INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films the
text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleedthrough, substandard margins, and improper alignment
can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript and
there are missing pages, these will be noted. Also, if unauthorized copyright
material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by sectioning
the original, beginning at the upper left-hand comer and continuing from left to
right in equal sections with small overlaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9" black and white photographic
prints are available for any photographs or illustrations appearing in this copy for
an additional charge. Contact UMI directly to order.

Bell & Howell iInformation and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA

®»

800-521-0600






NOTE TO USERS

Page(s) not included in the original manuscript
are unavailable from the author or university. The
manuscript was microfilmed as received.

181

This reproduction is the best copy available.






FORCE CONTROL AND COLLISION AVOIDANCE
STRATEGIES FOR
KINEMATICALLY REDUNDANT MANIPULATORS

Farshid Shadpey

A Thesis
in
The Department
of

Electrical & Computer Engineering

Presented in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy at
Concordia University

Montreal, Quebec, Canada

JULY 1997

© Farshid Shadpey, 1997



i~l

National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wellington Street
‘Ottawa ON K1A ON4

Bibliothéque nationale
du Canada

Acquisitions et X
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
Our file Notre référence
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microforin, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.
The author retains ownership of the L’auteur conserve la propriété du

copjyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre wuprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

Canada

0-612-40320-3



ABSTRACT

Compliant and Force Control of Redundant Manipulators

Shadpey Farshid, Ph.D.
Concordia University, 1997

The problem of position control of non-redundant manipulators was addressed during the ini-
tial stages of development of robotics in the 70’s. In the 80’s, extension of robotic applications to
new non-conventional areas, such as space, underwater, hazardous environments, and micro-
robotics, brought new challenges for robotic researchers. Position control strategies failed in per-
forming tasks that needed interaction with a robot’s environment. On the other hand, non-redun-
dant manipulators were unable to perform tasks that required dexterity comparable to that
provided by the human arm. Also, imprecise dynamic modeling put severe restrictions on perfor-
mance of control algorithms which were based on exact knowledge of dynamic parameters. These
issues have therefore attracted a lot of attention in following three areas: force and compliant
motion control, redundancy resolution, and adaptive control strategies. These areas have been
addressed separately. However, there exists no unique frame work for an adaptive compliant
motion control scheme for redundant manipulators which enjoys all the desirable characteristics
of the methods that have been proposed for each individual area, e.g., the existing compliant
motion control schemes are either not applicable to redundant manipulators or cannot take full

advantage of the redundant degrees of freedom.

In this thesis, the existing schemes in each of these three areas are reviewed. Based on the
results of this review, a new redundancy resolution scheme at the acceleration level is proposed.
The feasibility of this scheme is studied using simulations on a 3-DOF planar arm. This scheme is

then extended to the 3-D workspace of a 7-DOF redundant manipulator. The performance of the



extended scheme with respect to static and moving object collision avoidance and also joint limit
avoidance is studied using both simulations and hardware experiments on REDIESTRO (a
REdundant, Dextrous, Isotropically Enhanced, Seven Turning-pair RObot constructed in the Cen-
ter for Intelligent Machines at McGill University). Based on this redundancy resolution scheme,
an Augmented Hybrid Impedance Control (AHIC) scheme is proposed. The AHIC scheme pro-
vides a unified frame work for combining compliant motion control, redundancy resolution, and
adaptive control in a single methodology. The feasibility of the proposed AHIC scheme is studied
by computer simulations and experiments on REDIESTRO.
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CHAPTER
1 INTRODUCTION

1.1 INTRODUCTION

In the Oxford English Dictionary, a robot is defined as “a machine that looks like a
human being and performs various complex acts (as walking or talking) of a human
being”. This definition expresses an ideal goal of building the perfect companion to serve
the human being. From a scientific point of view, researchers have set intermediate goals

at different stages.

The first goal was to build automated machines capable of performing repeatable
tasks. This goal was achieved between the 30’s and the 60’s and resulted in the industrial
revolution and automated production lines. The costly operation of changing an automated
machine for each change in the operation, created the need for designing more versatile

reprogramble machines.

The second goal was to design a multi-functional reprogramble robot manipulator.
Note that the word robot and manipulator are often used together or in the place of each
other in the robotics literature. This reflects the initial mandate that robotics researchers

had set for the application of robots in the 70’s. The main application was to manipulate



objects (“payloads”) in a well-arranged and known environment. The problem of position
control of manipulators was addressed in the 70’s to develop control schemes capable of

controlling a manipulator’s motion in its workspace.

In the 80’s extension of robotic applications to new non-conventional areas, such as
space, underwater, hazardous environments, and micro-robotics brought new challenges
for robotics researchers. The goal was to develop control schemes capable of controlling a
robot in performing tasks that required: (1) interaction with its environment; (2) dexterity

comparable to that provided by the human arm.

Position control strategies failed in performing tasks that needed interaction with a
robot’s environment. Therefore, developing control strategies capable of regulating inter-
action forces with the environment became necessary. On the other hand, new applications
required robots to work in cluttered and time-varying environments. While most non-
redundant manipulators possess enough degrees-of-freedom (DOF) to perform their main
task(s), it is known that their limited manipulability results in a reduction in the workspace
due to mechanical limits on joint articulation and presence of obstacles in the workspace.
This motivated researchers to study the role of kinematic redundancy. Redundant manipu-
lators possess extra DOFs than those required to perform the main task(s). These addi-
tional DOFs can be used to fulfill user defined additional task(s) such as joint limit
avoidance and object collision avoidance. Redundancy has been recognized as a character-
istic of major importance for robots in space application. This fact is reflected in the
design of the SSRMS, the Space Station Remote Manipulator System, which is a 7-DOF
redundant arm, and also the SPDM [62], the Special-Purpose Dextrous Manipulator,

which consists of two 7-DOF arms.

Finally, imprecise kinematic and dynamic modelling of a robot manipulator and its
environment puts severe restrictions on the performance of control algorithms which are
based on exact knowledge of the kinematic and dynamic parameters. This has brought the
challenge of developing adaptive/robust control algorithms which enable a robot to per-

form its tasks without exact knowledge of such parameters.



1.2 MOTIVATION AND OBJECTIVES OF THE THESIS

As mentioned in the previous section, the new applications for robot manipulators in
space, underwater, and hazardous material handling have led to considerable activity in

the following research areas:
* Contact Force Control (CFC) and compliant motion control
* Redundant manipulators and Redundancy Resolution (RR)
» Adaptive and robust control

Position control strategies are inadequate for tasks involving interaction with a compli-
ant environment. Therefore, defining control schemes for tasks which demand extensive
contact with the environment (such as assembly, grinding, deburring and surface cleaning)
has been the subject of significant research in the last decade. Different control schemes
have been proposed: Stiffness control [21], hybrid position-force control [22], impedance
control [25], Hybrid Impedance Control (HIC) [26], and robust HIC [27].

Recently, free motion control of kinematically redundant manipulators has been the
subject of intensive research. The extra degrees of freedom have been used to satisfy dif-
ferent additional tasks such as obstacle avoidance [9],[10], mechanical joint limit avoid-
ance, optimization of user-defined objective functions, and minimization of joint
velocities and acceleration [8]. Redundancy has been recognized as a major characteristic
in performing tasks that require dexterity comparable to that of a human arm, e.g., in space
applications such as for the Special Purpose Dexterous Manipulator (SPDM) which is
intended for use in the International Space Station “Alpha”. However, the compliant
motion control of redundant manipulators has not attained the maturity level of their non-
redundant counterparts. There is little work that addresses the problem of redundancy res-
olution in a compliant motion control scheme. For instance, Gertz et al. [36], Walker [35]
and Lin et al. [37] have used a generalized inertia-weighted inverse of the Jacobian to
resolve redundancy in order to reduce impact forces. However, these schemes are single-
purpose algorithms, and they cannot be used to satisfy additional criteria. An extended
impedance control method is discussed in [38] and [39]; the former also includes an HIC

scheme.



Adaptive/robust compliant control has also been addressed in recent years [47], [48],
and [49]. However, there exists no unique framework for an adaptive/robust compliant
motion control scheme for redundant manipulators which enjoys all the desirable charac-
teristics of the methods proposed for each individual area, e.g., existing compliant motion
control schemes are either not applicable to redundant manipulators or cannot take full

advantage of the redundant degrees of freedom.

The main objective of this thesis is to address the three research areas identified above
in the context of redundant manipulators. In this context, the existing schemes in each of
the three areas are reviewed. Based on the results of this review, a new redundancy resolu-
tion scheme at the acceleration level is proposed. The feasibility of this scheme is first
studied using simulations on a 3-DOF planar arm. This scheme is then extended to the 3-D
workspace of a 7-DOF redundant manipulator. The performance of the extended scheme
with respect to collision avoidance for static and moving objects and avoidance of joint
limits are studied using both simulations and hardware experiments on REDIESTRO (a
REdundant, Dextrous, Isotropically Enhanced, Seven Turning-pair RObot constructed in
the Center for Intelligent Machines at McGill University). Based on this redundancy reso-
lution scheme, an Augmented Hybrid Impedance Control (AHIC) scheme is proposed.
The AHIC scheme provides a unified framework for combining compliant motion control,
redundancy resolution and object avoidance, and adaptive control in a single methodology.
The feasibility of the proposed AHIC scheme is studied by computer simulations and
experiments on REDIESTRO.

In order to reduce the risk of damage to REDIESTRO during implementation of new

algorithms, the following steps have been followed:
* Algorithm development
* Feasibility analysis on a simple redundant 3-DOF planar arm
* Extension of algorithms to the 3D workspace of REDIESTRO

* Stability and trade-off analysis using simulations on a realistic model of the arm

and its hardware accessories

* Fine tuning of the control gains in the simulation



* Performing the hardware experiments

1.3 THESIS OUTLINE

CHAPTER 2: REDUNDANT MANIPULATORS; KINEMATIC ANALYSIS AND REDUNDANCY RESOLU-

TION

This chapter introduces the kinematic analysis of redundant manipulators. First, differ-
ent redundancy resolution schemes are introduced and a comparison between them is per-
formed. Next, the configuration control approach at the acceleration level is described.
This forms the basis of the redundancy resolution scheme used in the AHIC strategy pro-
posed in Chapter 4. Finally analytical expressions of different additional tasks that can be
used by the redundancy resolution module are given and simulation results for a 3-DOF

planar arm are presented.

CHAPTER 3: PRIMITIVE-BASED COLLISION AVOIDANCE FOR A 7-DOF REDUNDANT MANIPU-

LATOR

This chapter describes the extension of the proposed algorithm for redundancy resolu-
tion to the 3D workspace of a 7-DOF manipulator. First, a new primitive-based collision
avoidance scheme in 3D space is described. The main focus is on developing the distance
calculations and collision detection between the primitives (cylinder and sphere) which
are used to model the arm and its environment. Next, the performance of the proposed
redundancy resolution scheme is evaluated by kinematic simulation of a 7-DOF arm
(REDIESTRO). At this stage, fine tuning of different control variables is performed. The
performance of the proposed scheme with respect to joint limit avoidance (JLA), and
static and moving object collision avoidance (SOCA, MOCA) is evaluated experimentally
using REDIESTRO.



Chapter 4: CONTACT FORCE AND COMPLIANT MOTION CONTROL

This chapter begins with a literature review of existing contact force and compliant
motion control. Based on this review, a novel compliant and force control scheme Aug-
mented Hybrid Impedance Control (AHIC), is presented. The feasibility of using AHIC to
achieve position and force tracking as well as resolving redundancy to perform additional
tasks such as JLA, SOCA, MOCA is evaluated by simulation on a 3-DOF planar arm. In
addition to the kinematic additional tasks described in Chapter 3, the scheme is capable of
incorporating dynamic additional tasks such as multiple-point force control and minimiza-

tion of joint torques to achieve a desired interaction force with the environment.

Based on the problems encountered (e.g. uncontrolled self-motion and lack of robust-
ness with respect to model uncertainties) during simulations using the AHIC scheme, two
modified versions of the original AHIC scheme are proposed. The first scheme aims to
achieve self-motion stabilization and also robustness to the manipulator’s model uncer-
tainty, while the second scheme introduces an adaptive version of the AHIC controller.
The stability and convergence analysis for these two schemes are given in detail. Simula-

tions on a 3-DOF planar arm are performed to evaluate their performance.

CHAPTER 5: AUGMENTED HYBRID IMPEDANCE CONTROL FOR A 7-DOF REDUNDANT MANIP-
ULATOR

In this chapter the extension of the AHIC scheme to the 3D workspace of REDI-
ESTRO is given. Different modules involved in the controller are described. Considering
the complexity of the control scheme and in order to reduce the risk of damage to the robot

when performing the hardware experiments, the following steps were followed:
* Algorithm extension
* Software development:
* Stability analysis and trade-off study:

* Algorithm modification and fine tuning of the control gains



The first step is to extend the algorithm developed in Chapter 4 for the 2D workspace
of a 3-DOF planar arm to the 3D workspace of a 7-DOF arm. New issues such as orienta-
tion and torque control are considered. Considering the huge number of operations
involved in the controller and the limited processing power available, the next step is to

develop the control software which is optimized both at the algorithm and code levels.

At this stage, a stability analysis and a trade-off study are performed using a realistic
model of the arm and its hardware accessories. Potential sources of problems are identi-
fied. These are categorized into two different groups: Kinematic instability due to resolv-
ing redundancy at the acceleration level, and lack of robustness with respect to the
manipulator’s dynamic parameters. These problems are successfully resolved by modifi-

cation of the AHIC scheme.

CHAPTER 6: HARDWARE EXPERIMENTS ON CONTACT FORCE AND COMPLIANT MOTION CON-

TROL

The goal of this Chapter is to demonstrate and evaluate the feasibility and performance
of the proposed scheme by hardware demonstrations using REDIESTRO. The first section
describes the hardware of the arm (e.g. actuators, sensors, etc.), and the control hardware
(VME based controller, IO interface, etc.). The second section introduces the different
software modules involved in the operation, their role, and the communication between

different platforms.

Before performing the final hardware demonstrations, a detailed stability analysis is
given to provide guidelines in the selection of the desired impedances. A heuristic
approach is presented which enables the user to systematically select the impedance

parameters based on stability and tracking requirements.

At this stage different scenarios are considered and two strawman tasks - surface
cleaning and peg-in-the-hole - are selected. The selection is based on the ability to evalu-

ate force and position tracking and also robustness with respect to knowledge of the envi-



ronment and kinematic errors. These strawman tasks are also similar to the tasks that will
be performed by the SPDM in space. These tasks are window cleaning and On-Orbit
Replaceable Unit (ORU) insertion and removal.

CHAPTER 7: CONCLUSION AND FUTURE WORK

Based on the proposed algorithms for force and compliant motion control of redundant
manipulators, general conclusions are drawn concerning the achievements of this thesis.

Future avenues for research in order to extend the current work are also suggested.

1.4 CONTRIBUTIONS AND ACCOMPLISHMENTS

As indicated in the previous sections, the objectives of this thesis are to “propose a
unified framework for combining compliant motion control, redundancy resolution, and
adaptive control in a single methodology” and to demonstrate “the feasibility of the pro-
posed scheme by computer simulations and experiments on REDIESTRO”. The following
contributions and accomplishments can be identified as the result of the work done to meet

the aforementioned objectives:

1- A novel primitive based collision detection scheme. This scheme is general, and
provides realism, efficiency of computation, and economy in preserving the amount of
free space that would otherwise be wasted. All possible cases of collisions have been con-
sidered. In particular, cylinder-cylinder collision avoidance, which represents a complex
case for a collision detection scheme, has been formalized using the notions of dual vec-

tors and dual angles.



2- Implementation of a real-time collision avoidance system for a 7-DOF redun-
dant manipulator. Despite the geometrical complexity of REDIESTRO, the arm is
entirely modelled by decomposition of the links and attached actuators into sub-links
modelled by simple volume primitives. The performance of the system has been success-

fully demonstrated on real hardware, i.e. the REDIESTRO manipulator.

3- Extension of the configuration control approach for redundancy resolution at
acceleration level. Dynamic control of redundant manipulators in task space, such as the
case of compliant control, requires the computation of joint accelerations. Hence, redun-
dancy resolution should be performed at the acceleration level. However, most of the
redundancy resolution schemes at the acceleration level suffer from uncontrolled self-

motion. The sources of this problem and their solutions will be presented.

4- A new approach, Augmented Hybrid Impedance Control (AHIC), for contact
force and compliant motion control of redundant manipulators. This approach is dif-
ferent from similar schemes proposed for redundant manipulators from following points

of view:

» Different additional tasks can be easily incorporated in the AHIC scheme without

modifying the scheme and the control law.

e An additional task can be included in the force-controlled subspace of the
augmented task. Therefore, it is possible to have a multiple-point force control

scheme.

e Task priority and singularity robustness formulations of the AHIC scheme

relaxes the restrictive assumption of having a non-singular augmented Jacobian.



5- A new adaptive compliant motion and force control scheme for redundant
manipulators. The stability and convergence of the proposed scheme guarantee asymp-
totic convergence in both position and force controlled subspaces assuming precise force
measurements, while the scheme ensures stability of the system in the picsence of

bounded force measurement errors.

6- A new robust compliant motion and force control scheme for redundant
manipulators. The scheme is based on the AHIC approach and incorporates the following

modifications:

* A new formulation for redundancy resolution which achieves self-motion

stabilization 1.

* Adding an error reference controller in the inner loop achieves robustness with

respect to model uncertainties.

7- Implementation and hardware demonstration of the proposed compliant
motion and force control scheme on REDIESTRO. The hardware demonstration can be

considered as a major contribution from following points of view:

» There are very few cases in robotics literature where experimental results for

force and compliant motion control of a 7-DOF manipulator have been reported.

» Performing tasks such as peg-in-the hole requires very accurate positioning
wherein, in turn, requires a very well-calibrated arm. Considering the fact that
REDIESTRO has not been kinematically calibrated and is known to have
significant kinematic uncertainty, the successful operation of the peg-in-the-hole
strawman task by REDIESTRO demonstrates a high level of robustness of the

proposed scheme.
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8- The Robot Dynamic Modeling software (RDM) software. Considering the com-
plexity and large amount of computation involved in force and compliant motion control
for a 7-DOF redundant manipulator, the implementation of the real-time controller, from
both hardware and software points of view, by itself presents a challenge. The Robot
Dynamic Modeling software developed as a side product of the research reported in this
thesis provides a novel approach to modelling, simulation, and real-time controller devel-

opment for general applications in robotics.

These contributions have been partially reported in the following references: [71],
[82], [63], [43], [40], [42]. and [64].
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CHAPTER

2

REDUNDANT MANIPULATORS;
KINEMATIC ANALYSIS AND
REDUNDANCY RESOLUTION

2.1 INTRODUCTION

Particular attention has been devoted to the study of redundant manipulators in the last
decade. Redundancy has been recognized as a major characteristic in performing tasks
that require dexterity comparable to that of the human arm, e.g., in space applications such
as in the Special Purpose Dexterous Manipulator (SPDM) which is intended for use on
International Space Station *“Alpha”. While most non-redundant manipulators possess
enough degrees-of-freedom (DOF) to perform their main task(s), i.e., position and/or ori-
entation tracking, it is known that their limited manipulability results in a reduction in the
workspace due to mechanical limits on joint articulation and presence of obstacles in the
workspace. This has motivated researchers to study the role of kinematic redundancy.
Redundant manipulators possess extra DOFs than those required to perform the main
task(s). These additional DOFs can be used to fulfill user defined additional task(s). The
additional task(s) can be represented as kinematic functions. This not only includes the
kinematic functions which reflect some desirable kinematic characteristics of the manipu-

lator such as posture control [31], joint limiting [15], and obstacle avoidance {9], [10], but
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can also be extended to include dynamic measures of performance by defining kinematic
functions as the configuration-dependent terms in the manipulator dynamic model, e.g.,

impact force [37], inertia control [13], etc.

In this chapter, first, an introduction to kinematic analysis of redundant manipulators is
given. In the next section, we perform an up-to-date review of existing methods proposed
for redundancy resolution. We also study the performance of different redundancy resolu-

tion schemes from the following points of view:
» Robustness with respect to algorithmic and kinematic singularity
« Flexibility with respect to incorporation of different additional tasks

Based on this study, the “configuration control” approach has been selected as the basis for
resolving redundancy in the force and compliant motion control schemes proposed for
redundant manipulators. We also introduce the choice of the additional tasks and their ana-

Iytic representation. Simulation results on a 3-DOF planar manipulator are given.

2.2 KINEMATIC ANALYSIS OF REDUNDANT MANIPULA-
TORS

Definition: A manipulator is said to be redundant when the dimension of the task space m

is less than the dimension of the joint space n. Let us denote the position and orientation of
the end-effector along the axes of interest in a fixed frame by the (m x 1) vector X, and the
joint positions by the (nx1) vector g. In the case of a redundant manipulator,
r=n—m(r21) is the degree-of-redundancy. The forward kinematic function is define
as

X = f(q) (2.2.1)

The differential kinematics are defined by

X=1J4 (2:2.2)
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and

X=JgG+J.4 (22.3)

where J, is the (m X n) Jacobian of the end-effector. For a redundant manipulator, equa-

tions (2.2.1), (2.2.2)and (2.2.3) represent under-determined systems of equation. J, can be
viewed as linear transformation mapping R" into R™: The vector ¢ € R™ is mapped into

X € R™. Two fundamental subspaces associated with a linear transformation are its null

space and its range (Figure 2.1).

The null space, denoted R (J,), is the subspace of R" defined by

R(J,) = {e R"|J 4 = 0} (2.2.4)

The range denoted R(J,) , is a subspace of R" defined by

R(J,) = {J 4|4 < R"} (2.2.5)

Equation (2.2.4) underlies the mathematical concept of using redundant manipulators. For

a redundant manipulator, the dimension of X(J,) is equal to (n —m’), where m' is the
rank of the matrix J,.. If J, has full column rank, then the dimension of X(J,) is equal to
the degree-of -redundancy. The joint velocities belonging to X (J .) » referred to as internal
Joint motion and denoted by ¢ , can be specified without affecting the task space veloci-

ties. Therefore, an infinite number of solutions exists for the inverse kinematics problem.
This shows the major advantage of redundant manipulators. Additional constraints can be
satisfied while executing the main task specified via positions and orientations of the end-
effector. The additional constraints can be incorporated using two different approaches -
global and local. Global approaches ([2], [3], and [4]) achieve optimal behavior along the
whole trajectory which ensure superior performance than local methods. However, the
computational burden of global algorithms makes them unsuitable for real-time sensor-

based robot control applications. Hence, we will focus on the local approaches.
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inaccessible Region

Figure 2.1 Geometric representation of null space and range of J,

2.3 REDUNDANCY RESOLUTION

A cartesian controller generates commands expressed in Cartesian space. In the case
of controlling a redundant manipulated this control inputs should be projected into joint
space. Depending on the application requirements and choice of controller, redundancy
can be resolved at position, velocity, and acceleration level. In most control scheme, the
control input is expressed in form of a reference velocity or acceleration. Therefore, in this
section we will focus on the redundancy resolution schemes proposed at velocity or accel-

eration levels.

2.3.1 Redundancy Resolution at Velocity Level

Solution of the inverse kinematic problem at the velocity level is of two types - exact

and approximate.
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2.3.1.1 Exact Solution

For a given X, a solution q is selected which exactly satisfies (2.2.2). Most of the

methods are based on the pseudo-inverse of the matrix J,, denoted by J, :

=TI, X 23.1)

The pseudo inverse of J, can be expressed as

- 1
_2 e al (23.2)

where the G;’s, ¥;’s, and &;’s are obtained from the singular value decomposition of J,

[55] and the ©;’s are the non-zero singular values of J,. Equation (2.3.1) represents the

general form of a minimum 2-norm solution to the following least-squares problem:

min{|J.4- X} (2.3.3)

If J, has full row rank, then its pseudo inverse is given by:

J, = JIJ JI)! (2.3.4)

The ability of the pseudo-inverse to provide a meaningful solution in the least-squares
sense regardless of whether Equation (2.2.2) is under-specified, square, or over-specified
makes it the most attractive technique in redundancy resolution. However, there are major
drawbacks associated with this solution. As pointed out in [1], the solution given by
(2.3.1) does not guarantee generation of joint motions which avoid singular configurations

- configuration in which J, is no longer full rank. Near singular configurations, the norm

of the solution obtained by (2.3.1) becomes very large. This can be seen from a mathemat-

ical point of view by (2.3.2), in which the minimum singular value approaches zero
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(S, = 0) as a singular configuration is approached, i.e., at a singular configuration, J,

becomes rank deficient. Therefore, as we can see in Figure 2.1, there are some velocities

in task space which require large joint rates.

Another problem with the pseudo-inverse approach is that the joint motions generated
by this approach do not preserve the repeatability and cyclicity condition, i.e., a closed
path in joint space may not result in a closed path in joint space [5]. The final difficulty is

that the extra degrees of freedom (when dim(q) > dim(x)) are not utilized to satisfy user-

defined additional tasks. To overcome this problem, a term denoted g x - belonging to the

null space of J, is added to the right hand side of Equation (2.3.1) [6].

q=dp+dx (2.3.5)

Obviously g still satisfies (2.2.2). The term ¢, can be obtained by projection of an arbi-

trary n-dimensional vector 9 to the null space of the Jacobian:

Gy = U~-T.1,)0 (2.3.6)
where ¥ is selected as follows:
ob [od oD od 17
3 =Vd =_= = [ .ee --e ] 2.3.7
dq |ldgq, dq; aq, )

With this choice of the vector 9, the solution given by (2.3.5) acts as a gradient opti-
mization method which converges to a local minimum of the cost function. The cost func-
tion can be selected to satisfy different objectives, such as torque and acceleration

minimization [8], singularity avoidance [7], obstacle avoidance ([9], and [10]).

The other alternative is presented in the so called extended Jacobian methods [11],

[12]. The Jacobian of the extended task is defined by:

Jp = ( f) (2.3.8)
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where J ¢ is the extended Jacobian matrix, J, and J_ being the (m X n) and (r xn) Jaco-

bian matrices of the main and additional tasks respectively. The differential kinematics of

the extended task are given by:

; X,
Yoxy = [ 1) = Jgd (2.3.9)
er 1
As a result of extending the kinematics at the velocity level, equation (2.3.9) is no
longer redundant. Therefore, redundancy resolution is achieved by solving equation
(2.3.9) for the joint velocities. However, there are two major drawbacks associated with
this method [13]:
(i) The dimension of the additional task should be equal to the degree of redundancy
which makes the approach not applicable for a wide class of additional tasks, such as those

additional tasks that are not active for all time, e.g., obstacle avoidance in a cluttered envi-

ronment.

(ii) The other problem is the occurrence of artificial singularities in addition to the
main task kinematic singularities. The extended Jacobian Jg becomes rank deficient if
either of the matrices J, or J_. are singular, or there is a conflict between the main and
additional tasks (which translates into linear dependence of the rows of J, and J,). In

practical applications, the singularities of the end-effector are too complicated to deter-

mine a priori. Furthermore, the singularities of J_ are task dependent which makes them
hard to determine analytically. Therefore, the solution of (2.3.9) based on the inverse of

the extended Jacobian J, may result in instability near a singular configuration.

2.3.1.2 Approximate Solution

An alternative approach to dealing with the problem of artificial/kinematic singulari-
ties and large joint rates is to solve this problem for an approximate solution. The idea is to
replace the exact solution of a linear equation, as in (2.2.2), with a solution which takes

into account both the accuracy and the norm of the solution at the same time. This method
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which was originally referred to as the damped least-squares solution, has been used in
different forms for redundancy resolution [14], [7]. The least-squares criterion for solving

(2.2.2) is defined as follows:

|ed - x| + 22114012 (2.3.10)

where A, the damping or singularity robustness factor, is used to weigh the relative impor-
tance of the norms of joint rates and the tracking accuracy. This is equivalent to replacing

the original equation (2.2.2) by a new augmented system of equations represented by:

T ¥
= 2.3.

(i) =(6) @31

and finding the least-squares solution for the new system of equations (2.3.11) by solving

the following consistent set of equations:

(JIJ,+ g = JTX (2.3.12)

The least-squares solution is given by:

g™ = JIJ7,+220-1UTx (23.13)
The practical significance of this solution is that it gives a unique solution which most
closely approximates the desired task velocity among all possible joint velocities which do
not exceed g™ .
The singular value decomposition (SVD) of the matrix in (2.3.13) is given by:
m' .
I+ T = ¥ ———=vafl (2.3.14)

G2+A2

i=1"¢
where o;’s, ¥;’s, and &;’s are as in (2.3.2). By comparing the above SVD with that in

(2.3.2), we notice a close relationship. Setting A = 0, we obtain the pseudo inverse solu-

tion from (2.3.14). Moreover, if the singular values are much larger than the damping fac-
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tor (which is likely to be true far from singularities), then there is little difference between

the two solutions, since in this case:

(2.3.15)

On the other hand, if the singular values are of the order of A (or smaller), the damping
factor in the denominator tends to reduce the potentially high norm joint rates. In all cases,

the norm of joint rates will be bounded by:

a8 < 51 23.16)

Figure 2.2 shows the comparison between solutions obtained by the two methods. As
we can see the two problems associated with the pseudo inverse - discontinuity at singular
configurations and large solution norms near singularities, are modified in the damped

least-squares solution.

/6 if %0
least-squares (pseudo inverse)
if 6=0

Norm of the joint velocity

o;
Damped Least-Squares 0._‘_2 A2

==
o

ERREEEEEY

Singular Value

b

Figure 2.2 Damped versus undamped least-square solution
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Based on this, Seraji [15], and Seraji and Colbaugh [16] proposed a general framework

for redundancy resolution, referred to as Configuration Control.

2.3.1.3 Configuration Control

Under configuration control, the position vector X is augmented by the (k x 1) addi-

tional task vector Z, and the augmented [(m+k)x1] task vector is defined by

YT = [XT, ZT]7 . The differential augmented kinematics are defined by:

Yimekyx1 = (Z"”“) = J 4 (2.3.17)
kx1
where
7
Thmeiyen = (]C) (2.3.18)

is the augmented Jacobian matrix, J, and J, being the (m xn) and (k xn) Jacobian

matrices of the main and additional tasks respectively.

Seraji and Colbaugh [16] proposed a singularity robust and task prioritized formula-
tion, denoted by configuration control, using the weighted damped least-squares method at

the velocity level. The solution is given by:
Gg=UUIWJ, +JTW_J_ + W1 JITw X +JIW_Z] (23.19)
which minimizes the following cost function:
EIW,E,+EIW E.+4TW 4 (2.3.20)

where W, (mxm), W_(kxk) and W (nXxn) are diagonal positive-definite weighting

matrices that assign priority between the main, additional, and singularity robustness

tasks. E, and E_ are the n- and k-dimensional vectors representing the residual errors of

the main and additional tasks respectively.
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Note that in contrast to the extended formulation in (2.3.9), there is no restriction on
the dimension(s) of the additional task(s). Therefore, the joint velocity (2.3.19) gives a
special solution that minimizes the joint velocities when k <r, i.e., there are not as many

active tasks as the degree-of-redundancy, and the best solution in the least-squares sense

when k> r. In all cases the presence of W, ensures the boundedness of joint velocities.

2.3.1.4 Configuration Control (Alternatives for Additional Tasks)

Configuration control can serve as a general framework for resolving redundancy. Any
additional task represented as a kinematic function can be incorporated in this scheme [8].
This not only includes the kinematic functions which reflect some desirable kinematic
characteristics of the manipulator such as posture control, joint limiting, and obstacle
avoidance, but can also be extended to include dynamic measures of performance by
defining kinematic functions as the configuration-dependent terms in the manipulator

dynamic model, e.g., contact force, inertia control, etc. [13].

In this section, two general approaches for representing additional tasks are formu-

lated:

(1) Inequality constraints: In many applications, the desired additional task is formu-
lated as a set of inequality constraints p(gq) = C, where p is a scalar kinematic function

and C is a constant. A kinematic function is defined as:

Z =g(q) = p(g)-C and Zd=24=74=0 (2.3.21)
where the superscript d denotes the desired values. If Z > 0, this task is inactive.

(ii) Kinematic optimization of a cost function y(q) , can be incorporated in configura-
tion control. Additional tasks can be formulated as the following constrained optimization

problem: minimum, Y(q) subjectto X — f(q) = 0. The solution to this problem can

be obtained using Lagrange multipliers. Let the augmented scalar objective function

v’ (g, 1) be defined as:
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Vg, A) = w(q) + AT (X~ f(q)) (2.3.22)

where A is the (m x 1) vector of Lagrange multipliers. The necessary condition for opti-

miality can be written as:
dy =0 o (a_f)rx = JTh (2.3.23)
dq dq dq ¢ o

aa_kqf =0=X = f(q) (2.3.24)

Let N, be full rank (n X r) matrix whose columns span the r~dimensional null space

of the Jacobian J,. The definition of the null space of J, implies that

JN,=0,,, (2.3.25)
Pre-multiplying both sides of (2.3.23) by N yields the optimality condition:
oy
TV _ 2
N, 32 0 (2.3.26)
Therefore, the additional task is represented as
Z=NT %" and zd=74=74=0 (2.3.27)
The Jacobian of the additional task can be obtained by
9Z _ .13y (dyYN,
Jc=%=Ne-a7+'a—q-)£ (2.3.28)
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2.3.2 Redundancy Resolution at the Acceleration Level

Dynamic control of redundant manipulators in task space, such as the case of compli-
ant control, requires the computation of joint accelerations. Hence, redundancy resolution
should be performed at the acceleration level. The second order differential kinematics are

given in (2.2.3). We rewrite equation (2.2.3) as:

X-J.g =174 (2.3.29)

Following the procedure in Section 2.3.1, a similar formulation for § can be obtained

to yield exact and approximate solutions. The pseudo-inverse solution is given by:

Gp = T (X-J.4) (2.3.30)

where J, is the pseudo inverse of the Jacobian matrix. Equation (2.3.30) represents the

general form of a minimum 2-norm solution to the following least-squares problem:

min{|J,4-(X-J.9)} (2.3.31)

The solutions which are aimed at minimizing the norm of the joint acceleration vector
have the shortcoming that they cannot control the joint velocities belonging to the null-
space of the end-effector Jacobian or the augmented Jacobian. This may result in internal
instability [17]. This problem can be attributed to the instability of the “zero dynamics” of
(2.3.29) under a solution of the form (2.3.30) [18]. An example demonstrating this phe-

nomenon is given in Section 4.3.3 .
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In order to show the source of this problem more clearly, consider a simple kinematic

control loop for Cartesian control of a redundant manipulator (Figure 2.3).

X Forward Kinematics
xd + i +
h Kp —, Redundancy q
¥d + - Resolution
+ -
+
xd — Ky
X 7.
dx
"t
Al
9qp

l,

Figure 2.3 Kinematic control loop for a redundant manipulator

As we can see in Figure 2.3, the states of the system are q and ¢. However, because of

the nature of Cartesian control in which the desired trajectory is specified in task space,

the feedbacks X and X are calculated by applying the nonlinear forward kinematic func-

tion to ¢, and the linear transformation mapping J, to ¢. Let us decompose § as follows:

where

qg = qp'*'éx

dx € R(J,)

dp€

X4(J,)

Using the definition of the null space, we can write:
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X=17J,4=1J,4p+J.4g =J.4p+0 = J 4p (2.3.34)

This is equivalent to having an open-loop control for the nuli space component of 4.
The question that may be asked is why the pseudo-inverse (or configuration control) at the
velocity level does not exhibit this phenomenon. The reason is that, the pseudo-inverse
solution at the velocity level given by (2.3.1) results in a minimum norm velocity solution.

Therefore, it does not have any null space component. From a mathematical point of view,

the pseudo-inverse of J, is a projector matrix on to the X1(J,). However, the pseudo-

inverse solution at the acceleration Ievel results in a minimum norm acceleration solution

which does not guarantee the elimination of the null space component of the velocity.

A solution to this problem was proposed by Hsu et al. [19]. This method requires the
symbolic expression of the derivative of the pseudo-inverse of the Jacobian matrix which
demands a large amount of computation. A method which combines both computational

efficiency with stabilization of internal motion is proposed in Section 5.4.2.1 .

2.4 ANALYTIC EXPRESSION OF ADDITIONAL TASKS

The general strategies of defining additional tasks - inequality and optimization tasks,
were explained in Section 2.3.1.4. In this section, the additional tasks most commonly

encountered are formulated analytically under configuration control.

2.4.1 Joint Limit Avoidance (JLA)

Joint variables of actual mechanisms are obviously limited by mechanical constraints.
In actual implementations, if some joint variables computed by the inverse kinematic
module exceed their limits, these joints would be fixed at their extreme values which
would restrict movement in certain directions in task space. In this section, we first intro-

duce some relevant terminology, based on which a feasibility analysis of using kinematic
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redundancy resolution for joint limit avoidance will be presented. Then, we shall use two
different approaches for defining algorithms which solve the problem of JLA. The perfor-
mance of these algorithms will be analyzed by using computer simulations.

24.1.1 Definition of the Terms and Feasibility Analysis
The reachable workspace of a robot manipulator is defined by the geometrical locus of
the position and orientation (pose) of the end-effector, y € R™, when the joint variables

q € K", n 2m, range between two extreme values.

Qimin < q; £ 9imax l-=1,2,‘..,ll (2.4.1)

The volume of the reachable workspace is finite, connected and, therefore, is entirely
defined by its boundary surface. Obviously on this boundary, some loss of mobility
occurs. Therefore the Jacobian matrix becomes rank deficient. The boundary of the reach-
able workspace can be found numerically by constrained optimization routines, or by
applying an inverse kinematics algorithm [56]. As an example, in Figure 2.4, we show the

reachable workspace of a two-link manipulator (using an optimization based approach).
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Figure 2.4 Reachable workspace of a 2-DOF manipulator in terms of a) Joint limits, b)
Reachable workspace

Aspects [57] are the subspaces of the accessible volume in joint space in which the
solution of the inverse kinematic function of Equation (2.1) is unique if n=m, or if n-m
variables are fixed when n>m. The boundaries of the aspects are defined by the singulari-
ties of the Jacobian matrix J,. Therefore, the interior of each aspect is free from singulari-
ties. Each aspect in joint space corresponds to a convex subspace of the reachable
workspace. In Figure 2.4.a, we show the accessible volume in joint space and its corre-

sponding image in task space (Figure 2.4.b).

From these plots, it is obvious that if the desired task trajectory lies inside two differ-
ent aspects, the inverse kinematics of the manipulator fails to provide a continuous joint
trajectory between the initial and the final points. Therefore, this trajectory is not practi-

cally realizable without re-configuration of the manipulator at the singular configuration.
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In particular, it is easy to see that for the two-link planar manipulator, with joint limits
indicated in Figure 2.4.a and the reachable workspace shown in Figure 2.4.b, we may

encounter the following possibilities (Figure 2.5):
® The path AB (the first letter indicates the initial point) is not realizable.
® The path CE via the intermediate point D is not realizable.
® The same path CE via F is realizable.

® The path GH with initial joint position g, >0 is not realizable.

® The same path GH by the initial configuration g, <0is realizable

Image of the aspects of the 2-links maipulator in tasks space
1.5
A
1 -
0.5 _____ positive aspectq2 >0
B
O -.-. negative aspectq2 <0
.I.
-0.5+ K4
R
i P~ e e -
-1 "
N
-1.5f T~
-2 L ' S l’ 1 i
-2 -1.5 -1 -0.5 o 0.5 1 1.5 2

Figure 2.5 Feasibility of different trajectories for a 2-DOF manipulator
Note that by “unrealizable” we mean that there exists no continuous joint trajectory

(that can be provided by the inverse kinematics) which starts from the initial configuration

and satisfies the task trajectory without violating the joint limits. Thus, for realizing a task
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comprising motion from an initial pose to a final one, several problems may be considered,
and the solutions for some of them may not be achievable by the redundancy resolution
module. For instance, task AB is not realizable, but tasks CE and GH can be realized by

means of a joint limit avoidance algorithm.

Although the analyzed example is concerned with a non-redundant manipulator, the
main concepts are applicable to redundant manipulators under configuration control with
the only difference being that in this case, the augmented task consists of the main and
additional tasks which are usually not defined in the same coordinates. Therefore, the geo-
metrical interpretation of the aspects and reachable workspace will, in general, be different

in the case of redundant manipulators.

2.4.1.2 Description of the Algorithms:

Under the configuration control approach, the criterion of joint limit avoidance should
be formulated as a kinematic constraint function. In the following, we present two differ-

ent approaches for this formulation:

¢ Using inequality constraints which become active only when one or more of the lim-

its are violated.

¢ Defining the secondary task as minimization of a desired cost function.

2.4.1.3 Approach I: Using Inequality Constraints

In this approach, the basic equations for the JLA algorithm are as follows. The joint
limits are presented as a set of inequality constraints. If all the computed values of the joint
variables satisfy the inequalities, the redundancy can be used for other tasks. However if
one or more of these inequalities are violated, the JLA secondary task should be activated.

This task is defined as follows:
;= 8{q) = gq;

Zd. = .
i = Imj (242)
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where g,, replaces either the maximum or the minimum values of the joints fori=1,2,...,n,

and the corresponding constraint Jacobian J, is defined by the equation:

0Z;
J. = aq‘ =ef (24.3)

where e; is the ith column of the identity matrix. For smooth incorporation of the inequal-

ity constraint into the inverse kinematics, it is desirable to define a “buffer” region where
the relative importance of the JLA task progressively increases. To define this buffer, the

following scheme is used [13]. When the inequality constraint is inactive, the correspond-
ing weight W is zero, and on entering the “buffer” region increases gradually to its max-
imum value. Mathematically, we can formulate this weight selection procedure (i.e.

9; < Gimayx) as follows:

_Wc =0 if qisqimax_t
s —(; i : ~-T1<qg;<qg;
Wc’_ - ?[l + cos (R(sziztx qz))] if 9imax 4;=49imax (2.4.4)
W0 if  9:>9imax
Wc‘ = T

where W, and T are user-defined constants representing the coefficient for the weight and

width of the buffer region respectively.

2.4.1.4 Approach II: Optimization Constraint

The basic idea in the second approach is to define a kinematic objective function
which is to be minimized. For joint limit avoidance the following function has been sug-

gested:
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n

q;—4:7°
®(q) = Z[ v ] (2.4.5)

i=1

where g, is the center position around which we wish to minimize the movement and Ag
is the difference between the maximum and the minimum values of the joints. Then, the
redundancy resolution problem is to define a joint trajectory which optimizes equation

(2.4.5) subject to the end-effector position.

Klein [58] mentioned that although the quadratic form of equation (2.4.5) is the most
used function for this purpose, a better function which reflects the objective of joint limit

avoidance has the form:

(2.4.6)

D = max

|9~ 4] _ “q

i

_.qc
Ag

However, since the infinity norm is not a differentiable function, he proposed to use some

finite order p-norm (p > 2):

o = uq—qc (2.4.7)

Aq

p

For most practical problems, p=6 gave good results. Note that in equation (2.4.7), the dif-
ferent joints have the same importance in the objective function. As an alternative to this
formulation, we can introduce a diagonal weight matrix. The new objective function has

the following form:

D= "K(q;qch (2.4.8)

where K is an n X n diagonal matrix. The Jacobian and desired value for this additional
task are calculated as mentioned in (2.3.27) and (2.3.28).

p
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2.4.1.5 Performance Evaluation and Comparison

Based on these approaches, two algorithms were implemented. The simulations were
carried out on a three-link planar manipulator with link lengths (0.75,,, 0.754. 0.5,

gmin=[-90 -60 -75] degrees and gmax=[{45 75 45]. The reachable workspace and the

desired trajectory are shown in Figure 2.6.

1- Inequality constraint approach: Figure 2.7a shows the joint variables when the JLA
provision was not activated. In this case, the third joint violates its minimum limit. In the
second simulation, the JLA provision based on the first approach has been used with the
nominal selected values W;=100, W,=5, W =10, and the buffer region t=5 (degrees).
Figure 2.7b shows that in this case, the third joint variable does not violate its limit. Note

that by adjusting W), the discontinuity of the joint motion resulting from the nature of the

inequality constraint formulation, can be controlled.

Figure 2.6 Reachable workspace and desired trajectory for a 3-DOF planar arm
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b) JLA active

Figure 2.7 Simulation results for JLA using the inequality constraint approach

2- Optimization approach: The following simulation used the optimization based JLA

(p=2). Figure 2.8.a shows that the third joint variable enters the buffer region. Figure 2.8.b

shows the results for p=4. As we can see, in this case all joints stay far from their limits.

Joint variables (Optimization Constraint P=2)}

40 — -

Joint variables (Optimization Constraint P=4)

Figure 2.8 Simulation results for JLA using the optimization approach
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Figure 2.9 shows the value of the third joint variable for different approaches. As we
can see, for this special case, both methods have been successful in following the desired
trajectory while avoiding the joint limits. Obviously, the optimization method (p=4) has
the best performance, since, the joint values are kept from approaching the limits. This in
contrast to the inequality approach in which the joints move freely until coming close to
the limits where the JLA becomes active and prevents from exceeding the limits. However,
the optimization approach is computationally expensive (especially when the number of
Joints increases) compared to the simple formulation of the inequality constraint approach.

Therefore, the inequality constraint approach is preferable for real-time implementations.

Joint variable q3
-40 + T T v —

inequality constraint
AN

T e e i o S -~ —4gmin(3)
-80 . . . . . . . .
o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

'Time (s)

Figure 2.9 Comparison between different JLA approaches

2.4.2 Static and Moving Obstacle Collision Avoidance

In this section an outline of an algorithm for the 2-D workspace of a planar arm is
given. The extension of the algorithm to 3-D workspace and simulation results are given in

Chapter 3.
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24.2.1 Algorithm Description

Similar to the JLA case, Static (and Moving) Obstacle Collision Avoidance is achieved

using an inequality constraint. As in [9], the following steps are followed:
® Distance calculation
® Decision making (if there is a risk of collision for a link)
¢ Calculation of critical distance - the closest point on the link to the object.
¢ Utilizing redundancy to inhibit the motion of the critical point towards the object

For the 2-D workspace, links are modeled by straight lines and the objects are assumed
to be circles. Each object is enclosed in a fictitious protection shield (represented by a cir-
cle) called the Surface of Influence (SOI). The first step involves distance calculation to

find the location of the nearest point X, (called the critical point) on each link to the obsta-
cle by the procedure indicated in Figure 2.10. This algorithm is executed for each link and

each obstacle. Then, if any of the critical distances d_ is less than the SOIL, this constraint

becomes active. In this case, we define the following kinematic function as the additional

task:
z; = 8q, 1) = ro—-d_ (2.4.9)

The derivative of the additional task is given below.

dg; dg; X,
o= gt = T —5 — o
Z; aqq+8t u; Gq q Xo] (2.4.10)

where X is the Cartesian velocity of the object. The desired values for the active con-

straints are:

==5=0 (2.4.11)

Note that we still need to calculate the Jacobian of the active constraints and its deriva-

tive. First, an intermediate term is defined as the Jacobian of the critical point, i.e.,
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aX

C;

-

24.12)
then, the Jacobian and its derivative are calculated as:
J. = -ulJ X, (24.13)
. = ;;:u,f Iy + ‘iio(xci —X,)Jx, +uliyx, (2.4.14)

e; = (X; 1 —X)/1;
o; = eiT(Xo—Xi)

X, = X;+ae;

de, = X=X

w = (X, -X,)/d,

Figure 2.10 Critical distance calculation: Schematic and Algorithm

2.4.3 Posture Optimization (Task Compatibility)

Compliant motion control and force control are mainly needed for tasks involving
heavy interaction with the environment. For this reason, an appealing additional task is to

position the arm in a posture which requires minimum torque for a desired force in a cer-
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tain direction. In this section, first, a kinematic index for measuring task compatibility is
introduced. Then, in section 4.3.2 , it is incorporated as an additional task in the Aug-
mented Hybrid Impedance Control (AHIC) scheme.

Similar to the manipulability ellipsoid introduced by Yoshikawa [30}, a force ellipsoid
can be defined by: FI(J,JT)F,, where F, is the environment reaction force. The optimal
direction for exerting the force is along the major axis of the force ellipsoid which coin-
cides with the eigen-vector of the matrix J,JI corresponding to its largest eigenvalue

(Figure 2.11.a). The force transfer ratio along a certain direction is equal to the distance
from the center to the surface of the force ellipsoid along this vector -- see Figure 2.11.b
where u is the unit vector along the desired direction and o is the force transmission ratio
along u. Since ow is a point on the surface of the ellipsoid, it should saiisfy the following

equation:
(o)T(J Iy (au) = 1 (2.4.15)

which gives oo = [u?(J,JT)u]~1/2. Hence, Chiu [31] proposed to maximize the follow-

ing kinematic function (task compatibility index)

o(q) = o? (2.4.16)

The desired value and the Jacobian for this additional task can be defined according to the
procedure in Section 2.3.1.4 in this chapter. The simulation results are given in Section

432.
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Figure 2.11 a) Force ellipsoid, b) Force transfer ratio in direction «

2.5 CONCLUSION

In this chapter, the basic issues needed for the analysis of kinematically redundant
manipulators were presented. Different redundancy resolution schemes were reviewed.
Based on this review, configuration control at the acceleration level was found to be the
most suitable approach to be used in a force and compliant motion control scheme for
redundant manipulators. However, most of the redundancy resolution schemes at the
acceleration level suffer from uncontrolled self-motion. In this section, the sources of this
problem were presented. Their solutions will be presented in Chapters 4 and 5. The formu-
lation of the additional tasks to be used by the redundancy resolution module were pre-
sented in this chapter. Joint limit avoidance which is one the most useful additional was

studied in detail. The basic formulation of the static and moving obstacle collision avoid-
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ance task in 2D workspace was presented. We are now in the position to extend the pro-
posed redundancy resolution scheme to the 3D workspace of REDIESTRO and evaluate

the results by simulation and aiso experiments.
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CHAPTER PRIMITIVE-BASED COLLISION
AVOIDANCE FOR A 7-DOF
REDUNDANT MANIPULATOR

3.1 INTRODUCTION

Obstacle avoidance and collision detection are two of the main focuses of new control
schemes for full or partly autonomous operation of a class of robot manipulators in clut-
tered environments. A compact and fast collision avoidance scheme is the major compo-
nent in successful operation of robots in applications such as space, underwater, and
hazardous environments. Collision avoidance can be divided into two categories: end-
effector level and link level collision avoidance. Much of the work reported to date has
dealt with obstacle avoidance as an off-line path planning problem, i.e., find a collision-
free path for the end-effector [59], [60] or by mapping the obstacle into joint space, find a
collision-free path in joint space [61]. These methods are not applicable to dynamic envi-
ronments with moving objects. Moreover, for non-redundant manipulators, tracking an
end-effector trajectory while avoiding collisions with the obstacles at the link level, or
self-collision avoidance, is not always achievable. In recent years, kinematic redundancy
has been recognized as a major characteristic for operation of a robot in a cluttered envi-
ronment [62]. To implement a real-time collision avoidance scheme, three major areas:
redundancy resolution, robot and environment modeling, and distance calculation should
be investigated. Obviously, the accuracy level in which the arm and its environment are

modeled is directly related to real-time control requirements. More detailed modeling
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results in more computation for calculating the critical distances between an obstacle and
the manipulator. A solution to this problem is to use simple geometric primitive to repre-
sent the arm and environment. Colbaugh et al. [9] addressed this problem for a planar
manipulator. The obstacles were represented by circles surrounded by a Surface of Influ-
ence (SOI), and the links were modeled by straight lines. A redundancy resolution scheme
was proposed to achieve obstacle avoidance. Shadpey et al. [63][64], extended this method
to a 3-D workspace of a 7-DOF manipulator. The manipulator links are represented by
spheres and cylinders and the objects by spheres. Although this method is convenient for
spherical or bulky objects, it results in major reduction of the workspace when dealing
with long objects. Moreover, it is not capable of dealing with tasks such as passing
through an opening. Glass et al. [66] proposed a new scheme for remote surface inspec-
tion. This application requires the robot to pass through circular or rectangular openings
for inspection of a space structure, such as the International Space Station Alpha. How-
ever, they made the restrictive assumption of having an infinite surface with one opening
which reduces the workspace of the robot. For instance, it does not permit an “elbow” to
back into another opening. Moreover, the arm used in their experiment, Robotics Research
Corporation 7-DOF arm (RRC), is modeled as a series of four straight lines connecting
joints one, three, and five. The thickness of the links is considered via a *“buffer” region in
the openings. This simplified model of the arm would obviously fail when dealing with an

arm with a more complex geometry such as REDIESTRO.

A simplified geometrical model for links of industrial manipulators with regard to the
study of collisions either with each other or with objects in the workspace is the cylinder.
Also, cylinder is a very suitable primitive for modelling many objects in the workspace
such as rods, mesh structures, openings, etc., without losing much of the available work-

space.

In section 2, we focus on the special cases of sphere-sphere, sphere-cylinder, and cyl-
inder-cylinder collision detection and distance calculations. Considering the importance of
cylinder-cylinder collision detection and also its complexity, a novel method of detecting

collision between two cylinders using the notion of dual vectors and angles is presented.
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REDIESTRO (Figure 3.1), an isotropic redundant research arm was selected to sup-
port the development of the collision avoidance system. Its special architecture, resulting
from kinematic isotropic design objectives [65], represents a challenge for any collision
avoidance system: There are joint offsets, bends in the links, and actuators that are large in
relation to the size of the links. It is believed that a successful demonstration of the colli-
sion avoidance system on such an arm provides confidence that the system can be devel-
oped and applied to other more conventional (i.e., commercial) 7-DOF manipulator

designs.

Section 3 presents the extension of the redundancy resolution module to the 3D work-
space of REDIESTRO. It also describes the incorporation of different additional tasks into
the redundancy resolution module. Simulation results to study the feasibility of the pro-
posed scheme as well effects of different parameters are given. Section 4 presents the

experimental evaluation of the collision avoidance schemes using REDIESTRO.



Figure 3.1 Perspective view of REDIESTRO

3.2 PRIMITIVE-BASED COLLISION AVOIDANCE

Collision avoidance for static and moving objects is achieved by introducing an ine-
quality constraint (see Section 2.4.2 ) as the additional task. The idea is to model the links
of the manipulator and the objects by primitives such as spheres and cylinders. The major

components of the proposed scheme are outlined below:
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* Collision detection/prediction: For those objects (sub-links) that can potentially

collide, determine the critical distance k;;, i.e., the distance from a critical point

ij ’
of the arm to that of the object. The critical points associated with the

manipulator and the obstacles are denoted by Pf and P; with position vectors

pf and p; respectively.

* Critical direction detection: For any pair of critical points P; and P,

determine the critical direction denoted by «;., which is a unit vector along the

[j’
TS (4 (o
vector joining P; to P I

* Redundancy resolution: Formulate an additional task and use configuration

control to inhibit the motion of the point P? towards P; along Ui -

3.2.1 Cylinder-Cylinder Collision Detection

In order to determine the relative position of two cylinders, first the relative layout of
their axes needs to be established. The axes of the cylinders being directed lines in three
dimensional space, we resort to the notions of line geometry. Specifically, with the aid of
dual unit vectors, (or line vectors), and the dual angles subtended by them, we will catego-
rize the relative placement of cylinders and thus determine the possibility and the nature of

collisions between the two cylinders in question.
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Figure 3.2 Cylinder representation, basic notation.

We consider each cylinder to be composed of three parts, the cylindrical surface plus

the two circular disks as the top and the bottom of the cylinder. Four points along the axis

L; of each cylinder C; are of interest, namely, P;, B;, T;, and H;. The point P; is any
point of reference along the line. The points B; and T; with position vectors b; and ¢;
respectively, are the centers of the bottom and top of the cylinder, and H; is the foot of the
common normal of the two lines £; and £; on the L;. To avoid ambiguity for the choice

of the top and bottom of the cylinder, we can always choose B; and T; in such away that

—
the vector B;T; points along e;, with e;, being a unit vector defining the direction of the
cylinder axis (see Figure 3.2). Each of B;, T;, and H;, can alternatively be defined

through their line coordinates with respect to the reference point P;, namely,

[
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h' = pi+hiei (3.2-3)

[4

It should be noted that for a given cylinder C;, the scalars b; and t; are known and

fixed values.

3.2.1.1 Review of Line Geometry and Dual Vectors

A brief review of dual numbers, vectors, and their operations, relevant to our problem
is provided in this section. A more detailed discussion can be found in [67], and [68]. A

line £ can be defined via the use of a dual unit vector also called a line vector:

é =e+Em (3.24)

where e’e = 1 ,and efm = 0, and € the dual unity has the property that e2=0. Here,

e defines the direction of £, while m the moment of £ with respect to a self-understood

point O, namely,

m= pXe 3.2.5)

with p being the vector directed from O to an arbitrary point P of £ . Moreover, e and m

are called the primal and dual parts of e.

Now, let £; and L, be two lines. Their dual angle is defined as

where V;; is the projected angle between e; and e j»and h,-j is the distance between L;

and L i Furthermore,

cosd;; = cosv;—eh;sinv; (3.2.8)
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Hence, the dual angle ¥ i uniquely determines the relative layout of the two lines £; and
£; in space. Furthermore, the following relations that are in exact analogy with real vec-

tors can be verified,

cosh;; = &.-¢&; (3.2.9)
X&) A (3.2.10)

where #;; is the dual vector representing the line A(;; that coincides with the common nor-
mal of £; and £;, and with the same direction as that of the vector from H; to H ;, namely

Aj = n +eng; where

hi—hi (3.2.11)
N:. = -t e
N T

and n; = n;Xh; = n;xh;. Hence, equations (3.2.4) through (3.2.11) uniquely deter-
mine the dual angle f),-j subtended by the two lines. Three different possibilities for the

layout of two distinct lines £; and £; exist as explained below:

* (A) Non-Parallel and Non-Intersecting Lines: V;; is a proper dual number,

i, Vy#kn, withk = 0, 1and h; %0

¢ (B) Parallel Lines: ﬁ,-j is a pure dual number, (its primal part is zero), i.e.,

V; = km,withk = 0, land h;#0.

* (C) Intersecting Lines: 1“),—] is a real number, (its dual part is zero), i.e., v, # kr,

with k = 0, 1and h;; = 0.

Now, for two cylinders C; and C; to collide, one of the three cases discussed below

must occur:
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* (1) Body-Body Collision: This situation - the most likely one - is shown in
Figure 3.3, where two cylindrical bodies of an object intersect.

* (2) Base-Body Collision: The cylindrical body of one cylinder collides with one
of the two circular disks of the other cylinder.

* (3) Base-Base: One of the circular disks of one cylinder collides with a circular

disk of another cylinder.

(A) Cylinders with Non-Parallel and Non-Intersecting Axes

In order to characterize the types of possible collisions for two cylinders whose major

axes are represented by £; and L, that are non-parallel and non-intersecting, the follow-

ing steps are taken:

- First we need to determine the location of the points H; along £; and H ; along L,

i.e, the feet of the common normal on the two lines. This can be done by determining the
scalars h; and h;, as given below:

b o (Pimp))-(ejcosv;—e;) (3.2.12)

t .2
sin v ij

b o PP (e;cosv;—¢)) (3.2.13)

J .2
sin “v;;

with h; = p;+hse; andhj = pj+hjej.
- Now, if h;;> (R; + R;) collision is not possible.
-If h; < (R; + R)), collision is possible, as explained below:
*(A-)Ifb;<h;<t; andb;<h;<t;, then we have a body-body collision, and the

critical points P; and Pj: on the axes are H; and H ; respectively, (Figure

3.3), with the critical direction being n i
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Figure 3.3 (A-1) Body-Body collision (non-parallel and non-intersecting axes)

* (A-2) If only one of the points H; or H ; lies outside of its corresponding

cylinder, then, we may or may not have a collision. However, if the two
cylinders collide, it has to be in the form of a base-body collision only,

(Figure 3.4). As an example, in order to determine the critical points and

the critical direction, we assume that H; lies inside C; with H ; being
outside C;. The critical point P; of C; will thus be one of the two pints B;
or T ;, whichever lies closer to H j- Moreover, the critical point Pf of the
cylinder C; is the projection of P; on L;. If the vector p; is the vector

representing ij, we will have
p; = pi+(P;-e)e; (3.2.14)
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where ﬁ; is the vector connecting P; to P;. We will thus consider that a

collision occurs, whenever the following inequality is satisfied

lpi-p <r:+ ) (3.2.15)

Figure 3.4 (A-2) Base-Body Collision (non-parallel and non-intersecting axes)

It has to be mentioned that the foregoing inequality gives a conservative
prediction of collision between the base and the body of the two cylinders.
In this manner, we are implicitly assuming that the base of the cylinder is

not a simple circular disk, but, a fictitious semi-sphere of the same radius.

The critical direction u . for C. becomes,
i 3

C c
Pj—P;

| (3.2.16)
P;i—pPj

u,-j=
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Case (A-2) above can lead to instability in the redundancy resolution
scheme if the two lines are almost parallel. In this special situation, the

location of the critical points on the two lines can go through major
changes with small changes in the angle V;; made by them as shown in
Figure 3.5. To remedy this “ill-conditioning”, we will inhibit the motion of
two points of the line £; towards their corresponding projections on £ i
whenever, the two lines are almost parallel. This is achieved by identifying

two critical directions - one for each end of C; - for the redundancy

resolution scheme.

Figure 3.5 Near Parallel axes

* (A-3) If both H; and H ; lie outside their corresponding cylinders, then we may

have a base-base collision, and the critical points and direction will be

determined as explained below (Figure 3.6):

Denote by {d,} the set of distances of B; and T; to B jand T, Le.
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dy = |b;—tf, dy=|b;-bj

dy = fr;—tf, dy=|t;-bj (3.2.17)

and d_=min{d,,d,,d;,d,}, then we have a base-base collision if,
d.<(R;+R;). Once again, the foregoing prediction is conservative as it

assumes two semi-spherical base bodies attached to the ends of the cylinders

rather than the simple circular disks.

Figure 3.6 (A-3) Base-Base Collision (non-parallel and non-intersecting axes)
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(B) Cylinders with Intersecting Axes

In order to characterize a collision between two cylinders with intersecting axes, we
first project the end-points B; and T; of the cylinder C; onto the line £ ; and denote the
projected points by B’ jand T ;- Conversely, we project the points B jand T ;i of the cylin-
der C; onto the line £; and denote the projected points by B'; and T" ; - Position vectors of

the foregoing four points will take on the form:

b'; = p;+b'ie, r';= p;+te;
b;=p;+be, ;= pj+tie; (3.2.18)
with
b; = ~(p;=bj)-e; Ve = —(pi=t)-e
b, = —(p;j-b)-ej, tj=—pj=t)-e; (3.2.19)

* (B-2) If any one of the following four conditions holds, then we will have a base-
body collision, and the critical direction will be a unit vector pointing along

a vector joining the corresponding critical points, (Figure 3.7),

b;<b;<t, and, [6';~b] < (R;+R))
b;<t;<t, and, [e;—2] <(R;+R))
b;<b’;<t, and, [ ;b <(R;+R)
b;<t;<t, and, It i—t] < (R;+R)) (3.2.20)
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iJ

Figure 3.7 (B-2) Base-Body Collision (intersecting axes)

* (B-3) If none of the foregoing conditions is satisfied, then we will not have a
base-body collision. However, we may have a base-base collision. The
procedure for base-base collision detection for a pair of intersecting lines is

similar to that of case (A-3) explained earlier, (Figure 3.8)
N

1]

A

Figure 3.8 (B-3) Base-Base Collision (intersecting axes)
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B) Cylinders with Parallel Axes

For the special case of two parallel lines £; and £ ; for which an infinite number of
common normals exist, we resort to a unique definition for one common normal lying

closest to the origin [69] - see Figure 3.9). If the line ﬂ\(ij passes through the points H; and
H j of £L; and £ i (with H; and H ; being the closest points of the two lines to the origin),
then the dual representation of A;; is given as,

h-xh.
R, = L4t

[
h;; h;;

(3.2.21)

where, /; and h; are the position vectors of the points H; and H j respectively, and

h;; = |h;—hj| is the distance between the two lines.

If hijz (R; +Rj-) , then the two cylinders do not collide. However, if h,.js (R,.+Rj) .
then depending on the location of the cylinders along their axes relative to each other, two
special cases of body-body (C-1) and base-base (C-3) collisions can occur:

*(C-1) If h;;< (R;+R;), and the projection of either B; or T; on L; is between
B; and T ;, then we will have a body-body collision. As in the case of near-

parallel axes mentioned above in (A-3), to avoid instability, we specify two

critical directions, one for each end of C;, (Figure 3.5).

* (C-3) If (C-1) above is not satisfied, but h,.js (R;+R j) , then we will obtain the

distance between the end points of the two cylinders, as in the case (A-3)

above, (Figure 3.9).
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Figure 3.9 (C-3) Base-Base Collision (parallel axes)

3.2.2 Cylinder-Sphere Collision Detection

This case is simpler than that of cylinder-cylinder collision detection. Figure 3.10
shows the basic layout used for collision detection of the cylinder C; and the sphere § Iz
The notation used for the cylinder is the same as in Section 3.2.1 above. The sphere S ;s
identified by the location of its center P ; and its radius. The first step is to determine if

there is a risk of collision. The point H; on line £; is determined by projecting the center

of the sphere on £;,
h; = (p;j-e;)e; + p; (3-2.22)

—
where p;j is the vector representing PP Iz The critical distance h;; is given by

hy = p;—hy
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Now, if h;;>(R; + R;) , there is no risk of collision. If h;; < (R; + R;) then the follow-
ing cases can occur:
* If h;<(R;+R;) and H; lies inside the cylinder C;, then the cylinder and the

sphere are in collision and the critical points and critical direction are defined by

—h.
u; = L (3.2.23)
lp;-i
p; = h;+Ru;; (3.2.24)
p; = p;—Rju; (3.2.25)

* If h;;<(R;+R;) and H, lies outside the cylinder C;, then, we may or we may
not have a collision. The critical point on the line £; is either B; or T; depending
on which is closer to H;. Let us assume that B; is the closer point to H;. The
critical distance hy; is given by h;; = [[p;— b . Now, if h;>(R; +R;), there is
no risk of collision, otherwise, there is a collision and the critical points and
direction are calculated by replacing h; with b; in equations (3.2.23) through

(3.2.25). It has to be mentioned that the foregoing inequality gives a conservative
prediction of collision between the sphere and the cylinder. In this manner, we are
implicitly assuming that the base of the cylinder is not a simple circular disk, but, a

fictitious semi-sphere of the same radius.
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Figure 3.10 Cylinder-Sphere Collision Detection

3.2.3 Sphere-Sphere Collision Detection

This is the simplest case among the three collision detection schemes presented. The

critical distance h;; is the distance between the centers of the two spheres. If

h > (R;+R j) , there is no risk of collision, otherwise the two spheres are in collision.
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Figure 3.11 Sphere-Sphere Collision Detection
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3.3 KINEMATIC SIMULATION FOR A 7-DOF REDUNDANT
MANIPULATOR

In this section, the redundancy resolution scheme described in Chapter 2, will be
extended for the general case of a 7-DOF redundant manipulator working in a 3-D work-

space. The feasibility of the algorithms is illustrated using a kinematic simulation

3.3.1 Kinematics of REDIESTRO

The kinematic description of REDIESTRO (a perspective view of REDIESTRO is
shown in Figure 3.1) is obtained by assigning a coordinate frame to each link with its z

axis along the axis of rotation. Frame {1} is the workspace fixed frame and frame {8/ is the
end-effector frame. Two consecutive frames {i} and {i+l} are related by the 4 x4

homogenous transformation matrix:

cos8; —coso;sin@; sina;sin®; a;cos6;
: : . i 1
sin®; cosB;cosa; —sinoy;cosB; a;sin®;) _ (. [R);, 5 ((Pg)yyx,

(3.3.1)

0 sinQ; cosoL; b; 0 1

i+1

0 0 0 1

-

where i = 15 7; «;, 8;, b;, and a; are the twist angle, joint angle, offset and link

length respectively. Table B-1 (in Appendix B) gives the values of the Denavit-Hartenberg
parameters for each link.The homogenous transformation relating Frame 8 (end-effector

frame) to the base frame is given by:

o = 3T3T...  ¢T (3:3.2)
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3.3.2 Main Task Tracking

The main task is described by a 6-dimensional vector consisting of the end-effector
pose (position and orientation): X7 = [PT,, OT,]. This 6-dimensional vector is dimen-

sionally non-homogenous and needs different treatment for the 3-dimensional vector rep-
resenting the end-effector position from that representing orientation. Therefore, the main

task is divided into two independent sub-tasks.

3.3.2.1 Position Tracking

The position is described in the workspace fixed reference frame. Both the desired and
the actual position are described in this frame. The ith column of the Jacobian correspond-

ing to the position of the end-effector in frame {// is defined by

I

P i=1-7 (3.3.3)

iorigin)

, 15 1
Jp (D31 = iLX(Pgyrigin—

ls . . NP ..
where ;Z is the unit vector along the Z axis of joint i, "Pg is the position of the end-effec-

tor, and 'P, is the position of the origin of the izh frame with respect to frame (/).

forigin

The position and the velocity errors are given by

-d
e, = 'Pa—'Py, ¢, =Jpq- Py (3.3.4)

where 4 is the vector of joint velocities, and the superscript d denotes the desired values.

3.3.2.2 Orientation Tracking

The orientation of the end-effector is represented by the 3 X 3 matrix ;R , called the

Direction Cosine matrix. The ith column of the Jacobian matrix which relates the angular
velocity of the end-effector ( :0)) to the joint velocity, i.e., lo) = Jy 4, can be calculated

from the following equation
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Io(h=2Z i=1-57 (3.3.5)

The procedure for finding the orientation error and its derivative is more complicated

than that for the case of position. In this case, the desired orientation is described by a

2 x 3 matrix whose columns are unit vectors coincident with the desired X, Y, and Z axes

of the end-effector. The actual orientation of the end-effector is given by the matrix éR .

The orientation error is calculated as follows [70]: ep = 'k sin©®, where 'K and © are

the axis and angle of rotation which transform the end-effector frame to the desired orien-

tation. The calculation of the angular velocity error is then straightforward:

éo = @1-Jp g (3.3.6)

3.3.2.3 Simulation Results

The performance of redundancy resolution in tracking the main task trajectories is
studied here by computer simulation. The integration step size in the following simula-
tions is /0 ms, and the main task consists of tracking the position and orientation trajecto-
ries, generated by linear interpolation between the initial and final configurations,

specified by:

'pd el _ 618 2314 1127.0]7, lgd-imiat _ |00 ~0-23 ~0958
8 = [ol. ’ A, R = |-0.93 030 -0.22

0.339 0921 -0.19
A2 o o2
2 2

1, d- final -
PSTI < (s00 500 11023)7, ARA~final 1

ol ©
o
Sl e



The overall redundancy resolution scheme has not been changed (see Section 2.3.1.3).

The only difference consists of splitting the main task into two independent sub-tasks with

weighting matrices denoted by W, and W, corresponding to position and orientation
respectively of the end-effector.

The joint velocities are calculated from

g=Ab 3.3.7D
where
T T T
A= Jp,Wp,]p,"‘-’o,Wo,Jo,*'Jc WJ . +W, (3.3.8)
T : T T R
b = Jp'Wp‘P,+JO'WO(Q,+JC w_Z, (3.39)

The subscript c refers to the additional task which is not active in the simulation presented
in this section. It should be noted in the following simulations that redundancy resolution

is implemented in closed-loop. Hence, the reference velocities are given by:
5 ly,d 1,d 1
P, = Pg +K, (Pg — Pg) (3.3.10)

Q, = ,Q7+K, ¢, (3.3.11)

where K p, and K p, are the position and orientation proportional gains respectively. In the

first simulation, the sub-task corresponding to tracking the desired orientation is inactive.
Figures 3.12a, b show the position and orientation errors. In the second simulation only
the orientation sub-task is active, and the resuits are shown in Figures 3.12¢c, d. In this
case, no attempt has been made to follow the position trajectory. The position and orienta-

tion errors are mainly due to the presence of W, in the damped least-squares formula-
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tion of the redundancy resolution.
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Figure 3.12 Simulation results for position and orientation tracking

In the following simulations, both position and orientation sub-tasks are active. Figure
3.13a, b, and ¢ show the results of the simulation with small W, (the singularity robust-

ness factor). As we can see in Figure 3.13a, at some point, the position and orientation
sub-tasks are in conflict with each other. This causes the whole Jacobian of the main task

to approach a singular position where the condition number of the Jacobian matrix is

Cond,,,. = 403. Therefore, there is considerable error on both sub-tasks. Figure 3.13 d,
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e, and f show the simulation result with a larger value of W . This time, the whole Jaco-
bian matrix remains far from singularity (Cond,,,, = 105), and the maximum errors are
reduced significantly. However, in the case that W, = 20I, ,, there is considerable error

at the end of the trajectory. This shows that W should be selected as small as possible.
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Figure 3.13 Simulation results when both main sub-tasks are active; left column
W, = 1I; 3, rightcolumn W, = 207, ,
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The isotropic design of REDIESTRO reduces the risk of approaching a singular con-
figuration over a greater part of the workspace. However, this risk cannot be eliminated

completely, and the singularity robustness factor W, should either be selected large

enough, which introduces errors in the main task, or it should have a time-varying formu-
lation whereby it is chosen with diagonal entries proportional to the inverse of the mini-
mum singular value of the Jacobian of the main task. Figure 3.14 shows the comparison

between these two approaches. As one can conclude, the variable weight formulation

shows better performance because W, has small values far from a singular configuration.

Hence, it does not introduce errors on the main task, and it increases appropriately near a
singular configuration. However, considering the computational complexity of the numer-
ical implementation of the SVD algorithm for a 7-DOF arm, and depending on the avail-

able computing power, it may not be feasible for real-time control.
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Figure 3.14 Comparison between the fixed and the time-varying singularity robustness
factor
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3.3.3 Additional Tasks

The additional tasks incorporated in the redundancy resolution module are as follows:
Joint Limit Avoidance (JLA), Static and Moving Obstacle Collision Avoidance (SOCA,
MOCA) and Self Collision Avoidance (SCA).

3.3.3.1 Joint Limit Avoidance

The JLA algorithm developed in Section 2.4.1.3 is extended here to 3-D without
major modifications. In this case, the Jacobian matrix of the JLA corresponding to the ith

jointis:J~ = eI, where ¢; is the ith column of the matrix I, ;. The same weight sched-

uling scheme is used as that implemented for JLA in Section 2.4.1.3 .

In the following simulation, the main task is the same as in Section 3.3.2 with both
position tracking and orientation tracking active. Figure 3.15 shows that with JLA inac-
tive, joint 4 has a minimum value equal to 67 degrees. When the JLA is active with mini-
mum 80 degrees for joint 4, this joint is prevented from violating its limit while tracking
the main task trajectory. The position and orientation tracking errors converge to small

values except for a short transition period when the JLA task becomes active.
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Figure 3.15 Simulation result for JLA in the 3-D workspace with 94, = 80°

3.3.3.2 Static and Moving Obstacle Collision Avoidance

A graphical rendering of REDIESTRO with its actual links and actuators is shown in
Figure 3.1, while Figure 3.16 depicts the arm with each moving element of the arm
enclosed in a cylindrical primitive. The links and the actuator units are modeled by 14 cyl-
inders in total, the fourth link having the maximum number of 4 sub-links. The end-effec-

tor and the tool attached to it are enclosed in a sphere.

The environment is modeled by spherical and cylindrical objects. Each obstacle is
enclosed in a cylindrical or a spherical Surface of Influence (SOI). Note that the dimen-
sions of the SOIs are used in distance calculation, collision detection and obstacle avoid-

ance modules rather than the actual dimensions of the obstacles.
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Figure 3.16 REDIESTRO with simplified primitives

Additional task formulation: Let us assume that after performing the distance calcu-

lation, the jth sub-link of the ith link of the manipulator - S;; or C;; depending on the prim-

itive used for modeling - is in the risk of collision with the k7k obstacle (S, or C, ). The

71



critical point on the sub-link and the obstacle (P:'-;- and are PZ) and the critical direction
(u; ik ), are determined by the collision detection algorithm described in Section 3.2. Now,

the additional task z; for the redundancy resolution module is defined by:

N T -
Zik = by Zijk = ‘“ij,k(fqu-Pz) (33.12)
where h;; . is the critical distance, J:-';-q’ sapg-/ dqg is the Jacobian matrix mapping the

joint rates g into the velocity of the critical point Pg- of the manipulator, while ﬁz is the
velocity of the obstacle k. The desired values for the active constraints (additional tasks)
are: z¢ = 7¢ = 0. Note that we still need to calculate the Jacobian of the active con-

straints. First, the Jacobian of the critical point is calculated, i.c.,

J:';’ = [J3x; 0357-:] (3.3.13)

The kth column of the matrix J is given by:

J(k)3 51 = @ X (Pi= Prorigin) k=1-i (3.3.14)

where &, is the unit vector in the direction of rotation of the kzh joint, py,,;.;, is the posi-
tion vector of the origin of the kth local frame. Note, that all variables are defined in frame
(1).

Now, the Jacobian of the additional task to be used by the redundancy resolution mod-

ule is calculated as:

I = —u  J5; (33.15)
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Analysis: The performance of the obstacle avoidance scheme has been studied by var-
ious simulations for different scenarios. As an example, the simulation results for the
MOCA are illustrated in Figure 3.17. In these simulations, the main task consists of keep-
ing the position of the end-effector constant while avoiding collision with a moving object.
Figure 3.17 shows the results of the simulations for different constant values of the
weighting matrix corresponding to the collision avoidance task. It should be noted that,
when Wc is too small, the object collides with the arm. When Wk is large enough, no colli-
sion occurs, but there is a rapid increase in the joint velocities which results in a large
pulse in joint accelerations (see Figure 3.17). In a practical implementation, the maximum
acceleration of each joint would be limited and this commanded joint acceleration would

result in saturation of the actuators.
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Figure 3.17 Simulation results for MOCA with fixed weighting factor
The optimal value of Wc depends on factors such as object velocity, end-effector

velocity, and location of the critical point. Therefore, from preliminary simulations, it was

observed that finding a fixed value which performs well in different situations is very diffi-
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cult. To overcome this problem, a time-varying formulation [9] has been used to adjust the
weighting factor automatically. In this way, the weighting factor corresponding to each

active task is adjusted according to the following scheme:

1 1

W = - R
c k((dc—Ro)z (SOI—RO)z) (3.3.16)

where d_ is the distance between the critical point on the link and either the center of the

object for a spherical object or the projection of the critical point on the axis of the cylin-

der in the case of a cylindrical object. R, and SO/ are the radii and surface of the influ-

ence of the objects.
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Figure 3.18 shows the results of the simulation using this formulation, which for the

case of k=0.01, shows successful operation of MOCA, with minimum acceleration.
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Figure 3.18 MOCA simulation results for the time-varying weighting factor
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3.4 EXPERIMENTAL EVALUATION USING A 7-DOF REDUN-
DANT MANIPULATOR

The main objective of these experiments is to demonstrate the capability of the redun-
dancy resolution module in performing the main tasks (position and orientation tracking)
while using the extra degrees-of-freedom to fulfill additional tasks (obstacle and joint limit
avoidance) for REDIESTRO. The general block diagram of the different modules involved

in the hardware experiment is shown in Figure 3.19. The three major modules are:
* The redundancy resolution module (RR)
* The robot and its associated control hardware and software
* The robot animation software: Multi-Robot Simulation (MRS) system [71]

In order to distinguish between the performance of the robot’s controller and redun-
dancy resolution scheme, two separate control loops; one at the Cartesian space level
(including the RR) and one at the low-level joint controller, have been implemented. In
this way, the kinematic simulation (including RR) running on an SGI workstation, gener-
ates the desired joint trajectory and this trajectory is then transferred as the joint set points

to the VME bus based controller to drive the robot’s PID joint controller.

An obstacle avoidance system essentially deals with a complex environment. There
are many limitations in creating (modeling) a robot’s environment such as space, material,
equipment and financial limitations. Creating a time-varying environment (as in the case
of moving obstacles) can be even more difficult. One solution to this problem is online
transmission of a robot’s configuration to a workstation running a graphics visualization of
the arm (MRS). MRS serves as a virtual environment; the graphics model of the robot mir-
rors the exact motion of the arm and the environment can be modeled in the graphics pro-

gram. This has two main advantages:

* Any complex environment can be modeled with a desired precision (including a

time-varying environment)

* The risk of damage to the robot is reduced.
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Figure 3.19 General block diagram for the hardware demonstration

3.4.1 Hardware And Software Configurations

At the time of conducting these experiments, REDIESTRO was located at Centre for
Intelligence Machines (CIM) at McGill University. The independent joint PID controller
was adequate to perform the experiments for collision avoidance. Appendix D describes
the hardware and software configurations used in this experiments. Note that after these
experiments were completed, REDIESTRO was relocated at Concordia University where
a new hardware and software setup was developed to meet the additional requirements

needed for force and compliant motion control.

77



3.4.2 Hardware Demonstration

Three different scenarios were selected to verify the performance of the redundancy
resolution and obstacle avoidance scheme in executing the following tasks: Position track-
ing, orientation tracking, static and moving obstacle collision avoidance, joint limit, and
self-collision avoidance. In each of these scenarios, one or multiple features were active at
different instants of execution. The sequence of steps undertaken in each case was as fol-

lows:

1. Generate the joint trajectory with the redundancy resolution and obstacle

avoidance simulation.

2. Verify the result using MRS program (e.g., Are the obstacles avoided?).
3. Adjust parameters and repeat step 2 if necessary.

4. Position the static obstacles in the workspace.

5. Use the command trajectory to run the robot.

6. Record the joint history for further analysis

For demonstration purposes, the static obstacles were built using styrofoam and accu-
rately positioned in the workspace. However, the moving object used in the second sce-
nario was not constructed, instead, the performance of the collision avoidance algorithm

was observed using the virtual models of the arm and the object in MRS.

3.4.3 Case 1: Collision Avoidance with Static Spherical Objects

In this scenario, the end-effector was commanded to move from its initial position to a
final desired position: There were two static objects to be avoided in the workspace. The
orientation tracking task was not activated in this scenario; the orientation of the end-
effector was not controlled. Figure 3.22 shows the snapshots of the arm motion. We can
see that without activating the obstacle avoidance feature (left sequence), the position tra-
Jectory is followed perfectly, but, there are several collisions with the obstacles. Figure

3.22 (right sequence) shows the successful operation of position tracking and obstacle
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avoidance (visualization of hardware experiment). As an example, the plot of the com-

manded and actual joint values and rates for joint one are given in Figure 3.20. The set-

point command trajectory leads the actual joint trajectory by ~ 0.1 second which is a typ-
ical delay of a PID controller (Figure 3.20a). Figures 3.20b, ¢ show the desired and actual
rates respectively. One can see that the actual rates follow adequately the joint set-point
command, except when the joint motion is dominated by stiction. The stiction effects also
explain the position error at the end of the trajectory. Note that the PID controller only
uses the rate information (obtained by numerically differentiating the measured joint
angles) to provide damping. The oscillations shown in the PID rates are probably due to
underdamped tuning of the PID parameters and noise due to numerical differentiation.
This scenario demonstrates the capability of the redundancy resolution module to perform

position tracking and to avoid collision with the obstacles.

— - — joint set-point command
—— hardware experiment
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bt lhow s
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»
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Figure 3.20 Case 1: a) Joint 1 (degrees); b) derivative of the joint set-point command, ¢)
derivative of joint trajectory in hardware experiment
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3.4.4 Case 2: Collision Avoidance with a Moving Spherical Object

In the second scenario, the end-effector was commanded to keep its initial position
while the orientation is changed. There was also a moving object to be avoided. In order to
satisfy the main task, six degrees of freedom are required, leaving 1-DOF for other addi-
tional tasks. Figure 3.23, left sequence (simulation results), shows that without any obsta-
cle avoidance, joint limit avoidance, and self-collision avoidance provisions, only the main
task consisting of position and orientation tracking can be successfully executed. How-
ever, there are multiple collisions with objects and self-collision with the base. The right
sequence of Figure 3.23 shows that by activating different modules both the main and
additional tasks can be performed simultaneously (visualization of the hardware experi-
ment). Figure 3.21 shows the actual joint angles for joints 2 and 3. The joints initially start
moving to realize the commanded change of orientation, but this direction is reversed for

joint 2, at 0.9 second, when the arm starts to take evasive action to prevent a collision. The

joint 2 value rapidly increases to a peak value of ~ 30 degrees at 2 seconds. At 2.4 sec-
onds, joint 2 quickly changes its direction to respect the imposed joint limit (software limit
to prevent self-collision) of +35 degrees. One should note that there are more active addi-
tional tasks than the available degrees of redundancy. However, task prioritized formula-
tion of redundancy resolution is capable of handling these difficult situations and leads
only to a graceful performance degradation for the less prioritized tasks (in this case posi-

tion and orientation tracking).
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Figure 3.21 Case 2: a) joint 2, b) joint 3 (degrees)

3.4.5 Case 3: Passing Through a Triangular Opening

The environment was modeled by three cylindrical objects forming a triangular open-
ing. The end-effector trajectory was defined as a straight line passing through this triangu-
lar opening. Each obstacle is enclosed in a cylindrical Surface of Influence (SOI). The left
column in Figure 3.24 (a through g) shows the motion (simulation results) of the arm
when the obstacle avoidance module is not activated. As we can see the end-effector fol-
lows the desired trajectory; however, there are multiple collisions between the links or the
actuators with the obstacles. By activating the obstacle avoidance module, both the end-
effector trajectory following and obstacle avoidance were achieved, as can be seen in the

right column of Figure 3.24 (h through k) - visualization of the hardware experiment.
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3.5 CONCLUSION

In this chapter, the extension of the redundancy resolution and obstacle avoidance
module to the 3D workspace of REDIESTRO was addressed. The obstacle avoidance
algorithm was modified to consider 3-D objects. A novel primitive based collision avoid-
ance scheme was presented. This scheme is general, and provides realism, efficiency of
computation, and economy in preserving the amount of free space that would otherwise be
wasted. Different possible cases of collisions were considered. In particular, the cylinder-
cylinder collision avoidance which represents a complex case for a collision detection

scheme was formalized using the notion of dual vectors and angles.

Before performing the hardware experiments using REDIESTRO to evaluate the per-
formance of the redundancy resolution and obstacle avoidance module, extensive simula-
tions were performed using the kinematic model of REDIESTRO. These simulations were
aimed at a study of the following issues:

* Position and orientation tracking: Considering the complexity of the singular
regions existing in the 3D workspace of a 7-DOF manipulator, the singularity
robustness formulation of redundancy was shown to be necessary in practical

applications. It was shown that by a proper selection (or a time-varying
formulation) of W, the weighting matrix of the singularity robustness task, the
effect of this term on the tracking performance can be minimized.

* Performing the additional task(s): Joint limit avoidance and obstacle avoidance
tasks were implemented for REDIESTRO. It was shown that the formulation of
additional tasks as inequality constraints, may result in rapid change in joint
velocities which causing a large pulse in joint accelerations. In a practical
implementation, since the maximum acceleration of each joint would be limited,

such a commanded joint acceleration would result in saturation of the actuators.
A time-varying formulation of the weighting matrix, W _, was proposed which
successfully overcame this problem.

¢ Fine tuning of control gains and weighting matrices
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Three scenarios encompassing most of the developed redundancy resolution and
obstacle avoidance system features have been successfully demonstrated on real hardware,
i.e., the REDIESTRO manipulator. Despite the geometrical complexity of REDIESTRO,
the arm is entirely modelled by decomposition of the links and attached actuators into sub-
links modelled by simple volume primitives. Moreover, due to the complex and unusual
shape of REDIESTRO, it is believed that adapting the algorithms to other manipulators

can only be simpler.

The current redundancy resolution and obstacle avoidance scheme provides an intelli-
gently assisted tele-operation mode to the human operator in that one only needs to spec-
ify the desired location and orientation of the end-effector, and the system automatically
takes care of the details of moticn control, configuration selection, and generalized colli-
sion avoidance, including joint limi and self-collision avoidance, in addition to collision
with objects in the workspace. However, at this stage the redundancy resolution scheme
cannot handle situations where the manipulator comes in contact with environment. Fur-
ther modification to the redundancy resolution scheme is needed in order for it to be used

in a force or compliant control scheme. This issue will be addressed in the next chapter.
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Left sequence: simulation with no
obstacle avoidance provision

e

Right sequence: Visualization of
hardware experiment

Figure 3.22 Collision avoidance with static spherical objects
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Left (top to bottom): simulation Right: Visualization of hardware
with obstacle avoidance (MOCA) inactive experiment.

Figure 3.23 Collision Avoidance with moving spherical object.
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Figure 3.24 Passing through a triangular opening
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CHAPTER
CONTACT FORCE AND

COMPLIANT MOTION
CONTROL

4.1 INTRODUCTION

Robotic tasks mainly fall into two categories: Constrained and unconstrained motions.
During the initial stages of development in robotics, most successful applications dealt
with position control of unconstrained motion of robot manipulators. The nature of these
tasks does not require a robot to come in contact with its environment (work piece). Spray
painting is an example of such a task in which the robot brings a spray gun near the sur-
face to be painted and then sweep across the surface with a specified velocity. Another
example is that of seam welding. In some applications where a robot comes in contact
vn./ith its environment (as in the case of material handling), precise control of the interaction
with the object is not required. The problem that arises when using a position control
scheme in a constrained motion is that the robot-environment interaction forces are treated
as disturbances. The controller tries to reject these forces, and hence, gives rise to larger
interaction forces. The consequences of this are saturation, instability, or even physical
failure and damage to the robot and the environment. Whitney [20] gives a historical per-
spective on robot force control. Force control strategies have been mainly designed to use

force feedback sensory information.
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Salisbury [21] proposed a stiffness control scheme. Raibert and Craig [22] proposed a
hybrid position-force control scheme. Yoshikawa [23], McClamroch and Wang [24] pro-
posed a method based on a constrained dynamic model of a manipulator. Hogan intro-
duced the impedance control idea in a series of papers in the mid-1980’s. In [25], he
proposed the fundamental theory of impedance control which showed that command and
control of a vector such as position or force is not enough to control the dynamic interac-
tions between a manipulator and its environment. This emphasizes the main problem of
hybrid position-force control, i.e., its failure to recognize the importance of manipulator
impedance. The impedance control scheme overcomes this problem, but it ignores the dis-
tinction between position and force controlled subspaces, and no attempt is made to follow
a commanded force trajectory. Therefore, Anderson and Spong [26] proposed a Hybrid
Impedance Control (HIC) scheme, and recently, Liu and Goldenberg [27] have introduced
a robust HIC method.

The aforementioned methods can be divided into two main categories, referred to as
constrained motion [22], [23], [24], and compliant motion [25], [26], [28] approaches. In
the next sections, an outline of these approaches is given. Note that the above mentioned
algorithms are not directly applicable to redundant manipulators. However, a careful
review of these algorithms gives guidelines in selection of force or compliant motion con-
trol for redundant manipulators. In the remainder of this chapter, algorithms proposed for
force and compliant motion control of redundant manipulators are presented. Section 4.3.1
addresses the extension of configuration control at the acceleration level. Section 4.3.2
introduces the Augmented Hybrid Impedance Control (AHIC) scheme. The feasibility of
this scheme with respect to performing both the main and additional tasks is studied using
a 3-DOF planar arm. The AHIC scheme is then modified to cop with the uncontrolled self-
motion. The AHIC with self-motion stabilization is presented in 4.3.3. An adaptive ver-
sion of the AHIC scheme is presented in Section 4.3.4 along with a stability and conver-

gence proof.
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4.2 LITERATURE REVIEW

4.2.1 Constrained Motion Approach

This approach considers the control of a manipulator constrained by a rigid objc:ctl in
its environment. If the envircnment imposes purely kinematic constraints on the end-
effector motion, only a static balance of forces and torques occurs (assuming that the fric-
tion effects are neglected). This implies no energy transfer or dissipation between the
manipulator and the environment. This underlies the main modeling assumption made by
[24] where an algebraic vector equation restricts the feasible end-effector poses. The con-

strained dynamics can be formalized as:

H(q)G+h(q,q) = =-JTF (a) 4.2.1)

®(p) =0 ()

where 7 is the vector of applied forces (torques), H(q) is the n X n symmetric positive def-
inite inertia matrix, h is the vector of centrifugal, Coriolis, and gravitational torques.
p € R" is the generalized task coordinates, and ®(p) € R™ is the constraint equation,

continuously differentiable with respect to p. It is assumed that the Jacobian matrix is
square and of full rank. The analysis given below follows that in [24], the generalized
force? F in (4.2.1) is given by:

F = (&g_ﬁ,p))rl 4.2.2)

where L € R™*! js the vector of generalized Lagrange multipliers. Using the forward

kinematic relations:

1. A work environment or object is said 1o be rigid when it does not deform as a result of applica-
tion of generalized forces by the manipulator.
2. In the rest of this chapter, the term “force” refers to both interaction force and torque.
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p=Jq
p=Jg+lg (4.2.3)

and assuming that the Jacobian matrix is invertible, we can obtain the following con-

strained dynamics expressed with respect to generalized task coordinates directly from
“@.2.1):

H,(p)p+h,(p,p) = u—F @.2.4)
®(p) = 0

where

H_= JTH(q)J!
P (@) 42.5)

— f 5 -T 2
hp - —Hqu+J h(q7 Q)

u=JTt

A nonlinear transformation can then be used to transfer to a new coordinate frame. It is

assumed that there is an open set ©@ < R"~™ and a function 2 such that

®(Q(p5), p3) =0 Vp,€ © 4.2.6)

where
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/P, 42.7)
p= (P )

Now, defining another coordinate represented by the vector x, we obtain the following

nonlinear transformation X:

x = X(p) = (prg(pz))

which is differentiable and has a differentiable inverse given by:

p = Q(x) = (x (4.2.8)

3 9Q(x,)
Te) = 5520 = I (429)
o I,

Transforming the equation of motion in (4.2.4) to the generalized coordinate x, we obtain:

H (x)x+h(x,%) = TTu—-TTF (4.2.10)

x =0

where
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H, = TT(x)H ,(Q(x))T (x)
4.2.11)

h, = TT(x)H ,(Q(x)T(x)x + TT(x)h,(Q(x), T(x)%)

Note that in this transformed frame, the constraint equation takes the simple form x; = 0.

Equations (4.2.10) can be simplified as follows:

E\H El%,+Eh = ETT(u-F) (4.2.12)

x; =0

where E| and E, are defined by

- T T
I, = [E",E"5] (4.2.13)

I 0
ET, = ('m ET ___( )
= () 27 Unm

The hybrid control law is defined as

TTu = u +u, (4.2.14)

where
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u, = H[O ETN[x;+K (%;-%)+K p(Xg—x)1+h (x, %) (4.2.15)

up = [ET  ONTTF;+GpTT(F,—F)]

where X ,, K, and G are feedback gain matrices. By replacing the control law (4.2.14)

in the equation of motion (4.2.12), the following closed-form system of equations is

obtained
EIHXE{(é’Z-f-KVéZ-f-erz) = (I, +Gg)E,TT(F;~F) (4.2.16)
e, =0
where e¢; = x; —x;, and e, = x,—x,,. The closed-loop equation of motion given by

(4.2.16) implies that e, — 0 as t — oo through proper choice of feedback gains and also

F — F,as t — o=. Hence, it is asymptotically stable.

A hybrid position and force controller is proposed in [22] where the task space is
divided into two orthogonal position controlled and force-controlled subspaces using a
selection matrix S. The diagonal elements of the selection matrix S are selected as O or 1
depending on which degrees of freedom are force-controlled and which are position-con-

trolled (Figure 4.1).
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Figure 4.1 Schematic diagram of the hybrid position and force control

Mills [29] showed that the constrained motion control approach of McClamroch and

Wang [24] is identical to the hybrid position and force control scheme if the selection

matrix § is replaced by:

4.2.17)

Note that these methods are not directly applicable to redundant manipulator.

4.2.2 Compliant Motion Control

In contrast to the constrained motion approach, compliant motion control as its name
implies, deals with a compliant environment. This approach is aimed at developing a rela-

tionship between interaction forces and manipulator position instead of controlling posi-
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tion and force independently. This approach is limited by the assumption of small
deformations of the environment, with no relative motion allowed in coupling. Salisbury
[21] proposed the stiffness control method. The objective is to provide a stabilizing
dynamic compensator for the system such that the relationship between the position of the
closed-loop system and the interaction forces is constant over a given operating frequency

range. This can be written mathematically as follows:

OF(jm) = KdX(jw), 0<o<w’ 4.2.18)

where 6F(j®) is the n x 1 vector of deviations of the interaction forces and torques from
their equilibrium values in a global Cartesian coordinate frame; 3X (j®) is the n x 1 vec-
tor of deviations of the positions and orientations of the end-effector from their equilib-

rium values in a global Cartesian coordinate frame; K is the n x n real-valued nonsingular

stiffness matrix; and ®° is the bandwidth of operation. By defining K, the user governs the

behavior of the system during constrained maneuvers.

Hogan [25] proposed the impedance control idea. Impedance control is closely related
to stiffness control. However, stiffness is merely the static component of a robot’s output
impedance. Impedance control goes further and attempts to modulate the dynamics of the
robot’s interactive behavior. The main idea of impedance control is to make the manipula-

tor act as a mass-spring-dashpot system in each single degree of freedom in its workspace.
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Figure 4.2 Apparent impedance of a manipulator in each degree of freedom of task space

Therefore, the manipulator is seen as an apparent impedance given by:

M4(X - X9y + B4(X - X%) + K4(X - X9) = —Fe (4.2.19)

where M4, B4, and K¢ are diagonal m x m matrices of the desired mass, damping, and
stiffness. F* is the vector of the environmental reaction forces. The superscript 4 refers to

desired values.

First, let us define the operational-space dynamic equation of motion of the manipula-

tOI’l as:

H(X)X+h(X,X) = JTu+Fe (4.2.20)

where H_ is the Cartesian inertia matrix, k_ is the vector of centrifugal, Coriolis, and
gravity terms acting in operational space. Then as proposed in [26], an inner and outer
loop control strategy (Figure 4.3) can be used to achieve the closed-loop dynamics speci-
fied by (4.2.19)

1. If we consider a non-redundant manipulator not in a singular configuration, then
H,=JTH_J, he = JTh ~H_ Ig
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Figure 4.3 Inner-outer loop control strategy

In the absence of uncertainties on the dynamic parameters of the manipulator, the

inner loop is a feedback linearization loop of the form
u =JT(H a+h_~F¢) 4.2.21)

which results in the double integrator system X = a. The output of the outer loop is a tar-

get acceleration obtained by solving (4.2.19):

a = X4-M4'[B4(X — X%) + K4(X - X4)—F¢] (4.2.22)

Hogan indicated that the impedance control scheme is capable of controlling the
manipulator in both free space and constrained maneuvers, though eliminating the switch-

ing between free-motion and constrained motion controllers.

A typical compliant motion task is the surface cleaning scenario shown in Figure 4.4.
As we can see a target trajectory is defined to be identical to the desired trajectory in free
motion. However, in order to maintain contact with the environment, the target trajectory
is defined to be different from the desired trajectory in constrained maneuvers. Depending
on the desired impedance characteristics and the environment, the robot will follow an

actual path which results in a certain contact force with the environment.
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Figure 4.4 Surface cleaning using impedance controller

It should be noted that in the impedance control scheme, no attempt is made to follow
a commanded force trajectory. To overcome this problem, Anderson and Spong [26] pro-
posed a Hybrid Impedance Control (HIC) method. Again the task space is split into
orthogonal position and force controlled subspaces using the selection matrix S. The
desired equation of motion in the position-controlled subspace is identical to equation

(4.2.19). However, in the force-controlled subspace, the desired impedance is defined by:

MAX + BAdX —Fd = _Fe (4.2.23)

In the force-controlled subspace, a desired inertia and damping have been introduced
because if only a simple proportional force feedback were applied, the response could be

very under-damped for an environment with high stiffness. In the case of loss of contact

with the environment or approaching the surface (F¢ = 0), equation (4.2.23)becomes

M4X + BiX = F4 4224
If we assume a constant desired force, positive diagonal inertia and damping matrices, and

X(0) = 0, then the ith component of the velocity vector X is given by:
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. Fd
X:(r) = B—;(l — e~ (BI/ M)y (4.2.25)
[

Therefore

( i im X Ff (4.2.26)
lXi(t)l <B_,-d and lli)m”X,-(t) = E? .

This guarantees that the arm approaches the environment with a velocity that can be prop-

erly limited in order to reduce impact forces.

Again, note that these methods are not directly applicable to redundant manipulators.
The main reasons are the use of the Cartesian model of manipulator dynamics, and calcu-
lation of the command input in task space. As we mentioned earlier, for a redundant
manipulator, the task space requirements cannot uniquely determine joint space configura-
tions. An augmented hybrid impedance controller which overcomes this problem will be

proposed in next section.

4.3 NEW SCHEMES FOR COMPLIANT AND FORCE CON-
TROL OF REDUNDANT MANIPULATORS

The problem of compliant motion control of redundant manipulators has not attained
the maturity level of its non-redundant counterpart. There is little work that addresses the
problem of redundancy resolution in a compliant motion control scheme. There are two
major issues to be addressed in extending existing compliant motion schemes to the case

of redundant manipulators:

(i) The nature of compliant motion control requires expressing the manipulator’s task
in Cartesian space; therefore, such schemes are usually based on the Cartesian dynamic
model of manipulator. However, in the presence of redundancy, there is not a unique map

from Cartesian space to joint space.
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(ii) Most redundancy resolution techniques are at the velocity level, and simple exten-
sions of these techniques to the acceleration level have resulted in the self-motion phe-

nomenorn.

For instance, Gertz et al. [36], Walker [35] and Lin et al. [37] have used a generalized
inertia-weighted inverse of the Jacobian to resolve redundancy in order to reduce impact
force. However, these schemes are single purpose algorithms, and cannot be used to sat-
isfy additional criteria. An extended impedance control method is discussed in [38] and
[39]; the former also includes an HIC scheme. These schemes can be considered as multi-
purpose algorithms since different additional tasks can be incorporated in HIC without
modifying the schemes and the control laws. However, there are two major drawbacks to
these schemes: (i) The dimension of the additional task should be equal to the degree of
redundancy, which makes the approach not applicable for a wide class of additional tasks,
i.e., additional tasks that are not active for all time such as obstacle avoidance in a clut-
tered environment. (ii) The HIC scheme introduces the possibility of controlling tasks
either by a position control or a force control scheme. The possibility of having an addi-
tional task controlled by a force controlled scheme is ignored by including the additional
task in the position controlled subspace of the extended task. Shadpey et al. [40] have pro-
posed an Augmented Hybrid Impedance Control (AHIC) scheme to overcome these prob-

lems (see Section 4.3.2). This scheme enjoys the following major advantages:

(i) Different additional tasks can be easily incorporated in the AHIC scheme without

modifying the scheme and the control law.

(ii) An additional task can be included in the force-controlled subspace of the aug-

mented task. Therefore, it is possible to have a multiple-point force control scheme.

(iii) Task priority and singularity robustness formulation of the AHIC scheme relaxes

the restrictive assumption of having a non-singular augmented Jacobian.

However, the scheme in [40] exhibits the self-motion phenomenon, i.e., motion of the
arm in the null space of the Jacobian. A new AHIC scheme which has the above men-
tioned characteristics [42] is presented in Section 4.3.3. Moreover, by modifying both the

inner and outer control loops, the self-motion is damped when the dimension of the aug-
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mented task is smaller than that of the joint space. Finally, the new scheme is more amena-
ble to an adaptive implementation. An adaptive version of the AHIC scheme [43] is

presented in Section 4.3.4.

4.3.1 Configuration Control at the Acceleration Level

Similar to the pseudo-inverse solution given by (2.3.30), the following weighted

damped least-squares solution can be obtained:

G=[IW, I, +JIW J +W W IIW (X-J.4)+TIW (Z-T.4)] (4.3.1)

This minimizes the following cost function:

L=EIWE +EIWE +4TW,4 (4.3.2)

where

E,=X—(X-J.g) and E.=2Z—(Z-Jg) (4.3.3)

However, this solution is incapable of controlling the null space component of joint
velocities (see Section 2.3.2 ). A remedy for this difficulty is to differentiate the configura-

tion control solution at the velocity level given by equation (2.3.19). This yields

434
Gg=UIWJ,+JTW_J .+ W, ]'[A+B] ( )

where
A=JIW (X-J.g)+IJIW(Z-J.4)

B =JIw (X-71,4)+JTW (Z-7.4)
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Therefore, following the reference joint velocity given by equation (2.3.19) and the

acceleration trajectory given by (4.3.4), gives a special solution that minimizes the joint
velocities when k < r, i.e., there are not as many active tasks as the degree-of-redundancy,

and the best solution in the least-squares sense when k > r. In all cases the presence of W,

ensures the boundedness of the joint velocities.

4.3.2 Augmented Hybrid Impedance Control using Computed Torque
Algorithm

The AHIC scheme, shown in Figure 4.5, can be broken down into two different control
loops. The outer loop generates an Augmented Cartesian Target Acceleration (ACTA) tra-
jectory reflecting the desired impedance in the position controlled subspaces, and the
desired force in the force controlled subspaces of the main and additional tasks. From this
point of view, the AHIC problem can be formulated as that of tracking an ACTA trajectory
which is generated in real time. The inner loop control problem consists of selecting an

input T to the actuators which makes the end-effector track a desired trajectory generated

by the outer loop.

outerlocp inner loop

Desired force & ° 'yl /

| e— ‘X' ..z | Computed | ¢- _J F
position trajectory | acTA ~1- *| Redundancy torque 4 ARM
(main task) . enerator L . : Controller . o
. g : ‘| Resolution . q, 4
. [}

Desired force & ; .

position trajectory ; . Zt . .

(additional task) . it R

Figure 4.5 Block diagram of the AHIC scheme using the computed torque controller
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4.3.2.1 Outer-loop design

The design of the outer-loop part of the AHIC scheme is described in this section. As
mentioned in Section 4.2, the idea is to split the spaces corresponding to the main task X
and additional task Z into position and force controlled subspaces. Impedance control is
used in the position-controlled subspace. Therefore, the objective is to make the manipula-
tor act as a mass-spring-dashpot system with desired inertia, damping, and stiffness in
each dimension of the position controlled subspace of the main and additional tasks. In the
force-controlled subspace, a desired inertia and damping have been introduced because, if
only a simple proportional force feedback were applied, the response could be very under-

damped for an environment with high stiffness.

The motion of the manipulator in both subspaces can be expressed by a single matrix

equation using selection matrices S, and S,, as follows:

MI(X -5 X*) +BI(X -5, X%) + KIS (X - X4)— (I - S )Fd = ~F¢ @ 433

ME(Z-S 2 +BHZ-S.29) +KIS(Z~29)-(I-S,)F=-F¢  (b)

where the superscript d denotes the desired values; the subscripts x and z refer to the main

and additional tasks respectively; the diagonal matriccs M, B, and K are the desired mass,

damping, and stiffness matrices; F? and -F® are vectors of the desired and the environmen-

tal reaction forces; and S, and S, are the diagonal selection matrices which have 1’s on the

diagonal for position-controlled subspaces and 0’s for the force-controlled subspaces.

Solving the motion equations (4.3.5) for the accelerations X and Z leads to the Carte-

sian Target Acceleration (CTA) trajectories of the main, X*, and additional tasks, Z*:
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X' = §X— (M [BUX -5 X + KIS (X-XI)—(I-S)FI+F] (2 @436)

2t = $ 24~ (MO [BUZ -5, 2%) + KIS (Z-2%) - (I-S)FE +Fe] ()

Now the AHIC scheme can be formulated to track the CTA trajectories. Using the con-
figuration control approach - equation (4.3.1), the desired Joint Target Acceleration (JTA)
trajectory (§*) can be found by replacing the C7A trajectories of the main and additional

tasks in Equation (4.3.1).

G = UIW I, +JTW I + W INIIW (X ~T @)+ ITW (Z —Jg)]  (43.7)

Remark: Duffy [44] has indicated that in the case of compliant motion of a
manipulator in 3D space, the end-effector velocities (linear, angular) and forces (forces,
torques) should be considered as screws represented in axis and ray coordinates.
Therefore, in general the concept of orthogonality of force and position controlled
subspaces is not valid. As shown in [45], the concept that is appropriate is that of
“reciprocal” subspaces, i.e., the set of motion screws should be decomposed into mutually

reciprocal free and constraint subspaces.

4.3.2.2 Inner-loop

The dynamics of a rigid manipulator in the absence of disturbances are described by:

H(q)§+h(q,9)+G(q)+ f(q) = t+JIFe+JT F¢ (4.3.8)

where T is the vector of applied forces (torques), H(q) is the n X n symmetric positive def-
inite inertia matrix, h is the vector of centrifugal and Coriolis forces, fis the vector of fric-
tional forces, and G is the vector of gravitational forces. The last term on the right-hand

side of the equation is only needed if another point of the manipulator (other than the end-

. . . . (4 - .
effector) is in contact with the environment; F, denotes the reaction force corresponding

104



to a second constraint surface, and J; is the Jacobian of the contact point.

As mentioned earlier, the responsibility of the inner loop is to ensure that the manipu-
lator tracks the JTA trajectory. Referring to the dynamic equation of the manipulator, the

input torque is selected by:

T =H§'+h(q,9)+G(q) +f(§)-JIF:-JL F? (4.3.9)

which guarantees perfect following of the JTA trajectory in the absence of uncertainties in

the manipulator’s parameters.

4.3.2.3 Simulation Results on 3-DOF Planar Arm

The performance of the AHIC scheme has been studied using simulations involving a

3-revolute-joint planar manipulator (Figure 4.6).

Figure 4.6 3-DOF planar manipulator used in the simulation

In all cases, a constraint surface is defined by the position P.. and orientation 6 c ofa

frame C attached to this surface.The main task (same for all cases), defined in the con-
straint frame, is specified by a desired impedance (inertia, damping, and stiffness) in track-

ing of the desired position trajectory in the X, direction, and desired force trajectory in the

Y, direction. The selected values for the simulations are: m?=1, b%=120, and k¥?=3600. The
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environment is modelled as a spring with stiffness K,=/0000 N/m. The desired position
trajectory is calculated by linear interpolation between the initial and final points (constant

velocity trajectory), and the force trajectory is defined by f 4= _100 N. For each individual
case, a different additional task is defined. A general block diagram of the simulation is

shown in Figure 4.7.
[xdr xd’ Xd]c T‘C‘; -——[ Forward Kinematics
—t
e P B
¢ maun task ) C
(FElc —

N s IR

LS, ¢ Additional task ) _‘__C_'l_ ‘r"—
Zd, Zd. Z" _—_-:-T.C-i - :
——t w ‘:—Z_L Kinematic calculation }J
_—— Z

Figure 4.7 General block diagram of the AHIC scheme

In the Figure 4.7, T denotes the homogenous coordinate transformation between two
different frames (W refers to the workspace, and C refers to the end-effector constraint sur-
face). Note that the dashed-line blocks are needed if only the additional task is force-con-

trolled (C! refers to the second constraint surface).

Joint Limit Avoidance (JLA)

The formulation of the additional task was given in Section 2.4.1 . In the first simula-
tion, JLA is inactive, and the resulting errors in the position and force controlled subspaces
(Figure 4.8) both converge to small values (practically zero). However, the joint three

value goes below -100 degrees. In the second simulation, JLA is active and the minimum
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limit for joint three is selected as -80 degrees. The simulation results again show that the

force and position trajectories are tracked correctly, and also, the limit on joint three is

respected.
—_ILAactive (q3m;,=-80) N
[ b
o] ——IJLAinactive ¥
m ¥
404 4 A
Z] o \/
of} or r
( 4
-] as T (3 X - as v .S
(b)
(@
s . . .- 5 - -
<05
7 .
Deg. o
S
o 8
=
-l initial
e o
~100
as Y 3 48 [ as t ts B 3 ° es 1 1S 2
(© @ (e
a) Force error, b) Position error, c) Joint 3 variable,
Robot motion: d) JLA inactive e) JLA active

Figure 4.8 Simulation results for the AHIC scheme with Joint Limit Avoidance

Static and Moving Obstacle Avoidance (SOCA and MOCA)

The formulation of the additional task was given in Section 2.4.2 . The results for
SOCA are indicated in Figure 4.9, When the obstacle avoidance algorithm is inactive, the
main task trajectories are followed correctly. However, a collision occurs. By activating

obstacle avoidance, the collision is avoided and the main task requirement is also satisfied.
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In the next simulation, the position of the tip in the X direction is required to be fixed,
while exerting a constant force equal to -100 N in the Y, direction. Figure 4.10 shows that

the main task has been accomplished within a short time, and from this time onwards, the
manipulator does not move until the MOCA additional task becomes active, and success-

fully prevents the collision.

9.5+

[
w
s D

', SO - .

=3

(c)

)

Figure 4.9 Static Obstacle Collision Avoidance: Robot motion a) SOCA off b) SOCA on,
Errors c) position d) Force
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Figure 4.10 Moving Obstacle Collision Avoidance: Robot motion a) MOCA off b)
MOCA on, c) Joint variables, d) Position error, e) Force error

Task Compatibility
The objective of this additional task is to position the arm in the posture which requires

minimum torque for a desired force in a certain direction. The formulation of this addi-

tional task is given in Section 2.4.3 .

Figure 4.11 shows the results of the simulation for this case. The main task consists of
keeping the manipulator tip at a fixed position in the X direction while exerting -100 N in

the Y direction.

As we can see in Figure 4.11b, the manipulator reconfigures itself to find the posture
which requires the minimum torque to exert the desired force. Figure 4.1 1c shows how the
value of the objective function - task compatibility index given by (2.4.16) - increases to
reach the optimal configuration. Figure 4.11d shows the force ellipsoid for the initial and
final configurations. Note that the force transfer ratio along the Y direction has been
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increased. Figures 4.11e and f show that the force and position trajectories of the main

task were followed correctly. Note that the required torque is reduced when the additional

task is active (Figure 4.11g).
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’\/\N o NS o] ¢) Task compatibility index
1 d) Force ellipsoid
== : = T e), f) Force & position errors

g) Norm of the torque vector
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Figure 4.11 Task compatibility simulation results

Force-Controlled Additional Task
We have already noted that the additional task(s) can be included in either of the posi-

tion-controlled or force-controlled subspaces. In the following simulation, the additional
task consists of exerting a constant force to a second compliant surface (Figure 4.12) by an

arbitrary point Z fixed to one of the links - in this simulation, the joint between the second
and third links, joint 3.

The Jacobian of the additional task is the Jacobian of the point Z, and the desired force
in the Y direction is to be specified. The main task consists of keeping the position of the
tip in the X, direction unchanged, while exerting a constant -100 N force in Yy, direction
on the first constraint surface. The additional task is to exert a 100 N force (in the Y_;

direction) on the second constraint surface by joint three. Figure 4.13b shows the motion
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of the joints, Figures 4.13c, and d show that the main task is executed correctly, and
finally, Figure 4.13e shows that the desired force is exerted on the second constraint sur-
face. Note that, although initially joint three is not in contact with the second constraint
surface, the AHIC scheme works correctly and makes this point move toward the surface

with a bounded velocity.

z

Contact point with the second
constraint surface

Figure 4.12 Force-Controlled Additional Task
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Figure 4.13 Force-Controlled Additional Task
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4.3.3 Augmented Hybrid Impedance Control with Self-Motion Stabili-
zation

As we mentioned earlier, redundancy resolution at the acceleration level is aimed at
mifimizing joint accelerations and not controlling the self-mction of the arm. This is the
major shortcoming of the AHIC scheme proposed in Section 4.3.2. In this section by mod-
ifying both the inner and outer control loops, a new AHIC control scheme is proposed
which enjoys all the desirable characteristics of the previous scheme and achieves self-

motion stabilization.

4.3.3.1 Outer-Loop Design

The design of the outer-loop is similar to the design in Section 4.3.2.1. The only differ-
ence is that instead of calculating an Augmented Cartesian Target Acceleration (ACTA)
trajectory, we describe the desired motion by an Augmented Cartesian Target (ACT) tra-

jectory at position, velocity, and acceleration levels.

The motion of the manipulator in both subspaces can be expressed by a single matrix

equation using the selection matrices S, and §, as follows:

M4(X -5 X% + B4(X' - S X¥) + KIS (X' —X4)~ (I -S )F9 = ~F¢ (a) (4.3.10)

MAZ-S.Z%) + BUZ -5 2%) + KIS (Z' - 24) - (I - S)F§ = -F¢ ()

where the same definitions as in (4.3.5) are used.

The ACT trajectory [X*, Z”']T is the unique solution of the differential equations

(4.3.10) with initial conditions:

Xt(0) = X4(0) X1(0) = X4(0)

Z1(0) = Z4(0)  Z'0) = Z%(0) (43.11)
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Notice that the presence of measurement forces in these equations requires that the ACT

trajectory should be generated online.

4.3.3.2 Inner-Loop Design

The dynamics of a rigid manipulator are described by equation (4.3.8). The controller
should be designed to calculate the torque input to the dynamic equation (4.3.8), which
ensures the tracking of the ACT trajectory. The procedure is as follows: First, a Cartesian

reference trajectory is defined for both the main and additional tasks:

X" =X-A(X-XY and X =X-A(X-X" @by (43.12)

Zr=2Z2'-A(Z-2Z) and Zr=7'-A(Z2-2Y (c.d)

where A and A, are the positive-definite gain matrices. The joint reference trajectory is

defined by using the task prioritized and singularity robust redundancy resolution scheme

described in Section 4.3.1. This is done by replacing the Cartesian reference velocity and

acceleration in equations (2.3.19) and (4.3.4) to find 4", §”. Now a virtual velocity error is

defined as:

s=4-4" (4.3.13)

The control law is then given by:

T = H(g)§" +C(q, §)§" +G(q) + £(§) + Kps—JTFe— T, F¢ 43.14)

where K, is a positive-definite matrix. This control law does not cancel the robot dynam-

ics. However, it ensures asymptotic, or by proper choice of K, and A, exponential track-

ing of ACT at the same rate as that of exact cancellation (see [52] and [53]).
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Remarks:

* Note that by “asymptotic tracking of ACT”, we mean that the control law

guarantees convergence to a solution that minimizes (2.3.20).

* The above procedure is different from the design of the controller in joint space,
because in the latter, the ACT trajectory would be used to generate the desired
joint trajectories g9, g%, §¢. However, in the proposed algorithm, explicit

calculation of the desired joint values is avoided.

* The use of the controller proposed in this section has two major advantages over
the inverse dynamics (or computed torque) method which is used in Section

43.2:

(1) It controls self-motion because both velocity and acceleration informa-
tion are used; the computed torque method requires only a commanded

acceleration trajectory.

(i1) The formulation of this algorithm is similar to a non-adaptive version
of the approach of Slotine and Li [52]. Therefore, to deal with inaccurate
dynamic parameters, an adaptive implementation of this algorithm can be
developed without major modifications to the inner loop which is the

subject of the Section 4.3 4.
4.3.3.3 Simulation Results on a 3-DOF Planar Arm

The setup for the constrained compliant motion control is shown in Figure 4.6. A gen-

eral block diagram of the simulation is shown in Figure 4.14.
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Figure 4.14 General block diagram of the AHIC scheme

Obstacle avoidance with self-motion stabilization

In this simulation, the end-effector is initially at rest and touches the constraint surface

(f=0) at the point (1.5,0). The main task consists of keeping the position in the X direction

constant, while exerting a desired -/00 N in the Y direction. There is also a moving object

enclosed in a circle in the workspace. The additional task consists of using the redundant

degree of freedom to avoid this object. The simulation is carried out to compare the

method proposed in Section 4.3.2 and the method proposed in this section.

As we can see in the plot of the joint velocities (Figure 4.15c, Figure 4.16¢), there is a

movement for a short period at the beginning to achieve the desired force - the end-effec-

tor moves in the Y direction to penetrate the surface.
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Figure 4.15 Object avoidance without self-motion stabilization

The manipulator remains stationary until the object is close enough to the arm. The
obstacle avoidance task becomes active and makes the manipulator move in the null space
of the Jacobian matrix to avoid collision while satisfying the main task. The two algo-
rithms perform in the same way up to the point that the object clears the arm. From that
point onwards, the algorithm in Section 4.3.2 is unable to control the null space compo-
nents of the joint velocities and causes self-motion (Figure 4.15b). However, the proposed

algorithm is successful in damping out these components and preventing self-motion.
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Figure 4.16 Moving object avoidance with Self-motion stabilization

4.3.4 Adaptive Augmented Hybrid Impedance Control

It has been shown that the methods do not address the uncertainty in a manipulator’s
dynamics may result to unstable motion in practice. This has led to considerable work on
adaptive control of manipulators [S1], [S3]. Adaptive compliant control has also been
addressed in recent years. Han et al. [47] have proposed an adaptive control scheme for
constrained manipulators based on a nonlinear coordinate transformation; Lu and Meng
[48] have proposed an adaptive impedance control scheme, and Niemeyer and Slotine [49]
have discussed an application of the adaptive algorithm of Slotine and Li [52] to compliant
motion control and redundant manipulators. However, application of the above algorithms
to redundant manipulators introduces several problems. For instance, the algorithm in [47]
requires definition of a nonlinear invertible transformation from joint space to a general-
ized task space. The algorithm in [48] is based on the Cartesian dynamic model of a

manipulator and can be applied to the redundant case. However, no user defined additional
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tasks can be incorporated in the algorithm and redundancy is based on the generalized
inertia-weighted inverse of the Jacobian. The algorithm proposed in [49] overcomes the
above drawbacks. However, it is assumed that the rows of the Jacobian matrix are linearly
independent. Hence, it may result in instability near singular configurations. In this sec-
tion, by incorporating the adaptive algorithm of Slotine and Li in the AHIC scheme pro-
posed in Section 4.3.3, an Adaptive Augmented Hybrid Impedance Contrcl (AAHIC)
scheme is presented which guarantees asymptotic convergence in both position and force
controlled subspaces with precise force measurements. The control scheme ensures stabil-
ity of the system with bounded force measurement errors. Even in the case of imprecise
force measurement, the errors in the position controlled subspaces can be reduced consid-

erably provided powerful enough actuators are available.

4.34.1 Outer-Loop Design

The design of the outer-loop is exactly similar to that explained in Section 4.3.3.1.

4.3.4.2 Inner-Loop Design

The dynamics of a rigid manipulator are described by equation (4.3.8). The controller
should be designed to calculate the torque input to equation (4.3.8), which ensures the
tracking of the ACT trajectory in the presence of uncertainties on the manipulators

dynamic parameters.

It has been shown that for a suitably selected set of dynamic parameters, equation

(4.3.8) can be written as:

H(q)q"+C(q.9)4"+G(q) + f(q) = Y(4,4.9".§")a (4.3.15)

where Y is the n X p regressor matrix and a is the p X1 vector of dynamic parameters.

The matrix C is defined in such a way that H —2C is a skew-symmetric matrix [52].
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Now an extension of the adaptive algorithm of Slotine and Li [52] is used to design the
controller in order to ensure asymptotic tracking of the ACT trajectory. The procedure is

as follows:

First, a Cartesian reference trajectory is defined for both the main and additional tasks
(see equations (4.3.12)). Then, a virtual velocity error is defined (see (4.3.13)). The control

law is then given by:

T = Ya-Kps-JTFE-JL FE = H(q)§" + C(q, §)¢" + G(q) + F(§)-JTFE - IX£3.16)

where H, C, G, f, a are calculated based on estimated values of H, C, G, f, and a respec-

. e . - . . . -
tively. F, is the measured end-effector interaction force with the environment, K pisa

positive-definite matrix, and s = ¢ —4". The last term on the right-hand side of the equa-

tion is only needed if another point of the manipulator (other than the end-effector) is in

contact with the environment; F ; denotes the measured reaction force corresponding to a

second constraint surface, and J,, is the Jacobian of the contact point.

We use the same Lyapunov candidate function as in [48]:

V() = %[sTH” ara) (4.3.17)

where I' is a constant positive definite matrix and @ = a — a . Differentiating V(z) along

the trajectory of the system (4.3.8) leads to
V(t) = —sTKps+sTYa+sTITFe +sTJT Fe (4.3.18)

where F = F — F denotes force measurement error. This suggests that the adaptation law

should be selected as:

a = -TYTs (4.3.19)
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With this adaptation law, equation (4.3.18) leads to:
V(1) = —sTKps +sTUTFE + JLFE)y <—kplsl2 + sl (7 Y| E2] + [T |Eely 8320
and
V(£) < kplisll? + 8lis] (4.3.21)

where kj, is the minimum eigenvalue value of the matrix K, and d satisfies the follow-

ing inequality:
AIES + i 1Fe <8 (4.3.22)

We also assume that |/ [ <o and ||/ ;]| <B. Now, we consider two different cases, pre-

cise and imprecise force measurements.

Precise force measurements F = 0

In this case inequality (4.3.21) reduces to

V(e) < —kplsl2 (4.3.23)
which implies a, s € L® or boundedness of a and s. Moreover, it can be shown that
-1
Isl2dz < =aV(2) (a) (4.3.24)
D
PR 1
JUsidr<7=[av(e) = =(V(0) - V(=) (b)
%D D
0 (]
which implies that s € L} and consequently J, s, J_s € L5. In order to establish a link
between S and the tracking error of ACT trajectories, we assume that the tracking error of

the damped least-squares solution (2.3.19) is negligible. Therefore, multiplying both sides
of equation (4.3.13) by the augmented Jacobian, leads to
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J,s =é_+Ae (4.3.25)

e x x“x (a)
Jos = é.+Ae, (b)
where
e. = X-X' e,=Z-2¢ (4.3.26)

Equations (4.3.25) represent strictly proper, asymptotically stable linear time-invariant

systems with inputs J s, J_s € LS which implies exact tracking and asymptotic conver-

gence of the trajectories X and Z to the ACT trajectories [50], [54].

Imprecise Force Measurements F # 0 (Robustness Issue)

To take into account the robustness issue, we consider the effects of imprecise force
measurements. It is obvious that the error in force measurements directly affects the track-
ing performance in the force controlled subspaces of the main and additional tasks. How-
ever, we can show boundedness of the closed-loop trajectories. Moreover, the upper-

bound on the error in the position-controlled subspaces can be reduced.

In this case, the time derivative of the Lyapunov candidate function satisfies
V(t) <—kplisll? +8lls] (4.3.27)

As in [48], we can state that V(r) is not guaranteed to be negative semi-definite with
an arbitrary value of k,, and a large & for small values of [s]f . However, positive V(t)
implies increasing V and subsequently |[[s||, which eventually makes V(z) negative.
Therefore, s remains bounded and converges to a residual set. For a fixed value of k p- the
lower bound of s is determined by 6/k, and can be reduced by selecting a larger value of
kp . Note that larger k,, increases the control effort and may saturate the actuators. Using

equations (4.3.24) and boundedness of s, we can conclude boundedness of e cande,.

Remark: Dawson and Qu [46] have proposed a modification to the control law given in
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(4.3.16) by adding aterm —Kgsgn(s) to the right hand side with K5> & . This eventually

leads to the same inequality for V(¢) as in (4.3.23) which implies asymptotic convergence
of the errors. However, the control law proposed in [46] is discontinuous in terms of s and

may excite unmodeled high-frequency dynamics.

4.3.4.3 Simulation Results on a 3-DOF Planar Arm

The setup for the constrained compliant motion control is shown in Figure 4.6. A gen-

eral block diagram of the simulation is shown in Figure 4.14.

Tool Orientation Control
In this simulation the additional task is defined as the control of the orientation of a

tool attached to the end-effector. In this case, the desired value is specified as g; = -85°.

The end-effector is initially at the point (X=1, Y=1) (Figures 4.17a, c) in touch with the

surface (zero interaction force).
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Figures 4.17a, b show that without activating the additional task, there is no restriction
on joint three. However, by activating the additional task (Figures 4.17c, d), the tool orien-
tation is maintained at the desired value. Figures 4.18a, b show the errors in the position-

and force-controlled subspaces which practically converge to zero. The dynamic parame-

Figure 4.17 Adaptive AHIC: Arm configuration and joint values

ter estimates and the velocity error are shown in Figures 4.184d, e.
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Figure 4.18 Adaptive AHIC with tool orientation control

In order to study the effects of imprecise force measurements, the actual interaction
force is augmented by a random noise uniformly distributed in the interval (-15N,15N). As
we can see in Figure 4.19b, the error in the force controlled direction increases signifi-
cantly as expected. The reason is that the controller in the force-controlled direction is
based on force measurements and any error in this respect, directly affects the force error,
e.g., the interval between 2 to 3 seconds. However, the error in the position-controlled
direction (Figure 4.19a) remains practically unchanged from that of the previous simula-

tion (Figure 4.18a), showing the robustness of the algorithm to force measurement error.
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Figure 4.19 Adaptive Hybrid Impedance Control: Effect of imprecise force
measurement

4.4 CONCLUSION

In this chapter, the problem of compliant motion and force control for redundant
manipulators was addressed. A bibliographic review on existing methodologies for com-
pliant motion and force control of robotic manipulators was performed. Based on this
review, an Augmented Hybrid Impedance Control Scheme was proposed. In Section 4.3.2,

An extension of configuration control at the acceleration level was proposed to perform
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redundancy resolution. The most useful additional tasks: Joint limit avoidance, static and
moving object avoidance, and posture optimization, were incorporated into the AHIC

scheme. The proposed scheme enjoys the following desirable characteristics:

* Different additional tasks can be easily incorporated into the AHIC scheme

without modifying the scheme and the control law.

* The additional task(s) can be included in the force-controlled subspace of the
augmented task. Therefore, it is possible to have a multiple-point force control

scheme.

* Task priority and singularity robustness formulation of the AHIC scheme relax

the restrictive assumption of having a non-singular augmented Jacobian.

A modified AHIC scheme was proposed in Section 4.3.3 that gives a solution to the
undesirable self-motion problem which exists in most dynamic control schemes proposed

for redundant manipulators.

An Adaptive Augmented Hybrid Impedance Control (AAHIC) scheme was presented
which guarantees asymptotic convergence in both position- and force-controlled sub-
spaces with precise force measurements. The control scheme also ensures stability of the
system in presence of bounded force measurement errors. Even in the case of imprecise

force measurements, the errors in the position controlled subspaces can be reduced consid-

erably.

The performance of proposed AHIC schemes were studied on a 3-DOF planar arm.
We are now ready to undertake the extension of the AHIC scheme to the 3-D workspace of

REDIESTRO. This will be done in the next chapter.
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CHAPTER AUGMENTED HYBRID
IMPEDANCE CONTROL FOR A
7-DOF REDUNDANT
5 MANIPULATOR

5.1 INTRODUCTION

In Chapter 4, the AHIC scheme was developed and verified by simulation on a 3-DOF
planar arm. In this chapter the extension of the AHIC scheme to the 3-D workspace of
REDIESTRO is described. Figure 5.1 shows a simplified block diagram of the AHIC con-
troller. Considering that the capabilities of the redundancy resolution scheme with respect
to collision avoidance has already been fully demonstrated and in order to focus on the

new issues related to Contact Force Control (CFC), the environment is assumed to be free

of obstacles.
The major objectives in this chapter are as follows:

¢ Software development for new modules in C: Redundancy Resolution (RR),
Forward Kinematics (FwdKin), Linearized Decoupling- (LD) controller.

¢ Preparation of different simulation environments: To integrate and test the

extended algorithms.

e Stability and trade-off analysis.
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The complexity of the required algorithms and restrictions on the amount of computa-
tional power available have resulted in an algorithm development procedure which incor-
porates a high level of optimization. At the same time, the following issues which were not

studied in a 2-D workspace need to be tackled in extending the schemes to a 3-D work-

space:
¢ Extension of the AHIC scheme for orientation and torque
e control of self-motion as a result of resolving redundancy at the acceleration
level for the AHIC scheme represented in Section 4.3.2
e Robustness with respect to higher-order unmodelled dynamics (joint flexibili-
ties), uncertainties in manipulator dynamic parameters, and friction model.
v’ l
4 4 .4 e o
Trajectory | c & | Redundancy| § Lm;anzauon Arm +
___.’ AHI ——’ . .—’ E -
Generator fd Resolution Decoupling —8 Environmen
(Inverse Dyn.)
244

% beq
Forward
Kinematics

Figure 5.1 Simplified block diagram of the AHIC controller

5.2 ALGORITHM EXTENSION

In this section, different modules involved in the AHIC scheme are described. The
focus is on describing the required algorithms without getting involved in the specific way
in which the modules are implemented. The latter will be discussed in the software devel-

opment description (see Appendix A).
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5.2.1 Task Planner and Trajectory Generator (TG)

The user can specify the robot’s task using a Pre-Programmed Task File (PPTF) - see
Appendix A for more details. Each line indicates the desired position and orientation to be
reached at the end of that segment, the hybrid task specification, and the desired imped-
ance and force (if applicable) for each of the 6 DOFs.

In the absence of obstacles, the robot path will consist of straight lines connecting the
desired position/orientation at each segment. The TG module generates a continuous path
between the via points. The TG implemented to test the AHIC scheme is a fifth-order
polynomial trajectory which gives continuous position, velocity, and acceleration profiles

with zero jerk at the beginning and end of the motion.

5.2.2 AHIC module

Figure 5.2 shows the location of the different frames used by the AHIC module. The
description of the environment is specified by the user in a configuration file. As an

example, for a surface-cleaning task, the user is required to specify the location and
orientation of a fixed frame {C} with respect to the world frame. In this case, the robot’s

base frame {R,} is selected as the world frame. The tool frame {T} is attached to the last

link. Depending on the type of the tool, the user specifies the location and orientation of

this frame in the last joint’s local frame. The force sensor interface card also uses this
information to locate the force sensor frame at {T} . The task frame {C ;1 is located at the
origin of the frame {7} . However, the orientation of { C;} is dictated by {C} . Therefore,
the frame {C;} moves with the tool while keeping the same orientation as the constant
frame {C}.

The AHIC scheme, as implemented for the 2-D workspace, generates an Augmented

Cartesian Target Acceleration (ACTA) for the end-effector (EE) position in real-time:

X' = MT (= Fe+ (I-$)Fd-Bd(X - SX?) - K4S(X - X9)) + SX? (5.2.1)
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where M2, B4, K4 are diagonal matrices whose diagonal elements represent the desired

mass, damping, and stiffness; S is a diagonal selection matrix which specify the force -
(S; = 0) or position (S; = 1) controlled axis; F d F° are the desired and interaction
forces.

In order to keep the concept of splitting of position and orientation: control as
described in Section 3.3.2 , the ACTA in the 3-D workspace will be generated separately

for position/force-controlled and orientation/torque-controlled axes:
B (1) = Md (- Fe + (I - S,)F4— B4(P - S ,P%) - K§S (P~ P4)) + S, P4 (52.2)

@'(t) = MT (= Ne+ (I -S,)N“—Bd(0-S,0d) -K4S,e,) +S,0°  (5.2.3)

where the subscripts p and o indicate that the corresponding variables are specified for

position/force-controlled and orientation/torque-controlled subspaces respectively. The

superscript d denotes the desired values. The vector P(3 x 1) and its derivatives are the

position, velocity, and acceleration of the origin of {T} expressed in frame {C}; FZ and
F° are the desired and interaction forces expressed in {C}; § p(3 X 3) is the selection

matrix used to indicate that a {C} frame axis is force- or position-controlled; @, ® are the

angular velocity and acceleration of the {T} frame expressed in {C;}; e, is the orienta-

tion error vector (see Section 3.3.2.2 ); N4, N ¢ are the desired and interaction torques in
frame {C;}; and M4, B4, K4 are diagonal matrices whose diagonal elements represent
the desired mass, damping, and stiffness.

Equation (5.2.2) is resolved in frame {C} while Equation (5.2.3) is resolved in frame
{C;}. The frame {C;} is a time-varying frame (in contrast to frame {C} which is a fixed
frame) located at the origin of frame {T} and with same orientation as {C}.

All the inputs and outputs in equations (5.2.2) and (5.2.3) should be expressed in
frames {C} and {C;} respectively.
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{C}

Figure 5.2 Different frames involved in the hybrid task specification

In order to make the AHIC controller module self-contained, all the necessary conver-

sions are implemented in this module.

The location of the origin of {C} in {R,} (R‘PC) and the (3 x 3) rotation matrix

R
'R are specified by the user in a configuration file. It should be noted that the orienta-

tions of {C} and {C;} in any arbitrary frame are equal.

5.2.3 Redundancy Resolution (RR) module

The RR module for the AHIC scheme should be implemented at the acceleration level.

Assuming an obstacle-free workspace, the damped least-squares solution is given by:

-1

§d =A"b (5.2.4)
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where
A=TTW I, 41, W, I, +1TW I +W,
b=1"W,B~Id)+], W, (& ~T,q)+J, W 2"
J,and J, are the Jacobian matrices projecting the joint rates to linear and angular veloci-

ties of frame {T}. The Jacobian matrices and the two vectors (J p4> J,q) are calculated by
the forward kinematic module. The matrices W, W, W, are the diagonal weighting

matrices that assign priority between position/force tracking, orientation/torque tracking
and singularity avoidance (in the case of conflicts between these tasks), these matrices are

specified by the user in a configuration file. A complete study that demonstrates the effects

of the weighting matrices is given in Section 3.3.2.3 . The vectors I"", @' are the target lin-
ear and angular accelerations of frame {T} expressed in the robot’s base frame. These vec-
tors are calculated by the AHIC module. Because the quantities are expressed in the same
frame, no coordinate transformation is needed. Note that at this stage, the additional task

that is incorporated into the system is joint limit avoidance. For the joint limit avoidance

task, the terms JCTWCJ . and J CTWC reduce to W, (see Section 2.4.1.3 ). The target

acceleration for the ith joint in the case of violation of soft-joint limits is defined by:

Z: = —Kv,-q-i-Kpi(qi—qm,») (5-25)

where K, and K, are positive-definite proportional and derivative gain matrices, and g,

is the vector of maximum or minimum joint limits.

Computational considerations:

Considering the fact that the matrix A is guaranteed to be positive definite (because of

the diagonal weighting matrix W), a more efficient way to solve (5.2.5) is to use the

Cholesky decomposition. Equation (5.2.4) can be written in the form
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Ax =b (5-2.6)

where x = § . The Cholesky decomposition of A is given [72] by:A = LLT, where L is
a lower-triangular matrix. This reduces to solving an upper and an lower-triangular system

of linear equations:

Ly = b, L'x=y (5.2.7)

5.2.4 Forward Kinematics

This module calculates the position and orientation of frame {T}, the linear and angu-
lar velocities of {T}, and also the Jacobian matrices relating the linear and angular veloci-

ties of {T} to the joint rates. These quantities are expressed in the robot’s base frame.
- Tool frame Information

The user only specifies the information to locate frame {T} in frame {7}. Therefore,

Twist(o;), Length(a,), Offset(d), are specified in a configuration file which results

to:
,1 0 0 a; ]
o= 0 cos(a4) —sin(0q) 0
r =
0 sin(o,;) cos(o,) d,sin(otq)
0 0 0 1 i

- Calculation of J .4, J .4

Calculation of two new vectors (J,4, J,4) which are required by the RR module

(because of resolving redundancy at the acceleration level) are added to the forward kine-

matics module. The forward kinematics function at the acceleration level is defined by:

X=UJi+Jq (5.2.8)

which yields
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Xl,_0=74 (5:2.9)

This suggests that the following recursive algorithm, which calculates the linear and

angular accelerations of the frame {T}, can be used to calculate the vectors (J pd> Jod).

for i=1l...n+1

- i i—1. i—1. i
v, =R (T 4

with initial values:

%@y = [0,0,01", %, =[0,0,0]” (5.2.10)

Note that the frames {8} and {T} are the same, and also, the frame {0} is located at the

robot’s base frame {R1}. Now, Equation (5.2.9) results in:

Jg = "Ry, Jog = "R g (5.2.11)

5.2.5 Linear Decoupling (Inverse Dynamics) Controller

The equation of motion of a 7-DOF manipulator considering interaction forces/torques

with its environment is given by

M(q)§+H(q,4)+G(q) + f(g.4) = T-J'F (52.12)

where M (7 x7) is the symmetric positive-definite inertia matrix of the manipulator in

joint space; H(7 x 1) is the vector of centripetal and Coriolis torques, G(7 x 1) is the
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gravity vector, F(6 x 1) is the interaction force/torque vector exerted by the robot on the
environment at the operation point (origin of the tool frame), J(6 x 7) is the Jacobian
matrix relating the linear and angular velocities of the tool frame to joint rates, f(7 x 1) is

the joint friction vector, and T(7 x 1) is the vector of applied torques at the actuators.

The torque that is required to linearize and decouple the nonlinear equation (5.2.12) is

given by:
tp =T +7T, (5.2.13)
where
1, = M(q)i+H(q, 4)+G(q) +JF = InvDyn(q, 4, ¢, F) (5:2.14)
and
T, = f(q.9) (5.2.15)

where A denotes the estimated values.

The optimized InvDyn function as well as closed-form representations of M, H, G are

developed in C using the Robot Dynamics Modeling (RDM) software [73].

5.3 TESTING AND VERIFICATION

Testing and verification of the codes and integration of the modules has been per-
formed in the Simulink environment. First, a Simulink module with the same input-output
block diagram was built for each of the modules described in Section 5.2. Figure 5.3

shows the block diagrams for such a module.
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Figure 5.3 Block diagram of a Simulink module: a) input/output and b) internal block
diagram

The Cmex function (written in C) is essentially a gating function which enable Marlab

to call a C function. A Cmex function has the following structure:

{static Config_var};
void mexFunction (int nlhs, Matrix *Plhs, int nrhs, Matrix *Prhs)

{input_vars and output_vars declaration};

if(t==0)
Config_var = ReadCfigFile();

input_vars = DeMux(*Prhs);
example(input_vars, Config_var, output_vars);
*Plhs = Mux(output_vars);

More information about using the Cmex modules can be found in [76]. Note that using

the Cmex module has the following advantages:
¢ Considering the fact that the simulation environment should include all the con-
troller modules as well as the arm and the environment models, the use of the
Cmex module considerably speeds up the simulation which would otherwise be

too slow for practical use. Table A-1 gives the approximate execution time of the
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simulation of the controller without and with arm dynamics which is S and 30
times slower than real-time respectively. It should be noted that the kinematic
simulation is fast enough for algorithm development and testing. Even the
dynamic simulation can be used for short simulations to perform stability and

trade-off analysis.

e It reduces considerably the testing and integration phase, because the C source
function is being tested and debugged during simulation. Therefore, once the
Simulink simulation of the controller is verified, the C version of the controller
can be developed immediately by sequentially calling the C functions used in

simulation from a controller C file.

The “kinematic” simulation developed for the purpose of verifying the integration of
the controller is shown in Figure 5.4. The inverse dynamics and the model of the arm are
replaced by double integrators. Note that the term “Kinematic” emphasizes the fact that we
assume perfect knowledge of the manipulator dynamics. However, the model of the envi-

ronment is still present. The environment is modeled by a linear spring.
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Figure 5.4 Simulink kinematic simulation used to verify the integration of the controller.

To verify and test the integration of the controller modules, we recall that if the AHIC
scheme is successful, the manipulator acts as a desired impedance in each of the 6 DOF’s
of the {C} frame. Figure 5.5 shows the desired impedance in position-controlled and

force-controlled axes respectively.

B¢ M

N\

(a) (b)

Figure 5.5 Desired impedance a) position controlled axis, and b) force-controlled axis
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