]“, (3.4.17)
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with the control input defined by
u(t)=7-G(q)- (3.4.18)

This is a nonlinear state equation of the form (3.4.4). It is important to note
that this dynamical equation is linear in the control input #, which excites
each component of the generalized momentum p(z).

This Hamiltonian state-space formulation was used to derive a PID control,
law using the Lyapunov approach in [Arimoto and Miyazaki 1984] and to
derive a trajectory-following control in [Gu and Loh 1985].

Position/Velocity Formulations

Alternative state-space formulations of the arm dynamics may be obtained by
defining the position/velocity state x € R*" as

T (3.4.19)

a:=[q

For simplicity, neglect the disturbance t, and friction F,@+F,(@)and note that
according to (3.4.2), we may write

d
=i=-M" QN (g,4) + M~ (g)7. (34.20)

Now, we may directly write the position/velocity state-space representation

. g 0
v= [ ~M~(q) N (3,d) ] - [ M~ (g) ] B Bal)

which is in the form of (3.4.4) with u(t)=1(t)
An alternative linear state equation of the form (3.4.5) may be written as

:i:=[g é]x-{-[g]u, (3.4.22)

with control input defined by
u(t)=~M"1(¢)N(q,q) + M~ (g). (3.4.23)

Both of these position/velocity state-space formulations will prove useful in
later chapters.

Feedback Linearization

Let us now develop a general approach to the determination of linear state-
space representations of the arm dynamics (3.4.1)—(3.4.2). The technique
involves a linearization transformation that removes the manipulator
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nonlinearities. It is a simplified version of the feedback linearization technique
in [Hunt et al. 1983, Gilbert and Ha 1984]. See also [Kreutz 1989].

The robot dynamics are given by (3.4.2) with g € R” Let us define a general
sort of output by

y=h(g)+s(t), (3.4.24)

with h(g) a general predetermined function of the joint variable g € R"and s(2)
a general predetermined time function. The control problem, then, will be to
select the joint torque and force inputs 1(¢) in order to make the output y(z) go
to zero.

The selection of h(g) and s(z) is based on the control objectives we have in
mind. For instance, if h(q)=-q and s(¢)=q4(t), the desired joint space trajectory
we would like the arm to follow, then y(2)=q,(t)-q(t)=e(t) the joint space tracking
error. Forcing y(2) to zero in this case would cause the joint variables g(2) to
track their desired values g4(#), resulting in arm trajectory following.

As another example, y(t) = [eI  el]Tcould represent the Cartesian space
tracking error, with e, € R3 the position error and ¢, € R the orientation
error. Controlling y(2) to zero would then result in trajectory following directly
in Cartesian space, which is, after all, where the desired motion is usually
specified.

Finally, -h(q) could represent the nonlinear transformation to a camera
frame of reference and s(t) the desired trajectory in that frame. Then y(?) is the
camera frame tracking error. Forcing y () to zero would then result in tracking
motion in camera space.

Feedback Linearizing Transformation. To determine a linear state-variable
model for robot controller design, let us simply differentiate the output y(z)
twice to obtain

. Oh, | L
7= 8—qq+s =Jg+s (3.4.25)

j=Jq+Ji+35, (3.4.26)

where we have defined the Jacobian

J(g) = a};—(f- (3.4.27)

If y € R”, the Jacobian is a pxn matrix of the form
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J(g) =

oh oh 0h Ok
fedl [ - ] (3.4.28)

dq 31 8g;  9qn

Given the function h(q), it is straightforward to compute the Jacobian J(g)
associated with /(q). In the special case where represents the Cartesian velocity,
J(g) is the arm Jacobian discussed in Appendix A. Then, if all joints are
revolute, the units of ] are those of length.

According to (3.4.2),

G=M"T1(-N—-14+7), (3.4.29)
so that (3.4.26) yields
j=8+J4g+IM P (-N-14+7). (3.4.30)
Define the control input function
u(t) =5+ JG+ JIM™ (=N +7) (3.4.31)
and the disturbance function
v(t) = —JM 1r,. (3.4.32)
Now we may define a state x(t) e R¥ by

e=[y" 7" (3.4.33)

and write the robot dynamics as

alvl=[o ¢l ]la e lg]e wos

This is a linear state-space system of the form

& = Az + Bu + Dv, (3.4.35)

driven both by the control input #(¢) and the disturbance v(¢). Due to the
special form of A and B, this system is said to be in Brunovsky canonical
form (Chapter 2). The reader should determine the controllability matrix to
verify that it is always controllable from u(z).

Equation (3.4.31) is said to be a linearizing transformation for the robot
dynamical equation. We may invert this transformation to obtain

r=MJ*[u=3-Jd| +N, (3.4.36)
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where J* is the Moore-Penrose inverse [Rao and Mitra 1971] of the Jacobian
J(q). 1t J(g) is square (i.e., p=n) and nonsingular, then J*(g)=]"'(g) and we may
write

r=MJ"! [u =i jq] +N, (3.4.37)

As we shall see in Chapter 4, feedback linearization provides a powerful
controls design technique. In fact, if we select #(z) so that (3.4.34) is stable
(e.g., a possibility is the PD feedback u = —K,3 — Kpy), then the control
input torque 1(¢) defined by (3.4.36) makes the robot arm move in such a way
that y(t) goes to zero.

In the special case y(t)=q(t), then J=I and (3.4.34) reduces to the linear
position/velocity form (3.4.22).

3.5 Cartesian and Other Dynamics

In Section 3.2 we derived the robot dynamics in terms of the time behavior of
q(t). According to Table 3.3.1,

M(@i+V(gd+Fig+Fi(@)+G(@)+ra=71 (3.5.1)
or
M(@)G+N(g,@)+1a=r, (3.5.2)

where the nonlinear terms are
N(g,4) =V (g,9) + Fog+ Fs(d) +G(q). (3.5.3)

We call this the dynamics of the arm formulated in joint space, or simply the
joint-space dynamics.

Cartesian Arm Dynamics

It is often useful to have a description of the dynamical development of variables
other than the joint variable g(z). Consequently, define

y=h(g (3.5.4)

with h(g) a generally nonlinear transformation. Although y(#) could be any
variable of interest, let us think of it here as the Cartesian or task space
position of the end effector (i.e., position and orientation of the end effector in
base coordinates).
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The derivation of the Cartesian dynamics from the joint-space dynamics is
akin to the feedback linearization in Section 3.4. Differentiating (3.5.4) twice
yields

§=Jg (3.5.5)
ij=Ji+ Jg, (3.5.6)
where the Jacobian is
_0Oh
= 5‘}‘ (3.5.7)

The Cartesian velocity vectorisg = [v7 wT]T € RS, with v € R’ the linear
velocity and o e R3the angular velocity. Let us assume that the number of
links is 7=6, so that ] is square. Assuming also that we are away from workspace
singularities so that IJI0, according to (3.5.6), we may write

§=JYj—J g, (3.5.8)

which is the “inverse acceleration” transformation. Substituting this into (3.5.2)
yields

MJ 7Y+ (N = MI™VJg) +ma=r.
Recalling now the force transformation t=/"F, with F the Cartesian force vector
(see Appendix A) we have
JTMJI Y+ T (N - MJ"‘jq') +JTrg=F (359

This may be written as
Mij+ N + f3 = F, (3.5.10)

where we have defined the Cartesian inertia matrix, nonlinear terms, and
disturbance by

M=JTmJ! (3.5.11)

N=JT (N = MJ-qu') e T (N - MJ"JJ”‘:,}) (3.5.12)

Equation (3.5.9)—(3.5.10) gives the Cartesian or workspace dynamics of the
robot manipulator.
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Note that 37, I, and f; depend on g and ¢, so that strictly speaking, the
Cartesian dynamics are not completely given in terms of y, g, 4 However.
g = J~ 1y, and given y(z) we could use the inverse kinematics to determine
q(t), so that }7,, ¥, f can be computed as functions of y and g7 using computer
subroutines.

Structure and Properties of the Cartesian Dynamics

It is important to realize that all the properties of the joint-space dynamics
listed in Table 3.3.1 carry over to the Cartesian dynamics as long as ] is
nonsingular [Slotine and Li 1987]. Note particularly that F7 is symmetric
and positive definite. For a revolute arm the Jacobian has units of length and
is bounded. In that case, 37 is bounded above and below.

Defining

V=JT (V (a,4) — MJ“jJ‘lg}) , (3.5.14)
it follows that
V=Vny (3.5.15)
with
V,=JT (V,,, - MJ“J) J, (3.5.16)

where V,, was defined in Section 3.3.
It is easy to show that

S=M-2V, (3.5.17)
is skew-symmetric. Indeed, use the identity
d o1y _ _ 1571
& (I Y =-J14g (3.5.18)
to see that
— - d -T -1 —Tar 7-1 -T d -1 %
M-V =— (JT)YMJI '+ TMI +J ME(J ) — 2V

=—JTJT g Ty - J-TMJJI w20 TM I G
+J°T (M - 2Vm) J!

=T (M — W + [MJ-IJ - (MJ"‘J’)TD J,
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which is skew symmetric since pf — 2V, is.
The friction terms in the Cartesian dynamics are

Fy+F,=0"TRJ g+ I TF(9), (3.5.19)

and they satisfy bounds like those in Table 3.3.1. Notice that in Cartesian
coordinates the friction effects are not decoupled (e.g., J'F,J*is not diagonal).
The Cartesian gravity vector

G=J"TG(g) (3.5.20)

is bounded.
The property of linearity in the parameters holds and is expressed as

Mij+N=Mij+Vpg+Fy+F,+G=W(y,3,) e, (3.521)
where the known Cartesian function of robot functions is
W (y,9,9) = J~"W (4,4, ) (3.5.22)
and ¢ is the vector of arm parameters.

EXAMPLE 3.5-1: Cartesian Dynamics for Three-Link Cylindrical Arm

Let us show how to convert the joint space dynamics found in Example
3.2.3 to Cartesian dynamics. From Example A.3-1, the arm Jacobian is

—rsinf 0 cosf g (1)

—rcosf 0 —sinf
J =
0 1 0

whence its inverse is

-1 _
J = 0 1 P (2)

—siné —cosf 0

!—(cosﬁ)/r —(sin6) /r ©
0

From Example 3.2.3 the arm inertia matrix is

J+ myrz 0 0
M= 0 my+mg 0 (3)
0 0 Mg
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Applying (3.5.11) yields (verify!)

i ma + Jcos?@  Jsinfcosh 0
ﬂ’.f:J_TMJ_l = jsinﬁcosﬁ m2+j3i1126 0 " (4)
0 0 my + ma

where J = J/r%

In a similar fashion, one may compute N.

3.6 Actuator Dynamics

We have discussed the dynamics of a rigid-robot manipulator in joint space
and Cartesian coordinates. However, the robot needs actuators to move it;
these are generally either electric or hydraulic motors. It is now required,
therefore, to add the actuator dynamics to the arm dynamics to obtain a
complete dynamical description of the arm plus actuators. A good reference
on actuators and sensors is provided by [de Silva 1989].

Dynamics of a Robot Arm with Actuators

We shall consider the case of electric actuators, assuming that the motors are

armature controlled. Hydraulic actuators are described by similar equations.

In this subsection we suppose that the armature inductance is negligible.
The equations of the n—Ilink robot arm from Table 3.3.1 are given by

M(@i+Vn(g,9)§+F(@+Glg=r, (3.6.1)

where g € R”is the arm joint variable. The dynamics or the armature-controlled
do motors that drive the links are given by the # decoupled equations

JImém + Bgy + Frr + R = Ky, (3.6.2)

where gpr = vec{qn;} € R™with, gy, the ith rotor position angle and vec{o}
denoting a vector with components o;. The control input is the motor voltage
vector v € R"

The actuator coefficient matrices are all constants given by
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The actuator coefficient matrices are all constants given by

Im = diag {Jmi}
B = diag {Basi + KoK pi] Rai}
R = diag {r;}
Ky = diag {Kpi/ Rai}, (3.6.3)

where the ith motor has inertia J;, rotor damping constant B,; back emf
constant K,;, torque constant K,;, and armature resistance R,

The gear ratio of the coupling from the ith motor to the ith arm link is 7;
which we define so that

qi=riin or q=RqM. (36.4)

If the ith joint is revolute, then 7;is a dimensionless constant less than 1. If g;
is prismatic, then 7; has units of m/rad.
The actuator friction vector is given by

Fy=vec{Fy;}

with F,; the friction of the ith rotor.
Note that capital “M” denotes motor constants and variables, while V,, is
the arm Coriolis/centripetal vector defined in terms of Christoffel symbols.
Using (3.6.4) to eliminate gy in (3.6.2), and then substituting for t from
(3.6.1) results in the dynamics in terms of joint variables

(Ju + B*M) G+ (B + R*Vn) ¢+ (RFy + R*F) + R*G = RKpv (3.6.5)

or, by appropriate definition of symbols,
M@i+V'(@,dq+F (@) +G (g =K'v. (3.6.6)

Properties of the Complete Arm-Plus-Actuator Dynamics. The complete
dynamics (3.6.6) has the same form as the robot dynamics (3.6.1). It is very
easy to verify that the complete arm-plus-actuator dynamics enjoys the same
properties as the arm dynamics that are listed in Table 3.3.1 (see the Problems).
In particular, V’ is one-half the difference between A’ and a skew-symmetric
matrix, all the boundedness assumptions hold, and linearity in the parameters
holds. Thus, in future work where we design controllers, we may assume that
the actuators have been included in the arm equation in Table 3.3.1
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Independent Joint Dynamics. In many commercial robot arms the gear
ratios 7, are very small, providing a large torque advantage in the actuator/
link coupling. This has important ramifications that greatly simplify the design
of robot arm controllers.

To explore this, let us write the complete dynamics by components as

K i )
(Jmi + r?mis) G+ Bidi +riFa = rRM vi—rid;, i=1,---,n,(3.6.7)

it

where B=diag{B;} and d, is a disturbance given by

di =Y mijdj+ Y Vikidjdn + Fi + G (3.6.8)
Ji ak -

with m; the off-diagonal elements of M’, V};; the tensor components of Vg, F;
the friction of the ith link, and G, the ith gravity component.

This equations reveals that if r; is small, the arm dynamics are
approximately given by n decoupled second-order equations with constant
coefficients. The dynamical effects of joint coupling and gravity appear only
as disturbance terms multiplied by 72 That is, robot controls design is virtually
the problem of simply controlling the actuator dynamics.

Unfortunately, modern high-performance tasks make the Coriolis and
centripetal terms large, so that d; is not small. Moreover, modern high-
performance arms have near-unity gear ratios (e.g., direct drive arms), so
that the nonlinearities must be taken into account in any conscientious controls
design.

Third-Order Arm-Plus-Actuator Dynamics

An alternative model of the complete robot arm is sometimes used in controls
design [Tarn et al. 1991]. It is a third-order differential equation that should
be used when the motor armature inductance is not negligible.

When the armature inductances L; are not negligible, instead of (3.6.2) we
must use the armature-controlled do motor equations

TKj I + Ky I + B'gpy = Kpyv (3.6.9)

JImGm + Bmim + Fy + R = K T (3.6.10)

with I € R"the vector of armature currents,
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T= diag {Lime'}
K, = diag {Knm:}
B’ = diag {Kb;’KMi/Rai}
By = diag {Bui}- (3.6.11)

It is important to note that T is a matrix of motor electric time constants. In
the preceding subsection, these time constants were assume negligibly small
in comparison to the motor mechanical time constant.

To determine the overall dynamics of the arm plus do motor actuators,
eliminate 1 between (3.6.1) and (3.6.10) to obtain an expression for I. Then,
differentiate to expose explicitly 7. Substitute these expressions into (3.6.9)
(see the Problems) to obtain dynamics of the form

d®
Dﬁgq + f(q,4,d§) = RKpmv. (3.6.12)

The coefficient matrix D is given by
D(q)=TM(q) (3.6.13)
so that it is negligible when L; are small.

Dynamics with Joint Flexibility

We have assumed that the coupling between between the actuators and the
robot links is provided through rigid gear trains with gear ratios of 7. In
actual practice, the coupling suffers from backlash and gear train flexibility
or elasticity. Here we include the flexibility of the joints in the arm dynamic
model, assuming for simplicity that r=1.

This is not difficult to do. Indeed, suppose that the coupling flexibility is
modeled as a stiff spring. Then the torque mentioned in Equations (3.6.1),
(3.6.2) is nothing but

T=DB,(jm —q)+ K. (g — 9), (3.6.14)

with B=diag{b,}, K.=diag{k,}, and b, and k; the damping and spring constants
of the ith gear train. Thus the dynamical equations become

M(@)§+Vm(9:9)d+ F(9) +G(q) + By (4 — M) + K (g — qm) =0,
(3.6.15)

JImidm + Ban + Fy + By (dm — ) + K (g — q) = Kpv. (3.6.16)
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The structure of these equations is very different from the rigid joint arm
described in Table 3.3.1. We discuss the control of robot manipulators with
joint flexibility in Chapter 6 (see [Spong 1987]). The next example shows the
problems that can occur in controlling flexible joint robots.

EXAMPLE 3.6-1: DC Motor with Flexible Coupling Shaft

To focus on the effects of joint flexibility, let us examine a single armature-
controlled do motor coupled to a load through a shaft that has significant
flexibility. The electrical and mechanical subsystems are shown in Figure
3.6.1.

The motor electrical equation is

Li=—Ri—klfm+u (1)

with i(2), u(t) the armature current and voltage, respectively. The back emf
The interaction force exerted by the flexible shaft is given by
f=b(8,n — 01) + k(8. — 81, Where the shaft damping and spring constants

are denoted by b and k. Thus the mechanical equations of motion may be
written down as

Jmém + bmgm +b (9m - 9,[,) + k (Sm - BL) =k (2)
Jiby +b (é;, - ém) + k(6 —0,) =0, (3)

with subscripts 72 and L referring, respectively, to motor parameters and
load parameters. The load inertia J; is assumed constant. The definitions
of the remaining symbols may be inferred from the foregoing text.

To place these equations into state-space form, define the state as

g=[i bn wm 6 wr ], 4)

with o, = 6,, and wy = §; the motor and load angular velocities. Then
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Figure 3.6.1: DC motor with shaft compliance: (a) electrical subsystem; (b) mechanical
subsystem.
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a. Rigid Coupling Shaft

If there is no compliance in the coupling shaft, ®,,=®; = and the state equations
reduce to (see the Problems)

z=[;f//§ :‘gtﬁ}z+[1{]‘r‘]usm+su, (6)

where x=[i 0|7, J=],,+];. Defining the output as the motor speed gives

y=[0 1]z=Cuz

The transfer function is computed to be

km

= — = =
H{s)=Csl-4)" B=r7~ R) (Js + bm) + kmkly, 7

Using parameter values of J,=/;=0.1 kg-m* k,, = k!, = 1 V-s, L=0.5 H,
b,,=0.2 N-m/rad/s, and R=5 Q yields

10

HO) = mseren (8)

so that there are two real poles at s=-2.3, s=-8.7.
Using Program TRESP in Appendix B to perform a simulation (see Section
3.3) yields the step response for w shown in Figure 3.6.2.

b. Very Flexible Coupling Shaft

Coupling shaft parameters of k=2 N-m/rad and 6=0.2 N-m/rad/s correspond
to a very flexible shaft. Using these values, software like PC-MATLAB can be
employed to obtain the two transfer functions

o 20s [(s +1)” + 4.367]

U 5(s+3.05) (s +6.14) [(s 1342+ 5.62]

Wi, 405 (5 +10)

U 5(s+3.05) (s +6.14) [(s +34)% + 5.62] (10)
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Figure 3.6.2: Step response of dc motor with no shaft flexibility. Motor speed in rad/s.

The shaft flexible mode has the poles s=-3.4 =+ j5.6, and so has a damping
ration of {=0.52 and a natural frequency of ©=6.55 rad/s. Note that the system
is marginally stable, with a pole at s=0. It is BIBO stable due to pole-zero
cancellation.

Program TRESP yielded the step response shown in Figure 3.6.3. Several
points are worthy of note. Initially, the motor speed w,, rises more
quickly than in Figure 3.6.2, since the shaft flexibility means that only
the rotor moment of inertia J,, initially affects the speed. Then, as the
load J; is coupled back to the motor through the shaft, the rate of
increase of ,, slows. Note also that the load speed w; exhibits a delay
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Figure 3.6.3: Step response of motor with very flexible shaft.

of approximately 0.1 s due to the flexibility in the shaft.

It is extremely interesting to note that the shaft flexibility has the effect of
speeding up the slowest motor real pole [compare (8) and (9)], so that w;
approaches its steady-state value more quickly than in the rigid-shaft case.
This is due to the “whipping” action of the flexible shaft.

The shaft dynamics make the control of 6;, which corresponds in a robot
arm to the joint angle g;, very difficult without some sort of specially designed
controller.
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3.7 Summary

In this chapter we have laid the foundation for a study of robot control systems.
Using Lagrangian mechanics in Section 3.2, we derived the dynamics of some
robot arms that will be used for demonstration designs throughout the text.
We provided expressions for the general robot arm dynamics for any serial-
link arm.

In Section 3.3 we studied the properties of the robot dynamics such as
boundedness, linearity in the parameters, and skew symmetry that are needed
in controls design. Table 3.3.1 gives a summary of our findings. We used a
Kronecker product approach that yields great insight into the relations between
the terms in the robot equation.

A vital form in modern control systems design is the state-variable
formulation. In Section 3.4 we derived several state-space forms of the arm
dynamics, setting the stage for several design techniques to be provided in
subsequent chapters. The state formulation is also useful in computer simulation
of robot controllers, as we see in Section 3.3.

The dynamics in Cartesian form were given in Section 3.5. The dynamics
of the actuators that drive the robot manipulator links were analyzed and
included in Section 3.6.
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PROBLEMS

Section 3.2

3.2-1 Dynamics. Find the dynamics for the spherical wrist in Example

A2-4.

3.2-2 Dynamics from Derived Equations. In Example 3.2.2 we found the
dynamics of the two-link planar elbow arm from first principles. In
this problem, begin with the expressions for the kinetic and potential
energy in that example and:

(a) Write K in the form (3.2.29) to determine M(q)
(b) Use (3.2.42) and (3.2.43) to determine V(q, Q) and G(q).

3.2-3 Dynamics from Derived Equations. Repeat Problem 3.2-2 for the
three-link arm in Example 3.2.3.

Section 3.3

3.3-1 Prove (3.3.22) by finding Vpl(q) andV (q).

3.3-2  Prove (3.3.23) by finding the matrices V(q).

3.3-3 Prove (3.3.27).

3.3-4  Coriolis Term. Find V__ () and V__ (g) in (3.3.40).

3.3-5 Coriolis Term. Demonstrate that the Coriolis/centripetal term in the
dynamics equation may be expressed [Paul 1981] as V(g, Q)= vec{V(q,
g)lwhere

Vi (9,9) = D vijedid;
with
1. 9%
ijk = t
Vijk = E race [3 30, 3%]
and T, defined in Appendix A. Compare this to V,,1, V,.,, V,, as
defined in Section 3.2.
3.3-6 Bounds and Structure. Derive in detail the results in Example 3.3.1.
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3.3-7 Bounds and Structure. Derive the bounds and structural matrices for
the two-link polar arm in Example 3.2.1. Use:
(a) The 1—norm.
(b) The 2-norm .
(c) The c0—norm.

3.3-8 Bounds and Structure. Repeat Problem 3.3-7 for the three-link
cylindrical arm in Exercise 3.2.3.

3.3-9 Bounds Using 2-Norm. Derive the bounds for the two-link planar
elbow arm in Example 3.3.1 using the 2—norm.

Section 3.4

3.4-1 Prove(3.4.15).

3.4-2 Hamiltonian State Formulation. Demonstrate that (3.4.15) is
equivalent to

p= 1/2 (M+S)M_lp+f—G,

with the skew-symmetric matrix defined in Section 3.3.

3.4-3 Hamiltonian State Formulation. Use (3.4.17) to derive the
Hamiltonian state-variable formulation for the two-link polar arm
in Example 3.2.1.

3.4-4 Hamiltonian State Formulation. Repeat Problem 3.4-3 for the two-
link planar elbow arm in Example 3.2.2.

Section 3.5

3.5-1 Cartesian Dynamics. Complete Example 3.5.1, computing the
nonlinear terms N in Cartesian coordinates.

3.5-2 Cartesian Dynamics. Find the Cartesian dynamics of the two-link
polar arm in Example 3.2.1.

3.5-3 Cartesian Dynamics. Find the Cartesian dynamics of the two-link
planar elbow arm in Example 3.2.2.

Section 3.6

3.6-1 Actuator Dynamics. Verify that the arm-plus-actuator dynamics (3.6.6)

has the properties listed in Table 3.3.1.
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3.6-2 Actuator Dynamics. Derive the third-order dynamics (3.6.12),
providing explicit expressions for f(g 4, §) Verify that they reduce to
(3.6.5) when L. is negligible.

3.6-3 Flexible Coupling Shaft. Verify the state equation for the rigid-shaft
case in Example 3.6.1.



Chapter 4

Computed-Torque Control

In this chapter we examine some straightforward control schemes for robot
manipulators that fall under the class known as “computed-torque controllers.”
These generally perform well when the robot arm parameters are known
fairly accurately. Some connections are given with classical robot control,
and modern design techniques are provided as well. The effects of digital
implementation of robot controllers are shown. Trajectory generation is
outlined.

4.1 Introduction

A basic problem in controlling robots is to make the manipulator follow a
preplanned desired trajectory. Before the robot can do any useful work, we
must position it in the right place at the right instances. In this chapter we
discuss computed-torque control, which yields a family of easy-to-understand
control schemes that often work well in practice. These schemes involve the
decomposition of the controls design problem into an inner-loop design and
an outer-loop design.

In Section 4.4 we provide connections with classical manipulator control
schemes based on independent joint design using PID control. In Section 4.6
we show how to use some modern design techniques in conjunction with
computed-torque control. Thus this chapter could be considered as a bridge
between classical design techniques of the sort used several years ago in robot
control, and the modern design techniques in the remainder of the book which
are needed to obtain high performance in uncertain environments.

We assume here the robot is moving in free space, having no contact with
its environment. Contact results in the generation of forces. The force control
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problem is dealt with in Chapter 7. We will also assume in this chapter that
the robot is a well-known rigid system, thus designing controllers based on a
fairly well-known model. Control in the presence of uncertainties or unknown
parameters (e.g., friction, payload mass) requires refined approaches. This
problem is dealt with using robust control in Chapter 4 and adaptive control
in Chapter 5.

An actual robot manipulator may have flexibility in its links, or compliance
in its gearing (joint flexibility). In Chapter 6 we cover some aspects of control
with joint flexibility.

Before we can control a robot arm, it is necessary to know the desired path
for performing a task. There are many issues associated with the path planning
problem, such as avoiding obstacles and making sure that the planned path
does not require exceeding the voltage and torque limitations of the actuators.
To reduce the control problem to its basic components, in this chapter we
assume that the ultimate control objective is to move the robot along a
prescribed desired trajectory. We do not concern ourselves with the actual
trajectory-planning problem; we do, however, show how to reconstruct a
continuous desired path from a given table of desired points the end effector
should pass through. This continuous-path generation problem is covered in
Section 4.2.

In most practical situations robot controllers are implemented on
microprocessors, particularly in view of the complex nature of modern control
schemes. Therefore, in Section 4.5 we illustrate some notions of the digital
implementation of robot controllers.

Throughout, we demonstrate how to simulate robot controllers on a
computer. This should be done to verify the effectiveness of any proposed
control scheme prior to actual implementation on a real robot manipulator.

4.2 Path Generation

Throughout the book we assume that there is given a prescribed path g,4(z) the
robot arm should follow. We design control schemes that make the manipulator
follow this desired path or trajectory. Trajectory planning involves finding
the prescribed path and is usually considered a separate design problem
involving collision avoidance, concerns about actuator saturation, and so on.
See [Lee et al. 1983].

We do not cover trajectory planning. However, we do cover two aspects of
trajectory generation. First, we show how to convert a given prescribed path
from Cartesian space to joint space. Then, given a table of desired points the
end effector should pass through, we show how to reconstruct a continuous
desired trajectory.
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Converting Cartesian Trajectories to Joint Space

In robotic applications, a desired task is usually specified in the workspace or
Cartesian space, as this is where the motion of the manipulator is easily
described in relation to the external environment and workpiece. However,
trajectory-following control is easily performed in the joint space, as this is
where the arm dynamics are more easily formulated.

Therefore, it is important to be able to find the desired joint space trajectory
q4(t) given the desired Cartesian trajectory. This is accomplished using the
inverse kinematics, as shown in the next example. The example illustrates
that the mapping of Cartesian to joint space trajectories may not be unique-
that is, several joint space trajectories may yield the same Cartesian trajectory
for the end-effector.

EXAMPLE 4.2-1: Mapping a Prescribed Cartesian Trajectory to Joint
Space

In Example A.3-5 are derived the inverse kinematics for the two-link planar
robot arm shown in Figure 4.2.1. Let us use them to convert a path from
Cartesian space to joint space.

Suppose that we want the two-link arm to follow a given workspace or
Cartesian trajectory

pt)=(x(2), y(1)) (1)

in the (x, y) plane which is a function of time #. Since the arm is moved by
actuators that control its angles 6;, 6,, it is convenient to convert the specified
Cartesian trajectory (x(t), y(t)) into a joint space trajectory (6(t), 6,(t)) for
control purposes.

This may be achieved by using the inverse kinematics transformations

r’=x’+y’ 2)

r? —a? + a2

C = cosfy = o

D =+/1—cos?by = £1/1-C? (4)

6,=ATAN2 (D, C) )
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0,=ATAN2(y, x)-ATAN2 (a, sin 60,, a,+a, cos 6,) (6)
.
) (x.y)
'y i m
d,
- 92
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Figure 4.2.1: Two-link planar elbow arm.
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Figure 4.2.2: Desired Cartesian trajectory.
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Suppose that the end of the arm should repeatedly trace out the circular
workspace path p(t) shown in Figure 4.2.2, which is described by

x(t)=2+%cos t
y(t)=1+%ssin ¢. (7)

By using these expressions for each time t in the inverse kinematics equations,
we obtain the required joint-space trajectories q(2)=(6,(t), 6,(t)) given in Figure
4.2.3 that yield the circular Cartesian motion of the end effector (using a,=2,
a,=2).

We have computed the joint variables for the “elbow down” configuration.
Selecting the opposite sign in (4) gives the “elbow up” joint space trajectory
yielding the same Cartesian trajectory. =

Polynomial Path Interpolation

Suppose that a desired trajectory for the manipulator motion has been
determined, either in Cartesian space or, using the inverse kinematics, in joint
space. For convenience, we use the joint space variable g(z) for notation. It is
not possible to store the entire trajectory in computer memory, and few
practically useful trajectories have a simple closed-form expression. Therefore,
it is usual to store in computer memory a sequence of points g;(#;) for each
joint variable 7 that represent the desired values of that variable at the discrete
times #,. Thus q(#) is a point in R” that the joint variables should pass through
at time #,.We call these via points.

Most robot control schemes require a continuous desired trajectory. To
convert the table of via points g,(#;) to a continuous desired trajectory q4(), we
may use many options. Let us discuss here polynomial interpolation.

Suppose that the via points are uniformly spaced in time and define the
sampling period as

Tety-ti. (4.2.1)
For smooth motion, on each time interval [#,, #:,,] we require the desired

position g,4(#) and velocity g,(t) to match the tabulated via points. This yields
boundary conditions of
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Figure 4.2.3: Required joint-space trajectories: (a) 6; (deg); (b) 6, (deg).
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qa; (tx) = qi ()

qda; (tx) = ¢i (tr)

qd; (tkt1) = qi (tha1) (4.2.2)
da; (te+1) = Gi (Bkt1)

To match these boundary conditions, it is necessary to use on [tR, t,,] the
cubic interpolating polynomial

Ga; (t) = @i +(t — ) b + (2 - tk)2 i+ (t— t,c)3 d;, (423)
which has four free variables. Then

qa; (t) =b; +2 (t - tk) ci+3 (t - tk)2 d; (4.2.4)

Ga, (t) = 2¢; + 6 (t — tg) d; (4.2.5)

so that the acceleration is /inear on each sample period.
It is easy to solve for the coefficients that guarantee matching of the boundary
conditions. In fact, we see that

1.0 0 O a; q; (tr)

01 0 O bi | _ | Gi(tk)

17 1% 713 ci | | qi(tksr) (4.2.6)
0 1 2T 377 d; g (tr+1)

This is solved to obtain the required interpolating coefficients on each interval
[ts e ].

a; = q; (t)
bi = ¢; (tx)

_ 3ai (tear) — i (8)] — T (243 (4) + di (Be41)]

i T2 (4.2.7)
d, = 2[q; (tr) — i (te+1)] ;371 [ (t) + ds (tk—H)].

Note that this technique requires storing the desired position and velocity at
each sampling point in tabular form. A variant uses a higher-order polynomial
to ensure continuous position, velocity, and acceleration at each sample
time .
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Although we have used the joint variable notation g(2), it should be
emphasized that trajectory interpolation can also be performed in Cartesian
space.

Linear Function with Parabolic Blends

Using cubic interpolating polynomials, the acceleration on each sample
period is linear. However, in many practical applications there are good
reasons for insisting on constant accelerations within each sample period.
For instance, any real robot has upper limits on the torques that can be
supplied by its actuators. For linear systems (think of Newton’s law) this
translates into constant accelerations. Therefore, constant accelerations are
less likely to saturate the actuators. Besides that, most industrial robot
controllers are programmed to use constant accelerations on each sample
period.

A constant acceleration profile is shown in Figure 4.2.4(a). The associated
velocity and position profiles are shown in Figure 4.2.4(b) and 4.2.4(c). The
position trajectory has three parts: a quadratic or parabolic initial portion,
a linear midsection, and a parabolic final portion. Therefore, let us discuss
interpolation of via points using linear functions with parabolic blends (LFPB).

The time at which the position trajectory switches from parabolic to
linear is known as the blend time t,. A position q(t) should be specified for
each joint variable i. The trajectory in Figure 4.2.4(c) can be written for
joint 7 as

i+ (t - te) b+ (t— t) s, th <t<tp+t
qa; (1) =< di +vit, b+t <E<tlppr— 1
et (t—ther) fi+ (t—tir1) 65, thor =ty <t <thpr.

(4.2.8)

The coefficient v; may be interpreted as the maximum velocity allowed for
joint variable 7. The design parameters are v; and t,.

It is straightforward to solve for the coefficients on each time interval [z,
tp.1] that ensure satisfaction of the boundary conditions (4.2.2). The result is
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Figure 4.2.4: LFPB trajectory: (a) acceleration; (b) velocity.

. vy — g (¢
a; =¢q(tr), bi=¢(ts), = —1—231—(“,
b

d; = i (tk) + gi (teg1) — Vitgaa
2
€ = qi(tk+1), fi =G (tp1)
Vitk1 + @i (tk) — @i (Br1) + 2t [gi (trg1) — vi]
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Figure 4.2.4: (Cont.)(c) position.

Minimum-Time Trajectories

There is an important special class of LFPB trajectories. Suppose the
acceleration is limited by a maximum value of ay and it is desired for the
robot arm to get from one position to another in minimum time. For simplicity
assume that the initial and final velocities are equal to zero. The general case
is covered in [Lewis 1986a] (see the Problems).

A minimum-time trajectory is shown in Figure 4.2.5. To drive joint variable
i from a rest position of gy=q;(t,) to a desired final rest position of g/=¢,(t) in a
minimum time f;, the maximum acceleration a, should be applied until the
switching time t,, after which time the maximum deceleration -a, should be
applied until .. Note that both ¢, and #; depend on g, and g, We may write

i (ts) = qo + Yoans (ts — to)®

i (ts) = anm (ts — to)

g (tg) = g (ts) + i (ts) (tr — ) — Yoan (t5 — t,)?
¢i (t5) = gi (ts) —am (ty —ts) .

Then the velocity equations yield

Gi (t5) = am (ts — to) — anr (ty —ts) =0
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Figure 4.2.5: Minimum-time trajectory: (a) acceleration; (b) velocity.

or

t=(trrto)2.

(4.2.10)

That is, the switching from maximum acceleration to maximum deceleration
occurs at the half-time point. Now simple manipulations on the position

equations yield
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(c)

Figure 4.2.5: (Cont.)(c) position.

gi (tf) = qo + Yaan (ts — to)® + anr (ts — to) (ty — ts) — Yoan (¢ — ts)°

Y20 = 1y (b, — t0)? + (s — to) (b1 — ta) = Ya (ty — 1)’
am

whence (4.2.10) yields

ty = to+ 1/ (a — q0)/ant- (4.2.11)

A closed-loop formulation of minimum-time control appears in [Lewis 1986a].

Unfortunately, minimum-time trajectories computed using a constant
maximum acceleration are not directly relevant in robotics. This is due to the
fact that an actual manipulator has a torque limit of t,,. Since the robot
equation (see Table 3.3.1) is nonlinear, this does not correlate to a constant
upper bound on the acceleration. For instance, a robot arm has different
maximum accelerations in its fully extended and fully retracted positions. For
more discussion see [Kahn and Roth 1971], [Chen 1989], [Geering 1986],
[Gourdeau and Schwartz 1989], [Jayasuriya and Suh 1985], [Kahn and Roth
1971], [Kim and Shin 1985], [Shin and McKay 1985].
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4.3 Computer Simulation of Robotic Systems

It is very important to simulate on a digital computer a proposed manipulator
control scheme before actually implementing it on an arm. We show here
how to perform such computer simulations for robotic systems. Since most
robot controllers are actually implemented in a digital fashion (Section 4.5),
we also show how to simulate digital robot arm controllers.

Simulation of Robot Dynamics

There is a variety of software packages for the simulation of nonlinear
dynamical systems, including SIMNON [Astrém and Wittenmark 1984],
MATLAB, and others. For convenience, we include in Appendix B some
simulation programs that are quite useful for continuous and digital control.

All simulation programs require the user to write similar subroutines. Time
response simulators that use integration routines such as Runge-Kutta all require
the computation of the state derivative given the current state. In Section 3.4
we saw how to represent the robot arm equation

M(q)§+N(gd)+1a=T7 (4.3.1)
in the nonlinear state-space form
&= f(z,u,t), (4.3.2)

with x(z) the state and u(t) the input.
Defining a state as x=[q" ¢'|", we may write the implicit form

[é Mo(q)][g’]:[—N(gq,q')]+[?]T+[_OI]T¢:,(4.3.3)

with T the arm control torque that is provided by the controller and 1, the
disturbance torque. We say that this is an implicit form since the coefficient
matrix of the left-hand side means that & = d[gT ¢T]7/dt is not given
explicitly in terms of the right-hand side.

Given x(1), it is necessary to provide a subroutine for the integration program
that computes (z). One approach to solving for 4 is to invert M(q). However,
due to potential numerical problems this is not recommended. Let us represent
(4.3.3) as

E(z)i=f(x,u,t). (4.3.4)

Note that in this case u(2) is the vector composed of the controls 7(¢) and the
disturbances 74(2).
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A simple time response program, TRESP, is given in Appendix B. Given a
subroutine F(time, x, &) that computes Z given x(#) and u(t) using (4.3.4); it
uses a Runge-Kutta integrator to compute the state trajectory x(z). To solve
for & within subroutine F(t, x, )we recommend computing M(gq) and N(q, q)
and, then solving

d _

M (q) i

-N(q,q)+7— 74 (4.3.3)

[i.e., the bottom portion of (4.3.3)] by least-squares techniques, which are
more stable numerically than the inversion of M(g). Least-squares equation
solvers are readily available commercially in, for instance [IMSL], [LINPACK],
and elsewhere. For simpler arms, M(g) may be inverted analytically.

Throughout the book we illustrate the simulation of the arm dynamics
using various control schemes.

Simulation of Digital Robot Controllers

While most robot controllers are designed in continuous time, they are
implemented on actual robots digitally. That is, the control signals are only
updated at discrete instants of time using a microprocessor. We discuss the
implementation of digital robot arm controllers in Section 4.5. To verify that
a proposed controller will operate as expected, therefore, it is highly desirable
to simulate it in its digitized or discretized form prior to actual implementation.

(1) ; T I'k (’k I——K——-‘l ll‘ m u(t) m _\'(f) JT _\'k

- ‘ (-)i o f amI

Figure 4.3.1: Digital controller.

A digital control scheme is shown in Figure 4.3.1. The plant or system to
be controlled is a continuous-time system, and K(z) is the dynamic digital
controller, where z is the Z-transform variable (i.e., 2" represents a unit time
delay). The digital controller K(z) is implemented using software code in a
digital signal processor (DSP). The reference input (1) is the desired trajectory
that y(z) should follow, and ¢, is the (discrete) tracking error.

The sampler with sample period T is an analog-to-digital (A/D) converter
that takes the samples yk=y(kT) of the output y(#) that are required by the
software controller K(z). The definition of y(2) can vary depending on the
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control scheme. For instance, in robot control, y(z) might represent the 27—
vector composed of g(#) and g-(z).

U
0 T 2 3T 4 ST 6 T 8T T —~
@
[ 1
|
u(®)
0 T  2r 3T 4 3T 6 T 8 T—~

®)

Figure 4.3.2: Data reconstruction using a ZOH: (a) discrete control sequence #;; (b)
reconstructed continuous signal u(z).

The hold device in the figure is a digital-to-analog (D/A) converter that
converts the discrete control samples #, computed by the software controller
K(z) into the continuous-time control #(z) required by the plant. It is a data
reconstruction device. The input #, and output u(z) for a zero-order hold (ZOH)
are shown in Figure 4.3.2. Note that #(kT)=u,, with T the sample period, so
that (1) is continuous from the right. That is, #(z) is updated at times kT. The
ZOH is generally used for controls purposes, as opposed to other higher-order
devices such as the first-order hold, since most commercially available DSPs
have a built-in ZOH.

Once a controller has been designed, it is important to simulate it using a
digital computer before it is implemented to determine if the closed-loop
response is suitable. This is especially true in robotics, since the digital
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controller is generally found by designing a continuous-time controller, which
is then digitized using approximation techniques such as Euler’s method. That
is, for nonlinear systems, the controller discretization schemes are generally
not exact. This results in degraded performance. To verify that the controller
performance will be suitable, the simulation should provide the response at
all times, including times between the samples.

To simulate a digital controller we may use the scheme shown in Figure
4.3.3. There, the continuous plant dynamics are contained in the subroutine
F(t, x, &); they are integrated using a Runge-Kutta integrator. The figure
assumes a ZOH; thus the control input u(2) is updated to u, at each time kT,
and then held constant until time (k+1)T Note that two time intervals are
involved; the sampling period T and the Runge-Kutta integration period
Tr <T. T should be selected as an integral divisor of T.

N Run Y
complete? ( STOP )

f

Runge - Kutta
integrator
TIME = TIME + T,

TIME = 4T
for some integer
k?

Update control
uth =u,

Continuous
plant dynamics
F(TIME. X.XP) START

Figure 4.3.3: Digital control simulation scheme.

This simulation technique provides the plant state x(#) as a continuous
function of time, even at values befween the sampling instants [in fact, it
provides x(¢) at multiples of Ty]. This is essential in verifying acceptable
intersample bebavior of the closed-loop system prior to implementing the
digital controller on the actual plant.

Program TRESP in Appendix B can be used to implement Figure 4.3.3.
It is written in a modular fashion to apply to a wide variety of situations.
We shall illustrate its use for the purpose of digital control in several
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subsequent examples. The use of such simulation software as SIMNON is
quite similar.

We discuss the implementation of digital robot arm controllers in Section
4.5. Some detailed discussion on digital control, simulation, and DSP
implementation of controllers is given in [Lewis 1992].

4.4 Computed-Torque Control

Through the years there have been proposed many sorts of robot control
schemes. As it happens, most of them can be considered as special cases of the
class of computed-torque controllers. Computed torque, at the same time, is a
special application of feedback linearization of nonlinear systems, which has
gained popularity in modern systems theory [Hunt et al. 1983], [Gilbert and
Ha 1984]. In fact, one way to classify robot control schemes is to divide them
as “computed-torque-like” or “noncomputed-torque-like.” Computed-torque-
like controls appear in robust control, adaptive control, learning control, and
$o on.

In the remainder of this chapter we explore this class of robot controllers,
which includes such a broad range of designs. Computed-torque control allows
us to conveniently derive very effective robot controllers, while providing a
framework to bring together classical independent joint control and some
modern design techniques, as well as set the stage for the rest of the book. A
summary of the different computed-torque-like controllers is given at the end
of the section in Table 4.4.1. We shall see that many digital robot controllers
are also computed-torque-like controllers (Section 4.5).

Derivation of Inner Feedforward Loop

The robot arm dynamics are
M(@i+V(g,d)+Fug+Fa(@)+G(g+ma=T (4.4.1)
or
M(@d+N(g,9)+ma=rm, (4.4.2)

with the joint variable q(t) € R™, 7(t) the control torque, and 74(¢) a
disturbance. If this equation includes motor actuator dynamics (Section 3.6),
then 7(¢) is an input voltage.

Suppose that a desired trajectory g,(t) has been selected for the arm motion,
according to the discussion in Section 4.2. To ensure trajectory tracking by
the joint variable, define an output or tracking error as
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e(t) =qa(t) —q(d). (4.4.3)

To demonstrate the influence of the input ~ 7(¢)on the tracking error, differe-
ntiate twice to obtain

€=4qa—(g
€=qq—q.
Solving now for <« in (4.4.2) and substituting into the last equation yields
E=Ga+ M P(N+74~7). (4.4.4)
Defining the control input function

u=g+M P (N-T1) (4.4.5)

and the disturbance function

w =M, (4.4.6)

we may define a state z(t) € R?" by

e
x:[é} (4.4.7)

and write the tracking error dynamics as
d| e 0 I e 0 0
L) [2 SI[E [ee 2]

This is a linear error system in Brunovsky canonical form consisting of n
pairs of double integrators 1/s%, one per joint. It is driven by the control input
u(t) and the disturbance w(z). Note that this derivation is a special case of the
general feedback linearization procedure in Section 3.4.

The feedback linearizing transformation (4.4.5) may be inverted to yield

7= M(ia—u) +N. (4.4.9)

We call this the computed-torque control law. The importance of these
manipulations is as follows. There has been no state-space transformation in
going from (4.4.1) to (4.4.8). Therefore, if we select a control u(z) that stabilizes
(4.4.8) so that e(t) goes to zero, then the nonlinear control input given by
7(2)(4.4.9) will cause trajectory following in the robot arm (4.4.1). In fact,
substituting (4.4.9) into (4.4.2) yields
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Mi+N+13=M(Gg—u)+ N

or
é=u+ M, (4.4.10)
which is exactly (4.4.8).
oSS T T Tt T T T r T e
1 |
L !
! Nonlinear : Linear I
1 inner ) : system !
!
X loop Nig.qy ‘
I I
| i
g, ; T ! 9.4
¢ } M(g) . Arm }
_ i : I
I I
L 1
} |
| e e o o o L L L e e L o e e e e e J
u Outer loop
fecdback

Figure 4.4.1: Computed-torque control scheme, showing inner and outer loops.

The stabilization of (4.4.8) is not difficult. In fact, the nonlinear
transformation (4.4.5) has converted a complicated nonlinear controls design
problem into a simple design problem for a linear system consisting of n
decoupled subsystems, each obeying Newton’s laws.

The resulting control scheme appears in Figure 4.4.1. It is important to
note that it consists of an inner nonlinear loop plus an outer control signal
u(t). We shall see several ways for selecting #(z). Since u(t) will depend on ¢(2)
and ¢(t), the outer loop will be a feedback loop. In general, we may select a
dynamic compensator H(s) so that

U(s)=H(s)E(s). (4.4.11)

H(s) can be selected for good closed-loop behavior. According to (4.4.10), the
closed-loop error system then has transfer function

T(s)=s’I-H(s). (4.4.12)
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It is important to realize that computed-torque depends on the inversion of
the robot dynamics, and indeed is sometimes called inverse dynamics control
In fact, (4.4.9) shows that 7(¢) is computed by substituting g for § in (4.4.2);
that is, by solving the robot inverse dynamics problem. The caveats associated
with system inversion, including the problems resulting when the system has
non-minimum-phase zeros, all apply here. (Note that in the linear case, the
system zeros are the poles of the inverse. Such nonminimum-phase notions
generalize to nonlinear systems.) Fortunately for us, the rigid arm dynamics
are minimum phase.

There are several ways to compute (4.4.9) for implementation purposes.
Formal matrix multiplication at each sample time should be avoided. In some
cases the expression may be worked out analytically. A good way to compute
the torque 7(2) is to use the efficient Newton-Euler inverse dynamics formulation
[Craig 1985] with g4~ in place of §(t).

The outer-loop signal () can be chosen using many approaches, including
robust and adaptive control techniques. In the remainder of this chapter we
explore some choices for #(#) and some variations on computed-torque control.

PD Outer-Loop Design

One way to select the auxiliary control signal #(2) is as the proportional-plus-
derivative (PD) feedback,

u=—K,é— Kpe. (4.4.13)
Then the overall robot arm input becomes
7= M(q)(ga + K€ + Kpe) + N(q,q) (4.4.14)

This controller is shown in Figure 4.4.6 with Ki=0. The closed-loop error
dynamics are

é+ K,é+ Kye=w, (4.4.15)

or in state-space form,
dfe]_[ 0 I J[e] [0
dt | e | — _Kp -K, é I w. (4.4.16)
The closed-loop characteristic polynomial is
Ac(s) = |’ T + Kys + K| . (4.4.17)

Choice of PD Gains. It is usual to take the #x# gain matrices diagonal so
that
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K, =diag{k,,}, Kp=diag{kp,}. (4.4.18)
Then
A s) = H (s + ks +kp,), (4.4.19)
i=1

and the error system is asymptotically stable as long as the K,; and K, are
all positive. Therefore, as long as the disturbance w(z) is bounded, so is the
error e(t). In connection with this, examine (4.4.6) and recall from Table
3.3.1 that M is upper bounded. Thus boundedness of w(?) is equivalent to
boundedness of 74(t).

It is important to note that although selecting the PD gain matrices diagonal
results in decoupled control at the outer-loop level, it does not result in a
decoupled joint-control strategy. This is because multiplication by M(g) and
addition of the nonlinear feedforward terms N (g, g) in the inner loop scrambles
the signal #(2) among all the joints. Thus, information on all joint positions
q(t) and velocities ¢(2) is generally needed to compute the control 7(¢) for any
one given joint.

The standard form for the second-order characteristic polynomial is

p(s) = 5* + 26wns + w}, (4.4.20)

with { the damping ratio and w, the natural frequency. Therefore, desired
performance in each component of the error e(t) may be achieved by selecting
the PD gains as

kp, = wﬁ, kv, = 28w, (4.4.21)

with {, w, the desired damping ratio and natural frequency for joint error 7. It
may be useful to select the desired responses at the end of the arm faster than
near the base, where the masses that must be moved are heavier.

It is undesirable for the robot to exhibit overshoot, since this could cause
impact if, for instance, a desired trajectory terminates at the surface of a
workpiece. Therefore, the PD gains are usually selected for critical damping
{=1. In this case

kv, = 2\/kp,, kp, =k /4. (4.4.22)

Selection of the Natural Frequency. The natural frequency w, governs the
speed of response in each error component. It should be large for fast responses
and is selected depending on the performance objectives. Thus the desired
trajectories should be taken into account in selecting w,. We discuss now
some additional factors in this choice.
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There are some upper limits on the choice for w, [Paul 1981]. Although the
links of most industrial robots are massive, they may have some flexibility.
Suppose that the frequency of the first flexible or resonant mode of link i is

wr = /] T (4.4.23)

with | the link inertia and k, the link stiffness. Then, to avoid exciting the
resonant mode, we should select w,<w,/2. Of course, the link inertia J changes
with the arm configuration, so that its maximum value might be used in
computing w,.

Another upper bound on w, is provided by considerations on actuator
saturation. If the PD gains are too large, the torque t(¢) may reach its upper
limits.

Some more feeling for the choice of the PD gains is provided from error-
boundedness considerations as follows. The transfer function of the closed-
loop error system in (4.4.15) is

e(s) = (821 + kys + kp) "'w(s), (4.4.24)

or if K, and K, are diagonal,
1

eils) = 82 + ky; s + kp,

w(s) = H(s)w(s) (4.4.25)

8

éi(s) = 5———w
i(s) $2 + ky, s + kyp,

(3) = SH(S)’EU(S). (4.4.26)
We assume that the disturbance and M are bounded (Table 3.3.1), so that
llwll < {|M7H [i7al| < 7, (4.4.27)

with m and d known for a given robot arm. Therefore,

lle(OIl < IH (Il llwll < [1H (s)||md (4.4.28)

lles@l < llsH (s)ll [lwl] < |lsH (s)|| 7md. (4.4.29)

Now selecting the L,—norm, the operator gain I[H(s)ll, is the maximum
value of the Bode magnitude plot of H(s). For a critically damped system,

sgpilH (dw)lly = 1/kp, . (4.4.30)

Therefore,
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llei(t)ll, < md/kp,. (4.4.31)
Moreover (see the Problems),
sup ljwH (jw)lly = 1/ku,, (4.4.32)
so that
lle:(t)lly, < Md/ky,. (4.4.33)

Thus, in the case of critical damping, the position error decreases with k,; and
the velocity error decreases with k,,.
EXAMPLE 4.4-1: Simulation of PD Computed-Torque Control

In this example we intend to show the detailed mechanics of simulating a
PD computed-torque controller on a digital computer.

a. Computed-Torque Control Law

In Example 3.2.2 we found the dynamics of the two-link planar elbow arm
shown in Figure 4.2.1 to be

[ (m1 + m3) a} + maa? + 2mga a2 cosfs  m2aZ + maaja; cosfy 6,
maaZ + meajaz cosfy m2a2 b

r P F .-
4| —memaz (29@2 + 9%) sin 6,
Moy 329? sin 92
+ [ (m1 + m32) ga; cos @) + magaz cos (6, + 65)
magas cos (6, + 62)

_-7'1
ey

These are in the standard form
M(@§+V(g,¢+G(qg =T 2)

Take the link masses as 1 kg and their lengths as 1 m.
The PD computed-torque control law is given as
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=M (q) (s + Ko + Kpe) + V (¢,4) + G (q), (3)
with the tracking error defined as

e=q.q- (4)

b. Desired Trajectory

Let the desired trajectory g4(t) have the components

014=g:sin (2mt/T)
6,4=g, cos (2nt/T) (5)

with period T=2 s and amplitudes g;=0.1 rad=6 deg. For good tracking select
the time constant of the closed-loop system as 0.1 s. For critical damping, this
means that K,=diag{k,}, Kp=diag{k,}, where

wn, =1/01=10
kp = w2 =100, ky, = 2w, = 20.

It is important to realize that the selection of controller parameters such as the
PD gains depends on the performance objectives-in this case, the period of the
desired trajectory.

c. Computer Simulation

Let us simulate the computed-torque controller using program TRESP in
Appendix B. Simulation using commercial packages such as MATLAB and
SIMNON is quite similar.

The subroutines needed for TRESP are shown in Figure 4.4.2. They are
worth examining closely. Subroutine SYSINP (ITx, t) is called once per Runge-
Kutta integration period and generates the reference trajectory g,(t), as well
as q4(t), and gq,(t). Note that the reference signal should be held constant
during each integration period.
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aaogoaoaoagaan

C

c

c
C
C
C

FILE 21inkct.FOR
IMPLEMENTATION OF COMPUTED-TORQUE CONTROLLER ON 2-LINK PLANAR ARM
SUBROUTINES FOR USE WITH TRESP

SUBROUTINE TO COMPUTE DESIRED TRAJECTORY
The trajectory value must be constant within each Runge-Kutta
integration interval

SUBROUTINE SYSINP(IT,x,t)

REAL x(*)

COMMON/TRAJ/qd(6), qdp(6), qdpp(6)

DATA gl, g2, per, twopi/0.1, 0.1, 2., 6.283/
COMPUTE DESIRED TRAJECTORY qd(t), qdp(t), qdpp(t)

fact= twopi/per

qd(1)= glksin(fact*t)

qd(2)= g2*cos(fact*t)

qdp(1)=  glxfact*cos(fact*t)

qdp(2)= -g2xfact*sin(fact*t)

qdpp(1)= -gl*fact**2*sin(fact*t)

qdpp(2)= -g2*fact**2xcos(fact*t)

RETURN
END

ok oo oo oK AR o AR o o oo o o KooK K oK Ko K Ao KK ok K o
MAIN SUBROUTINE CALLED BY RUNGE-KUTTA INTEGRATOR
SUBROUTINE F(t,x,xp)
REAL x(*), xp(*)

COMPUTED-TORQUE CONTROLLER
CALL CTL(x)

ROBOT ARM DYNAMICS
CALL ARM(x,xp)

RETURN
END

D L L T T TP
COMPUTED-TORQUE CONTROLLER SUBROUTINE
SUBROUTINE CTL(x)
REAL x(*),mi,m2,M11,M12,M22,N1,N2,kp, kv
COMMON/CONTROL/t1, t2
The next line is to plot the errors and torques
COMMON/OUTPUT/ e(2), ep(2), tpl, tp2
COMMON/TRAJ/qd(6), qdp(6), qdpp(6)
DATA ml,m2,al,a2, g/t.,1.,1.,1., 9.8/
DATA kp, kv/ 100,20/

COMPUTE TRACKING ERRORS
e(1) = qd(1) - x(1)
e(2) = qd(2) - x(2)
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ep(1)= qdp(1) - x(3)
ap{2)= qap(2) - x(4)

€  COMPUTATION OF M{q), N{q,gp}
Mil® (ml+m2)«alesl + m2ea2ee2 + DemdkalvaZéeoa{x(2))

MiZ= mimalms2 + m2+raltadecos(x(2})

M22= m2+al**2

Ni= -m2#al#al* (2#x(3}*x({4) + x(4)**2) = gin(x(2))

Wi= N1 + (ml+m2)#g+alvcos(x(1)) + mdegsal+coa(x{1)+x(2))
N2m m2waleal+x (3)we24sinlx(2}) +m2+pradecos (x{11+x(3))

€  COMPUTATION OF CONTROL TORGUES
ela gdpp{l) + lwvwap(l) = kpsa(l)
g2z qdpp(2) + lkveap(2) + kp*a(2)
tle Milwel + M12452 + N1
t2= M12#sl + M22eaZ + N2

C The next linesz are to plot the torqua
tpl= tl
tp2= 12

RETURN
END

ERRERERE AL FRE R E LR AR R TR R R LRI EAR TR L LR F LT L AR
ROBOT ARM DYNAMICS SUBROUTINE
SUBRQUTINE ARMIX,xp)
REAL x(+},xp(*),ml,m2,M11,M12,M23 MI11,MI12,MI22,N1,02
COMMON/CONTROL/t1l, t2
C The next line is to plot the Cartezian poaition
COMMON/OUTPUT/ dum{8), yl, y2
DATA ml,m2,a),a2, g/1_,1.,1.,1., 9.8/
€ COMPUTATION OF M(g)
Mll= {ml+m2)*al**2 + mZ*al++2 + Z+rm2+al*al=coa(x(2))
M12= m2#al**3 + m2¥al*al+com(x(2))
M0z meaeed
€ INVERZION OF M{q) (For large m, use laast-sguares to find qpp)
det= M11+M22 - M12#%2
MIll= M22/det
MI12= =M12/det
MIZ2= M11/det
C NONLINEAR TERMS
Ni= -m2#al#a2+# (2ex(3)#x{4) + x(4)#%2) * =in{x(2))
Ni= N1 + (ml+m2)#gealécaa{x(1)) + p2égraPheon{x{1)+x(2}}
N2z mwaleaZex(3)ws2esin(x(2}) + m2eghadecos (X(1)+x(2))

¢ STATE EQUATIORS
xp(1)= x(3)
xp{2)= x(4)
xp{d)= MI11*{-N1 + t1) + MI12*(-N2 + t2)
xp{4)= MI12%(-N1 + tl) + MI22%(-N2 + t2)
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C QUTPUT EQUATION - CARTESIAN POSITION

yl= al*cos(x(1)) + a2*cos(x(1)+x(2))
y2= al*sin(x(1)) + a2*sin(x(1)+x(2))

RETURN
END

Figure 4.4.2: Subroutines for simulation using TRESP.

0.14
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Figure 4.4.3: Joint angles 0,(z) and 6,(2) (red).

Subroutine F(time, x, xp) is called by Runge-Kutta and contains the
continuous dynamics. This includes both the controller and the arm dynamics.
The state to be integrated is& = [f1 62 61 62]7,and the subroutine should
compute the state derivative x (i.e., xp, which signifies x—prime).

Subroutine CTL(x) contains the controller (3). Note the structure of this
subroutine. First, the tracking error e(#) and its derivative are computed. Then
M(q) and N(g,q) = V(g,q4) + G(q) are computed. Finally, (3) is
manufactured.
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Figure 4.4.4: Tracking error e,(2), e,(t) (red).

Subroutine ARM(x, xp) contains the robot dynamics. First, M(g) and M-
!(g) are computed, and then N(g,q). The state derivatives are then determined.

The results of the simulation are shown in the figures. Figure 4.4.3 shows
the joint angles. Figure 4.4.4 shows the joint errors. The initial conditions
result in a large initial error that vanishes within 0.6 s. Figure 4.4.5 shows the
control torques; the larger torque corresponds to the inner motor, which must
move two links.

It is interesting to note the ripples in e(t) that appear in Figure 4.4.4. These
are artifacts of the integrator. The Runge-Kutta integration period was T=0.01
s. When the simulation was repeated using Tz=0.001 s, the tracking error was
exactly zero after 0.6 s. It should be zero, since computed-torque, or inverse
dynamics control, is a scheme for canceling the nonlinearities in the dynamics
to yield a second-order linear error system. If all the arm parameters are
exactly known, this cancellation is exact. It is a good exercise to repeat this
simulation using various values for the PD gains (see the Problems).
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PID Outer-Loop Design

We have just seen that PD computed-torque control is very effective if all the
arm parameters are known and there is no disturbance 7, However, from
classical control theory we know that in the presence of constant disturbances,
PD control gives a nonzero steady-state error. Consequently, we are motivated
to make the system type I by including an integrator in the feedforward loop-

this can be achieved using the PID computed-torque controller

E=e¢e

u=—Kyé— Kye — K,

which yields the arm control input

T =M (q) (da + K.é + Kpe + Ki€) + N (q,4) ,

(4.4.34)

(4.4.35)

(4.4.36)
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Figure 4.4.6: PID computed-torque controller.

with e(t) the integral of the tracking error e(?). Thus additional dynamics have
been added to the linear outer-loop compensator.

This control law is conveniently described by defining the state as
x=feT €T &T)T ¢ R3"and augmenting the error dynamics (4.4.8) with an
integrator, so that

dle 0 I 0 € 0 0
a e =10 0 I 6 + 10 ju+] 0 | w (4.4.37)
0 0 0 [ I I

A block diagram of the PID computed-torque controller appears in Figure
4.4.6. Then the closed-loop system is

d € 0 I 0 £ 0
a e = 0 0 I 6 +1 0 | w. (4.4.38)
e -K; -K, —-K, e I

The closed-loop characteristic polynomial is

Ac(s)=Is’T+K s*+K s +K|. (4.4.39)
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Selecting diagonal control’ gains

K, =diag{k,,}, K,=diag{k,}, K;=diag{ks} (4.4.40)

gives

Ac(s) = [T (5* + kuis® + kpes + ki) (4.4.41)

i=1

By using the Routh test it can be found that for closed-loop stability we require
that

ki, < ko kp,; (4.4.42)

that is, the integral gain should not be too large.

Actuator Saturation and Integrator Windup. It is important to be aware of an
effect in implementing PID control on any actual robot manipulator that can
cause serious problems if not accounted for. Any real robot arm will have
limits on the voltages and torques of its actuators. These limits may or may
not cause a problem with PD control, but are virtually guaranteed to cause
problems with integral control due to a phenomenon known as integrator
windup [Lewis 1992].

Consider the simple case where 7=k.e with &(z) the integrator output. The
torque input 7(2) is limited by its maximum and minimum values 7,,,, and 7.
If k;e(t) hits Ty, there may or not may not be a problem. The problem arises
if the integrator input remains positive, for then the integrator continues to
integrate upwards and k.£(#) may increase well beyond 7,,,,. Then, when the
integrator input becomes negative, it may take considerable time for k.£(z) to
decrease below 7y, In the meantime 7 is held at 7., giving an incorrect
control input to the plant.

Integrator windup is easy to correct using antiwindup protection in a digital
controller. This is discussed in Section 4.5. The effects of uncorrected windup
are demonstrated in Example 4.4.4.

The next example shows the usefulness of an integral term when there are
unknown disturbances present.

EXAMPLE 4.4-2: Simulation of PID Computed-Torque Control

In Example 4.4.1 we simulated the PD computed-torque controller for a
two-link planar arm. In this example we add a constant unknown
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disturbance to the arm dynamics and compare PD to PID computed
torque.
Thus let the arm dynamics be

M(q)G+N(g,q) +ma=m, (1)

with 7, a constant disturbance with 1 N-m in each component. This could
model unknown dynamics such as friction, and so on. The value of 1 N-m
represents quite a large bias.

Adding 1 to the computation of the nonlinear terms N1 and N2 in
subroutine arm(x, xp) in Figure 4.4.2 and using the PD computed-torque
controller with k,=100, £,=20 yields the error plot in Figure 4.4.7(a).
There is a unacceptable residual bias in the tracking error due to the
unmodeled constant disturbance, which is not accounted for in the
computed-torque law. The largest error is 0.033 rad, somewhat less
than 2 deg.

Adding now an integral-error weighting term with k=500 yields the
results in Figure 4.4.7(b), which show a zero steady-state error and are
quite good.

The associated control torques are shown in Figure 4.4.8, which shows
that the torque magnitudes are not appreciably increased by using the
integral term.

To simulate the PID control law, it is necessary to add two additional
states to x in subroutine arm(x, xp). It is convenient to call them x(5) and
x(6), so that the lines added to the subroutine are

xp(6)=c(2). @)

Thus it is now necessary to compute e(1) and e(2) in subroutine arm(x, xp)
for integration purposes.
|
Class of Computed-Torque-Like Controllers
An entire class of computed-torque-like controllers can be obtained by

modifying the computed-torque control law to read

o= M (§g —u) + N. (4.4.43)
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The carets denote design choices for the weighting and offset matrices. One
choice is M=M(q), N=N(q,q). The calculated control input into the robot arm
is T.(1).

In some cases M(q) is not known exactly (e.g., unknown payload mass), or
N(g, 4) is not known exactly (e.g., unknown friction terms). Then M and N
could be the best estimate we have for these terms. On the other hand, we
might simply wish to avoid computing M(q) and N(q,q) at each sample time,
or the sample period might be too short to allow this with the available
hardware. From such considerations, we call (4.4.43) an “approximate
computed-torque” controller.

In Table 4.4.1 are given some useful computed-torque-like controllers. As it
turns out, computed torque is quite a good scheme since it has some important
robustness properties. In fact, even if M#M and N#N the performance of
controllers based on (4.4.43) can be quite good if the outer-loop gains are selected
large enough. We study robustness formally in Chapter 4. X

In the remainder of this chapter we consider various special choices of M
and N that give some special sorts of controllers. We shall present some
theorems and simulation examples that illustrate the robustness properties of
computed-torque control.

Error Dynamics with Approximate Control Law. Let us now derive the error
dynamics if the approximate computed-torque controller (4.4.43) is applied to

the robot arm (4.4.2). Substituting 7.(2) into the arm equation for 7(z) yields

MG+N+13=M(ja—u)+ N
M&d—M§=Mu+Td+(N*N).

Adding Mg ,-Mgq, to the left-hand side and Mu-Mu to the right gives
Mé= Mu - (M—M’)u+fd+ (M—M)f;’d+(N—N')
or

é=u-Au+d, (4.4.44)

where the inertia and nonlinear-term model mismatch terms are

A=M"1 (M - M) —I—- MM (4.4.45)

§= M1 (N o _f{r) (4.4.46)
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Table 4.4.1: Computed-Torque-Like Robot Controllers.

Robot Dynamics:
M(9)§+V(q,9) +Fug+Fa(d) +G(q)+Ta=7
or
M@i+N(g@d+ma=r
where
N(g,9)=V(g,9) + Fug+ Fa(d) + G (g)

Tracking Error:
e(t) =qa(t) —q(t)

PD Computed-Torque:
T =M (q) (da + Kvé + Kpe) + N (g,9)

PID Computed-Torque:
E=e
7= M (q) (§a + Koé + Kpe + Kie) + N (g, )

Approximate Computed-Torque Control:
Te=M(da—u)+N
Error System:
é=I-Au+d
where A = I — M=, §= M~ (N - )
d(t) = M4+ Adg (t) + 6 (2)
PD-Gravity Control:
T. = Kyé+ Kpe + G (q)
Classical PD Control:
T. = Kyé+ Kpe
Classical PID Control:
E=e
T = Kyé+ Kpe+ Kie
Digital Control (see Section 4.5):
T = M (qi) (G} + Kvér + Kpex) + N (qx, dx)
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and the disturbance is
d(t) =M g+ Ada(t) +6(t). (4.4.47)

This reduces to the error system (4.4.10) if exact computed-torque control
is used so that A=0, 6=0. Otherwise, the error system is driven by the
desired acceleration and the nonlinear term mismatch 8(t). Thus the tracking
error will never go exactly to zero. Moreover, the auxiliary control u(t) is
multiplied by (I -A), which can make for a very difficult control problem.

Using outer-loop PD feedback so that u(2)=-K e-K,e yields the error system

€+ Kpé+ Kpe = A (Kyé + Kpe) +d(t). (4.4.48)

The behavior of such systems is not obvious, even if K, and K, are selected for
good stability of the left-hand side. There are two sorts of problems: first, the
disturbance term d(#), and second the function A(K,e+K,e) of the error and its
derivative.

PD-Plus-Gravity Controller

A useful controller in the computed-torque family is the PD-plus-gravity
controller that results when M=I, N=G(q)-q,, with G(q) the gravity term of
the manipulator dynamics. Then, selecting PD feedback for u(z) yields

e =Ky,é+ Kpe+G(q). (4.4.49)

This control law was treated in [Arimoto and Miyazaki 1984], [Schilling
1990]. It is much simpler to implement than the exact computedtorque
controller.

When the arm is at rest, the only nonzero terms in the dynamics (4.4.1)
are the gravity G(q), the disturbance 7, and possibly the control torque 7
The PD-gravity controller 7., includes G(g), so that we should expect good
performance for set-point tracking, that is, when a constant g, is given so
that ¢,=0. The next result formalizes this. It relies on a Lyapunov proof
(Chapter 1) of the sort that will be of consistent usefulness throughout the
book, drawing especially on the skew-symmetry property in Table 3.3.1.
Thus it is very important to understand the steps in this proof.
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THEOREM 4.4-1: Suppose that PD-gravity control is used in the arm
dynamics (4.4.1) and 7,=0, q,=0. Then the steady-state tracking error. e=q,-
q is zero.

Proof:
1. Closed-Loop System
Ignoring friction, the robot dynamics are given by

M(@i+Vn(g,9)¢+G(q) = (1)

When q4=0, the proposed control law (4.4.49) yields the closed-loop dynamics

M+ Vi + KyG— Kpe = 0. 2)

2. Lyapunov Function
Select now the Lyapunov function

V=1 (" Mg+ eTKpe) (3)

and differentiate to obtain
V=T (Mi+12Mi - Kpe). )
Substituting the closed-loop dynamics (2) yields
V=" (1M — Vi) 4 ="K 5)
Nouw, the skew symmetry of the first term gives
V = —¢TKyq. (6)

The stateis z = [eT  ¢T)T, so that V is positive definite but V only negative
semidefinite. Therefore, we have demonstrated stability in the sense of
Lyapunouv, that is, that the error and joint velocity are both bounded.

3. Asymptotic Stability by LaSalle’s Extension

The asympiotic stability of the system may be demonstrated using Barbalat’s
lemma and a variant of LaSalle’s extension [Slotine and Li 1991] (Chapter
2). Thus it is necessary to demonstrate that the only invariant set contained in
the set V=0 is the origin.

Since V is lower bounded by zero and nonpositive, it follows that V
approaches a finite limit, which can be written
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-/ V dt = const. 7)
0

We now invoke Barbalat’s lemma to show that V goes to zero. For this, it is
necessary to demonstrate the uniform continuity of V. We see that

V = -2¢TK,q. (8)

The demonstrated stability shows that a and q are bounded, whence (2) and
the boundedness of M (q) (see Table 3.3.1) reveal that q is bounded. Therefore,
Vis bounded, whence V is uniformly continuous. This guarantees by Barbalat’s
lemma that V goes to zero.

It is now clear that q goes to zero. It remains to show that the tracking
error e(t) vanishes. Note that when q=0, (2) reveals that

§=M"Kge. 9)

Therefore, a nonzero e(t) results in nonzero § and hence in q#0, a contradiction.
Therefore, the only invariant set contained in {x(t)|V=0} is x(t)=0. This finally
demonstrates that both e(t) and vanish and concludes the proof. [ |

Some notes on this proof are warranted. First, note that the Lyapunov
function chosen is a natural one, as it contains the kinetic energy and the
“artificial potential energy” associated with the virtual spring in the control
law [Slotine and Li 1991]. K, appears in V while K, appears in V.

The proof of Lyapunov stability is quick and easy. The effort comes about
in showing asymptotic stability. For this, it is required to return to the system
dynamics and study it more carefully, discussing issues such as boundedness
of signals, invariant sets, and so on. The fundamental property of skew
symmetry is used in computing V. The boundedness of M!(g) is needed in
Barbalat’s lemma.

The next example illustrates the performance of the PD-gravity controller
for trajectory tracking. In general, if g%#0, then the PD-gravity controller
guarantees bounded tracking errors. The error bound decreases, that is, the
tracking performance improves, as the PD gains become larger. This will be
made rigorous in Chapter 4.

EXAMPLE 4.4-3: Simulation of PD-Gravity Controller

In Example 4.4.1 we simulated the exact computed-torque control law on
a two link planar manipulator. Here, let us simulate the PD-gravity
controller. We shall take the same arm parameters and desired trajectory.
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Assuming identical PD gains for each link, the PD-gravity control law for
the two-link arm is

Ter = kyé1 + kpey + (mq + ma2) ga; cos@y + magas cos (6; + 62) 1
Teo = kyé€z + kpea + magas cos (6, + 63) . (1)

This is easily simulated by commenting out several lines of code and making
a few other modifications in subroutine CTL(x) of Figure 4.4.2.
For critical damping, the PD gains are selected as

ky =2, ky = . @)

The results of the PD-gravity controller simulation for several values of w,
are shown in Figure 4.4.9. As ®,, and hence the PD gains, increases, the
tracking performance improves. However, no matter how large the PD gains,
the tracking error never goes exactly to zero, but is bounded about zero by a
ball whose radius decreases as the gains become larger. The performance for
®,=50, corresponding to k,=2500, k,=100, would be quite suitable for many
applications.

It quite important to note that the dc value of the errors is equal to zero.
One can consider the gravity terms as the “dc portion” of the computed-
torque control law. If they are included in computing the torques, there will
be no error offset.

The associated control input torques are shown in Figure 4.4.10. It is
extremely interesting to note that the torques are smaller for the higher
gains. This is contrary to popular belief, which assumes that the control
torques always increase with increasing PD gains. It is due to the fact that
larger gains give “tighter” performance, and hence smaller tracking errors.

In view of the fact that the errors in Figure 4.4.9(a) have different magnitudes,
it would probably be more reasonable to take the PD gains larger for the
inner link than the outer link.

|

Classical Joint Control

A simple controller that often gives good results in practice is obtained by
selecting in (4.4.43)

- -

M=1 N=-g. (4.4.50)
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Then there results

Te = —. (4.4.51)

By selecting #; to depend only on joint variable i, this describes # decoupled
individual joint controllers and is called independent joint control.
Implementation on an actual robot arm is easy since the control input for
joint i only depends on locally measured variables, not on the variables of the
other joints. Moreover, the computations are easy and do not involve solving
the complicated nonlinear robot inverse dynamics.

During the early days of robotics, independent joint control was popular
[Paul 1981] since it allows a decoupled analysis of the closed-loop system
using single-input/single-output (SISO) classical techniques. It is also called
classical joint control. There are strong arguments even today by several
researchers that this control scheme is always suitable in practical
implementations, and that modern nonlinear control schemes are too
complicated for industrial robotic applications.

A traditional analysis of independent joint control control now follows. It
provides a connection with classical control notions and is important for the
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Figure 4.4.10: PD-gravity torque inputs (N-m): (a) w,=10 rad/s; (b) w,=25 rad/s.
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Figure 4.4.10: (Cont) (c) w,=50 rad/s.

robot controls designer to understand. See [Franklin et al. 1986] for a reference
on classical control theory.

A simplified dynamical model of a robot arm with electric actuators may
be written as (Section 3.6)

s e
b= Rvi—rid;, i=1,---,n (4.4.52)

(Jm + T?mif) §§+ (Bm + Mﬂ) R

R

with J,, the actuator motor inertia, B,, the rotor damping constant, k,, the
torque constant, &, the back emf constant, R the armature resistance, and 7,
the gear ratio for joint i. The motor angle is denoted 6,(¢). The constant portions
of the diagonal elements of M(q) are denoted #1;. The time-varying portions
of these elements, as well as the off-diagonal elements of M(g), the nonlinear
terms N(q, 4), and any disturbances 7, are all lumped into the disturbance
di(t). Thus d;(t) contains the effects on joint 7 of all the other joints. The control
input is the motor armature voltage v;(z).

Note that predominantly motor parameters appear in this equation. In
fact, if the gear ratio is small, even m2; may be neglected. For this reason, if
the gear ratio is small, the robot arm control problem virtually reduces to the
problem of controlling the actuator motors.
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Let us denote this simplified linear time-invariant model of manipulator
joint 7 as

J6+ B =u—rd. (4.4.53)

where the constant &,,/R has been incorporated into the definitions of ] and B.
According to the properties in Table 3.3.1, the disturbance d(#) is bounded,
although not generally by a constant. The bound may be a function of q(2), 4(¢),
and even §(z). This is generally ignored in a classical analysis. The effects of
d(t) are, however, somewhat ameliorated by multiplication by the gear ratio r.
The effects of joint compliance (Chapter 6) are also ignored in classical joint
control design. [For consistency with classical notation, there is a sign change
in this section in the definition of #(z) compared to our previous usage. |
Now, let us consider a few selections for the control input #(2).

PD Control. Selecting the PD control law

u=k,e+k,e, (4.4.54)

‘ 4 —t wf+B ¥ -

Figure 4.4.11: PD independent joint control.

with e(t)=0y, ()-0,(t) the tracking error for motor angle i, yields the closed-loop
system shown in Figure 4.4.11. Recall that the motor angle is related to the
joint variable by g=7,6. Thus 6,(t) may be computed from g,(t). This PD
controller is easily implemented on an actual arm with very little computing
power.

Using Mason’s theorem from classical control, the closed-loop transfer
function for set-point tracking (e.g., with 6,=0) is found to be (see the
problems)
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k r

— Rp g T
6= (3]% NO& (4.4.55)

with the closed-loop characteristic polynomial
A(sy=8>J +3s(B+ky,)+k, (4.4.56)

The PD gains can be selected to obtain a suitable natural frequency and
damping ratio, as we have seen.

At steady state, the only nonzero contribution to the disturbance d(z) is the
neglected gravity G(q). Table 3.3.1 shows that the gravity vector is bounded
by a known value g, for a given robot arm. Therefore, at steady state,

d] < gs.

Using the final value theorem, the steady-state tracking error for joint i
using PD control is bounded by

ess < Tgs/kp. (4.4.57)

Therefore, for set-point tracking where a final value for g, is specified and
ga = 0 PD control with a large k, might be suitable.

As a matter of fact, the next results show that PD control is often very
suitable even for following a desired trajectory, not only for set-point control.
It is proven in [Dawson 1990].

THEOREM 4.4-2: If the PD control law (4.4.54) is applied to each joint and
¢(0)=0, €(0)=0, the position and velocity tracking errors are bounded within a
ball whose radius decreases approximately (for large k,)

as 1/k, .

|

This result gives credence to those who maintain that PD control is often
good enough for practical applications.

Of course, the point is that k, cannot be increased without limit without
hitting the actuator torque limits. Other schemes to be discussed in the book
allow good trajectory following without such large torques.

In [Paul 1981] are discussed several methods for modifying the PD control
law to obtain better performance. These include gravity compensation [which
yields exactly controller (4.4.49)], and acceleration feedforward, which
amounts to using

u = kyé + kpe + Jbg, (4.4.58)
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for each joint. Also mentioned is joint-coupling control, which amounts to
adding back into u(2) some of the neglected terms in M(g) and N(q, ¢)that
describe the interactions between the joints. Thus such corrections involve
using better estimates for M and N in the approximate computed-torque
control (4.4.43).

PID Control. It has been seen that PD independent joint control is often suitable
for tracking control. However, at steady state there is a residual error (4.4.57)
due to gravity. This can be removed using the PID independent joint control
law

_—
u = ky€ + kpe + kie (4.4.59)
for each joint. See Figure 4.4.12.
d
2 r
r
€ ~ 1 8 8
% < 3!' —1 4 u s/ +B IT to
k,
8, ol -
Figure 4.4.12: PID independent joint control.
Now the transfer function for set-point tracking (64 = 0) is
kps + k; TS
§=-"2—6,— d,
A 4T A ) (4.4.60)
with closed-loop characteristic polynomial
Ay (s) = 8T + 8% (B + ky) + sky + ki. (4.4.61)

Now the final value theorem shows that the steady-state error for set-point
control is zero. The Routh test shows that for stability it is required that
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Figure 4.4.13 (Cont.) (¢) 0,=50 rad/s.

ki < (B + ky) kp/J. (4.4.62)

In using an integral term in the control law, it is important to be aware of
the possibility of integrator windup due to actuator saturation limits, which
was discussed earlier in the section “PID Outer-Loop Design.”

EXAMPLE 4.4-4: Classical Joint Control and Torque Saturation Limits

In Example 4.4.1 we simulated the exact computed-torque control law for
a two-link planar elbow arm. Here we want to show the results of using
PD and PID classical joint control on the same arm (with the same desired
trajectory). We are also interested in demonstrating the effects of torque
saturation limits. To highlight the effects without extraneous details, we
shall use only the arm dynamics and no actuator dynamics or gear ratio.
These may easily be included by making some slight modifications to the
subroutine arm(x, xp) in Figure 4.4.2.

a. PD Independent Joint Control

For the two-link arm, PD independent joint control is simply
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Figure 4.4.14: PD classical joint control torque inputs (N-m): (a) w,=10
rad/s; (b) w,=25 rad/s.
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Figure 4.4.14 (Cont.) (c) 0,=50 rad/s.

Ti = ko€ + kpej, j=1,2, (1)

with the tracking error e(t)=q4(t)-q(t). This control law is very simple and
direct to implement on an actual arm without even using a DSP. It is much
simpler than the control in Example 4.4.1.

The results of using the PD controller on the two-link arm are shown in
Figure 4.4.13 for several values of a closed-loop natural frequency w,. Recall
that the PD gains for critical damping are

kp=wl, ky= 2wy (2)

The low-gain results (k,=100, k,=20) in part (a) of the figure are very bad
(note the scale). However, the high-gain results in part (¢) are much better.
Even higher gains would cause a further tracking error decrease.

It is important to notice that there is in all cases a do component of the
tracking error. This is due to the fact that the gravity terms are neglected and
should be contrasted with the results of Example 4.4.3.
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Figure 4.4.15: PD classical joint control: £,=100, k,=2500, k=1000.

Adding the gravity terms in the control law, therefore, significantly increases
the tracking performance.
The associated control torques are shown in Figure 4.4.14.

b. PID Independent Joint Control
PID independent joint control for the two-link arm is

éj = €j.

75 = kob; + kpe; + kigj, §=1,2, (3)

This simple law is easily implemented by adding two states, x(5) and x(6),
to subroutine arm(x, xp) in Figure 4.4.2 to account for the integrators (see

Example 4.4.2).

The simulation in Figure 4.4.13(c) was repeated, but now adding an
integral gain of k=1000. The result is shown in Figure 4.4.15. After several
iterations of the sinusoidal motion, the do value of the tracking errors goes
to zero, so that the performance is much improved. That is, adding an
integral term can compensate for neglecting the gravity terms in the control
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Figure 4.4.16: PID classical joint control with torque limits of +35 N-m. Tracking
error in rads.

law. However, it takes awhile for the error to converge to a zero do value,
and the results are still not as good as the PD-gravity controller in Example
4.4.3 for the same PD gains. On the other hand, the integral term can
reject other terms besides gravity (e.g., friction of some sorts). The torque
control input was virtually the same in form as Figure 4.4.14(c).

c. Actuator Saturation Limits

We discussed integrator windup due to actuator saturation limits earlier in
the section “PID Outer-Loop Design.” Here we should like to demonstrate
its deleterious effects.

The control torque in part (b) of this example is similar to the torque in
Figure 4.4.14(c); it is fairly well behaved, except for some frantic action
near time zero, where the maximum positive excursion is 78 N-m.

Suppose now that there are torque limits of #,,,,=35 N-m, #;,= -35 N-m.
This is easily simulated by modifying subroutine CTL(x) in Figure 4.4.2 to
include a saturation function by adding the lines
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IF (abs (t1) .gt-tmax) t1 = sign (tmax, t1)

IF (abs (t2) .gt.tmax) t2 = sign (tmax, t2) @

The results of the simulation with these limits are shown in Figure 4.4.16 and
are terrible. The torque is shown in Figure 4.4.17.

In Section 4.5 we show how to ameliorate the effects of actuator
saturation by using antiwindup protection in a digital controller. The
simulation results for PD control with actuator limits are not as bad as the
ones just shown for PID control, since saturation limits have less effect if
no integrator is present.

|

4.5 Digital Robot Control
Many robot control schemes are complicated and involve a great deal of

computation for the evaluation of nonlinear terms. Therefore, they are
implemented as digital control laws on digital signal processors (DSPs). Certain
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sorts of digital controllers for robot arms can be considered as members of the
computer-torque-like class (see Table 4.4.1).

One approach to digital robot control is shown in Figure 4.5.1. There, a
sampler is placed on () and 4(¢) to define

4, 4
1
1
1]

e, T, T 9 .7 49
e e

Figure 4.5.1: Digital robot control scheme.

g = q(kT) € R"
dr = q(kT) € R,

with T the sample period. Sample periods in robotic applications vary from
about 1 to 20 ms. A zero-order hold is used to reconstruct the continuous-time
control input 7(¢)needed for the actuators from the samples 7. In this section
we use superscripts “d” for the desired trajectory for notational ease.

This digital control law amounts to selecting

(4.5.1)

M =M (q(kT)), N =N (q(kT),q(kT)) (4.5.2)

in the approximate computed-torque controller in Table 4.4.1 and a digital
outer loop control signal #,. Then, with PD outer-loop control, the arm control
input is

e = M (qx) (G + kvéx + kpex) + N (qx, dx) (4.5.3)

where the tracking error is e(t)=q4(t)-q(t). There are many variations of this
control scheme. For instance, it is very reasonable to use multirate sampling
and update M and N less frequently than the sampling frequency. That is, the
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inner nonlinear loop can be sampled more slowly than the outer linear feedback
loop. In view of the robustness properties of computed-torque control, this
works quite well in practice.

Guaranteed Performance on Sampling

It is usual in robot controls to design the controller in continuous time, providing
rigorous proofs of stability and error boundedness. However, when the controller
is implemented, a “small” sample period is selected and the stability is left to
chance and verified by simulation studies. That this “wishful thinking”
approach may not be so unreasonable is suggested by the next theorem. Define
e=[ef &T)T.

THEOREM 4.5-1: Suppose that the PD digital control law (4.5.3) is applied
to the robot arm. Then for every L>0 there exists a Ty such that for all
sampling periods T less than Ty, each error trajectory which at some time to
satisfies lle(t,)I=<L has lle(t)|<L+r for all t=t, and any r>0.

Proof:
Using the digital control law vyields the error system (Table 4.4.1)

E=u—Au+d, (1)
whereand d = M1y + Ady + 6

A=M""(q)[M(q) -~ M(aq)], §=M""(q) [N (g,4) = N (g, )] - )

Defining ¢ = [eT  ¢T|T this may be written in state-space form as

é= [8 é}§+ [ ?](u—Au+d)EA§+B(u—Au+d). 3)

Applying now the outer-loop digital control
u=—-Ke, =—-Ke+K(e—e) )
yields the closed-loop system

é=(A—BK)e+BK (e—e¢,) + B(AKe, +d). (5)

The feedback K is selected so that (A-BK) is stable; hence
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(A-BK)"P+P(A-BK)=-Q (6)

for some positive definite P and Q.
Selecting now the Lyapunov function

V (e) = 12e” Pe, (7)

(5) and (6) reveal

V(e) = -1%e’Qe+eTPB[K (e —¢,) +d + AKe,]. (8)

Assuming for simplicity that the disturbance 7,is zero, note that

V (ex) = —oel Qey 9)

is negative definite at each sample time. [If 7, is nonzero but bounded, then
V(ey) is negative outside some ball, and the discussion may be modified.|

The remainder of the proof follows from a theorem of [LaSalle and Lefschetz
1961] by showing that:

1. V(e) <0 when ||| > L.
2. V(e(t)))<V(&(ty)) for all t,=t,=0 when ll€(t)lI=L and
lle(t)ll>L+r.

At issue is the fact (9) and the continuity of V (€) [ |

This result shows that good tracking is obtained for all sample periods less
than some maximum sample period T, which depends on the specific robot
arm. A more refined result can show that the errors increase as the maximum
desired acceleration §y increases, or equivalently, that smaller sample periods
are required for larger desired accelerations.

We now discuss some issues in discretizing the inner nonlinear loop and
then the outer linear loop.

Discretization of Inner Nonlinear Loop

There is no convenient exact way to discretize nonlinear dynamics. Given
anonlinear state-space system

&= f(z,u), (4.5.4)

Euler’s approximation yields

Tkl = Ty + Tf (:rk‘u;c) . (455)
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There do exist “exact” techniques for deriving discrete nonlinear robot
dynamics. They rely on discretizing the robot arm dynamics in such a way
that energy and momentum are conserved at each sampling instant [Neuman
and Tourassis 1985]. See also [Elliott 1990]. Unfortunately, these schemes
result in extremely complicated discrete dynamical equations, even for simple
robot arms. It is very difficult to derive guaranteed digital control laws for
them.

In this section we simply take the discretized inner nonlinear loop as given
by the approximation (4.5.2).

Joint Velocity Estimates from Position Measurements

Throughout this chapter in the examples we have simulated continuous-time
robot controllers assuming that both the joint positions and velocities are
measured exactly. In point of fact, it is usual to measure the joint velocities
using optical encoders, and then estimate the joint velocities from these position
measurements. Simply computing the joint velocities using the Euler
approximation

gk = (qk — qr—1)/T (4.5.6)

is virtually doomed to failure, since this high-pass filter amplifies the encoder
measurement noise.

Denote the joint velocity estimates by v,. Then a filtered derivative can be
used to compute v, from g, using

vk = vuk—1 + (g — qr—1)/T, (4.5.7)

where v is a design parameter. If vis small, it corresponds to a fast pole near
z=0, which provides some high-pass filtering to reject unwanted sensor noise.
Example 4.5.1 will illustrate the use of this joint velocity estimation filter.

The velocity estimation filter design can be optimized for the given encoder
noise statistics by using an alpha-beta tracker to reconstruct v, [Lewis 1986a],
[Lewis 1986b], [Lowe and Lewis 1991]. This is a specialized form of Kalman
filter. It should be noted that the velocity estimates are not only used in the
outer linear loop for computing €,; they must be used to compute the inner
nonlinear terms in (4.5.3) as well.

Discretization of Outer PD/PID Control Loop

We have seen that a useful computed-torque outer feedback loop is the PID
controller. Given a continuous-time PID controller, a digital PID controller
for the outer loop may be designed as follows [Lewis 1992].
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A continuous PID controller that only uses joint position measurements q(z)
is given by

u=—-K°(s)e

Clel — 1 Tps (4.5.8)
K () =k |1+ e+ T TN |

where k is the proportional gain, T} is the integration time constant or “reset”
time, T} is the derivative time constant. Rather than use pure differentiation,
a “filtered derivative” is used which has a pole far left in the s-plane at s=-N/
Tp. The value for N is often in the range 3 to 10; it is usually fixed by the
manufacturer of the controller [Astrém and Wittenmark 1984]. A special case
of the PID controller, of course, is the PD controller, which is therefore also
covered by this discussion.

A common approximate discretization technique for converting continuous-
time controllers K¢(s) to digital controllers K(z) is the bilinear transform (BLT),
where

K (z)=K°(s) (4.5.9)
= 2z-] 4.5.10
ST T T (45.10)

This corresponds to approximating integration by the trapezoidal rule. Under
this mapping, stable continuous systems with poles at s are mapped into
stable discrete systems with poles at

L, L+sT)2

The finite zeros also map according to this transformation. However, the
zeros at infinity in the s-plane map into zeros at z=-1.
Using the BLT to discretize (4.5.8) yields

_ T z41 Tpgz-—1
K(z)=k 1+T;dz—1 '_'?—z—v] (4.5.12)
with the discrete integral and derivative time constants
Trq = 2Ty (4.5.13)
NT
Tpa (4.5.14)

T 1+ NT/2Tp
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and the derivative-filtering pole at

_ 1-NT/2Tp

V= TTNT ATy (4.5.15)

It is easy to implement this digital outer-loop filter in terms of difference
equations on a DSP. First, write K(z) in terms of 2!, which is the unit delay in
the time domain (i.e., a delay of T seconds), as

- T 142" Tpg 1—271
1y _ Dd - — 2
K" =k|1+ T1— o + T (4.5.16)

[Note: There is some abuse in notation in denoting (4.5.16) as K(z'!); this we
shall accept.]
Now suppose that the control input #, is related to the tracking error as

up = —K (271) ex. (4.5.17)

Then u, may be computed from past and present values of ¢, using auxiliary
variables as follows:

Ui = Ui_l + (T/T;d) (er + ek_l) (4.5.18)
vf = vy + (Tpa/T) (ex — ex—1) (4.5.19)
—ug =k (ex +vf +vp). (4.5.20)

The variables v{ and vP represent the integral and derivative portions of the
digital PID controller, respectively. These difference equations are easily
implemented in software.

Actuator Saturation and Integrator Antiwindup Compensation

Actuator saturation leading to integrator windup is a problem that can occur
in the outer PID loop of a robot controller. In Example 4.4.4 we saw the
deleterious effects of integrator windup. It is easy to implement antiwindup
protection digitally [Astrom and Wittenmark 1984], [Lewis 1992]. The
antiwindup protection circuit would be placed into the outer linear feedback
loop of a robot control system, where the integrator (controller memory) is
located.
Suppose that the controller is given in transfer function form

RN =T e = S{r" s, (4.5.21)
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where 7, is the reference command and w, is the controller input, composed
generally of the tracking error and the plant measured output. Note that 2 is
interpreted in the time domain as a unit delay of T seconds. The controller
output v, is passed through a hold device to generate the continuous plant
control input u(z).

We have assumed thus far that the desired plant control input 4, ¢ R™
computed by the controller can actually be applied to the plant. However, in
practical systems the plant inputs (such as motor voltages, etc.) are limited by
maximum and minimum allowable values. Thus the relation between the
desired plant input v, and the actual plant input u, is given by the sort of
behavior shown in Figure 4.5.2, where u;; and u; represent, respectively, the
maximum and minimum control effort allowed by the mechanical actuator.
If there are no control limits, we may set u,=v,.

+u

Figure 4.5.2: Actuator saturation function.

Thus, to describe the actual case in a practical control system with actuator
saturation, we are forced to include nonlinear saturation functions in the
control channels as shown in Figure 4.5.3. Consider the simple case where the
controller is an integrator with input w; and output v,. Then all is well as
long as vy is between #; and uy, for in this region the plant input #, equals v;.
However, if v, exceeds uy;, then u, is limited to its maximum value #,—This
in itself may not be a problem. The problem arises if w, remains positive, for
then the integrator continues to integrate and v, may increase well beyond
uy. Then, when w, becomes negative, it may take considerable time for v, to
decrease below ;. In the meantime, #, is held at uy, giving an incorrect
control input to the plant. This effect of integrator saturation is called windup.
It arises because the controllers we design are generally dynamical in nature,
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which means that they store information or energy. Windup occurs when R(z)
is not a stable polynomial.

To correct integrator windup, it is necessary to limit the state of the controller
so that it is consistent with the saturation effects being experienced by the
plant input #;. This may be accomplished as follows. Select a desired stable
observer polynomial Ay(z) and add Ay(z!)u, to both sides to obtain

Agug = Tr — Swy, + (Ag — R) ug. (4.5.22)

A regulator with antiwindup compensation is then given by
Aovi = Tri — Swi + (Ao — R) ug. (4.5.23)
ug = sat (vg) . (4.5.24)
A special case occurs when Ay(z) has all 7 of its poles at the origin. Then
the regulator displays deadbeat bebhavior; after n time steps its state remains

limited to an easily computed value dependent on the values of w, and #, (see
the Problems).

P v L
- - i L I./ k Plant —
A Controller plus ZOH v
/| 7 Y

Actugtor sgturation

Figure 4.5.3: Control system including actuator saturation.

The next example demonstrates some aspects of digital control in robotics.

EXAMPLE 4.5-1: Simulation of Digital Robot Computed-Torque
Controller

In Example 4.4.1 we simulated a continuous-time PD computed-torque
(CT) controller for the two-link planar elbow arm. In this example some
issues in

C  DIGITAL COMPUTED-TORQUE CONTROLLER FOR 2-LINK PLANAR ARM
C  SUBROUTINES FOR USE WITH TRESP

C DIGITAL COMPUTED-TORQUE CONTROLLER SUBROUTINE
SUBROUTINE DIG(IK,TD,x)
REAL x(*),m1,m2,M11,M12,M22 ,N1,N2, kp,kv
COMMON/CONTROL/t1, t2

C The next line is to plot the errors and torques
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a0

COMMON/OUTPUT/ €(2), ep(2), tpl, tp2
COMMON/TRAJ/qd(6), qdp(6), qdpp(6)
DATA ml,m2,al,a2, g/t.,t.,1.,1., 9.8/
DATA kp, kv/ 100,20/

COMPUTE TRACKING ERRORS

e(1) = qd(1) - x(1)
e(2) = qd(2) - x(2)
ep(1)= qdp(1) - x(3)
ep(2)= qdp(2) - x(4)

COMPUTATION OF M(q), N(q,qp)

Mil= (ml+m2)*al#**2 + m2#*a2%%2 + 2#m2#al#*a2#cos(x(2))
M12= m2+a2+*2 + m2*al*al2+*cos(x(2))

M22= m2+*al**2

Nl= -m2*al*a2+*(2*x(3)*x(4) + x(4)*+%2) * sin(x(2))

Ni= N1 + (ml+m2)#*g*al*cos(x(1)) + m2*g*a2*cos(x(1)+x(2))
N2= m2%al=a2*x(3)**2*sin(x(2)) + m2#g*al2+*cos(x(1)+x(2))

COMPUTATION OF CONTROL TORQUES

sl= qdpp(1) + kvxep(1) + kp*e(1)
s2= qdpp(2) + kv*ep(2) + kp*e(2)
tl= Mii#*sl + M12%s2 + N1
t2= M12%sl + M22%s2 + N2

The next lines are to plot the torque

tpl= tl
tp2= t2

RETURN
END

CONTINUQUS SUBROUTINE CALLED BY RUNGE-KUTTA INTEGRATOR

SUBROUTINE F(t,x,xp)
REAL x(*), xp(*)

ROBOT ARM DYNAMICS

CALL ARM(x,xp)

RETURN
END

Figure 4.5-4: Subroutines for use with TRESP for digital CT control.

discretizing that controller are demonstrated. There are two objectives.
First, we show the effects of sampling on the CT controller. Then a practical
digital controller is designed that uses only joint position measurements
from an encoder, reconstructing the velocities needed for computing the
control law.
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a. Effect of Sample Period on Digital Computed-Torque Controller

In Example 4.4.1 were given the subroutines needed for use with TRESP
(Appendix B) to simulate the continuous-time PD CT controller. To simulate
a digitized version of PD CT control, it is necessary to remove the controller
subroutine [called CTL(x) in that example| from the continuous dynamics
and place it into the subroutine DIG (IK, T, x) that is called by TRESP. This
is in keeping with Figure 4.5.1 and the technique given in Section 4.3 for
digital controller simulation.

In Figure 4.5.4 are shown the modified subroutines DIG(IK, TD, x) and
F(t, x, xp) needed for digital CT controller simulation with TRESP.
Subroutines SYSINP(IT, x, t) for trajectory generation and ARM(x, xp)
containing the arm dynamics are the same as in Example 4.4.1.

Running now program TRESP with different sample periods T yields
the tracking error plots shown in Figure 4.5.5. The Runge-Kutta integration
period was 5 ms for all plots. The graphs show that for T=5 ms the error
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was very small, in fact very similar to that in Example 4.4.1. However, as
the sampling period T increased the tracking performance deteriorated.

The torque input for joint 2 is depicted in Figure 4.5.6. For small T'is is
virtually identical to the continuous CT controller in Example 4.4.1. A
very interesting phenomenon occurs when T=0.1 s. According to the plot
in Figure 4.5.6(c), there is a limit cycle, a form of nonlinear oscillation. It
is well known that sampling can induce such nonlinear effects in the closed-
loop system [Lewis 1992]. According to Figure 4.5.5(d), the limit cycle is
reflected in the tracking error as a periodic oscillation about e(2)=0. The
appearance of limit cycles is closely tied to a loss of observability in the
sampled system.

(]

DIGITAL COMPUTED-TORQUE CONTROLLER FOR 2-LINK PLANAR ARM
c Uses measurements of e(kT) only, no velocity measurements

C DIGITAL COMPUTED-TORQUE CONTROLLER SUBROUTINE
SUBROUTINE DIG(IK,T,x)
REAL x(*),mi,m2,M11,M12,M22,N1,N2,kp kv
REAL xml1(2), eml(2), v(2), vml(2), ev(2), evml(2), nu
COMMON/CONTROL/t1, t2

c The next line is to plot the errors and torques
COMMON/QUTPUT/ e(2), ep(2), tpl, tp2
COMMON/TRAJ/qd(6), qdp(6), qdpp(6)
COMMON/PARAM/ nu
DATA ml,m2,al,a2, g/1.,1.,1.,1., 9.8/
DATA kp, kv/ 100,20/

Cc COMPUTE JOINT VELOCITIES v(I), TRACKING ERRORS, VELOCITY ERROR
DO 10 I= 1,2
v(I)=nu*vml(I) + (x(I)} - xml1(I)) / T
IF (IK.EQ.0) v(I)= 0
e(I) = qd(I) - x(I)
ev(I)= nu*evml(I) + (e(I) - eml(I))/T
10 IF(IK.EQ.0) ev(I)= 0

C COMPUTATION OF M(q), N(q,qp)
Mil= (ml+m2)*al#*2 + m2+a2**2 + 2#m2*al*a2+cos(x(2))
M12= m2%a2%*2 + m2*al*a2+%cos(x(2))
M22= m2%al2%x2
Ni= -m2#*al*a2*(2%v(1)*v(2) + v(2)**2) * sin(x(2))
Ni= N1 + (ml+m2)=*gral*cos(x(1)) + m2xgra2xcos(x(1)+x(2))
H2=m2*al*a2+v(1)**2+sin(x(2)) + m2*g*a2+*cos(x(1)+x(2))

c COMPUTATION OF CONTROL TORQUES
sl= qdpp(1) + kp*e(1) + kvxev(1)

s2= qdpp(2) + kp*e(2) + kv*ev(2)
tl= Mil*sl + M12%s2 + N1
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t2= M12#s1 + M22#s2 + N2
c Store signals for next sample
DO 20 I= 1,2
xml(I)= x(I)
wml(I)= v(I)
enl(I)= e(I)
20 evml(I)= ev(I)

C The next lines are to plot the torque
tpl= tl
tp2= t2

RETURN
END

Figure 4.5-7: Digital control subroutine that uses only joint position
measurements.

b. Digital Controller with Only Position Measurements

In part a we assumed that joint positions and velocities are both available
as measurements. In practical situations, only the joint positions are
available, often from optical encoder measurements. Therefore, here we
should like to design a realistic digital CT controller that reconstructs the
velocities.

The subroutines in Figure 4.5.7 uses only position measurements,
estimating the joint velocities using the derivative filter (4.5.7). The
resultant tracking error is shown in Figure 4.5.8. The performance is
comparable to the controller in part a that used velocity measurements,
with the exception of a larger initial error transient. The value of the
filter pole v was taken as 0.1.

Some implementation details are worthy of note. First, it is very
important how the digital controller is initialized. Note the code lines that
zero the velocity estimates in the first iteration (IK=0). It is a good exercise
to repeat this simulation deleting these lines (see the Problems).

Second, it might be thought that a reasonable procedure for finding the
velocity error é=¢(kT) is to find an estimate v, of the joint velocity ¢, and
then use

éx = G — vg. (1)
There are two disadvantages to this. First, it requires the storage in memory

of the desired velocity 4§ as well as the desired trajectory g§ Second, it does
not work.
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Instead, it is necessary to use two derivative filters, one for estimating joint
velocities 4k and one for providing an estimate € for the velocity error €. A
simulation that attempts to use 1 makes the point quite well.

Note that the velocity estimates are also used instead of gk in computing
the nonlinear terms N (g, g )-

EXAMPLE 4.5-2: Digital PI Controller with Anti-windup Compensation

A general digital PI controller with sampling period of T seconds is
given by

T 1
=k|14+ — 5
Uk { +sz__1] €k (1)

We have sampled the continuous PI controller by the modified matched-
polezero (MPZ) method [Lewis 1992] to obtain a delay of T seconds in the
integrator to allow for computation time. The proportional gain is k& and
the reset time is T}; both are fixed in the design stage. The tracking error is
€.

Multiply by (1-z!) to write

(I-zNw=k[(1-2"")+Tz7"/T/] e, (2)

which is in the transfer function form (4.5.21). The corresponding difference
equation form for implementation is

up = up_1+ kex +k(—-1+T/T7) ex—;. (3)

This controller will experience windup problems since the autoregressive
polynomial R=1- z' has a root at z=1, making it marginally stable. Thus,
when #, is limited, the integrator will continue to integrate, “winding up”
beyond the saturation level.

a. Antiwindup Compensation

To correct this problem, select an observer polynomial of

Ao (z7h) =1-az7, (4)
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which has a pole at some desirable location lol<1. The design parameter o
may be selected by simulation studies. Then the controller with antiwindup
protection (4.5.23), (4.5.24) is given by

(l*az_l)ﬂk=k[1+ (—1+%) 2_1] er + (1 —a)z 7 uy (5)

ug, = sat (vg) . (6)
The corresponding difference equations for implementation are

v = kex +avg_r +k(-1+T/T7) epr1 + (1 — @) ups (7)

ug = sat (vg) . (8)

A few lines of FORTRAN code implementing this digital controller are given
in Figure 4.5.9. This subroutine may be used as the control update routine
DIG for the digital simulation driver program TRESP in Appendix B.

DIGITAL PI CONTROLLER WITH ANTIWINDUP COMPENSATION

SUBROUTINE DIG(IK,T,x)

REAL x(*), k

COMMON/CONTROL/ u

COMMOK/QUTPUT/ z

DATA k,AL,TI,ULOW,UHIGH/ 3.318. 0.9, 1., -1.5 , 1.5/
DATA r/1./

v= AL*v + kx*(~1 + T/TI)*e + (1-AL)#*u
e=T - 2

v= k*e + v

u= AMAX1(ULOW,v)

u= AMIN1(UHIGH,u)

RETURN
END

Figure 4.5-9: FORTRAN code implementing PI controller with antiwindup
compensation.

If =1 we obtain the special case (2), which is called the position form
and has no antiwindup compensation. If =0, we obtain the deadbeat
antiwindup compensation
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Ty _
vk=k[1+(-1+ﬁ)z 1] er + Uk—1, 9)
with corresponding difference equation implementation

Vg =ug—1 +keg +k(=1+T/Tr)ep_. (10)

If u, is not in saturation, this amounts to updating the plant control by
adding the second and third terms on the right-hand side of (10) to #,.;.
These terms are, therefore, nothing but #;-1,.,. The compensator with 0.=0
is thus called the velocity form of the PI controller.

b. Digital Control of DC Motor
Consider the simplified model for a do motor given by
w = —aw + bu, (11)
with o the angular velocity. A motor speed controller has the form
u=—[ki + k2/5s]e, (12)

where e=r-w is the tracking error, with r the desired command angular velocity.
Taking a=1 and b=1, with k,=k,=-3.318, we obtain poles at s=-1,-3.318. The
slower pole is canceled by a zero, so that the step response is fast, having only
a mode like 3318,

Writing the PI controller as

u=~k[1+1/Tys]e, (13)
we see that
k= -k =3.318
Ty = ky Jks = 1s. (14)

The digital controller obtained using the modified MPZ is given by (1).

The time constant of the closed-loop system is 7 = 1/3.318 = 0.3 s, so
that a sampling period of T=0.05 s is reasonable. The sampling period
should be about one-tenth the time constant.
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Program TRESP in Appendix B was used to obtain the response shown
in Figure 4.5.10(a). No saturation limits were imposed on ;.

Next, a saturation limit of #;=1.5 V was imposed on the control #,. No
antiwindup compensation was used (i.e., 0.=1 in Figure 4.5.9). The resulting
behavior shown in Figure 4.5.10(b) displays an unacceptable overshoot.

Figure 4.5.10(c) shows that the overshoot problem is easily corrected
using 0=0.9 in the digital PI controller with antiwindup protection in Figure
4.5.9. In this example, as a decreases the step response slows down. The
value of 0=0.9 was selected after several simulation runs with different
values of o.
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Figure 4.5.10: Angular velocity step responses using digital controller: (a) digital PI
controller with no saturation limits; (b) digital PI controller with saturation limit
uy=1.5V and no antiwindup compensation; (c) digital PI controller with saturation
limit #,=1.5V and antiwindup compensation with a:=0.9.

c. Antiwindup Compensation in Robotics

To implement the antiwindup compensation, it is necessary to know the
maximum and minimum values u;; and #u; of the integrator output.
Unfortunately, in a robot arm the motor torques are limited. These torque
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limits must be mapped using the feedback linearization input transformation
to determine the limits on the integrator outputs see [Bobrow et al. 1983].
Thus the saturation limits needed by the antiwindup compensator are
functions of the joint position g, the desired acceleration g¢ and so on. This

issue is explored in the problems.
|

4.6 Optimal Outer-Loop Design

In Section 4.4 we discussed computed-torque control, showing how to select
the inner control loop using exact techniques involving the inverse manipulator
dynamics, as well as by a variety of approximate means. We also discussed
several schemes for designing the outer linear feedback (tracking) loop. The
results of our discussions are summarized in Table 4.4.1. In this section we
intend to present a modern control optimal technique for selecting the outer
feedback loop. Modern optimal design yields improved robustness in the
presence of disturbances and unmodeled dynamics.

Several papers have dealt with “optimal” or “suboptimal” control of robot
manipulators [Vukobratovic and Stokic 1983], [Lee et al. 1983], [Luo and
Saridis 1985], [Johansson 1990]. Although they are not all based on a
computed-torque-like approach, we would like here to present the flavor of
this work by using optimal techniques to design the computed-torque outer
feedback loop.

Linear Quadratic Optimal Control

First, it is necessary to review modern linear-quadratic (LQ) design. Suppose
that we are given the linear time-invariant system in state-space form

z = Az + Bu. (4.6.1)

with z(t) € R", u(t) € R™. It is desired to compute the state-feedback
gain in

u=—Kz, (4.6.2)
so that the closed-loop system

i=(A-BK)z (4.6.3)

is asymptotically stable. Moreover, we do not want to use too much control
energy to stabilize the system, since in many modern systems (e.g., automobile,
spacecraft), fuel or energy is limited.
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This is a complex multivariable design problem, for the feedback gain
matrix K is of dimension mxn. A classical controls approach might involve,
for instance, performing mn root locus designs to close the feedback loops one
at a time. On the other hand, a solution that guarantees stability can be found
using modern controls techniques simply by solving some standard matrix
design equations. This modern approach closes all the feedback loops
simultaneously and guarantees a good gain and phase margin.

The feedback matrix is found using modern control theory as follows.
First, define a quadratic performance index (PI) of the form

> T / = (z"Qz + u" Ru) dt, (4.6.4)
0

where Q is a symmetric positive semidefinite 72xz matrix (denoted Q=0) and
R is a symmetric positive definite 72xm matrix (R>0). That is, all eigenvalues
of R are greater than zero and those of Q are greater than or equal to zero. O
is called the state-weighting matrix and R the control-weighting matrix. These
matrices are design parameters that are selected by the engineer depending,
for instance, on the desired form of the closed-loop time responses.

The optimal LQ feedback gain K is the one that minimizes the PI J. The
motivation follows. The quadratic terms x"Qx and #"Ru in the PI are
generalized energy functions (e.g., the energy in a capacitor is %2Cv?, the
kinetic energy of motion is Y2mv?)- Suppose, then, that J is minimized in the
closed-loop system (4.6.3). This means that the infinite integral of
[x"(t)Ox(t)+u’(t)Ru(t)] is finite, so that this function of time goes to zero as ¢
becomes large. However,

2T (1) Qz (t) = ”\/@x(c) ||2
uT (¢) Ru () = ||¢Eu (t)”2

with the square root of a matrix defined as M = VM T+/M . Since these
norms vanish with ¢ and IRI#0, the functions y(t) = v/Qz(t) and «(¢) both go
to zero. Under the assumption that (A4, /@) is observable [Kailath 1980], x(z)
goes to zero if y(t) does.

Therefore, the optimal gain K guarantees that all signals go to zero with
time in the closed-loop system (4.6.3). That is, K stabilizes (A-BK).

The determination of the optimal K is easy and is a standard result in
modern control theory (see, e.g., [Lewis 1986a], [Lewis 1986b]). The optimal
feedback gain is simply found by solving the matrix design equations
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B R—lBTP (465)
ATP+ PA+Q - PBR'BTP =0, (4.6.6)

where P is a symmetric nxn auxiliary design matrix on which the optimal
gain depends. The second of these is a nonlinear matrix quadratic equation
known as the Riccati equation; it is easy to solve this equation for the auxiliary
matrix P using standard routines in, for instance, MATLAB, [MATRIX, 1989],
and other software design packages.

The next result is of prime importance in modern control theory and
formalizes the stability discussion just given.

THEOREM 4.6-1: Let (A,\/Q) be observable and (A, B) be controllable.
Then:

(a) There is a unique positive definite solution P to the Riccati equation.
(b) The closed-loop system (A-BK) is asymptotically stable.
(c) The closed-loop system has an infinite gain margin and 60° of phase
margin.

|
Controllability was discussed in Chapter 1. Observability means roughly
speaking that all the system modes have an independent effect in the PI, so
that if J is bounded, all the modes independently go to zero with t. To verify
these properties is easy. The system is controllable if the controllability matrix

U=[B AB A’B ... AM1B ] (4.6.7)

has full rank 7. The system (A, C) is observable if the observability matrix

o
CA

vo| ca
‘ (4.6.8)

CAn-1

has full rank 7. MATLAB, for instance, provides routines for these tests.
Therefore, the state-weighting matrix Q may be chosen to satisfy the
observability requirement.

The theorem makes this modern design approach very powerful. No matter
how many inputs and states, a stabilizing feedback gain can always be found
under the hypotheses that stabilizes the system. The gain is found by closing
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all the nm feedback loops simultaneously by solving the matrix design
equations.

Linear Quadratic Computed-Torque Design
Now we apply these results to the control of the robot manipulator dynamics
M(q)§g+Nl(g,q) = (4.6.9)

According to Section 4.4, the computed-torque control law
T=M(@G—u)+N (4.6.10)

yields the error system

dle|_|[0 1 el 0
gatle|=]o0o]]e I |% (4.6.11)
which we may write as
& = Az + Bu, (4.6.12)
with the state defined as
= | €
=151 (4.6.13)

Now, select the outer-loop PD feedback
u=-Kz=-[ K, K, |z=-Kpe— K. (4.6.14)
To find a stabilizing gain K, select the design parameter Q in the PI as

Q = diag {Q,, @} with Qp,Q, € R**"

so that the position and velocity errors are independently weighted. Then,
due to the simple form of the A and B matrices, which represent # de-coupled
Newton’s law (i.e., double integrator) systems, the solution of the Riccati
equation is easily found (see the Problems). Using this solution in (4.6.5)
yields the formula for the optimal stabilizing gains

K, = 1/QPR—1, K, = /2K, + Q,R~1. (4.6.15)

This LQ approach reveals the relation between the PD gains and some design
parameters O and R that determine the total energy in the closed-loop system.
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Note particularly that the relative magnitudes of x(#) and u(z) in the closed-
loop system can be traded off. Indeed, if R is relatively larger than O, and O,,
the control effort in the PI (4.6.4) is weighted more heavily that the state.
Then the optimal control will attempt to keep #(t) smaller by selecting smaller
control gains; thus the response time will increase. On the other hand, selecting
a smaller R will increase the PD gains and make the error vanish more quickly.

If O,, O,, and R are diagonal, so then are the PD gains K,, K,. The LQ
approach with nondiagonal Q,, O,, and R affords the possibility of outer
feedback loops that are coupled between the joints, which can sometimes
improve performance. Another important feature of LQ design is the
guaranteed robustness mentioned in the theorem. This can be very useful in
approximate computed-torque design where

Te=M(Gg—u)+ N (4.6.16)

and M and N can be simplified versions of M(g) and N(q, ). The performance
of such a controller with an LQ-design outer loop can be expected to surpass
that of a controller designed using arbitrary choices for K, and K,. This robust
aspect of LQ design is explored in the problems.

It is important to note that this LQ design results in minimum closed-loop
energy in terms of e(?), é(t), and u(t). However, the actual control input into
the robot arm is

T =M (§a+ Kyé + Kpe) + N. (4.6.17)

Although the energy in 1(t) is not minimized using this approach, we can use
some norm inequalities to write

Il < 1M () - llgall + (1M (D] - [lw ] + IV (g DI, (4.6.18)

so that keeping small ll(2)ll might be expected to make ||7(t)|| smaller. A more
formal statement can be made taking into account the bounds on [IM(g)ll and
I[N (g, q)| given in Table 3.3.1.

Since the energy in is not formally minimized in this approach, it is
considered as a suboptimal approach with respect to the actual arm dynamics,
although with respect to the error system and #(2) it is optimal. An optimal
control approach that weights e(z) 1(t) and in the PI is given in [Johansson
1990].

We have derived an LQ controller using a computed-torque (i.e., feedback
linearization) approach. An alternative approach that yields the same Riccati-
equation-based design is to employ the full nonlinear arm dynamics and find
an approximate (i.e., time-invariant) solution to the Hamilton-Jacobi-Bellman
equation [Luo and Saridis 1985]; [Luo et al. 1986].
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4.7 Cartesian Control

We have seen how to make a robot manipulator track a desired joint space
trajectory qq(t). However, in any practical application the desired trajectories
of a robot arm are given in the workspace or Cartesian coordinates. An important
series of papers dealt with resolved motion manipulator control [Whitney 1969];
[Luh et al. 1980], [Wu and Paul 1982]. There the joint motions were resolved
into the Cartesian coordinates, where the control objectives are specified. The
result is that an operator can use a joystick to specify Cartesian motion (e.g.,
for a prosthetic device), with the arm following the specified motion. Older
teleoperator devices used joysticks that directly controlled the motion of the
actuators, resulting in long training times and very awkward manipulability.

There are several approaches to Cartesian robot control. For instance, one
might:

1. Use the Cartesian dynamics in Section 3.5 for controls design (see the
Problems).

2. Convert the desired Cartesian trajectory y4() to a joint-space trajectory
q4(t) using the inverse kinematics. Then use the joint-space computed-
torque control schemes in Table 4.4.1.

3. Use Cartesian computed-torque control.

Let us discuss the last of these.

Cartesian Computed-Torque Control
This approach begins with the joint space dynamics

M(@G+N(g¢)+ra=r (4.7.1)

In Section 3.4 we discussed a general feedback-linearization approach for
linearizing the arm dynamics with respect to a general output. In this section
the output we are interested in is the Cartesian error

ey(t) =walt) —y(t), (4.7.2)

with y,(2) the desired Cartesian trajectory and y(z) the end-effector Cartesian
position.

The problems associated with specifying the Cartesian position of the end
effector are covered in Appendix A. There we see that y(z) is not necessarily a
6-vector, but could in fact be the 4x4 arm T matrix. Then y,(z) is a 4x4 matrix
given by
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ya (t) = Ta (t) = ﬂdo(t) Odo(t) ﬂdo(t) pdl(t) , (4.7.3)

containing the desired orientation (124(2), 04(t), a4(t)) and position p,(z) of the

end effector with respect to base coordinates. On the other hand, y(z) could be

specified (nonuniquely) using Euler angles as a 6-vector, or using quaternions

as a 7-vector, or using the encoded tool configuration vector which gives y(z)
€ Ré.

Although there are problems with specifying y(z) as a 6-vector, the

Cartesian error is easily specified (see the next subsection) as the 6-vector

| &
ey = [ €o ] (4.7.4)
with e,(t) the position error and e,(t) the orientation error. Thus equation

(4.7.2) is generally valid only as a loose notational convenience.
Let us assume that

y=h(q) (4.7.5)

with h(q) the transformation from g() to y(t), which is a modification of the
kinematics transformation, depending on the form decided on for y(t). Then
the associated Jacobian is J={/A/fg and

g = Jg. (4.7.6)

Now, the approach of Section 3.4, or a small modification of the derivation
in Section 4.4, shows that the computed-torque control relative to e, () is
given by

r=MJ (ju- Ji-u) + N, (4.7.7)
which results in the error system
By =u+tw (4.7.8)

with the disturbance
w=JM 1. (4.7.9)

We call (4.7.7) the Cartesian computed-torque control law.

The outer-loop control #(#) may be selected using any of the
techniques already mentioned for joint-space computed-torque control (see
Table 4.4.1). For PD control, for instance, the complete control law is
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r=MJ (ﬁd —Ji+ Kyéy + ery) +N. (4.7.10)

A disadvantage with Cartesian computed-torque control is the necessity to
compute the inverse Jacobian. To avoid inverting the Jacobian at each sample
period, we might propose the approximate Cartesian computedtorque controller

o = C’('j)d— jg‘r—u) +N, (4.7.11)

where € and NN are approximations to MJ"! and N, respectively. The error
system for this control law is not difficult to compute (cf. the joint space
approximation in Table 4.4.1 and see the Problems).

A PD outer feedback loop yields

e (t) =k(t)sinp(t), —-w/2<¢(t)<n/2, (4.7.12)

A special case of this control law is obtained by setting =1,
N=—ija + J¢ + G(g) which yields the Cartesian PD-gravity controller

Te = Kyéy + Kpey + G (q) . (4.7.13)

The robustness properties of computed-torque control make this a successful
control law for many applications.

Simulations like those presented in this section could be carried out for
Cartesian computed-torque control. The basic principles would be the same
as for joint space computed-torque control (see the Problems).

Cartesian Error Computation

The actual Cartesian position may be computed from the measured joint
variables using the arm kinematics in terms of the arm T matrix
n(t) o(t) aflt t
s=T@= [0 oY o 20,

i 8 e (4.7.14)

and the desired Cartesian position may likewise be expressed as (4.7.3). Then
a Cartesian position error and velocity error suitable for computedtorque
control may be computed as follows [Luh et al. 1980], [Wu and Paul 1982].
Define

’ v : Vd
y:[w], yd={wd] (4.7.15)

with v(), v4(t) the actual and desired linear velocity, and @(z), w,() the actual
and desired angular velocities. Then
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by =1a—7 (4.7.16)

is easy to compute, since ¥(¢) may be determined from the measured joint
variables using (4.7.6).
The linear position error is simply given by

ep = P4 — P (4.7.17)

An orientation error e,(#) suitable for feedback purposes is more difficult to
obtain, but may be defined as follows.

Denote the rotation transformation portions of (4.7.14) and (4.7.3),
respectively, as R(z), R,(t). The orientation error can be expressed in terms of
a rotation of ¢(¢) rads about an Euler axis of k(t) that takes R(?) into R,(z)
(Appendix A). In fact, one may define the 3-vector

e, (t) =k (t)singp(t), —-7w/2<p(t) <n/2, (4.7.18)

where e,(#) may be assumed small. With this definition, it can be shown that
e,(t) is found from T(t) and T,(t) using

o =10 (N Xng+0X04+aXxag). (4.7.19)

The overall Cartesian error is now given by (4.7.4). Unfortunately, with this
definition of e,, it happens that e, is not the derivative of e,; however, the
control law (4.7.10) still yields suitable results. Alternative definitions of e,()
and €,(t) are given in [Wu and Paul 1982]; they are closely tied to the cross-
product matrix O, in Appendix A and require the selection of a sampling
period T.

4.8 Summary

In this chapter we showed how to generate smooth trajectories defining robot
end-effector motion that passes through a set of specified points. Then we
covered the important class of computed-torque controllers, which subsumes
many types of robot control algorithms. Both classical and modern control
algorithms are described by this class, so that computed torque provides a
bridge between older and more modern algorithms for motion control.

As special types of computed-torque algorithms, we mentioned PD control,
PID control, PD-plus-gravity, classical joint control, and digital control. Most
robot control algorithms are implemented digitally, and computedtorque
provides a rigorous framework for analyzing the effects of digitization and
the size of the sampling period. This is approached by considering digital
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control as an approximate computed-torque law and studying the error system
(cf. subsequent chapters).

We showed some aspects of modern linear quadratic outer-loop design,
and concluded with a discussion of Cartesian control.
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PROBLEMS

Section 4.2

4.2-1

Minimum-Time Control. Derive the minimum-time control switching time z,
[cf. (4.2.11)] when the initial and final velocities are not zero.

4.2-2  Polynomial Path Interpolation. It is desired to move a single joint from g(0)= 0
4(0)=0 through the point g(l)=5, 4(l)=40 to a final position/velocity of §(2)=1
Determine the cubic interpolating polynomials required in this two- 1nterval
path. Plot the path generated and verify that it meets the specified requirements
on ¢(t) and q(t) Plot 4(t) versus q(z).

4.2-3 LFPB. Repeat Problem 4.2-2 using LFPB.

4.2-4 Polynomial Path for Acceleration Matching. Derive the interpolating
polynomial required to match positions, velocities, and accelerations at the
via points.

Section 4.3

4.3-1 Simulation of Flexible Coupling System. Use computer simulation to reproduce
the results for the motor with flexible coupling shaft in Example 3.6.1.

4.3-2 Simulation of Nonlinear System. The Van der Pol oscillator is a nonlinear

system with some interesting properties. The state equation is

i!] =T9

@y = —0:(9:% —Dzg — ;.

Simulate the dynamics for initial conditions of x,(0)=0.1, x,(0)= 0.1. Use
values for the parameter of @=0.1 and then 0=0.8. Plot x,(2) and x,(2), as well
as x,(t) vs. x4(t) in the phase plane. For each simulation you should clearly see
the limit cycle that is characteristic of the Van der Pol oscillator.
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Section 4.4

4.4-1
4.4-2

4.4-3

4.4-4

4.4-5

4.4-6

4.4-7

4.4-8

Prove (4.4.32).

PD Computed-Torque Simulation. Repeat Example 4.4.1 using various values
for the PD gains. Try both critical damping and underdamping to examine
the effects of overshoot on the joint trajectories.

Classical Joint Control. Prove (4.4.55), (4.4.57), (4.4.60), and (4.4.62). See
[Franklin et al. 1986].

PD Computed Torque with Payload Uncertainty. The CT controller is
inherently robust. In Example 4.4.1, suppose that 72, changes from 1 kg to 2
kg at t=5 s, corresponding to a payload mass being picked up. The CT
controller, however, still uses a value of m,=1. Use simulation to plot the
error time history. Does the performance improve with larger PD gains?

PID Computed Torque with Payload Uncertainty. Repeat Problem 4.4-4
using a PID outer loop. Does the integral term help in rejecting the mass
uncertainty?

PD Computed Torque with Friction Uncertainty. Repeat Problem 4.4-4
assuming now that 72,=1 kg stays constant and is known to the controller.
However, add friction of the form F(q, ) = F.4+K,sgn(g)(see Table 3.3.1) to
the arm dynamics, but not to the CT controller. Use v,=0.1, k;=0.1. Simulate
the performance for different PD gains.

PID Computed Torque with Friction Uncertainty. Repeat Problem 4.4-6
using a PID outer loop.

PD Computed Torque with Actuator Dynamics
(a) Designa CT control law for the two-link planar elbow arm with actuator
dynamics (Section 3.6) of the form

Iy + Bdy + Far + B = K.

Take the link masses and lengths as 1 kg, 1 m. Take motor parameters
of J,=0.1 kg-m?, b,=0.2 N-m/rad/s, and R=5Q, Set the gear ratio
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4.4-9

4.4-10

4.4-11

4.4-12

4.4-13

r=0.1.
(b) Simulate the controller for various values of PD gains.

PD Computed Torque with Neglected Actuator Dynamics. Consider the
arm-plus-dynamics in Problem 4.4-8. Suppose, however, that the CT
controller was designed using only the arm dynamics and neglecting the
actuator dynamics. Use the PD gains in Example 4.4.1. Simulate the control
law on the arm-plus-dynamics for various values of gear ratio r. As r
decreases, the performance should deteriorate.

PD Computed Torque Using Only Actuator Dynamics. Consider the arm-
plus-dynamics in Problem 4.4-8. Design a CT controller using only the
actuator dynamics and no arm dynamics. Simulate the control law on the
arm-plus-dynamics for various values of gear ratio r. As r decreases, the
performance should improve. For fixed 7 it is also instructive to try different
PD gains.

Classical Joint Control with Actuator Dynamics. Repeat Example 4.4.4
including actuator dynamics like those in Problem 4.4-8. Try different values
of gear ratio . Compare to Problem 4.4-10.

PD Computed Torque with Flexible Coupling. Combine the flexible shaft in
Example 3.6.1 with the two-link arm in Example 4.4.1 to study the effects of
using CT control on a robot with compliant motor coupling. Try different
values of the coupling shaft parameters.

Error Dynamics with Approximate CT Control. Considzer the two-link
polar arm in Example 3.2.1 with friction of the form Find the error
dynamics (4.4.44) for the cases:

(a) Friction is not included in the CT control law.

(b) Payload mass m, is not exactly known in the CT control law.

(c) PD-gravity CT is used.

(d) PD classical joint control is used with no nonlinear terms.

Section 4.5

4.5-1

Digital Control Simulation

(a) Repeat Example 4.5.1 using a desired trajectory with period of 1
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s instead of 2 s. Plot as well the Cartesian position (x,(), y,(¢)) of the end
effector in base coordinates.

(b) Redo the simulation deleting the lines in Figure 4.5.7 that zero the initial
velocity estimates.

(c) Try to simulate the digital CT controller using the alternative technique
to compute €, from ¢ and v, as given in equation (1) in the example.

4.5-2 Digital Control Simulation. Convert the PD-gravity CT controller in Example
4.4.3 to a digital controller. Try several sample periods.

4.5-3  Error Dynamics for Digital Control. Find the error system in Table 4.4.1
using digital control of the form (4.5.3).

4.5-4  Antiwindup Protection. In Example 4.4.4 we saw the deleterious effects in
robot control of integrator windup due to actuator saturation. In Example
4.5.2 we showed how to implement antiwindup protection on a simple PI
controller. Implement antiwindup protection on the robot controller in
Example 4.4.4. The issue is determining the limits on the integrator outputs
given the motor torque limits. Successful and thorough completion of this
problem might lead to a nice conference paper.

Section 4.6
4.6-1 Optimal LQ Outer-Loop PD Gains. Verify (4.6.15). To do this, select the
Riccati solution matrix as

| A P
P=| 5t 1]

with P; e R" Substitute P, A, B, O, R into the Riccati equation (4.6.6). You will
obtain three nxn equations that can be solved for P.. Now use (4.6.5).

4.6-2 Robust Control Using LQ Outer-Loop Design. Redo the PDgravity simulation
in Example 4.4.3 using PD gains found from LQ design. Does the LQ
robustness property improve the responses found in Example 4.4.3 using
nonoptimal gains? Try various choices for Q,, O,, and R, both diagonal and
nondiagonal.

Section 4.7

4.7-1 Direct Cartesian Computed-Torque Design. Begin with the Cartesian
dynamics in Section 3.5 and design a computed-torque controller. Compare
it to (4.7.10).

4.7-2  Approximate Cartesian Computed-Torque. Derive the error system dynamics
associated with the approximate control law (4.7.11).

4.7-3 Cartesian PD-Plus-Gravity Control. Repeat Example 4.4.3 using Cartesian
computed-torque control, where the trajectory is given in workspace
coordinates.



Chapter 5

Robust Control of
Robotic Manipulators

In this chapter we discuss the control of robots when their dynamical model
is uncertain. This may arise because the robot is carrying an unknown load
or because the exact evaluation of the robot’s dynamics is too costly. The
robust controllers in this chapter are obtained from modifications to the
controllers designed in Chapter 4.

5.1 Introduction

The control of uncertain systems is usually accomplished using either an
adaptive control or a robust control philosophy. In the adaptive approach,
one designs a controller that attempts to “learn” the uncertain parameters
of the system and, if properly designed, will eventually be a “best” controller
for the system in question. In the robust approach, the controller has a fixed
structure that yields “acceptable” performance for a class of plants which
include the plant in question. In general, the adaptive approach is applicable
to a wider range of uncertainties, but robust controller are simpler to
implement and no time is required to “tune” the controller to the particular
plant. In this chapter we review different robust control designs used in
controlling the motion of robots. The adaptive control approach is discussed
in Chapter 6. The robust control methods presented in this chapter may be
used to analyze the performance of the simple controllers used by robot
manufacturers which were discussed in Chapter 4, and to suggest
improvements and modifications. In fact, we are able to determine the range
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of applicability of the simple PID controllers of Chapter 4, as a function of
the inherent lack of knowledge of the robot’s dynamics.

The controllers designed in this chapter may be analyzed using input-
output stability tools or state-space tools. In the input-output approach, the
stability of the controlled robot is shown using the small-gain theorem or
the passivity theorem. In the state-space approach, most designs are shown
to be stable using Lyapunov-based arguments. See Chapter 2 for an overview
of both approaches.

Consider the robot dynamics given in Chapter 3:

M(q)§ + Vim(g,9)d + F(¢) + G(g) = M(9)i + N(g,¢) =7 —-74 (5.1.1)

and assume that a desired trajectory in joint space is specified by the time
function zJ (t) = [¢7 (£) 47X (t)). We will suppress the time dependence if no
ambiguity results. Let g4 qu, G and 7, be bounded functions of time. In a
fashion similar to Chapter 4, we assume the trajectory error e to have two
components:

e=qq—q, €=qa—¢ (5.1.2)

The controllers of this chapter assume that measurements of g and ¢ are
available. As described in Section 3.5, variables other than g and ¢ may be
measured. The Cartesian computed-torque controllers of Section 4.7 provide
a setting where Cartesian trajectory is to be followed directly. We limit our
discussion to the case of joint measurements with the understanding that a
desired trajectory in another coordinate system may be followed by first
obtaining the corresponding joint trajectory then applying the methods of
this chapter.

We may, however, assume that the measurements p and p of g and p are
corrupted by a bounded noise, that is,

p=q+u, pP=q4d+w+2 (5.1.3)

where |lw;ll<c,.

In Section 5.2 we discuss the computed-torque-like controllers of Section
4.4 and study their robustness properties. The section is divided into
controllers whose robustness is deduced using Lyapunov stability and others
whose robustness relies on input-output stability. Nonlinear controllers which
are not necessarily derived from the computed-torque controllers are
presented in Section 5.3. These include controllers that exploit the passivity
of the robot dynamics and others which are variable-structure methods and
saturation controllers without particular emphasis on the special properties
of the robot. Finally, in Section 5.4 we review approaches that attempt to
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robustify the controllers by modifying the robot dynamics either explicitly
or implicitly.

5.2 Feedback-Linearization Controllers

The controllers designed in this section may be obtained as modification of
the feedback-linearization (or computed-torque) controllers of Chapter 3.
They are basically the computed-torque-like controllers of Section 4.4. We
study both static and dynamic feedback designs and compare different
controllers found in the literature. Note that such a study was started
in Section 4.4 and some of the controllers introduced there will reappear in
this chapter. The emphasis will be here on relating many of the controllers
scattered through the literature and to give them a common theoretical
justification.

We assume for simplicity that 7, = 0 in (5.1.1) and that w,=0 in (5.1.3),
although the effects of bounded 74 and w; can be easily accounted for and
will be considered in most examples. In a fashion similar to Chapter 4, the
dynamics of the robot are transformed into the linear system

el [0 I(e 0
- (2 )
and
u=M(q)"'[N(g,4) - 7]+ da (5.2.1)
leading to the nonlinear computed-torque controller
7a = M(q)[da — u] + N(g,4) (5.2.2)

which, due to the invertibility of M(g), gives the following closed-loop system:
é=u (5.2.3)

which is described by the transfer function
I
E(s) = 8—2-U(s). (5.2.4)

The problem is then reduced to finding a linear control # that will achieve
a desired closed-loop performance; that is, find F, G, H, and ] in
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t=Fz+4+(Ge
u=Hz+ Je,
or
u(t) = [H(sI = F)7'G + Jle(t) = C(s)e(t) (5.2.5)

Not that the notion above indicates that #(t) is the output of a system C(s)
when an input e(?) is applied. Note also from (5.2.4) that the different
joints or the robot are decoupled so that at this level, # SISO separate
controllers may be designed to control the 7 joints of the robot.
Unfortunately, the control law (5.2.2) cannot usually be implemented due
to its complexity or to uncertainties present in M(g) and N(q, ¢) and to the
presence of 7, and w;,. Instead, one applies 7in (5.2.6) below where M and
N are estimates of M and N,

r=Mga—u + N (5.2.6)

This in turn will reintroduce some coupling in the linear model and leads to
(Fig. 5.5.1)

= Ae+ B(u+mn)
n o= Alu-§s)+M1 (5.2.7)
A = M M-I, §=N-N.

Note first that A, 8, and therefore n are zero if M = M and N = N. In general,
however, the vector 7 is a nonlinear function of both ¢ and # and cannot be
treated as an external disturbance. It represents an internal disturbance of
the globally linearized error dynamics caused by modelling uncertainties,
parameter variations, external disturbances, friction terms, and maybe even
noise measurements [Spong and Vidyasagar 1987]. Most commercial robots
are in fact controlled with the controller given in (5.2.6) with choices of M =
Iand N = 0 See, for example, [Luh 1983] and Section 4.4. The choice of M
is validated by the powerful motors used to drive the robot links, and the
gearing mechanisms used to torque the motor output to an acceptable level,
while showing its speed down. The choice of is validated by keeping the
different motors from driving their links too fast, thus limiting the Coriolis
and centripetal torques. Such commercial controllers are known as “non-
model-based controllers” and have been used since the early days of robotics.
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The quest for more performance is, however, leading researchers and
manufacturers to use direct-drive robots and to attempt moving them at
higher speeds with less powerful but more efficient motors [Asada and Youcef-
Toumi 1987]. This new direction is increasing the need for more robust
controllers such as the ones described next.

The approaches of this section revolve around the design of linear
controllers C(s) such that the complete closed-loop system in Figure 5.5.1 is
stable in some suitable sense (e.g., uniformly ultimately bounded, globally
asymptotically stable, £, stable etc.) for a given class of nonlinear perturbation
7. In other words choose C(s) in (5.2.5) such that the error e(z) in (5.2.8) is
stable in some desired sense.

A O A,6
n
C(s) ——() AB |-¢

Figure 5.2.1: Feedback-linearization; uncertain structure.

The reasonable assumptions (5.2.9)—(5.2.11) below are often made for
revolute-joint robots when using this approach [Spong and Vidyasagar 1987].
In the following, gy, #5, «, Bo, Bi, and B, are nonnegative finite constants
which depend on the size of the uncertainties.

i < ”M_l”Suil, p #0 (5.2.8)
lall € a<1 (5.2.9)
8l < Bo+ Bullell + Bellell? (5.2.10)
lldall < e (5.2.11)

Recall that inequality (5.2.8) was introduced in Section 3.3, and note that
the norms used in the inequalities above can be, depending on the application,
either £.. or £, norms. Also note that the bounds y; and S; are scalar functions
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of g for robots with prismatic joints, and that (5.2.10) is satisfied by
M = 0.5(pm + p2)l, so that a = (p2 — m)/(p2 + 1)) so that a=(u,-
1)/ (m+p1)) [Spong and Vidyasagar 1987]. Finally, (5.2.10) is a result of the
properties of the Coriolis and centripetal terms discussed in Section 3.3.

We will give different representative designs of the feedback-linearization
approach, starting with controllers whose behavior is studied using Lyapunov
stability theory.

Lyapunov Designs

Static feedback compensators have been extensively used starting with the
works of [Freund 1982] and [Tarn et al. 1984]. Consider the controller
introduced in (4.4.13):

u= C(s)e = —-Ke (5.2.12)
such that
é=Ae+B(u+n)=(A-Bk)e+Bn=Ace+Bn. (52.13)

It can be seen that by placing the poles of A, sufficiently far in the left half-
plane, the robust stability of the closed- loop system in the presence of 7 is
guaranteed. This was shown true in [Arimoto and Miyazaki 1985] for the
case where g3 = 0 and 74 = 0 as described in Theorem 4.4.1 and Example
4.4.3. It was also shown true for the trajectory-following problem assuming
that e(0) = é(0) = 0 in [Dawson et al. 1990] as described in Theorem 4.4.2.
There are as many robust controllers designed using Lyapunov stability
concepts as there are ways of choosing Lyapunov function candidates, and
of designing the gain K to guarantee that the Lyapunov function candidate is
decreasing along the trajectories of (5.2.13). To decrease the asymptotic
trajectory error, however, excessively large gains may be required (see Example
4.4.3). We therefore choose to use the passivity theorem and a choice of the
gain matrix K that renders the linear part of the closed-loop system SPR. As
described in Section 2.11, an output may be chosen to make the closed-loop
system SPR; therefore allowing large passive uncertainties in the knowledge
of M(q). In fact, the state-feedback controller may be used to define an
appropriate output Ke such that the input-output closed-loop linear systems
K(sI-A+BK)'B is strictly positive real (SPR). Consider the following closed-
loop linear system:
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. [ o I 0
e—[_“Kp _Kv]e+[1]u

y=[K, K, [ z ] = Ke. (5.2.14)

It may then be shown using Theorem 2.11.5 that this system is SPR if

K> K, (5.2.15)
with the choice of
2K?2 0
= P
Q [ 0" 2K?-2K, ] (5.2.16)
such that
_[2k,K, K,
P= [ K, K, ] (5.2.17)

is the positive-definite solution to the Lyapunov equation
ATP+PA, = -Q (5.2.18)
and
K=BTP=[K?/a K,, a>1l. (5.2.19)

The next theorem presents sufficient conditions for the uniform boundedness
of the trajectory error.

THEOREM 5.2-1: The closed-loop system given by (5.2.13) will be uniformly
bounded if

e(0) = é(0)

and

a>1+ i[ﬁl +2(Bafo + Bals + p2)c) ],

where K,=2al and K,=4al.

Proof:
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Consider the closed-loop system given by (5.2.8), with the controller
(5.2.12), and choose the following Lyapunov function candidate:

1 t
V =2eTPe +/ y¥ (0)Ay(o)do (1)
2 0

where 3T Pe is the Lyapunov function corresponding to the SPR system
(5.2.14). Then if A>0, we have that V>0. This condition is satisfied for Nf2p.1.
Then differentiate to find

V= —%eTPe +eK(M™16 — Ady). (2)
To guarantee that V < 0 recall the bounds (5.2.8)—(5.2.11), and write
= k
V< SR el + L allel + Bullell” + (Bo + (uz + m)lell, (3)

where g1 = Apin(Q) = 2(a — 1)k, (a — 1)I < K, = kI. Let K, = 2al <
K, = 4al < K2. Note that llell may be factored out of (3) without affecting
the sign definiteness of the equation. The uniform boundedness of the error
is then guaranteed using Lemma 2.10.3 and Theorem 2.10.3 if

kBallel? + (kBy — m ) llell + klo + (1 +m2)el <0, (4)

which is guaranteed if

@ > 2£[ﬂ1 +2(B2Bo + Bo(pr + p2)e)*/?] (5)
or
> 14 281 +2(Bafo + olur + u2)0)' /7] (6)
41 m

The error will be bounded by a term that goes to zero as a increases (see
Theorem 2.10.3 and its proof in [Dawson et al. 1990] for details). This
analysis then allows A to be arbitrarily large as long as Af>p.1, as shown in
the next example. In fact, if N were known, global asymptotic stability is
assured from the passivity theorem since in that case 8=0. The controller is
summarized in Table 5.2.1.

It is instructive to study (6) and try to understand the contribution of
each of its terms. The following choices will help satisfy (6).

1. Large gains K, and K, which correspond to a large a.
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2. A good knowledge of N which translates into small B;s.
3. Alarge y, or a large inertia matrix M(q).

4. A trajectory with a small ¢, this a small desired acceleration g,.

Figure 5.2.2: K,=50, K,=25 (a) errors of joint 1; (b) errors of joint 2; (c) torques of
joints 1 and 2.

The following example illustrates the sufficiency of condition (6) and of the
effects of larger gains K, and K,
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EXAMPLE 5.2-1: Static Controller (Lyapunov Design)

In all our examples in this chapter we use the two-link revolute-joint robot
first described in Chapter 3, Example 3.2.2, whose dynamics are repeated
here:

[ Mi(g) Mia(q) ] [ i ] s [ mi(g,4) ] - [ n ] (1)

Mia(q) Ma2(q) | | Go maz(q, q) T2
where
My(q) = (my+msa)a+ mzag + 2maay az cos(ga)
Mi2(g) = maaZ + maaias cos(gz)
M(q) = maaj
mi(g,q) = -moa102(2¢142 + 4%) sin(gz) + (m1 + m2)ga; cos(qr)
+magas cos(q1 + g2)
ma(g,d) = maarazq] sin(ge) +maggs cos(qr + g2) (2)

The parameters m,=1kg, m,=1kg, a;=1m, a,=1m, and g=9.8 m/s* are given.
Let the desired trajectory used in all examples throughout this chapter be

described by
_ | sint .| cost
%=1 gin¢ |° 9= | cost

Then ||ga)|oc = 1 rad, ||¢4|lcc = 1rad/s? It may then be shown that

Hi = 01, Ho = 6
Let N=0 then
1181] < V10}le||> + 2v/10]|e]| + V10
or that

Bo = V10, B = 2V/10, B2 = V10

Then use M=61 and a=172 to satisfy (6). In fact, these values will lead to a
larger controller gains than are actually needed. Suppose instead that we let
6I, N=0, and that
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u=—20e_ 2,
6 6 (3)
T =6(dg — u)

Note that this is basically a computed-torque-like PD controller. A simulation
of the robot’s trajectory is shown in Figure 5.2.2. We also start our simulation
at e(0) = &(0)=0. The effect of increasing the gains is shown in Figure 5.2.3,
which corresponds to the controller

=25, 30,
6 6 (4)
T =6(da — u)

Note that at least initially, more torque is required for the higher-gains case
(compare Figs. 5.2.2¢ and 5.2.3c¢) but that the errors magnitude is greatly
reduced by expanding more effort.

|

There are other proofs of the uniform boundedness of these static controllers.
In particular, the results in [Dawson et al. 1990] provide an explicit expression
for the bound on e in terms of the controller gains. In the interest of brevity
and to present different designs, we choose to limit our development to one
controller in this section.

As discussed in Section 4.4, a residual stead-state error may be present
even when using an exact computed-torque controller if disturbances are
present. A common cure for this problem (and one that will eliminate constant
disturbances) is to introduce integral feedback as done in Section 4.4. Such a
controller may again be used within a robust controller framework and will
lead to similar improvements if the integrator windup problem is avoided
(see Section 4.4).

In the next section we show the stability of static controllers similar to the
ones designed here and use input-output stability methods to design more
general dynamic compensators.

Input-Output Designs

In this section we group designs that show the stability of the trajectory
error using input-output methods. In particular, we present controllers that
show L., and £, stability of the error. We divide this section into a subsection
that deals with static controllers such as the ones described previously,
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o.e
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Figure 5.2.3: K,=225, K,=30 (a) errors of joint 1; (b) errors of joint 2; (c) torques of
joints 1 and 2.

and a subsection dealing with the more general dynamic controllers, which
have similar gains in general.
Static Controllers

These controllers have the same structure as the ones described in Section
4.4 and in the preceding section. The difference is that here we show the
stability of the error using input-output concepts rather that the state-space
methods implied by Lyapunov theory. In [Craig 1988] the boundedness of
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Table 5.2.1: Static Controller, Lyapunov Design

Assumptions:
1 1
— < |IM7Y| <=, m#0
oS M
Al £ a<1
6l < Bo+ Bullel| + Bellel?
llgall < ¢
e(0) = €0)=0
Controller:
T = M({s+2aé+4ae) + N
v > [tzI
1
a > 1+ M_l[ﬂl + (28260 + B2(p + p2)c) %]
Performance:

Guaranteed Lyapunov stability of e and é. The errors go to zero
as a is increased.

NL

@ =
@ =

K,

Figure 5.2.4: Block Diagram for second-order differential equation.



276 Robust Control of Robotic Manipulators

the error signals was shown using a static controller. The norms used in
(5.2.8)—(5.2.10) are then £.. norms. The development of this controller starts
with assumptions (5.2.8), (5.2.9), and a modification of (5.2.10) to

16]] < Bo + Ballél| + B2llé]| (5.2.20)

This assumption is justified by the fact that N is composed of gravity and
velocity-dependent terms which may be bounded independent from the
position error e [see (5.1.1)]. We shall also assume that e(0) = &(0)=0. Let us
then choose the state-feedback controller (5.2.12) repeated here for
convenience:

u=—-Kye—K,é (5.2.21)
The corresponding input-output differential equation
e+ Ko+ Kpe=1 (5.2.22)

A block diagram description of this equation is given in Figure 5.2.4. Consider
now the transfer function from 1 (taken as an independent input) to e:

[ fE(fs)) ] = [ s((tq;tsg;vte?:)-—ll }'I(S) = [ g;gz; ] (5.2.23)

or
E(s) = Pi(s)n(s) (5.2.24)
It can be seen that K, and K, are both diagonal, with K2 = 4K, a critically
damped response it achieved at every joint [see (4.4.22), (4.4.30), and
(3.3.32)]. The infinity operator gains of Py;(s) and Pi,(s) are (see Lemma
2.5.2 and Example 2.5.8)
1 4
Yoo(P11) =11 = o Yoo(P12) =12 = 5 (5.2.25)
P ERy
where

k, = max{K,;}, ky = max{Ky;}, e=2.71828 (5.2.26)

Consider then the following inequalities:

V11|17l Too
')’12||77”Too

llellroo

<
”é”Too <
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and using (5.2.8)—(5.2.11), we have that

lnllros < ac+akp||enT°o+akv||é||Tm+5—‘1’+%nenm+ﬁ—jnéu%oo (5.2.27)

The following theorem presents sufficient conditions for the boundedness of
the error that parallel those of Theorem 5.2.1.

THEOREM 5.2-2: Suppose that

e(0) =¢(0)=0
and
P\ _4da 46
T2 (ak,, + E) =% ek <1 (1)

Then the L., stability of the error is guaranteed if
1
3
1- ’yuak,, - M2 (akv -+ &) - 2’)’12 [(a”qdll + &) ﬂ_2] >0 (2)
m i/ pa

Proof:

The condition above results from applying the small-gain theorem to the
closed-loop system, under the assumption that ¢(0)=0 so that the quadratic
term llell? is small. See [Craig 1988] for details.

Note that (2) reduces to

1
4 45 4 [( . ﬁo) 52]5
1-af1+2) - —2—|(afldall + 22) 22| >0
( e) pieky, ek, Idal] m/

and further to

g = 30— 8{(apc+ Bo)Be]?
Y me[l —a(l+ )]

(5.2.28)
Let us study the inequality above to determine the effect of each term. The
following observations are made to help satisfy (5.2.28).

1. A large k, will help satisfy the stability condition. Note: That will also
imply a large k,.
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A good knowledge of N, which will translate into small B/s.
A large y, or a large inertia matrix M(g).

A trajectory with a small §;.

A

Robots whose inertia matrix M(g) does not vary greatly throughout its
workspace (i.e. #1=p,)), so that a is small. Note that a small a is needed
to guarantee that at leasta(l + 2) < 1in (5.2.28). This will translate into
the severe requirement that the matrix M should be close to the inertia
matrix M(g) in all configurations of the robot.

The controller is summarized in Table 5.2.2.
These observations are similar to those made after inequality (6) and are
illustrated in the next example.

EXAMPLE 5.2-2: Static Controller (Input-Output Design)

Consider the nonlinear controller (5.2.6), where

M:———Mi"’), N=0 (1)
Therefore,
1
a=7 (2)

Condition (1) is then satisfied if k£,>720. This of course is a large bound that
can be improved by choosing a better N. A simulation of the closed-loop
behavior for k,=225 and k,=30 is shown in Figure 5.2.5. The errors
magnitudes are much smaller than those achieved with the PD controllers of
Example 5.2.1 with a comparable control effort. This improvement came
with the expense of knowing the inertia matrix M(q) as seen in (1).

|

Dynamic Controllers

The controllers discussed so far are static controllers in that they do not
have a mechanism of storing previous state information. In Chapter 4 and in
this chapter, these controllers could operate only on the current position and
velocity errors. In this section we present three approaches to show the
robustness of dynamic controllers based on the feedback-linearization
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Figure 5.2.5: K,=225, K,=30 (a) errors of joint 1; (b) errors of joint 2; (c) torques of
joints 1 and 2.

method. The first two approaches are one-degree-of-freedom (DOF) feedback
compensators, while the last one is a two-DOF compensator.

Omne-Degree-of-Freedom Designs.

The first class of dynamic controllers are called one-degree-of-freedom
controllers because they can only operate on the measured output of the
robot. In other words, these are controllers that will take the measured
signals and filter them through a dynamical system before feeding the signal
back to the input. They should be contrasted with the static controllers,
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Table 5.2.2: Static Controller, Input-Output Design

Assumptions:
1 _ 1
M2 131
Al £ e<1
oIl < Bo+Ballel] + Ballel|?
llgall < ¢
e(0) = €e0)=0
Controller:

N k2 -
M(Ga + ko€ + z”e) +N

T =
1
4 453 4 [( . ﬂo) 52}5
1 - all+-)-— —2—|la +— ] =] >(b.2.29
( e) nek, ek, dal M1/ M (B )
Performance:

Guaranteed boundedness of e and é. The errors go to zero as k, is increased.

which did not used dynamical feedback, and with the two-degree-of-freedom
controllers considered next.

In [Spong and Vidyasagar 1987] the factorization approach was used to
design a class of dynamic linear compensators C(s), parameterized by a stable
transfer matrix Q(s), which guarantee that the solution e(z) to the linear
system (5.2.9) is bounded. The actual factorization approach design is beyond
the scope of this book, but fairly general representative of the methodology
as it applies to robotics is given in Example 5.2.3. In [Spong and Vidyasagar
1987] it was actually assumed that the bound on § is linear [i.e., 8,=0 in
5.2.10)] before the family of all L. stabilizing compensators of the nominal
plant was found. Although the case of noisy measurements was treated in
[Spong and Vidyasagar 1987], we limit ourselves to the noiseless case for
simplicity. Let us first recall the system (5.2.16), while suppressing the s
dependence,

e=G(I-C&)'n=P (5.2.30)

and define
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u=CG(I —-CG)™'n= Py (5.2.31)
and let the operator gains of P, i=1,2, be given by
Yol i) =i,  i=1,2. (5.2.32)

Note that y,=max vy, y12. See Lemma 2.5.2 and Example 2.5.8. Consider
then

lellzes < linllzes
lullTeo < 7YellnllToo

. o (5.2.33)
Inllres < MMMnn+MMhm+é-+~ﬂlhw

The next theorem gives sufficient conditions for the BIBO stability of the
trajectory error.

THEOREM 5.2-3: The BIBO stability of the closed-loop system (5.2.30)
will be guaranteed if

fim
m

1- —ay >0 (1)
In fact, the trajectory error is bounded by

T1b
1-Bm/m —ay

llelle <

. (2)
b = alldlres + 2
3}
Proof:
By the small-gain theorem. See [Spong and Vidyasagar 1987] for
details. [ |

If we study (1) carefully we note that it will be satisfied if

1. p,is large or M(q) is large.
2. Good knowledge of N, resulting in a small B;.

3. Small vy, due to a large gain of the compensator C.
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4. ~,close to 1, which may also be obtained with a large-gain compensator

C.

Note that in the limit, and as the gain of C(s) becomes infinitely large, v,
goes to zero. This will then transform condition (1) to

1
a< — (5.2.34)
Y2

It is also seen from (5.2.33)—(5.2.34) that increasing the gain k of C(s) will
decrease v, therefore decreasing llell... A particular compensator may now
be obtained by choosing the parameter Q(s) to satisfy other design criteria,
such as suppressing the effects of 1. One can, for example, recover Graig’s
compensator, by choosing C(s)=-K so that the control effort is given by

u=Ke. (5.2.35)

Then note that conditions (5.2.28) and (1) are identical if 8,=0 and
Y2=Y11ky+V12k,. Also note from (2) that a smaller g, results in a smaller tracking
error. In fact, if §,=0 and B,=0, the asymptotic stability of the error may be
shown. Finally, note that the presence of bounded disturbance will make the
bound on the error e larger but will not affect the stability condition (1).
This controller is summarized in Table 5.2.3.

The factorization approach gives the family of all one-degree-of-freedom
stabilizing compensators C(s). The design methodology is illustrated for the
two-link robot in the next example.

EXAMPLE 5.2-3: Dynamic Controller (Input-Output Design)
Let G,(s) of Example 4.2.1 be factored as

Gy(s) = [D(s)] 7" N(s) = N(s)D(s) 1

where N(s), D(s), N(s), and D(s) are matrices of stable rational functions.
We can then find

N(s) = N(5)=ﬁ[s[1]

D(s) = ——=I

S (2 +28) -2
DGs) = (s+1)2[ ey (32+1)I]'
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Table 5.2.3: Dynamic One-DOF Controller: Design 1

Assumptions:
1 1
— < |IMTY <=, p#0
= = 1M~ < M #
Al € a<1
18] < Bo+ Billell + Belle||?
lldall < ¢
e(0) = €&0)=0
Controller:
T = M(ijd+C(s)e)+N
with
llellTe < mlnllTeo
Hullto < 72linllToo
. Bo b
lInllre < alldallres + allullree + — + —[lellTeo
[T 13
1- ﬂl—%- —ay2 > 0
1
Performance:
Tb
e <
llelles < 1-Bim/m —ay.
.. B
b = alldallre + =
H1

Next we solve the Bezout indentity [Vidyasagar 1985] for X(s) and Y(s),
which are also stable rational functions,

Y(s)D(s)+X(s)N(s)=I

to get
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1 244542
X() = pppli 29l @+aar,  Y()= 3—(—};5'1)12— . 3)
Then all the stabilizing controllers are given by
C(s) = —[Y(s) = Q)N ()] [X (s) + Q(s)D(s)], (4)

where Q(s) is a stable rational function which is otherwise arbitrary. One
choice, of course, is to let Q(s)=0, which leads to the “central solution”
[Vidyasagar 1985]

2s+1

O = a1z

(I 2. (5)

One can also choose O(s) to satisfy the required performance. In particular,
the following choice of Q(s) is presented in [Spong and Vidyasagar
1987]:

4k + (k+2)s

oy I, k=123,..., (6)

Qe = [

which leads to the following controller:

C(s) =[Ci(s) Ca(s)],

where
28+ (k+4)s® + (2k + 1)s + k]
Gi(s) = s2(s +2) I
—[(k +2)s® + 4(k + 1)s? ks + 2k
Ca(s) [(k+2)s +s2((s: 2))3 + 5ks + ]I
and
u = C1(s)e + Cs(s)é. (7)

As k increases, the disturbance rejection property of the controller is enhanced
at the expense of higher gains as seen from the expression of C(s). A simulation
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of this controller for k=225 is shown in Figure 5.2.6. The following
observations are in order: The trajectory errors are smaller than any of the
previous controllers while the torque efforts are comparable. In addition,
the complexity of the controller is acceptable since the dynamics of the robot

are not used in implementing the control.
|
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Figure 5.2.6: (a) errors of joint 1; (b) errors of joint 2; (c) torques of joints 1
and 2.

As it was discussed in [Craig 1988] and presented in Theorem 5.2.2,
including the more reasonable quadratic bound will not destroy the L.
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stability result of [Spong and Vidyasagar 1987]. It was shown in [Becker
and Grimm 1988], however, that the £, stability of the error cannot be
guaranteed unless the problem is reformulated and more assumptions are
made. It effect, the error will be bounded, but it may or may not have a finite
energy. In particular, noisy measurements are no longer tolerated for £,
stability to hold. We next present an extension of the L., stability result that
applies to dynamical compensators similar to the one described in Theorem
5.2.3 but without the requirement that §8,=0.

THEOREM 5.2-4: The error system of (5.2.30) is £_ bounded if

and
1
5
1—'yzak—'ylﬂ—1—2'yl [(ac+éo—) E_z_] >0 (1)
H1 H/)
Proof:
An extension of the small-gain theorem. See [Becker and Grimm 1988]
for details. m

A study of (1) reveals that the following desired characteristics will help
satisfy the inequality:

1. A large p#, due to a large M(q).

2. A small vy, and a v, close to 1, which will result from a large-gain
compensator C.

3. Small Bs, which will result from a good knowledge of N.

4. A small ¢ due to a small §,.

Note that Craig’s conditions in Theorem 5.2.2 are recovered if y;=max vy,
Y1, and 'sz='Y11kp+'Y1zky- .

On the other hand, assuming that §,=0 and B,=0, the £, stability of e was
shown in [Becker and Grimm 1988] if

1 —mk—%% >0 (5.2.36)

where v; = v(P;) = max,er ||P;(jw)|| as given in Lemma 2.5.2. This
controller is summarized in Table 5.2.4.
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Table 5.2.4: Dynamic One-DOF Controller: Design 2

Assumptions:
1 1
— < |IM7Y| <=, w#0
= I ”_'u1 pi #
Al £ a<1
18]l < Bo+ Billel] + Bellell?
llgall < ¢

Controller:

T = M(‘id + C(s)e) +N
For L, stability

1
3
l—vgak—ylél-—Z'yl {(ac%—-ﬁ—o)&] >0
H1 H1/)

For £, stability

Ga=0; B2=0 [ie,N=Vn(gq)d

1—'y2ak—'y1é >0
H1

Performance:
Guaranteed boundedness of e and é. The errors go to zero as the gain
k of C(s) is increased.

EXAMPLE 5.2-4: Dynamic One DOF Design

Use the same linear controller as that of Example 5.2.3, but assume that the
quadratic velocity terms in N are known so that 3,=0; that is

~

T = M(da-u)+ Vm(e, 94

The results are shown in Figure 5.2.7 for the parameter k=150. They do not
look remarkably different from those of Example 5.2.3 in Figure 5.2.6. This
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is due to the fact that the velocity terms are truly negligent in this particular
application. Such terms will, however, make a more vital contribution in
faster trajectories.

|

©.08

~0.08

0.08

~0.08 N . s s
)

a8

Figure 5.2.7: (a) errors of joint 1; (b) errors of joint 2; (c) torques of joints 1
and 2.

Two-Degree-of-Freedom Design.

It is well known that the two-DOF structure is the most general linear
controller structure. The two-DOF design allows us simultaneously to specify
the desired response to a command input and guarantee the robustness of
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the closed-loop system. This design was briefly discussed in Chapter 2,
Example 2.11.4. It is in a different spirit from the other design of this chapter,
because it relies on classical frequency-domain SISO concepts. The general
structure is shown in Figure 5.2.8. A two-DOF robust controller was designed
and simulated in [Sugie et al. 1988] and will be presented next. Let the plant
be given by (5.2.5) and consider the following factorization:

G(s)=N(s)D(s),
where
D(s)=s>, N(s)=1. (5.2.37)

The following result presents a two-DOF compensator which will robustly
stabilize (in the £.. sense) the error system.

THEOREM 5.2-5: Consider the two-DOF structure of Figure 5.2.8. Let
K,(S) be a stable system and K, (s) be a compensator to stabilize G(s). Then
the controller

u=s?K,v+K,(K,v-q) (1)
will lead to the closed-loop system
q=K1v (2)
and the closed-loop error system (5.2.13) will be (.. stable.

Proof:
With simple block-diagram manipulations, it may be shown that the closed-
loop system is

q=Kv.

The actual robustness analysis is involved and will be omitted, but a particular
design and its robustness are discussed in the next example. |

Note from (2) that K,(s) is used to obtain the desired closed-loop transfer
function. It should then be stable, and to guarantee a zero steady-state error,
we choose v=gd and make sure that the dc gain K,(0)=1. Finally, we would
like K;(S) to be exactly proper (i.e., zero relative degree). K, (s), on the other
hand, will assure the robustness of the closed-loop system. Therefore, K,(s)
should stabilize G(s) and provide suitable stability margins. It should contain
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Figure 5.2.8: Two-degree-of-freedom controller structure.

an integral term to achieve static accuracy. Its relative degree may be -1 since
both g and ¢ are available.

EXAMPLE 5.2-5: Dynamic Two DOF Design

Consider the two-DOF structure of Figure 5.2.8, where

1

v = d44.

Then a two-DOF regulator is described by

2

w
K = —-—1
1(5) s2 + aywy s + w?
3 (2)
Ky(s) = |bywes+ b1w§ + %] I,

where s3+b,s*+b;s+1 is a stable polynomial, and w;, w,, a;, by, and b, are
design parameters. Note that K,(s) is a PID controller and that the closed-
loop system given by K,(S) is a second-order system with natural frequency
w; and damping ration { = €. Note also that the input to the robot
becomes

7 — K3(K194 — q)s* K194



5.2 Feedback-Linearization Controllers 291

or

1= Koq+ (Ko + s*)Ki1qa. (3)

We can immediately see that the joint position vector q is filtered through
the PID controller K,. Therefore, the differentiation of g is required unless
the measurement of is ¢ available. The behavior of the nonlinear closed-loop
system is shown in Figure 5.2.9, when M=1 and N=0, 2,=2, b,=b,=10, w,=8,
and w,=12. It is seen that initially, the torque effort and the trajectory errors
are too large. To understand the behavior of this controller, consider the
controller 7in the limit (i.e., as time goes to infinity). The output of K, has
settled down to its final value gd and therefore the controller (3) becomes
equivalent to a PID compensator [see Chapter 4, equation (4.4.35)]. It seems
that a different structure for k; and K is warranted because in the meantime,
the two-DOF controller preforms rather poorly. This is a characteristic of
the example rather than an inherent flow in the twoDOF methodology. As a
matter of fact, this structure has shown better performance than the one-
DOF PID compensator in [Sugie et al. 1988] for a set-tracking case. The
reader is encouraged to work the problems at the end of the chapter related
to this design in order to compare the performance of one- and two-DOF
designs.

We have this presented a large sample of controllers that are more or less
computed-torque based. We have shown using different stability arguments
that the computed-torque structure is inherently robust and that by
increasing the gains on the outer-loop linear compensator, the position and
velocity errors tend to decrease in the norm. This class of compensators
constitutes by far the most common structure used by robotics
manufacturers and is the simplest to implement and study. There are more
compensators that would fit into this structure while appealing to some
classical control applications. The PD and PID compensators may be
replaced with the lead-lag compensators. These are especially appealing
when only position measurements are available. Such designs are discussed
in [Chen 1989] in the discrete-time case. There is also some work being done
in the nonlinear observer area which is directly relevant to this problem
[Canudas de Wit and Fixot 1991]. We refer the reader to the observability
discussion in Section 2.11. We also suggest some of the problems at the end
of this chapter, which discuss further modification of the feedback-
linearization designs.
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Figure 5.2.9: (a) errors of joints 1 and 2; (b) torques of joints 1 and 2.

On the other hand, there exists other types of controllers, which although
less prevalent, still constitute a very important class of robot compensators.
These are nonlinear controllers which do not rely directly on the feedback
linearizability of the robot. Instead, the may be obtained from the passivity
of its dynamics or may even bypass any special structural properties of the
robot. These controllers are discussed next.
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5.3 Nonlinear Controllers

There is a class of robot controllers that are not computed-torque-like
controllers. These controllers are obtained directly from the robot equations
without using the feedback-linearization procedure. Instead, these controller
may rely on other properties of the robot (such as the passivity of its Lagrange-
Euler description) or may be obtained without even considering the physics
of the robot. In general, these controllers may be written as a computed-
torque controller with an auxiliary, nonlinear controller added to it. The
nonlinear control term introduces coupling between the different joints
independently from the computed-torque term. In other words, even if the
computed-torque controller is a simple PID, the nonlinear term couples all
joints together as will be seen in Theorems 5.3.4 and 5.3.5, for example.

Direct Passive Controllers

First, we present controllers that rely directly on the passive structure
of rigid robots as described in equations (5.1.1), where pz(q)-2V,.(q, q¢)
is skew symmetric by an appropriate choice of V,(q, ¢) as described in
Section 3.3.

4d + é r

SPR
J

g ROBOT T (ke

Figure 5.3.1: Passive-control structure.

Based on the passivity property, if one can close the loop from ¢ to 7 with
a passive system (along with £, bounded inputs) as in Figure 5.3.1, the closed-
loop system will be asymptotically stable using the passivity theorem. Note
that the input #, gives an extra degree of freedom to satisfy some performance
criteria. In other words, by choosing different £,bounded u, we may be able
to obtain better trajectory tracking or noise immunity. This structure will
show the asymptotic stability of & but only the Lyapunov stability of e. On
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the other hand, if one can show the passivity of the system, which maps 7to
a new vector r which is a filtered version of e, a controller that closes the
loop between -7 and 7will guarantee the asymptotic stability of both e and é.
This indirect use of the passivity property was illustrated in [Ortega and
Spong 1988] and will be discussed first.

Let the controller be given by (5.3.1), where F(s) is a strictly proper, stable,
rational function, and K, is a positive-definite matrix,

T = M(q)[da + C(s)e] + Vin(g,§)(d + 1) + G(g) + Kyr
r= [sI + %ﬂ] e=F(s)te. (5.3.1)

Substituting (5.3.1) into (5.1.1) and assuming no friction [i.e., F(¢)=0], we
obtain

M(q)7 + Vin(q,§)r + Kr = 0. (5.3.2)

Then it may be shown that both e and é are asymptotically stable. In fact,
choose the following Lyapunov function:

V= %TTM((])T.

Then
V =rTM(q)r + %rTM(q)r.
Substituting for M(q)# from (5.3.2), we obtain

V= —rTK,r <0.

Therefore, r is asymptotically stable, which can be used to show that both e
and e are asymptotically stable [Slotine 1988]. This approach was used in
the adaptive control literature to design passive controllers [Ortega and Spong
1988], but its modification in the design of robust controllers when M, V,,
and G are not exactly known is not immediately obvious. Such modifications
will be given in the variable-structure designs, but first, we present a simple
controller to illustrate the robustness of passive compensators.
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THEOREM 5.3-1: Consider the control law (1)
7 = A(s)é + us, (1)

where A(s) is an SPR transfer function, to be chosen by the designer, and the
external input u, is bounded in the £, norm. Then é is asymptotically stable,
and e is Lyapunov stable.

Proof:
Using the control law above, one gets from Figure 5.3.1,

r = A(s)é. (2)

By an appropriate choice of A(s) and u,, one can apply the passivity theorem
and deduce that € and r are bounded in the [, norm, and since A(s)" is SPR
(being inverse of an SPR function), one deduces that é is asymptotically
stable because

é=A(s)"1r. (3)

This will imply that the position error e is bounded but not its asymptotic
stability in the case of time-varying trajectories g3 43]T. In the set-point
tracking case, however (i.e., ¢,=0), and with gravity precompensation, the
asymptotic stability of e may be deduced using LaSalle’s theorem. The
robustness of the closed-loop system is guaranteed as long as A(s) is SPR
and that u, is £, bounded, regardless of the exact values of the robot’s
parameters. ]

The controller is summarized in Table 5.3.1.

Table 5.3.1: Passive Controller

Assumptions:
A(s) is an SPR transfer function. us is a finite energy signal.
Controller:

7= A(s)é + uz

Performance:
Guaranteed Lyapunov stability of e, asymptotic stability of é. In the
case where g4 = 0, asymptotic stability of e is also guaranteed.
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Figure 5.3.2: (a) errors of joints 1; (b) errors of joint 2; (c) torques of joints 1
and 2.

EXAMPLE 5.3-1: Passive Controllers

We choose an SPR transfer function
54450 0
] (1)

A(s) = [ s+825 5+3300
s+10

and we let u,=g,. Note that the desired trajectory used so far violates the
assumption that #, should be £, stable. Nevertheless, the trajectories of
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Figure 5.3.2 show that his controller, when started at ¢(0)=¢(0)=0, performs
rather well for the sinusoidal trajectory. Of course, since the passivity theorem
provides sufficient conditions for stability, this example is not contradicting
the previous theorem but merely pointing out its conservatism.

|

Note that the compensator of Theorem 5.3.1 is a generalization of the PD
compensators of Chapter 4 and of the preceding section. In [Anderson 1989]
it was demonstrated, using network-theoretic concepts, that even in the
absence of the contact forces, a computed-torque-like controller is not passive
and may therefore cause instabilities in the presence of uncertainties. His
solution to the problem consisted of using proportionalderivative (PD)
controllers with variable gains K;(g) and K,(q) which depend on the inertia
matrix M(q), that is,

T = Kp(g)e + Ky(q)é2 + G(g) (5.3.3)

Even though M(g) is not exactly known, the stability of the closed-loop
error is guaranteed by the passivity of the robot and the feedback law. The
advantage of this approach is that contact forces and larger uncertainties
may now be accommodated. Its main disadvantage is that although robust
stability is guaranteed, the closed-loop performance depends on the
knowledge of M(q), whose singular values are needed in order to find K,
and K,. We will not discuss this particular design and refer the interested
reader to [Anderson 1989].

Variable-Structure Controllers

In this section we group designs that use variable-structure (VSS) controllers.
The VSS theory has been applied to the control of many nonlinear processes
[DeCarlo et al. 1988]. One of the main features of this approach is that one
only needs to drive the error to a “switching surface,” after which the system
is in “sliding mode” and will not be affected by any modelling uncertainties
and/or disturbances.

There are two main criticisms of these controllers as they apply to robots.
The first is that by ignoring the physics or the robot, these controllers will
necessarily perform no better (if not worse) that controllers which exploit
the structure of the Lagrange-Euler equations. The other criticism relates to
the “chattering” problem commonly associated with variable-structure
controllers. We shall address the second issue later in this section, and answer
the first by admitting that although initial applications of variable-structure
theory did indeed gloss over the physics of robots, later designs (such as the
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ones discussed here) by [Slotine 1985] and [Chen et al. 1990] remedied the
problem.

The first application of this theory to robot control seems to be in [Young
1978], where the set-point regulation problem (¢,=0)was solved using the
following controller:

it if ri(ew, @) > 0

= i U6 3.

' { 7 if ri(eni, di) <0 (5.3.4)
where i=1,..., n for an n-link robot, and 7, are the switching planes,

ri(ers, ¢i) = Xiei + gi, A > 0. (5.3.5)

It is then shown, using the hierarchy of the sliding surfaces 7y, 75,..., 7, and
given bounds on the uncertainties in the manipulators model, that one can
find 7* and 7 in order to drive the error signal to the intersection of the
sliding surfaces, after which the error will “slide” to zero. This controller
eliminates the nonlinear coupling of the joints by forcing the system into the
sliding mode. Other VSS robot controllers have since been designed.
Unfortunately, for most of these schemes, the control effort as seen from
(5.3.4) is discontinuous along 7,=0 and will therefore create chattering, which
may excite unmodelled high-frequency dynamics. In addition, these
controllers do not exploit the physics of the robot and are therefore less
effective than controllers that do.

To address this problem, the original VSS controllers were modified in
[Slotine 1985] as described in the next theorem. Let us first define a few
variables to simplify the statement of the theorem. Let

r = Ae+eé, A=diag[)\1,/\2,...,)\n], A >0
dr Ae+gq (5.3.6)
sgn(r;) = [sgn(r1),sgn(ra),...,sgn(rn)]”

where
sgn(r;) = +1 ifr; >0, sgn(r;) = -1 ifr; <0.
THEOREM 5.3-2: Consider the controller

T= Mijr + qur +G+ K sgn(r),
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where
K = diaglky, ks, ..., kn], ki > 0.
Then the error reaches the surface

r=Ae+é

in a finite time. In addition, once on the surface, q(t) will go to qu(t)
exponentially fast.

Proof:
Consider the Lyapunov function candidate
1
Vir) = 57 M(q)r.

Then
. Tape 1.
V() =r"Mr+ §M(q)r.

Substituting for ¢ and using the skew-symmetric property of M(q)-2V,.(q,4)
we obtain

V(r) =rT[Mi, + Vingr + G — 7).

Then, if we use the controller given by

7= Mir + Vindr + G + K sgn(r),
we obtain

n
V(r) = rT[Mgr + Ve + Gl = Y kilril,
i=1

where

M=M-M, Vo=Vp-Vn, G=G-G.
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Then it is sufficient to choose
ki > I[MQr + der + C‘;']zl + i,

where n;>0. Therefore,

V(r) < =Y milril,

i=1

which implies that r=0 is reached in a finite time. In addition, once in sliding
mode, e converges exponentially fast to zero. [ |

The controller is summarized in Table 5.3.2.

EXAMPLE 5.3-2: VSS Controller 1

Consider the two-link robot and choose K=10I and A=5I. The trajectory
errors for joint 1 are given in Figure 5.3.3. Note that the chattering behavior
due to the infinitely fast switching of the controller is becoming apparent. A
common remedy of the problem is to sacrifice asymptotic stability by using
sat(s/e), € > 0 instead of sgn(s) in the torque calculation. The saturation
function is depicted in Figure 5.3.4a and will result in the errors being
uniformly ultimately bounded. The behavior of such a controller is shown in
Figure 5.3.5, where A=5I, K=75I, and € = 0.001. Note that we were able to
greatly increase the gains in this case, which results in a smaller error
trajectories.

|

More recently, in [Chen et al. 1990], another VSS controller was introduced.
We describe this controller in detail to give a flavor of a different VSS
approach, which will exploit the dynamics of the robot. The assumptions
required by this controller are listed below.

(M — M)l < Mii(q)
Myl < mi(a,9)
(M - M)galil < &) (5.3.7)
(N =N)i| < #ilg,9)

Note that these bounds are different in spirit that those given in (5.2.8)-
(5.2.11). The current bounds are often more useful since they depend on the
uncertainty of each element of the inertia matrix M and the velocity-dependent
torques N.
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Figure 5.3.3: errors of joint 1: (a) ey; (b) e,

THEOREM 5.3-3: The errors e and é are asymptotically stable if the input
torque is given by

T = Mgy + N + P()r(t) + Q(t)sgn(r), (1)
where
P@t) = diag[pi(t),p2(t), ..., pn(t)];
Q) = diaglar(t),2t),- . aa(0)] )
pilt) = %gm,j+ki, ki >0 3)
a(t) = ﬁ;MAijléﬂ + 7 + . (4)
Proof:

Choose the same Lyapunov function as in Theorem 5.3.2:
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Figure 5.3.4: (a) plot of sat(r/e); (b) plot of tanh(gr)

V(r) = %T‘TM(Q)T.

Then, differentiating and substituting for 7, we obtain

V —= —tT [P — %l r +7'T[—ngn(’r) + MAG +N + M‘jd]’



5.3 Nonlinear Controllers 303

—o.0a
3

(%]

o.os —

©.0a
o.03
o.oz

.01

-0
& ‘f
—c.0z S’ \\/' o

—-0.03

L3
)

Figure 5.3.5: (a) errors of joint 1; (b) errors of joint 2; (c) torques of joints 1
and 2

which using (4)-(5.3.8) may be shown to be
Vv <-—rTKr<o.

Therefore, the surface r(t)=0 is reached in a finite time, after which the
exponential stability of the error results as discussed in Theorem 5.3.2.

This controller is summarized in Table 5.3.3.
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Table 5.3.2: Variable Structure Controller 1

Assumptions:
None
Controller:

r = Ae+é, A=diag[A,rs,..., ], A >0

g = Ae+ 44
sgn(r;) = [sgn(r1),sgn(rs),... ,sgn(rn)]T
sgn(r;)) = +1 ifr; >0, sgn(r;) = -1 ifr; <O0.

T Mg, + Vg, + G + Ksgn(r),
K = diag[kl, kay..., kn], k; > 0.
Performance:

Guaranteed uniform ultimate boundedness of e and é.
Guaranteed uniform boundedness if ¢(0) = ¢(0) = 0.

EXAMPLE 5.3-3: VSS Controller 2 (Saturation)

The two-link robot was controlled using this controller with the following
design parameters:

~ (3 1 - 2 1
M =11 1]’ M_[l 0]

g o [ 2d1go + 4¢3 +3(9.8)
N =0 N‘[ @i +98

. _ [3 30 10
e = [3] a5 0] w=[w]

The resulting errors for joint 1 are shown in Figure 5.3.5. Due to the same
chattering problems encountered in Example 5.3.2, we choose instead a
controller with a saturation function and parameters identical to those in

Example 5.3.2. The resulting behavior is plotted in Figure 5.3.7.
|

As seen in Figures 5.3.3 and 5.3.5, the algorithms of Theorems 5.3.2 and
5.3.3, although using the physics of the robot, suffer from the chattering
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Table 5.3.3: Variable Structure Controller 2

Assumptions:
(M —M)i;| < Mi(q)
|Mi| < mii(q,9)
(M - M)dals| < &)
(N =N)i| < nilg,9)
Controller:
T = Mj, + N + P(t)r(t) + Q(t)sgn(r)
where
P(t) = diagpi(t),p2(t),--.,pa(?)],
Q) = diaglgi(t),q2(t),-..,qn(t)]
1 _
pi(t) = 5 ;mij +k;, k>0
n —
a(t) = Y MAylé|+i+&
=1
Performance:

Guaranteed uniform ultimate boundedness of e and é.
Guaranteed uniform boundedness if e(0) = é¢(0) = 0.

commonly encountered in VSS control because of the presence of the sgn(r)
term. A common remedy of the problem is to sacrifice asymptotic stability
by using sat(r/e), € > 0, instead of sgn(r) in the torque calculation as done in
both Examples 5.3.2 and 5.3.3. We propose instead to use a term tanh(gr),
where tanh is the hyperbolic tangent and g is a gain parameter that adjusts
the slope of tanh around the origin as shown in Figure 5.3.7b. This term is
continuously differentiable, and a good approximation of sgn(r) for large s,
will result in uniformly ultimately bounded errors, and by adjusting g we are
able to get similar performance to the sgn(r) controller without the chattering
behavior. The next example illustrates this controller and compares it to the
usual saturation controller.
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Figure 5.3.6: errors of joint 1(a) e;; (b) ¢

EXAMPLE 5.3-4: VSS Controller 2 (Hyperbolic Tangent)

Contrast the saturation controller behavior of Example 5.3.2 with the
hyperbolic tangent modification with g=3 in Figure 5.3.8. Similar comparisons
should be made between Example 5.3.3 and the behavior shown in Figure

5.3.9, where g=3 is also used.
|

Saturation-Type Controllers

In this section we present controllers that utilize an auxiliary saturating signal
to compensate for the uncertainty present in the robot dynamics as given by
(5.2.1), where V,, (g,4) is defined in Chapter 3.

M(@)i+ Vg, 9)d+ F(@) +G@) —Ta=T (5.3.8)
or

M(9)§+Vm(e: 94+ 2(g,9) = M(g)i+ N(g,9) =7 (5.3.9)
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Figure 5.3.7: (a) errors of joint 1; (b) errors of joint 1; (c) torques of joints 1

and 2

Therefore, Z(q,q) is an n-vector representing friction, gravity and bounded
torque disturbances. The controllers introduced in this section are robust
due to the fact that they are designed based on uncertainty bounds rather
than on the actual values of the parameters. The following bounds are needed
and may be physically justified. The {s in (5.3.11) are positive scalar constants
and the trajectory error e is defined before.

ml < M(q) < pol

(5.3.10)
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Figure 5.3.8: (a) errors of joint 1; (b) errors of joint 1; (c) torques of joints 1
and 2

IV (@ DIl = IV (g, d)g + Z(2, D)l < o + Cullell + Cellef®  (5:3.11)

A representative of this class was developed in [Spong et al. 1987] and is
given as follows.

THEOREM 5.3-4: The trajectory error e is uniformly ultimately bounded
(UUB) with the controller
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Figure 5.3.9: (a) errors of joint 1; (b) errors of joint 1; (c) torques of joints 1
and 2

2papn

iy [q + K, e+K,,e+vr]+N q,9), (1)

where
v=kol, Kp=kyl

o [ (BTPe)p(|[BTPel)™" if [|BTPe|| > ¢ 2)
"=\ (BTPe)p/e if || BT Pe|| < ¢
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and
" . 1
p= = [allll + Kplell + kol + - 5
¢ = o + Bullel| + Ballel? (4)
H2 — [
a="—
p1+ pe (3)
Proof:

Choose the Lyapunov function
V(e) = eTPe

and proceed as in Theorem 2.10.4. See [Spong et al. 1987] for details. W
Note that in the equations above, the matrix B is defined as in (5.2.3), the
B/’s are defined as in (5.2.10), and the matrix P is the symmetric, positive-

definite solution of the lyapunov equation (5.3.12), where QO is symmetric
and positive-definite matrix and A_ is given in (5.2.14).

ATP+PA. = -Q (5.3.12)
In particular, the choice of Q

_ | Kp 0
Q_[O 2K0_I], Ky>1 (5.3.13)

leads to the following P:

(5.3.14)

p [ Kp+05K, 051
0.51 I

The expression of P in (5.3.14) may therefore be used in the expression of
v, in (2). This design is summarized in Table 5.3.4.
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Table 5.3.4: Saturation Controller 1

Assumptions:
pml, < M(q) £ poln
IN(@ DI < Go+ Gllell + Gllel®
Controller:
2 N
7= —HU2 G4 Koé + Kpe + v, + N(g, 9)
w1+ w2
where
_ [ (BTPe)p(IBTPe|)t if || BT Pel| > ¢
Ur = (BT Pe)p/e if || BT Pe|| < €
1 N . 1
po= o ol + byl + kel + g
¢ = o+ Billell + Bellell?
o = H2T M
u + p2
Performance:

Guaranteed uniform ultimate boundedness of e and é.
Guaranteed uniform boundedness if e(0) = é(0) = 0.

EXAMPLE 5.3-5: Saturation Controller 1

The following design parameters were chosen in simulating this
controller:

K,=15I, K,=30I, i =0.15, p=6.5
Bo=50, B =10, P2=10, €=5
C =0, Z =0,

and
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The same trajectory is followed by the two-link robot as shown in Figure
5.3.10. Note that although the trajectory errors seem to be diverging, they
are indeed ultimately bounded and may be shown to be so by running the
simulation for a long time.

—-0.0ox |- -

—D.04

< -
=)
c.o28

o.02

o.o1s

o0

o.008

—0.008

—o.o

—-0.018

3
()

Figure 5.3.10: (a) errors of joint 1; (b) errors of joint 1; (c) torques of joints 1
and 2

Upon closer examination of Spong’s controller in Theorem 5.3.4, it
becomes clear that v, depends on the servo gains K, and K, through p. This
might obscure the effect of adjusting the servo gains and may be avoided



5.3 Nonlinear Controllers 313

L= 1 = E] - - - kd E] - 1o
=)

Figure 5.3.11: (a) errors of joint 1; (b) errors of joint 1; (c) torques of joints 1
and 2

as described in [Dawson et al. 1990].

THEOREM 5.3-5: The trajectory error e is uniformly ultimately bounded
(UUB) with the controller

T=K,é+v.(p,e,é,c¢), (1)

where
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v ={ (s +ap(is+el)™ 5 +eéll>e
(5 +é)p/e il +ell<e

and
p = 8o + &1llel| + 2ljé|? @)

where v/;’s are positive scalars.

Proof:
We again choose

V(e) = eTPe
and
_[05K, 0
Q= [ 0 K, ]

and proceed as in Theorem 2.10.4. See [Dawson et al. 1990] for details. M

Note that p no longer contains the servo gains and, as such, one may adjust
K, and K, without tampering with the auxiliary control v,. As was also shown
in [Dawson et al. 1990], if the initial error ¢(0)=0 and by choosing K,=2K,=k,I,
the tracking error may be bounded by the following, which shows the direct
effect of the control parameters on the tracking error:

M] : (5.3.15)

<

el < [ S5
Finally, note that if ¢(0)=¢(0)=0, the uniform boundedness of e(z) may be

deduced. This controller is given in Table 5.3.5.

EXAMPLE 5.3-6: Saturation Controller 2

In this example, let

K, =151, K,=30I,
b =50, & =10, b,=10, e=0.1.
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Table 5.3.5: Saturation Controller 2

Assumptions:
pln < M(q) < poln
Controller:
T=Kyé+v.(p,e,ée)

where

o - (g g

p = & +dilel|+ el
Performance:

Guaranteed uniform ultimate boundedness of e and é.
Guaranteed uniform boundedness if e(0) = ¢(0) = 0.

The results of this simulation are presented in Figure 5.3.11. The errors

are ultimately bounded as may be seen after a long simulation run.
|

Note that the last two controllers, although using a continuous term v, may
be modified using the hyperbolic tangent term introduced in Example 5.3.4.
In fact, there are many extensions to these types of controllers. A particularly
simple one that uses linearity of the dynamics with respect to the unknown
physical parameters of the robot 3.3.59 was given in (3.3.62), where
p=IIWll® ax. In this formulation, W is a matrix containing time-varying but
known terms, while ® is a vector of unknown but constant terms in the
dynamic formulation (3.3.59) repeated here:

More on this formulation and its usage is presented in Chapter 6.
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5.4 Dynamics Redesign

In this section we present two other approaches to design robust controllers.
The first starts with the mechanical design of the robot and proposes to
design robots such that their dynamics are simple and decoupled. It then
solves the robust controller problem by eliminating its causes. The second
approach may be recast into one of the approaches discussed previously, but
it presents such a novel way to looking at the problem that we decided to
include it separately.

Decoupled Designs

It was shown throughout the previous chapters that the controller complexity
is directly dependent on that of the robot dynamics. Thus it would make
sense to design robots such that they have simple dynamics making their
control much easier. This approach is advocated in [Asada and Youcef-Toumi
1987]. In fact, it is shown that certain robotic structures will have a decoupled
dynamical structures resulting in a decoupled set of 7 SISO nonlinear systems
which are easier controlled than the one MIMO nonlinear system. The
decoupling is achieved by modifying the dimensions and mass properties
of the arm to cancel out the velocity-dependent terms and decouple the
inertia matrix. An illustrative example of such robots is given in the next
example.

EXAMPLE 5.4-1: Decoupled Design

Consider the robot described in Figure 5.4.1. This mechanism is known as
the five-bar linkage and its dynamics are described when the following
condition holds:

mags _ b
msgs b
by
It + I3 + mig} + mal} (1+%',7-2*) 0 .
r= g
0 Iy + Iy + m3l3 + mag} (1+é§%)

Note that the inertia matrix is decoupled and position independent. The
controller given by

T = M(§a+ Kyé + Kpe)
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with positive-definite K, and K, is enough to achieve any desired level of
performance. In particular, consider the following case:

Il =12213=I4=1

The closed-loop error system is a linear second-order system which will
be stable with positive-definite gains.

Base

ST

Figure 5.4.1: Five-bar linkage.
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Some standard robotic structures may also be decoupled by design. Studies
have been carried out to partially or totally decouple robots up to six links.
The interested reader is referred to [Yang and Tzeng 1986], [Asada and
Youcef-Toumi 1987], and [Kazerooni 1989] for good discussions of this
topic.

Imaginary Robot Concept

The decoupled design alternative is very useful if the control engineer has
access to, or can modify, the robot design at an early stage. It is more
reasonable, however, to assume that the robot has already been constructed
to satisfy may mechanical requirements before the control law is actually
implemented. Thus a dynamics redesign is difficult if not impossible. The
imaginary robot concept is presented as an alternative robust design
methodology [Gu and Loh 1988]. The development of this approach is
described next. Consider an output function of the robot given by

y = h(g), (5.4.1)
so that
g = (‘;—Z)Tq =Jg (5.4.2)
and
§=Jji+ Jg. (5.4.3)

The generalized output y may denote the coordinates of the end effector
of the robot or the trajectory joint error q,-q. The imaginary robot concept
attempts to simplify the design of the control law for the physical robot, by
controlling an “imaginary” robot that is close to the actual robot. This choice
of the controller is shown to achieve the global stability of an imaginary
robot whose joint positions are described by the components of the vector y.

The methodology starts by decomposing M(q) as follows:

M(q) = JT(q)J(q) + M(q) (5.4.4)

and then using the controller

JT+ (M - JTD)§ (5.4.5)
Ya + Kp(yd —y) + Ky(9a - y)
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Since M(q) is unknown, however, the actual M is not available. The
resulting controller is then simpler and may be applied to the physical robot
to lead acceptable, if not optimal behavior.

The following theorem illustrates a controller to guarantee the boundedness
of the error.

THEOREM 5.4-1: Let
T o= JTg+ M -JTD)§ (1)

§ = da+Kp(ya—y) + Ko(@a—9). (2)

The L. stability of the closed-loop system is guaranteed if

NIM™YM - M+ JTI)J Y = |JJ - M M)J Y| < % (3)

Proof:
This is an immediate result of Theorem 5.2.2. See [Gu and Loh 1988] for
more detail and for illustrative examples. |

The controller is shown in Table 5.4.1.

Table 5.4.1: Computed-Torque-Like Robot Controllers.

Assumptions:
y = h(g)

i=(2) d=1Jq

M(q) = JT(q)J(q) + M(q)

IIM~YM -~ M+ JT7)J Y| = ||JI - M~ M)J Y| < &

Controller:
r=J0j+ (M- JT g
i=9a+ Kp(ya —y) + Ky(9a — 9)
Performance:

The errors e and € are bounded in the £, norm. Larger gains K,
and K, will decrease the bounds on e and é.
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5.5 Summary

The design of robust motion controllers of rigid robots was reviewed. There
main designs were identified and explained. All controllers were robust with
respect to a range of uncertain parameters and will guarantee the
boundedness of the position-tracking error. In the presence of disturbance
torques, a bounded error is best achievable outcome. The question of which
robust control method to choose is difficult to answer analytically, but the
following guidelines are suggested. The linear-multivariable approach is
useful when linear performance specifications (percent overshoot, damping
ratio, etc.) are available. The one-DOF dynamic compensators performed
rather well, with little or no knowledge of the robot dynamics. They may,
however, result in high-gain control laws in the attempt to achieve
robustness. The passive controllers are easy to implement but do not
provide easily quantifiable performance measures. The modified variable-
structure controllers seem to preform well when using the physics of the
robot without excessive torque effort. The saturation controllers are most
useful when a short transient error can be tolerated, but ultimately, the error
will have to be bounded.

A common thread throughout this chapter has been the fact that a high-
gain controller will guarantee the robustness of the closed-loop system. The
challenge is, however, to guarantee the robust stability of the robot without
requiring excessive torques. The robustness of the motion controllers when
nonzero initial errors or disturbances are present was also verified through
some of the examples and is discussed in the problems at the end of the
chapter. It is useful to note that although the robot’s dynamics are highly
nonlinear, most successful controllers have exploited their physics and their
very special structure. In the next chapter we describe the design of adaptive
controllers in the case of uncertain dynamical description of the robots.
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PROBLEMS
Section 5.2
Oo Do
ay a2
{ r—» $2
T
my ylk il T mo yz» lz2 l3
ds
8
3* I
Y 283
d;
20 A }/0
77 o

[ ]

Figure 5.5.1: Three-axis SCARA robot

5.2-1 WE consider the three-axis SCARA robot shown in Figure 5.5.1,
where all links are assumed to be thin, homogeneous rods of mass
m; and length a,, i=1, 2, 3. Then the dynamics are given by:

o= [(%l +ms + m3) a% + (m2 + 2m3)aiasCs + (% + ms) a%] i
- [(% + ma) a1a2Cy + (%_‘{ + ms) agsz]

—a1025> [(mz +2m3)4142 — ('T%Z + ms) q%]
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ma m .
T, = = [(T + mg) a10,202 + (TZ + m3) ag] Q1
m .
+ (5 mo)
m
+ (Tz + ma) alagszlﬁ

T3 = M3d3 — m3g

and let

my = 2kg, mqo =2kg, ms3 = lkg,
a; = 2m, az =1m, I3 =1m,
g=9.8m/s%.

Note that the first two joints are decoupled from the last one. Find a, B,
and p; defined in (5.2.8)—(5.2.11), assuming that #1y,(q)=m,,(q)=0 and that

nl(qa q) = n2(q7q) =0

5.2-2  Choose a desired set point g;,=45 deg, ¢.,=90 deg, and gs = } for
the robot in Problem 5.2-1. Design an SPR controller as described
in (5.2.14)—(5.2.19). Also, find a value of a to satisfy Theorem 5.2.1.

5.2-3 Let q14=10sin t, g,4=10 cos t, and g3q4 = % for the robot in Problem
5.2-1.

1. Design an SPR controller as described in (5.2.14)—(5.2.19).

2. Let the desired trajectory now be qi4=sin ¢, q,4=cos t, and g3 = %
Study the effect that decreasing g, has on a and on the trajectory
error.

5.2-4 Choose a value of k, that satisfies condition (5.2.28) for the robot in
Problem 5.2-1 and the trajectory in Problem 5.2-3(b). What happens
to k, and to the trajectory errors if m1,, m,, m; increase to 20?

5.2-5 Design a dynamic controller similar to that of Example 5.2.3 for the
robot in Problem 5.2-1 and the trajectory in Problem 5.2-3(a).
Compare the performance for k=10 and k=50.
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5.2-6

5.2-7

5.2-8

5.2-9

Find the value of k that satisfies inequality (1) for you design in
Problem 5.2-5. What happens to your conditions if both the velocity
terms and gravity terms are available to feedback (i.e., 8=0)?

Consider the robot in Problem 5.2-1 and the set point of Problem
5.2-2. Also, assume that all 8;=0 so that velocity and gravity terms
are available to feedback. Find a gain k to satisfy (5.2.36) and
implement the resulting controller.

Repeat Problem 5.2-7 with the trajectory of Problem 5.2-3(a).

Design a controller similar to the one in Example 5.2.5 for the robot
of Problem 5.2-1 to follow the trajectory of Problem 5.2-3(a).
Choose the same parameters used in that example and compare the
resulting behavior to a set of parameters of your choosing.

Section 5.3

5.3-1

5.3-2

5.3-3

5.34

5.3-5

5.3-6

Design a controller similar to the one in Example 5.3.1 for the robot
of Problem 5.2-1 to follow the trajectory of Problem 5.2-3(a).
Choose the same parameters used in that example and compare the
resulting behavior to a set of parameters of your choosing.

Consider the robot of Problem 5.2-1 with the desired set point of
Problem 5.2-2. Design a variable-structure controller as described
in Theorem 5.3.2. You may want to start your design with the
parameter values in Example 5.3.2.

Repeat Problem 5.3-2 for the trajectory described in Problem 5.2—
3(a).

Consider the robot of Problem 5.2-1 with the desired set point of
Problem 5.2-2. Design a variable-structure controller as described
in Theorem 5.3.3. You may want to start your design with the
parameter values in Example 5.3.3.

Repeat Problem 5.3-4 for the trajectory described in Problem 5.2—
3(a).

Consider the robot of Problem 5.2-1 with the desired set point of
Problem 5.2-2. Design a saturation-type controller as described in
Theorem 5.3.4. You may want to start your design with the
parameter values in Example 5.3.5.
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5.3-7 Repeat Problem 5.3-6 for the trajectory described in Problem 5.2~
3(a).

5.3-8 Consider the robot of Problem 5.2-1 with the desired set point of
Problem 5.2-2. Design a saturation-type controller as described in
Theorem 5.3.5. You man want to start your design with the
parameter values in Example 5.3.6.

5.3-9 Repeat Problem 5.3-8 for the trajectory described in Problem 5.2—
3(a).



Chapter 6

Adaptive Control of
Robotic Manipulators

In this chapter adaptive controllers are formulated by separating unknown
constant parameters from known functions in the robot dynamic equation.
The type of stability for each adaptive control strategy is discussed at length
to motivate the formulation of the controllers. Some issues regarding
parameter error convergence, persistency of excitation, and robustness are
also discussed.

6.1 Introduction

The problem of designing adaptive control laws for rigid-robot manipulators
that ensure asymptotic trajectory tracking has interested researchers for many
years. The development of effective adaptive controllers represents an
important step toward high-speed/precision robotic applications. Even in a
well-structured industrial facility, robots may face uncertainty regarding the
parameters describing the dynamic properties of the grasp load (e.g., unknown
moments of inertia). Since these parameters are difficult to compute or
measure, they limit the potential for robots to manipulate accurately objects
of considerable size and weight. It has recently been recognized that the
accuracy of conventional approaches in high-speed applications is greatly
affected by parametric uncertainties.

To compensate for this parametric uncertainty, many researchers have
proposed adaptive strategies for the control of robotic manipulators. An
advantage of the adaptive approach over the robust control strategies
discussed in Chapter § is that the accuracy of a manipulator carrying unknown
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loads improves with time because the adaptation mechanism continues
extracting information from the tracking error. Therefore, adaptive controllers
can give consistent performance in the face of load variations.

It is only recently that adaptive control results have included rigorous
proofs for global convergence of the tracking error. Now that the existence
of globally convergent adaptive control laws has been established, it is difficult
to justify control schemes based on approximate models, local linearization
techniques, or slowly time varying assumptions. In the control literature
there also seems to be no general agreement as to what constitutes an adaptive
control algorithm; therefore, in this chapter, the discussion will be limited to
control schemes that explicitly incorporate parameter estimation in the control
law.

6.2 Adaptive Control by a Computed-Torque
Approach

In Chapter 3 we motivated the use of the computed-torque control law for
controlling the robotic manipulator dynamics given by

T=M(qQ)§+Vm(g,9)4+G(a) + F(4). (6.2.1)

This motivation was actually quite simple. Specifically, if there are some
nonlinear dynamics which one does not wish to deal with, one can change
the nonlinear control problem to a linear control problem by directly canceling
the nonlinearities. There is a wealth of available knowledge for controlling
linear systems; therefore, if exact knowledge of the robot model is available,
there is not much need for sophisticated nonlinear control techniques.

Approximate Computed-Torque Controller

Of course, in reality, we never have exact knowledge of the robot model due
to many problems associated with model formulation. Two common
uncertainties that do not allow exact model cancellation in robotic
applications are unknown link masses due to payload disturbances and
unknown friction coefficients. One way of dealing with these types of
parametric uncertainties would be to use the computed-torque controller
given in Chapter 3 with some fixed estimate of the unknown parameters in
place of the actual parameters. This approximate computed-torque controller
would have the form

T =M (q) (da + Koé + Kpe) + Vi (0,d) 4 + G (g) + F (). (6:2.2)
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where the superscript “*” denotes the estimated dynamics with the unknown
actual parameters replaced by the parameter estimates, K, and K, are control
gain matrices, g, is used to denote the desired trajectory, and the tracking
error e is defined by

e=q4q4q.

We now illustrate the approximate computed-torque controller by examining
an example.

EXAMPLE 6.2-1: Approximate Computed-Torque Controller

We wish to design and simulate an approximate computed-torque
controller for the two-link arm given in Figure 6.2.1 (see Chapter 2 for
the two-link revolute robot arm dynamics). Assuming that the friction is
negligible, the link lengths are exactly known, and the masses 72, and m1,
are known to be in the regions 0.8+0.05 kg and 2.3+0.1 kg, respectively,
a possible approximated computed-torque controller can be written as

Figure 6.2.1: Two-link planar arm.

71 = (2halilacy + ol + (hy + o) 12) (a1 + kv1é1 + kprer)
+ (alilacs + mal3) (Gaz + kozés + kpoea) — olilasads (1)
— 2malilasaqige + Milagers + (T + 7o) liga

2 = (hald + malilaco) (G + kvi1é1 + kprer) + alagers

+ Mal2 (Guz + kvaéa + kpaes) + mglilasag?,
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where /;=,=1 m and g is the gravitational constant. We choose 72,=0.85 kg
and m,=2.2 kg since the actual values are assumed to be unknown. After
substituting the control law above into the two-link robot dynamics, we can
form the error system

é+ Kyé+ Kpe =M (@ W (g,4,9) &, (3)

where M~ (q) is the inverse of the inertia matrix M(q) with #2, and m, replaced
by 1y, and rh,, respectively. The matrix W(4, @, §), sometimes called the
regression matrix [Craig 1985], is a 2x2 matrix given by

.. Wi Wi
w 3 4,4) = )
(¢,4,9) [ Woi Was ] (4)
where
Wi =241 + lges,
Wiz =1} (G1 + G2) + lilaca (241 + G2) + 161 — lilz52G3
— 211382142 + lagera + ligen,
Wa1 =0,
Wao =lilscady + hlzsedt + lagers + 13 (G1 + da) -
The vector ¢ called the parameter error vector, is a 2x1 vector given by
. _[&
80 - [ (,52 :l 3 (5)
where
1 =my — My
and

P2 = mg — M.

The associated tracking error 2x1 vector and 2x2 gain matrices in (3) are
given by
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_ €1 - kvl 0 _ kpl 0
e—[ ], Kv—[ }, and Kp—[ 0 kpz]'

We cannot use the error system (3) to select the values for K, and K, with
standard linear control methods since the right-hand side of the error system
is composed of nonlinear functions of g, @, and g. For the approximate
computed-torque controller, simulation can be used to select the appropriate
values for K, and K,,. A good starting point for selecting the values of K, and
K, for the approximate computed-torque controller is to use the same values,
as the computed-torque scheme would dictate, for a given desired damping
ratio and natural frequency.

For 11,=0.8 kg and m,=2.3 kg, the approximate computed torque controller
(1)—(2) was simulated with g(0)=@(0)=0, with the controller gains set at

and with a desired trajectory of
qd1=qd2=Sil'l f. (7)

The tracking error is depicted in Figure 6.2.2. As illustrated by these figures,
the tracking error remains bounded rather than going to zero. The reason
for this type of bounded tracking error performance is that the error system
given by (3) is constantly being excited by the dynamics on the right-hand
side of (3).

|

Adaptive Computed-Torque Controller

For unknown parametric quantities such as link masses or friction coefficients,
the approximate computed-torque controller simply substitutes a fixed estimate
¢ for the unknown parametric quantities. From Equation (3) in Example
6.2.1, one can clearly see that if the parameter error vector ¢ is equal to zero,
the tracking error can be shown to be asymptotically stable. For many
applications, we cannot assume that ¢ is equal to zero. For example, in the
case of an unknown payload mass attached to the end effector of a robot,
there will always be an unknown parametric quantity related to the payload
mass that would appear in the parameter error vector.
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Figure 6.2.2: Simulation of approximate computed-torque controller.

The adaptive control strategy can, heuristically, be motivated by reasoning
that one could expect better tracking performance if the parameter estimate
was adjusted as the robot manipulator moves instead of always being a fixed
quantity. That is, it seems reasonable to attempt to change our parameter
estimates based on an adaptive update rule that would be a function of the
robot configuration and the tracking error. The question then becomes: How
do we formulate an adaptive control strategy, and how does this adaptive
update rule affect the stability of the tracking error? The answer to both of
these questions is that the adaptive update rule is formulated from the stability
analysis of the tracking error system. That is, we ensure stability of the tracking
error system by formulating the adaptive update rule and by analyzing the
stability of the tracking error system at the same time.

The first adaptive control strategy that we will examine is the method
outlined in [Craig 1985]. The adaptive computed-torque controller is the
same as the approximate computed-torque controller (6.2.2) with the addition
of an adaptive update rule for adjusting the parameter estimates. This adaptive
controller is based on the fact that the parameters appear linearly in the
robot model (see Chapter 2). That is, the robot dynamics (6.2.1) can be
written in the form

where W(q, ¢, §) is an nxr matrix of known time functions and ¥ is an rx1
vector of unknown constant parameters. This property is crucial for the type
of adaptive control that Craig formulated in that it illustrates the separation
of unknown parameters and the known time functions. The reason that the
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robot dynamics can be separated in this form is that the robot dynamics are
linear in the parameters expressed in the vector form ¥. This separation of
unknown parameters and known time functions will be used in the
formulation of the adaptive update rule and also in the stability analysis of
the tracking error system.

The first step in the study of the adaptive computed-torque controller is
to form the tracking error system. Note that, by using (6.2.3), we may write
the robot dynamic Equation given by (6.2.1) as

T=WI(g,4,4) ¢ (6.2.4)
From [Craig 1985], the adaptive computed-torque controller is given by
7= M(q) (da+ Koé + Kpe) + Vi (0,d) 4+ G (@) + F (§). (62.5)

It is easy to see from our definition of the tracking error how (6.2.5) can be
written as

T=M(q) (€ + Koé + Kpe) + M () G+ Vin (0,4) 4+ G (g) + F (g) . (6:2-6)
By utilizing (6.2.3), (6.2.6) can be written as

T =M (q) (é+ Kyé + Kpe) + W (q,4,4) &, (6.2.7)

where @ is an nx1 vector used to represent a time-varying estimate of the

unknown constant parameters. Substituting (6.2.7) into (6.2.4), we can form
the tracking error system

é+ Koé+ Kpe= M~ (@) W (4,4,4) &, (6.2.8)
where the parameter error is
P=p—¢. (6.2.9)
Now for convenience, rewrite (6.2.8) in the state-space form

é=Ae+BM™ QW (4,4,4) &, (6.2.10)

where the tracking error vector is

-]

and
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_| On [ On I
s=[%) -l % &

with I, being the nx#n identity matrix, and O, being the 7xn zero matrix.

Now that the tracking error system has been formed, we use Lyapunov
stability analysis (see Chapter 1) to show that the tracking error vector e is
asymptotically stable with the right choice of adaptive update law. We first
select the positive-definite Lyapunov-like function

V =eTPe+¢TT 1, (6.2.11)

where P is a 2nx2n positive-definite, constant, symmetric matrix, and I is a
diagonal, positive-definite rxr matrix. That is, I" can be written as

T =diag(m, 125 ---> W),

where the y/’s are positive scalar constants.
Differentiating (6.2.11) with respect to time yields

V =eTPé+éTPe + 257014 (6.2.12)
It is important to note in (6.2.12) that we have used the fact that

T 1g)" = T2 (6.2.13)

since I'=I'". (Note that a scalar quantity can always be transposed.) Now,
substituting for e from (6.2.10) into (6.2.12) yields

V =eTP (Ae +BM- ()W () ¢)

N T . 6.2.14
+ (Ae +BM 1 (q)W () ¢) Pe + 23T 1. ( )

Combining terms in (6.2.14) and using the scalar transportation property
gives

V = —eTQe + 26T (r—1¢> +WT ()M~ (g) BTPe) . (6.2.15)

where O is a positive-definite, symmetric matrix that satisfies the Lyapunov
equation

ATP + PA=—-Q. (6.2.16)
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From Chapter 1 we note that for stability, it is always desirable to have V/
at least negative semidefinite; therefore, the choice of adaptation update rule
becomes obvious. Specifically, by substituting

¢=-TWT ()M~ (q) BT Pe, (6.2.17)
(6.2.15) becomes
V = -eTQe. (6.2.18)

To determine explicitly the type of stability, we must do further analysis;
however, note first that (6.2.17) gives the adaptive update rule for the parameter
estimate vector ¢ since ¢ is equal to zero. That is, by recalling that the actual
unknown parameters are constant, we can substitute (6.2.9) into (6.2.17) to
obtain the adaptive update rule:

¢=TWT ()M~ (q) BTPe (6.2.19)

for the parameter estimate vector ¥.

Before examining the type of stability for the tracking error system, we
note that Craig modified the adaptation update rule in (6.2.19) to prevent a
circular argument in the stability analysis [Craig 1985]. Specifically, the
parameter estimates are forced to remain within some known region. That is,
if parameter estimates drift out of a known region, they are reset to within a
known region. By resetting the parameter estimates in “software,” we are
guaranteed that the parameter estimates (3 remain bounded.

We now detail the stability for the tracking error. Since y7 is negative
semidefinite and V'is lower bounded by zero, V remains upper bounded in the
time interval [O, o); furthermore,

tlim V =V, (6.2.20)
—00

where V., is a positive scalar constant. Since V is upper bounded, it is obvious
from the definition of V given in (6.2.11) that e and ¥ are bounded, which
also means that g, ¢ and  are bounded. Note that we have already assumed
that @ is bounded, and we will always assume that the desired trajectory and
its first two derivatives are bounded.

Now, from the robot Equation (6.2.1), it is clear that

§=M7 @) (r -Vl )i-C@)-F@);  (6:221)

therefore, ¢ is bounded since ¢ and t© depend only on the bounded quantities
q, @, and . If ¢ is bounded, (6.2.10) shows that & is bounded. Since g is
bounded, we can state from (6.2.18) that y7 is bounded. Therefore, since V is
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lower bounded by zero, V is negative semidefinite, and V is bounded, then by
Barbalat’s lemma (see Chapter 1),

lim V =0
which means that by the Rayleigh-Ritz Theorem (see Chapter 1)

im Amin {Q} lle]l* =0 whichmeansthat lim e =0. (6.2.22)
t—o0 t—o0

Table 6.2.1: Adaptive Computed-Torque Controller

Torque Controller:
T =M (q) (Ga + Kvé + Kpe) + Vn (¢,4) ¢+ G (9) + F (4)

Update Rule:
¢ =TWT (q,4,§) M~ (q) BT Pe

=[i] a=[%] o[ %, 4]
W (4,4,4) ¢ =M (q) i+ Vm (,4) 4+ G (9) + F (4)
ATP +PA=-Q

where

for some positive-definite, symmetric matrices P and Q.
Stability:

Tracking error vector e is asymptotically stable.
Restrictions:

Parameter resetting method is required. Measurement of § is required.

The information given in (6.2.22) informs us that the tracking error vector
e is asymptotically stable. But what of the parameter error 3? Does it also
converge to zero? From our analysis, all we can say about the parameter
error is that it remains bounded if yy7(q) exists. Indeed, this places a restriction
on the parameter update law given in (6.2.19). That is, we must use the
parameter resetting method discussed earlier to ensure that poor parameter
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Figure 6.2.3: Block diagram of the adaptive computed-torque controller.

estimates do not cause the inverse of M (q) to explode. In [Craig 1985] a
possible method for ensuring that the parameter estimates and M-!(g) remain
bounded is outlined; furthermore, he shows how this method does not interfere
with the stability result delineated by (6.2.22). We will not discuss this
parameter estimate resetting method and the resulting stability proof since we
will show later in this chapter how Slotine and Li used a more judicious
choice of Lyapunov function to remove the need for resetting the parameter
estimates, and at the same time remove the need for acceleration measurements
in the regression matrix W (g, g, ¢)! The adaptive computed-torque controller
is summarized in Table 6.2.1 and depicted in Figure 6.2.3.

We now present an example to illustrate how Table 6.2.1 can be used to
generate adaptive controllers for robotic manipulators.

EXAMPLE 6.2-2: Adaptive Computed-Torque Controller

It is desired to design and simulate the adaptive computed-torque
controller given in Table 6.2.1 for the two-link arm given in Figure 6.2.1.
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Assuming that the friction is negligible and that the link lengths are exactly
known, the adaptive computed-torque controller can be written in the same
form as that given in Example 6.2.1, with the exception that we must find
the update rules for m, and h,. That is, we use Equations (1) and (2) in
Example 6.2.1 for the joint torque control and then formulate the update rule
for m, and m, according to Table 6.2.1.

For simplicity, in this example we select the servo gains as

K,=k, and K,=k,l,, (1)

where k, and k, are positive, scalar constants and for this case I, is the
2x2 identity matrix. We propose that the matrix P in Table 6.2.1 be
selected as

PlIn P2In 1 (K + I/Zkv) In 1/2In
P= = P .
[ PRI, BRl, ] /2 [ 1/2In I, (2)

Note that P is symmetric, and that it is positive definite if k, is selected
to be greater than 1 (see the Gerschgorin Theorem in Chapter 1). To
see if our selection of P gives a positive-definite Q, perform the matrix
operation

ATP+PA=-Q (3)
YakyI,, On
9= [ On  (Ku+1p)1n | *

Since we have already restricted k,>1, it can be verified that Q is a positive
definite, symmetric matrix. We note here that the process of finding a positive
definite, symmetric P and Q for the general Lyapunov approach is not always
an easy task.

Now that we have found an appropriate P, we can formulate the adaptive
update rule given in Table 6.2.1. The associated parameter estimate vector is

MR
o= ]

with update rules
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my =n[(WiuuMLi + Way M 1) (Paey + Psé)

+ (W11 M Iz + Wy M) (Paez + Psés)) (5)
and
e =Y[(WieM Iy + WaeM In) (Preq + Pér)
+ (WiaM Iy + Waa M Iz;) (Paes + P3ég)], (6)
where

1,
Mh) = A (hal3)

1. .
Ml = A (m2l1l202 + mﬂ%) ,
1. . . . .
M = N (2m2l11262 + mglg + (g + 1g) l%) ,

A= (2ﬁl2l11262 + mglg + (Thl + ’I‘hz) l%) (ﬁ‘tzlg) - (Thzlg + m2111202)2 ,

the P’s are defined in (2), and the quantities forming the regression matrix
W.’s are found in Example 6.2.1.

For m,=0.8 kg and ,=2.3 kg, this adaptive computed-torque controller
was simulated with k,=50, k,=125, v,=500, v,=500, 712, (0)=0.835, 17,(0)=2.2,
and with the same desired trajectory and initial joint conditions used in Example
6.2.1. The tracking error and mass estimates are depicted in Figure 6.2.4. As
illustrated by this figure, the tracking error goes to zero, and the parameter
estimates remain bounded as predicted by the theory. Note that we did not
take any special precautions in this simulation to ensure the existence of M-
1(g). We could have developed some sort of procedure to guarantee that M-
Y(g) existed; however, this is not really needed since we show in the next
section how to eliminate this restriction.

|

6.3 Adaptive Control by an Inertia-Related
Approach

In Section 6.2 we showed how adaptive control can be used to compensate
for parametric uncertainties. This led Craig to develop the adaptive
computed-torque controller. We also gave the two restrictions required for the
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Figure 6.2.4: Simulation of the adaptive computed-torque controller.

implementation of the adaptive computed-torque controller [i.e., the need for
measuring & and ensuring that M-(q) exists]. Both of these restrictions can be
quite cumbersome. For example, most industrial robots have only position
and velocity sensors, and since differentiation of velocity is not desirable in
general, we must add additional costly sensors for measuring 4.
Furthermore, if large, unknown payloads relative to the manipulator’s weight
are being lifted by the manipulator, it may be extremely difficult to ensure
that M’l(q) exists.

After researchers reexamined the structure of the adaptive computedtorque
controller, they began to wonder if all the available information about the
robot manipulator was being used in designing adaptive control schemes.
That is, are all the properties inherent to a mechanical manipulator being
exploited? In [Arimoto and Miyazaki 1986] a proportionalderivative (PD)
feedback controller with gravity compensation is proposed. It should be noted
that this controller is not a product of the feedback linearization approach.
Rather, this controller employs an inertia-related Lyapunov function in the
stability analysis which utilizes physical properties inherent to a mechanical
manipulator. After reexamining the adaptive computed-torque controller,
one can see that the Lyapunov function used in the stability analysis is not
inertia-related but is somewhat arbitrary.
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Examination of a PD Plus Gravity Controller

One method [Slotine 1988] of motivating a PD plus gravity controller [Arimoto
and Miyazaki 1986] is to write the manipulator dynamics in the conservation-
of-energy form

1d

s liTM@d =d" (-G -F@), (6.3.1)

where the left-hand side of (6.3.1) is the derivative of the manipulator kinetic
energy, and the right-hand side of (6.3.1) represents the power supplied from
the actuators minus the power dissipated due to gravity and friction. Note
that the Coriolis and centripetal terms are accounted for in (6.3.1) since
these terms are related to the time derivative of the inertia matrix.

Suppose that we now want to design a constant set-point controller (i.e.,
q,=0) for the system given in the conservation of energy form (6.3.1). To
begin, we select the inertia-related Lyapunov function

V = 14" M (q) G + Yo" Kpe. (6.3.2)

Since a Lyapunov function can be thought of heuristically as an energy function,
this Lyapunov function seems quite reasonable. That is, the Lyapunov function
is composed of the kinetic energy of the robotic manipulator system (37 M (q)q)
and an additional energy damping term (3eT Kpe). This energy damping
term can be thought of as using physical springs so that the manipulator will

be better behaved.
Differentiating (6.3.2) with respect to time yields

_1d

V= 5d [¢TM (g) 4] + €T Kpe. (6.3.3)

Substituting (6.3.1) into (6.3.3), we have
V=¢"(r-G(9 - F(d) - Kpe), (6.3.4)

since we are solving the set-point control problem. Since it is desirable for 7/
to be at least negative semidefinite, the control

T=G(g)+ F(q)+ Kpe— Kyq (6.3.5)

is motivated by the form of (6.3.4). That is, substituting (6.3.5) into (6.3.4)
yields

V = —¢TK.q. (6.3.6)

The analysis above illustrates that V is decreasing for all time except for @
equal to zero. We now use this information to illustrate that the desired set
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point g, is achieved. That is, if V=0, then g=0, and @=0; hence therefore, for
q=3=0, we can utilize (6.2.1) and (6.3.5) to write the closed-loop system in
the form K,e=0, which implies that e=0. From Chapter 1, LaSalle’s Theorem
can now be used to show that the tracking error e is asymptotically stable.

Adaptive Inertia-Related Controller

Although the controller given in (6.3.5) utilizes the conservation of energy
property, it has two disadvantages. First, the controller merely ensures that
the manipulator reaches a desired set point. In general, a robot control designer
must ensure that the manipulator tracks a desired time-varying trajectory.
Second, the controller requires exact knowledge of any parameters associated
with the robot manipulator model since the gravity and friction terms are
included in the control law (6.3.5).

In [Slotine and Li 1985 (a)] the conservation of energy formulation given
in (6.3.1) is exploited to design an adaptive controller for the trajectory-
following problem. This controller can be motivated in much the same way
as our treatment of the PD plus gravity controller. In other words, we use the
stability analysis to guide us in finding an adaptive controller. Since we are
designing an adaptive trajectory-following controller, we should select a
Lyapunov function that is a function of the tracking error and the parameter
error. Slotine selected the inertia-related Lyapunov-like function

V =1rTM (q)" + 16T, (6.3.7)
where

T = Ae + ¢, (6.3.8)

with T" defined as in (6.2.11), A defined as positive-definite, diagonal matrix
such that

A =diag (A1, A2, ..y An),

and © defined as in (6.2.9). The auxiliary signal 7(z) given in (6.3.8) may be
considered as a filtered tracking error.
After differentiating (6.3.7) with respect to time, we have

V = 1TM (q) + Yar"M (g) r + $TT15, (6.3.9)
From (6.3.9) it is clear that we must substitute for the variable 7+; therefore,

we must write the robot equation in terms of the variable 7. Using (6.2.1), the
robot dynamics can be rewritten as
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where
Y ()= M(q) (fu+Aé) + Vin(q,4) (da+ Ae) + G(g) + F(¢), (6.3.11)

and Y(-) is an #xr matrix of known time functions. This is the same type of
parametric separation that was used in the formulation of the adaptive
computed-torque controller; however, note that Y(-) is not a function of joint
acceleration ¢!

Substituting (6.3.10) into (6.3.9) gives

V=rT (¥ ()p—1)+rT (1/2M (@) = Vi (g, d)) r+@I'¢. (6.3.12)

Applying the skew-symmetric property (see Chapter 2), we can write (6.3.12)
as

V=rTY()e-71)+aT 1. (6.3.13)

Again, the stability analysis has guided us to a choice of torque controller
and adaptive update rule. That is, if we select the torque control to be

T=Y ()¢ + K,r, (6.3.14)
(6.3.13) becomes

V=-—TK,sr+¢" (DY +YT()r). (6.3.15)

By selecting the adaptive update rule as
¢p=—-¢=TYT()r, (6.3.16)
(6.3.15) becomes

V ==rTK,r. (6.3.17)

We now detail the type of stability for the tracking error. First, since V in
(6.3.17) is negative semidefinite, we can state that Vin (6.3.7) is upper bounded.
Using the facts that V is upper bounded and that M(qg) is a positive-definite
matrix (see Chapter 2), we can state that » and ¢ are bounded. From the
definition of r given in (6.3.8), we can use standard linear control arguments
to state that e and & (and hence g and @) are bounded. Since e, &, 7, and @
are bounded, we can use (6.3.10) and (6.3.14) to show that 7~ (and hence
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obtained by differentiating (6.3.17)) is bounded. Second, note that since M(q)
is lower bounded, we can state that V given in (6.3.7) is lower bounded. Since
V is lower bounded, V is negative semidefinite, and V is bounded, we can use
Barbalat’s lemma (see Chapter 1) to state that

lim V =0, (6.3.18)
t—o0

which means that by the Rayleigh-Ritz Theorem (see Chapter 1)

Jim Amin {K} IFlI>=0 or Jim 7 =0. (6.3.19)

Note that (6.3.8) is a stable first-order differential equation driven by the
“input” 7; therefore, by standard linear control arguments and (6.3.19), we
can write

lime=0 and limé=0. (6.3.20)

t—o0 t—o0

This result informs us that the tracking errors e and € are asymptotically
stable. Again, from the analysis above, all we can say about the parameter
error is that it remains bounded. Later, we will show that the parameter
error also converges to zero under certain conditions on the desired trajectory.
The adaptive controller derived above is summarized in Table 6.3.1 and
depicted in Figure 6.3.1.

After glancing through Table 6.3.1, we can see that the restrictions with regard
to the adaptive computed-torque controller have been removed. Specifically,
for the adaptive inertia-related controller, we do not require measurements of
acceleration or any ad hoc adjustment of the parameter estimates to ensure
M (g) that exists.

We now present an example to illustrate how Table 6.3.1 can be used to
design adaptive controllers for robotic manipulators.

EXAMPLE 6.3-1: Adaptive Inertia-Related Controller

We wish to design and simulate the adaptive inertia-related controller given
in Table 6.3.1 for the two-link arm given in Figure 6.2.1. Assuming that
the friction is negligible and the link lengths are exactly known, the adaptive
inertia-related torque controller can be written as

71 = Y1 + Yioma + kvi1é1 + ki hien (1)

and
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Table 6.3.1: Adaptive Inertia-Related Controller

Torque Controller:
T=Y()¢+ K,é+ K,Ae
Update Rule:
S =TYT()(Ae+é)

where

N A~

Y ()¢ = M(q)(da + Aé) + Vin(q,d)(da + Ae) + G(g) + F(q)
Stability:

Tracking error e and é are asymptotically stable. Parameter estimate
¢ is bounded.

. — '

. 1 q

a, onl‘l: rda —m Robot

4 - () M ~9q
y

Figure 6.3.1: Block diagram of the adaptive inertia-related controller.

=Y ()p+ K,é+ K,Ae (2)
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In the expression for the control torques, the regression matrix Y(-) is given

by

. . Yiu Yo
Y =
(Qd,Qd, 44,9, Q) [ Yor Yao ] ) (3)
where
Vi =8 (dn + Mér) + ligen, )
Yig = (13 + 2hlzcs + 1) (Gar + Mér)
+ (13 + lilaco) (Gaz + A2éa) — hilasads (dar + Mrex) ()
= hilass (41 + d2) (a2 + Aze2) + lageia + lige,
Yy =0, (6)
and

Yae = (lilaco +13) (G + Mér) + 12 (Gaz + Aaéa)

.o 7
= lilysagy (Ga1 + Mer) + lagera. @)

Formulating the adaptive update rule as given in Table 6.3.1, the associated
parameter estimate vector is

with the adaptive update rules

1 =71 [Yix (Mrer + é1) + Yar (Aoen + é2)] (8)
and

e =72 [Y12 (Mer + é1) + Yoo (hoez + é2)). (%)

For 71,=0.8 kg and m,=2.3 kg, the adaptive inertia-related controller was
Simulated Wlth kﬂ:k,,z:lo, 7\.1=7\.2=2.5, 7\,1=7\.2=20, ﬁll(o)=0, m2(0>=0, and Wlth
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the same desired trajectory and initial joint conditions as given in Example
6.2.1. The tracking error and mass estimates are depicted in Figure 6.3.2. As
illustrated by the figure, the tracking error is asymptotically stable, and the
parameter estimates remain bounded.
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Figure 6.3.2: Simulation of the adaptive inertia-related controller.

6.4 Adaptive Controllers Based on Passivity

In recent years, many authors have developed adaptive control schemes that
are different with regard to the torque control law or the adaptive update
rule. To unify some of the approaches, general adaptive control strategies
have been developed based on the passivity approach (see [Ortega and Spong
1988] and [Brogliato et al. 1990]). In this section we illustrate how the
passivity approach can be used to develop a class of torque control laws and
adaptive update rules for the control of robot manipulators.

Passive Adaptive Controller

First, we define an auxiliary filtered tracking error variable that is similar
to that defined for the adaptive inertia-related controller. That is, we define
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our tracking variable to be
r(s)=H"(s)e(s), (6:41)

where

H'(s)= [sIn + ::-K (s)] (6.4.2)

and s is the Laplace transform variable. In (6.4.2), the 7nxn gain matrix K(s) is
chosen such that H(s) is a strictly proper, stable transfer function matrix. The
reason for this restriction on H(s) will be clear after we analyze the stability
of the adaptive controller that is presented later in this section.

As in the preceding sections, our adaptive control strategies have been centered
around the ability to separate the known time functions from the unknown
constant parameters. Therefore, we use the expressions given in (6.4.1) and
(6.4.2) to define

Z()p =M (@) a+ K ()0)+ Vi (0.0) (40 + 1K 9)¢)
+G@+F ),

(6.4.3)

where in this control formulation, Z(-) is a known nxr regression matrix.
[Note the standard abuse of notation in (6.4.3), where K(s)e is used to
represent the inverse Laplace transform of K(s) convolved with e(z).] It is
important to note that K(s) can be selected so that Z(-) and r do not depend
on measurement of §. Indeed, if K(s) is selected such that H(s) has a relative
degree of 1 [Kailath 1980], Z(-) and r will not depend on 4.

The adaptive control formulation given in this section is called the passivity
approach because the mapping of -r — Z(-) @ is constructed to be a passive
mapping. That is, we construct an adaptive update rule such that

/0 -7 (0) 2 (0) (o) do > —B (6.4.4)

is satisfied for all time and for some positive scalar constant /8. This passivity
concept is used in analyzing the stability of the error system, as we shall
show. However, for now let us illustrate the use of (6.4.4) in generating an
adaptive update rule.
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EXAMPLE 6.4-1: Adaptive Update Rule by Passivity

Let us show that the adaptive update rule
p=—-p=-TZT()r (1)

satisfies the inequality given by (6.4.4). Note that G is defined as in
(6.2.11).
First rewrite (1) in the form

T

¢ I t=—rTZ(), (2)

where we have used the fact that G is a diagonal matrix. Substituting (2)
into (6.4.4) gives

t
T ~1 ~
| & @16 o> 5. 5)
0
Since T is a constant matrix, we can use the product rule to rewrite (3) as

i
2 fo % (@ (0)T7'¢(0)) do > -8 (4)

or
1267 ()T 7@ () — 2" (0)T 713 (0) > 5. (5)

From (5) it is now obvious that if /8 is selected as
B=1hp" (0)T™'¢(0), (6)

then the passivity integral given in (6.4.4) is satisfied for the adaptive
update rule given in (1).
|

Now that we have a feeling for how the passivity integral (6.4.4) can be used
to generate adaptive update rules, we use the concept of passivity to analyze
the stability of a class of adaptive controllers. For this class of adaptive
controllers, the torque control is given by

1=Z()p+ K,r. (6.4.5)
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Note that many types of torque controllers can be generated from (6.4.5)
by selecting different transfer function matrices for K(s) in the definition of r.
That is, for different K(s), we have different types of feedback because the
feedback term K,r will change accordingly.

To form the error system, rewrite the robot dynamics (6.2.1) in terms of
the tracking error variable 7 and the regression matrix Z(:) as

M@r=-1-Val(e,r+Z()e. (6.4.6)
Substituting (6.4.5) into (6.4.6) yields the tracking error system
M(q)F = -Kor = Vi (¢, Q)7 + Z () . (6.4.7)

For analyzing the stability of this system, we use the Lyapunov-like function
t
V=itaTM@r 8- [ T @Z@00) d (648)
0

[Ortega and Spong 1988]. Note that V is positive since the parameter estimate
update rule is constructed to guarantee (6.4.4). That is, if (6.4.4) is satisfied,
then

B - /t T (0) Z (0) ¢ (o) do > 0; (6.4.9)
0

therefore, V is a positive scalar function. Differentiating (6.4.8) with respect
to time gives

V=M@ @ -T2 (g (6410
Substituting (6.4.7) into (6.4.10) yields

V= =rTKyr +17 (YoM (q) = Vim (3,0)) 7. (6.4.11)
Utilizing the skew-symmetric property (see Chapter 2) allows one to write
V=—TK,r (6.4.12)

We now detail the type of stability for the tracking error. First note from
(6.4.12) that we can place the new upper bound on V:

V < =Amin {K} Il (6.4.13)

which can also be written as
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/ TV (0) do <~ (K} [ I @IFdoe. (6.4.14)
0 0

Multiplying (6.4.14) by -1 and integrating the left-hand side of (6.4.14) yields

V)=V (00) 2 dmia 1K) | “Ir@Pd. (6415

Since V is negative semidefinite as delineated by (6.4.12), we can state that V
is a nonincreasing function that is upper bounded by V(0). By recalling that
M(q) is lower bounded, as delineated by the positive-definite property of the
inertia matrix (see Chapter 2), we can state that V given in (6.4.8) is lower
bounded by zero. Since V is nonincreasing, upper bounded by V(0), and lower
bounded by zero, we can write (6.4.15) as

Avain {Ko)} /0 lIr ()| do < o (64.16)

y /0 I (@)1 do < oo. (64.17)

The bound delineated by (6.4.17) informs us that r € LF (see Chapter 1),
which means that the filtered tracking r is bounded in the “special” way
given by (6.4.17).

To establish a stability result for the position tracking error e, we establish
the transfer function relationship between the position tracking error and
the filtered tracking error 7. From (6.4.1) we can state that

or

e(s)y=H(s)r(s), (6.4.18)

where H(s) is as defined in (6.4.2). Since H(s) is a strictly proper, asymptotically
stable transfer function matrix and r € L%, we can use Theorem 1.4.7 in

Chapter 1 to state that

lim e = 0. (6.4.19)

t—00

The result above informs us that the position tracking error is
asymptotically stable. In accordance with the theoretical development above,
all we can say about the velocity tracking error is that it is bounded.

The passivity-based controller is summarized in Table 6.4.1. From this
table we can see that the passivity approach gives a general class of torque
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control laws. We illustrate this concept with some examples that unify some
of the research in adaptive control.

EXAMPLE 6.4-2: Passivity of the Adaptive Inertia-Related
Controller

In this example we show how the adaptive inertia-related controller can
be derived using passivity concepts. First, note that by defining

K (s) = As (1)
and
H(s) = (s, + A)™* (2)
in Table 6.4.1, we obtain the torque control law
T=2(-)¢+ K,é+ K,Ae, (3)
where
Z()p=M(Q)(Ga+A) + Vi (0,9) (e +Ae) + G (9 + F(3). 4

This corresponds to the definition given in (6.3.11); therefore, using (2),
we have obtained the adaptive inertia-related torque controller as given
in Table 6.3.1.

The last item to check is whether the adaptive inertia-related update
rule satisfies the passivity integral given in Table 6.4.1. From Table 6.3.1
the adaptive inertia-related update rule can be written as

¢=-TZT()(e+Ae) = ¢ (5)

for the choice of K(s) given in (1). After reexamining Example 6.4.1 it is
now obvious that we have derived the adaptive inertia-related controller
with the passivity approach.

|
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Table 6.4.1: Passive Class of Adaptive Controllers

Torque Controller:
T=27 () ¢7 + K,r
where

Z()¢=M(q)(Ga+K(s)e) + Vi (a,4) (da+ 1K (s)¢)
+G (q) + F (4),

r(s)=H7t(s)e(s), H7(s)=[sI,+ %K(s)] ,

and the gain matrix K (s) is chosen such that H(s) is a strictly
proper, stable transfer function matrix with relative degree 1.

Update Rule Must Satisfy:
Jo =T (0)Z (0) § (o) do > —B
Stability:

Position tracking error e is asymptotically stable.

EXAMPLE 6.4-3: PID Torque Control Law

In Example 6.4.2 the torque control law was shown to be
T=Z()@+ Kyé+ K,Ae. (1)

This torque controller is a proportional-derivative (PD) feedback controller
since we are using e and & in the feedback portion of the control. It is now
desired to find the choice of K(s) in Table 6.4.1 to give a proportional-integral-
derivative (PID) type of torque controller of the form

T=Z(-)¢+Kvé+er+K1/edt. 2)

Using Table 6.4.1, we can select

K(s)=As+ 9, (3)
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where

A =diag {A1, Xe,.. ., A0},
o =diag {"I'l;‘l'%'“s‘l’f}:

\’s are positive scalar constants, ¢s are positive scalar constants, K,= K,A,
and K;=K, V. Now we must check to verify that H(s) is indeed a strictly proper,
stable transfer function matrix. For this choice of K(s) in Table 6.4.1, we can
write

-1
H(s) = (sfn +A+ %\I’) : (4)

Note that since A and WV have been selected to be diagonal positive-definite
matrices, H(s) is a decoupled transfer function matrix. That is, the transfer
function for the ith system is

)

hi(s) = 82+ Ais + 'I‘;.

(5)

Since the \s and /s are positive, H(s) is a strictly proper, stable transfer
function matrix.
|

General Adaptive Update Rule

As mentioned earlier, the adaptive control scheme outlined in Table 6.4.1
allows one to formulate different adaptive update laws by ensuring that the
proposed update satisfies the passivity integral given in (6.4.4). Landau
proposed the general update rule (which satisfies the passivity integral)

t
o= /[, Fi(t-0)2ZT(0)r (o) do+ F, 2T ()r,  (6.4.20)

where F, is an rxr positive definite, constant matrix, and F;(z) is an rxr positive
definite matrix kernel whose Laplace transform is a positive real transfer
function matrix with a pole at s=0 [Landau 1979].

By utilizing this general update law, many types of adaptation may be
designed. All we need to keep in mind is that the conditions on Fy(t) and F,
must be met. One possible adaptive scheme that comes directly from (6.4.20)
is the proportional + integral (PI) adaptation scheme. The PI update law is the
same as that given by (6.4.20), with
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Fyt)=K,, (6.4.21)

where K| is a diagonal, constant positive-definite matrix. It has been pointed
out in [Landau 1979] that with regard to adaptive model following, PI
adaptation has shown a significant improvement over integral adaptation.
Therefore, this type of adaptation might be beneficial for the tracking control
of robot manipulators.

6.5 Persistency of Excitation

For the adaptive controllers presented in the previous sections the tracking
error has been shown to be asymptotically stable; however, all that could be
said about the parameter error was that it was bounded. In general, parameter
identification will occur in adaptive control systems only if certain conditions
on the regression matrix can be established. Specifically, several researchers
[Morgan and Narendra 1977], [Anderson 1977] have studied the asymptotic
stability of adaptive control systems similar to the ones we have presented in
this chapter. For example, parameter error convergence can be established
for the adaptive inertia-related controller if the regression matrix Y(-) satisfies

to+p
aIr S [ YT (Q:ésqu d’d,f.'fd) Y(Q:q.rqd:q‘d:éd) dt S JSI‘P (651)
to

for all #,, where o, f5, and p are all positive scalars. Furthermore, since the
tracking error is asymptotically stable, we can rewrite (6.5.1) as

to+p
al, < / Y7 (qa,da, §a) Y (9a,da, Ga) dt < BI, (6.5.2)
t

0

where the arguments g and g have been replaced by g, and @, respectively.

The condition given in (6.5.2) informs us that if Y(-) varies sufficiently
over the interval given by p so that the entire r-dimensional parameter space
is spanned, we know the parameter error converges to zero. This amounts to
a condition on the desired trajectory such that all parameters will be identified
after a sufficient learning interval. This condition can be helpful in formulating
desired trajectories to ensure that parameters such as friction coefficients or
payload masses are identified. We now illustrate the meaning of a persistently
exciting trajectory with some examples.
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EXAMPLE 6.5-1: Lack of Persistency of Excitation for a One-Link Robot
Arm

We wish to investigate the persistency of excitation conditions for the one-link
robot arm given in Figure 6.5.1. The dynamics of this robot arm will be taken
to be

T = m§ + b, (1)

T=mj + bg,

ANMAAARRRRNNNNNNNNNY

Figure 6.5.1: One-link revolute arm.

where the term b is used to denote the positive scalar representing the dynamic
coefficient of friction. We assume that this robot arm is in the plane not
affected by the gravitational force and that 7 and b are unknown positive
constants.

a. Adaptive Controller

By using Table 6.3.1, the adaptive inertia-related controller for the dynamics
(1) can be shown to be given by

7 = Y + Yiob + kyé + kyAe. (2)

In the expression above for the control torque, the regression matrix Y() is
given by
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Y (94,44,G2,9:9) = [ Yu Y2 | 3)
where
Yii=(§a+2é¢) and Y2 =4¢.

The corresponding parameter estimate vector is given by

(1)

We can formulate the adaptive update rule given in Table 6.3.1 as
fi’l =m¥n (Ae + 6) (4)

and

b wYis Oed ). (S)

b. Persistency of Excitation

With this adaptive controller it is desired to show analytically that g,= 1-e¢* is
not persistently exciting. From (6.5.2), the integrand of the persistently exciting
condition for this example is given by

.9 L.
Y7 (4,40, 4) Y (9,40 Ga) = | 24 q‘f"“]
(94,44, 4a) Y (qa, 4, Ga) [ dada G

or

16e~4 —8e 4t
] (6)

vrove=| B e

Multiplying the first column of Y'(-)Y(-) by -é- and adding it to the second
column of YI(:)Y(:) gives
16e~% 0
Ryy = [ —8e~% ] . (7)

Since the matrix Ryy has the same range space as the matrix Y*(+) Y(-), we
can see from (7) that the range space of the matrix Y*(:)Y(-) will always be
one-dimensional; therefore, the persistent excitation condition does not hold
for



360 Adaptive Control of Robotic Manipulators

qi=1-e*".

EXAMPLE 6.5-2: Persistency of Excitation for a One-Link Arm

a. Desired Trajectory with Single Frequency

With the adaptive controller in Example 6.5.1, we would like to show by
simulation that g,=sin # is not persistently exciting. For m=1 kg and b=1 N-m-
s, the adaptive inertia-related controller was simulated with

Position Error
0.1
rad (.05
0 — Secs
f T T T T 1
0 2 4 6 8 10
Velocity Error
rad/s 0.5
0 o
I T T T T 1
0 2 4 6 8 10
4 Parameter Estimates
Kg
NtMsec secs

(=]

Figure 6.5.2: Lack of persistency of excitation.

ky =10, A=235, 7 =7 =20, (1)

with initial conditions of
q(0) = ¢ (0) = 1, (0) = 12 (0) = 0. 2)

The tracking error and the parameter estimates are depicted in Figure 6.5.2.
As anticipated, the tracking error is asymptotically stable, and the parameter
estimates remain bounded. Note that § and 72 do not go to zero since the
desired trajectory is not persistently exciting.
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Position Error
1
- 05 SECS
01 | I 1 | |
2 4 6 8 10
Velocity Error
0
rads -2
-4 secs
| T T T T 1
0 2 4 6 8 10
20 Parameter Error
Kg 0 D
NtMsec e
-20f [ T I | |
0 2 4 6 8 10

Figure 6.5.3: Persistency of excitation.

b. Desired Trajectory with Multiple Frequencies

With the adaptive controller in Example 6.5.1, we desire to show by simulation
that g,=sin t+cos 3t is persistently exciting. The adaptive controller given in
Example 6.5.1 should be simulated under the same conditions as those given
in part (a) of this example except for the change in the desired trajectory. The
tracking error and the parameter error are depicted in Figure 6.5.3. As
illustrated by the figure, the tracking error is asymptotically stable, and the
parameter estimates remain bounded. Note that  and i converge to the
exact values of b and m, respectively. This is because the desired trajectory is
persistently exciting.

6.6 Composite Adaptive Controller

In both the adaptive computed-torque and the adaptive inertia-related control
strategies, we have shown that the tracking error is asymptotically stable and
the parameter error is bounded. It was then illustrated that if a persistency of
excitation condition holds, the parameter error ® converges to zero. In some
robotic applications it may not be practical to utilize a persistently exciting
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trajectory; therefore, we are motivated to redesign the adaptive control strategy
to achieve parameter identification.

In this section we show how the adaptive controller given in Section 6.3
can be modified to ensure asymptotic convergence of both the tracking error
and the parameter error [Slotine and Li 1985(b)]. The asymptotic convergence
of the parameter error is shown to hold if a condition on the filtered regression
matrix holds. This condition, often called the infinite integral condition, is
less restrictive than the persistency of excitation condition.

The procedure for designing the new adaptive controller can be out-lined
as follows. First, a filtered regression matrix is formed from torque
measurements. Second, it is shown how this filtered regression matrix can be
used to formulate a least-squares estimator for estimating the unknown
parameters. Finally, the adaptive update rule in Table 6.3.1 is modified to
include an additional least-squares estimator term.

Torque Filtering

We now show how the regression matrix that is formed from a torque
measurement can be filtered to eliminate the need for acceleration
measurements. From Section 6.2 we can write the robot Equation (6.2.1) in
the following form:

T=M(@)i+Vn(0,9)4+G(Q+F (@) =W(3,¢,3¢ (6.6.1)

The middle expression in (6.6.1) is written in the form

r=h+g, (6.6.2)
where
h= 4 M (q) g 6.6.3
== (M(9)q) (6.6.3)
and
9=—-M()§+Vin(2,9)4+G(a) + F(q). (6.6.4)

The reason for writing the robot equation in the form given by (6.6.2) is that
this equation has now been separated in a way that allows § to be filtered out
or removed. That is, by filtering (6.6.2), we have

Tf=f*1-=f*fz+f*g, (6.6.5)
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where fis the impulse response of a linear stable, strictly proper filter, and the
* is used to denote the convolution operation. For example, we could use the
first-order filter given by

a

s+a’

fs)=

(6.6.6)

where g is a positive scalar constant. By using the property of convolution
frh=fxh+ fO)h— fh(0), (6.6.7)
we can rewrite (6.6.5) as
rp=fx7=fxh+ f(O)h—fh(0)+ fxg. (6.6.8)

After substituting the expressions for / and g, note that § has been filtered
out. That is, the explicit expression for if is given by

I (_M @id+Vn(g,4)¢+G(g) + F(q)) , (6.6.9)

where £ is the impulse response of a proper, stable filter; for example,

as
s+a

sf(s) = (6.6.10)

By linearity, the unknown parameters can still be separated out with regard
to (6.6.9). That is, (6.6.9) can be rewritten as

T =Ws(g,d) e, (6.6.11)

where W{-) is an nxr filtered regression matrix, and ¢ is an rx1 vector of
unknown parameters. We now use an example to show how torque filtering
can be used to eliminate the need for acceleration measurements.

EXAMPLE 6.6-1: Torque Filtering of a One-Link Robot Arm

Using the dynamics of the one-link robot arm given in Example 6.5.1, it is
desired to find the filter regression matrix Wy(g, ¢) given in (6.6.11), where
the linear filter is given by

&)=, m

or, in the time domain,
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flt)=e". (2)

Using (6.6.9), the filtered torque expression for the one-link arm is given

by

5 = f *+mg +mg — fmq(0) + f * b, (3)
where
- 5
Te&) =7 4

The expression in (3) is used to separate the known functions from the unknown
constants into the form

Tt =Wy (g, 9) v, (5)

where the filtered regression matrix and parameter vector are given by

Wy(a,4) = [(F+d) +d— £d(0) fxd] ©)

and
p=[m b]T. (7)
]

The important concept to realize in the regression matrix formulation given
by (6.6.11) is that the quantities 7;and W(gq, ¢)are known or assumed to be
measurable; however, @ is unknown. To estimate ¢, we define the estimate of
the filtered torque based on the estimate of the unknown parameters, that is,

=Wy (). (6.6.12)
We can now define the measurable quantity

Fr =W ()@ (6.6.13)
where

Tf =Tf = 7t- (6.6.14)
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The use of 7/is crucial in the development of the least-squares estimator
that is developed in the next section. We can easily see how 7, is measurable
by writing (6.6.14) in the form

Fr=1p - Wi ()9 (6.6.15)

As explained earlier, 7 and W{-) are assumed to be known or measurable;
therefore, all we need is the parameter estimate term [i.e., ? in (6.6.15)] for if
to be known. Later, we generate an adaptive update rule that will give us the
parameter estimate term ¢ in (6.6.15). So for now we will assume that 7 is
known.

Least-Squares Estimation

Least-squares estimation methods have been used in many types of parameter
identification schemes [Astrom and Wittenmark 1989]. It turns out that this
type of estimation method extracts the maximum amount of parametric
information even when the desired trajectory is not persistently exciting. This
is an important fact to realize when designating adaptive control systems for
robot manipulators because in many robot applications, the persistency of
excitation condition will not be valid. Therefore, least-squares estimation
offers an attractive solution to the design of adaptive controllers for robot
manipulators.

We now show how the least-squares estimation method can be used to
generate an adaptive update rule. First, define the least-squares update rule

¢ = PWT ()7, (6.6.16)
where
P=—-PW] ()W; ()P (6.6.17)

and P is an rxr time-varying symmetric matrix.
With this least-squares estimation method, if an “infinite integral” condition
holds, the parameter error converges to zero. Specifically, if

t
Jim Amin { /0 Wi (o) Wy (a)do} =00 (6.6.18)
holds, then

Jim ¢ =0. (6.6.19)
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As pointed out in [Slotine and Li 1985(b)], this infinite integral condition is
a weaker condition than the persistency of excitation condition. That is, in
practical robot applications, (6.6.18) can often be validated.

EXAMPLE 6.6-2: Least-Squares Estimator for a One-Link Robot Arm

Using the dynamics of the one-link robot arm given in Example 6.5.1, it is
desired to find the least-squares estimator given by (6.6.16) and (6.6.17).
Since the number of unknown parameters is two, define the matrix P to be

A P
P_[Pg Pa]’ (1)

Utilizing the filtered regression matrix from Example 6.6.1, we have
Welg,4)=[ W1 Wha ], (2)
where

Wi = (f+d) +d-£3(0) and Wpa=fr.

Using (6.6.17), it is easy to see that the matrix P should be updated in the
following manner:

P =— (WP + I'JF”,(sz)2 (3)
Py = ~WhHPLPy = W}, PaPs — Wy Wyia (PLPs + PY), (4)

and
Py=— (WP + Wflzpa)z- (5)

Now using (6.6.16), the parameter update rules are
= (PiWp + P,Ws12) 7 (6)

and



6.6 Composite Adaptive Controller 367

b= (PaWisyy + PsWiyo) 74, (7)
where, from (6.6.16), 7;is given by
Tr=71p — Wenh — W_flgfl. (8)

For insight into how the least-squares estimation method extracts parameter
information, we now show how (6.6.18) is obtained. Utilizing (6.6.13) and
the fact that the parameters are constant, we write (6.6.16) as

¢ =-PW[ ()W; (). (6.6.20)
Using the matrix identity P=—PP-P we can write (6.6.17) as
P =Wl ()Ws(). (6.6.21)
Substituting (6.6.21) into (6.6.20) yields the differential equation
$=—PP 1. (6.6.22)
We claim that
@=—PP71(0)%(0) (6.6.23)

is the solution to (6.6.22). This fact can be verified by substituting (6.6.23)
into the right-hand and left-hand sides of (6.6.22). That is, we obtain

-PP71(0)3(0) = PP~'PP1(0)3(0); (6.6.24)

therefore, (6.6.23) is the solution. Now from (6.6.21) it is easy to see that the
solution for P is given by

i -1
P= {p—l(o)+‘/‘J WF (o) Wy (cr)da} . (6.6.25)

After examining (6.6.25), we can intuitively see that if the infinite integral
condition is satisfied, then

Jim Amax {P} =0 (6.6.26)

and

Jim Amin {P71} = co. (6.6.27)
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Now if (6.6.26) holds, we can see from (6.6.23) that the parameter error
converges to zero. This proof is detailed in [Li and Slotine 1987].

Composite Adaptive Controller

The composite adaptive controller is the same as the controller given in Table
6.3.1, with the exception of a modification to the adaptive update rule. This
modification is given by

¢=—-¢=PYT()r+PW] (). (6.6.28)

To prove that the tracking error and the parameter error both converge to
zero, start with the Lyapunov-like function,

V =1rTM ()7 + 16T P 1. (6.6.29)
Differentiating (6.6.29) with respect to time yields
V =1TM(q)# +1erT M (q)r + $TP'$ + 13T P1g.  (6.6.30)

From the control law given in Table 6.3.1 and the development in Section
6.3, we can form the tracking error system

M)t =Y ()p— Kot — Vi (g, 4) (6.6.31)

Substituting (6.6.31) into (6.6.30) yields
V=—rTKsr+¢T (P'o+YT()r) +1pTPr3.  (6.6.32)

After substituting ¢ in (6.6.28), P'in (6.6.21), and 7/in (6.6.13) into (6.6.32),
we have

V = —rTKyr = hg"WF ()W (). (6.6.33)

We now detail the type of stability for the tracking error and the parameter
error. First, since V in (6.6.33) is at least negative semidefinite in the form

V < i (K}l (6.6:34)

we can state that V in (6.6.29) is bounded. Since V is bounded, M(q) is a
positive-definite matrix, and P! satisfies the condition given by (6.6.27), we
can state that 7 and ¢ are bounded. Furthermore, from the definition of r
given in (6.3.8), we can use standard linear control arguments to state that e
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and e (and é hence g and ¢) are bounded. We can now use the same arguments
presented in Section 6.4 to show that r € LY. Given that r € L}, we can
determine a stability result for the position tracking error by establishing the
transfer function relationship between the position tracking error and the filtered
tracking error 7. From (6.3.8), we can state that

e(s)=G(s)r(s), (6.6.35)
where s is the Laplace transform variable,
G(s)=(sI+M)7", (6.6.36)

I is the nxn identity matrix, and A is an nx#n positive-definite matrix. Since
G(s) is a strictly proper, asymptotically stable transfer function and r € L%
we can use Theorem 1.4.7 in Chapter 1 to state that

Jim e =0. (6.6.37)
Second, since V is at least negative semidefinite, we know that V must be
nonincreasing, and hence V is upper bounded by V(0). Furthermore, by the
infinite integral assumption, we have concluded in (6.6.27) that

Jim Ai {P™"} = 0. (6.6.38)
Since the term
1/2¢TP‘1¢ (6.6.39)

in Vgiven in (6.6.29) is upper bounded by V(0), we can see that for (6.6.38)
to hold, we must have

tl_lg’lo @=0.
Therefore, from the argument above, the position tracking error and the
parameter error are asymptotically stable for the composite adaptive controller
outlined in Table 6.6.1. In accordance with the theoretical development above,
all we can say about the velocity tracking error is that it is bounded; however,
Barbalat’s lemma can be invoked to illustrate that the velocity tracking error
is also asymptotically stable (see Problem 6.6-3). We now use an example to
illustrate how the composite adaptive controller is formulated.



370 Adaptive Control of Robotic Manipulators

Table 6.6.1: Composite Adaptive Controller

Controller:
T=Y()o+ Kyé+ KyAe
Update Rule:
¢=PYT()(+Ae)+ PW () (f*7~W;()9)
where
Y ()¢ =M (g) (Ga+A&) + Vi (g,9) (du+ Ae) + G (9) + F (9)
P=—PWF ()W; ()P
Wi ()6 =1*[M(@d+Vm(add+G @) +F @)
f is the impulse response of a strictly proper stable filter.
Stability:

Tracking error e is asymptotically stable. Parameter error ¢ is
asymptotically stable if the infinite integral condition is satisfied.

EXAMPLE 6.6-3: Composite Adaptive Controller for a One-Link Robot Arm

It is desired to formulate the composite adaptive controller for the one-link
robot arm given in Figure 6.5.1. The torque control law is the same as that
given by Equation (2) in Example 6.5.1; therefore, all that need be done is the
formulation of the composite adaptive update rule. From Table 6.6.1, the
composite parameter update rules are

m = (PYi + BYig)r + (PiWs + PaWiia) 74 (1)

and

E?: (P;»Yu + P3Y12) r+ (PQW)']_]_ -+ P3Wf12) 77, (2)

where 7 is defined in (6.3.8), Yy, Yy, are defined in Example 6.5.1, and Py, P,
P;, Wp1, Wh,, 7rare defined in Example 6.6.2.
|
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6.7 Robustness of Adaptive Controllers

All of the adaptive control schemes discussed ensure asymptotic tracking of a
desired reference trajectory for the robot manipulator dynamics; however, in
reality we know that there will always be disturbances in any electromechanical
system. A simplistic way to take into account some sort of disturbance effect
is to add a bounded disturbance term to the manipulator dynamic equation.
With this additive disturbance term the robot equation becomes

T=M(q)§+Vm(0,9)4+G(q) + F(9) +Ta, (6.7.1)

where T, is an nx1 vector that represents an additive disturbance.

Applying the adaptive inertia-related control strategy and ignoring the
term T,in (6.7.1) gives the adaptive control scheme of Table 6.3.1. However,
if we reexamine the stability analysis given in Section 6.3 for the adaptive
inertia-related controller, we can see that a bounded disturbance term gives
us a different type of stability result for the tracking error. Specifically, with
the addition of the bounded disturbance term in (6.7.1), the derivative of the
Lyapunov function in (6.3.7) becomes

V=—orTKgo+rTT,. (6.7.2)

From (6.7.2) it is obvious that ¥ can no longer be taken to be negative
semidefinite. From our previous experience with Lyapunov stability theory, it
was desired to have V' be “negative”; therefore, it stands to reason that it
would be advantageous to find the region where V is negative in (6.7.2). By
the use of the Rayleigh-Ritz Theorem (see Chapter 1), we can write (6.7.2) as

V < =Amin (K} IFl? + il (1Tl (6.7.3)

From (6.7.3), a sufficient condition on the negativity of V" can be obtained.
That is, V will be negative if

T4l
r| > —m———.

lIrll S KL (6.7.4)

If (6.7.4) is satisfied, y is negative and V will decrease. If V decreases, then by

our definition of the Lyapunov function given in (6.3.7), » must eventually

decrease. However, if r decreases such that
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[ITall
lIrll < 53— (K] (6.7.5)
then V may become positive, which means that V will start to increase. If V
starts to increase, we gain insight into the problem by examining two
possibilities. One, the increase in V causes r to increase such that (6.7.4) is
satisfied. This means that V will start to decrease and hence r will eventually
decrease. If 7 increased and decreased in this fashion continually, then » and
¢ both remain bounded. The other possibility is that the increase in V causes
@ to increase while 7 stays small enough such that (6.7.5) is satisfied. For
this case, V remains positive; therefore, ¢ could continue to increase. If V
continues to increase in this fashion, 7 is bounded; however, ¢ and hence ¢
both become unbounded.

The argument above reveals that the parameter estimate in the adaptive
inertia-related control law may go unstable in the presence of a bounded
disturbance. That is, the parameter estimate may diverge under the
assumption that the robot model is given by (6.7.1). If the parameter estimate
becomes too large, we can see from Table 6.3.1 that the input torque will
start to grow and possibly saturate the joint motors; therefore, it would be
desirable to modify the adaptive controller to eliminate the possibility of
torque saturation.

EXAMPLE 6.7-1: Effects of Disturbance on Adaptive Control

In this example we simulate the same adaptive controller given in Example
6.3.1 with the same control parameters, initial conditions, and desired
trajectory; however, we have added the disturbance term

2 sin (10¢) ] o

Ta= [ 2 sin (10t)

to the two-link manipulator dynamics. The tracking error and parameter
estimates are illustrated in Figure 6.7.1. From the figure, note that for the
disturbance given by (1), the parameter estimates do not become unbounded;
however, the tracking error is no longer asymptotically stable.

|

Torque-Based Disturbance Rejection Method

To reject an additive disturbance term in the robot model, we illustrate
how the parameter estimates remain bounded if the torque control is
modified to be



6.7 Robustness of Adaptive Controllers 373

Position Errors
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Figure 6.7.1: Simulation of adaptive controller in the pressence of disturbance.

T =T, + kqsgn(r) (6.7.6)
where 7, is the torque control given in Table 6.3.1,

sgn (r) = [sgn(r1),sgn(rz),...,sgn (rﬂ,,)]T ; (6.7.7)

sgn(-) is used to denote the signum function, and k, is a scalar constant that
satisfies

ks > max {|Td,|} (6.7.8)
with Ty; representing the ith component of the 7x1 vector T, [Slotine and Li
1985(c)].

Applying the disturbance rejection controller given in (6.7.6), the derivative
of the Lyapunov function in (6.3.7) becomes

V= —rTK,r + 17Ty — karTsgn (r) . (6.7.9)
By noting that
|ri| = risgn (ri), (6.7.10)

(6.7.9) can be written as
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n
V< —rTKyr + ) |r| (ITwil — ka) - (6.7.11)

i=1
By utilizing (6.7.8), we can write (6.7.11) as
V < —rTK,r. (6.7.12)

The same arguments as in Section 6.6 can be used to show that the position
tracking error is asymptotically stable while the velocity tracking error and
the parameter estimate are bounded.

EXAMPLE 6.7-2: Disturbance Rejection for a Two-Link Robot Arm

In this example we simulate the modified adaptive controller given in (6.7.6)
with the same control parameters, initial conditions, and desired trajectory as
in Example 6.3.1 and also with the disturbance given in Example 6.7.1. The
modified torque controller is given by

7L = Ta1 + kasgn (A1e; + é1) (1)
and
Ty = Ta2 + kasgn (Azez + €32), (2)

where 7,;, and 7,, are the same adaptive torque controllers given in
Example 6.3.1, Ay, and A, are the same scalar constants defined in Example
6.3.1, and

kg = 2.2. 3)

Note that k, has been chosen to satisfy the condition given in (6.7.8) and
that the update laws are the same as those given in Example 6.3.1. The
tracking error and parameter estimates are illustrated in Figure 6.7.2. From
the figure we note that the parameter estimates remain bounded; furthermore,
the tracking error is now asymptotically stable even in the presence of a
disturbance. It is important to note that for the theoretical development given
for the torque-based disturbance rejection method above, we only guaranteed
the velocity tracking error to be bounded.

|
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Estimator-Based Disturbance Rejection Method

In [Reed and Ioannou 1988] a modified version of the o-modification [[oannou
and Tsakalis 1985] to the adaptive inertia-related control algorithm [Slotine
and Li 1985(a)] was introduced to compensate for unmodeled dynamics and
bounded disturbances in the robot model. In this method the torque control is
the same as that given by Table 6.3.1; however, the adaptive update rule is
modified to be

¢=TYT()r -0, (6.7.13)
Position Errors
rad 0.1
S€cs
0.3 T T T T )
0 1 2 3 4 5
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Figure 6.7.2: Simulation of adaptive controller with disturbance rejection,

where
0 i lgll <o
oo =1 Ll if po < [I6l] < 200 (6.7.14)
1 if (|2l > 2¢0
and
@0 > llell. (6713)

With the update rule (6.7.13), Reed showed that the tracking error could be
confined to a residual set and that all closed-loop signals are bounded.

As we have shown, a bounded disturbance can cause the parameter estimates
to go unstable. The update rule given by (6.7.13) is intended to remedy this
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problem by regulating on-line the size of the parameter estimates. This is
done by the scalar design constant ¢,. That is, by checking the size of the
parameter estimates against ¢, the parameter estimates are forced to remain
bounded by using this new update rule. One can see clearly that if ||§||<¢,, the
update rule is the same as that given by Table 6.3.1. In other words, if the
parameter estimates do not get too large, the controller is the same as the
adaptive inertia-related controller. On the other hand, if parameter estimates
get too large, the adaptive update rule is modified to ensure that the parameter
estimates remain bounded. How this o-modification accomplishes this task is
now discussed.

To motivate how the update rule given in (6.7.13) was formulated, examine
the case when ||@[|>@,. This is the stabilizing part of the update rule. That is,

if the parameter estimates become too large, the update rule switches to
p=TYT()r-¢, (6.7.16)
or in terms of the parameter error,
==-TYT()r—@+e. (6.7.17)
We now reexamine the stability analysis given in Section 6.3 for the adaptive
inertia-related controller with the parameter update rule given by (6.7.16).

Specifically, with the addition of the bounded disturbance term in (6.7.1), the
derivative of the Lyapunov function in (6.3.7) becomes

V=—alKsr—-@¢ T lo+rTTs+ @ Ty (6.7.18)
or
V=—2TK*z + 27T}, (6.7.19)

where

" K 0 - T,
m:[;],K = 0" [‘"}’ and sz[l’“ip]’ (6.7.20)

By the use of the Rayleigh-Ritz Theorem (see Chapter 1), we can write
(6.7.19) as

V < ~Auin {K*}|2I|* + l|zl| | T3] (6.7.21)

From (6.7.21), V will be negative if
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T
llz|| > m“n f}‘l‘, (6.7.22)

It is important to note that the right-hand side of (6.7.22) is a constant;
therefore, if (6.7.22) is satisfied, V is negative, which causes V to decrease. If
V decreases, then by our definition of the Lyapunov function given in (6.3.7),
x must eventually decrease. However, if x decreases such that

T*
llzll < % (6.7.23)
then ¥ may be positive, which means that V will start to increase. The increase
in V causes x to increase such that (6.7.22) is satisfied. This means that V now
starts to decrease again and hence x eventually decreases. This argument
illustrates how x is bounded. If x is bounded, then from (6.7.20), r and ¥ are
bounded. Since 7 is bounded, standard linear control arguments can be used
to show that e and e are é bounded.

One last point is now discussed regarding the region ¢=||||<2¢,. for the
adaptive update rule given in (6.7.13). This part of the adaptive update rule
is used to ensure that there is a smooth transition between the adaptive
inertia-related update rule and the stabilizing portion of the update rule
given by (6.7.16). That is, this ensures that we do not obtain any
discontinuities in the parameter estimates, which could cause a large
discontinuity in the input torque. A large discontinuity is undesirable in the
input torque signal since this type of signal could cause the robot manipulator
to jerk violently.

6.8 Summary

In this chapter an account of several of the most recent adaptive control
results for rigid robots has been given. The intent has been to lend some
perspective to the growing list of adaptive control results for robot manipulators.
Some research areas, such as transient behavior, digital implementation, and
robustness to unmodeled dynamics, will no doubt be addressed in the future.
An issue that remains to be investigated is the comparison of the advantages
and disadvantages of the different servo and adaptive laws.

Some excellent adaptive control work with regard to robot manipulators
by other researchers is outlined in [Ortega and Spong 1988]. Since this is such
a well-studied field and there is limited space available in this chapter, we
apologize to anyone who has been left out.
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PROBLEMS

Section 6.2

6.2-1

Design and simulate the adaptive computed-torque controller given
in Table 6.2.1 for the two-link polar robot arm given in Chapter 2.

6.2-2  Find different positive-definite, symmetric matrices, P and Q from
that given in Example 6.2.2 that satisfy
ATP+PA=—-Q,
where
_| On In
=% &)
K,, K, are diagonal positive-definite matrices, and O,, I, represent
the nxn zero matrix and nxn identity matrix, respectively.
6.2-3: With the P and Q found in Problem 6.2-3, redo Problem 6.2-1 and
report the differences in the tracking error performance.
Section 6.3
6.3-1 Design and simulate the adaptive inertia-related controller given in
Table 6.3.1 for the two-link polar robot arm given in Chapter 2.
6.3-2  For the simulation given in Problem 6.3-1, run several simulations
with different values of the control parameters (ie., A, K,, I'), and
report the effects on tracking error performance.
6.3-3 Enumerate the the advantages of the adaptive controller given in
Table 6.3.1 over the adaptive controller given in Table 6.2.1.
6.3-4 Asgiven in (6.3.8), the filtered tracking error is defined by
r= Ae+é,
where A is a positive-definite diagonal matrix. Show that if
lim r (t) =0, then lim e(¢) =0and lim é(t) =0.
t—00 t—o0 t=ro0
Section 6.4
6.4-1 Design and simulate an adaptive controller for the two-link re volute

arm given in Example 6.3.1 with the PID servo law given in Example
6.4.3 and the adaptation law given in Example 6.4.1. Report any
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differences from that given in Example 6.3.1.

6.4-2 Redo Problem 6.4-1 with the proportional+integral adaptation law
given by Equations (6.4.20) and (6.4.21).

Section 6.5

6.5-1 Show analytically that g =sin ¢ in Example 6.5.2 is not persistently
exciting.

Section 6.6
6.6-1 Show that

F@)xh(@)=F(@t)*xh(t)+ fO) R(t) - f () R(0).

6.6-2 Simulate the composite adaptive controller given in Example 6.6.3
and report the effects on the tracking error of using different values
for P(0) and 4 (i.e., the pole of the filter used for the filtered regression
matrix).

6.6-3 Show how Barbalat’s lemma given in Chapter 1 can be used in the
proof of the composite adaptive controller to yield

tl_l}r& é(t)=0.
Section 6.7
6.7-1 Redo Problem 6.3-1 with the additive bounded disturbance

T, = [ 0.75 sin (3t) ] ,

0.25 cos (2t)

added to two-link polar robot arm dynamics given in Chapter 2.

6.7-2  Redo Problem 6.3-1 with the additive bounded disturbance given in
Problem 6.7-1 and with the term

kgsgn (r),

added to the adaptive controller. Run several simulations with different
values of k4, and report the effects on tracking error performance.



Chapter 7

Advanced Control
Techniques

In this chapter some advanced control techniques for the tracking control of
robot manipulators are discussed. The controllers that are developed in this
chapter address computational issues and the effects of actuator dynamics.
The analytical concepts and the control developments presented in this chapter
are in general more complex than those presented in the previous chapters;
therefore, it is bighly recommended that the previous chapters be studied
before examining this new material.

7.1 Introduction

As research in robot control has progressed over the last couple of years,
many robot control researchers have begun to focus on implementational
issues. That is, implementational concerns, such as the reduction of on-line
computation and the effects of actuator dynamics, are causing researchers to
rethink the previous theoretical development of robot controllers so that these
concerns are addressed. This constant retooling of the previous control
development to coincide with the implementational restrictions is how previous
progress in robot control research has proceeded. Utilizing this concept of
forcing the theoretical development to satisfy implementational restrictions,
we illustrate how some researchers have begun to address problems such as
reducing on-line computation and compensating for the effects of actuator
dynamics.

383
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7.2  Robot Controllers with Reduced On-Line
Computation

In this section we examine the robot controllers designed by Sadegh and
coworkers [Sadegh and Horowitz 1990], [Sadegh et al. 1990]. We separate
these controllers from related work since this work addresses the extremely
relevant implementation issue of on-line controller computation. Specifically,
this adaptive controller reduces on-line computation as opposed to other
control techniques, such as the adaptive controllers presented in Chapter 6.
Following the development of the adaptive controller research, a “repetitive”
controller is also presented. This repetitive controller also reduces online
computation.

Desired Compensation Adaptation Law

One of the disadvantages of the adaptive controllers in Chapter 6 is that the
regression matrix (e.g., the matrix Y(-) in the adaptive inertia-related controller)
used as feedforward compensation must be calculated on-line. The regression
matrix must be calculated on-line since it depends on the measurements of the
joint position and velocity (i.e., ¢ and g). For the simple two-link robot
controller given in Example 6.3.1, it is evident that online calculation of Y(-)
is computationally intensive. As one can imagine, on-line computation of the
regression matrix can be very computationally intensive if one desires to
control a robot manipulator with many degrees of freedom.

To eliminate the need for on-line computation of the regression matrix, we
will now examine the desired compensation adaptation law (DCAL) [Sadegh
and Horowitz 1990]. The DCAL eliminates the need for on-line computation
of the regression matrix by replacing g and g with the desired joint position
and velocity (i.e., gsand q,). That is, the DCAL regression matrix only depends
on desired trajectory information; therefore, the DCAL regression matrix can
be calculated a priori off-line. Of course, this modification of the regression
matrix forces us to reexamine the adaptive control design and the corresponding
stability analysis.

For purposes of control design in this section, we assume that the robotic
manipulator is a revolute manipulator with dynamics given by

T=M(q)§+Vm(q,9) 4+ G (9 + Faq, (7.2.1)

where F; is a nxn positive-definite, diagonal matrix that is used to
represent the dynamic coefficients of friction, and all other quantities
are as defined in Chapter 3. As in other chapters, we define the joint
tracking error to be
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e=q,-q. (7.2.2)

As explained in Chapter 6, adaptive control of robot manipulators involves
separating the known time functions from the unknown constant parameters.
For example, recall that this separation of parameters from time functions for
the adaptive inertia-related controller is given by

Y()o=M(q)(Ga+é)+ V(a4 (da+e)+G(q)+ Fag, (7.2.3)

where Y(:) is an nxr regression matrix that depends only on known time
functions of the actual and desired trajectory, and ¢is an rx1 vector of unknown
constant parameters. (Note that A defined Table 6.3.1 is taken to be the
identity matrix.)

In the DCAL, this separation of parameters from time functions is given by

Y ()¢ = M (q4) da + Vin (44, 4a) 4a + G (¢a) + Faqa, (7.2.4)

where Y,(-) is an nxr regression matrix that depends only on known functions
of the desired trajectory. Note that if we substitute g4 and g, for g and g
respectively, into (7.2.3), the regression matrix formulation given by (7.2.3)
is equivalent to that given by (7.2.4).

Utilizing the regression matrix formulation given in (7.2.4), the DCAL is
formulated as

T=Y1 () @+ kot + kpe + kg |l€]| *r, (7.2.5)

where k,, k,, k, are scalar, constant, control gains, ¢ is the rx1 vector of
parameter estimates, and the filtered tracking error is defined as

r=e+eé. (7.2.6)
The corresponding DCAL parameter adaptive update law is
p=-p=TYF()r, (7.2.7)

where I is an rx7 positive definite, diagonal, constant, adaptive gain matrix,
and the parameter error is defined by

G =p—p. (7.2.8)

Note that the DCAL given by (7.2.5) is quite similar to adaptive controllers
discussed in Chapter 6 with the exception of the term k,llel*r in (7.2.5). It
turns out that this additional term is used to compensate for the



386 Advanced Control Techniques

difference between Y(-)¢p and Y,(-)p given in (7.2.3) and (7.2.4), respectively.
As shown in [Sadegh and Horowitz 1990], this difference between the actual
regression matrix and the desired regression matrix formulations can be
quantified as

[7[] < G llell + G llel® + G il + Ca il el (7.2.9)

where

Y=Y e-Yi()p (7.2.10)

and {4, {5, {3, and {4 are positive bounding constants that depend on the
desired trajectory and the physical properties of the specific robot configuration
(i.e., link mass, link length, friction coefficients, etc.).

To analyze the stability of the controller given by (7.2.5), we must form
the corresponding error system. First, we rewrite (7.2.1) in terms of Y(:)¢ and
r defined in (7.2.3) and (7.2.6), respectively. That is, we have

M Q)i =~V (g, @) +Y (Vo — 7. (7.2.11)

Adding and subtracting the term Y,(-)¢ on the right-hand side of (7.2.11)
yields

M(Q)i =~V (@, Q)r+Ys()p+Y -, (7.2.12)

where Y is defined in (7.2.10). Substituting the control given by (7.2.5) into
(7.2.12) yields the error system

M(q)F ==V (q,4) 1 — kor — kpe — ko |le]|>r + Ya () g+ Y,  (7.2.13)
where @ is defined in (7.2.8).

We now analyze the stability of the error system given by (7.2.13) with the
Lyapunov-like function

V =Y TM (q)r + fokpeTe + 15T T 1. (7.2.14)
Differentiating (7.2.14) with respect to time yields
V = 1rTM (q)r +1TM ()7 + kpeTé + @TT71%  (7.2.19)

since scalar quantities can be transposed. Substituting (7.2.13) into (7.2.15)

fields
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V =kyeTé — kyrTr — kyrTe — ko |le|* rTr + 7 TY
+ 1™ (M (g) = 2Vm (4,0)) 7+ TT 2 + 17 ¥a () 5. (7.2.16)
By utilizing the skew-symmetric property (see Chapter 3) and the update
law in (7.2.7), it is easy to see that the second line in (7.2.16) is equal to

zero, therefore, by invoking the definition of 7 given in (7.2.6), (7.2.16)
simplifies to

V = —kpeTe — korTr — ky |le]]” rTr +rTY. (7.2.17)
From (7.2.17), we can place an upper bound on V in the following manner:

V < kel = ko lIrl* = K llel” Il + 1|7 (72.18)

A new upper bound on ¥ can be obtained by substituting (7.2.9) into (7.2.18)
to yield
V < =Ky llell” = ko Irll® = ka llell® IFl1* + G llel) lIr]
+ G llel el + G Il + Ga il el (7.2.19)

By rearranging the second line of (7.2.19), it can be written as

V < —kyllell® = ko lIrl* = ka llel® el + Collell il
— G llell® 12 = Irl? = Callrll? [1/2 ~ lell)?
+ (G2 + Ca) llell® IrlI® + (C2/4) llell® + (Cs + Ca/4) |Irll* - (7.2.20)

After collecting common terms in (7.2.20), it can be rewritten as

V <= (kp = /D lelf* = (ko — G = Ca/A) |IFl1” + G llell i)
= G llell® 2 = 1Pl = Ca llrl)? 12 = lell)?
— (ko — G2 — Ca) lel)? IIr1]? - (7.2.21)

By noting that if the control gain k, is adjusted in accordance with

ko > (o + (4, (7.2.22)
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we can see that the terms on the second line of (7.2.21) will all be negative;
therefore, we can obtain the new upper bound on V.

V < —(kp = G/ |lel® = (ks = G = G/ Irl® + G llell Irl] - (7.2.23)

By rewriting (7.2.23) in the matrix form
V < —zTQx, (7.2.24)

where

= [ kp—G2/4 —1/2 _ T lell
e=| ") kv—cs—c4/4} and ””‘[nrn]’

we can establish sufficient conditions on k, and k, such that the matrix ¢J in
(7.2.24) is positive definite. Specifically, by using the Gerschgorin theorem
(see Chapter 2), we can see that if

kp > G/2+ (/4 (7.2.25)
and

ky > (1/2+ Cs + Ca/4, (7.2.26)

the matrix Q defined in (7.2.24) will be positive definite; therefore, V will be
negative semidefinite.

We now detail the type of stability for the tracking error. First, since V
is negative semidefinite, we can state that Vis upper bounded. Using the
fact that Vis upper bounded, we can state that e, &, 7, and @ are bounded.
Since e, €, 7, and ¢ are bounded, we can use (7.2.13) to show that #, §,
and hence V in (7.2.17) are bounded. Second, note that since M(q) is
lower bounded as delineated by the positive-definite property of the inertia
matrix (see Chapter 3), we can state that V given in (7.2.14) is lower
bounded. Since V is lower bounded, V is negative semidefinite, and V' is
bounded, we can use Barbalat’s lemma (see Chapter 2) to state that

lim V = 0.
Therefore, from the argument above and (7.2.24), we know that
lim | €| =0
Jim | =0, (7.2.27)

From (7.2.27), we can also determine the stability result for the velocity
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tracking error. Specifically, from (7.2.6), note that 7 is defined to be a stable
first-order differential equation in terms of the variable ¢; therefore, by standard
linear control arguments, we can write

lim é = 0. (7.2.28)

t—ro0

This result informs us that if the controller gains are selected according to
(7.2.22),(7.2.25), and (7.2.26), the tracking errors e and & are asymptotically
stable. From the analysis above, all we can say about the parameter error is
that it remains bounded. The adaptive controller just derived is summarized
in Table 7.2.1 and depicted in Figure 7.2.1.

Table 7.2.1: DCAL Controller

Torque Controller:
T =Yy () @+ kor + kpe + Ko |le]*
where
Ya () = M (qd) Ga + Vin (¢a,4d) Ga + G (9a) + Fada
r=e+é.
Update Rule:
¢=TY]()r
Stability:

Tracking error e and € are asymptotically stable. Parameter estimate
¢ is bounded.

Comments: Controller gains k,, kp, and k, must be sufficiently large.

After glancing through Table 7.2.1, we can see that as opposed to the
adaptive inertia-related controller, the DCAL has the obvious advantage of
reduced on-line calculations. Specifically, the regression matrix Y,(-) depends
only on the desired trajectory; therefore, the regression matrix can be calculated
off-line. We now present an example to illustrate how Table 7.2.1 can be used
to design adaptive controllers for robotic manipulators.



390 Advanced Control Techniques

‘.id —rrrereeeee—} ﬂ . .
. T }—b— q
9 ——— erT’ do + Robot

d d LT

9a —=@ (Ydo)

L
5

Figure 7.2.1: Block diagram of DCAL controller.

EXAMPLE 7.2-1: DCAL for the Two-Link Arm

We wish to design and simulate the DCAL given in Table 7.2.1 for the
two-link arm given in Figure 6.2.1. (The dynamics for this robot arm are
given in Chapter 3.) Assuming that the friction is negligible and the link
lengths are exactly known to be of length 1 m each, the DCAL can be
written as

7 = Y11y + Yiaha + kyry + kper + kg |lef] 2 (1)
and

Ty = Yar7y + Yaomg + kyo + kpea + kg |le]| 212, (2)

where r1 = ey + €1, 72 = ez + €3, and ||e||? = €2 + €2.

In the expression for the control torques, the regression matrix Y(+) is
given by

Yii. Y } 3)

Yy (da, 4a,9q) = { Yo Yo
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where

Yi1 =l3Ga1 + higcos{gam), (4)
Yip = (I3 + 2l1dz cos (gaz) + i3) Gar + (I3 + 1112 cos (qaz)) Gao
— b1y sin (Qa2) Gaagar — lLilo sin (g2} (a1 + Gaz) daz

+ l2g cos (g1 + quz) + ligcos (ga1) , (5)
Y2 =0, (6)
Yoo = (hilz cos (ga2) + 13) G + B3éias + Lil2 sin (ga2) 45

+ 129 cos (ga1 + gaz) - (7)

Formulating the adaptive update rule as given in Table 7.2.1, the
associated parameter estimate vector is

. [
[z
with the adaptive update rules
iy =1 [Yirry + Yaira) ®)
and
iy = ¥z [Yiar1 + Yaors). 9)

For 71,=0.8 kg and 11,=2.3 kg, the DCAL was simulated with

kazkv:kp=50: T =72 = 20,

1 (0) =2 (0) = ¢1 (0) = g2 (0) = ¢1 (0) = 42 (0) = 0,
and

gd1 = gq2 = sin ¢.

The tracking error and mass estimates are depicted in Figure 7.2.2. As
illustrated by the figure, the tracking error is asymptotically stable, and the
parameter estimates remain bounded.
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Repetitive Control Law

In many industrial applications, robot manipulators are used to perform the
same task repeatedly. For example, a robot may be required to paint the same
assembly-line part over and over again. As one can imagine, the desired
trajectory for this painting operation would be a periodic function. That is,
after the desired trajectory has been generated for painting the first part (i.e.,
the first “trial”), the same desired trajectory should be followed in a repetitive
fashion for painting the next part (i.e., the next “trial”).

If a control strategy does not take into account the nature of a repetitive
operation, mistakes made along the first trajectory will be repeated from trial
to trial. Therefore, one is motivated to design a controller that utilizes the
tracking error measurements in the present trial to improve the tracking
performance in the next trial. These types of controllers are often referred to
as “learning” or repetitive controllers. The term “learning controller” is used
to emphasize the fact that the controller attempts to learn the repeat able part
of the manipulator dynamics.

Position Errors
0.04
rad 0
—0.04 SECS
| T
0 1 2 3 4 5

1 Velocity Errors

rad/s ¢
-1 secs
I T | -1 I ]
0 1 2 3 4 3
20 Mass Estimates
10
K,
L
-1 $ecs
1 I I T T I
0 1 2 3 4 5

Figure 7.2.2: Simulation of DCAL controller.

To motivate the design of the repetitive control law (RCL) [Sadegh et al.
1990], we note that the dynamics given by

uq (t) = M (qa) Ga + Vim (@4, 4a) 4a + G (ga) + Fada (7.2.29)
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are repeatable if the desired trajectory is periodic. That is, even though there
may be unknown constant parametric quantities in (7.2.29), the signal
represented by the nx1 vector u,(#) will be periodic or repeatable. Therefore,
in the subsequent discussion, we assume that the desired trajectory is periodic
with period T. This periodic assumption on the desired trajectory allows us to
write

uy(t)=11,(t-T) (7.2.30)

since the dynamics represented by u,(#) depend only on periodic quantities.
Utilizing the repeatability of the dynamics given by (7.2.29), the RCL is
formulated as

T = Qg (t) + kot + kpe + ko |je]| 2p, (7.2.31)
where the 7x1 vector #,(t) is a learning term that is used to compensate for the
repeatable dynamics #,(t), and all other quantities are the same as those defined
for the DCAL. The learning term #,(z) is updated from trial to trial by the
learning update rule

g (t) = Bq (t - T) + krr, (7.2.32)
where k; is a positive scalar control gain.
As done similarly in the adaptive control development, we will write the
learning update rule given in (7.2.32) in terms of the learning error, which is
defined as

g (t) = uq (t) — Ga (t) . (7.2.33)

Specifically, multiplying (7.2.32) by -1 and then adding #,(¢) to both sides of
(7.2.32) yields

Ud (t) — g (t) = uqg (t) — G4 (t— T) = krr. (7.2.34)

By utilizing the periodic assumption given by (7.2.30), we can write (7.2.34)
as

ug(t) =g (t) =uqg(t —T) — g (t-T)—kpr, (7.2.35)
which gives the learning error update rule
ag(t) =aq(t—T) — kv, (7.2.36)

where i4(t) is defined in terms of (7.2.33).
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Before we analyze the stability of the controller given in (7.2.31), we will
form the corresponding error system. First, we rewrite (7.2.1) in terms of r
defined in (7.2.6). That is, we have

M(q)7 ==V (g, @) +us(t) — 7, (7.2.37)

where the nx1 vector u,(t) is used to represent the “actual manipulator
dynamics” given by

Ug (£) = M () (Ga + &) + Vin (¢,4) (da + €) + G (q) + Fug. (7.2.38)
Adding and subtracting the term #,(#) on the right-hand side of (7.2.37) yields
M(q)7=-Vm(g,@)r +ua(t) + U — T, (7.2.39)

where U is defined as
U =g (t) —ug (t). (7.2.40)

As shown similarly in [Sadegh and Horowitz 1990], this difference between
the actual manipulator dynamics (i.e., #,(#)) and the repeatable manipulator
dynamics (i.e., #4(t)) can be quantified as

0] < clleli + o el + Gallll + Gl el (7241)

where {1, {5, {3, and {, are positive bounding constants that depend on the
desired trajectory and the physical properties of the specific robot configuration
(i.e., link mass, link length, friction coefficients, etc.).

The last step in forming the error system is to substitute the control given
by (7.2.31) into (7.2.39) to yield

M(q)7 ==V (g,9)r — kor — kpe — kg ||e]| >r + i1q (t) + U.(7.2.42)

We now analyze the stability of the error system given by (7.2.42) with the
Lyapunov-like function

t

1 1 1
V=crTM(g)r+ “kpeTe + — aX (0)ig (o) do. (7.2.43)
2 2 2%k J, 1

Differentiating (7.2.43) with respect to time yields
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N R
Vv =§rTM (@)r +7r" M (9)7 + kpeTe

+ ﬁ (@ (1)Ga (t) —dg (t-T)aa(t=T)).  (7.2.44)

Substituting the error system given by (7.2.42) into (7.2.44) yields

V =kpeTe — kyrTr — kyrTe — kg €] 2rTr + 70

+ 577 (¥ @) = 2 (0,0)) r 4+ 770 (1)

+ ﬁi} (G M aa(t) -7 ¢ -T)aa(t-T)).  (7.2.45)

By utilizing the skew-symmetric property and the learning error update law
in (7.2.36), it is easy to show that the second line in (7.2.45) is equal to

—1/2kLrTr.

Therefore, by invoking the definition of r given in (7.2.6), (7.2.45) simplifies
to

V = —kpeTe — (ky + 1okp) rTr — ko ||e]| >rTr + 770, (7.2.46)
From (7.2.46) we can place an upper bound on in the following manner:

V < <y llell® = (ko + /aki) irl> = ko llell* Il + 1l O]+ (7.2.47)

The rest of the stability argument is a modification of the stability argument
presented in the preceding section for the DCAL. Specifically, we first note
that (7.2.18) and (7.2.47) are almost identical since ¥ in (7.2.18) and {7 in
(7.2.47) are bounded by the same scalar function. After one retraces the steps
of the DCAL stability argument, we can see that the controller gains &, and &,
should still be adjusted according to (7.2.22) and (7.2.25), respectively.
However, the controller gain k,, is adjusted in conjunction with the controller
gain k; to satisfy

kv + 1ok > (1/2+ (3 + (4 /4 (7.2.48)

where {, 5, {3, and {, are defined (7.2.41). If the controller gains are adjusted
according to (7.2.22), (7.2.25), and (7.2.48), then from the analytical
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development given for the DCAL (i.e., (7.2.18) to (7.2.24)) and (7.2.47), we
can place the new upper bound on V:

V< ~hallall, (7.2.49)

where A; is a positive scalar constant given by A,.,.{Qo},

[ k- Go/d > T el
Q=1 "2 kot ks~ G- Ca/d } yand & = [ Ir]| ] '

We now detail the type of stability for the tracking error. First note that
from (7.2.49), we can place the new upper bound on V:

V< =xsllrlf?, (7.2.50)

which implies that

/oo V(o)do < =X /co lIr (o) do. (7.2.51)
0 0

Multiplying (7.2.51) by -1 and integratisg the left-hand side of (7.2.51) yields

V(0) -V (00) > Aa /0 i (0)]2do (7.2.52)

Since V is negative semidefinite as delineated by (7.2.49), we can state that V
is a nonincreasing function and therefore is upper bounded by V(0). By recalling
that M(q) is lower bounded as delineated by the positive-definite property of
the inertia matrix, we can state that V given in (7.2.43) is lower bounded by
zero. Since V is nonincreasing, upper bounded by V(0), and lower bounded by
zero, we can write (7.2.52) as

A3 /w lIr (o)||Pdo < o0 (7.2.53)
0

or

/oo lir (0)|Pdo < oo. (7.2.54)
]

The bound delineated by (7.2.54) informs us that r € L (see Chapter 2),
which means that the filtered tracking error 7 is bounded in the “special” way
given by (7.2.54).



7.2 Robot Controllers with Reduced On-Line Computation 397

To establish a stability result for the position tracking error e, we establish
the transfer function relationship between the position tracking error and the
filtered tracking error 7. From (7.2.6), we can state that

e(s)=G(s)r(s), (7.2.55)
where s is the Laplace transform variable,
G (s)=(sl+1), (7.2.56)

and I is the nxn identity matrix. Since G(s) is a strictly proper, asymptotically
stable transfer function and r € L, we can use Theorem 2.4.7 in Chapter 2 to

state that

Jim e = 0. (7.2.57)

Therefore, if the controller gains are selected according to (7.2.22), (7.2.25),
and (7.2.48), the position tracking error e is asymptotically stable. In accordance
with the theoretical development presented in this section, all we can say
about the velocity tracking error e is that it is bounded. It should be noted that
if the learning estimate ,(¢) in (7.2.32) is “artificially” kept from growing,
we can conclude that the velocity tracking error is asymptotically stable [Sadegh
et al. 1990]. The stability proof for this modification is a straightforward
application of the adaptive control proofs presented in Chapter 6.

The repetitive controller examined in this section is summarized in Table
7.2.2 and depicted in Figure 7.2.3. After glancing through Table 7.2.2, we
can see that the RCL requires very little information about the robot being
controlled as opposed to adaptive controllers that required the formulation of
regression-type matrices. Another obvious advantage of the RCL is that it
requires very little on-line computation. We now present an example to illustrate
how Table 7.2.2 can be used to design repetitive controllers for robot
manipulators.

EXAMPLE 7.2-2: RCL for the Two-Link Arm

We wish to design and simulate the RCL given in Table 7.2.2 for the two-link
arm given in Figure 6.2.1. (The dynamics for this robot arm are given in
Chapter 3.) From Table 7.2.2, the RCL can be written as

T1 = Qa1 + kor1 + kpe1 + ko |lel] 2r (1)

and
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Table 7.2.2: RCL Controller

Torque Controller:
T = Qg+ kot + kpe + ko ||e]| *r
where
r=e+eée.
Learning Update Rule:
Ug(t) =g (t —T) + krr
Stability:
Tracking error e is asymptotically stable. Tracking error é is bounded.

Comments: Desired trajectory must be periodic with period T',
and the controller gains k,, kp, kr, and k, must be sufficiently large.

Ty = Gaz + koTa + kpea + kg |le]| 2,

where 7, = ey + €1, T2 = ez + é3, and |le||* = €% + €2. 2
Formulating the learning update rule as given in Table 7.2.2 yields
g1 (t) =gy (¢ = T) + k1 (3)
and
Ugo (t) = Ggo (t = T) + k2. (4)

For m,=0.8 kg, m,=2.3 kg, and nk lengths of 1 m, the RCL was simulated
with

k,=h,=k,=k,=50, T=2p,

q1(0) = ¢2(0) = ¢1 (0) = ¢2 (0) = 0,

and
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gd1 = q42 = sint.

The position and velocity tracking error is depicted in Figure 7.2.4. As
illustrated by the figure, the position and velocity tracking error are both
asymptotically stable; however, in accordance with the theoretical development
in this subsection, we are only guaranteed that the position tracking error will
be asymptotically stable.

|
T —= Memory
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ud(r—T) ud(.r) 'r | ¢
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£
éd o +
o/ e
+ -
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Figure 7.2.3: Block diagram of RCL.

7.3 Adaptive Robust Control

In Chapter 6 we discussed the use of adaptive controllers for the tracking
control of robot manipulators. One of the attractive features of the adaptive
controllers is that the control implementation does not require a priori
knowledge of unknown constant parameters such as payload masses or friction
coefficients. Two disadvantages of the adaptive controllers are that large
amounts of on-line calculation are required, and the lack of robustness to
additive bounded disturbances.
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Figure 7.2.4: Simulation of RCL.

In Chapter 5 we discussed the use of robust controllers for the control of
robot manipulators. Two of the attractive features of the robust controllers
are that on-line computation is kept to a minimum and their inherent robustness
to additive bounded disturbances. One of the disadvantages of the robust
control approach is that these controllers require a priori known bounds on
the uncertainty. In general, calculations of the bounds on the uncertainty can
be quite a tedious process since this calculation involves finding the maximum
values for the mass and friction related constants for each link of the robot
manipulator. Another disadvantage of the robust control approach is that
even in the absence of additive bounded disturbances, we cannot guarantee
asymptotic stability of the tracking error. In general, it would be desirable to
obtain at least a “theoretical” asymptotic stability result for the tracking
error.

In this section an adaptive robust controller is developed for the tracking
control of robot manipulators. The adaptive robust controller can be thought
of as combining the best qualities of the adaptive controller and the robust
controller. This control approach has the advantages of reduced online
calculations (compared to the adaptive control method), robustness to additive
bounded disturbances, no a priori knowledge of system uncertainty, and
asymptotic tracking error performance.

For purposes of control design in this section, we assume that the robotic
manipulator is a revolute manipulator with dynamics given by

T=M(Q) G+ Vm(q,9)¢+G(q) + Fag+ Fs (¢) + Ty, (7.3.1)

where F, is a nxn positive definite, diagonal matrix that is used to represent
the dynamic coefficients of friction, F5(g) is a n x 1 vector containing the
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static friction terms, T, is a nx1 vector representing an unknown bounded
disturbance, and all other quantities are as defined in Chapter 3.

The adaptive robust controller is very similar to the robust control strategies
discussed in Chapter 5 in that an auxiliary controller is used to “bound” the
uncertainty. Recall from Chapter 5 that the robust controllers bounded the
uncertainty by using a scalar function that was composed of tracking error
norms and positive bounding constants. For example, suppose that the dynamics
given by

w =M (q) (4a+ &)+ Vi (9,4) (da + €) + G (q) + Fag + F (§) + T, (7.3.2)

represent the uncertainty for a given robot controller. That is, the dynamics
given by (7.3.2) are uncertain in that payload masses, coefficients of friction,
and disturbances are not known exactly. It is assumed; however, that a positive
scalar function p can be used to bound the uncertainty as follows:

p > |lw]l. (7.3.3)

As delineated in [Dawson et al. 1990], the physical properties of the robot
manipulator can be used to show that the dynamics given by (7.3.2) can be
bounded as

p =00+ 81 lell + 5z lle|l” > [wll, (7.3.4)

where

€
e= [ . } (7.3.5)

and &, 8;, and &, are positive bounding constants that are based on the largest
possible payload mass, link mass, friction coefficients, disturbances, and so on.

In general, the robust controllers presented in Chapter 5 required that the
bounding constants defined in (7.3.4) be formulated a priori. The adaptive
robust controller that will be developed in this section “learns” these bounding
constants on-line as the manipulator moves. That is, in the control
implementation, we do not require knowledge of the bounding constants;
rather, we only require the existence of the bounding constants defined in
(7.3.4).

Similar to the general development presented in [Corless and Leitmann
1983], the adaptive robust controller has the form

T = K,,T‘+’UR, (736)
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where K, is a nxn diagonal, positive-definite matrix, 7 (the filtered tracking
error) is defined as in (7.2.6), and v is a nx1 vector representing an auxiliary
controller. The auxiliary controller v; in (7.3.6) is defined by

2
rp
VR = ———, (7.3.7)
B Bl +e
where
E = —ksé‘, E(O) > 0, (7.3.8)

k. is a positive scalar control constant, 2 is a scalar function defined as
p =80+ b lel| + b2 |Jel|?, (7.3.9)

and §y, §;, and 4, are the dynamic estimates of the corresponding bounding
constants 8y, 8;, and 8, defined in (7.3.4). The bounding estimates denoted by
“* are changed on-line based on an adaptive update rule. Before giving the
update rule, we write (7.3.9) in the more convenient form

p =56, (7.3.10)
where

S=[1 el lef’] and 6=[& & 6 ]T

The actual bounding function p given in (7.3.3) can also be written in the
matrix form

p =56, (7.3.11)

where
8=[6 & &] .

Note the similarity between the regression matrix formulation in the adaptive
approach (see Chapter 6) and the formulation given by (7.3.10). Specifically,
the 1x3 matrix S resembles a “regression matrix,” and the 3x1 vector @
resembles a “parameter estimate vector.”

The bounding estimates defined in (7.3.10) are updated on-line by the
relation

6 =~ST ||r], (7.3.12)

where 7 is defined in (7.2.6), S is defined in (7.3.10), and y is a positive scalar
control constant. For convenience, we also note that since 8, 8,, and 8, defined
in (7.3.4) are constants, (7.3.12) can be written as
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8= —ST|Ir| (7.3.13)
since we will define the difference between 6 and 8 as
d=0-4. (7.3.14)

We now turn our attention to analyzing the stability of the corresponding
error system for the controller given in (7.3.6). Substituting the controller
(7.3.6) into the robot Equation (7.3.1) gives the error system

M(q)7 = —Vm(g,4)r — Kyr +w — vg, (7.3.15)

where w is defined in (7.3.2).
We now analyze the stability of the error system given by (7.3.15) with the
Lyapunov-like function

V =M (q) 7 + /8T8 + K e (7.3.16)
Differentiating (7.3.16) with respect to time yields
V=1YurTM(q)r +rTM(¢) 7 + §T7‘1§ + ke (7.3.17)

since scalar quantities can be transposed. Substituting (7.3.13) and (7.3.15)
into (7.3.17) yields

V=—rTK,r —SO|r|| + 7T (w - vg) + k¢

+ 1orT (M (q) = 2Vim (g, 4)) r (7.3.18)

By utilizing the skew-symmetric property, it is easy to see that the second line
in (7.3.18) is equal to zero. From (7.3.18), we can use (7.3.3) and (7.3.11) to
place an upper bound on V in the following manner:

V < —rTK,r - SO|r|| + SO|Ir|| — rTvr + k. 6. (7.3.19)
Substituting (7.3.7), (7.3.8), (7.3.10) and (7.3.14) into (7.3.19), we obtain
2
rTr (50)

S N (7.3.20)
Sé|rll + ¢

V< —rTK,r —e+ S6|r|| -

which can be written as
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N 2
Irli* (s6)
SOl +¢’

V< —rTK,r—c+ SO|r|| - (7.3.21)

Obtaining a common denominator for the last two terms in (7.3.21) enables
us to write (7.3.21) as

€S |ir||

V< —rTK,r - ——
SO||r|| + e

(7.3.22)

Since the sum of the last two terms in (7.3.22) is always less than zero, we can
place the new upper bound on V:

1%4 < —TK,r (7.3.23)

We now detail the type of stability for the tracking error. First, note from
(7.3.23) that we can place the new upper bound on V:

V < = Amin {Ka}Ir)1? - (7.3.24)

As illustrated for the RCL in the preceding section, we can use (7.3.24) to
show that all signals are bounded and thatr € L% (see Chapter 2). Following
the RCL stability analysis, we can use (7.2.6) to show that the position tracking
error (e) is related to the filtered tracking error by the transfer function
relationship

e(s)=G(s)r(s), (7.3.25)

where s is the Laplace transform variable and G(s) is a strictly proper,
asymptotically stable transfer function. Therefore, we can use Theorem 2.4.7
in Chapter 2 to state that

lim e = 0. (7.3.26)

t—o0

The result above informs us that the position tracking error e is asymptotically
stable. In accordance with the theoretical development presented in this section,
we can only state that the velocity tracking error e and the bounding estimates
@ are bounded. It should be noted that in [Corless and Leitmann 1983], a
more complex theoretical development is presented that proves the velocity
tracking error is asymptotically stable. However, in the interest of brevity
this additional information is left for the reader to pursue.
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Table 7.3.1: Adaptive Robust Controller

Torque Controller:

A2
. T
7= Kor G

pesi= P[22

r=e+eé, and €= —k.e

where

2}[30 5 61"

Bounding Estimate Update Rule:
6 =ST|r|
Stability:

Position tracking error e is asymptotically stable. Bounding estimate
@ and velocity tracking error é are bounded.

Comments:The adaptive robust controller can compensate for bounded
disturbances with no modification.

The adaptive robust controller derived in this section is summarized in
Table 7.3.1 and depicted in Figure 7.3.1. We now present an example to
illustrate how Table 7.3.1 can be used to design adaptive robust controllers
for robot manipulators.

EXAMPLE 7.3-1: Adaptive Robust Controller for the Two-Link Arm

We wish to design and simulate the adaptive robust controller given in Table
7.3.1 for the two-link arm given in Figure 6.2.1. (The dynamics for this robot
arm are given in Chapter 3.) To model friction and disturbances, the dynamics

241 + 0.5sgn (¢1) + 0.2 sin (3¢) (1)

and
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2go + 0.5sgn (¢2) + 0.2 sin (3¢) (2)

were added to 71 and 73 respectively, in the two-link robot model.
We can now use Table 7.3.1 to formulate the adaptive robust controller as

T = kyry + 11 P 3

: Al +< O
and

=k r2+r2/32;———, 4

v Al +< @

where Ky = k,J, 11 = e1 + €1, ry = €3 + €9, € = —keg, and ||| =

i+,

In the expression above for the control torques, the bounding function 2 is
given by

) . s A a 4T
p=50=11 lell llef*][d & & ], ()
where||e|| = \/ef + €2 + €2 + é2.From Table 7.3.1, the associated bounding
estimates are updated in the fashion
So=7(r), dr=nllellllrll, and b>=r|elfIr|. ()

For m,=0.8 kg, m,=2.3 kg, and link lengths of 1 m each, the adaptive
robust controller was simulated with the control parameters, initial conditions,
and desired trajectory given by

k, =50, y=5 ¢e(0)=1 k =1, & (0)=20,
1 (0) = g2 (0) = ¢1 (0) = g2 (0) = §; (0) = &, (0) =0,

and

Gd1 = qq2 = sint.
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The tracking error and mass estimates are depicted in Figure 7.3.2. As
illustrated by the figure, the position and the velocity tracking error are both
asymptotically stable, and the bounding estimates remain bounded. It should
be noted that from the theoretical development given in this section, we are
only guaranteed that the position tracking error is asymptotically stable while
all other signals remain bounded.

E=—k.E

S vsT Iiridery?
Pl—o "~ "
) ;YSTlIrIIda +e

9

pp— +;\'
-/

Figure 7.3.1: Block diagram of adaptive robust controller.

7.4 Compensation for Actuator Dynamics

Throughout this book we have discussed controllers that are designed at the
“torque input level.” That is, any dynamics associated with the actuators
have been neglected. The reason for bringing up this point is not to denigrate
the control development discussed previously, since this research has been
involved with solving a very difficult problem, namely, the global tracking
control of a highly nonlinear system in the presence of uncertainty. We
mention this deficiency in previous approaches to highlight the fact that
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Figure 7.3.2: Simulation of adaptive robust controller.

in many robot control researchers’ opinions, it is now time to begin to include
the effects of actuator dynamics in the control synthesis. Recently, several
researchers have postulated that the detrimental effects of actuators are
preventing high-speed motion/force control of robot manipulators [Eppinger
and Seering 1987].

In this section we illustrate how a systematic approach can be used to
compensate for actuator dynamics in the form of electrical effects and joint
flexibilities. Using this approach and the assumption of exact model knowledge,
controllers are developed that yield a global asymptotic stability result for
the link tracking error. Although we assume exact knowledge of the model, it
is important to realize that in some cases, it may be possible to formulate
adaptive and robust nonlinear tracking controllers to compensate for
“uncertainty.” The compensation of uncertain systems in the presence of
actuator dynamics is currently being researched [Ghorbel and Spong 1990].

Electrical Dynamics

In this subsection, we illustrate how a “corrective” controller [Kokotovic et
al. 1986] can be synthesized that ensures asymptotic link tracking despite the
electrical dynamics that a motor will add to the overall system dynamics.
The terminology corrective controller is used to emphasize the fact that the
controller corrects for the electrical dynamics. The class of robots studied in
this subsection will be referred to as rigid-link electrically driven (RLED)
robots. For simplicity, we assume that the ac-tuator is a direct-current (dc)
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motor; however, the following analysis, with some modifications, can be
used for more complicated motors such as the switched-reluctance motor
[Taylor 1989].

The model [Tarn et al. 1991] for the RLED robot is taken to be

M(q)§+ N(q,q) = Kzl (7.4.1)
L.+ R(I,q) =ug, (7.4.2)

where
M(g)=M(g)+J (7.4.3)

M(qg) is a nxn link inertia matrix, N(g,q) is a nxI vector containing the
centripetal, Coriolis, gravity, damping, and friction terms, J is a 7#x# constant,
diagonal, positive-definite matrix used to represent the actuator inertia, I(z) is
an nx1 vector used to denote the current in each actuator, K; is a constant
diagonal 7xn matrix used to represent the conversion between torque and
current, L, is a 7nxn constant positive-definite diagonal matrix used to represent
the electrical inductance, R(I, §)is a nx1 vector used to represent the electrical
resistance and the motor back-electromotive force, and u() is an 72x1 control
vector used to represent the input motor voltage.

Throughout the book, a good deal of emphasis has been placed on the
utilization of physical properties of robot manipulators to aid us in the stability
analysis. In this tradition we note that the composite inertia matrix M(q)
defined in (7.4.3) is symmetric, positive definite, and is uniformly bounded as
a function of g; therefore, we can state for any nx1 vector x that

m |lz]l” = Amin {M (@)} llzl]® < "M (¢) z, (7.4.4)

where m, is a positive scalar constant that depends on the mass properties
of the specific robot (see Chapter 3). From (7.4.4), it can also be established
that

™M™ (g) 2 < Amax {M 7 (@)} ||2]” = ?nl_{ llzll” = M~ (@), =1,
(7.4.5)

where |I:ll;; is used to denote the induced 2-norm (see Chapter 2).

As discussed many times before, we are interested in the performance of
the link tracking error. To avoid confusion, we restate that the tracking error
is defined to be
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e=qi—gq, (7.4.6)

where g, represents the desired link trajectory. We will assume that g, and its
first, second, and third derivatives are all bounded as functions of time. We
also assume that the first derivative of the link dynamics on the left-hand side
of (7.4.1) exists. These assumptions on the “smoothness” of the desired trajectory
and the link dynamics ensure that the controller, which will be developed
later, remains bounded.

The control objective will be to obtain asymptotic link tracking despite the
electrical dynamics. To accomplish this objective, we first rewrite (7.4.1) in
terms of the tracking error given by (7.4.6) to yield

M(q)Ga—M(q)é+ N (q,4) = Krl. (7.4.7)
The error system given by (7.4.7) can also be written in the state-space form

é=A,e+ B [ijd +Mt(g)N(g,4) —~M~1 (g KTI] , (7.4.8)

where
0 I, 0 e
Ao — nxn nxn — nxn —
|: Onxn Onxn :| ’ B |: Inxn :I ’ € |: é ] ,

O, 1s the nxn zero matrix, and I, is the nx#n identity matrix.

As one can plainly see, there is no control input in (7.4.8); therefore, we
will add and subtract the term BM™!(q)u; on the right-hand side of (7.4.8) to
yield

é=Ae+Bjs+M " (q)N(g,d)— M (g)ur]

+B[M™ () (ug, - KrI)], (7.4.9)

where #; is an nx1 vector representing a “fictitious” nx1 control input. As it
turns out, the controller #; is the computed-torque controller that ensures
asymptotic link tracking error if the electrical dynamics were not present. As
we will see later, the fictitious controller #; is actually embedded inside the
overall control strategy, which is designed at the voltage control input #;.

Continuing with the error system development, we define #; for RLED
robots to be the computed-torque controller

ur, = M (q) (4o + Kr.é + Krpe) + N (g, 4), (7.4.10)
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where K;, and K, are defined to be nxn positive-definite diagonal matrices.
Substituting (7.4.10) for only the first #; term in (7.4.9) yields the link tracking
error system

é=Are+ B, M (q) 7z, (7.4.11)

where

_ Onxn Inxn .
AL—[_KLP _KLv] and T]E—u[,-—KTI.

With regard to the link tracking error system given by (7.4.11), if 1z could
be guaranteed to be zero for all time, we could easily show that the tracking
error would be asymptotically stable since A; defined in (7.4.12) has stable
eigenvalues. Therefore, one can view the control objective as forcing the
“perturbation” 1 to go to zero.

To design a control law for 1z, we must first establish its dynamic
characteristics. From (7.4.12), the derivative of n; with respect to time is
given by

e =g — Kl (7.4.13)

To obtain the the dynamic characteristics of 1z, we substitute for in (7.4.13)
from (7.4.2) to yield

np = s — KL (ug — R(1,4)). (7.4.14)

We can now use (7.4.14) to design a control law at the input #;, to force n;
to go to zero. The fact that n; should go to zero motivates the corrective
control law

up = LaK7" (i + Kppng) + R(1,4) , (7.4.15)
where K, is defined to be a nx#n positive-definite diagonal matrix. Substituting
(7.4.15) into (7.4.14) yields

ne = —Kgpne. (7.4.16)
The dynamic equations given by (7.4.11) and (7.4.16) can be thought of as
two interconnected systems representing the overall closed-loop dynamics. As
one would expect, it would be desirable to determine the type of stability of

the overall closed-loop system. To determine the type of stability of (7.4.11)
and (7.4.16), we will utilize the Lyapunov function

V =eTPLe + YanLng, (7.4.17)
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where

KLp + 1/2KLv 1/21’n><n.

Pp =1
L /2 1/2Inxn Inxn

If the sufficient condition given by
Amin {Krv} > 1 (7.4.18)

is satisfied, then by the Gerschgorin theorem (see Chapter 2), it is obvious that
P, is a positive-definite matrix, and hence V is a Lyapunov function. The
condition given by (7.4.18) simply means that the smallest velocity controller
gain should be larger than 1.

Differentiating (7.4.17) with respect to time yields

V =eTPré+eTPre+ 1ngng + Yongne.  (7.4.19)
Substituting (7.4.11) and (7.4.16) into (7.4.19) yields
V =-eTQre~ nLKr,ne + 2T PLBM™! (q) 5z,

where

LKy, Onxn
QL:-(AEPL‘}'PLAL) = (/)nxnp KLU—;/zfnxn

Note that if the sufficient condition given by (7.4.18) holds, it is obvious that
the matrix Q; is positive definite. Using the fact that Q; is positive definite
allows us to place an upper bound on ¥ given in (7.4.20). This upper bound
is given by

V < =Amin {Qr}Hlel® = Amin {Kpp} Ingl” + 28, lell nell,  (7.4.22)
where

Bo=1/my > |PLBM™* (q)||i2 =1/

3

Nty

i2
where m, is defined in (7.4.5).
To determine the sufficient conditions on the controller gains for asymptotic
stability, we rewrite (7.4.22) in the matrix form
V < 27 Q,z,, (7.4.23)
where
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_ )\min {QL} “ﬂo _ He“
Qo= ~Bo Amin {KEp} ] and 2, = [ Inel| ] )

By the Gerschgorin Theorem, the matrix Q defined in (7.4.23) will be positive
definite if the sufficient condition

min {Amin {QL}, Amin {KEp}} > Bo (7.4.24)

holds. Therefore, if the controller gains satisfy the conditions given by (7.4.18)
and (7.4.24), we can use standard Lyapunov stability arguments (see Chapter
2) to state that the vector x, defined in (7.4.23) and hence llell, e, and e are all
asymptotically stable. It is easy to show that if the sufficient condition

min {/\min {KLp} ) )‘min {KLu} ) )\min {KEp}} > 2/nll +1 (7425)

holds, the conditions given by (7.4.18) and (7.4.24) are always satisfied.

It should be noted that the control given by (7.4.15) depends on the
measurement of #;, g and I. At first one might be tempted to state that this
controller requires measurements of ¢, ¢, ¢, and I; however, since we have
assumed exact knowledge of the dynamic model given by (7.4.1) and (7.4.2),
we can use this information to eliminate the need for measuring g That is, by
differentiating (7.4.10) with respect to time, #; can be written as

ar =M (q) (Ga + Kroé + Krpe) + N (¢,4) (7.4.26)

d
+ M (q) Qd+KLu (Ga — G) + Krpé| ,

where § is found from (7.4.1) to be

G=M"(q)[KrI - N(g,q)].

After substituting for 4 in (7.4.26), u; will depend only on the measurement of
q,d and I. The actual control that would be implemented at the control input
ug can be found by making the appropriate substitution into (7.4.15). That is,
the corrective control given by (7.4.15) can be written as

Ug :LaKflﬂL +R(I,4) + LaK51KEP

IM(q) (G2 + Kioé + Kipe) + N (q,0) — Kr1],  *27)
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where ¢, would be given by (7.4.26).

After examining the functional dependence of L given in (7.4.26), it is
now obvious why we have assumed that the desired trajectory and the link
dynamics be sufficiently smooth. Specifically, we can see from (7.4.26) that
the corrective controller requires that the first, second, and third time derivatives
of the desired trajectory to be bounded while requiring the existence of the
first derivative of the link dynamics. These assumptions on the desired trajectory
and the link dynamics ensure that the control input will remain bounded.

The corrective controller derived above is summarized in Table 7.4.1 and
depicted in Figure 7.4.1. We now present an example to illustrate how Table
7.4.1 can be used to design corrective controllers for RLED robots.

EXAMPLE 7.4-1: Corrective Controller for the One-Link RLED Arm

We wish to design and simulate a corrective controller using Table 7.4.1 for
the one-link motor-driven robot arm given in Figure 7.4.2. The dynamics for
the system are taken to be

(mL2+J)ij-+-ngsinq+fd(j:KTI (1)
and

Lol + RI + kg = ug, (2)

where m=1kg, Kr=2 N/A, k,=0.3 V-S, f,=3 kg-m/s, L=1 m, L,=0.1 H, R=5
Q, g is the gravitational coefficient, [=0.2 kg-m?, I is the motor current, and u
is the motor input voltage.

Assuming that the model given by (1) and (2) is known exactly, we can use
Table 7.4.1 to formulate the corrective controller

ug =L K7'ur + RI + kyg + Lo K7 ' Kg,
[(mL2 + J) (§a + Kpvé + Krpe) + mLgsing + fag — KTI] . (3)

where
up =mLggcosq + fa§ + (mL* + J)

d. . .
5pda+ Kpv(Ga—§) + Krpé|, 4)
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Table 7.4.1: RLED Corrective Controller

Voltage Controller:
up = LaK7'ur, + R(I,4)
+LaK;1KEP [M (q) (Qd + KLvé + KLpe) + N (q, Q) - KTI]

where
ar, = M(q) (§a + Krvé + Krpe) + N (g,9)
+M (q) [Lda + Kro (G2 — §) + KLpé]
§=M""(q)[KrI — N(g,9)]
Stability:

Tracking error e and é are asymptotically stable.

Comments: Controller requires exact knowledge of system
dynamics and the controller gain matrices K., Krp, and
K g, mustbe sufficiently large. Desired trajectory must be
sufficiently smooth.

where ¢ is found from (1) to be
j= (mLz-i-J)_1 [KrI — mLgsing — f44). (5)

The corrective controller was simulated with the control parameters, initial
conditions, and desired trajectory given by

K, = KLp = KE'p =5,

and

gq = sint.

The tracking error and the control voltage are depicted in Figure 7.4.3. As
illustrated by the figure, the tracking error is asymptotically stable.
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Figure 7.4.1: Block diagram of RLED corrective controller.
L en 1 $

Figure 7.4.2: One-link RLED robot.

Joint Flexibilities

In this subsection we illustrate how a “corrective” controller can be
synthesized that ensures asymptotic link tracking despite the joint flexibilities
that a drive or gearing will add to the overall system dynamics. The
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Figure 7.4.3: Simulation of RLED corrective controller.

terminology corrective controller is used to emphasize the fact that the controller
corrects for the dynamics that are used to represent the effects of joint
flexibilities. The class of robots studied in this subsection will be referred to as
rigid-link flexible-joint (RLFJ) robots.

The model [Spong 1987] for the RLF] robot is taken to be

M(@)§+N(g,q) = Kgm (7.4.28)

JGm + B (Qmaqm,Q) =Ur,
(7.4.29)

where

N(g,q) = N (¢,4) + Kq,
(7.4.30)

g.(t) is a nx1 vector representing the motor displacement, K is a constant,
diagonal, positive-definite 7x7 joint flexibility matrix, By, (gm, gm, q) 1s an
nx1 vector that represents the motor damping and flexibility effects, u.(z)
is an nx1 control vector used to represent the input torque, and all other
quantities are defined as in the preceding subsection. With regard to the
rigid link model given in (7.4.28), we note from Chapter 3 that for any
nx1 vector x
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xTM‘szsAmu{M‘Ww}Wﬂ2=#%Hﬂf=HM‘VwmﬂmW,
(7.4.31)

where 1, is a positive scalar constant.

As in the preceding subsection, we are interested in the performance of the
link tracking error defined in (7.4.6). For the control of RLF] robots, we will
assume that g, and its first, second, third, and fourth derivatives are all bounded
as functions of time. We also assume that the first and second derivatives of
the link dynamics on the left-hand side of (7.4.28) exist. These assumptions
on the “smoothness” of the desired trajectory and the link dynamics ensure
that the controller, developed later, remains bounded.

Following the same analytical development given in the previous sections,
we write (7.4.28) in terms of the tracking error given by (7.4.6) to yield the
state-space form

é=Ae+Blia+ M (@N(g,q) - M (@) Kqn], (7:432)

where Ay, e, and B are defined as in (7.4.8). Again, since there is no control
input in (7.4.32); we add and subtract the term BM™(q)u; on the right-hand
side of (7.4.32) to yield

é=A.e+ B [da+ M (9N (g,4) - M~ (g) ur] 433
+B[M (g) (us - Kam)], 7

where u; is again used to represent a fictitious 7x1 control input. As before,
the fictitious controller #; will be embedded inside the overall control strategy,
which is designed at the control input #;.

Continuing with the error system development, we define #; for RLF]J robots
to be the computed-torque controller

ur = M (q) (Ga + Kr.é + Krpe) + N(g,q), (7.4.34)

where K, and K}, are defined as in (7.4.10). Substituting (7.4.34) into (7.4.33)
yields the link tracking error system

é=Are+ BM™! (q) CnF, (7.4.35)

where A, is defined as in (7.4.12),
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_ || _ | u—-Kgm
ot oue). wa =[] [35E e
The reason for defining 71 ; in terms of (#,-Kgq,,) and its derivative is that the
dynamics given by (7.4.29) are second-order dynamics. That is, since the
actuator dynamics are second order, we force 1y and its derivative (i.e.7;, ) to
zero to ensure that the link tracking error (e) goes to zero.

To design a control law for n; we must first establish its dynamic
characteristics. From (7.4.36), the derivative of 1; is given by

e = { i = Kdm } . (7.4.37)

ar — Kq.m
To obtain the the dynamic characteristics of 7, we substitute for g,, in (7.4.37)
from (7.4.29) to yield

uL“KQm :I

F = [ ﬁ‘L - KJ-I (uF - Bm (Qm:Qm,‘I)) (7438)

We can now use (7.4.38) to design a control law at the input u, to force 1
to go to zero. The fact that 1; should go to zero motivates the control law

up = JK " (ig + Kpofip + Kppr) + Bm (@, Gm,q),  (74.39)

where Ky, and Ky, are defined to be nxn positive-definite diagonal matrices.
Substituting (7.4.39) into (7.4.38) yields

iF = ArF, (7.4.40)
where

AF - Onxn Inxn
—KFp _‘KFv '

The dynamic equations given by (7.4.35) and (7.4.40) can be thought of as
two interconnected systems representing the overall closed-loop dynamics.
To determine the type of stability for the closed-loop dynamics, we will utilize
the Lyapunov function

V=elpre+ ngPan, (7.4.41)

where P; is defined in (7.4.17) and
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KFp + 1/2KF11 1/2-[nxn
1/2In><n Inxn

If the sufficient condition given by

Pp =1f

min {Amin {KL‘U} » /\min {KF’U}} >1 (7442)

is satisfied, then by the Gerschgorin theorem it is obvious that the matrices P,
and Py given in (7.4.41) are positive-definite matrices, and hence V is a
Lyapunov function.

Differentiating (7.4.41) with respect to time yields

V =e"pLé + &Tpre + ng Priir + 7 Prir. (7.4.43)
Substituting (7.4.35) and (7.4.40) into (7.4.43) yields
V=—-e"Qre ~ i Qrnr +2e"pL BM ™" (q) C,  (7.444)
where Q; is defined in (7.4.21) and

l/ZK Fp On X7

— T
Qr = — (ALPr + PrAr) O Kro— YsLnnn | - (7445)

I

Note that if the sufficient condition given by (7.4.42) holds, it is obvious
that the matrices Q; and Oy defined in (7.4.44) are positive-definite matrices.
Using the fact, that Q; and Q; are positive definite allows us to place an
upper bound on V given in (7.4.44). This upper bound is given by

V < o (Qr} llell® = Amin {Qr} Inell* + 261 llell Inell,  (74:46)

where

b

Br=1/my > |PLBM™ () C||,, = 2

A o]

i2
where m, is defined in (7.4.31).

To determine the sufficient conditions on the controller gains for asymptotic
stability, we rewrite (7.4.46) in the matrix form

V < —zT Qi1 (7.4.47)

where
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)\min {QL} _ﬁl ”e”
= and T = .
< “Bi Awin {Qr) S el

By the Gerschgorin theorem, the matrix Q defined in (7.4.47) will be positive
definite if the sufficient condition

min {Amin {Qr}, Amin {QrF}} > 61 (7.4.48)

holds. Therefore, if the controller gains satisfy the conditions given by (7.4.42)
and (7.4.48), we can use standard Lyapunov stability arguments to state that
the vector x, defined in (7.4.47), and hence llell, e, and e, are all asymptotically
stable. It is easy to show that if the sufficient condition

min {/\min {KLp} s /\min {KLv} y )\min {KFv} 3 )\min {KFp}} > 2/7'7'1 +1
(7.4.49)

holds, the conditions given by (7.4.42) and (7.4.48) are always satisfied.

It should be noted that the corrective controller given by (7.4.39) depends
on the measurement of uy, iy, i, gm, and ¢,,. Again, it seems that this
control would require measurements of ¢ and its derivative; however, since
we have assumed exact knowledge of the dynamic model, we can use this
information to eliminate the need for measuring ¢ and its derivative. That is,
41, can be written as

uL :M(q) ((']-d+KLvé+KLpe) +N(qaq)

d
+ M (g) | Zda+ Kro(da— §) + Krpé| | (7.4.50)
where ¢ is found from (7.4.28) to be
§=M""(g) [Kgm — N(g,4))- (7.4.51)

Substituting (7.4.51) into (7.4.50), we see that #; can be written as a function
of ¢, ¢, gm, and time (i.e., ¢) since the desired trajectory can be explicitly
written as a function of time. We can delineate this functional dependence by
use of the equation

ur = f(t,9,4,9m), (7.4.52)

where f(t,4,q,qm) is an nx1 vector given by the right-hand side of (7.4.50).
We can obtain the functional dependence for i, by differentiating (7.4.52)
with respect to time to yield
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1:;'L = f(ta q’Qan) = g(t’q:(jy (..j’ Qm,Qm) ) (7'4'53)

where g(t,q, 4,4, ¢m,dm) is an nx1 vector. Note that (7.4.51) can be used
again to eliminate the need for measurement of € therefore, the expressions
given for ¢y and #; in (7.4.50) and (7.4.53), respectively, depend only on the
measurements of g, ¢, gm, and g¢,,. and The actual control that would be
implemented at the control input #; can be found by making the appropriate
substitution into (7.4.39). That is, the corrective control given by (7.4.39) can
be written as

up =JK Vi + B (Gm, Gm, q) + JK ' Kp, (i, — Kdm)
+JK'Kp,
[M (q) (Ga + Krvé + Krpe) + N (q,4) — Kgnm], (7.4.54)

where 1 and #; would be given by (7.4.50) and (7.4.53), respectively.

After closely examining the functional dependence of %y and #; given in
(7.4.50) and (7.4.53), respectively, it is obvious why we have assumed that
the desired trajectory and link dynamics be sufficiently smooth. Specifically,
we can see from (7.4.50) and (7.4.53) that the corrective controller given in
(7.4.39) will require that the first, second, third, and fourth time derivative of
the desired trajectory be bounded while also requiring the existence of the
first and second derivatives of the link dynamics. These assumptions on the
desired trajectory and the link dynamics ensure that the control input will
remain bounded.

The corrective controller derived above is summarized in Table 7.4.2 and
depicted in Figure 7.4.4. We now present an example to illustrate how Table
7.4.2 can be used to design corrective controllers for RLF] robots.

EXAMPLE 7.4-2: Corrective Controller for the One-Link RLFJ Arm

We wish to design and simulate a corrective controller using Table 7.4.2 for
the one-link flexible joint robot arm given in Figure 7.4.5. The dynamics for
the system are taken to be

mL*G+mLgsing + fog + Kq = Kgn, (1)
and

J‘jm+B(jm+K(Qm“(I) = Ur,
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Table 7.4.2: RLED Corrective Controller

Torque Controller:
up = JK Vg + B (gm, dm, @) + JK ' Kpy (U, — Kdm)
+JK ' Kpp [M(q) (§a + Kroé + Krpe) + N(q,4) — Kgm]

where
ur, = M (q) (§a + Krvé + Kipe) + N (g, 4)
+M (q) [&Ga + Kpo (Ga — §) + Krpé]
G=M""(q)[Kgm — N(g,9)]
iy = %ap  utilizing §
Stability:

Tracking error e and é are asymptotically stable.

Comments:Controller requires exact knowledge of system dynamics
and the controller gain matrices Ky, Krp, Kpy, and K, must be
sufficiently large. Desired Trajectory must be sufficiently smooth.

where m=1 kg, K=10 N, B=5 kg-m/s, ;=3 kg-m/s, L=1 m, g is the gravitational
coefficient, [=0.2 kg-m?, g,, is the motor displacement measured in radians,
and u; is the input torque.

Assuming that the model given by (1) and (1) is exactly known, we can use
Table 7.4.2 to formulate the corrective controller

up =JK Vg + Bim + K (g — q) + JK ' Kp, (i, — Kp)

+ JK_IKFp

[mL2 (Ga + Kroé + Kipe) +ngsinq+fdtj+Kq—qu], (3)
where
iy, = mLggcosq+ fag+ Kg+mlI? [Eqd + Ko (Ga — §) + Kipé| (4)

and is found from (1) to be
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Figure 7.4.4: Block diagram of RLF] corrective controller.

and ¢ is found from (1) to be
§= (mL*) ™ [Kgn — mLgsing — faj — Kq, (5)

To obtain an expression for i, given in (3), we substitute (5) into (4) to yield

iy, =mLggcosq+ fa (mL2)_1 [Kgm — mLgsing — f4q — Kq|
+ K4+ mL?

d . . -
[E'M + K, [qd - (mL?) ! [Kqm — mLgsing — fqq — Kq]] + KLpé]

(6)
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Figure 7.4.5: One-link RLF] robot.

Differentiating (6) with respect to time yields

iy, =mLggcosq —mLgg®sing + fq (mL2)~1
[KGm —mLggcosq — fafd — Kq| + K + mL?

d . d . —1,.,. ) - )
[Eﬁq" + K1, [‘JiQd ~ (mL?) ™" [Kgm — mLggcosq — faG — Kd]| + Krp (G4 — d)

(7)
where ¢ is found from (5).

The corrective controller was simulated with the control parameters, initial
conditions, and desired trajectory given by

Kpy=Krp=Kpy=Krp =5,

q(0) = ¢(0) = gm (0) = ¢m (0) = 0,
and

gq = sint.

The tracking error and the control torque are depicted in Figure 7.4.6. As
illustrated by the figure, the tracking error is asymptotically stable.
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Figure 7.4.6: Simulation of RLF]J corrective controller.

7.5 Summary

In this chapter an account of several of the more advanced control techniques
for the control of robot manipulators has been given. The intent of this chapter
has been to study controllers that reduce online computation and controllers
that compensate for actuator dynamics. Some current research issues involve
the integration of force controllers with advanced motion controllers and the
corresponding digital implementation.
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PROBLEMS

Section 7.2

7.2-1

7.2-2

7.2-3

7.2-4

7.2-5

7.2-6

[llustrate how the DCAL stability analysis can be modified if the filter
tracking error is defined as

r=Ae+é,
where A is a positive-definite diagonal matrix.

Design and simulate the DCAL controller given in Table 7.2.1 for the
two-link polar robot arm given in Chapter 3. (Ignore the fact that this
robot has a prismatic link.)

Can the DCAL stability analysis (and consequently, the controller
itself) be modified to account for the prismatic link robot given in
Problem 7.2-2? If so, explain how.

Illustrate how the RCL stability analysis can be modified to show that
the velocity tracking error is asymptotically stable if the learning
term #4(t) is forced to remain within the a priori bounds

Mdminsudi (t) SMdm:uc

where the subscript i is used to denote the ith component of the 7x1
vector #i4(t), and Gidmin, Gdmax are scalar constants.

Design and simulate the RCL controller given in Table 7.2.2 for the
two-link polar robot arm given in Chapter 3. (Ignore the fact that this
robot has a prismatic link.)

Can the RCL stability analysis (and consequently, the controller itself)
be modified to account for the prismatic link robot given in Problem
7.2-5? If so, explain how.

Section 7.3

7.3-1

Design and simulate the adaptive robust controller given in Table
7.3.1 for the two-link polar robot arm given in Chapter 3. (Ignore the
fact that this robot has a prismatic link.)
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7.3-2 Can the adaptive robust controller stability analysis (and consequently,
the controller itself) be modified to account for the prismatic link
given in Problem 7.3-1? If so, explain how.

7.3-3 Show how Barbalat’s lemma (see Chapter 2) can be used to modify
the stability analysis for the adaptive robust controller to guarantee
that the velocity tracking error is also asymptotically stable.

Section 7.4

7.4-1 For a constant, symmetric, positive-definite, 7xn matrix A, show that

(a)
”A”iz = Amax {A}

(b) .
et [ ]

i2

Section 7.4

7.4-2 Design and simulate the RLED corrective controller given in Table
7.4.1 for the two-link revolute robot arm given in Chapter 3. Assume
that both motors can be modeled as the motor given in Example
7.4-1.

7.4-3 For a constant, symmetric, positive-definite, 7xn matrix A show that

1
)\max{A} > %IH: 2A Onxn ]

i2
where O,,., is the nxn zero matrix.

7.4-4 Design and simulate the RLF] corrective controller given in Table
7.4.2 for the two-link revolute robot arm given in Chapter 3. Assume
that both joints can be modeled similar to the joint given in Example
7.4-2.



Chapter 8

Neural Network Control
of Robots

A framework is given for controller design using neural networks. These
structures possess a universal approximation property that allows them to be
used in feedback control of unknown systems without requirements for linearity
in the system parameters or finding a regression matrix. Feedback control
topologies and weight tuning algorithms are given here that guarantee closed-
loop stability and bounded weights.

8.1 Introduction

In recent years, there has been a great deal of effort to design feedback control
systems that mimic the functions of living biological systems [White and
Sofge 1992], [Miller et al. 1991]. There has been great interest recently in
‘universal model-free controllers’ that do not need a mathematical model of
the controlled plant, but mimic the functions of biological processes to learn
about the systems they are controlling on-line, so that performance improves
automatically. Techniques include fuzzy logic control, which mimics linguistic
and reasoning functions, and artificial neural networks, which are based on
biological neuronal structures of interconnected nodes. Neural networks (NNs)
have achieved great success in classification, pattern recognition, and other
open-loop applications in digital signal processing and elsewhere. Rigorous
analyses have shown how to select NN topologies and weights, for instance,
to discriminate between specified exemplar patterns. By now, the theory and
applications of NN in open-loop applications are well understood, so that
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NN have become an important tool in the repertoire of the signal processor
and computer scientist.

There is a large literature on NN for feedback control of unknown plants.
Until the 1990%s, design and analysis techniques were ad hoc, with no repeatable
design algorithms or proofs of stability and guaranteed performance. In spite
of this, simulation results appearing in the literature showed good performance.
Most of the early approaches used standard backpropagation weight tuning
[Werbos 1992] since rigorous derivations of tuning algorithms suitable for
closed-loop control purposes were not available. Many NN design techniques
mimicked adaptive control approaches, where rigorous analysis results were
available [Astrom and Wittenmark 1989], [Landau 1979], [Goodwin et al.
1984], proposing NN feedback control topologies such as indirect
identification-based control, inverse dynamics control, series-parallel
techniques, etc.

In keeping with the philosophy of those working in control system theory
since Maxwell, Lyapunov, A.N.Whitehead, von Bertalanffy, and others, to
address such issues it is necessary to begin with the knowledge available
about the system being controlled. Narendra [Narendra 1991], [Narendra
and Parthasarathy 1991] and others [Miller et al. 1991], [White and Sofge
1992], [Werbos 1992] pioneered rigorous NN controls applications by
studying the dynamical behavior of NN in closed-loop systems, including
computation of the gradients needed for backprop tuning. Other groups
providing rigorous analysis and design techniques for closed-loop NN
controllers included [Sanner and Slotine 1991] who showed how to use radial
basis function NN in feedback control, [Chen and Khalil 1992], [Chen and
Liu 1994] who provided NN tuning algorithms based on dead-zone methods,
[Polycarpou and Toannou 1991], [Polycarpou 1996] who used projection
methods, [Lewis et al. 1993], [Lewis et al. 1995] who used an e-mod approach,
[Sadegh 1993] who provided NN controllers for discrete-time systems, and
[Rovithakis and Christodoulou 1994] who used dynamic NN for feedback
control.

In this chapter is given an approach to the design and analysis of neural
network controllers based on several PhD dissertations and a body of published
work, including [Lewis et al. 1999], [Kim and Lewis 1998]. The control
structures discussed here are multiloop controllers with NN in some of the
loops and an outer tracking unity-gain PD loop. There are repeatable design
algorithms and guarantees of system performance including both small tracking
errors and bounded NN weights. It is shown that as uncertainty about the
controlled system increases or performance requirements increase, the NN
controllers require more and more structure. An exposition of this material in
greater depth appears in [Lewis 1999], which also shows relationships with
Fuzzy Logic Systems.
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8.2 Background in Neural Networks

In this section is provided the background in neural network structures required
for feedback control. For more details see [Haykin 1994], [Lewis et al. 1999],
[Lewis and Kim 1998]. Two key features that make NN useful for feedback
control are their universal approximation property and their learning
capability, which arises due to the fact that their weights are tunable parameters
that can be updated to improve controller performance. The universal
approximation property is the main feature that makes non-linear network
structures more suitable for robot control than adaptive robot controllers,
which have generally relied upon the determination of a regression matrix,
which in turn requires linearity in the tunable parameters (LIP).

Multilayer Neural Networks

A multilayer neural network is shown in Figure 8.2.1. This NN has two
layers of adjustable weights, and is called here a ‘two-layer’ net. This NN
has no internal feedback connections and so is termed feedforward, and no
internal dynamics and so is said to be static. The NN output y is a vector with
m components that are determined in terms of the 7 components of the input
vector x by the recall equation

L n
Yi = Z [wija ( Vjk Tk +9v,s) +0w;] s i=1...,m  (82.1)

j=1 k=1

where o(-) are the activation functions and L is the number of hidden-layer
neurons. The first-layer interconnections weights are denoted v, and the second-
layer interconnection weights by w;. The threshold offsets are denoted by 6,
0.

Many different activation functions of(-) are in common use. For feed-back
control using multilayer NN it is required that o(-) be smooth enough so that
at least its first derivative exists. Suitable choices include the sigmoid

1
the hyperbolic tangent
et — e %

and other logistic-curve-type functions, as well as the gaussian and an assortment
of other functions.
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hidden layer

Figure 8.2.1: Two-layer feedforward neural network.

By collecting all the NN weights vy, w; into matrices of weights V', W7,
the NN recall equation may be written in terms of vectors as

y=WTo(VTy). (8.2.4)

The thresholds are included as the first columns of the weight matrices W7,
VT; to accommodate this, the vectors x and o(-) need to be augmented by
placing a ‘1’ as their first element (e.g. x=[1 x; x,...x,]"). In this equation, to
represent (8.2.1) one has sufficient generality if () is taken as a diagonal
function from M’ to N that is o(z)=diag{o(z)} for a vector z=[z;2, 21 [Te RL.

Note that the recall equation is nonlinear in the first-layer weights and
thresholds V.
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Universal Function Approximation Property. NN satisfy many important
properties. A main one of concern for feedback control purposes is the universal
function approximation property [Hornik and Stinchombe 1989]. Let f(x) be
a general smooth function from M” to N™. Then, it can be shown that, as long
as x is restricted to a compact set S of 0", there exist weights and thresholds
such that one has

fl@)=WTo(VTz) +e (8.2.5)

for some number of hidden-layer neurons L. This holds for a large class of
activation functions, including those just mentioned. The value €is called the
NN functional approximation error, and it generally decreases as the net size
L increases. In fact, for any choice of a positive number ey, one can find a
feedforward NN such that

llell < en (8.2.6)

for all x in S. The selection of the net size L for a prescribed accuracy ey is an
open question for general unstructured fully-connected NN. This problem
can be solved for CMAC, FL nets, and other structured nonlinear nets as
subsequently described.

The ideal NN weights in matrices W, V that are needed to best approximate
a given nonlinear function f(x) are difficult to determine. In fact, they may not
even be unique. However, all one needs to know for controls purposes is that,
for a specified value of ey some ideal approximating NN weights exist. Then,
an estimate of f(x) can be given by

f@) =WToe(VTz) (8.2.7)

where W, V are estimates of the ideal NN weights that are provided by some
on-line weight tuning algorithms subsequently to be detailed. Note that all
‘hat’ quantities are known, since they may be computed using measurable
signals and current NN weight estimates.

The assumption that there exist ideal weights such that the approximation
property holds is very much like various similar assumptions in adaptive
control [Astrom and Wittenmark 1989], [Landau 19791, including Erzberger’s
assumptions and linearity in the parameters. The very important difference is
that in the NN case, the universal approximation property always holds,
while in adaptive control such assumptions often do not hold in practice, and
so they imply restrictions on the form of the systems that can be controlled.
Overcoming the NLIP Problem. Multilayer NN are nonlinear in the weights
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V and so weight tuning algorithms that yield guaranteed stability and bounded
weights in closed-loop feedback systems have been difficult to discover until a
few years ago. The NLIP problem is easily overcome if a correct and rigorous
approach is taken. One approach is the following appropriate use of the
Taylor series [Lewis et al. 1996].

Define the functional estimation error

F=f-1 (8.2.8)
the weight estimation errors
W=w-W, V=vV-V, (8.2.9)
and the hidden-layer output error
o=0—-0= a(VTx) - a(f/Tm‘). (8.2.10)
For any z one may write the Taylor series
o(z) = a(2) + 0'(3)z + O(3)?, (8.2.11)
where ¢’ is the jacobian and the last term means terms of order z2. Therefore,
= (VTo)VTz+0(WVT2) =6'VTz +O(VTz)2. (8.2.12)
This key equation allows one to write the functional estimation error as
f=f-f=wT¢ (VT.'L‘) -WTo (VT:IJ) +e
=WTo(VTz) + Wl o(VTz) —o(VT)] + ¢
=WT6+WT[s'VTz + O(VTz)?] +¢

=WTe -6'VIg) + WTa'VTz + WT6'VTx
+WTO(VTr)? +e. (8.2.13)

The first term has W multiplied by a known quantity (in square braces), and
the second term has V multipled by a known quantity. When used subsequently
in the closed-loop error dynamics, this form allows one to derive tuning laws
for Vand W that guarantee closed-loop stability.
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Linear-in-the-parameter neural nets

If the first-layer weights and thresholds V in (8.2.4) are fixed and only the
second-layer weights and thresholds W are tuned, then the NN has only one
layer of tunable weights. One may then define the fixed function ¢(z) = o (V7T )
so that such a 1-layer NN has the recall equation

y=WT¢(z), (8.2.14)

wherez € R,y € R™, ¢(-) : R* — RLand L is the number of hidden-layer
neurons. This NN is linear in the tunable parameters W, so that it is far easier
to tune. In fact, standard adaptive control proofs can be used to derive suitable
tuning algorithms.

Though LIP, these NN still offer an enormous advantage over standard
adaptive control approaches that require the determination of a regression
matrix since they satisfy a universal approximation property if the functions
¢(-) are correctly chosen. Note that adaptive controllers are linear in the
system parameters, while 1-layer NN are linear in the NN weights. An
advantage of 1-layer NN over 2-layer NN is that firm results exist for the
former on the selection of the number of hidden layer neurons L for a specified
approximation accuracy. A disadvantage of LIP networks is that Barron [Barron
1993] has shown a lower bound on the approximation accuracy.

Functional-Link Basis Neural Networks. More generality is gained if of(-) is
not diagonal, but ¢(-) is allowed to be a general function from 9" to NRL. This
is called a functional-link neural net (FLNN) [Sadegh 1993]. For LIP NN, the
functional approximation property does not generally hold. However, a 1-
layer NN can still approximate functions as long as the activation functions
¢(-) are selected as a basis, which must satisfy the following two requirements
on a compact simply-connected set of S of R

1. A constant function on S can be expressed as (8.2.14) for a finite number
L of hidden-layer neurons.

2. The functional range of (8.2.14) is dense in the space of continuous functions
from S to N for countable L.

If ¢(-) provides a basis, then a smooth function f(x) from 9" to " can be
approximated on a compact set S of H”, by

f(z) =WT¢(z) +e. (8.2.15)
for some ideal weights and thresholds W and some number of hidden layer

neurons L. In fact, for any choice of a positive number ey, one can find a
feedforward NN such that||€]] < ey for all x in S.



438 Neural Network Control of Robots

The approximation for f(x) is given by

f@) = WT¢(z), (8.2.16)

where W are the NN weight and threshold estimates given by the tuning
algorithm. For LIP NN, the functional estimation error is given by

f=f-f=wT¢x) - WT¢(z) +e
=WT¢(z) +e¢, (8.2.17)

which, when used subsequently in the error dynamics, directly yields tuning
algorithms for W that guarantee closed-loop stability.

Barron [Barron 1993] has shown that for all LIP approximators there is a
fundamental lower bound, so that € is bounded below by terms on the order of
1/L¥". Thus, as the number of NN inputs # increases, increasing L to improve
the approximation accuracy becomes less effective. As shown subsequently,
this is not a major limitation on adaptive controllers designed using 1-layer
NN. This lower bound problem does not occur in the NLIP multilayer nonlinear
nets.

A special FLNN is now discussed. We often use o(+) in place of ¢(-), with
the understanding that, for LIP nets, this activation function vector is not
diagonal, but is a general function from N’ to RE.

Gaussian or Radial Basis Function (RBF) Networks. The selection of a basis
set of activation functions is considerably simplified in various sorts of
structured nonlinear networks, including radial basis function, CMAC, and
fuzzy logic nets. It will be shown here that the key to the design of such
structured nonlinear nets lies in a more general set of NN thresholds than
allowed in the standard equation (8.2.1), and in their appropriate selection.

A NN activation function often used is the gaussian or radial basis function
(RBF) [Sanner and Slotine 1991] given when x is a scalar as

o(z) = e~ (@D (8.2.18)

where x is the mean and p the variance. RBF NN can be written as (8.2.4),
but have an advantage over the usual sigmoid NN in that the #-dimensional
gaussian function is well understood from probability theory, Kalman filtering,
and elsewhere, so that #-dimensional RBF are easy to conceptualize.

The j-th activation function can be written as
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oj(z) = e~ 3(=-2) P (=-2)) (8.2.19)

with ,Z; € R". Define the vector of activation functions as o(x)=/[o(x)
0y(x)...op(x)]". If the covariance matrix is diagonal so that Pi=diag{p;}, then
(8.2.19) becomes separable and may be decomposed into components as

n
o; (z) = e—i Thor —(2e—Z2)% /pin — H e—é(n—iu)’/m’ (8.2.20)
k=1

1515

Figure 8.2.2:2-dimensional separable gaussian functions for an RBF NN.

where z,Z;; are the k-th components of @, Z;. Thus, the n-dimensional
activation functions are the product of 7 scalar functions. Note that this equation
is of the form of the activation functions in (8.2.1), but with more general
thresholds, as a threshold is required for each different component of x at
each hidden layer neuron j; that is, the threshold at each hidden-layer neuron
in Figure 8.2.1 is a vector. The RBF variances p;, and offsets x; are usually
selected in designing the RBF NN and left fixed; only the output-layer weights
WT are generally tuned. Therefore, the RBF NN is a special sort of FLNN
(8.2.14) (where ¢(x)=a(x)).
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Figure 8.2.2 shows separable gaussians for the case x€N?2 In this figure,
all the variances p, are identical, and the mean values x;, are chosen in a
special way that spaces the activation functions at the node points of a 2-D
grid. To form an RBF NN that approximates functions over the region {-
1<x,;=1, -1<x,=1} one has here selected L=5x5=25 hidden-layer neurons,
corresponding to 5 cells along x; and 5 along x,. Nine of these neurons have
2-D gaussian activation functions, while those along the boundary require the
illustrated ‘one-sided’ activation functions.

8.3 Tracking Control Using Static Neural
Networks

In this section is discussed feedback tracking control design using nonlinear
nets and assuming full state-variable feedback. For more details see [Lewis et
al. 1999] and other listed references. If full state feedback is available, then a
static feedforward NN suffices for control. A control topology and net tuning
algorithms are provided here that guarantee closed-loop stability and bounded
weights. The techniques to be discussed apply for general nonlinear nets
including both neural networks and fuzzy logic systems [Wang 1997], [Lewis
et al. 1997], so that the abbreviation NN might henceforth be construed as
meaning ‘nonlinear network’. The resulting multiloop control topology has
an outer PD tracking loop and an inner NN feedback linearization or action
generating loop. It is found that backprop tuning does not generally suffice,
but modified tuning algorithms are needed for guaranteed closed-loop
performance.

Many industrial mechanical systems, as well as automobiles, aircraft, and
spacecraft, have dynamics in the Lagrangian form, which are exemplified by
the class of rigid robot systems. Therefore, the Lagrangian robot dynamics
will be considered [Lewis et al. 1993], [Lewis et al. 1996]. The NN control
techniques presented may also be applied to other unknown systems including
certain important classes of nonlinear systems [Lewis et al. 1999].

Robot Arm Dynamics and Error System

The dynamics of rigid Lagrangian systems, including robot arms, have some
important physical, structural, and passivity properties [Craig 1988], [Lewis
et al. 1993], [Slotine 1988], [Spong and Vidyasagar 1989] that make it very
natural to use NN in their control. These properties should be taken into
account in the design of any controller—in fact, they provide the foundation
for rigorous design algorithms for NN controllers.

The dynamics of an #-link rigid (i.e. no flexible links or high-frequency
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joint/motor dynamics) robot manipulator may be expressed in the Lagrange
form

M(@)G+Vn(e,9)d+G(@Q+F(@) +ma=T (8.3.1)

with q(t)EN" the joint variable vector, whose entries are the robot arm joint
angles or link extensions. M(q) is the inertia matrix, Vm(q,q) the coriolis/
centripetal matrix, G(q) the gravity vector, and F(q) the friction. Bounded
unknown disturbances (including e.g. unstructured unmodelled dynamics) are
denoted by 7;, and the control input torque is 7(¢) The robot dynamics have
the following standard properties:

Property 1: M(q) is a positive definite symmetric matrix bounded by
myl<M(q)<m,l, with m,, m, positive constants.

Property 2: The norm of the matrix Vm(q, g) is bounded by v,(g)ligll, for some
function v,(q).

Property 3: The matrix M—2Vm is skew-symmetric. This is equivalent to the
fact that the internal forces do no work.

Property 4: The unknown disturbance satisfies||74]| < dpwith b, a positive
constant.

Given a desired arm trajectory q,(t)EN" the tracking error is
e(t) = qa(t) — q(t) (8.3.2)
and the filtered tracking error is
r=¢é+ Ae (8.3.3)

where A is a symmetric positive definite design parameter matrix, usually
selected diagonal. If a controller is found such that 7(2) is bounded, then e(z) is
also bounded; in fact |le}] < |Ir|l/Amin(A) and [|é]] < |I7l, with Apin(A)
the minimum singular value of A.

Differentiating 7(2) and using (8.3.1), the arm dynamics may be written in
terms of the filtered tracking error as

Mi=-Vpr—74+f+14 (8.3.4)
where the nonlinear robot function is

f(z) = M(q)(Ga + Aé) + Vin(q,4)(da + Ae) + G(q) + F(¢).  (8.3.5)
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The vector x required to compute f(x) can be defined, for instance, as
e=le” ¢ qf 47 @3)", (8.3.6)

which can be measured. Function f(x) contains potentially unknown robot
parameters including pay load mass and complex forms of friction.

A suitable control input for trajectory following is given by the computed-
torque-like control

T =f+KUT—U (837)

with K, = KT > 0 a gain matrix, generally chosen diagonal, and f(x) an
estimate of the robot function f(x) that is provided by some means. The
robustifying signal v(z) is needed to compensate for unmodelled unstructured
disturbances. Using this control, the closed-loop error dynamics is

Mi=—(Ky+Va)r+f+1a+v. (8.3.8)

In computing the control signal, the estimate f can be provided by several
techniques, including adaptive control or neural or fuzzy networks. The
auxiliary control signal v(2) can be selected by several techniques, including
sliding-mode methods and others under the general aegis of robust control
methods.

The desired trajectory is assumed bounded so that

%
éd t £ qB, 8.3.9
da(t) ( )

with gp a known scalar bound. It is easy to show that for each time #, x() is

bounded by

llzll < e1 + ezllrll < g + collr(0)]] + coli|| (8.3.10)
for computable positive constants ¢, ¢i, C;.

Adaptive Control

Standard adaptive control techniques in robotics [Craig 1988], [Slotine 1988],
[Spong and Vidyasagar 1989], [Lewis et al. 1993] use the assumption that the
nonlinear robot function is linear in the tunable parameters so that

f(z)=0O(z)p+e (8.3.11)
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where p is a vector of unknown parameters and O (x) is a known regression
matrix. The control is selected as

r = K,r +0(z)p (8.3.12)

and tuning algorithms are determined for the parameter estimates P. This is
facilitated by the LIP assumption. If the approximation error € is non-zero,
then the tuning algorithm must be modified in order to guarantee bounded
parameter estimates. Various robustifying techniques may be used for this
including the o-mod [Ioannou and Kokotovic 1984], the e-modification
[Narendra and Annaswamy 1987], or the dead-zone techniques [Kreisselmeier
and Anderson 1986]. There are adaptive control techniques by now that do
not require LIP or the determination of a regression matrix [Colbaugh and
Seraji 1994]. It is interesting to compare the complexity of these to the NN
controllers to be discussed herein.

Neural Net Feedback Tracking Controller

A NN will be used in the control 7(z) in (8.3.7) to provide the estimate f for the
unknown robot function f(x). The NN approximation property assures us that
there always exists a NN that can accomplish this within a given accuracy
ex. For 2-layer NLIP NN the approximation is

f@) =WTo(VTa), (8.3.13)
while for 1-layer LIP NN it is
f(z) = WT¢(x), (8.3.14)

with ¢(-) selected as a basis.

The structure of the NN controller appears in Figure 8.3.1, where e=
[T €T]T,q = [¢7 ¢7]". The neural network that provides the estimate for
f(x) appears in an inner control loop, and there is an outer tracking loop
provided by the PD term K,r. In control theory terminology, the inner loop is
a feedback linearization controller [Slotine and Li 1991], while in computer
science terms it is the action generating loop [Werbos 1992], [Miller et al.
1991], [White and Sofge 1992]. This multiloop intelligent control structure is
derived naturally from robot control notions, and is not ad hoc. As such, it is
immune to philosophical deliberations concerning suitable NN control
topologies including the common discussions on feed-forward vs. feedback,
direct vs. indirect, and so on. It is to be noted that the static feedforward NN
in this diagram is turned into a dynamic NN by closing a feedback loop
around it (c.f. [Narendra 1991]).
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System

. ’:M TIL pli, ,xn Robot |~ l:“-l:[.>

Robust Control[v(t)
Term

Tracking Loop

Figure 8.3.1: Neural net robot controller, showing nonlinear neural network loop
and outer tracking loop.

Advantage of NN over LIP Adaptive Control. Each robotic system has its
own regression matrix, so that a different ®(x) must be determined for each
system. This regression matrix is often complicated and determining it can be
time consuming. One notes that the regression matrix effectively provides a
basis for function approximation for a specific given system. On the other
hand, the universal approximation property of non-linear networks shows
that NN provide a basis for all sufficiently smooth systems. Therefore, NN
can be used to approximate smooth f(x) for all rigid robotic systems, effectively
allowing the design of a single tunable controller for a class of systems. No
regression matrix need be determined, for the same NN activation functions
suffice for the whole class of plants.
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Even the 1-layer NN, which is LIP, has this advantage. Note that the 1-layer
NN is linear not in the system parameters, but in the NN weights. Even the LIP
NN has a universal approximation property so that no regression matrix is
needed.

Initial Tracking Errors and Initial NN Weights. It is now required to determine
how to tune the NN weights to yield guaranteed closed-loop stability. Several
cases are considered for NN controller design in this section. All of them need
the following construction.

Since the NN approximation property holds on a compact set, one must
define an allowable initial condition set as follows. Let the NN approximation
property hold for the function f(x) given in (8.3.5) with a given accuracy ey in
(8.2.6) for all x inside the ball of radius b,>qz. Define the set of allowable
initial tracking errors as

Se={r | lIrll < (b= - gB)/(co + c2)}- (8.3.15)

Note that the approximation accuracy of the NN determines size of S,. For
a larger NN (i.e. more hidden-layer units), ey is small for a larger radius b,.
Thus, the allowed initial condition set S, is larger. On the other hand, a more
active desired trajectory (e.g. containing higher frequency components) results
in a larger acceleration g,(t), which yields a larger bound g3, thereby decreasing
S,. It is important to note the dependence of S, on the PD design ratio A—both
¢o and ¢, depend on A.

A key feature of our the Initial Condition Requirement is its independence
of the NN initial weights. This is in stark contrast to other techniques in the
literature where the proofs of stability depend on selecting some initial
stabilizing NN weights, which is very difficult to do.

8.4 Tuning Algorithms for Linear-in-the-
Parameters NN

Suppose now that a LIP FLNN is used to approximate the nonlinear robot
function (8.3.5) according to (8.2.15) with ||¢|| < ex on a compact set, the

ideal approximating weights W constant, and ¢(x) selected as a basis. An
estimate of f(x) is given by (8.3.14). Then the control law (8.3.7) becomes

T=WT¢(z)+ Kyr—v (8.4.1)
and the closed-loop filtered error dynamics (8.3.8) are

Mt = —(Ky + Viu)r + WTo(z) + (e + 72) +v. (8.4.2)
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The next theorem derives the tuning law for a NN controller that is augmented
by an e-mod term as in [Narendra and Annaswamy 1987].

It must now be assumed that the ideal weights W are constant and bounded
so that

IWllr < Wg, (8.4.3)

with the bound Wj known. In [Polycarpou 1996] it is shown how to use
standard adaptive robust techniques to avoid the assumption that the bound
W is known.

THEOREM 8.4-1: (NN Weight Tuning Algorithm).

Let the desired trajectory qq(t) be bounded by qy and the initial tracking
errorr(0) be in S,. Let the NN reconstruction error bound ey and the disturbance
bound dB be constants. Assume the ideal NN target weights are bounded by
Wy as in (8.4.3). Let the control input for the robot arm be given by (8.4-1)
with v(t)=0 and gain

(kW3 /4+en +dp)(co + ¢2)

K
b — 4B

Umin

> . (1)

Let the weight tuning be

W = ForT — kF||r||W, (2)

with F=F'>0 and k>0 a small design parameter. Then the filtered tracking
error r(t) and the NN weight estimates W(t) are UUB with practical bounds
given respectively by the right-hand sides of (8), (9). Moreover, the tracking
error may be made as small as desired by increasing the tracking gain K,

Proof:

Let the NN approximation property (8.2.15) hold for the function f(x)
given in (8.3.5) with a given accuracy ey for all x in the compact set
Sz ={z | ||z|| < by} with b.>qp. Let r(0)ESr. Then the approximation

property holds at time 0.
Define the Lyapunov function candidate
L P R SRSy
L= 57T Mr® + Etr{W F—w} 3)
Differentiating yields

L=rTMi+ %rTMr + tr{WTF_IW] 4)
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whence substitution from (8.4.2) yields
L=—TKs+ %rT(M—2Vm)r+tr{WT(F‘1W+¢rT)} +rT(e+7a). (5)
Then, using tuning rule (2) yields
L = —rTK,r + &|lr|[tr {WT(W — W)} + 7T (e + 72). (6)
Since
tr{WT(W - W)} =< W, W >p —|W||7 < IWlrlIWlF - W],

there results

L <~ Koo lIrll? + lirll - IWNle(We ~ IWlF) + (e + dB)lir]
= = [Pl omin [Irll + £lIW £ (IWlF = W) — (en +dB)], (7)

which is negative as long as the term in braces is positive. Completing the
square yields

Koo lirll + £IIWIF(IWllF ~ W) ~ (en +dp)
=&(|Wllr — W5/2)* - kWE/4A+ Ko, |Irll = (en + dB)

which is guaranteed positive as long as

KW%/4+ (en +dB)
K

Umin

lirll > by (8)

or

IWllr > Wa/2+ \/sWE /4 + (en +dB) /5 = bw. 9)

Thus, L is negative outside a compact set. Selecting the gain according to (1)
ensures that the compact set defined by |lrl|<b, is contained in S,, so that the
approximation property holds throughout. This demonstrates the UUB of
both llrll and 1W15. |

This proof is similar to [Narendra and Annaswamy 1987] but is modified
to reflect the fact that the NN approximates only on a compact set. In this
result one now requires the bound W; on the ideal weights W, which appears
in the PD gain condition (1). Now, bounds are discovered both for the
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tracking error 7(2) and the weights W(z). Note that no persistence of exictation
condition is needed to establish the bounds on W with the modified weight
tuning algorithm.

The NN weight tuning algorithm (2) consists of a backpropagation through
time term plus a new second term. The importance of the k, term, called the
e-modification, is that it adds a quadratric term in ||W]|p in (7), so that it is
possible to establish that L is negative outside a compact set in the
(I7ll, IW|lF) plane [Narendra and Annaswamy 1987]. The e-mod term
makes the tuning law robust to unmodelled dynamics so that the PE condition
is not needed. In [Polycarpou and Ioannou 1991] a projection algorithm is
used to keep the NN weights bounded. In [Chen and Khalil 1992], [Chen
and Liu 1994] a deadzone technique is employed.

Weight Initialization and On-Line Tuning. In the NN control schemes derived
in this paper there is no preliminary off-line learning phase. The weights are
simply initialized at zero, for then Figure 8.3.1 shows that the controller is
just a PD controller. Standard results in the robotics literature [Dawson et al.
1990] show that a PD controller gives bounded errors if K, is large enough.
Therefore, the closed-loop system remains stable until the NN begins to learn.
The weights are tuned on-line in real-time as the system tracks the desired
trajectory. As the NN learns f(x), the tracking performance improves. This is
a significant improvement over other NN control techniques where one must
find some initial stabilizing weights, generally an impossible feat for complex
nonlinear systems.

Bounds on the Tracking Error and NN Weight Estimation Errors. The right-
hand side of (8) can be taken as a practical bound on the tracking error in
the sense that 7(¢) will never stray far above it. It is important to note from
this equation that the tracking error increases with the NN reconstruction
error ey and robot disturbances dj, yet arbitrarily small tracking errors
may be achieved by selecting large gains K,. This is in spite of Barron’s
lower bound on e.

Note that the NN weights W are not guaranteed to approach the ideal
unknown weights W that give good approximation of f(x). However, this is of
no concern as long as W-W is bounded, as the proof guarantees. This
guarantees bounded control inputs so that the tracking objective can be
achieved.
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8.5 Tuning Algorithms for Nonlinear-in-the-Parameters NN

Now suppose that a 2-layer NN is used to approximate the robot function
according to (8.2.5) with llell <eyon a compact set, and the ideal approximating
weights W, V constant. Then the control law (8.3.7) becomes

r=WTo(VTz) + Kyr — v. (8.5.1)

The proposed NN control structure is shown in Figure 8.3.1.

The NLIP NN controller is far more powerful than the 1-layer FLNN as it
is not necessary to select a basis of activation functions. In effect, the weights
V are adjusted on-line to automatically provide a suitable basis. The control
is nonlinear in the first-layer weights V, which presents complications in
deriving suitable weight tuning laws. Auxiliary signal v() is a function to be
detailed subsequently that provides robustness in the face of higher-order terms
in the Taylor series arising from the NLIP problem.

Using the result (8.2.13) to properly address the NLIP problem, the closed-
loop error dynamics (8.3.8) can be written as

Mi=—(Ky+Va)r + WI(6 -6'VTz) + WTe'Viz +w+v  (8.5.2)

where the disturbance terms are

w(t) = WTe'VIe + WIO(VTz)2 + e+ 14 (8.5.3)
Define
w o
Z= [ 0V ] (8.5.4)
and Z, Z equivalently. It is not difficult to show that
lw@)ll < Co + CullZllr + CallZ{l el (8.5.5)
with C; known positive constants.
It is assumed that the ideal weights are bounded so that
IZllr < ZB (8.5.6)

with Z; known. (Standard adaptive robust control techniques can be used to
lift the assumption that Zg is known [Polycarpou 1996].)

The next theorem presents the most powerful NN controller in this
chapter.



450 Neural Network Control of Robots

THEOREM 8.5-1: (Augmented Backprop Weight Tuning for Multi-layer NN
Controller).

Let the desired trajectory qq(t) be bounded by qy and the initial tracking
error r(0) be in S,. Let the ideal target NN weights be bounded by known Zs.
Take the control input for the robot dynamics (8.3.1) as (8.5.1) with PD gain
satisfying

(Co +&CF/4)(co + c2)

Kmin >
Y bz-QB

] (1)
where Cyis defined in the proof. Let the robustifying term be
v(t) = ~K: (I 2llr + Zg)r @)
with gain
K, > C,. 3)

Let NN weight tuning be provided by

W = ForT — F5'VTerT — wF||r||W (4)

V = Ga(aTWr)T — kGjr||V (5)

with any constant matrices F=F">0, G=G">0, and k>0 a small scalar design
parameter. Then the filtered tracking error r(t) and NN weight estimates V, W
are UUB, with the bounds given specifically by (10) and (11). Moreover, the
tracking error may be kept as small as desired by increasing the gains K, in
(8.5.1).

Proof:

Let the NN approximation property (8.2.5) hold for the function f(x) given
in (8.3.5) with a given accuracy ey for all x in the compact set
Sz = {z | ||lz|| < bz}with b,>qp. Let (0) ES,. Then the approximation property
holds at time 0.

Define the Lyapunov function candidate

1

.E;=2

T 1 T o117 1 foTa-17
r M(q)r+2tr{W F W}+2tr{V G V} (6)
Differentiating yields

L=rTMr+ %T‘TMT + tr{WTF'IP;V} + tr{VTG_‘Kf’}. (7)
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Substituting now from the error system (8.5.2) yields

L==rTK,sr+ %rT(M —2Vp)r
o+ tr{WT(F_lﬁf +6rT —o'VT2rT)}
+ tr{f/T(G‘lff +2rTWTs')} (8)

The tuning rules give

L==rTK,r + &||r|tr{WT (W - W)}
+ &llr|ltr{VT(V = V)} +rT (w + v)
=—rTKyr + kllr|tr{Z7(Z = 2)} + T (w + v).

Since
tr{Z7(Z - 2)} =< 2,Z > || Z)[} < 1 Z||Fl|2Z)iF - 1| 2)|F,

there results

L<—rTKyr +&lirll - 11211r(ZB ~ 1 Z]F)
- Kz(1Zllr + Z)lIrll® + [Ir]l - [l
< = Kopinllrl? + &lirll - 121l (Z5 1 Z]1F)
- Kz(I1Z|lF + Z)lIrll?
+lrll [Co + CallZlle + Callrl - 1 Z1e]
< = 1 { Kl = 512117 Z5 ~ 1 Z11F) ~ Co ~ Cil\ 2l }
where Koy, is the minimum singular value of K,, and the last inequality holds
dueto (3).

L is negative as long as the term in braces is positive. Defining Cs=
Zp+Ci/k and completing the square yields

Kypinlirll = 5 | Z1lr(ZB = | ZIlF) = Co - CillZ||F
=k(|1Z||F = C3/2)* + Kuninlirll = Co — £C3 /4 )

which is guaranteed positive as long as either
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Co + kC2/4
K.

Umin

]l > = b, (10)

or

|Z||lF > Cs/2+ y/Co/x+ C2/4 = bs. (11)

Thus, L is negative outside a compact set. According to the LaSalle
extension [Lewis et al. 1993] this demonstrates the UUB of both lIrll and | ZIl,
as long as the control remains valid within this set. However, the PD gain
condition (1) shows that the compact set defined by \lrl|<b, is contained in S,,
so that the approximation property holds throughout. W

The first terms in the tuning algorithms (4), (5) are nothing but back-
propagation of the tracking error through time. The last terms are the Narendra
e-mod, and the second term in (4) is a novel second-order term needed due to
the NLIP of the NN. The robustifying term v(2) is required also due to the
NLIP problem.

The comments appearing after Theorem 8.4.1 are germane here.
Specifically, there is no preliminary off-line tuning phase and NN weight
tuning occurs on-line in real-time simultaneously with control action. Weight
initialization is not an issue in the proof and it is not necessary to provide
initial stabilizing weights; the weights are simply initialized so that the NN
output is equal to zero, for then the PD loop keeps the system stable until the
NN begins to learn. However, practical experiments [Gutierrez and Lewis
1998] show that it is important to initialize the weights suitably. A good
choice is to select V(0) randomly and W(0) equal to zero.

In practice it is not necessary to compute the constants ¢, ¢y, ¢,, Cy, Cy, C,,
Zg nor determine S,. The size L of the NN and the PD gains K, are simply
selected large and a simulation is performed. The simulation is then repeated
with a different L and K,. Based on the difference in behavior between the two
simulations, L and K, can be modified.

Straight Backpropagation Weight Tuning. The backprop algorithm (usually
in discrete-time form) has been proposed innumerable times in the literature
for closed-loop control. It can be shown that if the NN approximation error €
is zero, the disturbances are 7,(t) zero, and there are no higher-order terms in
the Taylor series (8.2.12), then the straight backprop algorithm

V =Gz (6 TWr)T (8.5.7)
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may be used for closed-loop control instead of (4), (5). PE is required to show
that the NN weights are bounded using straight backprop. The conditions
mentioned are very restrictive and do not occur in practice; they essentially
require the robot arm to be linear (e.g. 1=link). Moreover, PE conditions are
not easy to guarantee in NN.

Passivity Properties of NN Controllers

The NN used in this paper are static feedforward nets, but since they appear
in a closed feedback loop and are tuned using differential equations, they are
dynamical systems. Therefore, one can discuss the passivity of these NN. In
general a NN cannot be guaranteed to be passive. However, the NN controllers
in this paper have some important passivity properties that result in robust
closed-loop performance.

The system x=f (x, u),y=h(x, u) is said to be passive if it verifies an equality
of the so-called power form [Slotine and Li 1991]

L(t) = yTu—g(t) (8.5.8)

for some lower-bounded L) and some g(¢)=0. That is,

T T
[ yT (T)u(r)dr > f g(r)dr —+* (8.5.9)
[1] [1]

for all T=0 and some y=0. The system is dissipative if it is passive and in
addition

/w yT(-r)u(r)dr # 0 implies fm g(r)dr > 0. (8.5.10)
0 0

A special sort of dissipativity occurs if g(z) is a quadratic function of Ilxl|
with bounded coefficients. We call this state strict passivity (SSP); then, the
norm of the internal states is bounded in terms of the power delivered to the
system. Somewhat surprisingly, the concept of SSP has not been extensively
used in the literature [Lewis et al. 1993], [Seron et al. 1994], though see
[Goodwin et al. 1984] where input and output strict pasivity are defined. SSP
turns out to be pivotal in studying the passivity properties of NN controllers,
and allows one to conclude some internal boundedness properties without
any assumptions of persistence of excitation.

Passivity of the Robot Tracking Error Dynamics

The error dynamics in this paper (e.g. (8.5.2)) appear in Figure 8.5.1 and
have the form

M7 = —(Ky + Vi) + & (8.5.11)
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Figure 8.5.1: Two-layer neural net closed-loop error system.

where 7(t) is the filtered tracking error and &(t) is appropriately defined. This
system satisfies the following strong passivity property.

THEOREM 8.5-2: (SSP of Robot Error Dynamiics).
The dynamics (8.5.11) from &(t) to r(t) are a state strict passive system.

Proof:
Take the nonnegative function

L= %rTM(q)r

so that, using (8.5.11), one obtains

y 1 ; p
L=rTMs+ irTMr =—rTK,r+ %r’f (M = 2Vi)r +7T¢

whence, the skew-symmetry property yields the power form

L = fTEO - fTKv‘.l".
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This is the power delivered to the system minus a quadratic term in llrll,
verifying state strict passivity. |

Passivity Properties of 2-layer NN Controllers

The closed-loop system is in Figure 8.3.1, where the NN appears in an inner
feedback linearization loop. The error dynamics for the 2-layer NN controller
are given by (8.5.2). The closed-loop error system appears in Figure 8.5.1,
with the signal & defined as

L) =-WT(E-6TVT2) (8.5.12)

Note the role of the NN in the error dynamics, where it is decomposed into
two effective blocks appearing in a typical feedback configuration.

We now reveal the passivity properties engendered by straight back-
propagation tuning (8.5.7). To prove this algorithm, one uses the error
dynagmics in a different form than (8.5.2), so that in Figure 8.5.1 one has
&) =-w7s.

THEOREM 8.5-3: (Passivity of Backprop NN Tuning Algorithm).

The simple backprop weight tuning algorithm (8.5.7) makes the map from
r(t) to =W7Té6, and the map fromr(t) to —WT&'VTx, both passive maps.

Proof:
The dynamics with respect W, V are
W = —For” (1)
V = —Gz(6'TWr)T (2)

1. Selecting the nonnegative function
L= %tr{WTF'IW}
and evaluating L along the trajectories of (1) yields
L= tr{WTF_Iﬁ/} = —tr{W76rT} =T (-W7T5),

which is in power form (8.5.8).
2. Selecting the nonnegative function

L= tr(V7G17)
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and evaluating along the trajectories of (2) yields
L= tr{f’TG_lf"} = —tr{VT2(dTWr)T} =rT(-WT5'VTg).
which is in power form. [ |

Thus, the robot error system in Figure 8.5.1 is state strict passive (SSP) and
the weight error blocks are passive; this guarantees the passivity of the closed-
loop system. Using the passivity theorem [Slotine and Li 1991] one may now
conclude that the input/output signals of each block are bounded as long as
the external inputs are bounded.

Unfortunately, though passive, the closed-loop system cannot be guaranteed
to be SSP, so that when disturbances are nonzero, this does not yield boundedness
of the internal states of the weight blocks (i.e. W, V) unless those blocks are
observable, that is persistently exciting (PE).

The next result shows why a PE condition is not needed with the modified
weight update algorithm given in Theorem 8.5.1.

THEOREM 8.5-4: (SSP of Augmented Backprop NN Tuning Algorithm).

The modified weight tuning algorithms in Theorem 8.5.1 make the map from
r(t) to —WT(6 — 6'VTz), and the map from r(t) to ~-WT6'VTz, both
state strict passive (SSP) maps.
Proof:

The dynamics relative to W, V using the tuning algorithms in Theorem
8.5.1 are given by

W = —ForT + F6'VTarT + kF||r||W
V = -Gz TWr)T + kGlir|IV.
1. Selecting the nonnegative function
1 (T 110
and evaluating L yields

L =tr{WTF-'W)
=tr { [—WT(a - a'Tl?Ta:)] T+ nl]r”WTW}

Since
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tr{WT(W —W) =< W, W >p —||W|%
< e - IWllF - IWI%,

there results

L <™ [-W7(@ - &'V 72)] = wlrll - (IW 1 = Wl W)

<7 [-WT(6 - 'VT2)] = slirll - (IWIIE - WallW i)

which is in power form with the last function quadratic in
2. Selecting the nonnegative function

L= tr{V7G77)
and evaluating L vyields

L =tr{VTG~'V}
=T (-WTe'VTz) - klr|l(IVI5- <V, V >F)
< T(=WTe'VTa) - sl (VI - VBV

which is in power form with the last function quadratic in IVIlg. |

The SSP of both the robot dynamics and the weight tuning blocks does guarantee
SSP of the closed-loop system, so that the norms of the internal states are
bounded in terms of the power delivered to each block. Then, boundedness of
input/output signals assures state boundedness without any sort of observability
or PE requirement.

Definition of Passive NN and Robust NN. We define a dynamically tuned
NN as passive if, in the error formulation, the tuning guarantees the passivity
of the weight tuning subsystems. Then, an extra PE condition is needed to
guarantee boundedness of the weights. This PE condition is generally in terms
of the outputs of the hidden layers of the NN. We define a dynamically tuned
NN as robust if, in the error formulation, the tuning guarantees the SSP of the
weight tuning subsystem. Then, no extra PE condition is needed for boundedness
of the weights. Note that (1) SSP of the open-loop plant error system is needed
in addition for tracking stability, and (2) the NN passivity properties are
dependent on the weight tuning algorithm used.
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Passivity Properties of 1-Layer NN Controllers

In a similar fashion, it is shown that the FLNN controller tuning algorithm
makes the system passive, so that an additional PE condition is needed to
verify internal stability of the NN weights. On the other hand, the augmented
tuning algorithm in Theorem 8.4.1 yields SSP, so that no PE is needed.

8.6 Summary

Neural network controller design algorithms were given for a general class of
industrial Lagrangian motion systems characterized by the rigid robot arms.
The design procedures are based on rigorous nonlinear derivations and stability
proofs, and yield a multiloop intelligent control structure with NN in some of
the loops. NN weight tuning algorithms were given that do not require
complicated initialization procedures or any off-line learning phase, work
on-line in real-time, and offer guaranteed tracking and bounded NN weights
and control signals. The NN controllers given here are model-free controllers
in that they work for any system in a prescribed class without the need for
extensive modeling and preliminary analysis to find a ‘regression matrix’.
Unlike standard robot adaptive controllers, they do not require linearity in
the parameters (see also [Colbaugh and Seraji 1994] which does not need
LIP). Proper design allows the NN controllers to avoid requirements such as
persistence of excitation and certainty equivalence. NN passivity and
robustness properties are defined and studied here.
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Chapter 9

Force Control

In this chapter the fundamentals of position/force controllers are studied.
The topics that are covered include stiffness control, hybrid position/force
control, hybrid impedance control, and reduced-state position/force control.
Empbhasis is placed on controller development, stability, and implementation
issues.

9.1 Introduction

For tasks performed by robot manipulators, such as moving payloads or
painting objects, position controllers give adequate performance because
these types of tasks only require the robot to follow a desired trajectory.
However, during grinding or an assembly task, the robot manipulator comes
in contact with the environment; therefore, interaction forces develop
between the robot manipulator and the environment. Consequently, these
interaction forces, as well as the position of the end effector, must be
controlled.

To motivate the need for using a combination of force and position control,
consider the problem of controlling a manipulator to write a sentence on a
blackboard. To form the letters in the sentence, we must certainly control
the end-effector position or, equivalently, the position of the chalk. As anyone
who has written on a blackboard knows, the force with which one presses
on the blackboard must also be controlled. That is, pressing too lightly can
result in letters that are not easily readable, while pressing too hard can
result in broken chalk. This example clearly illustrates that many robotic
applications will require that a desired positional trajectory and a desired
force trajectory must be specified. In this chapter we present some general
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control strategies that control not only the robot end-effector position but
also the force that the end effector exerts on the environment. It should be
noted that throughout this chapter, we assume that the desired velocity and
force trajectories, which are commanded by the controllers, are consistent
with the model of the environment [Lipkin and Duffy 1988]. If this is not the
case, it may be possible to modify the desired velocity and force trajectories
to be consistent with the model of the environment. The interested reader is
referred to [Lipkin and Duffy 1988] for information on this modifying or
“kinestatic filtering” of the desired trajectories.

9.2 Stiffness Control

Since the first robot manipulators involved in industrial processes were
required to perform positional tasks (e.g., spray painting), robot manipulators
were manufactured to be very rigid. This rigid design allowed the robot
control designer to obtain reasonable positional accuracy by utilizing simple
control laws. As one might expect, force control applications (e.g., grinding
or sanding) are extremely difficult to accomplish with such a “stiff” robot.
Therefore, if the robot manipulator “stiffness” could be controlled, force
control applications could be accomplished more easily. In this section the
concept of stiffness control is formulated for a simple single-degree-of-freedom
example. The robot manipulator equation is then modified to account for
the forces exerted on the environment. Using this new model, the stiffness
control concept [Salisbury and Craig 1980] is then generalized to an n-link
robot manipulator.

Stiffness Control of a Single-Degree-of-Freedom Manipulator

To motivate the concept of stiffness control, consider the problem of force
control for the system depicted by Figure 9.2.1. Here the manipulator with
mass m is assumed to be in contact with the environment, which is located
at the static position x,. The control problem is to specify an input force
(i.e.,T) so that the manipulator moves to a desired constant position (i.e.,
x4). In this system, we also assume that if the position of the manipulator
(i.e., x) is greater than x,, the force (i.e., f) exerted on the environment is
given by

feko(x-x.), (9.2.1)

where k, is a positive constant used to denote the environmental stiffness.
That is, we are assuming that the environmental stiffness can be modeled as
a linear spring with a spring constant denoted by k.. From this assumption
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we can visualize the single-degree-of-freedom system as the mass-spring
diagram given by Figure 9.2.2.

PORPEEE
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Figure 9.2.1: Single-degree-of-freedom system.
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Figure 9.2.2: Mass-spring diagram.

Assuming that gravity and friction are negligible, the equation of motion
for the system given in Figure 9.2.2 is given by

T=mi+ ke (T — ). (9.2.2)

The system block diagram for (9.2.2) is given by Figure 9.2.3. Note that in
Figure 9.2.3, we have used the variable s to denote the Laplace transform
variable.

The form of the dynamics given by (9.2.2) motivates the simple PD control
law

T =<k + kp (24 — ), (9.2.3)

where k, and k, are positive scalar control gains. After substituting (9.2.3)
into (9.2.2), we obtain the closed-loop system

mE + kot + (kp + ke) T = kpzq + kete, (9.2.4)
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Figure 9.2.3: System block diagram.
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Figure 9.2.4: Closed-loop system block diagram.

which can be represented by the block diagram given by Figure 9.2.4. From
Figure 9.2.4 we know that the closed-loop system is stable since we have
defined the constants m, k,, k,, and k, to be positive. That is, we can show
that the poles of the transfer function

1
" ms? + kys + (kp + k)

H (s)

are in the open left-half s-plane.

To investigate how the PD control given in (9.2.3) controls the force exerted
on the environment, we examine the system in steady-state conditions. Because
x4 and x, are constant, the Laplace transform of x can be found from (9.2.4)
to be

_ kprg + keze
T s (ms? +kys + (kp + k)

z(s) (9.2.5)

Therefore, the steady-state manipulator position (i.e.,) can easily be shown
to be

kpzy + keze

kp + Fe (9.2.6)

zzll_%sm(s)z
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The steady-state manipulator position can now be used to calculate the steady-
state force (i.e., f) exerted on the environment. Specifically, upon substituting
(9.2.6) into (9.2.1), the steady-state force is given by

kpke (wd - xe)

f= K+ ke (9.2.7)

As one would expect, the spring constant of the environment is often
considered to be large because the robot is pushing on a nearly rigid surface
in most robot force control applications. Thus, if we assume that k. >> k, we
can approximate the steady-state force in (9.2.7) as

feky(zqg—z.). (9.2.8)

From the discussion above, we can see that the position control strategy
given by (9.2.3) does indeed exert a force on the environment. Specifically,
this force is created by commanding a desired trajectory that is slightly inside
the contact surface. In attempting to eliminate the position error, the position
controller exerts a steady-state force on the surface. From the approximate
steady-state force given by (9.2.8), the position gain (i.e., k,) can be thought
of as representing the desired “stiffness” of the manipulator. That is, the
manipulator can be visualized as a spring, with spring constant k,, exerting
a force on the environment. Hence the term “stiffness control” has often
been associated with the PD control given by (9.2.3) since the stiffness of the
manipulator can be set by the adjustment of k,.

The Jacobian Matrix and Environmental Forces

Before the stiffness controller can be generalized to an n-link robot
manipulator, we must define some notation with regard to the forces that
the robot exerts on the environment. As explained in [Spong and Vidyasagar
1989], the forces are commonly transformed into the joint-space via a
Jacobian matrix. In this chapter we define the Jacobian matrix in terms of a
task space coordinate system which is defined for the specific robot application
in question. That is, for a certain application, we may wish to have the end
effector apply forces along a particular set of directions while moving along
other directions. This concept is illustrated in Figure 9.2.5, which depicts a
manipulator moving along a slanted surface. The task space coordinate system
is given by the directions # and v since we wish to move the end effector
along the surface in the direction v while applying a force normal to the
surface along the direction #. An appropriate task space coordinate system
is usually defined in most robotic applications from this line of reasoning.
Following this logic, let x be the 7x1 task space vector defined by
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z=h(q), (9.2.9)

where h(q) is found from the manipulator kinematics and the appropriate
relationships between the joint and task spaces. The derivative of x is defined
as

¢=J(q) 4, (9.2.10)

where the nxn task space Jacobian matrix J(q) [Spong and Vidyasagar 1989]
is defined as

u@=[£§]7g- (9.2.11)

my

v

Figure 9.2.5: Manipulator moving along slanted surface.

with the identity matrix I, the zero matrix 0, and the transformation matrix
T having dimensions dependent on the task space coordinate system selected.
The transformation matrix T'is typically used when converting joint velocities
to the derivatives of the roll, pitch, and yaw angles associated with end-
effector orientation. For brevity we assume that the robot manipulators
discussed in this chapter are nonredundant and are always in a nonsingular
configuration; therefore, the Jacobian matrix is a nonsingular square matrix.

Using the task space coordinate concept, we now examine how the robot
equation must be modified for the purposes of force control. If the end effector
of the manipulator is in contact with the environment, force interactions
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will exist between the end effector and the environment. If the interaction
forces are measured in the joint space, the manipulator dynamic equation
can be written as

T=M(Q)§+Vm(g,9)d+G(q) + F(4) + e, (9.2.12)

where 7, is an 7x1 vector in joint space coordinates, which denotes the force
exerted on the environment. The dynamic equation given by (9.2.12) makes
sense because if the manipulator is not moving (i.e.,§ = ¢ = 0), then (9.2.12)
reduces to

T=G(q) + 7. (9.2.13)

That is, if the robot manipulator is in static operation, the actuator force is
equal to the force exerted on the environment plus the force needed to
withstand the gravitational forces. Note that in (9.2.13), we have assumed
that static friction can be neglected.

A joint space representation for the force exerted on the environment is
not the standard notation in the robotics literature; rather, the robot
manipulator equation is usually given by

T=M@)i+Vn(0,9)§+CG@+F()+JI (@ f, (0214

where [ is the nx1 vector of contact forces and torques in task space.
To understand the origin of (9.2.14), equate the right-hand sides of (9.2.12)
and (9.2.14) to yield

.=JT(q) f. (9.2.15)

This equation can be shown to be true quite easily by using a conservation
of energy argument. Specifically, by conservation of energy, we know that

iTr. = i . (9.2.16)
Substituting (9.2.10) into (9.2.16) yields
" =4"J" (9) f.
Since the relationship above must hold for all g, we can see that (9.2.15)
obviously represents a true statement. To shed some light on the process of

developing the Jacobian and the task space formulation, two examples are
now discussed.
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EXAMPLE 9.2-1: Task Space Formulation for a Slanted Surface

We want to find the manipulator dynamics for the Cartesian manipulator
system (i.e., both joints are prismatic) given in Figure 9.2.5 and to
decompose the forces exerted on the surface into a normal force and a
tangent force. First, the motion portion of the dynamics can easily be
determined when the robot is not constrained by the surface. After
removing the surface and the interaction forces fi, and /5, the manipulator
dynamics can be shown to be

T=Mi+G+F (g, (1)

where

. my 0
M—[ 0 m1+m2]’

and F(g) is the 2x1 vector [F1(d1)F2(¢2)]T that models the friction as
discussed in Chapter 2.
To account for the interaction forces, let x be the 2x1 task space vector

defined by
u
= [ v ] J (2)

where # and v define a fixed coordinate system such that u represents the
normal distance to the surface, and v represents the tangent distance along
the surface. As in (9.2.9), the task space coordinates can be expressed in
terms of the joint space coordinates by

z="h(g), (3)

where h(q) is found from the geometry of the problem to be

__1__ G —q2
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The task space Jacobian matrix is found from (9.2.11) by utilizing the
fact that T 'is the identity matrix for this problem because we do not have
to concern ourselves with any end-effector angles of orientation. That is,

J(q) 1s given as

_Oh(g) 11 -1
=8 “EL1 1 )
Following (9.2.14), the robot manipulator equation is given by
T=Mi+G+F (@) +JTS, (6)

where
_| A
=4 ]

It is important to realize that the normal force (i.e., f) and the tangent
force (i.e., f») are drawn in the direction of the task space coordinate system
given by (2) (see Fig. 9.2.5).

EXAMPLE 9.2-2: Task Space Formulation for an Elliptical Surface

We wish to find the manipulator dynamics for the Cartesian
manipulator system given in Figure 9.2.6 and to decompose the forces
exerted on the surface into a normal force and a tangent force. The
motion portion of the dynamics is the same as in Example 9.2.1;
however, due to the change in the environmental surface, a new task
space coordinate system must be defined. Specifically, let x be the 2x1
task space vector defined by

u
(]

where # and v define a rotating coordinate system such that # represents
the normal distance to the surface and v represents the tangent distance
along the surface. Asin (9.2.9), the task space coordinates can be expressed
in terms of the joint space coordinates by

z="h(q), (2)
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% f f

v q2 u

Figure 9.2.6: Manipulator moving along elliptical surface.

where h(q) is found to be

G
¢

S
S 21

2 0
el g

with u, v, g, and g, being appropriately defined unit vectors used in the dot
product notation given in (3). The unit vectors g, and g, are defined in terms
of the fixed coordinate set given by g, and g,. These unit vectors are defined

o=[a]=lo] =a=[2]=[2) @

To find the unit vectors # and v, we first use the function of the surface

ha =

s +g5=1 (5)

to parameterize the surface in terms of one variable (i.e., q,) as follows:

qi _ 2 1—q2]
[‘12]—[ ) ik ()
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The partial derivative of (6) with respect to ¢, divided by the length of the
vector yields a unit vector (i.e., v) that is always tangent to the surface. That

is, v is given by
v= l

5

q

D)
Y

1 ) 1_2—1/2
]:Z[ q2[ 1q2] ]’ (7)

|
(Y

q

where

A=1+4g(1-a)

By using (5) again, the expression for v can be simplified to yield

__ 1 [ ~4g/a
V—-A—[ 1 N

where

A =4/1+16¢%/¢2.

Because the vectors # and v must be orthogonal (i.e., #.v=0), via (8) and the
geometry of the problem, we know that

—_l[ 1 }
YEA| de/a | ©)
Substituting (4), (8), and (9) into (3) yields
_1[a+4¢/a
hg) =3 [ _3q§ ] : (10)

The task space Jacobian matrix is found from (9.2.11) by utilizing the fact
that T is the identity matrix. That is, J(g) is given as

Ju J
o= e, )

where
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Ju = Your [Vl + 7] s} + 443]~*°

Tz = 3 [86% — @F] [Va? + 4¢3] ™2
Jo1 = =643 [Yag} + 443) e )
Taz = ~3hg? [Yag? + 4¢3) ",

’

)

Following (9.2.14), the robot manipulator equation is given by
T=Mi+G+F (@ +JI(q)f, (12)

where 7, M, q, G, f, and F(g) are as defined in Example 9.2.1. It is important
to note that the normal force (i.e., f;) and the tangent force (i.e., f5) are
drawn in the direction of the task space coordinate system given by (1) (see
Fig. 9.2.6).

Stiffness Control of an N-Link Manipulator

Now that we have the robot manipulator dynamics in a form which includes
the environmental interaction forces, the stiffness controller for the n-link
robot manipulator can be formulated. As before, the force exerted on the
environment is defined as

f=K.(z-z.), (9.2.17)

where K, is an nxn diagonal, positive semi-definite, constant matrix used to
denote the environmental stiffness, and x, is an zx1 vector measured in task
space that is used to denote the static location of the environment. Note that
if the manipulator is not constrained in a particular task space direction, the
corresponding diagonal element of the matrix K, is assumed to be zero. Also,
the environmental surface friction is typically neglected in the stiffness control
formulation.
The multidimensional stiffness controller is the PD-type controller

7 =JT (q) (-Kvi + K,%) + G (q) + F (4), (9.2.18)

where K, and K, are nxn diagonal, constant, positive-definite matrices and
the task space tracking error is defined as

1513

=z4—-T.
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As before, x, is used to denote the desired constant end-effector position
that we wish to move the robot manipulator to; however, x, is now an nx1
vector. Substituting (9.2.17) and (9.2.18) into (9.2.14) yields the closed-loop
dynamics

M@ §+Vm (6,44 =JT (@) (~Ku& + K& — K. (z —z.)). (9:2.19)

To analyze the stability of the system given by (9.2.19), we utilize the
Lyapunov-like function

V = 14TM (q) § + 1oiTKpF + Yo (z — zo)” K. (z — z.) . (9:2.20)
Differentiating (9.2.20) with respect to time and utilizing (9.2.10) yields

V ="M (@) 4 - ¢"M (@) § - 77 (q) Ky
+¢TJT (@ K. (z - z). (9.2.21)

Note that in (9.2.21) we have used the fact that x, and x, are constant and
that the transpose of either a scalar function or a diagonal matrix is equal to
that function or matrix, respectively. Substituting (9.2.19) into (9.2.21) and
utilizing (9.2.10) yields

V=" (16M (@) - Vn (9,0)) = "7 (@ KoT (4. (9222)

Applying the skew-symmetric property (see Chapter 2) to (9.2.22) yields
V= —4TJT (q) KuJ (@) 4, (9.2.23)

which is nonpositive. Since the matrices J(q) and hence J7(q)K,J(q) are
nonsingular, V can only remain zero along trajectories where g=0 and hence
g=0 (see LaSalle’s theorem in Chapter 1). Substituting g=0 and ¢=0 into
(9.2.19) and utilizing (9.2.10) yields

tl_lglo [KpZ - Ke(x— )] =0 (9.2.24)
or, equivalently,
Jim z; = (Kpi + Kei) ™ (Kpittai + Keitei) (9.2.25)

where the subscript i is used to denote the ith component of the vectors x, x4,
x,, and the ith diagonal element of the matrices K, and K..
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The stability analysis above can be interpreted to mean that the robot
manipulator will stop moving when the task space coordinates are given by
(9.2.25). That is, the final position or steady-state position of the end effector
is given by (9.2.25), which in the single-degree-of-freedom case is equivalently
given by (9.2.6). To obtain the ith component of the steady-state force exerted
on the environment, we substitute (9.2.25) into the ith component of (9.2.17)
to yield

tl_lglo fi = Kei (Kpi + Kei) ™" Kpi (€ai = Tes) - (9.2.26)

Thus the steady-state force exerted by the end effector on the environment
is given by (9.2.26), which in the single-degree-of-freedom case is
equivalently given by (9.2.7). As in the single-degree-of-freedom case, we
assume that K,; is much larger than K, for the task space directions that
are to be force controlled. That is, the steady-state force in (9.2.26) can be
approximated by

Table 9.2.1: Stiffness Controller

Torque Controller:
7=JT(q) (~Ku3 + K,%) + G (q) + F(g)
where J (g) is the task space Jacobian.
Stability:
Nonconstrained directions: set-point positional control
Jim z; () = za;
Constrained directions: steady-state force control approximated by
Jim f; () = Kpi (245 — @ei)
Comments: Control gains Kj; are used to adjust stiffness of the

manipulator.

tllglo fi S Kpi (xdi - :l:e,') 3 (9.2.27)
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therefore, K,, can interpreted as specifying the stiffness of the manipulator in
these task space directions.

If the manipulator is not constrained in a task space direction, the
corresponding stiffness constant K,; is equal to zero. Substituting K,=0 into
(9.2.25) yields

tlim Ty = Tdi. (9.2.28)
—00

This means that for the nonconstrained task space directions, we obtain set-
point control; therefore, in steady state the desired position set point is
reached. The stiffness controller along with the corresponding stability result
are both summarized in Table 9.2.1. We now illustrate the concept of stiffness
control with an example.

EXAMPLE 9.2-3: Stiffness Controller for a Cartesian Manipulator

We want to design and simulate a stiffness controller for the robot
manipulator system given in Figure 9.2.5. The control objective is to move
the end effector to a desired final position of v;=3 m while exerting a final
desired normal force of f;;=2 N. We neglect the surface friction (i.e., f,) and
joint friction, and assume that the normal force (i.e., f,) satisfies the
relationship

fi=ke(u—u.), (1)

where ue = 3/v/2 m and k,=1000 N/m. The robot link masses are assumed
to be unity, and the initial end-effector position is given by

v(0) =5m and u(0)=3/\/§m. (2)

To accomplish the control objective, the stiffness controller from Table 9.2.1
is given by

7 =J7 (q) (K, + K,) + G (q), (3)

where
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7, J, G, and x are as defined in Example 9.2.1, u, is defined as the desired
normal position, and the gain matrices K, and K, have been taken to be
K,=k,I and K,=k,I. For this example we select k,= k,=10, which will
guarantee that k,«k, as required in the stiffness control formulation. To
satisfy the control objective that f;;=2 N, we utilize (9.2.27) to determine
the desired normal position. Specifically, substituting the values of fy, k.,
and #, into

far = kp (uq — ue) (4)

yields ug = (0.2 + 3/+/2) m.

The simulation of the stiffness controller given by (3) for the robot
manipulator system (Figure 9.2.5) is given in Figure 9.2.7. As indicated by
the simulation, the desired tangential position and normal force are reached
in about 4 s.

|
Position (v)
5
m 4
S€CS
31 T T T T |
0 1 2 3 4 s
Force ( fl)
10
N
s
SECs
0] T T T T |
1 2 3 4 5

Figure 9.2.7: Simulation of stiffness controller.

9.3 Hybrid Position/Force Control

A major disadvantage of the stiffness controller given in Section 9.2 is that it
can only be used for set-point control; in other words, the desired end effector
manipulator position and the desired force exerted on the environment must
be constant. In many robotic applications, such as grinding, the end effector
must track a desired positional trajectory along the object surface while
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tracking a desired force trajectory exerted onto the object surface. In this
type of application, a stiffness controller will not perform adequately;
therefore, another control approach must be utilized.

The so-called hybrid position/force controller [Chae et al. 1988] and
[Raibert and Craig 1981] can be used for tracking position and force
trajectories simultaneously. The basic concept of the hybrid position/force
controller is to decouple the position and force control problems into subtasks
via a task space formulation. As we have seen, the task space formulation is
valuable in determining which directions should be force or position
controlled. That is, the position and force control subtasks are easily
determined from the task space formulation. After the control subtasks have
been identified, separate position and force controllers can then be developed.

Hybrid Position/Force Control of a Cartesian Two-Link Arm

To illustrate this concept of hybrid position/force control, consider the robot
manipulator system given by Figure 9.3.1. For this application, the position
along the surface and the normal force exerted on the surface should both be
controlled; therefore, one must determine which variables should be force
controlled and which should be position controlled.

8
m 9 f'_.
% -~ o— o m,
A
9
q,=3
1
> 9
Y

Figure 9.3.1: Manipulator moving along perpendicular surface.
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Following the task space concept given in Section 9.2, the task space
formulation for the manipulator system given in Figure 9.3.1 is

x=[z]=h(q)=[‘£], (9.3.1)

with the task-space Jacobian matrix given by

-8e-[3 1]

As illustrated by (9.3.1), the task space and the joint space are equivalent for
this problem; therefore, we will refer to joint variables as task-space variables
throughout this problem.

To design the position/force controller for the manipulator system, we
must first determine the dynamic equations for the task space formulation
given by (9.3.1). Using this task space formulation and neglecting joint
friction, the manipulator dynamics can be shown to be

r=Mi+G+f, (9.3.2)

where 7, M, G, and [ are as defined in Example 9.2.1. The two dynamic
equations given in the matrix form represented by (9.3.2) are

nn=mig + fi (9.3.3)
and

T2 = (my +ma) do + (M1 +m2) g + fa. (9.3.4)

In formulating a hybrid position/force controller, we design separate
controllers for the dynamics given by (9.3.3) and (9.3.4). As illustrated by
Figure 9.3.1, the position along the task space direction g, should be position
controlled; therefore, we should use (9.3.4) for designing the position
controller. [This is obvious because the dynamics given by (9.3.3) do not
contain the task space variable g2.]

Because we are designing a position controller to track a desired trajectory,
we will define the “tangent space” tracking error to be

f):qd2 —qz, (9.3.5)

where g, represents the desired position trajectory along or tangent to the
surface. The position controller will be the computed-torque controller (see
Chapter 3)

To = (m1 +m2) aT+(m1 +m2)g+f2, (9.3.6)
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where
ar = a2 + k1o + krp#, (9.3.7)

with kr, and kr, being positive control gains. Substituting (9.3.6) into (9.3.4)
gives the position tracking error system

%+ kroZ + krpZ =0 (9.3.8)

By using the fact that k;, and ky, are positive, we can apply standard linear
control results to (9.3.8) to yield

lim £ = 0;

t—o0
therefore, asymptotic positional tracking is guaranteed with the controller
given by (9.3.6). Note that the position controller requires measurement of
the joint position, joint velocity, and surface friction force; therefore, from
an implementation point of view, force measurements are required in the
position controller.

The position controller given in (9.3.6) will ensure good position tracking
along the surface of the environment; however, we also want to control the
force exerted on the environment. For the manipulator system given in Figure
9.3.1, the task space direction normal to the surface is gy; therefore, we will
assume that in this direction the environment can be modeled as a spring.
Specifically, the normal force f, exerted on the environment is given by

fi=ke(a1—ge), (9.3.9)

where k, represents the environment stiffness and g,=3. Taking the second
derivative of (9.3.9) with respect to time gives the expression

. 1 ..
G = E—fl, (9.3.10)

where the normal task space acceleration is written in terms of the second
derivative of the normal force. Substituting (9.3.10) into (9.3.3) yields the
force dynamic equation

m s
Tl =?1“f1+f1- (9.3.11)
€

We can now use the force dynamic equation given in (9.3.11) to design a
force controller to track a desired force trajectory. First, define the force
tracking error to be
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f=fa-f0 (9.3.12)

where f; represents the desired normal force that is to be exerted on the
environment. Similar to the position controller, the force controller will be
the computed-torque controller

my

T =—an + h. (9.3.13)
€

where
an = fin + knof + knof, (9.3.14)

with ky, and ky, being positive control gains. Substituting (9.3.13) into
(9.3.11) gives the force tracking error system,

f+knof +knyf = 0. (9.3.15)

Using the fact ky, and ky, are positive in (9.3.15) yields

jm =0

therefore, asymptotic force tracking is guaranteed with the controller given
by (9.3.13). It is important to realize that the force controller requires
measurement of the normal force and the derivative of the normal force.
Because the force derivative is often not available for measurement, it is
manufactured from (9.3.9), that is,

fi = kedn; (9.3.16)

therefore, the stiffness of the environment and the normal task space velocity
are used to simulate the derivative of the force.

Hybrid Position/Force Control of an N-Link Manipulator

The hybrid position/force controller given in the preceding section can easily
be extended to the multidegree case by using the task space formulation
concept. Specifically, one can develop a feedback-linearizing control that
will globally linearize the robot manipulator equation and then develop linear
controllers to track the desired force and position trajectories.

First, the control designer selects a task space formulation

z=h(q) (9.3.17)
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such that the normal and tangent surface motions are decomposed as
discussed in Section 9.2. The robot dynamics given in (9.3.14) are then written
in terms of the task space acceleration by differentiating (9.3.17) twice with
respect to time to obtain

E=J(@d+J ()4 (9.3.18)

where J(g) is the task space Jacobian defined in (9.2.11). Solving (9.3.18) for
q yields

i=77 () (8- J(@)q) (9.3.19)

Substituting (9.3.19) into (9.2.14) yields

r=M(@) I (@) (8= (@)4) + Vi (0,0) 4+ G (@) + F (@) + I (0) £
(9.3.20)

The corresponding feedback linearizing control for the dynamics given by
(9.3.20) is given by

r=M@JI" @) (2= T @) +Vm @) i+ G @)+ F @)+ T (@) ,
(9.3.21)

where a is an nx1 vector used to represent the linear position and force
control strategies, which will be discussed later. After substituting (9.3.21)
into (9.3.20), we have

i=a. (9.3.22)

From (9.3.22), we can see that the task space motion has been globally
linearized and decoupled; therefore, we can design the position and force
controllers independently in a method similar to that of the preceding section.
Specifically, linear position controllers can be designed for the task space
variables that represent tangent motion; moreover, linear force controllers
can be designed for the task space variables that represent normal force.

Because the dynamics given in (9.3.20) have been decoupled in the task
space, we will define the tangent space components of x as x7;, where the
subscript T is used to denote the tangent space, and the subscript 7 is used to
denote the ith component of x;. From this notation the tangent space
components of (9.3.22) are given as

iri = ari, (9.3.23)
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where ay; is the ith linear tangent space position controller. For the purpose
of feedback control, we define the tangent space tracking error to be

Z7i = Trai — TTi, (9.3.24)

where x74 represents the ith desired position trajectory tangent to the
environment surface. As in the preceding section, the corresponding linear
controller is then given as

ari = Erdi + krviZri + krpidTi, (9.3.25)

with kr,; and kg, being the ith positive control gains. Substituting (9.3.25)
into (9.3.23) gives the position tracking error system

E1i + krvifri + krpidrs = 0. (9.3.26)

Using the fact that ky,; and ky,; are positive in (9.3.26) yields

lim &p; = 0;
t—o0

therefore, asymptotic positional tracking is guaranteed.

For purposes of force control, we define the normal space components of
x as xn; where the subscript N is used to denote normal space, and the subscript
j is used to denote the jth component of xy. From this notation, the normal
space components of (9.3.22) are given as

:iNj = anjy, (9.3.27)

where ay; is the jth linear normal space force controller. As in the preceding
section, we assume that the environment can be modeled as a spring.
Specifically, the normal force fy; exerted on the environment is given by

fN] = ke] (xN] - xe]) , (9.3.28)

where k,; is the jth component of environmental stiffness, and x,; is used to
represent the static location of the environment in the direction of the normal
space xy;.

As done for the single-degree-of-freedom robot in the preceding subsection,
we must formulate the force dynamics before we can develop the force
controller. Taking the second derivative of (9.3.28) with respect to time gives
the expression

. 1 .
INj = E‘ijNja (9.3.29)
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where the normal task space acceleration is written in terms of the second
derivative of the normal force. Substituting (9.3.29) into (9.3.27) yields the
force dynamics

1 .
T -fNj = an;. (9.3.30)
ej

For the purpose of feedback control, we define the force tracking error to be
fNj = fNdgj — fnjs (9.3.31)

where fy, represents the jth component of the desired force exerted normal

to the environment. As in the preceding section, the corresponding linear

controller is then given by
1

e (Fvai + ki vy + Fvps Fvs) (9.3.32)

aNj =

with ky,; and ky,; being the jth positive control gains. Substituting (9.3.32)
into (9.3.30) gives the force tracking error system

fNj +kijfNj +kijfNj =0 (9.3.33)

Using the fact that ky,; and ky,; are positive in (9.3.33) yields
Jim fvy =0

therefore, asymptotic force tracking is guaranteed.

The hybrid position/force controller and the corresponding stability result
are both summarized in Table 9.3.1. We now illustrate the concept of hybrid
position/force control with an example.

EXAMPLE 9.3-1: Hybrid Position/Force Control Along a Slanted Surface

We want to design and simulate a hybrid position/force controller for the
robot manipulator system given in Figure 9.2.5. The control objective is
to move the end effector with a desired surface trajectory of v=sin(¢) m
while exerting a normal force trajectory of f;; = 1 — e~tN. We neglect
joint friction and assume that the normal force (i.e., f;) satisfies the
relationship

f1=ke(u_ue)a (1)
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Table 9.3.1: Hybrid Position/Force Controller

Torque Controller:
r=M@JI (@) (2 I @) +Vm (0,0 i+ C (@)
+F (@) +J" (@) f
where J (q) is the task space Jacobian.
Position control:
ari = Erdi + kTvidTi + brpidiTi

Force control:

anj = ki,- (dej + kN‘Uijj + kijfNj)
Stability:
Nonconstrained directions: position tracking control
Jim 27; () = Tra; (¢)
Constrained directions: force tracking control
Jim fw; () = fna ()

Comments: Environment is modeled as a spring.

where u, = 3/+/2 mand k,=1000 N/m. The robot link masses are assumed
to be unity, and the initial end-effector position is given by

v(0)=0m and u(0)=3/V2Zm 2)

To accomplish the control objective, the hybrid position/force controller
from Table 9.3.1 is given by

r=MJ la+G+JTS, (3)

where a is a 2x1 vector representing the linear position and force
controllers with 7, ], G, and f as defined in Example 9.2.1. The controller
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given by (3) decouples the robot dynamics in the task space as follows:
=% =
Sl | T (4)

From Figure 9.2.5, we can see that the task space variable u represents the
normal space, and the task space variable v represents the tangent space;
therefore, (4) may rewritten in the notation given in Table 9.3.1 as

. i & a
=[] =[5 = ]=- g

From Table 9.3.1, the corresponding linear position and force controllers
are then given by

ar1 = &ra1 + kro1371 + krp1Bm (6)

and

1 . B ~
aNy = — (de1 +Eknoifa + kNplfm) (7)
el

where gpg = sint, fxar =1 — e~% and k,,=1000.

The simulation of the hybrid position/force controller given by (3), (6),
and (7) for the robotic manipulator system (Figure 9.2.5) is given in Figure
9.3.2. The controller gains were selected as

knv = kNpl =kry1 = kTpl = 10.

As indicated by the simulation, the position and force tracking error go to
zero in about 4 s.
|

Implementation Issues

After reexamining the hybrid position/force controller, one can see that the
task space forces are needed for implementation of the control law. Often
a wrist-mounted force sensor is used for measuring the end-effector forces;
however, in general, these forces will not be the task space forces that are
needed for control implementation. Fortunately, a transformation can be
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Figure 9.3.2: Simulation of hybrid position/force controller.

used to obtain the task space forces for any particular force application.
That is, the task space forces are related to the sensor forces by

JT (@) f=JT (a) fs, (9.3.34)

where J(q) is an nxn Jacobian sensor matrix, and f; is an nx1 vector of
sensor forces. Using (9.3.34), the task space forces are given by

F=J"T@)JI (9 fe (9.3.35)

As we mentioned earlier, the force control law requires measurement of the
task space force derivative; however, this signal is not usually available. Often,
the stiffness equation (9.3.28) is used to obtain the jth task space force
derivative as

Fni = kejing, (9.3.36)

which is in terms of the measurable jth task space normal velocity.
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Figure 9.3.3: Hybrid position/force controller.

With these implementational concerns in mind, the overall hybrid position/
force control strategy is depicted in Figure 9.3.3. The feedforward terms in
the block diagram are used to represent the terms

M () I Q)T (@ 4+ Vm (0,0)§+G (@) +F(@)+IT(9) f (9.3.37)

in the control law given in Table 9.3.1.

9.4 Hybrid Impedance Control

Impedance control is based on the concept that the controller should be used
to regulate the dynamic behavior between the robot manipulator motion
and the force exerted on the environment [Hogan 1987] rather than
considering the motion and force control problems separately. Using this
concept, the control designer specifies the desired dynamic behavior between
the motion of the manipulator and the force exerted on the environment.
This desired behavior is sometimes referred to as the target impedance because
itis used to represent an Ohm’s law type of relationship between motion and
force.
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Modeling the Environment

As pointed out in [Hogan 1987], the environmental model is central to any
force control strategy. In the force control strategies discussed previously,
the environment has simply been modeled as a spring; however, as one might
imagine, a simple spring model may not adequately describe all types of
environments. To classify the many types of environments, we use the linear
transfer function relationship

f(s)=2.(s)z(s), (9.4.1)

where the variable s is the Laplace transform variable, f represents the force
exerted on the environment, x represents the velocity of the manipulator at
the environmental contact point, and Z,(s) represents the environmental
impedance. For now, all quantities are assumed to be scalar functions;
however, at the end of this section we generalize impedance control to the
multidimensional case.

The quantity Z,(s) is called an impedance because (9.4.1) represents an
Ohm’s law type of relationship between motion and force. As in circuit theory,
environmental impedances can be separated into different categories. To
further our impedance control discussion, we now give three commonly used
categories which are used to classify environmental impedances.

DEFINITION 9.4-1 An impedance is inertial if and only if 12(0)|=0.
|

An illustration of an inertial environment is given in Figure 9.4.1a. This
figure depicts a robot manipulator moving a payload of mass » with velocity
x. The corresponding interaction force is given by

f=hi;

therefore, utilizing (9.4.1) yields an inertial environmental impedance of
Z. (8) = hs. (9.4.2)

We can easily verify that this impedance is indeed inertial by applying
Definition 9.4.1.

DEFINITION 9.4-2 An impedance is resistive if and only if 1Z(0)l=c where
O<c<o. |

An illustration of a resistive environment is given in Figure 9.4.1b. This figure
depicts a robot manipulator moving through a liquid medium with velocity x.
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Figure 9.4.1: Environmental impedances.

The liquid medium is assumed to have a damping coefficient of b. The
corresponding interaction force is given by

f=bz;
therefore, utilizing (9.4.1) yields a resistive environmental impedance of

Ze (s) =b. (9.4.3)

We can easily verify that this impedance is indeed resistive by applying
Definition 9.4.2.
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DEFINITION 9.4-3 An impedance is capacitive if and only if 1Z(O)|= .
|

An illustration of a capacitive environment is given in Figure 9.4.1c.
This figure depicts a robot manipulator pushing against an object of
mass b with velocity x. The object is assumed to have a damping
coefficient of b and a spring constant of k. The corresponding interaction
force is given by

f = hi + bi + kz;

therefore, utilizing (9.4.1) yields a capacitive environmental impedance of
Ze(s)=hs+b+k/s. (9.4.4)

We can easily verify that this impedance is indeed capacitive by applying
Definition 9.4.3.

Position and Force Control Models

As we have seen in the preceding section, the environment can be modeled as
an impedance defined by the force/velocity relationship in (9.4.1). For our
impedance control formulation, we will assume that the environmental
impedance is either inertial, resistive, or capacitive. The question then
becomes: How does one design a controller for a given environmental
impedance? The solution is obtained by formulating a manipulator impedance
model, Zm(s) [Anderson and Spong 1988]. In other words, a manipulator
impedance (or target impedance) is selected after the environment has been
modeled. The criterion for selecting the manipulator impedance is related to
the dynamic performance of the manipulator. That is, the manipulator
impedance is selected such that there is zero steadystate error to a step input
(which may be a force or velocity command). As we will show, this
performance criterion can be achieved if the manipulator impedance is the
dual of the environmental impedance.

Before the concept of duality can be illustrated fully, the models for position
and force control must be formulated. For position control [Anderson and
Spong 1988], the relationship between force and velocity is modeled by

f(8)=2Zm (s)(&4(s) — % (s)), (9.4.5)

where x4 represents the input velocity of the manipulator at the environmental
contact point and Z,,(s) represents the manipulator impedance.
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As we will show subsequently, the manipulator impedance Z,,(s) is selected
to “zero-out” the steady state to a step input by utilizing the dynamic
relationship between x and x4, To determine the dynamic relation between x
and x;. we combine (9.4.1) with (9.4.5) to yield the position control block
diagram given in Figure 9.4.2. We can use this block diagram to illustrate
the concept of duality. Specifically, we examine the steady-state velocity error

E,, = ;1_1)% s(zq(s) —z(s)), (9.4.6)

where £4(s) = 1/s for a step velocity input. Utilizing Figure 9.4.2, we can
easily show that (9.4.6) can be reduced to

s Z. (s)
Ess = }1_1)1(1) m- (947)

For E,, to be equal to zero in (9.4.7), Z,(s) must be a noncapacitive impedance
[i.e., Z.(s) must be inertial or resistive], and Z,,(s) must be a noninertial
impedance. That is, zero steady-state error can be achieved for a velocity
step input if inertial environments are position controlled with noninertial
manipulator impedances, while resistive environments are position controlled
with capacitive manipulator impedances. The aforementioned term duality
is used to emphasize the fact that inertial environmental impedances can be
position controlled with capacitive manipulator impedances.

X Z.(s) z7\s) x

Figure 9.4.2: Position control block diagram.

From the development above, it is obvious that a capacitive environment
cannot be position controlled and maintain the zero steady-state error
specification. However, subsequently we will show that capacitive
environments can be force controlled while maintaining the zero steady-
state error specification. With regard to force control, the dynamic relationship
between force and velocity is modeled [Anderson and Spong 1988] by

£ ()= 2" (s) (fa(s) — £(s)), (9.4.8)
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where f; is used to represent the input force exerted at the environmental
contact point.

As we will show subsequently, the manipulator impedance Z,,(s) is selected
to “zero-out” the steady state to a step input by utilizing the dynamic
relationship between f and f;. To determine the dynamic relation between f
and f;, we combine (9.4.1) with (9.4.8) to yield the force control block diagram
given in Figure 9.4.3. We can use this block diagram to illustrate the concept
of duality. Specifically, we examine the steady-state force error

By = li s (fa(s) = £ (5)), (94.9)

where f,(s)=1/s for a step force input. Utilizing Figure 9.4.3, we can easily
show that (9.4.9) can be reduced to

E,, = lim Zm ()

Jm m (9.4.10)

For E, to be equal to zero in (9.4.10), Z.(s) must be a noninertial impedance,
and Z,,(s) must be a noncapacitive impedance. That is, zero steady-state
error can be achieved for a force step input if capacitive environments are
force controlled with noncapacitive manipulator impedances while resistive
environments are force controlled with inertial manipulator impedances.
The term “duality” is used to emphasize the fact that capacitive
environmental impedances can be force controlled with inertial manipulator
impedances.

The discussion above can be summarized by the following duality
principle.

DUALITY PRINCIPLE Capacitive environments are force controlled with
noncapacitive manipulator impedances, inertial environments are position
controlled with noninertial manipulator impedances, and resistive
environments are force controlled with inertial manipulator impedances or
position controlled with capacitive manipulator impedances.

Impedance Control Formulation

Now that we have illustrated how the environment and the manipulator can
be modeled as impedances, we develop an “impedance” controller based on
this model. To utilize an impedance control approach, the control designer
selects a task space formulation

z=h(q) (9.4.11)
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5 Z (9 Z(s) f

Figure 9.4.3: Force control block diagram.

for the particular position/force control application. As in Section 9.3, we
can show that the torque control

r=M@) I (o) (a= J(2)d) + Vi (0,0) i+ G (@) + F (@) +J7 (@) f
(9.4.12)

yields the linear set of equations

i=a, (9.4.13)

where a is an n7x1 vector used to represent the impedance position and force
control strategies.

As delineated by (9.4.13), the task space motion has been globally
linearized; therefore, we can design separate position and force controllers
for each task space degree of freedom. That is, in each task space direction
represented by a component x;, an environmental impedance relationship
between x,and the corresponding environmental force f, is assigned. Based
on this assignment of environmental impedance, the duality principle is
used to determine if the corresponding element of a should be a force or
position controller. After this determination is made, (9.4.5) and (9.4.8)
are then used to obtain the specific position and force control components
of a.

As a means of separating the position control design from the force control
design, we use (9.4.13) to define the equations that are position controlled
in the task space directions as

fipi = Api, (9.4.14)

where the subscript i denotes the ith position-controlled task space
variable, and the subscript p denotes position control. The associated
environmental forces in the position controlled task space directions are
denoted by f,.

Assuming zero initial conditions, the Laplace transform of (9.4.14) can
be written as
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8Tp; (8) = ap;i (s). (9.4.15)

From the position control model given by (9.4.5), we can also write the left-
hand side of (9.4.135) as

8Epi () = 5 (Epdi (5) — Zppn; () fpi (5)) (9.4.16)

where Z,,,; is the ith position-controlled manipulator impedance. Therefore,
equating (9.4.16) and (9.4.15) gives the ith position controller

api = L7 {s (pai (8) = Zyyhs (8) i (5)) ) (9.4.17)

where L is used to represent the inverse Laplace transform operation.

Continuing with the separation of position and force control designs, we
use (9.4.13) to define the equations that are to be force controlled in the task
space directions as

5 = agj, (9.4.18)

where the subscript j denotes the jth force-controlled task space variable,
and the subscript f denotes force control. The associated environmental forces
in the force-controlled task space directions are denoted by f;.

Assuming zero initial conditions, the Laplace transform of (9.4.18) can
be written as:

sty (s) = ag;(s). (9.4.19)

From the force control model given in (9.4.8), the left-hand side of (9.4.19)
can also be written as

ag = L7 {278, (5) (fras (5) = f15 (5)) } - (9.4.20)

st1j (8) = 827 (8) (F1a () = f15 (9)), (9.4.21)

where Zj,, is the jth force-controlled manipulator impedance. Therefore,
equating (9.4.21) and (9.4.19) gives the jth force controller

The overall “hybrid” impedance control strategy is obtained by using
(9.4.12) in conjunction with (9.4.17) and (9.4.20). This hybrid impedance
control strategy is summarized in Table 9.4.1. Note that a higher-level
controller would be used to select the components of the task space which
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Table 9.4.1: Hybrid Impedance Controller

Torque Controller:
r=M@J (@) (3= (@)d) + Vi (0,0 i+ G (0)
+F (@) +J7 (o) f
where J (g) is the task space Jacobian.
Position control:
ap; = L_‘l {3 (:i;pdi (5) - Zp_nln (S) fpi (S))}
Force control:
ag; = L {278, () (1 (5) = £15 (5)) }
Stability:
Zero steady-state error to a force or position step input.
Comments: Manipulator impedances Zym; and Z¢n,; are selected by

use of the duality principle.

would be position or force controlled and then the appropriate manipulator
impedances would be assigned. As delineated by the duality principle, the
manipulator impedances Zj,, in (9.4.20) are assigned to be noncapacitive
and the manipulator impedances Z,,,; in (9.4.17) are assigned to be non-
inertial. To illustrate the concept of hybrid impedance control, we now present
an example.

EXAMPLE 9.4-1: Hybrid Impedance Control Along a Slanted
Surface

We wish to formulate a hybrid impedance controller for the robot
manipulator system given in Figure 9.2.5. The joint and surface friction
may be neglected, and we assume that the tangential force (i.e., />) satisfies
the relationship

f2 = dev, (1)

and the normal force (i.e., f;) satisfies the relationship
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fi = heii + bets + kou, (2)

where b,, b,, d., and k, are all positive scalar constants.
From Table 9.4.1, the hybrid impedance controller is given by

r=MJ a+G+JTY, (3)

where a is a 2x1 vector representing the separate position and force control
strategies, and 7, J, G, and f are as defined in Example 9.2.1. The torque
controller given by (3) decouples the robot dynamics in the task space as
follows:

therefore, we can easily determine which task space directions should be
force or position controlled.

Applying Definition 9.4.2 to (1) allows us to state that the environmental
impedance in the task space direction given by v is a resistive impedance;
therefore, by the duality principle, we will select a position controller that
utilizes the capacitive manipulator impedance

Zpm1 (8) = hns + by + ki /s, (5)

where b,,, b,, and k,, are all positive scalar constants. Since the task space
variable v will be position controlled, we use the notation from (9.4.14) to
yield

.'ipl == ap1

and
fpl = f2~

Now using (5) and the definition of a,; given in Table 9.4.1, we can easily
show that

bm . . k 1
ﬁ (Tpa1 — Tp1) + ﬁ (Tpar — Tp1) — h—‘fp1~ (6)

m

ap) = Lpa1 +
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Applying Definition 9.4.3 to (2) allows us to state that the environmental
impedance in the task space direction given by u is capacitive; therefore, by
the duality principle, we will select a force controller that utilizes the inertial
manipulator impedance

Zgmi (8) = dms, (7)

where d,, is a positive scalar constant. Since the task space variable # will be
force controlled, we use the notation from (9.4.18) to yield

ifl == af1
and
ffl =f1'

Using (7) and the definition of a f; given in Table 9.4.1, we can easily show
that

o = 2 (fra — o). (8)

The overall impedance control strategy is obtained by substituting

=3

into (3), where a,; and ap are as given by (6) and (8), respectively.

Implementation Issues

As mentioned earlier, the manipulator impedance Z,(s) is selected such
that the duality principle is maintained. However, from a practical point of
view, Z,,(s) should also be selected in the expressions for a, and a; such
that only measurements of f, x, and x are required. In other words, our
controller should not require acceleration (i.e., x) or force derivative (i.e.,
f) measurements. We can easily show that the expressions for a, and ay
will not require measurements of f and x if the manipulator impedance is
selected as

I = hs + Z,,
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Figure 9.4.4: Hybrid impedance controller.

where b is some positive scalar constant, and Z, is selected to be a proper
transfer function [Anderson and Spong 1988].

As delineated by Table 9.4.1, the hybrid impedance controller requires
task space force measurements. As stated previously for the hybrid position/
force controller, a transformation can be used to obtain the task space forces
for any particular force application. Specifically, the task space forces are
related to the sensor forces by

f=I"T()JT (q) fs,

where J(q) is an nxn Jacobian sensor matrix, and f; is an nx1 vector of
sensor forces.

With these implementation concerns in mind, the overall hybrid impedance
control strategy is depicted in Figure 9.4.4. The feedforward terms in the
block diagram are used to represent the terms
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9.5 Reduced State Position/Force Control

If a rigid manipulator is constrained by a rigid environment, the degrees
of freedom are reduced because the manipulator end effector cannot
move through the environment; therefore, one or more degrees of
freedom with regard to position are lost. Consequently, as the
manipulator end effector contacts the environmental constraint,
interaction forces between the end effector and the environment
(sometimes referred to as constraint forces) develop. This process of
“reducing” positional freedom while developing constraint forces leads
one to believe that position/force controllers should be designed
according to this natural phenomenon.

Recently, researchers have begun to formulate a theoretical framework
[McClamroch and Wang 1988], [Kankaanranta and Koivo 1988] that
incorporates the effects of the constraint forces into the robot manipulator
model by utilizing classical results in dynamics. The reasoning for
postulating that controllers should be designed for a rigid manipulator
contacting a rigid constraint is that in most force control applications, the
environment is much more rigid than the manipulator. Therefore, it seems
unreasonable to assume that the manipulator is rigid while the environment
is compliant.

Effects of Holonomic Constraints on the Manipulator Dynamics

For the controller given in this section, we assume that the environmental
constraints are holonomic and frictionless. That is, we assume the existence
of a constraint function ¥(g) (a px1 vector function) in joint-space coordinates
that satisfies

% (q) = 0. (9.5.1)

The relationship given by (9.5.1) illustrates that the environmental constraints
are holonomic. The dimension of the constraint function is assumed to be
less than the number of joint variables (i.e., p<#). For a specific problem, the
function %(q) is found from the robot kinematics and the environmental
configuration. To illustrate the holonomic concept, we now present an
example.
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EXAMPLE 9.5-1: Holonomic Constraints

We wish to formulate the constraint function i(g) for the robot/
environmental configurations given in Figs. 9.2-5 and 9.2-6. In both of
these configurations, the joint space has a dimension of 2 and the constraint
function has a dimension of 1 (i.e., the constraint is a one-dimensional
surface). For the manipulator system given in Figure 9.2.5, the constraint
function is given by

P@=qa-¢@-3=0.
For the manipulator system given in Figure 9.2.6, the constraint function
is given by

V() =Yagd+g3-1=0.

For the general n-link robot manipulator with holonomic and frictionless
constraints, the constrained robot dynamics can be written in the form

T=M(Q)§+Vm(0,d)§+G (@ +F@)+AT (g}, (9.52)

where \ is a px1 vector that represents the generalized force multipliers
associated with the constraints, and the constraint Jacobian matrix A(q)
is a pxn matrix defined by

A(q) = 8¢(q)/9q. (9.5.3)

As in [Kankaanranta and Koivo 1988], we will assume that the p columns
of A”(q) are linearly independent over the joint space. Also, note that the
force variable \ is independent of g and q.

To motivate the origin of (9.5.2), we reexamine Lagrange’s equation

(9.5.4)

4 [oL] _ oL _
dt | 8¢ 6q—T’

where the modified Lagrangian for the constrained robot manipulator is
given by

L=K-P-2T¢(qg). (9.5.5)

Note that the Lagrangian given in (9.5.5) is really the same Lagrangian as
given in Chapter 2, since
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ATy (g) =0,

as required by (9.5.1).

From (9.5.4) and (9.5.5), we can see that the structure of the robot
manipulator dynamic equation is the same for the constrained manipulator
as for the unconstrained manipulator with the exception of any new terms
contributed by the substitution of —AT4(q) in Lagrange’s equation.
Specifically, the constrained robot manipulator equation given in (9.5.2) is
obtained by substituting (9.5.5) into (9.5.4) utilizing the identity

d(\ TP () _[99@)]"
dq —[ dq ] A

Before we develop the reduced-state position/force controller, we explain
briefly, from a heuristic point of view, how the position and force variables
have been reduced in dimension. First, note that for the constrained robot
dynamics given in (9.5.2), the variable A is used to represent the constraint
forces that should be controlled. Note that the dimension of \ is p, which,
by definition, is less than 7. In previous formulations of the environmental
forces given in this chapter, the dimension of the forces was assumed to be
equal to 7. In this approach we are able to reduce the number of forces
that must be controlled because we have initially assumed that the constraint
surface is frictionless. Of course, in reality, surface friction will exist in
most robot force control applications; however, it is often treated as a
disturbance because such friction is a function of the applied normal contact
force.

Second, we examine the position constraints on robot motion given by
(9.5.1). Because (q)=0 by assumption, we can differentiate (9.5.1)
withrespect to time to obtain

AlQ¢=0 (9.5.6)

where A(q) is defined in (9.5.3). The expression given by (9.5.6) gives a
concise form for the kinematic velocity constraints. From the position and
velocity constraints given in (9.5.1) and (9.5.6), we can state that the
manipulator dynamics belong to the invariant manifold C, in R**, defined by

C={(g,9):%(q) =0, A(g)¢=0}.

That is, the motion of the robot manipulator remains on the manifold defined
by C. As stated in [McClamroch and Wang 1988], the manifold C is singular
on R*'; therefore, we can reduce the order of the motion dynamics.
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Reduced State Modeling and Control

A robot system consisting of a single #-joint nonredundant manipulator
constrained by a rigid environment has n-p degrees of motion freedom. Note,
however, that the joint variable model of a manipulator as given in (9.5.2)
contains 7 position variables (g), which, in combination with the p force
variables (\), cause the total number of control variables (i.e., states) 7+p to
exceed the number of control inputs 7. In this section we show how a variable
transformation can be used to reduce the states of the dynamical model and
thereby reduce the number of control variables from n+p to 7.

A reduced state model can be obtained by representing the manipulator
dynamics given in (9.5.2) in terms of another set of independent coordinates,
called the constraint space coordinates, which will be denoted by x. It is
intended that x be an (n-p)x1 vector of joint space coordinates. That is, x is
a subset of g.

The constrained robot model is reduced by assuming that there exists an
nx1 vector function g(x) that relates the constraint space vector x [an (n-
p)x1 vector] to the joint space vector g. This function is given by

qg=g(x), (9.5.7)

where the function g(x) must be selected such that

=0 (9.5.8)
g=g(z)

@] 1 0

[f_”’g(_m_)

and such that the nx(n-p) Jacobian matrix % (x) defined as
X (z) =99 (z)/0z (9.5.9)

contains 7-p independent rows along the constraint space motion given by x.

Even though the constraint space vector x is of smaller dimension than the
joint space vector g, one is usually able to find the functional mapping from x
to g given in (9.5.7). For particular problems, the algebraic relations given by
the holonomic equation (9.5.1) and the robot kinematics are used to find g(x).
Also note that the choice of g(x) is nonunique and that the conditions on g(x)
given by (9.5.8) and on the rows of 3(x) are related to the reduced state model.
Specifically, the condition that 3(x) contain #-p independent rows ensures
that the decoupled model represents #-p independent equations. The condition
on g(x) given by (9.5.8) is used to ensure that the forces represented by \ can
be decoupled from the constraint space motion represented by x. It should be
noted that since the constraints are assumed to be holonomic and the matrix
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A'(g) is assumed to have p linearly independent columns, we can show that
both of the conditions above always hold. The reader is referred to
[McClamroch and Wang 1988] for details.

To obtain the reduced state dynamics in terms of the constraint space
coordinates, we first differentiate (9.5.7) with respect to time to yield

¢ =X(z)4, (9.5.10)

where Z(x) is defined in (9.5.9). Differentiating (9.5.10) with respect to time
gives

§=3(x)i+3(x)d (9.5.11)

After substituting g, ¢, and g, from (9.5.7), (9.5.10), and (9.5.11), respectively,
into (9.5.2), we obtain the reduced-state model

r=M ()% () E+ N (z,2) + AT () ), (9.5.12)
where

N(z,%) = (V(a:,:b)E(a:) +M(m)2(z)):’c+G(m)+F(z,:&).

The significance of the reduced state model given by (9.5.12) is illustrated by
premultiplying (9.5.12) by X7(x) to obtain

= M5+ N*, (9.5.13)

where
=T (z)r, M*=3XT (z) M (z) Z (), and N* = T (z) N (z,).

Note that the contact forces in (9.5.12) have been removed as a consequence
of (9.5.8), which ensures that £T(z) AT (z) = 0. The model given by (9.5.13)
is useful because the dynamics that govern the motion of the manipulator on
the constraint surface have been reduced from 7 differential equations to #-
p differential equations; furthermore, the motion has been decoupled from
the contact forces. These two results are important in the design and stability
analysis of the subsequent position/force controllers.

Before the reduced state position/force controller is presented, we give
some definitions with regard to position/force tracking problems. First, the
constraint position tracking error is defined as

T=x4—x. (9.5.14)



506 Force Control

We assume that the desired constraint space trajectory and its first two
derivatives, denoted by x, x4 and x,, respectively, are all bounded functions.
We also assume that the desired force multiplier trajectory, N4, is a known
bounded function, from which the corresponding force multiplier tracking
error variable is defined as

X=X = A\ (9.5.15)

The reduced state position/force controller is a feedback linearizing controller;
therefore, exact knowledge of the robot dynamics is required. The reduced
state controller [McClamroch and Wang 1988] is

™= M (@) (2) (30 + Ko + K,3) + N (2,8) + AT (2) (\a + K/3)
(9.5.16)

where K, and K, are diagonal, positive-definite (n-p)x(n-p) matrices, and K
is a diagonal, positive-definite pxp matrix.

To determine the type of stability for the position error and force tracking
error, we substitute (9.5.16) into (9.5.12) to yield

M (2) S (2) (£ + Koé + Kp) + AT (z) (7\ +K3) =0. (9.5.17)

Premultiplying (9.5.17) by X7(x) yields
M* (4 KyZ + Kp%) =0 (9.5.18)

as a consequence of (9.5.8). Because X7(x) contains 7-p independent columns
along the constraint space motion and M(x) is a positive-definite symmetric
matrix, M* is a positive-definite symmetric matrix. Therefore, we can
premultiply (9.5.18) by M*"! to obtain

P+ K+ Ky3=0 (9.5.19)

Because K, and K, are diagonal positive-definite matrices, one can apply
standard linear control arguments to (9.5.19) to yield

lim %,%,% = 0. (9.5.20)

t—+00

To obtain the stability result for the force tracking error, we substitute (9.5.20)
into (9.5.17) to yield

Jim AT (@) (I + KX =0, (9.5.21)
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where I in (9.5.21) is the pxp identity matrix. Because the p columns of
AT(x) are assumed to be linearly independent and the composite matrix (I+Kj)
is a positive-definite, diagonal matrix, we can write (9.5.21) as

lim X = 0. (9.5.22)
t—>00

As delineated by (9.5.20) and (9.5.22), the reduced state position/force
controller given in (9.5.16) yields an asymptotic stability result for both
the constraint position error and force tracking error. The reduced state
position/force control strategy is summarized in Table 9.5.1. To illustrate
the concept of reduced state position/force control, we now present an
example.

Table 9.5.1: Reduced State Position/Force Controller

Torque Controller:
=M (2) £ (z) (84 + Ko + KpZ) + N (z,2)
+AT (z) (/\d + fo)
where AT (z) is the constraint Jacobian matrix and
N(z,%) = (V(m,a’v)Z(z) + M(z)z(x)) &+ G (z) + F (z, %)
Stability:
Position tracking control:
tll)rglo z(t) = z4(t)

Force tracking control:

Jim A(#) = Aa(t)
Comments: Constraints are assumed to be holonomic and frictionless.
For position/force decoupling, AT (¢q) must contain p independent

columns in the joint space.




508 Force Control

EXAMPLE 9.5-2: Reduced State Position/Force Control Along a Slanted
Surface

We wish to formulate a reduced state position/force controller for the
robot manipulator system given in Figure 9.2.5. The joint and surface
friction may be neglected. As given in Example 9.5.1, the constraint
function for this problem is

YV@)=q-g@-3=0

therefore, utilizing (9.5.2) and (9.5.3), the robot dynamics on the constraint
surface can be written as

T=M§+G+ AT, (1)

where 1, M, g, and G are as defined in Example 9.2.1 and
1
AT = [ -1 } . (2)

For this problem, assume that x=q; therefore, according to (9.5.7), we
must find the function g(x) such that

g=g(z).

From the holonomic constraints, we can easily verify from the kinematic

relationships that
Q| _ T
[42]_[96—3]' B)
Utilizing (9.5.9), we can show that

1
(1)

therefore, from Table 9.5.1, the reduced state position/force controller is
given by

™= M (3q+ Kol + Kp) + G+ AT (M + K7X) (5)
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where x, represents the desired trajectory of g, and A, represents the desired
force multiplier.

For this problem we can easily examine how \ is related to the normal
force exerted on the surface by equating the expression for the forces in
Example 9.2.1 and this example. Specifically, we have

ATx=JTy, (6)

where | and f are as defined in Example 9.2.1. Because the surface
friction has been neglected (i.e., /,=0 in Figure 9.2.5), we can use (6) to
show that

A= £ /VE, 7)

where f; is defined as the normal force exerted on the surface in Figure
9.2.5. Similarly, from the kinematic relationships, we have

V2 3

= — - 8
n=5v+sy, (8)

where v is defined to be the end-effector position measured along the
surface. It should be noted that the relationships given by (7) and (8)
would be used for trajectory generation since the position and force
control objectives would be formulated in terms of the variables f; and
v. That is, A, would be obtained from the desired normal force (i.e., f4),
and g, would be obtained from the desired end-effector surface position
(1.e., vg).

Implementation Issues

As delineated by Table 9.5.1, the reduced state position/force controller
requires measurements of the force variable \. As stated previously for the
hybrid position/force control development, a transformation can be used to
obtain measurements of N\ for any particular force application. That is, the
force variables \ are related to the sensor forces by

AT ()A=JT(g) f., (9.5.23)

where |, (g) is an nxn Jacobian sensor matrix, and f; is an nx1 vector of
sensor forces. From (9.5.23), p independent equations can be obtained such
that \ is given by
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Figure 9.5.1: Reduced state position/force controller.

where gi(qg, 1) is a px1 vector function that depends only on the measurable
quantities ¢ and f..

With these implement at ional concerns in mind, the overall reduced order
position/force control strategy is depicted in Figure 9.5.1. The feedforward
terms in the block diagram are used to represent the terms

(Vm (x,a’:)E(x)+M(w)i}(x)):t+G(z)+F(x,:b).

9.6 Summary

In this chapter several position/force control strategies for rigid robots
have been given. The intent has been to chronicle the evolution of force
control development. Some new research areas, such as the effects of
actuator dynamics, sensor dynamics, joint flexibilities, manipulator
dynamic uncertainty, surface uncertainty, and environmental impact
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instability on position/force controller performance are now being studied
by many researchers. After some of these problems have been solved, one
can expect to see robot manipulators used more frequently in force control
applications.
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PROBLEMS

Section 9.2

9.2-1 Find the associated task space Jacobian matrix for the normal and

9.2-2

tangent forces exerted on the environmental surface for the
manipulator given in Figure 9.2.6 with the new surface function
given by

@ =g +5 for —1h<g<lp

Design and simulate a stiffness controller for the robot manipulator
system given in Figure 9.2.5 with the surface function given by

2 =2q -1
The control objective is to move the end effector to a desired final
position of g;,=0.3 m while exerting a final desired normal force of

2 N. Neglect the surface and joint friction and assume that the normal
force satisfies the relationship

fl’:ke(u_ue))

where k,=100 N/m, and #, is the static normal distance to the surface.
The robot link masses can be assumed to be unity while the initial
end-effector position is assume to be given by

¢1(0)=2m and ¢ (0)=0m.

Section 9.3

9.3-1

9.3-2

Since the position and force error systems for the hybrid position/
force control strategies are linear, discuss how the selection of the
controller gains can be used to change the performance of the
manipulator end effector.

Design and simulate a hybrid position/force controller for the robot
manipulator system given in Figure 9.2.5 with the surface function

given

@ =2q —-1T.
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9.3-3

The control objective is to move the end effector along the surface
with trajectory

vg = 1f3sin t m
while exerting a desired normal force of
fa=1-¢e"'N

Neglect the surface and joint friction and assume that the normal
force satisfies the relationship

fr=ke(u—u.),
where k,=1000 N/m, and #, is the static normal distance to the
surface. The robot link masses can be assumed to be unity while the
initial end-effector position is assumed to be given by

¢1(0)=2m and ¢ (0) =0m.

Explain why the hybrid position/force control strategy is really a
positional control strategy.

Section 9.4

9.4-1

9.4-2

Suppose that for force or position control, the manipulator
impedance is selected to be

Zm(8) =hs+ Z.(s),

where b is positive scalar constant, and Z,(s) is a proper stable transfer
function. With the manipulator impedance above, show that the
hybrid impedance controller will only require measurements of the
joint position, joint velocity, and contact force.

Design a hybrid impedance controller for the robot manipulator
system given in Figure 9.2.5 with the surface function given by

g2 =2q - 7.
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Neglect the surface and joint friction and assume that the normal
force and tangent force satisfies the relationship

fi=ke(u—u,) and f2=bev

where k,=10 N/m, b,=1 N-s/m, and u, is the static normal distance
to the surface.

9.4-3 Explicitly show how Table 9.4.1 can be used to find equation (6) in
Example 9.4.1.

Section 9.5

9.5-1 Design a reduced state controller for the robot manipulator system
given in Figure 9.2.6.

9.5-2 For the controller developed in Problem 9.5-1, show how the normal
force (i.e., f1) is related to the force multiplier (i.e., A), and how the
reduced motion variable (i.e., x) is related to the motion along the
surface (i.e., v).



Chapter 10

Robot Control
Implementation and
Software

The diversity of robot manipulator research along with the complex
requirements of the associated hardware/software systems has always
presented a challenge for software developers. As a result, many of the
previously developed software control platforms were complex, expensive,
and not very user friendly. Even though several of the previous platforms
were designed to provide an open architecture-based system, very few of the
previous platforms have been reused. To address previous disadvantages,
this chapter describes the design and implementation of a software control
platform called the Robotic Platform. The Robotic Platform is an open
software development platform for robot manipulator applications. It
includes hardware interfacing, servo control, trajectory generation, 3D
simulation, a graphical user interface, and a math library. As opposed to
distributed solutions, the Robotic Platform implements all of these
components on a single hardware platform, with a single programming
language (C++), and on a single operating system while guaranteeing hard
real-time performance. This design leads to an open architecture that is less
complex, easier to use, and easier to extend, and hence, builds on the following
state-of-the-art technologies and general purpose components to further
increase simplicity and reliability: i) PC technology, ii) the QNX Real-Time
Operating System, iii) the Open Inventor and STL libraries, iv) object-oriented
design, and v) an easy-to-use, previously-developed, low-level control
environment.
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10.1 Introduction

Since the construction of a software control platform requires building
blocks that cover a wide range of disciplines (see Figure 10.1.1), it would be
desirable to create a common generic platform that can be reused by
researchers for different applications. Considering the variety of robotic
applications and research areas, this task is made even more challenging due
to the fact that robot manipulator vendors often supply the user with
proprietary robot control languages that run on proprietary hardware
components. Due to the lack of flexibility and performance of proprietary
robot control languages, some of the previous work has focused on building
robot control libraries on top of a commonly used programming language
(RCCL [Lloyd et al. 1988] and ARCL [Corke] are examples of such
libraries). While many of the previous software approaches achieved new
levels of flexibility and performance by using a common programming
language, many software control platforms developed in the 80’s and early
90’s were inherently complex due to the limitations of the operating systems
and the hardware components of that time. That is, most operating systems
did not support real-time programming, and hence, fostered the
development of projects such as RCI [Lloyd 1990] and Chimera [Stewart
1989]. In addition, procedural programming languages, such as “C”, tend
to reach their limits with regard to reusability for complex projects. In
addition, the limited performance of hardware components of that era
forced system developers to utilize distributed architectures (see [Miller
1991], [Kapoor 1996], and [Pelich 1996]) that integrated a mix of
proprietary hardware and software. Besides the obvious advantages of
distributed systems (e.g., greater extensibility and more computational
power), there are several disadvantages. Specifically, a distributed
architecture increases the complexity of the software significantly.
Additionally, hard real-time behavior over network connections often
requires expensive proprietary hardware. Generally, the overall hardware
cost is also higher; furthermore, users have to familiarize themselves with
different hardware architectures and operating systems. Even though many
software control platforms have attempted to be flexible, reconfigurable,
and open, these platforms are seldom reused (compared to non-robotic
platforms like Open Inventor or Corba). Apparently, engineers consider it
faster and easier to develop their applications from scratch. Indeed, as many
researchers have noted, the learning curve of installing, learning, and
modifying previously developed software control platforms of the past is
extremely steep.

Over the last ten years, many innovations in the computing area have
occurred. Specifically, the advent of object-oriented software design
[Stroustrup 1991] facilitated the management of more complex projects
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while also fostering code reuse and flexibility. For example, robot control
libraries like RIPE [Miller 1991], MMROC+ [Zielinski 1997], OSCAR
[Kapoor 1996], and ZERO++ [Pelich 1996] utilized object-oriented
techniques in robot programming. The engineering community has also
witnessed the proliferation of real-time Unix-like operating systems for the
PC [QSSL], which facilitates the replacement of proprietary hardware
components for real-time control [Costescu 1999]. Likewise, in the
hardware sector, the engineering community has witnessed the advent of
high-speed, low-cost PCs, fast 3D graphics video boards, and inexpensive
motion control cards. Consequently, the PC platform now provides versatile
functionality, and hence, makes complex software architectures and
proprietary hardware components superfluous. As a result of these
technological advances, the QMotor Robotic Toolkit (QMotor RTK)
[Loffler 2001] was developed. The QMotor RTK was one of the first
software control platforms to integrate real-time manipulator control and
the graphical user interface (GUI) all on a single PC. Despite, the many
advantages of the QMotor RTK, it lacked some capabilities due to the
limitations of the real-time operating system (i.e., QNX4) on which it was
based. For example, it lacked a 3D simulation capability, and it did not
support the use of threads.

Figure 10.1.1: Building Blocks of a Robotic Software Control Platform

In the late 1990’s, QSSL, one of the leading real-time software development
houses, substantially upgraded QNX4 with the release of QNX6 [QSSL]
(i.e., QNX6/Neutrino operating system). This microkernel-based operating
system is probably the most advanced real-time operating system currently
available; furthermore, it has additional components for software
development and multimedia applications. Indeed, the new attributes of
QNX6 greatly facilitated the potential capabilities of an upgrade of the
QMotor RTK, in fact so much so, QMotor RTK was completely transformed
into a new software control platform call the Robotic Platform [Bhargava
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2001]. The rest of this chapter provides a broad overview of the Robotic
Platform by examining its advantages, its design, and its operation. The word
“broad” needs to be emphasized because it is really impossible to give a
detailed explanation of how a software control platform should be developed
for robot manipulators in one chapter of a book. With that being said, it is
hope that this chapter will give the reader a better understanding of the
associated complexities.

10.2 Tools and Technologies

Given recent technological advances, it now seems almost obvious that new
software control platforms should integrate servo control loops, trajectory
generation, task level programs, GUI programs, and 3D simulation in a
homogeneous software architecture. That is, next-generation software
control platforms should utilize one hardware platform (e.g., the PC), only
one operating system (e.g., the QNX6 Real-Time Operating System
[QSSL]), and only one programming language (e.g., C++ [Stroustrup
1998]). The advantages of this next-generation software control platform
are as follows:

Simplicity. A homogeneous non-distributed architecture is much smaller and
simpler than a distributed inhomogeneous architecture. It is easier to
install, easier to understand, and easier to extend. Simplicity is critical
with regard to motivating code reuse of the platform for different
applications.

Performance. The homogeneous, non-distributed architecture also ensures
high performance and hard real-time behavior, since overhead due to
interprocess communication is minimal.

Flexibility at all Levels. Every component of the platform is open for
extensions and modifications. Many past platforms have utilized an open
architecture at some levels, but other levels had been implemented on
proprietary hardware such that they could not be modified.

Cost. The Robotic Platform requires fewer hardware components than a
distributed platform. Basically, a single PC with one or more input/output
(I/O) boards is sufficient. Additionally, PC hardware is very cost effective
as compared to other hardware platforms.

To explain the advantages in more detail and delineate how the Robotic
Platform reduces software development and complexity, the general purpose
tools and technologies that are used to develop the Robotic Platform are
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now examined. It seems logical to begin this discussion with the hardware
engine, namely the standard desktop PC. Due to its popularity in the consumer
market, the standard desktop PC has evolved dramatically over the past 20
years. While in the past, only expensive UNIX workstations provided the
processing power necessary to control robotic systems, the PC has caught
up or even exceeded the performance of workstations [Costescu 1999].
Compared to UNIX workstations, a PC based system allows for a greater
variety of hardware and software components. Additionally, these
components and the PC itself are usually cheaper than their UNIX
counterparts; furthermore, the PC is a well-known platform that is
comfortable for most software developers.

The second most important part of any software control platform is the
operating systems. Indeed since reliability is extremely important for robot
manipulation, the QNX6 Real-Time Operating Systems by QSSL [QSSL]
was selected. The programming interface of QNX6 is compliant with the
POSIX standards and is the first platform that combines the following
features:

Hard Real-Time. QNX6 provides hard real-time response (e.g., it can execute
a control loop at a certain frequency without falling behind). The real-
time functionality is integrated in the microkernel.

Self-Hosted Development. The development and the execution of software
are performed in the same environment and on the same PC.

Fast 3D Graphics. QNX6 provides support for hardware-accelerated 3D, as
required for the graphical simulation of a robotic work cell.

Threads. QNX6 supports the concurrent execution of processes, known as
threads.

Device Driver Architecture. It is very easy to develop device drivers under
QNX6, as is required for integrating different robotic hardware.

Cost. QNX6 is also very cost-effective as it is free for non-commercial use
and runs on low-cost standard PCs.

The third most important part or design aspect of any software control
platform is the programming philosophy. With regard to developing robot
manipulator control software, object-oriented programming has three
main benefits over procedural programming. First, it provides language
constructs that allow for a much easier programming interface. For
example, a matrix multiplication can be expressed by a simple “*”, similar
to MATLAB programming. Second, object-oriented programming allows
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for a system architecture that is very flexible but yet very simple. That is,
the components (classes) of a system can have a built-in default behavior
and default settings. The use of this default behavior and/or default settings
allows the programmer to reduce the code size. The programmer, however,
can still override the default behavior for specific applications. Finally,
object-oriented programming supports generic programming by facilitating
the development of components that are independent from a specific
implementation (e.g., a generic class “Manipulator” will work with
different manipulator types). All of the above benefits are based on the
general concepts of object-oriented programming, such as abstraction,
encapsulation, polymorphism, and inheritance [Stroustrup 1991]. As will
be shown later in this chapter, these object-oriented design concepts lead to
an intuitive system architecture. As one might expect, the language of
choice is C++, as it provides the whole spectrum of object-oriented
concepts while maintaining high performance [Stroustrup 1998] (e.g.,
templates and inline functions can be used to create highly versatile and
optimized code in the Robotic Platform). The power of C++ and object-
oriented programming can be further increased when using strong object-
oriented libraries such as STL [Musser 1996]. STL provides standard data
structures (e.g., lists, vectors, etc.) and algorithms. These standard data
structures and algorithms simplify programming effort since these tools are
often required in common programming tasks. The data structures of the
STL are very universal since they can be used with different data types (i.e.,
template programming).

The last design aspect of a software control platform has do with how the
roboticist interacts with the system. Specifically, how does the roboticist
animate objects for simulation purposes and how does the roboticist
implement and tune control algorithms. For purposes of simulation
animation, Open Inventor [Wernecke] was utilized. Open Inventor,
developed by Silicon Graphics, is an object-oriented C++ library for creating
3D graphics and animation. Open Inventor minimizes development effort,
as it is able to load 3D models that were created in the Virtual Reality
Modeling Language (VRML) format [Hartman 1996]. A variety of software
packages are available that facilitate the construction of 3D VRML models.
These packages can be utilized to quickly create a graphical representation
of robotic components. The Robotic Platform utilizes the built-in
functionality of Open Inventor to animate these components. Open
Inventor also provides advanced features like object picking, which is very
useful in the programming of operator interfaces. For purposes of control
implementation, QMotor [Loffler 2002] was utilized because it allows users
to establish a real-time control loop, to log data, to tune control parameters,
and to plot signals. QMotor control programs can be directly integrated in
the class design of the Robotic Platform since QMotor supports object-
oriented programming.
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10.3 Design of the Robotic Platform

Overview

Each component of the Robotic Platform (e.g., the teachpendant, the
trajectory generator, etc.) is modeled by a C++ class. A C++ class definition
combines the data and the functions related to that component. For example,
the class “Puma560” contains the data related to the Puma 560 robot (e.g.,
the current joint position) as well as functions related to the Puma 560 robot
(e.g., enabling of the arm power). Hence, the design of the Robotic Platform
results from grouping data and functions in a number of classes in a
meaningful and intuitive way. A class can also use parts of the functionality
and the data of another class (called the base class) by deriving this class
from the base class. The classes of the Robotic Platform include GUI
components and a 3D model for graphical simulation. These types of
components are traditionally found in separate programs (e.g., see the RCCL
robot simulator [Lloyd et al. 1988]). However, by including them in the
same class, one can achieve tight integration of the user interface, 3D
modeling, and other functional parts.

To provide new capabilities for different applications, the user creates
new classes. Usually, new classes are derived from one of the already
existing classes to minimize coding effort. This process is called
inheritance, and it greatly facilitates code reuse and eliminates redundancy.
To illustrate how classes are derived from each other, class hierarchy
diagrams are used. The main class hierarchy diagram of the Robotic
Platform is shown in Figure 10.3.1. Each arrow is drawn from the derived
class to the parent class. The further to the right a class is listed, the more
specific it must become. The further to the left a class is listed, the more
generic it must become. The classes of the Robotic Platform can be
separated into the following categories (note that some of the classes
discussed below are not shown in Figure 10.3.1 since their class hierarchies
will be discussed later):

The Core Classes. The classes RoboticObject, FunctionalObject, and
PhysicalObject build the core of the Robotic Platform by defining the
overall behavior of all robotic objects. These classes by themselves can
be the basis for any robotic system.

Generic Robotic Classes. Derived from the core classes are a number of
generic robotic classes. These classes (e.g., ServoControl, Manipulator,
and Gripper) cannot be instantiated. Rather, these classes serve as base
classes that implement common functionality while also presenting a
generic interface to the programmer (i.e., these classes can be used to
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Figure 10.3.1: Class Hierarchy of the Robotic Platform.

create programs that are independent from the specific hardware or the
specific algorithm).

Specific Robotic Classes. Derived from the generic robotic classes are classes
that implement a specific piece of hardware (e.g., the class Puma560
implements the Puma 560 robot) or a specific functional component (e.g.,
the class DefaultPositionControl implements a proportional integral
derivative (PID) position controller).

The ControlProgram Class. This class is the basis for all real-time control
loops.

Utility Classes. The utility classes manage common tasks (e.g., managing
configuration files).

The Object Manager. The object manager supervises all objects and classes
existing in the system.

The Math Library. The math library consists of classes for using matrices,
vectors, transformations, filters, differentiators, and integrators.
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The Manipulator Model Library. The manipulator model library consists
of classes that model the kinematic and dynamic behavior of
manipulators.

Figure 10.3.3: Object Relationships in an Example Scenario.

In a robot control program, the user instantiates objects from classes.
When instantiating an object, memory for the object is reserved, and the
object initializes itself. The user can create as many objects as desired from
the same class. For example, two Puma robots can be operated by simply
creating two objects of the class Puma560. As soon as objects are created,
the user can employ their functionality. The object manager maintains a list
of all currently existing objects. With the object manager, it is possible to
initiate functionality on multiple objects (e.g., shutdown all objects). The
Scene Viewer is the default GUI of the Robotic Platform. It contains windows
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to view the 3D scene of the robotic work cell and to list all objects. The
overall run-time architecture is shown in Figure 10.3.2.

In a robotic system, different components are related to each other. To
reflect this fact, object relationships are established between objects. For
example, objects can specify their physical connection to each other. Object
relationships are implemented by C++ pointers to the related object. The
object relationships in an example scenario are shown in Figure 10.3.3.

Core Classes

The class RoboticObject is the base class for all classes. It defines a generic
interface (i.e., a set of functions that can be used with all classes of the Robotic
Platform). For example, a program can use the startShutdown( ) function to
instruct an object of either the class Puma560 or the class Gripper to
shutdown. Specifically, the following generic functionality is defined in the
class RoboticObject (see also Figure 10.3.4):

Error Handling. Every object must indicate its error status.

Interactive Commands. Each object can define a set of interactive commands
(e.g., “Open Gripper”) that will show up in the object pop-up menu of
the Scene Viewer.

Configuration Management. Each object can use the global configuration
file to set itself up. Additionally, each object can also have a local object
configuration file.

Shutdown Bebavior. Each object is able to shutdown itself.
GUI Control Panel. Each object is able to create a control panel.

Message Handler. Each object has a message handler that can interpret custom
messages.

Thread Management. Each object indicates if additional threads are required
for its operation and also provides functions that execute those additional
threads.

Note that the actual functionality is usually implemented in the derived class.
However, the class RoboticObject also implements simple default
functionality. This feature supports code reuse and simplicity by giving all
classes derived from the class RoboticObject the ability to take over this
default functionality if necessary. Table 10.3.1 shows all functions and their
default behavior.
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Figure 10.3.4: The Class Robotic Object.

The class PhysicalObject is derived from the class RoboticObject. It is the
base class for all classes that represent physical objects (e.g., manipulators,
sensors, grippers, etc.). It defines a generic interface for these classes as
illustrated in Figure 10.3.5 and Table 10.3.2. Specifically, the following generic
functionality is defined in PhysicalObject:

3D Visualization. Every physical object can create its Open Inventor 3D
model. The Scene Viewer loops through all physical objects to create the
entire 3D scene.

Object Connections. A physical object can specify another object as a
mounting location. By using this object relationship, the Scene Viewer
draws objects at the right location (e.g., the gripper being mounted on
the end-effector of the manipulator).

Position and Orientation. The position/orientation information specifies the
absolute location of the object in the scene (or the mounting location, if
an object connection is specified).

Simulation Mode. Every physical object can be locked into simulation mode.
That is, the object does not perform any hardware I/O (i.e., its behavior
is only simulated).

The class FunctionalObject does not contain any functionality; however, it is
use to build other classes. For example, functional classes, such as the class
TrajectoryGenerator, are derived from the class FunctionalObject.

Robot Control Classes

The central components of any robotic work cell are manipulators. The
class Manipulator is a generic class that defines common functionality of
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startShutdO\m() "~ |Starts shutdown of No action
the object
isShutdownComplete() Indicates when the Indicates shutdown
shutdown is complete is complete
immediately
getStatus() Returns the objects status | Returns ok
(ok/error, including error
message)
getCommandName() Returns the name of one | No interactive
of the interactive commands are
commands. defined
doCommand() Performs one of the No action
interactive commands
SetGlobalContiguration() |Passes the global No action
configuration to the object
SetObjectConfiguration() |Passes the local object No action
configuration to the object
createControlPanel() Creates the GUI of the No action
object's control panel
updateGUI() This function is called No action
continuously from the
main GUI to allow the
object to update its GUI
windows (e.g., update
the control panel)
getNumAdditional Threads() | Indicates how many Indicates no
additional threads are additional threads
required are required
thread() This function is executed | Runs control
as an additional thread program if existing
handleMessage() This function is called to | No action
interpret a message

Table 10.3.1: The Interface of the Class RoboticObject and its Default
Behavior.

manipulators with any number of joints. Derived from the class Manipulator
is the class DefaultManipulator, which contains the defaultimplementation
of a manipulator. The class DefaultManipulator is a template class (i.e., it
is parameterized with the number of joints). The generic programming
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_ PhysicalObject

Figure 10.3.5: The Class Physical Object.
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get3DModel() Returns the Open Inventor | Loads the VRML file
3D model <ClassName>.wrl
update3DModel() Updates the Open Inventor | No action
3D model with the current
state of the object
setConnection() Specifies another object on | Sets an internal

which the object is mounted.

pointer

removeConnection()

Removes the connection

Sets the internal
pointer to zero

setTransform() Sets/gets the position and Sets/gets the root
getTransform() orientation of the object or | transform of the Open
the mounting location Inventor object tree
setDisplayOff() Disables the display of the | Sets the properties
setDisplaySolid() object or selects wire frame | of the Open Inventor
setDisplayWireframe() | or solid display tree accordingly
setSimulationModeOn() | Enables/disables the Sets an internal
setSimulationModeOff() | simulation mode variable to 1/0

Table 10.3.2: The Interface of the Class PhysicalObject and its Default
Behavior.

interface and the default implementation are illustrated in Table 10.3.3.
Derived from the class DefaultManipulator are the classes that implement
specific manipulator types. Currently, three manipulators are supported:
the Puma 560 robot, the IMI robot [Berkeley 1992], and the Barrett Whole
Arm Manipulator (WAM) [Barrett] in both the 4 link and 7 link
configuration. More information about the specific control
implementation of these robot manipulators can be found in [Loffler 2001]
and [Costescu et al. 1999]. For simulation of the manipulators, their
dynamic model is required. Additionally, for Cartesian control, forward/
inverse kinematics and the calculation of the Jacobian matrix are needed.
All of these functions are located in the ManipulatorModel classes. The
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class hierarchy and the generic interface of the ManipulatorModel classes
are displayed in Figure 10.3.6.

Determine the current Reads the motor position from the encoders of an
manipulator joint position |I/O board and converts it to the joint space

Set the current manipulator | Converts the position to the motor space, and sets
joint position (position the encoders of an I/O board to the motor position
calibration)

Output a control Converts the torque/force to motor space, sets the
torque/force to the joints | D/A channels to the control output

Convert position/torques | Linear relationship, no coupling
between joint and motor

space
Enable/disable the arm Sets/resets a digital output of the I/O board
power

Table 10.3.3: Functionality defined in the Classes Manipulator and Default-
Manipulator.

Manﬁul?wwel_

| PumaModel | | WAMModelBase |
.r
|

| BamettArmModel | |  WAMModel

Figure 10.3.6: The ManipulatorModel Classes.

The class DefaultManipulator creates a real-time control loop, but it does
not include the servo control algorithm. The servo control algorithm is
contained in a separate object of the class ServoControl or of a derived class.
The class ServoControl is a generic class that defines common properties
and functionality of a ServoControl. That is, a servo control obtains the
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current position from the manipulator object and calculates the required
output control signal to achieve the control task (e.g., servo the manipulator
to a desired setpoint). Derived from the class ServoControl is the class
DefaultPositionControl, which contains a PID position control with friction
compensation in joint and Cartesian space. The control loop in the class
DefaultManipulator first determines the current position of the manipulator
and then calls the calculate() function of the class ServoControl. The
advantage of the servo control being a separate object is that the user can
switch between multiple servo control algorithms, even while the
manipulator is moving.

The trajectory generation is also performed in a separate class. The
class TrajectoryGenerator defines the interface of a generic trajectory
generator. A trajectory generator is any object that creates a continuous
stream of setpoints and forwards this stream to a servo control object. A
trajectory generator must implement its own loop such that the trajectory
generator can run independently and at a different frequency than the
frequency used in the servo control. The servo control calls the
getCurrentSetpoint () function of the trajectory generator to determine the
current desired position. It is also possible to define multiple trajectory
generators and switch between them while the manipulator is moving.
The class QueueTrajectoryGenerator is derived from the class
TrajectoryGenerator to implement the generic interface and common
functionality of a trajectory generator that creates the trajectory along via
points and target points (i.e., motion queue management functions are
implemented). Derived from the class QueueTrajectoryGenerator is the
class DefaultTrajectoryGenerator. This class is the specific implementation
of a trajectory generator that can interpolate both in joint space and
Cartesian space, including path blending between two motion segments at
the via points. Table 10.3.4 shows the interface of the default trajectory
generator.

PR Usws Servo Crosbesl HN”“:::‘"“‘W Traacon
: | apaciory
Coiwrred 4 Manipulmear > Canerains

Figure 10.3.7: Object Setup for the Servo Control and the Trajectory Generation of a
Manipulator.

Classes, such as Puma560 or WAM, automatically create a default
trajectory generator and a default servo control for the convenience of the
user. However, the user can switch to a different trajectory generator or
servo control if desired. Figure 10.3.7 illustrates in a typical scenario how
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setJointInterpolation() Sets the joint interpolation mode
setCartesianInterpolation() Sets the Cartesian interpolation mode
setVelocity() Sets the velocity

move() Queues a new target point or via point

stop() Stops the manipulator for a certain time
setBlockingMovesOn() Specifies if move/stop commands block until
setBlockingMovesOff() they return

waitForAllMovesCompleted() | Retumns after all moves have been completed
getNumRequestsInQueue() Returns the number of via/target points

that are currently in the motion queue

Table 10.3.4: Interface of the class DefaultTrajectoryGenerator.

the manipulator object, the servo control object, and the trajectory generator
object work together.

External Device Classes

Besides the classes related to specific manipulators, there are a several other
classes that can be used for robotic applications. Specifically, these classes
give the robot manipulator the ability to interface with other physical objects
by means of grippers, robotic hands, and/or tools. These external device
classes are given below:

Gripper. The class Gripper is the generic interface for a gripper. Basically, it
defines the functions open(), close(), and relax().

DefaultGripper. The class DefaultGripper assumes that two digital output
lines control the gripper, one digital line to open the gripper, and one to
close it.

BarrettHand. This is a class to operate the BarrettHand [Barrett]. This class
allows the user to move each of the three fingers to certain positions and
also control the spread motion.

ForceTorqueSensor. This class defines the generic interface for a force/
torque sensor. That is, it defines functions to read the forces and the
torques.
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AtiFTSensor. This class is the specific implementation of the ATI Industrial
Automation Gamma 30/100 Force/Torque sensor.

ToolChanger. The class ToolChanger is the generic interface of a tool changer.
Basically, it defines the functions lock(), unlock(), and relax().

Default ToolChanger. The class Def aultToolChanger assumes that one digital
output line controls the lock function of the toolchanger and another
line the unlock function.

StaticObject. An object of the class StaticObject has no functionality other
than specifying its 3D model. It can be used to add objects such as a table
or work pieces to the 3D scene.

Utility Classes

As with any complex software system, utility programs are needed for
communication purposes and for providing the user with system related
information. To this end, several separate, general-purpose utility classes
are used throughout the Robotic Platform. These utility classes are given
below:

Status. The class Status provides functionality to stack status messages. It
returns detailed status reports to the user. Each class has a data member
of class Status that indicates the status of the object.

Client. The class Client simplifies the sending of messages to a separate task
or thread.

Server. The class Server, the counterpart to the class Client, simplifies receiving
of messages and replying to messages.

Conffig. The class Conf ig handles configuration files in ASCII format.

IOBoardClient. The class IOBoardClient allows communication with an I/
O board (e.g., providing encoders readings, writing D/A values, reading
A/D values, setting and reading digital inputs/outputs).

Lock. The class Lock provides mutual exclusion between two threads.

Configuration Management

The Robotic Platform utilizes a global configuration file, which is parsed by
the object manager and the objects to determine the system’s configuration.
This file is called rp.cfg by default. The object manager searches for this file



534 Robot Control Implementation and Software

in the path specified by the shell variable RP_CONFIG_PATH. By starting a
Robotic Platform program with the option -config <filename>, a different
filename and path for the configuration file can be specified. The format of
the configuration file is now discussed. For each object, the configuration
file lists the object name in brackets, the class name of the object, and some
additional settings (see Figure 10.3.8). Table 10.3.5 lists possible object
settings and their related member functions defined by the classes
RoboticObject and PhysicalObject. Derived classes can be used to define
additional settings.

[leader]

class Puma560
config leader.cfg
position 0 0 0

[secondrobot]
class WAM
position 300 0 0
simulationMode 0
display solid

[follower]

class WAM

config /root/config/follower.cfg
position 600 0 100

[gripper]
class BarrettHand
port /dev/serl

Figure 10.3-8: An Example Global Configuration File.

Object Manager

The object manager, implemented as the class ObjectManager, handles all
objects in the system. Every time a new object is created, it registers itself
with the object manager. Similarly, every time an object is destroyed, it is
removed from the object list that is maintained by the object manager. The
object manager contains the necessary functionality to loop through this
list, and hence, allows one to perform operations on multiple objects. For
example, the Scene Viewer retrieves a list of all objects that are derived
from the class PhysicalObject. This list retrieval operation allows the Scene
Viewer to render each of the objects, and thereby, render the entire 3D
scene.

The object manager also maintains a list of all the classes used in the Robotic
Platform. This feature is essential for fostering generic programming. The
advantages of generic programming for this application are obvious.
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Specifically, generic code utilizes only components that provide a generic
interface; hence, generic code does not need to be changed when a component
with a different implementation is used. That is, the same code can be used
for a number of specific implementations, and hence, attributes to code reuse
(e.g., a generic trajectory generator can be used with different manipulator
types). Fortunately, C++ utilizes class inheritance and virtual functions to
facilitate generic programming. To illustrate this concept, consider a section
of the class hierarchy as shown in Figure 10.3.9. The following snippet of
generic code demonstrates how to write a manipulator independent program
that works with either the Puma robot, the WAM, the IMI, or any robot that
might be added in the future:

Manipulator *manipulator;
ObjectManager om;

manipulator = om.createDerivedObject<Manipulator>(“leader”);
/I Creates either a Puma, an IMI or a WAM object, depending on
// what is specified in the global configuration file under

the name “leader”

// Now, we can do generic operations
manipulator->enableArmPower();
Transform t = manipulator->getCurrentCartesianPosition();}

To utilize generic programming in C++, the above code creates an object
of the derived class (e.g., an object of the class Puma or the class WAM),
and operates the object via a pointer to the generic base class (i.e.,
Manipulator *manipulator). The function createDerivedObject() of the
object manager is utilized to create an object of either the class Puma560,
Barrett Arm, WAM or IMI. To create the correct object, the
createDerivedObject() function looks for the object name in the global
configuration file (see Figure 10.3.8). Then, the createDerivedObject()
function reads the class name of the object from the configuration file and
creates an object of this class. Hence, to switch to a different manipulator
type, only the class name in the global configuration file has to be changed
when utilizing an existing generic program.
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class <className>

Specifies the
class name of
the object

config
<configFileName>

Specifies an
additional
configuration
file for this
object. This is
usually a
QMotor
configuration
file.

RaoboticObject::
setObjectConfiguration()

position <x,y,z>
orientation <r,p,y>

Specifies the
position and
orientation of
the object

PhysicalObject::setTransform()

simulationMode on
simulationMode off

If "on" is
specified, use
simulation
mode for this
object

PhysicalObject::setSimulationModeOn()
PhysicalObject::setSimulationModeOff()

display off
display solid
display wireframe

Specifies if
and how the
object is
displayed in
the Scene
Viewer

PhysicalObject::setDisplayOffi)
PhysicalObject::setDisplaySolid()
PhysicalObject::setDisplay Wireframe()

Table 10.3.5: Object Settings of the Configuration File.

Figure 10.3.9: The Generic Class Manipulator and its Derived Classes.
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Concurrency/Communication Model

An inherent complication associated with the development of a software
control platform for robot manipulator systems is the issue of concurrency.
That is, while it is often sufficient for many engineering systems to run as a
single task, robotic systems require components, such as the servo control,
to be executed concurrently with other components (e.g., the trajectory
generator). The Robotic Platform addresses this issue by running all
concurrent tasks on the same PC. It should be noted that since QNX6 supports
symmetric multiprocessing, it is possible to distribute the tasks over multiple
processors.

Thread 2 Thread 1 Thread 3
| User program |
creale new v -
thread ___: Inftialize the :
| Robatic Piatform |
] | R AT |
- creals new
_ Ees w
Scane Viewer | | Creatsanew | .
e o | manlpul_am_t_ 1 l
| Calculats | | Servo control \ \
| larget points | . loep !
—T— \k‘-‘_—_ 7y
Prarty 10 Friarity 11 Pricrity 27

Figure 10.3.10: Creating New Threads for Concurrency.

The predecessor of the Robotic Platform, the QMotor RTK [Loffler 2001],
executed multiple programs to achieve concurrency on a single processor.
While this concept fosters modularity, it is inconvenient to manage the startup
and termination of multiple programs. In contrast, an application that uses
the Robotic Platform is compiled and linked to a single program instead.
This program spawns threads if concurrent execution is required. Once the
program terminates; all threads terminate automatically. Figure 10.3.10
illustrates an example of how a user program spawns multiple threads. At
program start, only thread 1 is executing. At the initialization of the Robotic
Platform library, a new thread is created that executes the 3D Scene Viewer.
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Then, the user utilizes a new object of a manipulator class. The creation of
this manipulator object automatically spawns a third thread for the servo
control loop. Hence, the first thread can go ahead and calculate target points
for the manipulator, while the servo control loop and the Scene Viewer run
in the background. To ensure real-time behavior of time critical tasks, the
threads run at different priorities (e.g., the servo control loop runs at the
high priority 27).

Since threads access the same address space, communication between
threads can easily be performed by using this address space. However, it is
important to synchronize this access to avoid corruption of the data structures.
Synchronization is achieved by using the class Lock to provide mutual
exclusion for accessing the data that is shared between multiple threads.

Plotting and Control Tuning Capabilities

The issue of tuning and debugging the low-level controller and trajectory
planning algorithms has usually not addressed in many of the previously
developed software control platforms. However, this is an extremely
important issue given the level of complexity associated with accurately
positioning a multi-degree of freedom system such as robot manipulator. To
address this issue, the Robotic Platform utilizes QMotor for low-level
algorithm development. QMotor [Loffler 2002] is a comprehensive
environment for implementing and tuning control strategies. QMotor consists
of: i) a client/server architecture for hardware access, ii) a C++ library to
create control programs, and iii) custom GUI for control parameter tuning,
data logging, and plotting.

Figure 10.3.11: The QMotor Control Parameter Window.

To communicate with hardware, QMotor uses hardware servers that run
in the background and perform hardware I/O at a fixed rate. Servers for
different I/O boards are available (e.g., the ServoToGo board, the Quanser
MultiQ board, and the ATI force/torque sensor interface board). The use of
hardware servers provides an abstract client/server communication
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Figure 10.3.12: The QMotor Plot Window.

interface such that clients can perform the same generic operations with
different servers. Hence, one can quickly reconfigure the system to use
different I/O boards by simply starting different servers. For writing control
programs, QMotor provides a library, which defines the class
ControlProgram. To implement a real-time control loop, the user derives a
specific class from the class ControlProgram and defines several functions
that perform the control calculation and the necessary housekeeping. Once
a control program is implemented and compiled, the user can start up the
QMotor GUI load the control program, start it, and tune the control
strategy from the control parameter window (see Figure 10.3.11).
Furthermore, the user can open multiple plot windows (see Figure 10.3.12)
and set the logging parameters.

To utilize QMotor for the Robotic Platform, classes such as the class Def
aultManipulator are derived from the class ControlProgram. Hence, these
classes inherit the functionality of a control program (i.e., real-time
execution, data logging, and communication with the GUI). If a class is
derived from the class ControlProgram, the base class RoboticObject
automatically creates a new thread of execution that runs the control loop in
the background. QMotor was originally designed to load and tune one
control program at a time. That is, to switch to a different control program,
the current control program had to be stopped and unloaded. The Robotic
Platform is designed to start and run multiple control loops at the same time;
hence, it became necessary to upgrade QMotor. Specifically, QMotor can
now attach itself to an executing control program instead of loading and
starting the control program. This QMotor modification now allows the
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following operational scenario in the Robotic Platform. The user first starts
the control program. This control program creates several threads that
execute real-time control loops. The user can then start the QMotor GUI
and attach it to any of the control programs. Once the QMotor GUI is
attached to a control program, control parameters can be changed and data
can be plotted.

Math Library

Past robot control libraries often introduced their own specific robotic data
types. Most of these data types are based on vectors or matrices (e.g., a
homogeneous transformation is a 4x4 matrix). Hence, it is more feasible to
use a general C++ matrix library and define robotic types on top of it. Most
of the matrix libraries available for C++ use dynamic memory allocation,
which risks the loss of deterministic real-time response [Loffler 2001]. Hence,
the big disadvantage of libraries that use dynamic memory allocation is that
they can not be used in large sections of the Robotic Platform. To overcome
this problem, special real-time matrix classes were developed for the Robotic
Platform that use templates for the matrix size. This means that the matrix
size is known at compile time and dynamic memory allocation is not required.
Besides being feasible for real-time applications, this solution also produces
highly optimized code. That is, due to the use of templates and inline functions,
the matrix classes can be as fast as direct programming. Specifically, with
optimized implementation, the multiplication of two 2x2 matrices C=A * B
is as fast as writing

cl1=all * b11 + al2 * b21;
c12=all * b12 + al2 * b22; etc.

An additional advantage is that the compiler can check for the correct
matrix sizes at compile time (e.g., a matrix multiplication of two matrices
with incompatible size is detected during compilation). Figure 10.3.13,
Table 10.3.6, and Table 10.3.7. Functions of the Matrix, Vector, and
Transformation Classes illustrates the class hierarchy, the types classes, and
the data types. The classes MatrixBase, VectorBase, Matrix, Column
Vector, and RowVector are parameterized with the data type of the
elements. The default element data type is double, which is the standard
floating-point data type of the Robotic Platform. The classes MatrixBase
and VectorBase are pure virtual base classes that allow for manipulation of
matrices and vectors of an unknown size (matrices and vectors of an
unknown size are required during generic manipulator programming).
Figure 10.4.1 shows an example program that uses the math library to
calculate a position equation.
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Figure 10.3.13: Class Hierarchy of the Matrix Classes.

| Base class of all matrix and vector classes of data
type <T> (e.g., T = int, float, etc.)

Base class of all vector classes of data type <T>
(e.g., T =int, float, etc.)

Matrix of data type <T> and size <rows*columns>

Column Vector of data type <T> and <size>
elements

Row Vector of data type <T> and <size> elements

Homogeneous transformation
(4 x 4 Matrix of type double)

| Low-pass 2nd order filter of data type <T>

Numerical differentiation of data type <T>

Numerical integration of data type <T>

Table 10.3.6: Classes of the Math Library.

Multiplication/division Length (2-norm) Translation matrix
Addition/difference Cross-product Rotation matrix about
Transpose Dot-product X, ¥, Or Z axis
Getting/setting elements Element-by-element | Rotation matrix about an
Getting/setting sub-matrices | multiplication arbitrary vector
Inverse Conversion from/to
Unit/Zero matrix Euler angles
Input/output from/to streams Conversion from/to
RPY angles

Table 10.3.7: Functions of the Matrix, Vector, and Transformation Classes.
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Figure 10.3.14: Example Program for the Matrix classes.

In addition to the matrix, vector, and transformation classes, the classes
ButterworthFilter, Differentiator and Integrator are part of the math library.
The class ButterworthFilter is used for low-pass filtering. The class
Differentiator implements numerical differentiation via the backwards
difference method plus low-pass filtering. Finally, the class Integrator utilizes
the trapezoidal method for numerical integration. The user can derive a
specific class from the class Integrator to implement more advanced
integration methods. Both classes are parameterized with the data type (i.e.,
they work with scalars, vectors, and matrices).

Error Management and the Front-End GUI

Each object is responsible for maintaining the appropriate error status. If a
fatal error occurs, any object can request the object manager to shut down
the system. For example, this could be the case when a control torque exceeds
its limit. For such a system shutdown, the object manager loops through all
objects in the system and calls their start Shut down () function. Then, the
object manager waits until all objects have completed their shutdown. The
completion of the object shutdown is indicated by the is ShutdownComplete()
function.

The front-end GUI components for the Robotic Platform were developed
with the C++ GUI class library QWidgets++. QWidgets++ allows for object-
oriented techniques in GUI programs. The GUI consists of three parts:

e The Scene Viewer is the default supervising GUI, which is opened
automatically at startup of every Robotic Platform program.

e Each class can have its own control panel. The control panels are opened
from the Scene Viewer.

e Several utility programs (e.g., the Manual Move program and the
Teachpendant program) have a GUL
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Operation of the front-end GUI for the Robotic Platform is further explained
in the next section.

10.4 Operation of the Robotic Platform

Scene Viewer and Control Panels

When a program running inside the Robotic Platform is executed, the Scene
Viewer window opens up. The Scene Viewer window displays the entire 3D
scene and also allows the user to open a window that displays a list of
currently running objects (see Figure 10.4.2). To create a 3D scene, the Scene
Viewer loops through all objects that are derived from the class
PhysicalObject and calls the get3DModel() function to obtain the Open
Inventor 3D data of that object. Then, the Scene Viewer uses the object
connection relationships (specified by the function setConnection() of the
class PhysicalObject) to display the 3D objects at the right position (e.g., to
display a gripper being mounted at the end-effector of a robot manipulator).
Furthermore, the Scene Viewer continuously updates the 3D scene with the
current state of all objects (e.g., it uses the current joint position of a robot
manipulator to display the robot joints in the correct position). Hence, the
3D scene rendered in the Scene Viewer window always represents the
current state of the actual hardware (in simulation mode, the simulated state
of the hardware is represented). To select the best viewing position, the user
navigates in the 3D scene using a mouse. The user can rotate the view, move
forward and backward, and also store/restore desired viewing positions.
Additionally, the user can hide objects in the scene to increase the frame rate.
Many different Scene Viewer windows can be opened to view the 3D scene
from different viewing positions at the same time. The user can also open the
Object Viewer window to display the list of all objects that are currently
being instantiated.

Each object also has an individual pop-up menu (See Figure 10.4.3. The
Object Pop-Up Menu). This pop-menu appears if the user either: i) right
clicks on the object in the Scene Viewer rendering area, or ii) right clicks
on an entry in the Object Viewer window. Options associated with pop-up
menu can be used to hide the object in the rendering area and to select
between a wire frame or a solid display. In addition, the pop-up menu
displays interactive commands that are defined in the specific class of the
object. For example, a gripper object has additional menu items to open,
close, and relax the gripper. Finally, the user can open the control panel
from the object pop-up menu. Figure 10.4.5 shows the control panel of the
Barrett WAM as an example. Each control panel appears in a new
window.
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Figure 10.4.3: The Control Panel of the WAM Class.

Utility Programs for Moving the Robot To facilitate low-level
algorithm development, utility programs for moving the robot must be
created. For example, the Manual Move utility (see Figure 10.4.6) is a
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program that gives the user the ability to test the low-level servo control of
a robot manipulator. Specifically, the Manual Move utility contains a
slider for each joint. As, the user can move the sliders with the mouse, the
selected robot manipulator joint immediately follows the commanded user
mput.
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Figure 10.4.5: The Teachpendant.

The Teachpendant (see Figure 10.5.1) implements a low-level zero gravity
controller that allows the user to physically position the robot manipulator
joints in any location. Once the user has moved the robot manipulator joints
to a desired target position, this position can be stored as in list of robot
manipulator positions. The Teachpendant utilizes the Robotic Platform’s
trajectory generator to move the robot manipulator to the stored positions.
In this way, the user can cycle the robot manipulator through all or some of
the stored positions.
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Writing, Compiling, Linking, and Starting Control Programs

A control program is first compiled and then linked to the Robotic Platform
library. The entire Robotic Platform (i.e., all classes and the Scene Viewer) is
contained in one library. As explained earlier, the Robotic Platform can easily
be extended by adding new classes. If the extension is specific to a certain
control program, the classes can be added to the code of the associated control
program. If an extension is used in different control programs, it would
probably be more convenient to add this new functionality to the Robotic
Platform library. To reflect the extensions in preexisting compiled and linked
programs, the Robotic Platform library is constructed to be a dynamic library
(i.e., a program loads the library whenever it is started). Therefore, after the
library is extended with new functionality, programs such as the Teachpendant
will take advantage of the new functionality (e.g., the teachpendant will be
able to operate new manipulator types).

Figure 10.4.6 shows the listing of an example control program for a simple
pick and place operation. Every Robotic Platform control program must
first call RoboticPlatform::init(). This function initializes the Robotic Platform
and starts up the Scene Viewer. The command line arguments are passed to
RoboticPlatform:: init () such that any Robotic Platform program can be
started with certain default command line options (see Table 10.4.1).
Additionally, these options can be controlled from C++ code as well by using
the functions listed in the third column of Table 10.4.1. After
RoboticPlatform::init() is called, the user’s program creates all objects that
are required for the associated robotic task (i.e., a gripper object, a Puma
560 object, and a trajectory generator object are created). If the option -wait
was specified in the command line, no control loops are started until the
user’s program executes the RoboticPlatf orm:: start () function. This function
waits for the user to hit the start button. This feature is necessary since this
function gives the user the ability to start the QMotor GUI, set control
parameters, and select logging modes before the control loops are started.
The last part of the example program utilizes the trajectory generator object
and the gripper object to move the robot to the workpiece, close the gripper,
pick up the workpiece, and drop it at the target position.

// Simple pick and place operation
#include “RoboticPlatform.hpp”

void main(int arge, char *argvl[])

{

RoboticPlatform::init(argc, argv);

Puma$60 puma; /I Create Puma560 object
DefaultGripper gripper; // Create gripper object

DefaultTrajectoryGenerator tragen;
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-sim Enables/disables |RoboticPlatform::setSimulationModeOn()
-nosim simulation mode |RoboticPlatform::setSimulationModeOff()
for all objects
-gui Enables/disables |RoboticPlatform::setGuiOn()
-nogui automatic start of | RoboticPlatform::setGuiOff()
the Scene Viewer
-config Specifies the RoboticPlatform::setConfigurationFileName()
<filename> [name of the
global
configuration file
-wait If wait is RoboticPlatform::setUseStartButtonOn()
-nowait specified, holds |RoboticPlatform::setUseStartButtonOff{)
the program until
the START button
Iis pressed.

Table 10.4.1: Default Command Line Options of R

puma.setTrajectoryGenerator(tragen);
RoboticPlatform::start();

tragen.moveToParkPosition();
gripper.open();
tragen.moveTo(0, 0, 0);
tragen.stop(1l);
gripper.close();
tragen.stop(1);
tragen.moveTo(50, 50, 300);
tragen.moveTo (100, 100, 0);
tragen.stop(1);
gripper.open();
tragen.stop(1);
tragen.moveTo(50, 50, 300);

// Positio

Figure 10.4-6: A Simple Pick and Place Program

obotic Platform Programs.

n specified by x,y,z
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10.5 Programming Examples

Comparison of Simulation and Implementation

A very interesting option is to forward the setpoints created by a trajectory
generator to two manipulators. In this way, the motion of two manipulators
with the same kinematics can be compared, or the behavior of a real
manipulator can be compared with a dynamic simulation. The latter
application is implemented in the program in Figure 10.5.1. First, two objects
of the class Puma 560 are created, and one of the objects is configured into
simulation mode. Then, both objects are connected to the same trajectory
generator to receive the same setpoints.

#include "RoboticPlatfoxm.hpp"

void main(int argec, char *argv[])
{

RoboticPlatform::init(arge, argv);

// Create the robot objects

Pumab60 puma;

Pumab60 pumaSimulated;
pumaSimulated.setSimulationModeOn(};

// Connect both to the same trajectory generator
DefaultTrajectoryGenerator tragen;
puma.setTrajectoryGenerator(tragen);
pumaSimulated.setTrajectoryGenerator(tragen);

RoboticPlatform::start();

tragen.move(0, 45, -90, 0, 0, 0);
tragen.move(-50, 0, -70, 50, -80, 0);

Figure 10.5-1: Example to Forward the Same Trajectory to two Robots.

Virtual Walls

This is a good example on how to create a custom servo control. It also
demonstrates the use of the manipulator model functions and the math library.
Virtual walls are virtual planes in the manipulator’s workspace that generate
a reaction force once the manipulator is moved into the wall. Given a plane
with the plane equation (using homogeneous coordinates):
n
wr=0;, w=| 7
where 7 is the normal vector of the plane, and d, is the distance from the
origin. If Xg,aef roaor 18 the current end-effector position, then



10.5 Programming Examples 549

d = _ | < 0end — effectoris outside the wall
= WEEndEffector = > 0 end — effector is inside the wall

Using the control law

_ 0 d < 0 end - effector is outside the wall
TEY ST (ksdn) d > 0end — effectorisinsidethe wall ’

creates a joint torque that resists moving the robot into the wall.

To implement a new servo control algorithm, a class is derived from the
class ServoControl (See line (1) of Figure 10.5.2). The above virtual wall
functions are implemented in the function calculate(), which calculates the
control output. In the function main(), the robot object is created as usual.
In addition, an object of the virtual wall servo control class is created (See
line (2) of Figure 10.5.2). Finally, the robot object is instructed to utilize the
new servo control instead of the default position control, and the gravity
compensation is enabled to allow the robot to be pushed around (See line (3)
of Figure 10.5.2).

#include "RoboticPlatform.hpp"

template <int numJoints>

class VirtualWallServoControl : public ServoControl

{

public:

virtual void calculate()

{
// What is the distance of the end-effector to the wall?
Transform t = d_manipulator->getEndEffectorPosition();
double distance =

dotProduct (d_wallCoefficients, t.getColumn(4));

if (distance > 0) // No control output
return;

// We are inside the wall. Generate reacting force
Vector<3> force = distance * d_wallCoefficients * d_kf;

// Convert to joint torque

Vector<numJoints> pos = d_manipulator->getJointPositon();
Vector<numJoints> torque;
d_manipulator->endEffectorForceToJointTorque(pos, force, torque);

// Do the control output
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d_manipulator->setControlOutput (torque);

}

Vector<4> d_wallCoefficients;
double d_kf;
};

void main(int argc, char *argv[])
{

RoboticPlatform::init{arge, argv);
Pumab60 puma; // Create the robot object

// Virtual wall control for 6 joints
VirtualWallServoControl<6> wallControl;
wallControl.d_kf = 0.01;
wallControl.d_wallCoefficients = 0, 0, -1, 3;

puma.setGravityCompensationOn();
puma.setServoControl(wallControl);

RoboticPlatform::start();

Figure 10.5-2: Virtual Walls Example.

10.6 Summary

The Robotic Platform is a software framework to support the implementation
of a wide range of robotic applications. As opposed to past distributed
architecture-based software control platforms, the Robotic Platform presents
a homogeneous, non-distributed object-oriented architecture. That is, based
on PC technology and the real-time operating system QNX&6, all non real-
time and real-time components are integrated in a single C++ library. The
architecture of the Robotic Platform provides efficient integration and
extensibility of devices, control strategies, trajectory generation, and GUI
components. In addition, software-based control systems implemented with
the Robotic Platform are inexpensive and offer high performance. The
Robotic Platform is also built on the QMotor control environment for data
logging, control parameter tuning, and real-time plotting. A real-time math
library simplifies operations and provides an easy-to-use programming
interface. Built-in GUI components like the Scene Viewer and the control
panels provide for easy operation of the Robotic Platform and a quick ramp-
up-time for users that are inexperienced in C++ programming.
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Appendix A

Review of Robot
Kinematics and Jacobians

We review here the basic information from a first course in robotics that is
needed for this book. This includes robot kinematics, the arm Jacobian, and
the issue of specifying the Cartesian position. The review is detailed since
those with a background in system theory and controls may not yet have seen
this material. Several examples are given which are used throughout the
book for design and simulation purposes.

A.1 Basic Manipulator Geometries

In this section we look at some basic arm geometries. A robot arm or
manipulator is composed of a set of joints separated in space by the arm
links. The joints are where the motion in the arm occurs (cf. our own wrist
and elbow), while the links are of fixed construction (cf. our own forearm).
Thus the links maintain a fixed relationship between the joints. [Although the
links may be flexible (i.e., they may bend); we ignore flexibility effects here.]

The joints may be actuated by motors or hydraulic actuators. There are
two sorts of robot joints, involving two sorts of motion. A revolute joint
(denoted R) is one that allows rotary motion about an axis of rotation. An
example is the human elbow. A prismatic joint (denoted P) is one that allows
extension or telescopic motion. An example is a telescoping automobile
antenna. There is no anthropomorphous analogy to the prismatic link. The
joint variables of a manipulator are the variable parameters of the joints. For
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(€}

Figure A.1.1: Basic robot arm geometries: (a) articulated arm, revolute co-ordinates
(RRR); (b) spherical coordinates (RRP); (c) SCARA arm (RRP).
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(d)

Figure A.1.1:(Cont.) (d) cylindrical coordinates (RPP); (e) Cartesian arm, rectangular
coordinates (PPP).

a revolute joint the variable is an angle, denoted 6. For a prismatic joint it is
a length, denoted d.

Some basic arm geometries are shown in Figure A.1.1. The RRR articulated
arm in Figure A.1.1a is like the human arm, while the PPP Cartesian arm in
Figure A.1.1e is closely tied to the coordinates used in the manipulator
workspace, where the Cartesian coordinates (x, , z) are often used to describe
tasks to be performed. The workspace is the total volume swept out by the
end effector as the robot executes all possible motions.

The joint axis of a revolute joint is the axis about which the rotation 60
occurs. (The sense of rotation is determined using the right-handed screw
rule: If the curled fingers of the right hand indicate the direction of rotation,
the thumb indicates the direction of the axis of rotation.) For a prismatic
joint, it is the axis along which the telescoping action d occurs. The relative
orientations of the joint axes of an arm determine its fundamental properties.
Figure A.1.1c shows a RRP manipulator known as the SCARA (selected
compliant articulated robot for assembly) arm. It has quite a different structure
than the RRP spherical arm shown in Figure A.1.1b, since its joint axes are
all parallel. On the other hand, the joint axes of the spherical arm intersect at
a point.

Industrial examples of the RRR arm are the PUMA and Cincinnati-Milacron
T3 735 manipulators. The Stanford manipulator is a spherical RRP arm; the
AdeptOne is a SCARA RRP arm. An example of the RPP arm is the GMF M-
100. The Cincinnati-Milacron T? gantry robot is a PPP arm.
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Many industrial robots are serial link manipulators since they consist of
a series of links connected together by actuated joints. The base is called
link 0, and the last link is terminated by the tool or end effector. Many
robots have six joints, corresponding to the six degrees of freedom needed to
obtain arbitrary position and orientation of the end effector in three-
dimensional space.

Arms like the PUMA 560 have six revolute joints. In such an arm, the
joints may be grouped into two sets of three joints each. The first three
joints may be used to place the end effector at an arbitrary position within
the three-dimensional workspace. The last three joints may be used to
obtain an arbitrary orientation of the end effector at that position. In the
PUMA 560, the axes of joints 4, 5, and 6 intersect at a common point and
are mutually orthogonal. This makes orienting the end-effector convenient.
The last three joints are known as the wrist mechanism (see Example
A.2.4).

A.2 Robot Kinematics

Here we review the kinematics of robot manipulators, including the arm A
matrices, homogeneous transformations, the T matrix, forward and inverse
kinematics, and joint-space and Cartesian coordinates. Several illustrative
examples are given.

A Matrices

For given values of the joint variables, it is important to be able to specify the
locations of the links with respect to each other. This is accomplished by
using the manipulator kinematic equations.

We may associate with each link 7 a coordinate frame (x; y; z;) fixed to
that link. See Figure A.2.1. A standard and consistent paradigm for so doing
is the Denavit-Hartenberg (D-H) representation [Paul 1981], [Spong and
Vidyasagar 1989]. The frame attached to link O (i.e., the base of the
manipulator) is called the base frame or inertial frame.

The relation between coordinate frame 7-1 and coordinate frame 7 is given
by the transformation matrix
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cosf; —cosa;sinf;  sinaq;siné; a; cosf;
sinf; cosa;cosf; —sinaq;cosé; a;sinf;
A; = . (A2.1)
0 sin ¢ COoS (; d;
0 0 0 1

Most of the parameters in this A matrix for link i are fixed. The link parameters
are a;, the twist of the link 4, and a;, the length of link 7. These parameters are
tabulated for each link in the arm manufacturer’s specifications. The joint
parameters are the joint angle 6; and the joint offset d,. If joint i is revolute,
the joint variable is §;and d; is a constant tabulated in the specs. On the other
hand, if the link is prismatic, then d; is the joint variable and 6, is a constant
provided in the specs. The parameter a; for a prismatic joint is defined to be
zero, since the link length is variable and described by d..

By the D-H convention, for a revolute joint, the rotation 6; occurs about
axis z-1. For a prismatic joint d; occurs along axis z;-1. Thus the link
coordinate frame is considered to be attached to the outer end of the link.
See the examples.

[ Linki— 1 L

Figure A.2.1: Link kinematic relations in a manipulator.

The A matrix A, is a function of only a single variable, namely the joint
variable 6; or d,, since all the other parameters in A, are fixed for a specific
joint. If a manipulator has n links, the joint-variable vector q is an n-vector
composed of the individual joint variables. Thus g is in general a combination
of angles 6, and lengths d,. For instance, for an RRP arm,

g=1[06, 6; ds ]T
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The components of g are denoted by g; that is, the general joint variable g,
can represent either an angle 6, or a length d, as appropriate.

Homogeneous Transformations
The A matrix is a homogeneous transformation matrix of the form

Ri Pi
Ai=[ 0 1 ] (A.2.2)

where R;is a rotation matrix and p; is a translation vector. Thus if ' is a point
described with respect to the coordinate frame of link 7, the same point has
coordinates “'7 with respect to the frame of link i-1 given by

lr= Afr (A.2.3)
The homogeneous transformation is a 4x4 matrix, so that it can describe

both rotations and translations; therefore, the vectors describing position in a
given coordinate frame are 4-vectors. They are of the form

’ (A.2.4)

where (‘x, 'y, 'z) are the coordinates of the point in frame i. Thus, according to
(A.2.3)and (A.2.2),

i-lz. i(L‘
“ly L =Ri| 'y | +pi, (A.2.5)
i—lz iz

which is just a rotation of R; applied to the coordinates in frame i plus a
translation of p;.

We may interpret frame i-1 as the fixed (i.e., “original”) frame and frame
i as the rotated and translated (i.e., “new”) frame due to the following
considerations. According to (A.2.5), there is an easy way to find the rotation
matrix R; that rotates a given coordinate frame i-1 into another given frame i.
Set p; equal to zero and (ix, y, 'z)=(1,0,0). Then (A.2.5) is equal to the first
column of R;. That is, the first column of R; is nothing but the representation
of the new x-axis 'x in terms of the original coordinates (“'x, "'y, "'z). Similarly,
the second (respectively third) column of R; is the representation of the rotated
y-axis ‘y (respectively, z-axis and ‘z) in the fixed frame i-1. We shall illustrate
this in Example A.2.1.

Therefore, A; may be interpreted from several points of view. It is the
transformation that takes a representation ‘7 of a vector in frame i to its
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representation “'7 in frame i-1. On the other hand, it is the description of
frame 7 in terms of frame i-1; in fact, R, describes the orientation of the axes of
frame 7 in terms of frame i-1, while p, describes the origin of frame 7 in terms
of the coordinates of frame i-1.

A rotation matrix R enjoys the property of orthogonality, that is, R"=R. It
has one eigenvalue at A=1, whose eigenvector is the axis of rotation. A rotation
of 0 about the x axis, for instance, looks like

1 0 0
Ryo=1( 0 cos§ —sinf |. (A.2.6)
0 sinf cosé

The last entry of “1” in (A.2.4) represents a scaling factor for the length of
the vector. By using a homogeneous transformation whose (4, 4) entry is not
unity, vectors may be scaled. By using entries in positions, (4, 1), (4, 2), (4, 3)
of the transformation matrix, perspective transformations may be performed.
These ideas are important, for instance, in camera-frame transformations but
will not be useful in the transformations associated with the manipulator
arm.

Arm T Matrix
To obtain the coordinates of a point in terms of the base (i.e., link 0) frame,
we may use the matrices

T, = A1 Ay - A;. (A.2.7)

Then, given the coordinates ‘7 of a point expressed in the frame attached to
link 4, the coordinates of the same point in the base frame are given by

O = T'r. (A.2.8)

We call T; a kinematic chain of transformations.
We define the arm T matrix as

T=T,=A; - An, (A.2.9)

with 7 the number of links in the manipulator. Then, if " are the coordinates
of a point referred to the last link, the base coordinates of the point are

Op = T, (A.2.10)
This is an important relation since "7, the coordinates of an object in the nth

frame, can represent the location of the object with respect to the tool or end
effector. It is thus important in specifying tasks to be accomplished. On the
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other hand, °r represents the location of the object with respect to the base
frame, which is the object’s absolute position with respect to the manipulator
base.

Forward Kinematics

The position and orientation of the end effector with respect to the
manipulator base frame are given by evaluating the arm T matrix. It is
conventional to symbolize this homogeneous transformation as

T:[gggﬂ:[g‘f]. (A2.11)

Thus the orientations of the axes of the end-effector reference frame are described
with respect to base coordinates by the rotation matrix R=[n o a, and the
origin of the end-effector frame has a position of p in base coordinates.

Arm
base

Figure A.2.2: Robot end effector, showing the definition of (7, o, a, p).

The 3-vectors 1, 0, a, and p are defined as in Figure A.2.2. The approach
vector of the end effector is “a”; the orientation vector “o” is the direction
specifying the orientation of the hand, from fingertip to fingertip. The normal

vector “n” is chosen to complete the definition of a right-handed coordinate
system using

n=o0Xa.
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Thus (7, o, a) are the base coordinates of an (x, y, z) Cartesian coordinate
system attached to the end effector. The position vector p specifies the location
of the origin of the (1, o, a) frame with respect to the base frame.

The representation (1, 0, a) for the orientation of the end effector is inefficient.
Note that [z 0 a] is a 3x3 matrix, so that it has nine entries. However, it does
not take nine degrees of freedom to specify orientation. Indeed, [7 0 4] is a
rotation matrix, so that its columns are orthogonal; this orthogonality
requirement imposes extra constraints on the elements of [# 0 a], so that the
nine entries of [# 0 a] are not independent. Alternative more efficient methods
of specifying the orientation of the end effector in base coordinates are the
roll-pitch-yaw, Euler angle, quaternion, and tool-configuration vector
descriptions. We discuss some of these later. The reason we use (7, 0, a) is that
the arm T matrix is easily computed using the A matrices in terms of the arm
parameters and join variables. Then 7, o, a, and p are simply read off by
examining the T matrix, as we shall see in the examples.

At this point we should like to distinguish between two sets of coordinates
describing the end effector. The joint variable coordinates of the end effector
are given by the n-vector.

i=la @ - @],

where g; can represent angles or lengths, depending on whether the links are
revolute or prismatic. Generally, 7=6, so that the arm has six degrees of
freedom. The end-effector Cartesian coordinates are the description of end
effector orientation and position in terms of the arm base coordinates. According
to (A.2.11), where T may be computed knowing g, the joint variable and
Cartesian coordinates are equivalent, for both specify the location of the end
effector.

We say that g is the joint-space description of the position and orientation
of the end effector, while (1, 0, a, p) is the Cartesian or task space description.
This terminology derives from the fact that descriptions of tasks to be performed
by an arm are generally given in Cartesian coordinates, not in joint coordinates.

The robot arm kinematics problem is as follows. Given the joint variables
q, find the Cartesian position and orientation of the end of the manipulator.
Thus the kinematics problem amounts to converting given joint variables
into the Cartesian position and orientation of the end effector expressed in
base coordinates. Let us illustrate the solution of this problem for several
simple robot arms which we use as examples throughout the book. It amounts
to computing 7.

It should be mentioned that there are several software packages
commercially available for computing the A matrices and the T matrix for a
given robot arm. See, for instance,  MATMAN 1986].
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EXAMPLE A.2-1: Kinematics for Three-Link Cylindrical Arm

A simple RPP manipulator is shown in Figure A.2.3a. It may be interpreted as
the first three joints of an arm much as the GMF M-100. These are the joints
used to position the end effector. A wrist mechanism consisting of three joints
may be added to the end of the RPP arm to orient the end effector in space (see
Example A.2.4). The joint variables of the three-link arm shown are 6, b, 7,
which correspond to the coordinates of a cylindrical coordinate system, so
that the joint-variable vector is

q=[9 h T]T. (1)

a. A Matrices

Coordinate frames may be attached to links 1, 2, and 3 using any technique
desired. The D-H frames, to which (A.2.1) corresponds, are shown in Figure
A.2.3b. For this choice of frames, the A matrices may be determined as
follows.

Frame 1 is related to the base frame 0 by a simple rotation of 6
degrees about the axis z,. A z-axis rotation, R, 4, with no translation is

described by

e —s6 0 0

s§ 6 0 0
A

I

where c6 represents cos 6 and s6 represents sin 6.

To find A, we may use (A.2.1). Since link 2 is prismatic with extension b,
the length 4, is zero. In this example the rotation 6, is also zero. The twist a,
of link 2 is the angle of rotation about axis x, required to align z; with z,—that
is, -90°. Therefore,



A.2 Robot Kinematics 565

i 43
., y, N xs’/l
Vs

(a) (b)

Figure A.2.3: Three-link cylindrical manipulator: (a) arm schematic; (b) D-H coordinate
frames.

1 0 O 0
0 0 1 0
Ay = (3)
0 -1 0 h
0 0 O 1

There is an attractive alternative to (A.2.1) for determining the link A
matrix in simple cases. Recall that the first column of A, is the representation
of x, in the coordinates (x;, 1, z;). According to the figure, this is just [1 0 0]".
The second column of A, is the representation of y, in the coordinates (x1, y1,
z1), which the figure shows is [0 0 -1]7. The third column of A, is the
representation of 22 in frame o0, which is just [0 1 0]”. Thus (3) is obtained by
inspection.

In similar fashion we obtain,
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1 00 0
010 0
As = )
0 0 1 r
0 0 0 1
b. T Matrix and Arm Kinematics
The arm T matrix is now obtained as
- .
cd 0 -—s6 —r s6
8 0 cl T cf
T=A1AA3 = ) (5)
0 -1 0 h
0 0o 0 1
L ]

To interpret the T matrix, examine (A.2.11). The position in base coordinates
of the end of the manipulator, that is, the origin of frame 3, is

p=[-rs§ rcd h]". (6)

The orientation of frame 3 described in base coordinates is expressed in (7, o,
a) form by giving the coordinates of the normal, orientation, and approach
vectors in terms of the base frame. These are given by

n=_cl s O]T
02[0 0 —1]TT (7)
a:[—30 cd 0] .

A glance at Figure A.2.3b verifies these expressions.
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EXAMPLE A.2-2: Kinematics for Two-Link Planar Elbow Arm

A two-link planar RR arm is shown in Figure A.2.4a where a, and a, are the
fixed and known link length parameters. The link coordinate frames are
shown in Figure A.2.4b. We have taken the z-axes perpendicular to the page
to conform to the convention of specifying points in a plane by (x, y)
coordinates. Therefore, the frames are not defined quite as in the D-H

convention.

The arm A matrices may be written by inspection as

C1 —S1 aicy
St C1 a181
Ay =
0 0 0
0 0 1
i |

where ¢, s, represent respectively cos 6, sin 6, and

Co —89 a2Ca
S2 €2 a282
Ay =
0 0 0
0 0 1
The arm T matrix is given by
C12 —S12 aicy + a2C12
S12 €12 a181 + az812
T = A1A2 =
0 0 0
0 0 1
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Y,

3]

()

Figure A.2.4: Two-link planar RR arm: (a) arm schematic; (b) D-H coordinate
frames.

where c12 = cos(8; + 02) and s;2 = sin(f; + 62).
Therefore, the origin o, of frame 2 in terms of base coordinates is located
at

T
p= [ aicy +ascis ai1s; +ass;a 0 ] . 4)
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This represents the kinematic solution, which converts the joint variable
coordinates (0, 6,) into the base-frame Cartesian coordinates of the end of the
arm. The reader should examine Figure A.2.4a to verify this expression.

EXAMPLE A.2-3: Kinematics for Two-Link Polar Arm

A two-link planar RP arm is shown in Figure A.2.5a where € is the fixed
known length of the base link. The link frames, with the z-axes perpendicular
to the page, are shown in Figure A.2.5b. The joint vector is

q:[ﬁ r]T, (1)

which corresponds to polar coordinates in the plane.

(a) (b)

Figure A.2.5: Two-link planar RP arm: (a) arm schematic; (b) D-H coordinate
frames.

By inspection, the A matrices are found to be
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e —-s6 0 0

s c§ 0 £

A4 = 2)
0 0 1 0
0 0 1 1
1 0 0 r
01 0 0
As = 3)
0 01 0
0 0 O 1 J
The T matrix is
cd —s68 0 rcd
s ¢ O £+ rsb
T=AA = ) (4)
0 0 1 0
0 0 0 1
Therefore, the base coordinates of the end of the arm are
T
p=[rcd L+rs8 0] , (5)

which should be verified by examining Figure A.2.5a. This may be interpreted
as the forward kinematics solution for the arm.

This example illustrates the freedom we have to select the base frame
origin 0y. We could have selected o, coincident with o,. However, we have
chosen to include the length € of link 0 by placing o, at the bottom of the base
link.

|
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EXAMPLE A.2-4: Kinematics for Spherical Wrist

Figure A.2.6: Spherical wrist.

A spherical wrist mechanism is shown in Figure A.2.6. See [Paul 1981], [Spong
and Vidyasagar 1989]. For convenient orientational control, all three joint
axes intersect at a common point. Since many six-link industrial arms, including
the Stanford arm, end in such a configuration, we have labeled the three joint
variables 6,, 6;, 6;. The D-H frames are also shown in the figure. Recall that
the rotation 6; occurs about axis z;; in the D-H convention. The origin of
frame 6 has been chosen at the base of the fingered gripper. The length d is a
fixed known parameter.

By expressing the axes x4, y4, 24 in terms of the coordinates (x3, ys, z3), we are
able to directly determine the columns of A4 to obtain
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A4=

As

cg 0 —s4 0
s4 O c4 0
0 -1 0 0
0 0 0 1

cs 0 s5 0
s 0 —cy 0
01 o0 0
0 0 0 1

In writing down As, it is important to note that 6s is defined to be zero when
the end effector is in an upright position, that is, when the arm is fully extended.
We have drawn the figure with 6;=-90° to show more clearly the different

coordinate systems.

In similar fashion, we obtain

As

The wrist T matrix is

Il

cg —sg O 0
s¢ ¢ O 0
0 0 1 ds
0 0 0 1
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T = A4A5A6
C4C5C6 — S48 —C4C586 — S4C¢ €455 c485dg
84C5Ce + C4S¢ —S4C58¢ + C4C  S4S5 S485dg
= (4)
—85Cq 5556 Cs csdsg
0 0 0 1 ]

where c,;=cos 6,, and so on. It is quite interesting to note that the rotational
part of this T matrix corresponds to the Euler angle transformation [Spong
and Vidyasagar 1989]. Therefore, 0,, 65, 6, may be interpreted as the Euler
angles with respect to frame 3.

Suppose that we would like to determine the kinematic transformations of
the 3-link cylindrical arm in Example A.2.1 terminated with a spherical wrist.
Then it is only necessary to multiply the T matrix in Example A.2.1 and (4),
in that order, to obtain the overall manipulator T matrix.

|

Inverse Kinematics

The location of the end effector is specified in base coordinates by the arm
T matrix. On the other hand, the location of the end effector is specified in
joint coordinates by giving the values of the joint variables g;. We may compute
the T matrix knowing the joint-variable vector g, as in the examples just
shown. Finding T from ¢ is the kinematics problem.

The inverse-kinematics problem is as follows. Given (1, o, a, p) for the
end effector in base coordinates, determine the joint variables g, in the T
matrix

_|n o a p
T_[O 00 1} (A.2.12)

that yield the specified (7, o, a, p). This problem is important in manipulator
control, for the desired Cartesian orientation and position of the end effector
are specified by the task. Then the solution to the inverse kinematics
problems gives the joint variables g, required to achieve that orientation
and position.

Due to the functions involved in the T matrix, the relations between g,
and (n, o, a, p) are highly nonlinear; these must be inverted to obtain the
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inverse kinematic solution g. The solutions for g, are generally not unique.
If the last three arm axes intersect at a point (e.g., the wrist mechanism in
Example A.2.4), it is common to split the inverse kinematics problem into
two parts. In a six-link arm, for instance, one first determines g, ¢,, and g;
required to obtain the desired Cartesian position p. Then the wrist variables
d4 qs, and g that give the desired orientation (7, o, a) are determined. Some
techniques for solving the inverse kinematics problem are given in [Paul
1981], [Craig 1989], [Spong and Vidyasagar 1989]. An example is now
given.

EXAMPLE A.2-5: Inverse Kinematics for Two-Link Planar Elbow Arm

For the planar RR arm of Example A.2.2, the inverse kinematics problem
amounts to finding the joint variable 6, and 6, given a desired Cartesian
position (x, y) of the end of the arm. See Figure A.2.7.

The first thing that is evident is that, as long as a?+a2 < r = 2% +y2,
there are two solutions. The one shown in Figure A.2.7 is the “elbow down”
solution. Another solution may be determined for the “elbow
up“configuration, where both links are above the vector [x y/T. Thus the
inverse kinematics problem generally bhas a nonunique solution. This may
often be taken advantage of to obtain end-effector positioning with collision
avoidance.

Given the T matrix from Example A.2.2, we see that 6, and 6, may be
found by solving

a1Cy + asCi12 =T (1)

a181 + a9819 = Y. (2)

Determining 60, and 6, based on algebraic manipulations of such equations is
called the algebraic inverse kinematics solution technique [Paul 1981]. Let us
show a geometric technique here.

Referring to Figure A.2.7, define

r? =2? 492 3)

and use the law of cosines to obtain
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Figure A.2.7: Inverse kinematics for two-link planar RR arm.

r? = a? + a2 — 2a,a5 cos (7 — 63)

= a% + a% + 2a; a9 cos 62. (4)

We could now solve for 6, using the cos™ function. However, it is better to use

tan™ for reasons of numerical accuracy. The FORTRAN function implementing

tan'(b/c) is ATAN2(b, ¢). This function has a uniform accuracy over the

range of its arguments, returns a unique value for the angle depending on the

signs of b and ¢, and gives the correct solution if b and/or ¢ is zero.
Therefore, we proceed by computing

2 _ 2 2

cosfy = i S C 9)

2a1a9
sinfly = £1/1 — cos26, = +/1-C2=D (6)
6, = ATAN2(D,C). (7)

An additional advantage of using the arctangent is that the multiple solutions
of the inverse kinematics problem are explicitly revealed by the choice of
negative or positive sign in (6).
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To determine 6, define the auxiliary angle ¢ in the figure. By inspection of
the right triangle shown,

tan o = as sin 92 g
¢_a1+a2cos92' (8)
Moreover,
Yy
tan(‘p'*'al)_;; (9)
so that
61 = ATAN2 (y,z) — ATAN2 (ag sin by, a; + az cosfy). (10)

Note that 6, depends on 6.

A.3 The Manipulator Jacobian

Given a generally nonlinear transformation from the joint variable q(z)ER"
toy(t) € RP,

y=h(q) (A.3.1)
we define the Jacobian associated with b(q) as

6h (q)
J(q) = —.
(q) 3 (A.3.2)
As we have just seen, the Jacobian is useful in feedback linearization, and
therefore in robot manipulator control. It is also the means by which we
transform velocity, acceleration, and force between coordinate frames.

Transformation of Velocity and Acceleration

Since
y=5-q=Jg, (A.3.3)

the Jacobian allows us to transform velocity from joint space to “y-space.”
Let us discuss the special case where y(2) is the Cartesian velocity. Then J(q) is
called the manipulator Jacobian.

It is usual to define the generalized Cartesian velocity as
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., 14
y= [ " ] : (A.3.4)

with v=[v, v, v J" the linear velocity and w=[w, v, w " the angular velocity.
For instance, o, represents angular velocity about the x-axis. Thus y has six
components and the arm Jacobian ] is a 6x#z matrix, with 7 the number of
joints in the manipulator. If #=6, the Jacobian is square. We shall soon show
how to compute the manipulator Jacobian.

Using (A.3.3), we can obtain an expression for the transformation of
differential motion. Let dg=[dq,...dq,]" be a differential motion in joint space,
with dg; a small rotation if joint 7 is revolute, and a small linear displacement
if joint 7 is prismatic. Let

dz
dy
dz
oz (A.3.5)
oy
6z

dy =

describe the same differential motion in Cartesian coordinates, with [d, d,
d J" the differential linear motion and [8, 8, 8,]” representing the differential
rotation. Here §,, for instance, means a small rotation about the x-axis. We
have written the Cartesian differential motion vector dy in boldface to
distinguish it from the small change dy in the second coordinate of Cartesian
position.

According to (A.3.3), where § = dy/dt and ¢ = dg/dt, we see that

dy = J dg, (A.3.6)

with ] the Jacobian relating joint space and Cartesian space.
The transformation of acceleration is found by differentiating (A.3.3) to be

j=Ji+ Jqg. (A3.7)

Transformation of Force

To discover the transformation of static force between coordinate frames,
consider the following.

The virtual work resulting from the application of a generalized force/
torque in joint space that results in a differential motion dgq is

oW = Tqu, (A.3.8)
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with 7 the n-vector of arm control torques/forces, and dgq=[dq,...dq,]" the
differential change in the joint variable. If the description in another coordinate
frame of the force is F and the description there of position is y, we must also
have

SW = FTdy. (A.3.9)
Now taking (A.3.6) into account, we may write
§W =7Tdg = FT Jdg,
so that the transformation from force to torque is given by

p— JT (q) F. (A.3.10)

In the case that y(2) is Cartesian position, we define the Cartesian generalized
force to be the 6-vector

F= [ fe ] , (A.3.11)

Te

with f=[f, f, f.J" a Cartesian force 3-vector, and 7.=[r, 7, 7.]" a 3-vector
representing Cartesian torques. For instance, 7, represents torque exerted about
the x-axis.

If the arm has six links and the Jacobian is nonsingular, the transformation
from generalized torque to generalized force is given by

F=JT(g~ (A.3.12)

The singularities in the Jacobian generally occur at the extremities of the
manipulator workspace.

Specification of Cartesian Position

It is now necessary to confront an issue that is a source of confusion in
robotics. Consider Equation (A.3.2). Unfortunately, when discussing the
transformation h(q) from joint space to Cartesian space, this equation may only
be interpreted as a convenience of notation, not as a rigorous mathematical
formula. The reason is that although the generalized Cartesian velocity (A.3.4)
and acceleration, and the generalized Cartesian force (A.3.11) are bona fide 6-
vectors, there is a problem with conveniently specifying the generalized Cartesian
position y(2). We now discuss several ways to specify the Cartesian position.

Representing Generalized Cartesian Position as (n, o, a, p). In our context,
both the location of the origin of the end-effector frame as well as its orientation
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must be specified in base coordinates. It is easy to specify the origin of the
end-effector frame in base coordinates (x, y, z) using a 3-vector p(t)=[p. p, p.]".
However, specification of orientation is not so easy. This is because it takes
more than three independent variables to specify uniquely the orientation of
one frame with respect to another.

It should be mentioned that conventions such as the Euler angles and roll-
pitch-yaw [Paul 1981], [Spong and Vidyasagar 1989] involve only three
variables. However, they may not be used to uniquely specify the absolute
orientation of one frame with respect to another, but only relative changes in
orientation. We have already seen in (A.3.5) that only three variables are
needed to describe differential rotations.

In our work we have specified the Cartesian position y(t) of the end effector
in base coordinates by using the (7, 0, a, p) approach (see Section A.2). There
we define the generalized Cartesian position as

n(t) o(t) aft t
y=| "0 oW el PO 1, (A313)
with T(t) the arm T matrix, (n, o, a) the vectors needed to describe the end-
effector orientation, and p=[p, p, p.J" the positional portion of the Cartesian
description that specifies the origin of the end-effector frame.

It is clear that the selection of the transformation /(g) depends on how we
wish to describe the Cartesian position y(z). If we use (A.3.13), then h(g) is just
the arm kinematics transformation discussed in Section A.2. However, then
y(t) is not a 6-vector but a 4x4 matrix. Therefore, the definition of the arm
Jacobian as J(q)=0h/dq is a loose one purely for notational convenience.
Therefore, we are faced with the problem of providing a suitable definition
for J(q). Before we do this, let us discuss some more techniques for representing
the generalized Cartesian position.

Representing Cartesian Orientation Using Euler’s Theorem. The positional
portion of y is easy to specify; it is just the 3-vector p= [p, p, p.]* found from
the last column of the T matrix in (A.3.13). However, since [ 0 a is a
rotation matrix having nine elements, it does not afford an efficient
representation of orientation. The orthogonality of the rotation matrix imposes
some constraints among its elements, meaning that it actually has only four
degrees of freedom.

The orientation of one coordinate frame (frame 1) with respect to another
(frame 0) may be specified uniquely using a 3-vector k representing the axis
of rotation of frame 1 with respect to frame 0, and an angle @ specifying the
amount of rotation about that axis. We call (k, ¢) the Euler rotation parameters.
The (k, ) convention involves four variables, which may be found as follows.
Suppose that the rotation matrix
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R=[n o a] (A.3.14)

describes the orientation of frame 1 with respect to frame 0. Note that R is the
upper left 3x3 submatrix of the arm T matrix, so that it may be computed
given the joint vector q.

A rotation matrix is orthogonal, so that it has one eigenvalue equal to 1.
Then the axis of rotation k is the eigenvector of the eigenvalue. That is,

(R—Dk=0. (A.3.15)

This is known as Euler’s theorem. It says that Rk=k, or that the rotation axis
is not rotated by R. There are many good routines for computing eigenvectors
(e.g., [IMSL]), which may be used to find k from R. See the problems to find
an explicit formula for & in terms of (1, o, a) [Paul 1981].

The angle of rotation ¢ about the axis & may easily be found, for the trace
of a rotation matrix is equal to 1+2 cos ¢. Therefore,

cosp =1 (ng +oy+a, —1), (A.3.16)

where n,, for instance, denotes the x component of the normal vector 7.

Using Euler’s rotation parameters we may specify the generalized Cartesian
position as a 7-vector, with three components for position (i.e., the last column
p of the T matrix) and four components (i.e., k and ¢) for orientation.

Representing Cartesian Orientation Using Quaternions. The quaternion
representation is a 4-vector which is often used to describe the end-effector
frame orientation [Ickes 1970], [Sheppard 1978], [Yuan 1988], [Stevens and
Lewis 1992].

The quaternions are four numbers represented as (qo, g), with g=[q, g> g3]*
a 3-vector. They are given in terms of the Euler parameters (k, ¢) by

4o = cos (¢/2)

. (A.3.17)
g =ksin(¢/2).

Using quaternions, the generalized Cartesian position may be represented as
the 7-vector y=[p, p, P. 9o g1 g2 g3]*- An advantage of this representation is
that no angles are involved.
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Tool-Configuration Vector. A technique for specifying y() as a 6-vector is
given in [Schilling 1990]. It depends on adopting a convention for encoding
orientational information.

Consider the arm T matrix in (A.3.13) whose rotational portion is R in
(A.3.14). Let us select the 3-vector p to represent Cartesian linear position.
The approach vector a is a 3-vector specifying the direction in which the end
effector points in terms of base coordinates. Recall from the discussion on
kinematics in Section A.2 that this vector specifies in base coordinates the
axis z, of the frame attached to the end of link 7. Since the rotation matrix R
is orthogonal, the approach vector has a length of one.

The two vectors p and a almost completely specify the Cartesian position
of the end effector. The only piece of information missing is the roll angle of
the end effector. However, this angle is nothing by g,=6,, the last joint variable
of the manipulator.

To capture the information g,, let us propose scaling the approach vector
by the exponential function e?" to define the tool-configuration vector as

_ p
v [ ae® /™ ] (A.3.18)

This is a 6-vector, which uniquely specifies the Cartesian position of the end
effector in base coordinates.

Note that there is a unique mapping between w and (p, 4, g,,), since, given
w and the fact that llall=1, we may compute

1
gn =7 1In (wz + w? + w%) f (A.3.19)
1 W4
a= o Wso|> (A.3.20)

(wf + wi +wi) 2| we
with w; the ith component of w.

Finding Cartesian Velocity from the Arm T Matrix. Note that using the
definition (A.3.4), the Cartesian velocity y is a 6-vector that is not strictly
speaking the derivative of y(z) in (A.3.13), which is a 4x4 matrix. To compute
y, we may find the Jacobian J(g) and then use (A.3.3). Alternatively, the
Cartesian velocity may be found directly from the arm T matrix (A.2.11) as
follows.

Settingy = [vT WT]T with v the linear velocity and w the angular velocity,
it is clear that
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v=p, (A.3.21)

with p found from the last column of T.
To find o, proceed as follows. Since R in (A.2.11) is orthogonal, we have

RRT =1, (A.3.22)
which on differentiation yields
RRT + RRT =0.
Therefore, the matrix defined as
Q= RRT (A.3.23)

satisfies ) 4+ QT = 0, so it is skew symmetric. It may therefore be represented
as

0 -—w;, wy
= w: 0 -—wy}. (A.3.24)
—Wy Wy 0

The relation between the cross-product matrix Q) and the angular velocity
vector

W= Wy (A.3.25)

is an interesting one, for one may easily demonstrate that

wXxw=Quw (A326)

for any 3-vector w. That is, the cross product may be replaced by a matrix
multiplication in terms of the cross-product matrix. We denote by Q(w) the
cross-product matrix associated with a vector w.

The complete procedure for determining y from the T matrix is then as
follows. First, compute v using the p vector as in (A.3.21). Then, compute
Q(w) from the rotation matrix R using (A.3.23), and hence find the last three
components w of y from the definition of (). Computing y from g thus
requires a computer subroutine. Robot controllers generally have block
diagrams in which some of the blocks are standard components like integrators,
but some of the blocks are implemented in software.

Using (A.3.23), we may write the strapdown equation
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R=QR, (A.3.27)

which is of fundamental importance in inertial navigation [Stevens and Lewis
1992].

Computing the Arm Jacobian

Let us now return to the problem of defining and computing the arm Jacobian
J(q). If the Cartesian position is defined by (A.3.13), then (A.3.2) does not
afford an appropriate definition. Therefore, let us select (A.3.3) as the definition

of J(q). That is, define J(g) by
y=J(q)4q (A.3.28)

so that it maps the joint velocity g to the Cartesian velocity y as defined by
(A.3.4). Then J(q) is a 6xn matrix.

Let us consider a few examples showing how to compute the arm Jacobian
to demonstrate that the procedure is not complicated. A methodical technique
for computing J(g) will then be given.

EXAMPLE A.3-1: Arm Jacobian for Three-Link Cylindrical Arm

Let us use the kinematics derived in Example A.2.1 to compute the Jacobian
for the three-link cylindrical arm. We shall call the joint variables (6, z, 7)
instead of (6, b, r) to avoid confusion with the nonlinear function b(g).

Since there is no wrist on this three-link arm, the orientation of the last
coordinate frame is fixed in terms of (6, z, 7), so that is not necessary to
specify Cartesian orientation. This simplifies things for this example.

Denote the linear Cartesian position of the end effector in base co-ordinates
(i.e., the first three components of y) as y,. Then, according to Example A.2.1,
y, is the last column of the arm T matrix, so that

—rsind

yp=| rcos® | =h,(q). (1)
z

Omitting the orientational information has allowed us to define a (positional)
transformation function 4,(g) simply as the last column p of the T matrix.
Using (A.3.2) and the definition of ,(g) given in (1), the Jacobian is
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oh . . . —rcosf 0 ~—sinf
J(q):a—”z[ Fhf F";— Fhrf’- ]: -rsinf 0 cosf |. (2)
q 0 1 0

Therefore, the velocities of the joints are converted into Cartesian velocities
using

—rcosf 0 —siné 6
= | —rsinf 0 cosé z . (3)
0 1 0 7

ayp
dt

The determinant of ] is (r cos? 6+r sin? 6)=r, so that ] is nonsingular as long as
r#0.

Note that the definition (1) of the positional function /,(g) means that the
Jacobian is equal to dh,/dg. This is a result of neglecting the orientation
portion of y.

|

EXAMPLE A.3-2: Arm Jacobian for Two-Link Planar Elbow Arm

In Example A.2.2 the joint variable was g=[6, 6,]". As in Example A.3.1, the
orientation of the last coordinate frame is fixed once g is given, so that we are
not concerned with the orientational portion of y, but only its linear position
portion y,.

The linear Cartesian position of the end effector in the (x;, x,)-plane is
given by the last column of the arm T matrix as

_ | aicosby +ascos (6, +6;) | _
P [ a15in6; + agsin (61 +6y) | = (9). (1)

Since the motion is constrained to the plane, we have suppressed the x;
component of y,.
The Jacobian is

J (2)

_ % _ | —a1sinf; —azsin (8 +602) —agsin (61 + 63)
" 98¢ | aicosf; +azcos(fy +6;) azcos(fy + 6s)

Note that the definition of 4,(q) in (1) means that the Jacobian is equal to
oh,/9q.
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The determinant of [ is (verify!) equal to a,a, sin6,, so that ] is nonsingular
unless 6,=0 or 7r; that is, unless the arm is fully extended or link 2 is folded
back on top of link 1.

|

EXAMPLE A.3-3: Jacobian for Transformation to Camera Co-ordinates

Consider the three-link cylindrical arm of Examples A.2.1 and A.3.1 with a
camera mounted vertically above the arm that measures only the position (x1,
x,) of the end effector in the horizontal plane (in base coordinates). Call this
position y. Then, according to those examples, the transformation from joint
coordinates (0, z, 7) to camera coordinates (x;, x,) is

_ | @ | _ | —rsinf
vy= Ty |~ | rcosé

and the associated Jacobian is

h(g) (1)

—rsinf 0 cos# 2)

g [ —rcosd 0 -—sind ]
The determinant of | with the second column deleted is equal to -7, so that
J has full row rank as long as r#0. The pseudo-inverse of | is

—(cos@)/r —(sinB)/r
Jt = 0 0 . (3)
—sinf cosd

Since the camera cannot measure the distance x; perpendicular to the plane,
that coordinate must be selected in any control scheme using an independent
means that does not involve trajectory following control in the horizontal
plane.

|

Algorithm for Computing the Arm Jacobian. We are finally in a position to
show how to compute the arm Jacobian given the joint variables g;. The
procedure follows.

Given g;, compute the matrices T; defined in Section A.2 as

R; p;
Ti:AlAz---AiE[ o } (A.3.29)

whose corresponding rotation matrices will be denoted
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Ri = [ T Yi = ] (A330)

Define T,=I, R =1, and the arm T matrix

R, po| _|n 0o a p

The vector z; represents the z-axis of frame i in base coordinates. The
vector p represents the location of the origin of link frame 7 (the end-effector
frame) in terms of base coordinates. The Jacobian is computed using the
vectors p and z; as follows.

The generalized Cartesian velocityisy = [vT  wT]T. Therefore, we may
partition the Jacobian matrix into a linear and an orientational part by
writing

[ o ] =J@di= [ i’j EZ; ]d, (A.3.32)

with J,(g) the first three rows of J(q) and J,(q) its last three rows.

First, consider the computation of the linear position Jacobian J,(g). Given
that the linear portion of the generalized Cartesian position y is just p, we
may write

_N0%. [ o o
v= - 6_(11% = [ 51 Ba 3. ]q (A.3.33)
Therefore, ],(q) is given by
op @ 8
J,,(@:[Ef; o S 2 ] (A.3.34)

It should be clearly understood that this is exactly what we used in Examples
A.3.1and A.3.2.

Let us now turn to the orientational portion J,(g) of the Jacobian. Exactly
as for linear velocities, one may add angular velocities as long as they are
represented in the same coordinate frame. Let us therefore add the individual
angular velocities of the links in the arm to obtain the angular velocity of the
end effector. A prismatic joint does not contribute to the angular velocity of
the end effector.

For a revolute joint, the joint rotation g=6; occurs about joint axis z;, (see
Section A.2, especially Figure A.2.1). The angular velocity for joint variable
i is therefore given by z;_1¢;. To add the effects of all the links, it is necessary
to express z,.; in a common frame; we select base coordinates. However, the
last column of R, is exactly 2z, in base coordinates. Therefore, we may write
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w= Zkizi—lqi =[ kzo kezi - knZno1 |4 (A3.35)
i=1

where 2=[0 0 1]" and the selection parameter k; is zero if g; is prismatic and 1
if g; is revolute. Thus

Jo(q)=[ kizo kaz1 -+ kpzno1 . (A.3.36)

The complete Jacobian is now given by stacking Ji(g) on top of J,(g). It
should now be clear that the arm Jacobian must be found from the joint
vector g using a significant amount of computation. Therefore, whenever the
Jacobian is required in a robot arm control scheme, it should be computed
using a computer subroutine.

It is a good exercise to rework Examples A.3.1 and A.3.2 to determine the
complete Jacobian, including the angular portion (see the problems).

EXAMPLE A.3-4: Jacobian for Spherical Wrist

In Example A.2.4 we derived the kinematics for a spherical wrist. Although
the wrist would normally terminate an arm, for illustration let us take link 3
as the base link in this example. See Figure A.2.6. Thus we shall determine
the Jacobian in the coordinates of the link 3 frame of reference.

To find the Jacobian, we compute the matrices

T3 =17
cga 0 —s4 0
s4 O C4 0
Ty = Ay =
0 -1 0 0
0 0 0 1
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C4Cs —84 C485 0
84Cs C4 8485 0
T5 = A4A5 -
-85 0 Cs 0
0 0 0 1
T = T6 = A4A5A6
C4C5Ce — 545¢ —C4C556 — 54C6 C4S5 c455dg
84C5Cs — C4S¢ —S4C55¢ — C4C6 5455 s455dg
~$5Cg 8556 Cs csds
0 0 0 1
b -

Using the approach just derived, we compute directly that

—s485dg  cacsdg 0
9 3 E
= )= and sed 0
0 ~s5dg 0
0 —84 C4S83
Jo — [ 23 24 25 ] = 0 Cq 5485
1 0 cs
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Appendix B

Software for Controller
Simulation

An excellent way to gain an intuitive feel for control systems design and
performance is to perform computer simulations. It is conceptually a short
step from simulation to actual implementation, since the subroutines that are
used on today’s digital signal processors are very similar to those used for
simulation. This appendix contains the software used in the text for robot
controller simulation.

There are some good software packages available for design and simulation
of systems, and one should be aware of them and employ them. Examples are
MATLAB, MATRIXy, Program CC, SIMNON, and so on. However, it is
very instructive to use one’s own software during the learning phase, especially
since it is sometimes not clear exactly what is going on in some of these
packages when dealing with digital control.

For the time-response simulation of continuous systems, a Runge-Kutta
integrator works very well. In Figure B.1.1 is shown program TRESP, which
uses a fourth-order Runge-Kutta subroutine to implement the simulation
procedure discussed in Section 3.3. It integrates linear or nonlinear systems in
the state-variable form

= f(z,u,t).

In Section 2.4 we showed how to place the robot dynamics into this form.
Note that MATLAB’s functions ode 23 and ode 45 are adaptive step size
Runge-Kutta integrators that need the same form for the dynamics.

TRESP requires a subroutine F(time, x, xp), which computes x (denoted
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xp, or “x prime”) from the current state x(#) and control input #(t). The control
u(t) and any outputs of the form

y = h(z,u,1)

are placed into COMMON storage [e.g., #(#) can be computed outside
F(time, x, xp), and y(2) is needed for plotting in TRESP]. Samples of the use of
TRESP are given in examples throughout the book.

A parameter array PAR( ) in common makes it easy to perform successive
runs with different parameter values (e.g., PD gains). A time delay can be
injected into the continuous dynamics if desired (e.g., using a ring buffer).

It is important to realize the following. To update x(kTy) to x((k+ 1)T%),
the Runge-Kutta integrator calls subroutine F(time, x, xp) four times during
each Runge-Kutta integration period Ty. During these four calls, the control
input should be beld constant at u(kTy). Using subroutine SYSINP to compute
u(kTy) accomplishes this.

FILE DIGCTLF.FOR
PROGRAM TO FIND TIME HISTORY
USES NONADAPTIVE RUNGE-KUTTA
ALLOWS SIMULATION OF SYSTEMS WITH DELAY
NEEDS SUBROUTINES:
F(TIME,X,XP) FOR CONTINUOUS DYNAMICS
DIG(IK,T,X) FOR DISCRETE DYNAMICS
SYSINP(IT,X,TIME) FOR CONTINUOUS SYSTEM INPUT (OPTIONAL)

s HeErsEsEsEesEeNe]

PROGRAM TRESP

PARAMETER (NN=20,MM=10)

REAL Y(0:1024,0:NN+MM) ,X(NN),SX(NN),XP(NN)
INTEGER IX(NN+MM),IZ(NN+MM)

CHARACTER *20 FILNAM,ANS,ANSC
COMMON/CONTROL /U (MM)

COMMON/OUTPUT/Z (MM)

COMMON/DELAY/IT,TS

COMMON/PARAM/PAR(10)

10 WRITE(*,*) ‘HOW MANY STATES?’
READ(*,*) NX
DO 15 I= 1,NX
15 SX(I)= 0.
WRITE(*,*) ‘ENTER INITIAL STATES (Def= 0):’
READ(*,*) (SX(I), I= 1,NX)

I= 0
20 I= I+1
PAR(I)= -1111
WRITE(*,*) ‘Enter parameter (Def= continue):’
READ(*,%*) PAR(I)
IF (PAR(I) .NE. -1111) GO TO 20
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30

35

37

36

50

60

70

WRITE(*,*) ‘DIGITAL CONTROLLER (C) OR FILTER (F)? (DEF=N)’
READ(*,“(A)’) ANS

IF(ANS.EQ.‘F’ .OR. ANS.EQ.‘f’) ANS= ‘F’
IF(ANS.EQ.‘C’ .OR. ANS.EQ.‘c’) ANS= ‘C’
WRITE(*,*) ‘CONTIN. INPUT SUBROUTINE REQUIRED? (DEF=N)’
READ(*,‘(A)’) ANSC

IF(ANSC.EQ.‘Y’ .OR. ANSC.EQ.‘y’) ANSC= ‘Y’
WRITE(*,*) ‘HOW MANY STATES TO BE PLOTTED?’
READ(*,*) MX

IF(MX.EQ.0) GO TO 37

DO 35 I= 1,MX

IX(D=1

WRITE(*,*) ‘WHICH ONES? (DEF = IN ORDER)’
READ(*,*) (IX(I), I= 1,MX)

WRITE(*,*) ‘PLOT HOW MANY QUTPUTS?’
READ(*,*) MZ

IF(MZ.EQ.0) GO TO 50

DO 36 I= 1,MZ

IZ(I)= I

WRITE(*,*) ‘WHICH ONES? (DEF= IN ORDER)’
READ(*,*) (IZ(I), I= 1,MZ)

WRITE(*,*) ‘RUN TIME?’
READ(*,*) TR
WRITE(*,*) ‘PRINTING TIME INTERVAL ON SCREEN?’
READ(*,*) TPR
IF(ANS.EQ.‘F’ .OR. ANS.EQ.‘C’) THEN
WRITE(*,#*) ‘SAMPLE PERIOD?’
READ(*,*) TD
END IF
WRITE(*,%) ‘PLOTTING TIME INTERVAL?’
READ(*,*) TPL
IF(ANS.NE.‘F’ .AND. ANS.NE.‘C’) TD= TPL
WRITE(*,*) ‘RUNGE-KUTTA INTEGRATION PERIOD?’
READ(*,*) TS
NPR= NINT(TR/TPR)
NPL= NINT(TPR/TD)
NT = NINT(TD/TPL)
NTD= NINT(TPL/TS)

TIME= 0.

IT= 0

IP= 0

IK=0

DO 60 I= 1,NX

X(I)= sX(I)

Y(0,0)= TIME

DO 70 I= 1,MX

Y(0,I)= X(IX(I))

IF(MZ.GT.0) THEN
IF(ANS.EQ.‘C’) CALL DIG(IK,TD,X)
IF(ANSC.EQ. ‘Y’) CALL SYSINP(IT,X,TIME)
CALL F(TIME,X,XP)
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IF(ANS.EQ.‘F’) CALL DIG(IX,TD,X)
DO 756 I= 1,MZ
75 Y(0,MX+I)= Z(IZ(I))
END IF

DO 110 I= 1,NPR
DO 90 J= 1,NPL
IF(ANS.EQ. ‘C’) CALL DIG(IK,TD,X)
DO 100 XK= 1,NT
D0 85 KID= i,NTD
IF(IT.EQ.0) THEN
WRITE(*,*)
WRITE(*,80) (IX(IND), IND= 1,MX)
80 FORMAT (35X, ‘STATES’/’® TIME’,10(I12))
WRITE(*, (11(1PE12.3))’) (Y(D,IND), IND= O,MX+MZ)
END IF
IF(ANSC.EQ.‘Y’) CALL SYSINP(IT,X,TIME)
CALL RUNKUT(TIME,TS,X,NX)
IT= IT+1
85 TIME= FLOAT(IT)*TS
IP= IP+1
Y(IP,0)= TIME
DO 101 Ir 1,MX
101 Y(IP,L)= X(IX(L))
IF(MZ.LE.0) GO TO 100
DO 105 L= 1,MZ
105 Y(IP,MX+L)= Z(IZ(L))
100 CONTINUE
IK= IK+1
IF(ANS.EQ. ‘F’) CALL DIG(IK,TD,X)
90 CONTINUE
WRITE(*,‘(11(1PE12.3))’) (Y(IP,L), L= 0,MX+MZ)
110 CONTINUE

120 WRITE(*,130)
130 FORMAT(//2X, ‘ENTER 0 TO FILE ANSWERS’/8X,‘1 TO QUIT’
& /8X,‘2 TO RESTART’,/8X,‘3 TO PICK NEW STATES’,
& /8X,4 TO CHANGE TIME SCALE’)
READ(*,*) I
GO TO (150,10,30,50) 1

WRITE(*,*) ‘OUTPUT FILE NAME?’
READ(*, ‘(A)’) FILNAM
OPEN(20,FILE= FILNAM)
REWIND 20
WRITE(20,*) MX+MZ
WRITE(20,*) IP+1
DO 140 J= 1,MX+MZ
DO 140 I= 0,IP
140 WRITE(20, ‘ (8(1PE14.6))°) Y(I,J)
REWIND 20
CLOSE (20)
GO TO 120



595

150

s NeNsNesNeNe]

Qoo

20

30

40

STOP
END

FOURTH-ORDER RUNGE-KUTTA INTEGRATION SUBROUTINE

REQUIRES SUBROUTINE F(TIME,X,XP) TC DESCRIBE PLANT DYNAMICS

TS

Ll

XP

SUBROUTINE RUNKUT(TIME,TS,X,N)

SAMPLE PERIOD

STATE VECTOR

NUMBER OF STATES
DERIVATIVE OF STATE VECTOR

PARAMETER (NDIM=32)
REAL X(*), XP(NDIM), X1(NDIM), XP1(NDIM)

CALL F(TIME,X,XP)
DO 10 I= i,N
X1(I)= X(I) + .5*TS*XP(I)

TIME= TIME + .5%TS

CALL F(TIME,XI,XP1)

DD 20 I= 1,N

XP(I)= XP(I) + 2.*XP1(I)
X1(I)= X(I) + .5%TS»XP1(I)

CALL F(TIME,XI,XP1)

DO 30 I= 1,N

XP(I)= XP(I) + 2.*XPi(I)
X1(I)= X(I) + TS*XP1(I1)

TIME= TIME + .5%TS
CALL F(TIME,XI,XP1)

DO 40 I= 1,N

X(I)= X(I) + TS*( XP(I)+XP1(I) )/6.

RETURN
END

Figure B.1-1: Program TRESP for time response of nonlinear continuous systems.

For digital control simulation, TRESP needs subroutine DIG(IK, T, x),

which contains the discrete controller equations; it is called once in every
sample period T. The time T should be selected as an integral divisor of T.
Five or 10 Runge-Kutta periods within each sample period is usually sufficient.

The program also allows digital filtering (e.g., for reconstruction of ve-

locity estimates from joint position encoder measurements). Note that for
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digital controls purposes, subroutine DIG is called before the Runge-Kutta
routine, while for digital filtering, DIG is called after the call to Runge-Kutta.

For some systems the Runge-Kutta integrator in the figure may not work;
then an adaptive step-size Runge-Kutta routine (e.g., Runge-KuttaFehlburg)
can be used [Press et al. 1986]. (Note: The program given here works for all
examples in the book.)
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Appendix C

Dynamics of Some
Common Robot Arms

In this appendix we give the dynamics of some common robot arms. We
assume that the robot dynamics are given by

T =M(q)§ + Vim(g,9)d + G(g) = M(q)§ + N(q,9), (C.1.1)

where the matrix M(g) is symmetric and positive definite with elements 72,(g),
that is,

M(q) = [mz](q)]nxn7za] = 1a e,
mij(q) = m;i(q)

and N (q, q) is an nx1 vector with elements 7;, that is,

N(g,q) = [ni(g, §)]nx1-

Note in particular that the gravity terms are indentified in the expressions of
n; by the gravity constant g=9.8 meters/s?. We will also adopt the following
notation:

Length of link i is L; in meters

Mass of link i is #1; in kilograms

Mass moment of inertia of Link 7 about axis # is I, in kg-m-m
S;=sin g;and Ci=cos g;

S;=sin(q+q;) and C;=cos(q+q;)

Sik=sin(q+q;+q:) and Cy=cos(q,+q+qs)

8S;=sin? g;, CC;=cos” q,, and CS;=cos g, sin q;;

8S;=sin*(qi+q;)
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C.1 SCARA ARM

The first robot we consider is a general SCARA configuration robot shown in
Figure C.1.1. These equations will apply to the AdeptOne and AdeptTwo
robots. The dynamics include the first four degrees of freedom and are
symbolically given by

Figure C.1.1: SCARA manipulator.

m
mi :(Izzl + Lo+ 13+ Izz4) + (—Zl- + 2mg + m4)Lf

m
+ (—2 +3mg +my)L1LyCy + (@ + ms + m4)L§

2 4
— ma 9
Miz2 =(Loz2 + Lz + Loa) + (T +ms +my)L;
+ (2m3 + my) L1 Ly Co
mis =0
mi4 =1z24

m
o2 :(Izz2 + 1.3+ Izz4) + (Tz + m3 + m4)L%

maz =0
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mog =124
M3z =3y
m3zq =0

mag =14

m ] .
ny =(72 —m3)L1Lag? — (4ms + 2my) L1 Lagido

m .
o 2(72 + ms + m4)L1L2S2qf

ns :(m3 + m4)g
ny4 =0.

C.2 Stanford Manipulator

The Stanford manipulator shown in Figure C.2.1 has the following dynamics
[Bejczy 1974], [Paul 1981]:

M, =1.316 — 1.056108d, + 11.48d3 + 2.5155

— 5.4799552d3 + 6.47S2d% + 0.2352d3C5
myp = — 6.47C,dad3
mi3 = — 6.47S2ds

mqyq =0
mys =0
Mis =0
Mgy =4.721 — 5.47995d; + 6.47d3 + 0.23d3C;
mez =0
Moy =0
mas =0
mag =0
mas =7.252
mas =0
mas =0
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Hand center O, Y (Sweep) Origi
~— rigins
___ coincide

(Reach) Zg
(Lift)x6

Figure C.2.1: Stanford manipulator.

maq =0.107 + 0.20352

mys =0

M4e =0

mss =0.113

msg =0

mge =0.0203
ny =0
ng = ~ [2.7348; + 6.47S2ds + 0.115(S2C5 + C2C4Ss5)]g
ng 26.47029

ng =0‘115(SQS455)Q
ns =0.115(52C4Cs — C,S5)g

g =0.
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C.3 PUMA 560 Manipulator

The PUMA 560 is shown in Figure C.3.1. Many simplifications can be made
for this particular structure in order to obtain the following dynamics which
appeared in [Armstrong et al. 1986].

Figure C.3.1: PUMA 560 manipulator.

my; =2.57 + 1.38CCo + 0.35S523 + 0.744C5S53
mio =06952 — 0134023 + 002380‘2
myz = — 0.134C53 — 0.00397 553

Mmoo =6.79 + O744S3
ma3 =0.333 + 0.3725; - 0.011C;

Moy4 =0
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=0

=0

=1.16

= — 0.001255455
= — 0.00125C,C}
=0

=0.2

=0.19

ny =[0.69C3 + 0.134S23 — 0.023852]¢2 + [0.1335S5,3 — 0.00379C33]4?

+ [~2.765C; + 0.744C523 + 0.65Cl3 — 0.0213(1 — 25S53)]d1 42
+[0.744C5C53 + 0.65Cy3 + 0.022C, 553 — 0.0213(1 — 25S53)]d1ds
+ [~0.00255C,354S5 + 0.00086C4S5 — 0.00248C5C43.54S5]d1d4

+ [~0.0025(5 52385 — SC23C4Cs) — 0.00248C5(S23S5 — C23C4Cs)
+ 0.00086454C5)d1 s + [0.267Sa3 — 0.00758C13]Gads

n2

1
== 5[~2.765C; + 0.744C53 + 0.65Cy3 — 0.0213(1 - 25523)]d?

1
+ 5[0.02253 +0.744C5]g3

+ [0.00164.S53 — 0.0025C53C4 S5 + 0.002485,C, S5 + 0.00003S5,3

(1 —-2554)¢144

+ [”0.002150235405 + 0.002485,5,C5 — 0.00064202354](]'1%
+ {0.02253 + 0.74403]42(]'3 — [0.00248035455]4244
+ [—0.002535 + 0.00248(C304C5 — SgS5)]Q2Q5

— [0.00248C55455)d3d4

+ [—0.002555 + 0.00248(030405 - 5355)]4345

—37.2C; ~ 8.4523 + 1.025;
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ng = — %[—2.76502 + 0.744C4533 + 0.65C93 — 0.0213(1 — 23523)]Q%

- %[0.02253 + 0.744C3)¢2 — [0.00125C4S5]¢% ~ [0.00125C4S5]d;

+ [—-0.00250230455 + 0.00164S53 + 0.0003523(1 — 2554)](11@4
— [0.0025C32354Cs + 0.000642C5354)¢1¢5 — [0.002555)4245
- [0.002555](}3(15 - [0.00255405](}4@5 — 8.4553 + 0.25C3

N4 :%[0.002550235455 — 0.00086C4Ss + 0.00248C2C23.5455]d3

- %[0.0024803546’5](13

+[0.00164S53 — 0.0025C23C4 S5 + 0.0024852C4 S5
+0.0003S23(1 — 2554)]41G2

+[0.0025C33C4 S5 — 0.00164S23 — 0.003S23(1 — 2554)]d1 s
— [0.000642553C4]d1¢s + [0.00064254)d2d5

+ [0.00064254]¢3gs + 0.0285235455

1
Ns =§[0.0025(5523S5 - SC23C405) + 0.0024862(52355 - 0230405)

— 0.0008645,C5]¢? — %[0.002535 — 0.00248(C3C4Cs — S5S5)]¢3

+ [0.0026023S4C5 — 0.002485,54,C5 + 0.00064202354]4111'2
+ [0.0025023S4C5 + 0.000642C2354](11 gz + [0.00064252304]@1(14
- [0.00064254]4244 - [0.00064254]@3(14 - 0.028(02355 + 5230405)

Mg =0.
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