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Abstract

Sophisticated robots can greatly enhance the role of humans in space by relieving astronauts of
low level, tedious assembly and maintenance chores and allowing them to concentrate on higher level
tasks. Robots and astronauts can work together efficiently, as a team; but the robot must be capable
of accomplishing complex operations and yet be casy to use. Multiple cooperating manipulators are
essential to dexterity and can broaden greatly the types of activities the robot can achieve; adding
adaptive control can ease greatly robot usage by allowing the robot to change its own controller actions,
without human intervention, in response to changes in its environment. Previous work in the Aerospace
Robotics Laboratory (ARL) have shown the usefulness of a space robot with cooperating manipulators.
The research presented in this dissertation extends that work by adding adaptive control.

To help achieve this high level of robot sophistication, this research made several advances to
the field of nonlinear adaptive control of robotic systems. A nonlinear adaptive control algorithm
developed originally for control of robots, but requiring joint positions as inputs, was extended here
to handle the much more general case of manipulator endpoint-position commands. A new system
modelling technique, called system concatenation was developed to simplify the generation of a system
model for complicated systems, such as a free-flying multiple-manipulator robot system. Finally, the
task-space concept was introduced wherein the operator’s inputs specify only the robot’s sask. The
robot’s subsequent autonomous performance of each task still involves, of course, endpoint positions
and joint configurations as subsets.

The combination of these developments resulted in a new adaptive control framework that is capable
of continuously providing full adaptation capability to the complex space-robot system in all modes
of operation. The new adaptive control algorithm easily handles free-flying systems with multiple,
interacting manipulators, and extends naturally to even larger systems.

The new adaptive controller was experimentally demonstrated on an ideal testbed in the ARL—a
first-ever experimental model of a multi-manipulator, free-flying space robot that is capable of capturing
and manipulating free-floating objects without requiring human assistance. A graphical user interface
enhanced the robot usability: it enabled an operator situated at a remote location to issue high-level
task description commands to the robot, and to monitor robot activities as it then carried out each

assignment autonomously.
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Chapter 1

Introduction

This dissertation describes theoretical and experimental research on the nonlinear adaptive control of a
free-flying space robot with cooperating manipulators. The research was conducted in the Acrospace

Robotics Laboratory (ARL) at Stanford University from 1986 to 1992.

1.1 Motivation

Space presents new and exciting challenges. One challenge involves the construction and maintenance
of large space structures. While the space program can rely solely on astronauts to perform these duties,
doing so makes very inefficient use of their abilities. Robots will add great capabilities to the space
program, but only if they possess sufficient dexterity and skill. Multiple cooperative manipulators are

essential to dexterity; adaptive control helps significantly to provide the skill.

1.1.1 'What is Adaptive Control?

Adaptive control can change its controller actions to assure that the system continues to perform at
its best despite changes in the environment or to unknown payload and robot parameters. That is, it
adapss.

Adaptive control for robots is useful in several important, common situations: 1) When there is

p p
poor or no knowledge of the payload parameters, 2) When there are incomplete models of the robor,
3) When there are changes in the environment. While a robust, nonadaptive, controller may provide
g P

the same protections as an adaptive controller in these situations, it typically does so with substantially

1



2 Chapter 1. Introduction

reduced performance. The added complexity of an adaptive controller wins back that lost performance.

The most obvious situation in which to use adaptive control is for handling payloads that have
unknown or pootly known physical properties—for example, when handling damaged satellites where
the nature and extent of the damage are unknown. More generally, this capability relieves astronauts of
the duty to inform the robot of the detailed physical properties of each payload the robot is to handle.
While a comprehensive parts database can relieve much of this responsibility, adaptive control provides
protection in cases when the database is not completely accurate or is lacking.

Adaptive control also eases the basic controller design process. There are typically many aspects
of the robot itself that are either poorly modelled or not modelled. It is difficult to develop accurate
models for robots. In many cases, it is impossible to perform system identification to verify models of
space systems on the ground' By providing appropriate adjustable parameters to the controller, adaptive
control can adapt to model uncertainties to render their effects unimportant.

Another important benefit of adaptive control in space robots is its ability to adapt to the gradual
changes that are inevitable in all mechanical systems. Even if friction characteristics are well-characterized
at the outset, they will not remain so as the robot ages. A deterministic change—such as inertial property
variations as a robot uses up fuel—also can benefit from adaptive control. The controller will adaptively
update the controller to track the changes without user intervention or preplanned gain scheduling.
By adapting to system changes with time, servicing and reprogramming of the robots can be reduced

significantly.

1.1.2 What is 7ask-Space Control?

As a space robot carries out a typical operation, it needs to employ many control modes. For instance,
in acquiring a part for assembly, a free-flying robot would start typically in a joint-control mode, where
each joint is controlled to a known, “home” location. It then would enter base-control mode as the
robot thrusts to approach the part. When the part comes into view of the local cameras or sensors, the
robot would utilize manipulator-endpoint-control to track and grasp the part with the arm end effectors.

After grasping the part, the robot would switch to cooperative object-control mode?. After assembling

'The Space Shurtle Remote Manipulator System (RMS), for example, cannot support its own weight on the ground.

*Cooperative object-control should be distinguished from master/slave control, where command inputs must be given
to one “master” manipulator, and the other manipulator or manipulators follow the “master” according to some heuristics,
typically ignoring the dynamics of the payload. In object-control, the command inputs are specified directly in terms of the
desired motions of the objecz. The manipulators then cooperatively effect the requested object motion, taking into account
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and releasing the part, the robot might reenter joint-control while returning home or proceeding with
the next operation.

Rather than distinguishing the different control modes and supplying different controllers for each
control mode, this thesis unifies all the control modes into the ask-space framework. The zask-space
concept is a generalization of control modes. Task-space encompasses all control objectives, such as
object position, end-effector position, or joint positions. Choosing a particular sask-space control vector
is tantamount to choosing the control mode. A zask-space control vector, however, does not have to
be restricted to a single type of control mode. A task-space control vector for a multiple manipulator
robot, for example, can represent endpoint control for one manipulator and joint control for the other.
As another example, a free-flying space robot can choose a zask-space control vector to represent the
control of the positions of both the payload object and the free-flying base.

This thesis develops a zask-space controller that effects control for any choice of #ask-space control
vector. Because the controller is formulated in zask-space, it treats all control modes equally. Switching
control modes essentially entails switching only the zask-space control vector. The basic controller

structure is unchanged, and a smooth transition is achieved.

1.2 Research Goals

The goal of this research effort is to develop an adaptive control framework that is sophisticated enough
to control a free-flying space robot, yet broad enough to be generally applicable. The resulting adaptive

control must meet the following requirements:

e The adaptive control must furnish adaptation and control to multiple, cooperating manipulators
from a free-flying base and also to simpler, single-manipulator fixed-base robots within the same

framework.
e The adaptive control must be able to supply object-level control during cooperative manipulation.
o The adaptive control must provide #otal system adapration.

e The adaptive control must have task-space control capability to provide multiple control modes

and to allow “graceful” transitions between control modes.

the dynamics of the complete system.
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o The adaptive control must be implementable.

Multiple manipulators vastly increase the numbers and types of tasks a robot can perform. They
provide dexterity well beyond what a single manipulator is capable of furnishing. Two manipulators
grasping a long object at different locations provides better positioning accuracy than a single manipula-
tor grasping one end or the middle of the object. Moreover, smaller motors in cooperating manipulators

can provide the same torque capabilities as much larger motors of a single manipulator system.

It is equally important that, in providing multiple-manipulator cooperative control, the adaptive
algorithm be able to handle object-level control, wherein the operator directs the motion, or specifies
the destination, of the manipulated objecz. This eliminates the need for the physically and mentally
demanding tasks of hand-in-glove teleoperation. It permits the human operator to focus totally on the

task to be done.

Total system adaptation is an important goal to achieve. It is more than just “payload adapration” or
just “manipulator adaptation”. Most existing nonlinear adaptive controllers for robots are geared toward
identifying either the robot’s physical parameters, or unknown payload parameters, but not both. To
provide maximum flexibility, the new adaptive controller needs to have the capability of adapting to
both types of parameter changes simultaneously, without resorting to separate adaptation controllers.
The adaptive algorithm also should be able to distinguish robot parameters from payload parameters,
to allow for more intelligent setting of adaptation gains. Since robot parameters typically are better
known and change more slowly, heavier weighting placed on adapting to changes in unknown payload

parameters permits faster and more accurate adaptation, while still allowing adaptation to changes in

the robot.

Adaptive control should provide rask-space control capability. Doing so makes adaptive control
available at all times throughout a complex operation and ensures that the transitions between control

modes are smooth.

Because the adaptive algorithm must be implementable, the algorithm must not overwhelm the
computational capabilities of present computers. The algorithm must be simple, but effective; and it

must extend easily to even larger systems.
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1.3 Contributions

In meeting the challenging set of research goals, this research has generated an adaptive control frame-
work that is very general and easily extensible to even larger, more complex systems than the free-flying
robot with cooperating manipulators for which it was developed. Yet, this adaptive control framework
is equally applicable to simple, single-arm fixed-base robots.

This research takes advantage of the nonlinear, joint-space adaptive controllers already developed
for single-arm, fixed-base robots [6]. Because a useful robot is expected to be capable of many control
modes—including object-based control, endpoint control and joint control—this research defines sask-
space control—encompassing all control modes—and extends the class of adaptive algorithms from
joint-control to sask-space control, capable of controlling in any mode utilizing the same adaptive
control framework. To ease implementation of the new sask-space adaptive controller for multiple
cooperative manipulators, a new modelling technique called system concatenation is also developed. The
combination of zask-space adaptive control and system concasenation results in a generalized adaptive
control framework for rigid-link robotic system.

The research contributions described in this dissertation include:

e Framework. Development of a new general adaptive control framework—the adaptive task-space
framework—that is capable of providing full adapration to a free-flying space robot with two
cooperating manipulators in all modes of operation. The generality allows the adaptive algorithm
to extend readily beyond the scope of a single space robot to handle larger systems, including, for

example, multiple robots with any number of manipulators.

e Task Space. Extension and generalization of a joint-space, nonlinear, adaptive control algorithm,
based on inverse dynamics, to control in the #ask space, which represents a broader class of control
inputs, including, but not limited to, cooperative object control, as well as endpoint control and
joint control. This extension provides a means for the adaptive controller to operate in all robot

control modes.

o System Concatenation Method. Formulation of the system concatenation approach for efficient,
incremental generation of system models for multiple, interacting systems. System concatenation
takes full advantage of models already developed for each manipulator or robot subsystem to

minimize the additional effort in deriving the total system models used for adaptation. This
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formulation eliminates the need to develop closed-kinematic-chain equations of motion for
multiple manipulators grasping acommon object; and it decreases model complexity and increases

computational speed without loss in fidelity.

o Graphical-User-Interface Integration. Full integration of the new adaptive control algorithm into
a hierarchical control architecture that includes a graphical user interface and a finite-state-table
programming environment. The graphical user interface provides the user with an easy method
for directly specifying object motions without engaging in fine manipulation details, while the
finite-state-table programming provides a degree of autonomy by handling real-time interactions
and necessary control-mode transitions to achieve a requested task. Modular design for the
adaptive controller allows it to integrate with this hierarchical control architecture without losing

its flexibility in handling multiple control modes.

o Experimental Verification. Experimental verification of the new adaptive controller, in the hi-
erarchical control environment, on the Multi-Manipulator Free-Flying Space Robot of the the
Acrospace Robotics Laboratory (ARL), is shown in Figure 1.1. The robot utilizes an air bearing
to reproduce the zero-g, drag-free conditions of space very accurately in two dimensions. This
two-armed space robot is totally self-contained, carrying on-board fuel, power, computers, and
wireless communications. It is capable of executing semi-autonomous tasks at the direction of a

user situated at an off-board computer workstation.

o Vision System. The author’s development, for the ARL, of the “Point-Grabber II” vision system
that, together with software drivers developed in ARL, is capable of tracking bright spots at 60
Hz with better than 1/20 pixel resolution. Duplicates of this high-speed vision system serve as a

surrogate global positioning sensor, and as a local on-board end-point sensor®.

1.4 Review of Related Research

The new rask-space adaptive control for a space robot presented in this thesis successfully integrates
three control disciplines: cooperative manipulation, space robot control, and nonlinear adaptive control.

Accordingly, this review of the related research is divided into three, albeit intersecting, sections.

3This system has been adopted generically for experiments throughout the laboratory.
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Figure 1.1: Multi-Manipulator Free-Flying Space Robot

This experimental space robot is used to verify the performance of the new adaptive controller
developed in this thesis. The robot uses an air cushion to faithfully simulate the drag-free

conditions of space in a two-dimensional plane.
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1.4.1 Object-Based Cooperative Manipulation

The most promising cosperative multiple manipulator control strategies involve object motion control.
They are promising because of successful experimental demonstrations, and because of the easy interface
they provide to higher level controllers; specifically, the higher level controller needs to specify only the
object behavior, without having to worry about detailed manipulator motions.

There are roughly three categories of object motion control: object position control, hybrid object
force/position control, and object impedance control. With object position control, only the object’;
position is controlled[25, 21], providing a mechanically “stiff” system. This can be problematic
when coming into contact with the environment?. Hybrid object force/position control controls the
object’s position in certain directions, while controlling the object’s contact forces in other directions
[41, 40, 12, 51, 16]. Hybrid schemes, however, are difficult to implement, requiring control “mode”
changes as the object comes into contact, and the continual updating of the force and position degrees
of freedom. On the other hand, object impedance control, developed by Schneider at ARL, provides a
“compliant” response at all times by maintaining a relationship between the object’s position, velocity,
and force on the environment [33, 32, 46]. No control switching is necessary as the object comes into
contact with its environment.

Schneider [32] provides a detailed review of nonadaptive multiple-manipulator control approaches.

1.4.2 Nonadaptive Space Robotics Research

Alexander [1] pioneered at ARL the research in high-fidelity space robotics experimentation with a
demonstration of the control of a single-arm free-floating space robot. He did not utilize thrusters.
The controller is essentially a computed-torque controller, with special partitioning of the inertia and
nonlinear matrices. This partitioning, unfortunately, is difficult to extend to multiple-arm control.
It is even more difficult to extend to adaptive control, because the partitioning must be performed
symbolically to determine the adaptable parameters.

Umetani and Yoshida [44, 45] introduced the Generalized Jacobian for maintaining zero momentum
of a free-flying base while controlling its single manipulator. Their development did not consider

multiple manipulators, and did not extend the Generalized Jacobian beyond zero momentum control.

4Rather than a smooth contact, the “stiffness” may cause the object bounce off the contacting surface, possibly damaging
the object.
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Umetani and Yoshida demonstrated their controller experimentally.

Carignan (8] also performed experiments on manipulation from a free-flying robot using a sliding-
mode controller. This controller only partially compensated for the interactions between the manipu-
lator and the robot body. Unfortunately, the performance was limited by the experimental hardware.

Koningstein and Ullman [20, 19] developed at ARL the System Jacobian for controlling 2 free-flying
robot with multiple manipulators. The System Jacobian is essentially a variation of the Umetani and
Yoshida's Generalized Jacobian that allows the control of the free-flying robot base and the handling
of the constraints in a closed kinematic chain during cooperative manipulation. The System Jacobian
also allows the control of the system momentum to be something other than zero. The controller is
computed-torque, but implemented via Koningstein’s efficient recursive algorithm.

Ullman [43] further extended the work to a full hierarchical controller, incorporating graphical
user interface (GUI), state-transition modules. Ullman’s research culminated in enabling the space
robot to track, chase, and capture free-flying objects and deliver them to operator-specified locations,
all with very simple operator commands. Dickson [10] made additional advances by developing a
multiple-robot controller: Each space robot possesses a pair of arms; and they cooperatively manipulate
a single object.

A more detailed review of space robotics research can be found in Ullman [43].

None of the research described in this section incorporates adaptive control. The goal of this
dissertation is to develop an adaptive control strategy that will retain a// the capabilities of Ullman’s

controller for a free-flying robot with multiple, cooperating manipulators.

1.4.3 Nonlinear Adaptive Robot Control

Craig [9] pioneered the research in nonlinear adaptive control for robotic manipulators. He developed
a computed-torque adaptive controller that utilized the standard computed-torque controller as the
standard controller block. A drawback of the adaptive portion of the controller is that it required
measured joint accelerations and a time-consuming matrix inverse of the system inertia matrix. Craig
successfully demonstrated the computed-torque adaptive algorithm on a PUMA arm. The computed-
torque adaptive controller applies only to single manipulators under joint control.

Slotine and Li [37, 39] derived the sliding-mode adaptive controller that does not require the
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inverse of the inertia matrix. This controller is also an inverse-dynamics algorithm that attempts to
cancel directly the nonlinear dynamics of the manipulator. The Lyapunov-based stability proof indicates
that the tracking error approaches zero by “sliding” along a surface in a multi-dimensional phase space.
Additional resecarch extended the algorithm by adding exponentially forgetting least-squares [22] to
improve convergence when there is not enough excitation. Slotine also extended the algorithm to
handle endpoint, Cartesian-space control [38]. Slotine and Li have shown impressive capabilities of
this adaptive controller experimentally, but, again, only for single fixed-base manipulators under joint

control.

Bayard and Wen [48, 6] developed theoretically an entire class of nonlinear adaptive control
algorithms, again based on inverse dynamics. They have demonstrated that the new class of algorithms
incorporates Craig’s computed-torque adaptive algorithm. Bayard and Wen’s algorithms also, in general,
do not require the inverse of the inertia matrix for adaptation. Although these algorithms are more
general, they have been met with much less enthusiasm than Slotine’s sliding-mode adaptive control,
mainly because of the complexity of the Lyapunov stability proofs. This added complexity does,
however, allow them to prove the stability for a broad class of adaptive algorithms. Again, Bayard and
Wen developed their algorithms for a single robotic manipulator under joint control. They did not

perform any experiments.

Hsia [13] and Ortega and Spong [26] provide good reviews of the field of adaptive control for
single, rigid robots. They compare and contrast the various approaches, and provide unified views of

these adaptive algorithms.

Zanutta [50] presented the only published experimental research on adaptive control of mulriple
cooperating manipulators, which he did at ARL. He utilized Schneider’s object impedance control [32]
in conjunction with an inverse-dynamics-based adaptive control that is similar to Slotine’s sliding-
mode adaptive control. The object impedance control development, however, separates control into
two parts: the calculation of necessary forces to effect desired object motion, and the calculation of
required actuator torques to cffect those forces at the grasp points of the manipulator. The adaptive
control applies only to the first stage, adapting to unknown payloads. Adaptation to unknowns in the
manipulators must be performed separately, by another means. Zanutta experimentally demonstrated
the adaptive object impedance controller on a pair of fully-cooperating manipulators operating from a

fixed base.
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Additionally, Kim, Walker and Dionise [18] and Hu and Goldenberg [14] presented computer
simulations of adaptive control of multiple manipulators. Kim er. 4l relied on a master/slave
configuration for the controller, and involved a complex set of equations and constraints to handle
the closed kinematic loops formed by the two manipulators holding an object. Hu and Goldenberg

considered a hybrid position- and force-control scheme, but required the inversion of the inertia matrix.

The research presented in this thesis draws on many of the ideas from these researchers. It builds
and extends Bayard and Wen’s class of adaptive algorithms to handle endpoint control—an extension
that is then further developed to handle the more general sask-space control. Koningstein's method
of handling a closed kinematic chain in a control system is generalized, and culminates in the system
concatenation concept. The Generalized Jacobian ideas of Umetani and Yoshida, and the Jacobian
augmentation methods of Koningstein, Ullman, et. al., are further extended to the zask space.

A final note: In the system modelling arena, parallel theoretical research by Meldrum [23, 24]
develops efficient, order-(IN) recursive algorithms for computing control and adaptive update equations.
These algorithms are based on the spatial operator ideas with Kalman filtering techniques developed by

Rodriquez (29, 30].

1.5 Reader’s Guide

This thesis is organized into ten chapters and five appendices. Chapter 1 contains the motivation,
research goals, contributions, a review of related research, and this Reader’s Guide.

Chapter 2 develops the system modelling. It introduces the notation used throughout the disser-
tation. Chapter 3 describes the control approach by reviewing a nonlinear adaptive control method
developed by Bayard and Wen while they were at JPL. This joint-based adaptive controller serves as a
starting point for the research presented in this thesis. The chapter discusses the basic clements of this
joint-based adaptive algorithm, and highlights the salient aspects of the Lyapunov-based stability and
convergence proof.

Chapters 4, 5, and 6 describe developments that generalize the adaptive control framework: exten-
sions of the joint-based adaptive controller, task-space concept, and system concatenation. Although the
latter two new developments can also stand on their own in a nonadaptive environment, their concepts

enable the generalization of the adaptive control framework without greatly increasing the complexity
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of resulting algorithms.

Chapter 7 merges the developments to formally present the zask-space adaptive controller, and
describes its properties.

Chapter 8 presents the experimental system, and briefly describes the hierarchical control architec-
ture. This chapter outlines the process of integrating the new adaptive controller into the experimental
system.

Chapter 9 presents experimental results using the new adaptive algorithm. The controller per-
formance is compared with that of nonadaptive controllers operating either with accurate or with
incomplete knowledge of system parameters.

Chapter 10 brings this dissertation to an end with conclusions drawn from the research and
suggestions for future research directions.

Appendix A provides more detailed calculations used in the Lyapunov stability proofs. Appendix B
includes the user’s manual for the Point Grabber II vision system, developed by the author. It describes
the design and the software algorithms that enable it to achieve high-resolution sensing. Appendix C
details the calibration procedures for calibrating the vision system and motor torque constants, and
other sensors. Appendix D supplies the state transition diagrams used for each space robot task. Finally,
Appendix E lists the controller input files, representing system parameters, sensor calibration values,

controller gains and adaptive gains.



Chapter 2

Modelling

This chapter introduces the notation used in this thesis, and it establishes the mathematical model, i.e.,
equations of motion, used to describe a robotic system. Section 2.1 presents the model most commonly
utilized to describe rigid-link robots. Section 2.2 describes an alternate parameterization of the model
that aids adaptive control. This parameterization, shown by An, et. al,, [2] to be applicable to rigid
robots, isolates the physical parameters of the robotic system into a single mathematical vector'. A

simple example of a planar two-link manipulator serves to illustrate key concepts throughout the thesis.

2.1 System Model

The equations of motion of a manipulator system consisting of rigid bodies with n degrees of freedom

(DOF) can be described by the following form:
F = M(q)u + C(q,u)u + G(q) 2.1)

where q € IR™ is a mathematical vector of generalized coordinates?, u € R" is a mathematical vector

of generalized speeds, F € R™ is the mathematical vector of generalized active forces®, M(q) € R™*"

1A mathematical vector is a collection of scalar terms placed into a vector notation. This should be distinguished from
a physical vector, which describes a direction and magnitude in three-dimensional space. Mathematical vector and matrix
notation can greatly simplify the form of the equations presented in this thesis.

2Generalized coordinates are a convenient set of coordinates that is sufficient to describe the configuration of a system.
Although these convenient coordinates are typically measurable quantities, such as angles and lengths, they do not have to be.
In the modelling of systems with distributed flexibility, for example, generalized coordinates “measure” the mode shapes of the
system, which are difficult to determine with a ruler and protractor.

3This is distinguished from a physical force vector. Each element of the generalized force represents the sum of the
components of all physical forces effecting motion in a particular degree of freedom.

13
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is the symmetric, positive-definite inertia matrix, C(q,u) € R"*" is the matrix of Coriolis and

centrifugal terms, and G(q) € R" is the vector of gravity torques. The actual terms of the mass

matrix, the Coriolis and centrifugal matrix, and the gravity torque vector depend on the choice of the

generalized coordinates and generalized speeds. Additionally, for each choice of generalized speeds,

the matrix C(q, u) is not uniquely defined, although the vector C(q, u)u is unique. An appropriate

choice of C(q, u) can greatly aid the development of an adaptive controller, as Chapter 3 will describe.
The definition for generalized speeds is [15]:

u £ W(q)q+ Wi(q) (2.2)

where W(q) is an n X n matrix of functions of q and time ¢, and Wy(q) is an n X 1 vector of functions
of q and time ¢. The W,(q) term is nonzero only if there are time-dependent and uncontrolled forcing
functions, which are rare in robotics.

In robotics, the common choice for the generalized coordinates, q, corresponds with the joint angles
or positions of a2 manipulator, and u corresponds with the joint speeds?, ¢. The generalized forces, F,

are assumed to be equal to the actuator torques or forces, T, arriving at the familiar form:

7T = M(q)q + C(q,9)q + G(q) (2.3)

Strictly speaking, however, T is itself a generalized quantity, and depends on the actuator arrangement
for a manipulator. Each term of 7 represents only the ner applied force or torque for each degree of
freedom—forces and torques that may be supplied by a combination actuators.

One benefit of the more generalized expression of Equation (2.1) is that appropriate choices for
generalized speeds can ease implementation by simplifying the individual terms in the system matrices?,
M(q), C(q, u), G(q). In robots with revolute joints, it is beneficial to choose generalized speeds to
correspond with absolute rotational speeds of the links rather than relative speeds of each link with

respect to its inboard link. In this special case,
u=Wgq (2.4)

where W is a constant matrix of zeros and ones. For a thorough discussion of generalized coordinates
and generalized speeds, see [15].

“In this situation W (q) is the (constant) identity matrix, and W (q) is zero.

3Essentially, the kinematic configuration of a mechanical system may be developed utilizing a convenient set of coordinates,
and the dynamic model may be developed utilizing a convenient set of generalized speeds, where the generalized speeds need
not be restricted to be just the time derivatives of the chosen set of coordinates.
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Example

m,/,
’
I
/w
s
; .
y AL

Y
.

.

A m|

1 e
x” 1
s L 1

/7777777777

e

Figure 2.1: Planar Two-Link Fixed-Base Manipulator

q1 and q; represent the shoulder and elbow joint angles. my, I, and ) are the mass, moment
of inertia, and length of the upper link, while m,, I>, and l; are those of the lower link. I} and
I3 represent the center of mass locations of each link, which, for simplicity, are assumed to be
along the central axis of each link.

The simple planar two-link manipulator system illustrates the differences between these two forms
for the equations of motion. The same example will be used throughout the rest of the thesis for
clarifying new concepts. Figure 2.1 introduces the two-link arm system, the notation used for the
physical parameters of the system, and the definitions of the generalized coordinates. The more

standard equations of motion used by roboticists in for form of Equation (2.3) can be written as:

mi 32 4+ mali? + myl2
- the TR A mal3? + mahlicos(g) + L | | 4
= +2malil5 cos(qz) + h + Iz .
T2 2 2 q2
mal3* + malilf cos(q2) + I mal3* + I

—-mal; l; sin(qz)q'z —m;ly 5 sin(qz) (1 + Q2) qQ 2.5)

mzlll; sin(qz)tjl 0 (jz
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or
T = M(q)q+C(q,9)q

Because the arm operates in a plane perpendicular to the direction of gravity, there are no gravitational
torques.

Defining the generalized speeds as the absolute angular rotation of each link gives:

U j 10 j
U U}l - 0 (2.6)
uz g+ ¢ 11 7}
The generalized equations of motion, in the form of Equation (2.1), simplifies to:
Al | mfP+mli+ L malilicos(q) | |
1 33 mzlﬂ; COS(Qz) m2l§2 + I 15}
0 —myly15sin(qz)u u
" 21115 sin(g2 )u, 1 2.7)
mzllli sin(qz)'uI 0 (%)

or
F = M(q)u+C(q,uju

in which each term of F represents the total torque applied to each manipulator link, rather than the

torque of each actuator:

) 3} p3 0 1 ‘g

2.2 Alternate Parameterization

Researchers have shown that the dynamics of serial-kinematic-chained rigid robots allows an alternate
parameterization of the equations of motion (2, 17, 4]. This linear-in-the-parameters formulation® is

well suited for adaptive control. It separates all the physical parameters of the system—the masses,

SMore precisely, this is a parameterization that is linear in terms of a set of physical parameters of the system. The equations
of motion are unchanged and remain nonlinear. The “parameterization” is simply another way of writing the same set of
equations of motion. This property can be shown relatively easily by examining the Newton-Euler equations for the robotic
system (see [2]). It is not clear whether this property is preserved in general for robotic systems thar include closed kinematic
chains.
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moments of inertia, centers of mass locations, link lengths—from the states of the system, resulting in

a single vector with p parameters, 8 € R”:
F = M(q)u + C(q,u)u + G(q) = Y(q,u,u,u)6 (2.9)

where Y(q,u,u,1) € R™*P is the regressor matrix’, containing functions of the generalized coordi-
nates, generalized speeds and their time derivatives. An adaptive controller needs to adjust only this

single parameter vector to adjust its model of the system.

Example

Utilizing the linear-in-the-parameters formulation, the equations of motion® for the simple planar arm

example, using the more standard notation for robotics given by Equation (2.3), can be expressed as:

. . 2 cos(q2)gh + cos(q2)Ga ml[TZ +mylt + 1,
! q q+q2 _ ' . . .
23 —sin(g2)d1 241 + ¢2) myl3* + I
T2 .
0 G1+q2 COS(Q2)§1 + su](qz)q'% mzlll;

or alternatively using generalized speeds and total torques:

m]l;‘2 + mzlf + I

2 U 0 cos(gz)uy — sin(gz)u3 ,
2=7 . m2l§‘ + Iz
F @7 0 %, ocos(g)uy + sin(qa )u?
mzllli
= Y(q,u,u,u)@ (2.11)
For both representations,
mll‘{z + mzl% + .[1
6= mzl;2 + I (2.12)

mzl 1 l ;
is the parameter vector. The number of model parameters in 8, three, does not necessarily match the

number of physical parameters, six; and the model parameters can be complicated combinations of

7The two u’s in the notation for the regressor, Y(q, u,u,u), correspond to the u’s in the expression, C(q,u)u. It is
sometimes useful to distinguish between the two vectors to emphasize that Y(q,u,u, i) is nonlinear in u. Additionally,
controllers that choose to use a control such as F = M(q)iig + C(q, u)ug + G(q) can be represented by F = Y(q, u, ug, 14)6.
See [48] for a variety of different of controllers.

8 Please note that the equations of motion are still nonlinear.
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the physical parameters. Additionally, utilizing the model parameters, which has rank 3, one cannot
uniquely determine all six physical parameters. This example illustrates that it is therefore often not
possible to identify the individual link masses or moments of inertias or lengths from the model

parameters.

2.3 Summary

This chapter provided two parameterizations for the equations of motion of robotic systems: the
standard formulation used by most roboticists and the linear-in-the-parametersformulation. The linear-
in-the-parametersformulation extracts the model parameters into a single mathematical vector and, thus,
is well suited for adaptive control. Hence, the adaptive control algorithms presented in this dissertation

takes full advantage of this alternate parameterization.



Chapter 3

Control Approach

This chapter lays the groundwork for the development of the new rask-space adaptive controller
presented later in the thesis. It also presents the key components of the stability and convergence proof
that will be extended from joint-space control to #ask-space control. Section 3.1 introduces the set
of control and adaptation laws, developed by Bayard and Wen, that serves as a basis for this research.
The control laws are inverse-dynamics based, similar to the computed-torque control law; the adaptive
parameter-update laws are derived from Lyapunov analysis to guarantee stability. Section 3.2 describes
the properties of the controller, and Section 3.3 concludes with a stability and convergence proof,
based on a Lyapunov function. The limitation to joint-space control of this baseline adaptive control

algorithm will be extended in subsequent chapters.

3.1 A Specific Adaptive Control Algorithm

The Bayard and Wen adaptive control algorithms for robotic manipulators represent a class of inverse-
dynamics-based controllers [5]. Bayard and Wen have shown, with appropriate choices of the control
laws, that this class of algorithms incorporate Craig’s computed-torque adaptive controller [9]. Most
controllers in their class of algorithms, however, are casier to implement than the computed-torque
adaptive controller, because they do not require measured accelerations or the inverse of the inertia
matrix. In computer simulations, the Bayard and Wen algorithm also showed less sensitivity to
sampling rate and velocity measurement noise than the Slotine and Li sliding-mode adaptive control

[7]. Additionally, Bayard and Wen have shown that their algorithms, in the nonadaptive case, are

19
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exponentially stable [48].

This thesis concentrates on extending the Bayard and Wen algorithms to sask-space control needed
by the space robot. It should be noted, however, that similar extensions to the other adaptive algorithms
will make them equally suitable for task-space control.

Because most of the robotic adaptive control literature uses the more specific form of equations of
motion defined by Equation (2.3), initial development of the adaptive control algorithm in this thesis
will also use this form. Chapter 4 will generalize the results to utilize generalized speeds for equations
of motion given by Equation (2.1).

The development of the adaptive algorithm is illustrated with the following control law’.

T = M(q)dq + C(q,44)qs + G(q) + Ky + Kpq (3.1)

where (-4) are the desired trajectory quantities and

O2Ca)-0) (3.2)

are the trajectory errors. Kp > 0 isann x n diagonal, position gain matrix, and Ky > Oisann x n
diagonal, velocity gain matrix. This is an inverse-dynamics controller, where the first three terms of
Equation (3.1) represent feedforward? terms that cancel much of the dynamics of the plant, and the
last two terms effectively provide proportional-derivative (PD) feedback to the system to account for
residual trajectory-tracking errors.

For adaptive control when the parameters are unknown, M(q), C(q, §4), and G(q) are replaced
by their estimates, Mi(q), C(q, 44), and G(q). Using these estimated quantities and the /inear-in-the-
parameters parameterization given in Equation (2.9), the adaptive control of Equation (3.1) is modified
to:

T = M(q)ds + €(q, 44)aa + G(q) + Kvg + Kpq (3.3)

This control law can also be written in terms of the parameter vector as cither of the following:

T (2=9) Y(q’ ‘ida qd) Qd)a + KV<~1 + KP& (3.49)

= Y(q,44,44,40)0 + Kva + Kpg — Y(q, 44, 44, 44)0 (3.5)
!This is Control Law § in [6] or Control Law 9 in [47].

?It can be argued thar these are actually feedback terms, since they include measured states, q, but this author adopts a
definition that a term is *feedback” only if it includes errom; i.e., the differences berween commanded and actual quantities.
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where the number, (2.9), beneath the equality sign is an equation reference, and
626-06 (3.6)

is the parameter error vector. The last term in Equation (3.5) represents the difference between the
nonadaptive and adaptive control laws. Note that all the unknowns in the system are contained in the

parameter estimate vector, 6.

The parameter adaptation law is:
8 = I'Y7(q,44,44,4a) (d+ cq) (37)

where I' > 0 is an 7 X r diagonal, positive-definite matrix of parameter update gains, and ¢ > 0
is a scalar weighting between the velocity and position errors. This adaptive update law results from

Lyapunov analysis, and is derived to guarantee the convergence of trajectory-tracking errors.

3.2 Controller Properties

The block diagram in Figure 3.1 illustrates the structure of the adaptive controller. Following are some

properties of this controller:

e Inverse-dynamics controller. The full nonlinear dynamics of the manipulartor system is included
in the “Inverse Dynamics” block. These calculations compensate for much of the nonlinear
plant behavior, minimizing trajectory errors. This eases the burden on the PD “Feedback” block,
allowing for more aggressive PD gains to handle any residual errors. The parameter vector, 8, of

the “Inverse Dynamics” block is adaptively updated to change the plant model.

e Joint-space control. This standard controller applies for only joint control. The feedback is taken
in joint-space. The controller thus operates to reduce errors in joint trajectories. The adapration

law also updates the parameters based on joint-space errors.

o Tracking-error adaptive algorithm. The Bayard and Wen adaptive algorithms are tracking-error-
based algorithms. The algorithms provide asymptotic convergence of the tracking error to zero,
but do not guarantee parameter convergence. Parameter convergence requires sufficient excitation
in the trajectories. This limitation poses no serious problems for most robotic activities where

minimizing tracking error is the prime objective.
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Figure 3.1: Block Diagram of Bayard and Wen’s Adaptive Controller

This is an inverse-dynamics joint-space controller. The plant model is used to feedforward
the nonlinear dynamics to cancel much of the plant nonlinearity. The PD feedback and the
adaptive updates are based on the joint trajectory errors.

Controller insensitivity to sensor noise. The inverse dynamics block of the controller uses the desired
generalized speeds, rather than the measured values. This provides for lower sensitivity to minor
sensor noise during regulation. Since there is no requested motion, the desired generalized speeds
and accelerations are zero, which in turn causes all terms of the regressor, Y(q, 44, G4, qq) to be
zero. This effectively disables the inverse dynamics feedforward block. During motion, feedback
keeps the actual trajectories close to the desired ones, ensuring that the inverse dynamics block

still produces adequate compensation for the nonlinear plant dynamics.

Adaptation insensitivity to sensor noise. Because the parameter adaptation law uses the same
regressor, the adaptation is equally insensitive to minor sensor noise during regulation. There is
no fear of parameter drift caused by measurement noise or small sensor biases. There is also no

need for explicitly enabling and disabling parameter updates during operation.
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3.3 Lyapunov Proof

Bayard and Wen proved the stability and convergence of their adaptive algorithms based on a Lyapunov
Function [6, 48, 47]. One typically chooses as candidate a Lyapunov Function—a scalar function—
to represent the positive-definite “energy” contained in the tracking and parameter estimation errors.
Proving that this energy is always decreasing demonstrates that the tracking and estimation errors
converge to zero. This is equivalent to showing that the time-derivative of the chosen Lyapunov
Function is always negative, which in turn establishes that the system is stable.

Because the development of the ask-space adaptive controller in subsequent chapters is based on
the adaptive algorithm given in this chapter, the stability and convergence proof found in [47] will
be repeated here, with some minor corrections and modifications. An outline of the proof describes,
in words, the major steps involved in the proof. It also illustrates the typical process of developing
Lyapunov proofs. The detailed steps of the stability proof follow in a separate section, with supporting

calculations appearing in Appendix A.

3.3.1 Proof Outline

The stability proof starts by examining the controller with exact plant knowledge and no adaptation.
Consider the following Lyapunov Function for the system operating with the nonadaptive control law

given by Equation (3.1):
-2 l.T L l_ 7 ~ , ~T ks
V(@at) = 5q M(@)a+ ;4 Kp+cKy)q+eq M(q)q (3.8)

The first term is square in the joint-velocity tracking error, and as such represents the “energy” in the
velocity errors>. Similarly, the second term is square in the joint-position tracking errors, and represents
the “energy” in the position errors. Since the first two terms are squared terms, they are always positive.
The third term is a cross product term between the velocity and position errors—this term is not
guaranteed to be positive, so the positive-definiteness of Equation (3.8) must be shown. The scalar,
¢ > 0, is a weighting on the cross term—c is the same weighting that appears in the adaptive parameter
update law in Equation (3.7).

Noting that M(q), K p, and Ky are symmetric, the time-derivative of the Lyapunov Function can

3Recall that %QTM(q)q is the kinetic energy of the manipulator system, and note the similarity with the first term of the
Lyapunov Function of Equation (3.8).
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be written as:

e A T 2 l.T_. o AT -
V(q,q,t) = q M(q)q+ 54 M(q,q9)g+q (Kp+cKy)q
AT K3 ~Ta' R ~ i3
+cq M(q)q + cd"M(q,9)q + cg"M(q)q (3.9)

The suability proof involves showing that the chosen Lyapunov Function, Equation (3.8), is positive-

definite; and that its derivative, Equation (3.9), is negative-semi-definite. It follows these steps:

1. Show that the Lyapunov Function, V(§,q, ), is positive definite with the proper choice of
c. Determine the appropriate bounds on ¢: any c that satisfies the bounds can be used in the

parameter update law of Equation (3.7).
2. Show that the Lyapunov Function is bounded if the velocity and position errors are bounded.

3. Compute the time-derivative of V (g, q, ¢) in order to show with the following steps that it is

never positive:

(@) Use the definitions for trajectory errors, equations of motion, and the control law in
Equations (3.2, 2.3, 3.4) to expand V(§, §, t).

(b) Define a specific representation of C(q,q) that will eliminate and simplify terms in
V(@ a).

(c) Determine the bounds on the remaining terms and show V' (§, q, t) is negative-semi-

definite. Doing so places requirements on the gain matrices, Kp and Ky ..

This proves that if the initial errors are bounded, V' (g, q, t) remains uniformly bounded, which

in turn implies that the trajectory errors remain uniformly bounded.

4. Given the above, use Barbalat’s theorem [27] and the boundedness of q to show that qand g

tend to zero as ¢ — 00, proving stability.

The stability and convergence proof for the adaptive controller requires a modification of the

Lyapunov Function to include a term that represents the “energy” in the parameter errors:

~ = ~ & 1-1 ~
V1(3,9,6,0) =V(qq,t) + 0 T'6 (3.10)
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Using the adaptive control law in Equation (3.5) and taking the time-derivative of the new Lyapunov
function, V1(q, §, 8, ¢), yields:

(§§0,0)=V(@a§1+8 r'6+8 Y7 (q,as40,a) (4 +a) (3.11)
Noting that 6= —0and 46 = 0, substitute the adaptive update law, Equation (3.7), to eliminate
the last two terms of Equation (3.11). This reduces the adaptive case to the nonadaptive case of

Equation (3.9). Making the same arguments shows that once again, q and q tend to zero as t — o,

proving stability for the adaptive algorithm.

3.3.2 Proof Details

This section presents the proof in some detail. The steps follow those derived in [47), but with the
notation utilized in this thesis. They also correct some minor errors. It is useful to examine first the
structure present in the equations of motion for a system of rigid bodies.
The Lagrangian formulation of the equations of motion starts with the kinetic and potential energies
for a system of rigid bodies:
T = 34"M(q)q (3.12)
U = -q"7+g(q)

where T is the kinetic energy, U is the total potential energy, of which g(q) is the gravitational potential

energy component. Using the Lagrangian, L = T — U, and applying Lagrange’s Equation:

IEYLANE
dt \ 8q dq
dM@a) 19(a"™M@) , %@
dt 2 oq dq
T
. . ... 1 {8(M(q) .
= —-7+M(q)g+M(q,4)q-; ((—(,,((:le) q+ G(q) (3.13)
This results in the equations of motion in the form of Equation (2.3), which can be rewritten as:
M(q)4 = 7 - C(q,9)q — G(q) (3.14)
where
1(8(M(@a))"
C(q,q)q = (M(q, q) - 2 (T) ) q (3.15)
clg &2 29 (3.16)

dq
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The stability proof uses the structure of the equations of motion demonstrated by Equations (3.13-3.16).

Step 1: Positive-Definiteness of V.

Define the following notation for bounds on matrices:

pp 2 ilafamin (M(q))

tp £ omin (Kp)
Be = Opmin (Ky)
™ 2 SUp Tz (M(q))
T £ Omas Kp)
Yo = Omaz (Ky)

where 0rmin and maz denote the minimum and maximum singular values, respectively. Roughly, these
singular values give the minimum and maximum “gain” of a matrix®,

With these definitions, a lower bound on the Lyapunov Function of Equation (3.8) is®:
~ 2 1 o2 1 )12 SIS
V(@,@,t) 2 5 (up + ) lGl° + Sem ”q“ —cym I ”qH (3.17)
Using “perfect squares”, the cross term can be written as:

“2englaNd] = e (el - e 4])° - evare IR - evaee? [

> —ovue |Gl - cvme™? [ (3.18)

“The inf notation represents infimum, which is the lower bound of the specified set, but this bound does not have to be a
member of the set. For example, inf 1/z = 0, but 0 does not belong to the set {1/z}. Similarly, sup represents the supremum,
or the upper bound of the specified set.

The maximum and minimum singular values of 2 matrix, K, give the maximum and minimum “gain” of K, respectively,
in a 2-norm sense. That is,

Ku
Omin = mf"‘ﬁ

®The notation, ||-||, denotes the 2-norm, or magnitude, of (-). It is defined by:

flu]l = (uTu)§ .
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for any € € R. Thus,

VaRY 3 Ll o)+ o - ) [
> e[l + oo |§ 3.19)
where,
o = pp+cpy — cymel (3.20)
oy = pp—cyme?

To ensure V(§, g, t) is positive definite, a; and a; must be greater than zero. Solving each inequality

in terms of €2 gives:

c
CYM < < Hp + Cliy
237 CYM
= vl < pm (up +cpy) (3.21)

Solving the quadratic in Equation (3.21) for ¢ yields:

1
4 2 2
c< EMEv [y 4 (14 2220y (3.22)
27 HM By

Thus, choosing c to satisfy Equation (3.22) guarantees that V(q, q, t) is a positive-definite function.

Step 2: Boundedness for V.

Following similar procedures as the above, an upper bound on the Lyapunov Function is:

V(@0 < 5 O+ er) I8P + 5mae [ + o 1G]] (3.23)

Using “perfect squares” again, the cross term can be written as:

20 1G]] = —evae (nlal - n7 [&]))° + evaen? 1EIP + emen? |
< ey @l +evmn™? ”ﬁ"z (3.24)
for any n € R. Thus,
V(@41 226 % (7 + v + cvur?) 17 + % (vae + cvmn™?) llﬁ”z

< Bl + B “51”2 (3.25)
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where,
B = Yp+enw+eormn? (3.26)
B2 = m+oewmn?
Noting that $; and 3, are guaranteed to be greater than zero, Equation (3.25) shows that V(§, g, t) is
uniformly bounded if the position and velocity errors, § and §, are uniformly bounded.
Assuming that ||q(¢)|| and “(‘i(t)” are uniformly bounded, the lower bound on V(§, g, t), leads

to the following:

V(EL 67 t) > a ||§(t)||2
(3.19)

.y
S (—) > sup (o) 6.27)
) t
where
V= sup V(d,q,t). (3.28)

Step 3: Negative-Semi-Definiteness of V.

Using a particular representation for the Coriolis and centrifugal matrix, C(q, ), and the identities
in Equations (3.31-3.34), this section proves that V(§, q, t) is never positive, showing that V(§, g, t)

never increases. Thus if the initial trajectory errors are bounded, they remain uniformly bounded.

Step 3a: Expanding V. Using the definition for trajectory error in Equation (3.2) to expand q, and
equations of motion in Equation (3.14) to substitute for M(q)q, and the control law in Equation (3.1)

to substitute for 7, the time-derivative of the Lyapunov Function in Equation (3.9) expands to:

V@&n =, & (M@d-7+Cladd+ 6@+ 1M )i +Krd)
+od M(@)§
+e§” (M(a, @) + Kv + M(@)de - 7 + C(q,8)4 + G(q))
5§ (-Claani- Kvi+Claaa+ M 9d)
+e§ M(a)§
+ei" (M(q, @)§ - C(a, 40)as — Kpd + C(q,9)d) (3.29)

-~ -~ 2T 2
= -q"KpG-q (Kv-cM(q))q
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LT Y Y 1. P\
+q (—C(q, 94)4s + C(q,9)4 + 7 M(q, Q)Q)
+cg" (M(q, 4)d - C(a,44)d4 + C(q,@)a) (3.30)
Choosing a “good” representation of C(q, q) will help further simplify this expression.
Step 3b: A Representation of C.  Begin by first defining a matrix, Mp, such that
Z. M
Mp(a,y) 2 3> BEDye7 (3.31)
i=1 Og;
where e; € R" s the ith unit vector. Following are some useful identities for Mp(q, y)’:
Hdentity I:
oM
(3—((1)}') =Mp(q,y) (332)
q
Identity 2:
M(q, @)y = Mp(a,¥)4 (3.33)
Identity 3:
Mp(q,y)z = Mp(q,2)y (3.34)
Now choose C(q, §) to be the following?:
. N .
C(q,4) = Mp(a,4) ~ 5Mb(a,4) (3.35)

Appendix A.2 shows that this is a valid choice by satisfying the condition in Equation (3.15). Using

this representation in the Lyapunov derivative of Equation (3.30) yields:

) (3.36)

e L _ _ =T ~ T _ L
V(q,q,t) oo Kpa—-q (Kv-cM(q))q
L -~ T . .
- (§+¢@) C(a,q0)44
T (1 2, vy 1 vy
+4 (EMD(q, 94+ Mp(q,4)q - ;Mb(q, Q)Q)
- . N N
+cqt (Mo(q, q)q+Mp(q,q)q -~ 5M1T>(q, Q)Q)
_ ATy~ T _ PR g . N
6233isy G4 Kpq-q (Kv-cM(q))q 54 Mp(a,44)a
~ N " ~ 1 Ay~
+eq” ((Mg(q, 44) - Mp(q,44)) 4 - ;MD(a, @4
7See Appendix A.1 for the proofs.

®This representation does not satisfy the skew-symmetric property required by the sliding-mode adaptive controller [37].

See Appendix A.2 for more details.
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Step 3c: Upper Bound for V.  This step shows that the upper bound for V(q, q, t) is never positive

for proper choices of Kp and Ky. First determine the upper bound on the last two terms of

Equation (3.36):

1.7 S l.T n BM . s
-3 MD(q,Qd)Q, ‘-q ( %q‘ie?) ql

(3?1) 2 =
1 2112
e (3.37)
where
2. |8M(q) )
ay
Y1 = su —_— (3.38)
qP (; 9g; |,
v & sup |Gl (3.39)
Similarly,

g" ((Mﬁ(q, 44) — Mp(q, f'ld)) q- %Mg(q’ &)ﬁ)'
< 2 il 4] + 2en il 4

5, e+ ene Ja + gen a4 (3.40

Note that the “perfect squares” expression similar to Equation (3.18) is used once again to eliminate the

cross term, 2¢7173 ||Q]| Ilﬁ“ Combining these results gives:

. . 12 1 o 112
V(g qt < A llal? = Az llal” + sen 14l |G :
(q 1 ) (3.36,337, 3.40) ! “q” 2 Hq“ + 2(:17X “q“ ”q“ (3 41)
where
M=o (up - 717362) (3.42)
1
A & (ﬂv —CYM — M3 (5 + C€-2)> (3.43)

Both A; and A; must be positive. This leads to the condition:

1 N3 2 _ Mp
'2' — — 1 < < —
By~ CYM — 372 M3
1 5, 1
= ‘2‘0’)’1 Y3 < Hpl|Hy—CYM— 57172

Hp (s — 37173)
ppYM + 37373

(3.44)
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Since ¢ > 0, the last inequality shows Ky must be chosen large enough to satisfy:

1
By > N (3.45)

to ensure that V(§, G, ) in Equation (3.41) has some negative definite terms.
Now assume that ||q|} and Hii” are bounded such that V defined by Equation (3.28) exists, choose
Ky large enough such that:

— 4
1 V?
Ay — 56’71 (a‘;) >0 (346)
Then
- 1
VA= i q 0 4
2= X2 = senllgl 25346 (3.47)

The upper bound on V (g, q, t) can now be written as:

vE@§n < -nlalk-X|q <o (3.48)

<
(3.413.47)

Thus given Ky large enough, V(ﬁ, 4, t) is never positive, so V(q, 4, t) is never increasing, such that
V = V(@(to), q(to), to)- (3.49)

This in turn implies, from Equation (3.19), that the trajectory errors, q and G, are uniformly bounded.
If the initial errors, G(to) and G(to), are small enough—so V is small enough—then the assumption

in Equation (3.46) can be satisfied easily.

Step 4: Stability

Application of Barbalat’s theorem at this point shows that if the trajectory errors remain bounded, then

they, in fact, also tend to zero. The theorem is stated as follows [6]:

Barbalat’s Theorem
If W(t) is a real function of the real variable t, defined and uniformly continuous for ¢t > 0, and if
the limit of the integral

t
lim / W (t"dt'
0

t—o0
exists and is a finite number, then

lim W(t) =0.

t—oo
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In other words, if the integral of a continuous function approaches a limit and does not grow without

bound, then W must approach zero, because it cannot continue to add to the integral.

To show stability of the controller, let
~ = [[x)1?
W) & M dl? + % |§] (3.50)

such that
V ,‘,t < —-W(t). 3.51
(a,q )(3‘ ) t) ( )

Integrating both sides of Equation (3.51) from 0 to t, yields upon rearranging,

[ we)a < v@0),40,0 - v@e,ao. 652

Since V (§(0), q(0), 0) is bounded, and V' (q, g, t) is nonincreasing and bounded below;, it follows that

t
lim / W(t)dt' < oo (3.53)
t—o0 Jo

Also, since {4 is chosen to be bounded, and since rigid-body dynamics dictate that ¢ is bounded for
bounded input forces and torques, W (t) is bounded, which implies that W (t) is uniformly continuous.

Applying Barbalat’s Theorem, therefore, gives
g, =0
sl = o
i 556
o] - o

This proves the asymptotic stability of the nonadaptive controller.

3.3.3 Adaptive Controller Stability

As the previous section showed, modifying the Lyapunov function to include the parameter-estimate
errors, and applying the adaptive update law of Equation (3.7), makes the above proof equally applicable.
Thus this section has also proved the asymptotic stability of the adaprive controller.

Finally, it should be noted that the above proof used rather loose bounds to derive requirements on
the gains, ¢, Kp, Ky. These requirements are sufficient, but not necessary, so one can use them for
initial design. In practice, the gains that achieve the best controller and adaptation performance may

not meet these criteria.



Chapter 4

Adaptive Control Extensions

The Bayard and Wen class of adaptive control algorithms is applicable in a relatively restricted realm—
single-arm joint control. This chapter describes the first steps in extending the adaptive control
algorithm to #ask-space control: 1) extension to utilize equations of motion developed using generalized
speeds to ease the design procedure and 2) extension to endpoint control. These extensions provide the
essential building blocks for developing the sask-space adaptive controller in Chapter 5.

Section 4.1 extends, in a limited fashion, the adaptive algorithm to handle the more generalized
modelling method using generalized speeds. This extension benefits controller implementation by
simplifying the terms that appear in the equations of motion. The approach is straightforward and,
except for a transformation from actuator torques to generalized forces, involves litde change from the
original adaptive controller.

Section 4.2 further extends the algorithm to handle endpoint control. This extension utilizes the
end-effector Jacobian matrix for transforming endpoint motions in Cartesian space to variations in
the generalized coordinates and generalized speeds. Once again, the changes to the original controller
structure are minor; this section furnishes a summary of the differences.

Section 4.2.3 offers an outline and the detailed stability proof for the new endpoint adaptive
controller. The Lyapunov function must be altered for endpoint control, and includes the Jacobian
matrix. The proof follows the same steps as the original proof by Wen, with an additional stability
requirement that the manipulators must stay away from kinematic singularity. Since endpoint control
per se also makes this requirement, this condition does not pose a serious limitation to the new endpoint

adaptive control algorithm.

33
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4.1 Extension to Generalized Speeds

Appropriate choices for generalized speeds can simplify the terms in the equations of motion for a
system. This aids implementation by reducing the number of calculations'. For instance, the two-link
arm example in Chapter 2 illustrated that for a planar robotic system with revolute joints, it is beneficial
to choose generalized speeds that correspond with the absolute rotation rates of the links, rather than
the joint rates. This section, therefore, extends the adaptive controller given by Equation (3.4) and
Equation (3.7) to this useful, albeit limited, case.

For generalized speeds chosen to correspond with absolute angular rates for the rotational degrees of

freedom, the generalized speeds and the joint rates are related by a constant matrix of zeros and ones:
a .

u=Wgq (4.1)

where W is the n X n constant matrix. The new joint-space adaptive control law can be expressed as:

F = M/(q)uu+ C'(q,usus+ G'(q) + Ky + WTKpg 4.2)
T = WTF 4.3)

or in terms of the parameter vector:

F = Y'(q,uqu4,19)0 + Kyii + W TKpg (4.4)
= Y'(q,uq,u4,02)0 + Kyt + W TKpg — Y'(q, ug, ug, 1g)0 (4.5)

The corresponding new parameter update law is:
6 =IY"(q,ug,ug, 1g) (ﬁ + cWTfi) (4.6)

where the / notation is used to distinguish the system equations from those derived nor using generalized
speeds. That is, M'(q), C'(q,u), G'(q), and Y’(q, ug, ug, @1z) are the matrices defined by the

generalized equations of motion,
F = M'(q)u + C'(q,u)u + G'(q) = Y'(q,u,u, 01)d. (4.7)

Figure 4.1 shows the block diagram of the new controller.  Application of the contro! law,

'The example in Chapter 2 demonstrates this.
ZSee the example given by Equation (2.6).
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g Feedback 1, | Manipulator > q
(K, i+W7K, §) System
A
Inverse
Dynall'\nics
Yo
_ Adaptive Law / )
A
6=I'Y"(l+W'q)
q

Figure 4.1: Block Diagram of the Adaptive Controller using Generalized Speeds

This controller allows the use of a system model that was developed with generalized speeds.
The controller structure is almost identical to the original controller, Figure 3.1, with the
exception of the transformation block, W, to bring generalized forces into actual joint torques.

Equation (4.4), results in a mathematical vector representing the desired generalized forces to apply to
the system. Implementation, therefore, requires the transformation of this vector back into actuator

torques. Other than this transformation, there is little change from the original adaptive controller.

4.1.1 Transforming Equations of Motion

Examining the relationship between the two forms of equations of motion defined by Equation (2.1)
and Equation (2.3) is useful for simplifying the stability proof.
Differentiating the generalized speeds in Equation (4.1) with respect to time yields:

u=Wq (4.8)
Substituting Equation (4.1) and Equation (4.8) into the equations of motion using qs results in:

T = M(q)q+C(q,9)q+ G(q)
= M(q)W'lix + C(q,W"lu)W"lu + G(q) (4.9)
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Premultiplying both sides of Equation (4.9) by W=7 gives:
W Tr =W TM(qQW'u+ W-TC(q, W)W lu+ W TG(q) (4.10)

Matching terms of the generalized equations of motion in Equation (2.1) with those in Equation (4.10)
yields:

F = WT7Tr
M’ = W TM(qW-!
(q) (q) (4.11)
C'(qu) = WTC(qWlu)W™!
G'(q) = WTG(q)
It also follows from Equation (4.10) that,
Y'(q,u,u,ix)g = W—TY(CLW_IU’W_IU,W-I‘.I)O (4.12)

The equations in (4.11) and (4.12) represent the transformation between the two forms of equations

of motion and the transformation between generalized forces to actuator torques.

4.1.2 Stability Proof

The stability proof for this case is rather straightforward. Substituting the transformations in Equa-
tion (4.11) into the control and adaptive laws of Equation (4.4) and Equation (4.6), results in exactly the
original Bayard and Wen control and adaptation laws®. The same Lyapunov Function, Equation (3.10),
therefore, can be used to prove stability.

For completeness sake, the Lyapunov Function and its derivative can be written in the / notation

and in terms of generalized speeds as:
V(g i,t) = %ﬁTM’(q)ﬁ + 337 (Kp + Ky) G+ " WM/ ()i + %6%—16 (4.13)
and
o <Tapreng . LTy ~ , T ~
V(g,u,t) = @ M(q)u+ ;0 M(quji+q Kp+cKv)q
+cuTM'(q)ii + cgT WTM/(q, u)i + cgT WTM/(q)ii
+8° T8+ 8" Y'T(q, ug, ug, 8g) (@ + W (4.14)

Using the transformation equations also will reduce these to the original Lyapunov function and its

derivative.
3See Appendix A.3 for the proof.
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4.2 Extension to Endpoint Control

While endpoint control can benefit a fixed-base industrial robot performing precise, dextrous manip-
ulation, it is crucial for a mobile robot that needs to perform acquisition before any manipulation.
With no fixed base from which to reference the location of the parts it is to acquire, the mobile robot
controller must use feedback directly on the manipulator endpoint positions relative to the part. The
space robot capturing a free-flying satellite, for example, must use endpoint control to track the grasp
points on the satellite before capture.

Hence, this section further extends the adaptive control algorithm to endpoint control. The desired
trajectories a2 manipulator must follow are given in terms of endpoint Cartesian coordinates. The
adaptive law also updates the parameters based on the endpoint tracking errors. Although at this point
this extension is still applicable only to a single-manipulator robo, the results can be quite useful for

later extension to the full cooperating-manipulator space robot.

4.2.1 Endpoint Jacobian

The extension from joint control to endpoint control utilizes the Jacobian matrix. Figure 4.2 illustrates
the relationship between the endpoint and joint positions.  In general, the Jacobian matrix arises
when differentiating mathematical vector fields?. It is composed of the partial derivatives of the vector
function. In robotics, the term, Jacobian, has taken on a more specific meaning, namely, the relationship
between joint rates and the manipulator end-effector velocity (a physical vector) and orientation rates.

Simple kinematic analysis gives the endpoint position and orientation as functions of the joint
angles, represented by:

x = k(q) (4.15)

where x € R™ contains the endpoint position and orientation, and k : R — IR™ are the kinematic
equations. When m = n, the robot is said to be nonredundant, and when m < n, the robot is
redundant. ,

Taking the time-derivative of both sides of Equation (4.15) gives:

% = al;((?)q + algt(’) (4.16)

“Not to be confused with the physical position (x) and velocity (x) vectors which are of course also the centerpiece of
Figure 4.2.
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Figure 4.2: Cartesian Endpoint Position and Velocity

q1 and q; represent the shoulder and elbow joint angles. x is the position vector of the
manipulator endpoint and x represents the endpoint velocity vector.

Defining the Jacobian to be:
9k(q)
J(q)= —* 417
(@ = T (4.17)
and a time-dependent term to be:
ok
Ji(q) = ——a(tq) (4.18)

yields the endpoint Jacobian relationship for robotics:

x=J(q)q+Ji(q) (4.19)

When there are no prescribed® motions in the system, J;(q) is zero, which yields the more common
relationship:

x=J(q)q (4.20)

3A prescribed motion is a motion that the system is forced to undergo in response to unmodelled external forcing functions.
In robotic systems, where all forces are modelled, there are no prescribed motions.
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The inverse Jacobian relationships are:

¢ = I'@x-I" (@ (4.21)
37q) (% - 3(a, 037" (@x - Ju(a)) (4.22)

il

q

To make use of generalized speeds, additionally define a transformed Jacobian, J'(q), as:

J(q) £I(QW™! (4.23)
such that the following are true:
u = Wq (4.24)
x = J(Qu+Ji(q) (4.25)
u = I @x- I (@) (4.26)
@ = 37 (k- (@ wI T (@x - Ji(a) 427)

Example

The two-link arm example illustrates that using generalized speeds can also simplify the terms in the

Jacobian. The physical position vector for the endpoint can be written as (See Figure 4.2):

x = (I cos(q1) + Ly cos(q1 + q2) + zo) a1 + (i sin(q1) + L2 sin(q1 + q2)) a2 (4.28)

where a; and a; are mutually orthogonal unit vectors, and z is a constant offset of the shoulder from
the origin of the coordinate system. Taking the partial derivative with respect to q gives the Jacobian:

~lysin(q1) = Isin(q1 + q2) —l2sin(q1 + q2)

J(q) (4.29)

@IN 4 1y cos(qr) + lacos(qy + g2)  Lrcos(qr + g2)

where it has been expressed in the coordinate system aligned with a; and aj. The sransformed Jacobian

for use with generalized speeds, utilizing W' from Equation (2.6), is:

J,(q) - —ll sin(ql) -—lz sin(q1 + q2) (430)

42326 | | cos(q1)  l2cos(qi + q2)

Because there are no prescribed motions, J;(q) and J3(q) are zero.
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4.2.2 Endpoint Adaptive Control

Using the transformed Jacobian matrix defined above, the endpoint adaptive control law can be written

in terms of generalized speeds as:

F = M(@u+C(quu+ @ +I7(q) (Kvo%+KpX) 43D
r = WIF (4.32)

or in terms of the parameter vector:

F 5 Y'(q, ug, ug, ug)8 + 37 (q) (KVIS'E + szi) (4.33)

= Y'(q,u4,u4,80)0 + 37 (KX + KpoX) - Y'(q ug ug,u)d  (434)
The corresponding adaptive update law is:
8 = Ir'Y'"(q, ug, ug, 1)3"'(q) (%+ cx) (4.35)
In addition, the desired generalized speed and its derivative are given by:

ug I Ha@)xq — 37 (q)Ji(q) (4.36)

(436)

W g 37 (k- W (@
- ¥(q, 0" (@Ya) - (a) 437

The key differences between the new endpoint adaptive controller and the joint controller can be

described as:

o Endpoint-trajectory tracking. The controller tracks endpoint trajectories, because it performs
feedback directly on the endpoint tracking error. The adaptive parameter update is also based on

the endpoint tracking error.

® Jacobian calculations. The Jacobian calculation blocks are the only real structural changes in
the controller. They are needed to convert the desired endpoint trajectories into equivalent
desired joint-space trajectories for use by the inverse-dynamics feedforward block. The Jacobian
also translates the feedback forces, expressed in Cartesian space, into the mathematical space
represented by the generalized forces. Finally, the adaptive update block also uses the Jacobian to

map the tracking errors to the joint space, in which the adaptive model is derived.
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Figure 4.3: Block Diagram of the Endpoint Adaptive Controller

The endpoint adaptive control tracks endpoint trajectories by performing feedback directly on
the endpoint errors, X. Note that the adaptive parameter update is also based on the endpoint
tracking error. This controller structure is once again very similar to the original controller,
Figure 3.1. The only additions are the Jacobian blocks that transform the endpoint quantities
into equivalent joint-level quantities. The transformation block, W, is still required to bring

generalized forces into actual joint torques.

o Torque transformation. Since the control law is given in terms of generalized speeds, the transfor-

mation block, W, is still required to transform the commanded force into actuator torques.

4.2.3 Stability Proof

The stability proof involves choosing a new Lyapunov Function to represent the “energy” in terms of

the endpoint tracking errors and then showing that it goes to zero, implying that the tracking errors also

go to zero. In doing so, the proof places an additional requirement on the controller: the manipulator

must remain away from geometric singularity, which equates to the matrix inverse of the Jacobian being

bounded. This is a very natural requirement, since the controller becomes ill-behaved near kinematic

singularities; it is also a requirement whenever one implements a Cartesian-space controller. In practice,

kinematic singularity is easy to detect®. If it cannot be avoided, the controller can change control modes

STypically, kinematic singularities occur when two or more degrees of freedom of the manipulator *line up”, where the
manipulacor loses degrees of freedom. For the two-link manipulator, kinematic singularity occurs with the arm straight out



42 Chapter 4. Adaptive Control Extensions

to bring the manipulator into a more favorable configuration.
This proof starts with the nonadaptive controller by choosing the Lyapunov Function and calculating

its derivative. It then follows steps similar to that of the original proof in Chapter 3:

1. Show that the Lyapunov Function, V (X, X, t), is positive definite with the proper choice of c.

Determine the appropriate bounds on c.
2. Show that the Lyapunov Function is bounded if the velocity and position errors are bounded.
3. Show with the following steps that the time-derivative of V' (X, X, t) is never positive:

(a) Use the definitions for trajectory errots, equations of motion, and the control law in
Equations (3.2, 2.1, 4.33) to expand V (%, X, t).
(b) Use the Jacobian relationships, Equation (4.25) and Equation (4.26), to simplify terms in
V(X,X,t).
This reduces the form of V (X, X, t) to the same form as in the original proof. Thus, the rest of
the stability proof follows the original, with minor changes to the necessary bounds.
This proves that X and X tend to zero as t — 0o, showing stability.
4. The Lyapunov Function is then modified to include adaptation. The application of the adaptive

update law, Equation (4.35), reduces the stability proof for the adaptive algorithm once again to

the nonadaptive case, where stability has been shown already.
Endpoint Lyapunov Function—Nonadaptive
The new Lyapunov Function for the system operating the nonadaptive endpoint controller is:

~ 2 1.7 /_,— - 2, 1. ~
V(X,Xx,t) = 73X (J’ T(q)M' (q)T' ‘(q)) X+ ExT Kpz + cKyz) X
+&xT (¥ T (@M(@)3 (@) % (4.38)
The first two terms represent the “energy” in the endpoint velocity and position errors. They are squared

terms, so they are always positive. The third term is a cross product term between the velocity and

position errors—this term is not guaranteed to be positive, so the positive-definiteness of Equation (4.38)

such that the links lie along the same line. In this situation, the endpoint of the arm can trace out only an arc—defined by the
shoulder angle and the total length of the arm—which is only one degree of freedom.
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must be shown. The scalar, ¢ > 0, is a weighting on the cross term—c is the same weighting that
appears in the adaptive update law in Equation (3.7).
Using the inverse Jacobian relationship, Equation (4.26), and replacing X with #, the Lyapunov

Function also can be expressed as’:
~ 2 1. S ~  ~Ti— ~
V(X,X, t)(ﬁaiuTM'(q)u + ExT Kpz + Kya) % + XTI T (qM'(q)i (4.39)

Noting that M’(q), K p, and Ky are symmetric, the time-derivative of the Lyapunov Function can be
written as:
V%) = aTM(Qi+ %GTM'(q, w)ii + % (Kps + cKya) X
+cx 37T (@M (Q) + XTI T(q, u)M'(q)

+exT3 T (@M (q, w)ii + &TT T (q)M/(q)i (4.40)

Positive-Definiteness of V'

Using the first expression for V (X, X,t) in Equation (4.38) and following the same progression as in

Step 1 of the proof in Section 3.3.2 show that:

s ~ 2|12
VX, X,t) > o|X| + e ”x“ (4.41)
(4.38,3.19)
where,
— _ 2
oy = ppt+Cpy c:‘zﬁfe (442)

- BM _ -2
az—ﬁ%‘cifﬁ;‘-e

with the following definition of the limits:

BM 2 igf Tmin (M'(q))
py & inf omin (3'(9))
"Note that:
I o= t-i
= (J'(Qus+Ji(@) - (' (@u+J(a)
= J(Qua-w
such that,

T=)(qu
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Hp £ Tmin (Kp)
Hy 2 Tmin (Kv)
w £ SUp Tmaz (M'(q))
v = SUp Tmaz (J'(q))
q¢Ss
Yo 2 Omaz (Kp)
Yv £ Omaz (Kv)

S represents a set of regions around singularities. That is, the limits for J’(q) are defined for manipulator
configurations that exclude finite regions around singularities. For V' (X, X, t) to be positive definite,

both a; and a; must be positive, which puts a condition on ¢:

1
T VI U PURE. %7 T/ A (4.43)
274475 Y

The additional terms, 7 and 7, are the main changes these bounds. It is clear from Equation (4.43)

that for ¢ to have a non-trivial solution, the manipulator must remain away from singularity such that

py # 0.

Boundedness for V

Following the same procedure as Step 2 of the proof in Section 3.3.2 shows that:

~ L -~ <12
V%Y < BIRIE+ 6 || (4.44)
(4.38,3.25)
where,
B = wtewt+ My
’ & (4.45)

B2 = ‘;‘ﬁ‘+61‘3‘7)_2
J iy

It is again clear that if the robot remains away from singularity such that p; # 0, then V(%, X, t)

remains bounded.

Negative-Semi-Definiteness of 14

Using the definition for trajectory error, Equation (3.2), to substitute for U, and using the equations of

motion, Equation (2.1), to substitute for M/(q)u expands the Lyapunov derivative in Equation (4.40)



4.2. Extension to Endpoint Control 45

to:

by~ & _ T ! O ’ ! l YU =
VExD o=, W (M@i- P+ Cguu+ Gl@)+ M (qwi

+3"T (@)K p:X) + cii M'(@)ii + &3~ T (q, u)M' (@)
+ex"3" (M'(q, 0)ii + M'(@)i - F + C'(q, uu + G'(@)

+ J’TKV,SE) (4.46)

where the Jacobian relationship, Equation (4.25), is used for the K p, term. Substituting the control
law in Equation (4.31)—assuming an ideal model—for F yields:

V(% %1 i (~C(g,ua)ua = I (@Kvo% + C'la,upu + 3M(q,w)a)

431)
+ci?M/(q)i + xT3""T(q,u)M'(q)u
+cx73 T (q) (M'(q, 0)ii - C'(q, u4)us - I Kp, %+ C'(q, u)u)
_ _ =T - _ T _.pT ’ =1 <
wrig X KpX-X (Kve — ' T(@M()3 (@) X
+cxT 3" T(q,u)M'(q)u
N 1. -
+a’ (-C'(q, ug)ug + C'(q,u)u + EM’(q, u)u)
+&X73' 7 (q) (~C'(a, ua)uq + C'(q, w)u + M'(q, w)i)
— _=T s _ T _ .y T / =1 <
Sy~ KpX =% (Kve - oI (@M@ (@) X
+cxTI T (q,u)M' (@)~ (@)%
2T _,- . oN e Ve 1. LA
+x I T (w7 (—C(q, Q444 + C(q,9)q + 5 M(q, q)q)

+ex7 3T (QWT (-C(q,40)ae + C(q,0)d + M(q,4)d)  (447)

The last two terms of Equation (4.47) are almost identical to those in Equation (3.36), except for the
T (Q)WT premultiplier. Assuming once again that the manipulator stays away from singularity and
noting that W is a constant matrix of zeroes and ones, the development in the original proof can be

used once again to state:

V&% < =M= % + -lz—c% EE (4.48)

where

4 £ sup|xg| (4.49)
t
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A /-1
Yj-1 = SupOmaz (47 (q (4.50)
g qc!g ( ( ))
2 _n . )e?
A2 e (up r (va+7j-1)€ ) (4.51)
2 ey = L (1 —z))
A = (ﬂv S e (74 +vj-1) ( 5+ (4.52)

The dependence on 7 ;_, comes from the extra term in the Lyapunov derivative involving J'~T(q, u). It
can be argued again that if the manipulator does not go through singularity, then J’~'(q) is continuous,
and thus its derivative is bounded. Requiring both As to be positive gives the requirement:

Im

’ - 4.
Ve 34834502 py (va +75-1) (4.53)

Choosing Ky large enough such that:

-1
1 Y1 V?
A—zc—|—] >0 4.54
2 ZC#J (01) (4:54)
gives:
T 2, — Lol iz
A=A zqu [Ix|} >0 (4.55)

which yields the upper bound on the Lyapunov derivative:

e~ A ~112 - o2
VEEY, < =R -3 | <0 (4.56)

Thus, the Lyapunov Function, V (X, X, t) is never increasing, showing that if the initial errors are
bounded, they remain bounded. Again applying Barbalat’s Theorem shows that X and X tend to zero
as t — oo, proving stability.

Endpoint Lyapunov Function—Adaptive Case

The Lyapunov Function for the system utilizing the adaptive endpoint controller follows the example

of the original proof by adding a term representing the energy in the parameter estimation errors:
~ X ~ & =T _1=
Vi(x,x,t) = V(X,X,t) + 50 r-'e (4.57)

Using the adaptive control law in the form of Equation (4.34) to substitute for F after expansion (see

Equation (4.46)) and taking the time derivative of Equation (4.57) gives:

V(% % 1) = V(EX,6)+8 T7'0+8" Y (quzus8)7 7 (a) (X + &) (458)
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Noting again that 6 = —8and substituting the adaptive update law, Equation (4.35), eliminate the
last two terms, reducing Vi (X, X, 1) to V (X, X, t). Employing the proof developed for the nonadaptive

case proves the stability of the endpoint adaptive controller.



Chapter 5

The Task-Space Concept

The extension of the adaptive controller to endpoint control in Chapter 4 provides the essential
components for further extensions to sask space. This chapter presents the sask-space concept in terms
of a generalized Jacobian. It also shows that, utilizing the generalized Jacobian approach, the new
endpoint adaptive control algorithm can be extended to zask space with almost no modifications.

This chapter takes full advantage of the power in the generalized forces and generalized speeds
concepts found in Kane's dynamical equations [15] to derive the expression for the generalized Jacobian.
Section 5.1 presents the task-space adaptive control law for single-manipulator robots, showing that
endpoint control is just a special case of the zask-space adaptive control. Section 5.2 develops and
formalizes the relationships between two different sets of generalized speeds chosen for a system. It also
examines the relationships between the two sets of generalized active forces and equations of motion
associated with the choices of generalized speeds. These generalized relationships show that the time
derivative of the rask-space control vector is equivalent to a set of generalized speeds, which leads to an
intuitive validation of the zask-space adaptive controller.

The chapter concludes with several sections providing specific examples of sask-space control

objectives:

o Noninertial reference-frame control. This control mode is important for mobile robots that must
rely on local sensing. If the robot base rotates or accelerates during manipulation, the local
sensors will be providing sensing in a noninertial frame; the controller must of course take this

into consideration.

48
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Fuel savings is another benefit of noninertial reference frame control for space robots. The

controller decouples the feedback of the noninertial frame control of the manipulators from the

feedback of the free-flying base control. Thus manipulator tracking errors during regulation do

not cause the thrusters to fire. The thrusters will activate only in response to base regulation
1

errors’. The implication is that the manipulator control gains may be increased to improve

manipulator tracking without incurring unnecessary thruster firings during regulation.

o Single-manipulator space robot control. This example describes how rask-space control may be
utilized for control of a space robot. This example uses a single-manipulator space robot, because
the zask-space adaptive controller for multiple-manipulators has not been presented yet?. The

characteristics of space robot control remain the same regardless of the number of manipulators.

o Control subject to motion constraints. Motion constraints arise when a manipulator comes into
contact with its environment. Understanding the issues in control of constrained motion is

critical to understanding multiple-manipulator control.

o System-momentum control. System-momentum control is another control mode for providing
fuel saving control for space robots. Maintaining constant system momentum during local
manipulation ensures that the manipulators will compensate appropriately for the reactions in
the base to prevent thrusters firing, conserving precious fuel. System-momentum control has been
presented by Umetani and Yoshida [44] and Koningstein [19], and this example demonstrates
how task-space control may be used to achieve the same control mode. The added complexity
of deriving symbolically the momentum equations, however, may make this control mode too
costly to implement, in a given application, compared to the noninertial-reference-frame control

for minimizing fuel usagc3 .

o Redundancy Management. The task-space controller can be employed to control a limited class of
redundant manipulator systems. The difficulty typically arises because the endpoint Jacobian is
not square: There are more degrees of freedom in the robot than there are in controlled states of

the end effector. Since a nonsquare Jacobian cannot be directly inverted, much of the redundancy

"There is full coupling in the feedforward portion of the controller,

?Multiple-manipulator control will be presented in Chapter 6.

3The complexity should be examined for each given application to determine the feasibility of implementing system-
momentum control.
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research has concentrated on the choice of appropriate, but computationally intensive, generalized

inverses for the Jacobian.

Task-space control offers another solution by including auxiliary control objectives in the zask-
space control vector to generate a square generalized Jacobian. For example, the auxiliary control
objective may be the height of an elbow in a 7-degree-of-freedom manipulator; the elbow height
may be controlled directly to avoid obstacles while simultaneously controlling the end-effector
position and orientation. Thus if suitable and valuable auxiliary control objectives can be added,

task-space control offers a good alternative to the standard redundancy controllers.

Armed with the capabilities developed in this chapter, Chapter 6 will provide the final extension to

multiple-manipulator sask-space robot control.

5.1 Task-space Adaptive Controller—Single-Arm Case

task 4

For a robotic system, choose y**** as any set of ask-space quantities to be controlled, physical quantities

that may be expressed as n linearly independent functions of the generalized coordinates, q:
y*** = h(q) (5.1)
where h : R™ — R™. Its time derivative can be expressed as:
yet = W(q)q + Wi(a) (5-2)

where W/(q) is a n X n matrix and W}(q) is a n vector of functions of q and time t°. Also choose

for the system a set of generalized speeds, u, related to the generalized coordinates by:

u = W(q)q + Wi(q) (5.3)

“As will be shown, these physical quantities can include not only linear translations and angular rotations, but any physical
quantities that can be expressed as functions of the generalized coordinates. Keeping the arms in a high-leverage configuration
and away from singularity, and minimizing thruster use are two cogent examples.

’In particular,

_ oh(g)

and

wig = 29
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where W(q) is an X n matrix and W,(q) is a n vector of functions of q and time . Let the equations

of motion for the robotic system, using this set of generalized speeds, be expressed as:
F=M/(q)u+C'(qu)u+G'(q) +f; = Y'(q,u,u,u)0 +f; (5.4)

where f; is added to represent the effects of prescribed motions.

Now define the generalized Jacobian® as:
J(q) € W(@W™(q) (5.5)
and a time-dependent vector, J¢(q), as:
Tu(@) 2 (Wi(a) - W(QW ™ (q)Wi(a)) (5.6)

such that,
vk = J(qu + Ji(a) (5.7)

Then the zask-space adaptive control law is:

— , ~ P ~task ~
F = M(qu+C(quaus+G'(q)+f+IT"(q) (Kvyym + pry‘“"k) (5.8)
T = W(q)TF (59)
where ylook = ylosk _ y'*e* and '}L'mak = yioek — yt%%%. The control law can be expressed in terms

of the parameter vector as:

F(2=9)Y'(q, ug, ug, 13)8 + £ + I7(q) (Kvy')"'t“k + prgr‘“k) (5.10)
The corresponding adaptive update law is:
6= 'Y (g 4,040,507 7 @) (5 + ) (5.11)

In addition, the desired generalized speed and its derivative are given by:

u4 (;) J—l(q)y:iaak - J_I(Q)Jt(q) (5.12)
W g I (58 - T wT @y
- T(qu) T Q)T(a) - T z(q)) (5.13)

The generalized Jacobian presented in this thesis is 2 more formal definition than that presented by Umetani and Yoshida
(44). The generalized Jacobian is generalized, because it relates two sets of generalized speeds, and its terms obviously depend
on the choice of the sets of generalized speeds.
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The only requirement is that the configuration of the system must be monitored to ensure that J(q)

stays away from singularity’.

gt Feedback

Manipulator | q, y“’fym

ymk _{}_ )
1% (K, §4HK , §°) System
A
. Inverse
» g~ u,,4 Dynamics 1
Y8
Adaptive Law / 9

O=IY'Y (747

q

Figure 5.1: Block Diagram of the Zask-Space Adaptive Controller—Single-Manipulator Case
The task-space adaptive control tracks task-space trajectories by performing feedback directly

on the task-space errors, **°*. Note that the adaptive parameter update is also based on the
task-space tracking error. This controller structure is once again very similar to the original
controller, Figure 3.1, and almost identical to the endpoint adaptive controller Figure 4.3.
The only changes are the use of the generalized Jacobian blocks that transform the task-space
quantities into equivalent generalized speeds. The transformation block, W(q), is still required

to bring generalized forces into actual joint torques.

Figure 5.1 shows the structure of the task-space adaptive controller. Note the similarity with the
endpoint adaptive controller of Figure 4.3.
In fact, comparing the sask-space adaptive controller (Equations 5.7-5.13) with the endpoint

task 1o be the end-effector position

adaptive controller (Equations 4.31-4.37) shows that choosing y
and orientation®, the two controllers are identical.

The task-space adaptive controller represents a generic controller structure, capable of handling

"For the general zask-space vector—one that does not correspond only to end-effector position and orientation—the
singularity points of J(q) can be caused by cither kinemanic singularity or algorithmic singulariry. Kinematic singularity
occurs when the physical configuration of the system is such that there is a loss of degree of freedom, e.g., when two links are
aligned. Algorithmic singularities are all other configurations, q, such that rank (.7 (q)) < n.

®Note thar although the planar examples in this thesis do not show the end-effector orientation, a general manipulator
end-effector configuration is described by its position and orientation.



5.2. Generalized Relationships 53

any number of control modes just by switching the sask-space control mathematical vector. Switching
control modes essentially involves only the switching of the generalized Jacobian blocks and the trajectory
generators to produce trajectories appropriate for the new ask-space control quantities. The feedback
gains also should be changed appropriately for the controlled quantities; but none of the inverse
dynamics controller, the adaptive update blocks, or the system parameters need be modified. Because
the system model does not change during control mode switches, there will be no transient response in

the system.

5.1.1 Proof

The stability proof for the endpoint adaptive controller in Chapter 4 # the stability proof for the task-
space adaptive controller. At each step in the proof; simply replace x with ytes¥ and J'(q) with J(q).
All that remain are the justification for the definition of the generalized Jacobian and its relationship to

task-space quantities.

5.2 Generalized Relationships

This section establishes the relationships between two sets of generalized speeds, partial velocities, gen-
eralized active forces, and equations of motion. Utilizing these generalized relationships, Section 5.2.5
provides additional validation of the fask-space adaptive controller—this time on an intuitive level—
showing the similarity between the sask-space adaptive controller and the original Bayard and Wen

controller.

5.2.1 Generalized Speeds

Define two sets of generalized speeds as:
u=W(q)q+ W(q) (5.14)

and

u' = W'(q)q+ Wi(q) (5.15)
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Solving for q in Equation (5.14) and substituting into Equation (5.15) gives®:
v = W(QW (qu+ (Wi(q) - W(@QW (@W.(q)) (5.16)

where the terms in the parenthesis are independent of both sets of generalized speeds, u and u'.
Making the generalized Jacobian definitions,

J (@) £ W(QW(q) (5.17)
and a time-dependent vector, J4(q), as:

Ti(a) £ (Wila) - W(@W (@ W.(q)) (5.18)

Equation (5.16) becomes:
v =J(qu+ T(q) (5.19)

Comparing u’ in Equation (5.15) with the time-derivative of the task-space vector in Equation (5.2),

shows that ytaok

is simply another choice of generalized speeds corresponding to u’. Thus, Equations (5.16~
5.19) prove the generalized Jacobian relationships of Equations (5.17-5.7).
Using the generalized Jacobian notation, the relationships between the two sets of generalized speeds

and their derivatives can be given by the following equations:

v = J(qu+ J:(q)
u = I - Ti(@) (5.20)
i = J7(Q) (¥ - T(awI @y - T(q,w)T (@) Tu(a) - Te(qu)

The equations in 5.20 justify the calculations in Equation (5.12) and Equation (5.13) to derive desired

generalized speeds and their time-derivatives from desired #ask-space quantities.

5.2.2 Partial Velocities

Partial angular velocities and partial velocities play large roles in the development of Kane’s dynamical
equations for generating the equations of motion of a system. This section examines the relationship
between two sets of partial angular velocities and partial velocities that result from any two choices of

generalized speeds.

’In a holonomic system, the number of generalized speeds equal the number of generalized coordinates, such that W(q)
and W’(q) are both square and invertible.
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The angular velocity in reference frame N of a rigid body B and the velocity in IV of a point P on
B can be expressed uniquely as [15]:

n
w= Zwru, + w (5.21)
r=1
and
n
v= E Vety + Vi (5.22)
r=1

where W, vy, wy, and v; are functions'® of q and time ¢, and wu, is the rth generalized speed. The
vector, wy, is the rth partial angular velocity of B in N, and v, is the rth partial velocity” of Pin N.
Again, when there is no prescribed motion, w; and v are zero.

Rewriting Equation (5.21) and Equation (5.22) in matrix notation gives:
w=[wu+w: (5.23)

and

v=[vi]u+v; (5.24)

where the 7th column of the matrix [w,] contains the rth partial angular velocity, and the rth column
of the matrix [v,] contains the rth partial velocity!2.

Using the two sets of definitions for generalized speeds in Equation (5.14) and Equation (5.15), the
expressions for w and v can be expressed as:

w3, [wrylu+w; = [w]u' + ) (5.25)

and

— — / ! !
A [vilu+ vy = [vi]u' +v; (5.26)

19Because of the dynamics of physical systems, these partial-velocity functions are independent of the generalized speeds.
"1 Note that the partial angular velocities are the partial derivatives of w with respect to the generalized speeds, and the
partial velocities are the partial derivatives of v with respect to the generalized speeds. That is:

-

vr =

a
wr=§

Uy Buy

In practice, W, and v, can be derived by inspection, since they are simply the coefficients of . in the expression for w and v,

respectively.
2The brackets notation represents the matrix comprised of all partial velocity vectors, respectively:

[wr]=[w1 w,,] [vr]=[v| v,.]
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where [w!] and [v!] are the partial angular velocities and partial velocity matrices, respectively, associ-
ated with u’.

Utilizing the relationship between the generalized speeds, substitute Equation (5.16) for u’ into
Equation (5.25) and Equation (5.26) to give:

wlutw: = [W]W(@QW ' (qu
+ (W] (Wil@) - W'(@W ™ (@Wi(a)) +wi (5.27)

and

vlutve = [vi] Wi(QW " (qu
+ V] (Wil@) - W(@W ™ (@W.(@) v} (5.28)

Equating the coefficients of u results in the relationship between the two sets of partial velocities:

wl = WW@W (@)= [W]T@ (5.29)

[vi] W (q)W™!(q) ENVARACY (5.30)

[vr]
These relationships will be used to relate the sets of generalized active forces associated with the two sets
of generalized speeds.
5.2.3 Generalized Active Forces
This section develops the relationship between any two sets of generalized active forces. The generalized

active force acting on a rigid body B is defined in Kane [15] according to the following:

If B is a rigid body belonging to a holonomic system S possessing n degrees of freedom in a
reference frame NV, and a set of contact and/or distance forces acting on B is equivalent to a couple of
torque T p together with a force R whose line of action passes through a point Q of B, then (F})p,

the contribution of this set of forces to the generalized active force F,. for S in N is given by
Fp=wl -Tp+v® - Rg (r=1,..,n) (5.31)

where w?P and v2 are, respectively, the rth partial angular velocity of B in N and the rth partial
velocity of Q in N.
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Note that the dot-products are equivalent to the following:

T
w,l? 'TB = w? TB (5 32)
v?.Rqo = VvPTRg
Stacking the contribution of B to the n generalized active forces into a column vector re-expresses
Equation (5.31) in matrix notation as'?:
wlB Tg V? ‘Ro
F, =
[( r)B] 5.31) + .
_wE'TB_ _vg-Rq_
wBTTp vOTR,
_ . + .
(5.32) T .
] wB ' Tp 1 1 v@ Rg ]
= [wB] T+ [v¥] Re (5.33)
(525526 L T T

where the [(F}) ) is the set of generalized active forces contributed by forces acting on body B.

Summing over all bodies in system S yields the generalized active force vector for the system:

B 51T Q17
Fy & [or] To+ ] Ra (5.54)
bodies
Using the alternate set of gencralized speeds, u', the generalized forces given by Equation (5.34)

becomes:
T T
F’ = !B T Q0 .
(5.34,5.25, 5.26) gu: [wf ] B+ [Vr ] Rq (5.35)
bodies
where the primed notation indicates the generalized active forces and partial velocities associated with

u'.
To derive the relationship between F and F, substitute the partial velocity relationships of Equa-
tion (5.29) and Equation (5.30) into Equation (5.34):
T T
Y ([« W@W @) Ts+([v?]W@W'(@) Re
all

bodies

(5.34,5.29, 5.30)

13The matrix notation is defined as:

(F)
a2 | ¢
(Fn)g
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=Y (W@w@) [#2] Ts+ (Waw@) [9] Re

all
bodies
= (W’(q)W“(q))T > [w? ]T Tp+ [VLQ]T Ro (5.36)
all
bodies

Using Equation (5.35) as the expression for generalized forces results in the relationship:

' - T_,
F 5539 (W (@QW l(q)) F (5.37)

Hence, taking the definition of generalized Jacobian in Equation (5.17) gives:

_ Ty
F(s.ay’,s.mj(q) F (5.38)

Equation (5.38) is a general relationship between two sets of generalized active forces for any two sets

of generalized speeds.

Utilizing the following definitions for generalized speeds of a single-manipulator robot:
g g g % g p
u=4q
u = xtip
the corresponding generalized active forces are:
F=r1
F! = Ftip

Substituting these into Equation (5.38) and utilizing the endpoint Jacobian gives:
T =JT(q)F¥r (5.39)

This is the familiar relationship relating actuator torques to endpoint forces. The development in this
section provides a more formalized proof of this relationship than the usual proof involving statics and

virtual work!4.

5.2.4 Equations of Motion

The equations of motions for a system of rigid bodies, such as a rigid-link robot, in terms of a set of
generalized speeds, u, as:
F = M(q)u+ C(q,u)u+ G(q) + £ (5.40)
MSee Appendix A.4 for the virtual work proof.




5.2. Generalized Relationships 59

where the vector, f;, has been added to include possible forcing functions that keep the system in some
prescribed motion. Using another set of generalized speeds, ', the equations of motion are equivalently
expressed as:

F = M'(q)d’ + C'(q,u')u’ + G(q) + f; (5.41)

This section demonstrates the relationship between the terms in the two sets of equations of motion. It

also demonstrates the motivation behind the choice for the zask-space adaptive control law.

Using the generalized Jacobian relationships defined in Equation (5.20) to substitute for 1 and u

in the first set of equations of motion gives:
F = M(@J (@i +(Claw) +M@JI (@I (qu) T v + G(a)
+, - M(@) (T (a0, 0)T " (@JT (@) + Te(q, )
—C(q,u)T (@) T «(q) (5.42)
Premultiplying Equation (5.42) by J~7(q), and using Equation (5.38) to substitute F for F gives:
F = 77 (@M(@J (@
+777(q) (Cla,v) + M(@)T (@) T (q,w)) T @u' + T T(@)G(q)
+77(@ (£ - M@7 (@) (T (@ 0T @@ + T(aw)
- ClaWI(@T(a)) 5.4)
When there are no prescribed motions, f; and J'+(q) are zero, thus, Equation (5.43) simplifies to:
F = J T (qM(q@JT (v
+777(q) (Cla, u) + M(@T (@ T (@, w)) T (v
+J1(@)G(a) (5.44)

Hence, without prescribed motions, there is a simple transformation between the terms of two sets
of equations of motion. Comparing terms in Equation (5.44) with the equations of motion in

Equation (5.41) developed for u’ gives:

M(q) = I (@M(@T (@ (5.45)
Clqu) = I77(@)(Cla,w) + M@ (@I (@) T (@ (5.46)
G'(q = T T(qG(q) (5.47)
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Similarly, one can show that:
Y'(q v, v, &) = T (@)¥Y(q,u,u, 1) (5.48)

where Equations (5.20) are used to express u and 1 in terms of u’ and W'.

Equation (5.43) and Equation (5.44) demonstrates the relationship between the equations of motion
developed with any two sets of generalized speeds. When there are no prescribed motions, as is usual
in most robotic applications, there exist direct one-to-one mappings between the two sets of inertia

matrices, nonlinear matrices, and gravity torque vectors, given by Equations (5.45-5.47).

5.2.5 Task-Space Control Law Revisited

Employing the generalized relationships developed in this section, the sask-space adaptive controller

given in Section 5.1 can be written in a simple form'>:

Ftaak = ﬁtaak(q)y&aak + étaak(q’ y‘tiaak)yfiaak + (’;taak(q) + fttaak
~task ~
+ (Kwy“" + pry“‘”‘) (5.49)
T = W(@TI(qF"* (5.50)

where,

Fiek = 7T(q)F
M'(q) = T T(@M(a)T '(q)

Clqu) = J7(a)(Clqw)+MaIT (@I (@) T (@
G'(@ = T 7(QG(q)

The control law can be expressed in terms of the parameter vector as:

. . . -~ ~task ~
Ftaak(;)ytaak(q’ y(tiaak’ yf‘aak’ yfiaak)a + fttask + (Kvyytaa + KPyytaak) (551)
The corresponding adaptive update law is:
= taskT . =task ~task
8= Iy (q uaug, 00 (7 + 5t (5.52)

Just premultiply Equation (5.8) by J =7 (q).
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Comparing Equations 5.49 and 5.52 with the original joint-space control law,
7 = M(@)da + C(a,40)aa + G(a@) + Kva + Kpd (553)
and the parameter adaptation law,
6 = I'YT(q, 42,4, da) (§+ <) (5.54)

shows that the sask-space adaptive controller is completely analogous to the original control law, except
for the additional term, ff""’k , 10 handle prescribed motions. Equations (5.49) through (5.52) show
very effectively that control is performed completely in zask space. This provides a satisfying justification
for the form of the sask-space adaptive controller, at least on an intuitive level®.

Although the form of the adaptive controller given in Equations (5.49-5.52) appears much simpler
than that offered in Section 5.1, it is, in general, actually much more difficult to implement. Depending
on the choice of the fask-space objectives, the terms in the equations of motion developed in rask
space, Mte#¥(q), Ct3%¥(q, y****), and Gte#¥(q), can be much more complex than those derived for
another set of generalized speeds. Thus, the zask-space adaptive controller given in Section 5.1 provides
maximum flexibility for implementation. One can derive the system model utilizing a set of generalized
speeds that minimizes the complexity, while still able to control the system in any other choice of
task-space objectives!”.

The following sections provide examples of valid zask-space control objectives other than simple

endpoint control.

5.3 Control in a Noninertial Reference Frame

Controlling in a noninertial, or accelerating, reference frame is an important control mode for a free-
flying space robot'®. This mode is useful when manipulating in the frame of the robot—for example,

when performing docking or assembly while sensing both mating parts from the mobile robot base. The

1€As Chapter 4 shows, however, the stability proof did not not carry through to zask-space quite as readily: An additional
condition that the manipulators stay away from singularity was required.

17This is also why this dissertation continues to distinguish berween sask-space vectors and generalized speeds, despite
showing that the derivative of y*®** is simply another set of generalized speeds.

18Piease note that controlling in a moving or noninertial reference frame is a separate issue from simply controlling from a
moving base. One can perform control from a moving base in a inertial reference frame as well as from an noninertial one.
The difference is whether the desired trajectories are specified as fixed in an inertial or noninertial frame.
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robot base may be rotating or otherwise accelerating, making the robot frame a noninertial reference
frame.

Although all development up to this point has assumed an inertial reference frame, this section
shows that control in a noninertial reference frame can still be expressed as a zask-space objective, making
direct application of the sask-space adaptive control law feasible. This section also presents an example,
based on the familiar two-link arm, that demonstrates the differences between inertial and noninertial

frame control: it shows that for a space robot, the noninertial-reference-frame controller can be more

fuel efficient than the inertial-frame controller.

5.3.1 Adaptive Endpoint Control in Noninertial Frame

The adaptive endpoint control in a noninertial frame also utilizes a generalized Jacobian—but one

derived in the noninertial frame. The kinematic relationship, from Equation (4.15), is:
x = k(q) (5.55)

which is independent of reference frames!®. Differentiating this relationship is dependent on the
reference frame in which the derivative is taken. Doing so in a noninertial frame, B, and expressing it

in terms of generalized speeds gives:

B, _ By
%= PT(a)u (5.56)

where BJ'(q) is the endpoint Jacobian with respect to the B reference frame. Following the same
development as the original Jacobian yields the following inverse relationships:
u = Byl(q)Bx (5.57)
a = P37 (Px- BJ(qu) P37 (q) Px) (5.58)

Thus, choosing the generalized Jacobian to be:

J(q) = B¥(q) (5.59)

allows direct application of the zask-space control law in Section 5.1.
Note that although the noninertial Jacobian does not contain any information about the motions of

the noninertial reference frame, the centrifugal and Coriolis effects of the the accelerating reference frame

The physical position vector to the endpoint may be expressed in terms of different coordinate systems; but, as a physical
vector, it is of course independent of the reference frame.
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are still being compensated by the C’'(q, ug)ug and f; terms in the control law (see Equation (5.8)):

Those terms do include the motions of the reference frame.

Example

The modified two-link arm example illustrated in Figure 5.2 is used to compare the difference between
inertial- and noninertial-frame control. The familiar two-link arm is placed on a mobile base with

a single rotational degree of freedom, represented by g3.  The center of both coordinate systems is

Figure 5.2: Two-Link Arm on a Turntable

@1 and qu represent the shoulder and elbow joint angles, and g3 is the rotation angle of
the turntable. x'*? is the (invariant physical) position vector from the shoulder to the the
manipulator endpoint. a; and a; are mutually orthogonal unit vectors fixed in the inertial
frame, while by, and b, are mutually orthogonal unit vectors fixed in the turntable frame.

assumed to be at the shoulder. The inertial reference frame is defined by the mutually orthogonal unit
vectors, a; and ay, the rotating reference frame of the turntable base is defined by the unit vectors, b,

and bz.
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Define the generalized speeds as:
A .
Uy = q
“w & G+ (5.60)
A .
U3 = @

Also define y**** for inertial control as a combination of the endpoint position—expressed in the
inertial coordinate system—and the base rotation:
xtip - ay
ytaak 2 xtip .ap (561)
a3
For noninertial frame control choose a combination of the same endpoint position—but expressed in
the noninertial coordinate system—and base rotation:
Xtip . b1
ytaak a2 xtP . b, (562)
q3

The inertial reference frame Jacobian can be expressed as:

=lsin(q1 +q3) —lsin(q1 + g2+ q3) —lisin(q + ¢3) — I2sin(qy + @2 + ¢3)
J(@ = Lcos(qi+g5) lacos(qy +q+¢3) licos(qn + gs) + lacos(qy + g2 + q3)

0 0 1
(5.63)

and the base-relative Jacobian is:

—lisin(q1) —lasin(g2 +¢q3) O
BJ(@)=| Lcos(q) Ircos(gz+gqs) O (5.64)
0 0 1

Both controllers compensate for inertial effects, since each set of desired zask-space motions is resolved
first into equivalent desired generalized speeds and generalized-speed derivatives before incorporating
them into the dynamics equations (sec Equation (5.8)). The main difference appears in the feedback
portion of the controllers. The last term in the control law of Equation (5.8),

Ltask

I (q) (Kv,,y + pr'y’“’“> (5.65)
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illustrates the difference between the controllers.

Consider the effect of a pure endpoint error given by:

X = Azb; (5.66)

= Axzcos(gs)a; + Axsin(gs)a; (5.67)

Also consider, without loss of generality, that the position gains are all unity.
The feedback law of the inertial frame controller asks for a compensating generalized force given by
(see Equation (5.8):

—ll sin(ql)
J'(Q)Ti(s.sfs.en —lysin(q1 + ¢2) Az (5.68)
—lysin(q)) — Lsin(q1 + ¢2)

The compensating generalized force called for by the base-relative controller is (see Equation (5.8)):
—~1y sin(q)

_lz sin(ql + q2) Arx (5.69)
0

BJ’(Q)Ti(s.sfs.se)

The first two terms in the generalized-force (mathematical) vector represent output from the
shoulder and elbow motors. Equation (5.68) and Equation (5.69) show that both controllers will
request the same amount of arm motor torques to compensate for the error. The difference is in the last
term of the generalized-force vector, which represents the torque on the mobile base. Equation (5.68)
shows that using the inertial reference frame Jacobian, the controller will compensate in the turntable
for the effects of applying torques to the two-link arm. Equation (5.69) shows that the controller using
the noninertial Jacobian ignores this effect. The base motor is actuated only in response to errors in the
base orientation or angular rate, but not to endpoint-error feedback.

Although one can argue whether the latter is the desired behavior one would expect from a
noninertial frame controller, this behavior is actually beneficial for space-robot control. The controller
can place relatively high feedback gains on the base-relative position and velocity of the end effectors

or a manipulated payload to cancel small tracking errors withour incurring thruster firing?, saving

20The thrusters will fire in response to base position and orientation errors.
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21

precious fuel. The inertial-frame controller will a/ways fire the thrusters® to compensate as needed for

the feedback torques applied to the arms.

5.4 Space-Robot Control—Single Manipulator

The control of a space robot involves controlling the robot base and the manipulator simultaneously
to achicve some desired trajectory of the payload, end effector or arm joints. For payload control, a
natural zask-space control mathematical vector is simply the one containing both the payload and robot
base positions and orientations. Additionally, the payload motions can be expressed in either an inertial
reference frame or the base-relative frame.

Figure 5.3 shows an example utilizing a planar, one-arm space robot. The base has three degrees of
freedom—two in translation and one in rotation—and the arm has two degrees of freedom, totalling
five for the system, as represented by ¢; through gs.

For endpoint control in the inertial reference frame choose??:

x9Q . a,

x9Q . a,
task = q3 (570)

94

gs

such that,

A)'(Q s ay
A*Q -as
. k .

fash = ds (5.71)

q4

- qs -

Implementation of zask-space adaptive controller, therefore, will provide adaptation while simultane-

ously controlling the manipulator endpoint position and the robot base position and orientation.

2 Actually, the thrusters will not fire unless the compensating forces are above the threshold of the on/off thruster controller.
This, however, prevents the use of higher gains for the control of endpoint or payload positions.

ZFor the special case that the end effector grasps the object at its center of mass, endpoint control is the same as object
control.
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b;

q;

T 24

Figure 5.3: One-Arm Space Robot

1 and q; represent the shoulder and elbow joint angles. g3 and g4 represent the position of
point B on the robot base, resolved into components along a) and ay, respectively. gs is the
orientation of the robot base. x9@ is the position vector from the center of the coordinate
system fixed in A to the manipulator endpoint, while xPQ is the position vector from the
center of the robot base to the endpoint. a; and a; are mutually orthogonal unit vectors fixed
in the inertial frame, while by and by are mutually orthogonal unit vectors fixed in (painted
on) the robot base frame.

On the other hand, for endpoint control in a useful combination of frames, we can choose the

task-space vector to be:

xBe. b,
xB9 . b,
task _

93
a4

(5.72)
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such thar,

ByQ. b,
BxQ.b,
ylok = ds (5.73)

ds

gs

which generates a controller that simultaneously controls the endpoint in the base frame and the robot
base in the inertial frame. A significant benefit of the base-relative controller, as mentioned in Section 5.3,
is that higher feedback gains can be used on the endpoint tracking errors without incurring excessive

thruster firings, thereby saving fuel.

5.5 Control with Motion Constraints

Motion constraints occur when the manipulator comes into contact with a surface or another object.
These constraints can often be incorporated into the task-space vector by considering the relative velocity
between the endpoint and the surface or payload object. Figure 5.4 shows a planar arm about to grasp
an object. The payload is modelled as part of the system, where its position is described by g3 and g4.
The object is assumed, for simplicity of presentation, to be circularly symmetric, and the grasp point,

x99, is at the center of the object?.

For this situation it is advantageous to let the rask-space vector be composed of the endpoint position

and the relative position between the endpoint and the grasp point on the object:

x99 . a,

x99 . a,
(xOQ - xOQ') - ay
(xoo - xOQ’) -ay |

task —

(5.74)

BThe only reason for this requirement is because, with only two manipulator joints, and no orientation control at the end
effector, the orientation of the object is uncontrollable. The problem can be expanded readily to include a rotational joint at

the gripper.
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Figure 5.4: Motion Constraint

¢ and g, represent the shoulder and elbow joint angles. The object is modelled as part of the
system, and its position is given by g3 and qs. Q marks the endpoint of the manipulator, and
Q' is the grasp point on the object. When the manipulator grasps the object, Q coincides with
Q'. a, and a; are mutually orthogonal unit vectors fixed in the inertial frame.

such that
[ %9 . a; 1
. Q .
ylork = B (5.75)
()'(Q - )'CQ ) *a)
L (J'{Q —)'(Q’) ay ]
J 0
_ (@ u (5.76)
| J(@) Iz
= J(q)q (5.77)

where J(q) is the endpoint Jacobian, Ip» is the 2 X 2 identity matrix, u = q, and J(q) is the
resulting generalized Jacobian. To enforce the motion constraints, the controller simply specifies that

the last two terms of the desired trajectories, y{2¥, yok

, and j"fi“"k, be zero.
This example will be useful when formulating multiple-manipulator cooperative control in Chap-

ter 6. The force constraints that occur at the grasp point will also be examined in Chapter 6.



70 Chapter 5. The Task-Space Concept

5.6 System-Momentum Control

Control of the total system momentum can be useful for space robots as a fuel savings measure. By
controlling endpoint or object motions while maintaining constant system momentum, no thrusters
will be fired, ensuring that no fuel is expended. With no thrusters, the robot base will of course react
to the motions of the manipulators. The controller compensates appropriately for these base motions
to allow accurate trajectory tracking of the endpoint or payload object.

This section shows that the system linear momentum and angular momentum can be expressed
as yet another set of task-space objectives. In particular, they are shown to be a linear function of
generalized speeds?4.

The linear momentum L® of a system of p bodies is the sum of the linear momentum of each body

i in the system?>:

p .
L =YL (5.78)
=1
P i*
= Z m;v* (5.79)
i=]
where v*" is the velocity of the center of mass of body i.
Expressed in terms of generalized speeds, L° becomes?:
P noo
L® = Zm.- Zv; Uy (5.80)
=1 r=1
P n .
= Z Z m;v, u, (5.81)
=1 r=1
n p .
= E Z m;v:. Ur (582)
r=1i=1
= Y Lu, (5.83)
r=1
= [L,S] u (5.84)

where LY is the partial linear momentum given by:

P .
LS = Zm;v: (5.85)
=1

UGee Koningstein [19] for more details.
% Formally, this is the linear momentum of S in frame A if the velocities are also in A.
% Because the whole system is being modelled, there are no prescribed motions, making v} zero.



5.6. System-Momentum Control 71

and the matrix notation, [Lf ] , is given by:

[Lf] = [ L ... LS ] (5.86)

Similar arguments follow for the central angular momentum H5/5" of a system of p bodies about

the system mass center $*:

p Ty - »
HS" = Y H/" +HY/S (5.87)

i=1
p s o : .k T

= Y I/t x5 xmvt (5.88)
i=1
P i /1t id : .l i L]

= EI'/' Zw;ur +x5 xmy Zv; U, (5.89)
=1 r=1 r=1
n p ] . L] .y

= Z (Z ) A w;y + x5 x m;v; ) Uy (5.90)
r=1 \i=1
n p Yy - .

= Z (Z HY" + x5 x L;) Uy (5.91)
r=1 \i=1

= Y Hu, (5.92)
r=1

- [Hf/s'] u (5.93)

LPL ) .. .
where x5*¥" is the position vector from the system center of mass to the center of mass of body 7, and

575" is the partial central angular momentum of the system given by:

p P 1 -'% .
HY/S =S HYY +x57 xL; (5.94)
i=1
The matrix notation, [Hf/ S‘] , is given by:
[H5/5"] = [ H/*" .. HYY ] (5.95)

Thus both L and H%/5" can be viewed as alternate generalized speeds (see Equation (5.15)). As
such, they are valid choices for elements in the zask-space vector?’.
When no adaptation is required, the zask-space controller presented in Section 5.1 can be used

directly to control system momentum. That controller, however, cannot in theory be implemented for

77 Since the task-space vector needs to have 7 elements—matching the degrees of freedom in the system—the system linear
momentum and angular momentum by themselves do not of course provide sufficient degrees of freedom to complete a
task-space mathematical vector.
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adaptation, because the terms in the generalized Jacobian corresponding to [L;? ] and [ 5/ S.] contain
unknown parameters, such as masses, moments of inertia, and the center-of-mass location for each body
i. In this case, the adaptive controller formulated completely in sk space, as given in Section 5.2.5,
may be required. Utilizing this form of the controller, however, increases controller complexity. The

noninertial reference frame controller may be a better candidate for fuel-efficient control.

The one-arm space robot illustrates the control of system momentum. Figure 5.5 depicts the system.

Since this is a planar system, the system linear momentum involves two degrees of freedom in the plane,

Figure 5.5: One-Arm Space Robot—Momentum Control

g1 and g, represent the shoulder and elbow joint angles. g3, g4, and gs represent the position
and orientation of the robot base. Q marks the manipulator endpoint, and S* marks the
systemn mass center at this instant. a; and a; are mutually orthogonal unit vectors fixed in the
inertial frame, while b, and b, are mutually orthogonal unit vectors fixed in the robot base
frame. a3 and b; are unit vectors perpendicular to the plane and point out from the plane.

and the angular momentum only involves one degree of freedom—rotation about an axis in a direction
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perpendicular to the plane. Choose the fask-space mathematical vector such that its derivative is:

AJ'CQ a) ]

A)'CQ ca

yer = | LS.a (5.96)
L5 &

HS/S" . ay
J(a)
]

= J(qu (5.98)

.

where J(q) is the 2 X 5 endpoint Jacobian in the inertial frame, [Lf] is the 2 x 5 partial linear
momentum matrix, and [Hrs / S'] is the 1 X 5 partial angular momentum matrix.
To maintain zero system momentum while controlling the endpoint, simply set the last three terms

stask

task taak’ and ¥4k, to zero.

in the desired zask-space trajectories, y /**", ¥ 4
Base-relative endpoint control can be achieved by choosing to use the base-relative endpoint Jaco-

bian, BJ(q), in ytaakzs.

5.7 Redundancy Management

Task-space control offers a limited solution to the control of redundant mechanisms. Whether a system
is redundant involves consideration of the number of degrees of freedom (DOF) in the system versus
the number of degrees of freedom to be controlled. If the number of controlled degrees of freedom is
less than that of the total system, the control is said to be redundant.

The classic example is the control of a manipulator end effector in six degrees of freedom—three in
position and three in orientation—with a 7 DOF manipulator. The endpoint Jacobian for this system is
nonsquare, so the direct matrix inverse used to derive joint rates from endpoint velocities is unavailable.

Most redundant-control research has concentrated on utilizing the generalized inverse of the Jacobian:

a0 =17(a) (3@I7(@) " %+ (1 - 37(q) (3@ (@) J(q)) x (599

%1 actual implementation, proportional or pulse-width-modulation thruster control would still use a significant amount
of fuel, because the base-relative endpoint errors, while small, do not stay exactly zero. Combining this control mode with
on-off thruster control, on the other hand, would keep fuel use zero for extended periods.
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where X; can be any vector. The last term represents motion in the null space of J(q); that is, internal
motion that will not affect the endpoint motion. Without X;, the desired st of joint rates 44 minimizes
the energy expended in meeting the desired endpoint trajectory Xq. Many researchers argue of course
for the attractive option that adding X; can make the manipulator achieve additional objectives, such as
singularity avoidance or obstacle avoidance, while tracking endpoint trajectories. In practice, however,
it often occurs that choosing X to achieve the additional objectives is difficult. Moreover, solving the
generalized Jacobian inverse, J7(q) (J (a)J T(q)) - , can be computationally expensive.

The task-space control approach, however, allows direct choice of the additional objectives. In the
one-arm space robot example, the additional objectives are represented by either the direct control of
the robot base motions or the system momentum??. For those tasks involving redundant manipulators

where additional control objects can be appropriately chosen, zask-space control offers a simple solution.

5.8 Conclusions

Task-space control is a powerful concept for use in the control of robotic systems. It allows the
control engineer to develop the system model, or equations of motion, in its simplest form utilizing an
appropriate set of generalized speeds; yet it allows him to control any variables that can be expressed
as functions of the generalized coordinates. The rask-space control vector can contain a mixrure of
physically dissimilar quantities, containing joint motions, Cartesian motions, motion constraints, and
even system momenta, as long as the size of the zask-space vector matches the total number of degrees of
freedom of the robotic system. Finally, utilizing the stability proof for the endpoint adaptive controller,
one can show with negligible effort that the same proof demonstrates the stability of the rask-space

adaptive controller.

B This is also the approach chosen by Seraji [35) for the contro! of single-manipulator robots.
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