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ABSTRACT
HYBRID FORCE/POSITION CONTROL IN THE ROBOT TOOL SPACE
By

Amit Yogesh Goradia

The capability of performing constrained motion tasks is key to many robotic
applications that involve material handling, milling, deburring, polishing and surface
tracking. Many strategies for performing constrained motion control have been
proposed. The major drawback of these strategies is that they do not provide for the
manipulator to interact with poorly structured or unknown environments. This is because
using these strategies the interaction forces between the end-effector and the workpiece
cannot be controlled in arbitrary directions.

This thesis presents the design of a new controller implemented in the robot tool
space that can control the interaction forces in arbitrary directions. Using the proposed
controller, the manipulator can interact with workpieces whose shapes are not pre-
specified. Thus tasks like milling, deburring and polishing, that involve constrained
motion control of the manipulator can be performed on a wide variety of workpieces
without explicit knowledge of the shape of the workpiece. The design and proof of
stability for this tool space hybrid force/position controller is presented. A comparison of
this new tool space hybrid force/position controller with the existing task space hybrid
force/position controller is also presented. Simulations studies for the task of tracking

unknown surfaces are also presented.
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Chapter 1

1.1 Introduction

Robotics is an exciting area that encourages many engineers to study the synthesis
of some aspects of human function by the use of mechanisms, sensors, actuators and
computers. There are many fictional representations of futuristic robots that we see in
movies, on T.V. and in books. These robots are attributed excessive power, exceptional
intelligence, and they even look like human beings. They are expected to work for
human society in order to relieve humans from low level and heavy-duty jobs. After
many years of investigation, people began to realize that human beings are so perfectly

created that it is almost impossible to exactly simulate them.

The evolution of robotics is closely tied to the development of the technology of
controls, sensors and computers. Robot control strategies have evolved from joint level
control to task level control and from a non-model based approach to a model based
approach. Recently there have been many advances in the field of robot force control and
in the development of computation and sensing technology. Given these technological
advances, robot force control may eventually replace classical joint level control in order

to increase productivity by increasing operational speed and system flexibility.

The use of robots for performing industrial tasks has emerged as a major means

for implementing industrial automation to achieve the ultimate goal of enhancing



productivity and product quality. The industrial robots of the early 1980s were mostly
used in relatively simple operations like machine tending, material handling, painting and
welding. These robots were basically position-controlled mechanisms utilizing error
driven, simple independent joint control laws and did not use a model-based component
at all. However, to utilize the robots for more labor-intensive applications e.g., milling,
deburring, polishing and surface tracking, more sophisticated control capabilities with a

variety of sensors are required.

Recent applications of robots require the robot to come in contact with its
environment. The environment can be either static (i.e., fixed) or dynamic (i.e., moving)
or a combination of both. The capability of the robot to perform industrial tasks, such as
milling, deburring and polishing, that involve contact with the workpiece depends on the
ability of the controller to control the interaction forces between the robot and the
environment. The ability to control the interaction forces could be achieved by the means
of extremely precise position control in a pre-specified environment with very low
tolerance. Such a scenario could only be true for either laboratory experiments or hard
automation tasks where the robot is dedicated to a specific task and jigs with extremely
high precision have been designed for the task. Also for such a control strategy the
component part tolerances must be maintained at sufficiently low levels, which most

likely adds to the cost of the final product.

For soft automation tasks performed in uncertain environments, position control
alone cannot guarantee the ability to control the interaction forces. Also, the description

of assembly tasks in terms of position-controlled motion is unnatural. Force control is a



natural control strategy for the assembly of a large class of products with low part

tolerances.

The ability to control the force exerted by the robot in any arbitrary direction is
very important when dealing with tasks that require contact of the robot with poorly
structured or unknown workpieces (environment). Force Controllers implemented in
literature do not provide the freedom to control the force applied by the robot in any
arbitrary direction. Also for these controllers an accurate knowledge of the environment
is needed for specifying the constraint frame. Thus, tasks like normal surface tracking,
milling and deburring, which must be carried out on objects that are not pre-specified
cannot be carried out. For example, Figure 1.1 shows a robot in contact with a surface

whose exact shape is not known a priori.

Figure 1.1: A robot in contact with a surface of arbitrary shape.
(Courtesy Dr. N. Xi, http://www.egr.msu.edw/~xin)

This thesis presents a new design of a cc ller that is i d in a non-

inertial frame (i.e., moving frame). This controller provides for controlling the force



exerted by the robot in any direction while simultaneously controlling the position of the
robot in the remaining directions. The design also accounts for the lack of knowledge
about the exact shape of the object. Thus, the robot can interact with unknown

environments and with workpieces whose shape is not exactly known.

A potential application of this controller would be in determining the exact shape
of an unknown surface. It can also be used in milling, deburring, painting and welding of
surfaces whose exact shape is not known a priori. This would save a lot of time in
finding out the exact nature of the surface and in planning the robot path along the
surface. Also the work piece can be changed instantly without much down time in order
to plan for a new workpiece. This controller can also rule out the need for expensive jigs,
which are specific to every object, needed for hard automation. Another advantage
would be that larger part tolerances can be accepted which will reduce the cost of the

final product.

1.2 Organization of this Thesis

The scope of this thesis is to investigate the implementation of a force control
strategy by means of which the force applied by the robot can be controlled in any
arbitrary direction. This work discusses the development of robot controller,
implemented in the robot tool space, which can satisfy the above requirement. The

discussion is divided into six chapters.

In Chapter 2 the mechanism of the problem is explained in detail and a review of

related works is presented. Chapter 3 and Chapter 4 present the major contributions of



this research. In Chapter 3, the concept of pure position control in the robot tool space is
discussed. First the robot dynamics model is given. Then a joint space and task space
computed torque controllers are developed. Further a tool space controller is introduced
and the relationships between the position, and velocity, in the task, and tool spaces, are

explained in detail.

Chapter 4 introduces the concept of hybrid force position control in the task
space. This controller is not robust and has limited applicability. Thus in order to
overcome these drawbacks, the concept of hybrid force/position control in the robot tool
space is developed. Stability analysis of a position controller in the tool space and the

proposed tool space hybrid force/position controller are presented.

Simulation studies are presented in Chapter 5. First, position control experiments
for the task space controller and the tool space controller are presented. For the task of
moving along a horizontal constrained surface while applying a constant normal force to
the surface, the task space hybrid force/position controller is compared with the tool
space hybrid force/position controller. Further the tool space hybrid force/position
controller is used to track an unknown two-dimensional trajectory while simultaneously
regulating the force normal to the trajectory. Lastly, the tool space hybrid force/position
controller is used to track an unknown three-dimensional trajectory. Chapter 6 first
presents a summary of the work presented and then presents the conclusions and future

work.

Appendix A presents the definition of Euler angles and the avoidance of

singularities associated with the definition of the orientation representation. Appendix B



presents the derivation of the tool Jacobian and its derivative, which are used to decouple

the tool space axes.



Chapter 2

2.1 Understanding the Problem

Before the manipulator comes in contact with the environment, the environment
and the manipulator are two separate systems with no coupling between them. As soon
as the manipulator comes in contact with the environment, the end-effector and the
environment are pushed together and their surfaces deform. As a result, reaction forces
are generated. The reaction forces, depending upon the control force and the dynamics of
the system, now couple the originally separated systems. These reaction forces arise
from the stiffness or admittance of the environment and the manipulator, which as in
most cases is uncertain and nonlinear. Thus the coupled system, comprising of the
manipulator and the environment, has uncertain and nonlinear dynamics. Figure 2.1
shows the robot in contact with the environment. It also identifies the task and the tool

frame of reference.

Previous research studies on force control mostly deal with tasks where the shape
of the environment is exactly known. Uncertainty in the shape of the environment is not
taken into account. In these cases particular strategies for task formulation can be
developed prior to the execution of the task. Thus, the direction in which force is to be
controlled can be aligned to the task coordinate system. However, this sort of strategy
formulation is precluded in the case where the shape of the environment is not exactly

known.



Figure 2.1: The robot in contact with the environment.

Many industrial tasks require the manipulator to handle various sizes and shapes
of workpieces (objects), which, in many cases, are not known during the designing of the
controller. For these reasons a generalized control algorithm must be developed which
can deal with workpieces whose shape is not known a priori. One solution to the
aforementioned problem is to develop a controller that can control the interaction force in

any arbitrary direction.

An approach to constrained robot motion control is the hybrid force/position
control strategy proposed by Raibert and Craig [4]. This strategy identifies the degrees of

freedom in which the force and position are controlled individually. The directions in

Ned

h ] to each other. This

must be or

which the force and position are to be
method is conceptually much clearer than many other methods as it allows for design of
the control law in the same reference frame used to describe the manipulator. Thus, its

implementation is more practically feasible. However, the force can be controlled only



along the directions of the reference frame used to describe the manipulator. Therefore
this strategy does not allow for the implementation of a general control algorithm by

means of which the manipulator can interact with unknown objects.

The objective of this research work is to expand on the concept of hybrid
force/position control in such a manner that the manipulator can interact with objects of
unknown shape and perform contour tracking tasks on such objects. In order to attain
this objective the manipulator must be able to control the applied force in any arbitrary
direction that is not necessarily aligned with the reference frame used to describe the

manipulator.

2.2 Review of Related Works

Traditional academic study of robot arm control deals with motion in space with
no contact with the environment. As the application area of robot manipulators expanded
to include such sophisticated tasks as assembly, polishing, deburring etc., the necessity
for controlling the interaction forces as well as the position simultaneously was
recognized more strongly. Historically, robot force control first began with remote
manipulator and artificial arm control in the 1950s and 1960s. These systems were
controlled in "natural” ways and lacked task understanding and strategy. With the advent
of computer controls, various approaches to the creation of strategies for application to
force feedback emerged. However all the approaches depended on people to formulate
the details and the systems that were tested experimentally encountered the stability
problem. The problem of stability was resolved by using sophisticated control

algorithms, faster computation and flexible sensors.



In the 1950s, Goertz [2] developed mechanical master-slave manipulators with
force reflectors for radioactive hot lab work. The operator guided the master with his
hand and the felt the contact forces experienced by the slave, which were reflected
through the joints of both the devices. In the 1960s, Rothchild and Mann [3] led the

development of a force feedback artificial arm for amputees.

In the 1960s and early 1970s, the human operator was replaced by a computer.
However in implementing this transition two major problems emerged: (1) how to
structure multi-axis arm systems that sense forces and use them to modify position
commands, and (2) how to relate the requirements of a task to the motions required and
the forces anticipated so that force motion strategies could be formulated. Since then the

main approaches to force control have been [1]:

Logical branching feedback method (Eamnst 1961): The essence of this method is
a set o discrete moves terminated by a discrete event such as contact. IF-THEN logic is

used in the control strategy.

Continuous feedback method (Groome 1972): It was applied to assembly and
edge following tasks to maintain continuous contact. It is an early effort in continuous

force feedback.

Damping method (Whitney 1977, Paul and Shimano 1976): It is an integrating

controller in which sensed forces give rise to velocity modification.

10



Position methods:

Active compliance (Salisbury 1980): A desired force is calculated based on the

difference between the desired and actual hand position.

Passive compliance (Watson 1976): The end-effector is equipped with a passive
mechanical device composed of springs and dampers. It is capable of quick responses
and is relatively inexpensive. But the application of such devices is limited to very

specific tasks.

Impedance control (Hogan 1980) [5] [6]: An attempt to control the dynamic
interaction between the manipulator and the environment. The dynamic relationship
between force and position is controlled instead of pure force or position. The control
structure is simple and the performance is robust. The drawback is limitation of the
dynamic performance.  Output force cannot be regulated unless an accurate
environmental model can be obtained. A. Hace et. al. [7] developed a robust impedance

controller design based on the chattering free continuous sliding mode.

Explicit force control (Nevins and Whitney 1973): This method employs a

desired force input instead of a position or velocity input.

Implicit force control (Borrel 1979): There I no force sensor used for sensing the
force. Instead the joint servo gains are adjusted to impart a particular stiffness matrix to

the robot arm.

Hybrid force-position control (Raibert and Craig 1981 [4]; Mason 1981 [8]): Itis

one of the most popular force control schemes nowadays. It partitions the force control

11



problem using a set of position and force constraints depending on the mechanical and
geometric characteristics of the performed task. Position constraints exist along the
normal to the surface where the presence of a surface constrains the range of motion.
Force constraints exist along surface tangents where it is impossible to apply arbitrary
levels of force. A compliance selection matrix is used to determine the force-controlled
direction and position-controlled direction. Various force control methods can be used in
the force-controlled direction. The one most frequently used is explicit force control.
Hybrid force/position control has given rise to many research works, which build on the
same original concept of partitioning of the space into two orthogonal, force controlled
and position controlled subspaces [9] [10] [11]. In [12] R. Anderson and M. Spong
proposed a hybrid impedance controller, which combines the hybrid control approach
with the impedance control approach. [13] presents a general first-order kinematic model
of frictionless rigid-body contact for use in hybrid force/position control. These more
general kinematics can be used to model tasks that cannot be described using the Raibert-
Craig model such as maintaining contact at two points with skew, non-intersecting

contact normals.

In recent years force control has been studied intensively. Various control
methods have been proposed for constraint motion control. These include dynamic
hybrid position/force control [14], operational space approach [15], compliant motion
control [16] [17], object impedance control [18], hybrid control considering motor

dynamics [19] and adaptive force control [20] [21] [22].

In the dynamic hybrid position/force control approach proposed by Tsuneo

Yoshikawa [14] the dynamics of the manipulator are taken into consideration. The

12



constraints on the end-effector of the manipulator are described by a set of constraint
hypersurfaces. It takes into account the end-effector coming into contact and moving
along an arbitrary but known surface, though it does not deal with movement along an

unknown surface.

In the operational space approach proposed by Khatib [15], generalized task

specification matrices Q and Q are defined, which act on vectors described in the base
frame of reference. The matrix Q specifies, with respect to the base frame of reference,
the directions of motion (displacement and rotations) of the end-effector. Forces and

moments are to be applied in or about directions that are orthogonal to these motion

directions. The matrix Q specifies these directions. The end-effector equations of
motion are developed in the operational space and control algorithm for free and
constrained motion modes is given. This formulation proposed a unified approach for
control of constrained manipulators. But it did not address the issue of the manipulator
coming into contact with an unknown environment. In order to adopt this approach the
exact nature of the task at hand must be known in advance and the task specification
matrices must be defined a priori to the execution phase. In [29] Bona and Indri extended
the operation space approach in order to achieve exact decoupling of the force and

position control along the task subspaces.

[50] [56] and [51] point out the fallacy of the fallacy of the theoretical formulation
of hybrid force/position control that is based on the concept of the position and force-
controlled subspaces being orthogonal. Duffy [50] showed that the orthogonality was not

invariant under the choice of coordinate frames and that the conventional formulation

13



therefore lacks physical meaning. [56] shows that the end-effector velocities and forces
are not vectors but screws represented in axis and ray coordinates. Then an approach to
the decomposition of the manipulator dynamics based on screw reciprocity is presented.
In [51] Vukobratovic presents the concept of a new hybrid controller based on the

environment dynamic nature and non-holonomic constraints.

Few research works have been focused on performing simultaneous position and
force control on unknown environments, identifying at the same time their geometry [30].
In [31] a theoretical framework for the problem of exploring the environment and
updating a nominal model is formulated. The problem of improving, by repeated
experiments, the performance of a force control scheme over and unknown object is
investigated in [32]. In [33] a hybrid velocity/force control scheme is described that
employs local knowledge of the environment shape, obtained by sensing. [55] discusses
the use of the physical concept of reciprocity and consistency to identify the motion
constraints. A simple yet interesting approach to surface tracking tasks on unknown
objects using C-surface concept is presented in [49]. It employs a task space hybrid
force/position controller. In order to control the force along arbitrary directions, the task
space axes definitions are changed rapidly in order to align them with the C-surface axes.
The drawback of this method is that it cannot be used for surfaces with large curvature.

Also stability of the manipulator system during the switching is not guaranteed.

Many researchers have addressed the inherent stability and other problems
associated with force control. Kinematic and dynamic stability issues are discussed in
[34] and [35]). [34] discussed the effect of the kinematic coordinate transformations on

stability. It also showed that, hybrid force/position control method of Raibert and Craig

14



induced instabilities for revolute manipulators whereas other force control methods such

as stiffness control, resolved acceleration control and operational space methods, do not

induce such instabilities. In [36] it was shown that the J™'SJ term was the cause of the
kinematic singularity pointed out in [34] and a sufficient stability condition was derived
for the hybrid force/position controller. In [35] the dynamic stability issues related to
force control are discussed. It is shown that the robot system tends to become unstable
when in contact with stiff environments, due mainly to the high gain nature of the wrist
force sensor feedback. In [16] a nonlinear approach for the stability analysis of
compliant motion control was discussed and a bound for stable manipulation was
derived. [37] provides an in depth analysis of position and force control of robot
manipulators and a stability analysis for robot manipulators under the influence of

external forces is presented.

The effects of friction and stiction on force control of manipulators are discussed
in [38]. In [39] asymptotic stability issues associated with hybrid force/position control
are addressed. [40] discusses the stability of impedance control and [41] addresses the
problem of Cartesian compliance. Dynamic problems are discussed in [42]. [43] [54]
and [44] discuss the important considerations in implementation and the bandwidth
problems. Research work based on the aforementioned formulations were presented in

[29], [45], [46], [47] and [48].

Many researchers have studied the control of phase transition (from free motion
mode to constrained motion mode) and various schemes have been proposed.

Approaches to impact control include generalized dynamical systems [23], discontinuous

15



control [25], [26], [11], [27], adaptive force control [24] and jump impact control [28]

and positive acceleration feedback control [52] and [53].

The existing schemes of force control can be basically divided into two main
categories. The first category is impedance control. It provides a stable uniform control
structure for free as well as constrained motion of the manipulator. The problem with
impedance control is that in order to regulate the output force an exact model of the
environment must be known and integrated into the motion plan. The second category is
hybrid control, which is a discontinuous scheme. In this scheme the output force can be
controlled without an accurate knowledge of the environment but kinematic and dynamic

stability issues must be addressed.

16



Chapter 3

3.1 The Manipulator Dynamics Model

The mathematical formulation of the equations of motion of an n degree of
freedom robot arm, i.e., the robot arm (manipulator) dynamics, can be expressed as a set
of ordinary differential equations ([57], [58] and [59]). These ordinary differential
equations are derived using the Lagrange-Euler formulation for the equations of motion

of arigid body. The manipulator dynamics, in general can be written as:
D(g)§+C(q.9)+G(9)+J" f =7, (3.1.1)
y=H(q), (3.1.2)

where 7 is the nXx1 vector of the torques applied to the individual joints, g€ R"
is the nx1 vector of the joint angles, ¢,5€ R", are the nx1 joint space velocity and
acceleration vectors respectively. D(gq) is the nXn inertia matrix, C(q,q)is the nx1
vector of the centripetal and coreiolis forces and G(q)is the nx1 vector of gravity terms.
yis the 6x1 vector of task space positions. H(q)is the forward kinematics i.e., it
expresses the task space positions, y, in terms of the joint angles, q. J(q) is the nx6
Jacobian relating the task space velocities to the joint space velocities, i.e., y=Jg. f is

the 6x1 output force and moment vector in the task space.

17



3.2 Computed Torque Control

Path Planning
and desired
trajectory
l Robot Outputs
N rooe s | RODOLAM LSS
@EFVL, Controler | > ° 7 ) and >
Signal Environment

Figure 3.1: The robot arm, controller and planner.

Figure 3.1 shows the basic diagram of the robot and the controller. The input to
the robot is the torque, 7, and the outputs are the joint position and velocity, Cartesian
position and velocity and the output force. The controller maps the error signal input to
the output torque. The planner generates the desired trajectory that is used to calculate

the error signal, which in turn drives the controller.

The computed torque technique is basically a feedfoward control scheme with
feedback components. The feedfoward control components compensate for the
interaction forces between all the joints of the manipulator and the feedback component
computes the correction torques to compensate for any deviations from the desired

trajectory. Given the Lagrange-Euler formulation for the equations of motion of a

18



manipulator, the control problem can be formulated as: “Find the appropriate motor
torques to servo all the joints of the manipulator in real time in order to track a time-
based trajectory as closely as possible”. The individual motor torques are computed
with the dynamic model of the manipulator using an estimate of the parameters in the
model. Errors in position and velocity (time derivative of position) are fedback to the
controller in order to compensate for modeling errors and parameter variations in the

model. The structure of the control law has the form (as given in [53], [60]):

t=D(gv+C(q.9)+G(@)+ I f (3.2.1)
V= qdcs + Kp(qdes _q) + Kv(4d¢1 - Q) . (32.2)

Here v is the vector of auxiliary inputs and q,,,, 4., 44, collectively represent

the robot task expressed in the joint space i.e., the desired trajectory in the joint space.

K, and K represent the feedback position and velocity gain matrices respectively.

Figure 3.2 shows the diagram of the joint space computed torque controller. The
torque 7, which is output by the controller, is the input to the manipulator. The planner
generates the desired trajectory, which is then used to calculate the error signal that drives

the controller.

19



£(5) lvl

C@e)| | 6@

q
’: Robot Arm
+ - ] = and
) Z— D —’+ Environment p
+ .
+

Task Planner
and Desired
Trajectory Generator

qdes qde.c qdes T

Figure 3.2: Joint space computed torque controller.

Substituting the computed torque, 7, in the dynamics equation of the manipulator

(Equation 3.1.1)
D(q)§ +C(q,9) +G(g) = D(q)ds, + K (e — ) + K, (dses — ) + C(q.9) +G(q) .

Assuming that the parameters of the manipulator can be accurately estimated i.e., D(q),

C(q,9) and G(q), are equal to f)(q), é(q,q) and é(q) respectively, the above

equation simplifies to:

D(@)Giaes =D+ K, Ga =) + K, Gy = D))=0 (32.3)
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Now D(q) is the inertia matrix and is by definition, nonsingular. The error dynamics of

the combined system comprised of the manipulator and the controller can be formed as:

€+Keée+Ke=0, (3.24)
where the joint space error e is expressedas e =¢q,,, — ¢ .

Expressing the above equation in state space representation and taking the state

vector to be x = [e é]’ , Equation 3.2.4 can be written as:

i 2 3.2.5
-k, -k, [ 3.2.5)

The above Equation 3.2.5 can be written as:

By selecting appropriate values of position gain, K, and the velocity gain K, it
can be ensured that the eigenvalues of the matrix A are located in the left half plane.
This would in turn ensure that A is stable. Therefore the above error system is locally
asymptotically stable for an appropriate choice of the gain matrices K, and K, i.e., the
error e asymptotically tends to zero. This means that, irrespective of the manipulator
configuration, the controller system (Equation 3.2.1 and 3.2.2) can track any reasonable

trajectories specified as q,,,,4,,, and §,,, .
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3.3 Task Space Control

In the computed torque joint space controller described in the previous section,
the task to be performed (manipulator trajectories) have to be specified in the joint space
(the generalized coordinate space). However, a robot task is generally represented by
desired end-effector positions and orientations, and their time derivatives in the Cartesian
coordinate frame. Thus, in order to use the joint space controller developed in the
preceding section, inverse kinematics of the desired world space (Cartesian space)
trajectories would have to be computed in order to get the desired trajectories in the joint
space. This would be quite tedious. Instead, the manipulator dynamics and the desired
trajectories could be expressed directly in the task space and thereby compute the énor

feedback terms for the control law in the world space (task space) coordinates ( as is done

in [61]). Let ye R® be a task space vector defined by y=(x,y,z,0,A,T) , where

(x, y,z) denotes the position of the end-effector in the task space and (0, A,T)" denotes

an orientation representation (Orientation, Attitude, Tool angles) [62]. The relationship

between the joint space position variable g, and the task space position variable y can be

represented by:
y=H(q).

The velocity in the joint space can be related to the velocity in task space with the

help of a Jacobian J as:

y=Jo(q)q, (33.1)
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where J, is called the OAT Jacobian matrix. Using the above equation the

relationship between the accelerations in the two spaces can be expressed as:

y=Jog+J,q. (3.3.2)

The dynamics model of the manipulator expressed in terms of the task space

variables can now be described as:

D(@)J; (q)5-Jod) +C(g.9)+G(q)+ I f =7. (3.33)

The nonlinear feedback control law can now be formulated in the task space as

(from [53]):

t=D(q)J"'(v—J,9)+C(q.9)+G(q)+ I f, (3.3.4)

where J* is the pseudo-inverse of the OAT Jacobian matrix J,. If n =6, J, is a square

matrix, and J" can be replaced by J,'.

Applying this to the dynamics model of the manipulator, the manipulator system

can be linearized and decoupled as:

y=v, (3.3.5)

where v is the vector of auxiliary inputs.

A position and derivative (PD) control law for the controller can now be

formulated as in [53]:
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v=yd¢3+Kv(ydu_5’)+Kp(ydn_y)' (3°36)

Figure 3.3 shows the diagram of the task space position controller. The trajectory
planner generates a desired trajectory in the task space that is used to generate the task

space position and velocity error. The controller uses this error to generate the joint
torques 7. Note that the inverse of the OAT Jacobian matrix, J,', is used by the

controller to decouple the task space directions.

9|

Robot Arm P
and
Environment
f
Task Planner T
and Desired
Trajectory Generator

Figure 3.3: The task space computed torque controller for position control.
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Using the dynamics equation of the manipulator (Equation 3.1.1), the combined
linearized and decoupled system of the controller and manipulator can now be expressed

as:

Yaes =9+ K, (Yoes =)+ K (Yaes —¥) = 0. (3.3.7)

Now if the error in the task space is denoted as:

P (33.8)

the above Equation 3.3.8 can be expressed as:

é,+K,é +Ke =0. (3:3.9)

It is easy to show that the error system above is locally asymptotically stable for

appropriate choices of the gain matrices K, and K, as is done with the error dynamics
of the joint level controller in the previous section. However, it should be noted that the
existence of the task level controller depends on the existence of J,', while that of the
joint level controller is independent of the inverse OAT Jacobian, J,;'. If the determinant
of J, is very small, then, the determinant of J,' could be very large, which would result
in extremely high joint torques. Robot configurations for which |J,|=0 are called

singular configurations and task level control cannot be successfully applied at and
around such configurations. However, there are several methods using which singularity
robustness can be achieved. One of them is singular robust inverse ([63], [64] [65]). In

this method the inverse Jacobian is calculated using the damped least-squares technique
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for calculating the matrix inverse. This method ensures that stable control can be
achieved in the vicinity of the singularity although it cannot prevent the instability caused
exactly at the singular configuration. Various other methods have been proposed which

incorporate singularity avoidance in the path planning [66], [67].
3.4 Tool Space Control

In the previous section, using feedfoward control, the manipulator system was

linearized and decoupled as:
y=u,

i.e., the error system applied as the feedback part of the control law was converted to the
task space from the space of the generalized coordinate system by using the transform

Equations 3.3.1 and 3.3.2.

It is important to note that both the above spaces are inertial spaces i.e., stationary
spaces. There are certain tasks like online surface estimation, surface tracking, milling

and deburring that can be specified more easily and sometimes only in a space located at
the end effector of the manipulator called the tool space. Consider h€ R" being a tool
space vector. It is defined as h = (x,y,z,0,A,T)", where (x,y,z)" denotes a position
vector expressed in the tool space, (O,A,T)" denotes an orientation representation

(Orientation, Attitude, Tool angles) [62] expressed in the tool space.

Figure 3.4 shows the Cartesian coordinate frame and the tool coordinate frame

with the current and desired positions of the end effector. The actual and desired
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positions can be expressed in both coordinate frames i.e., the task frame and the tool
frame. Also coordinates of a particular point in space can be converted from one frame

of reference to another using linear homogenous transformations.

O 2 tool space
~ %
FERN
xy¢ 4z
A Tool Frame

]
]
]
]
- >

Y

v Task Frame

Figure 3.4: The robot task frame and the tool frame.

It is interesting to note that the actual position and orientation of the end effector
always remains a constant when expressed in the tool frame of reference. This is because
the tool space is a non-inertial space. Its frame of reference is attached to the end effector
and so the frame of reference moves with the end effector, thus the coordinates of the

end-effector expressed in this frame are always a constant as is shown by Figure 3.4.

In order to convert the joint space controller described in Section 3.2 to a tool
space controller, the principle used in the previous section can be applied. There are
some difficulties associated with this process. Due to the non-inertial properties of the
tool space reference frame, it is not feasible to define reference trajectories in this space.

The infeasibility arises from the fact that the reference frame is moving and its exact
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position and orientation with respect to some inertial frame of reference is not known for
every instant of time. Thus without a priori knowledge of the position and orientation of
the tool frame during the planning of the trajectory, one cannot specify the reference

trajectory in the tool space.

To overcome this a priori lack of knowledge of the position and orientation of the
tool frame during the planning phase, the desired trajectories can be specified in an
inertial reference frame like the task frame. When the robot arm is in motion, the exact
position and orientation in the tool frame can be calculated by measuring the joint angles

q. The velocity in the tool frame also can be determined by measuring the joint angle
velocities ¢. Using the joint angle and velocity measurements the exact location of the

end-effector frame can be determined online. Hence, the homogenous transformation
relating the task space and the tool space can now be calculated. This homogenous
transformation can now be used to convert the desired trajectory already specified in the
task space to a desired trajectory in the tool space. This conversion of desired trajectory
from the task space to the tool space needs to be done online. By specifying the desired
trajectories in the task space, the advantage of the robot task being represented as end-
effector positions and orientations in the world frame can be retained as is done in the

task space controller.

Let h,, y, be the homogenous coordinates (rotation matrices) of a point

a b
represented in the tool space and task space respectively. h,, y, are both 4x4

matrices. Let T be a 4x4 homogenous transformation that relates the homogenous task

space coordinates to the homogenous tool space coordinates. Thus,

28



h,=Ty,. (3.4.1)

Using the above equation the desired coordinates expressed in the task space can

be converted to the tool space. Let 3, be the tool OAT Jacobian relating the joint

velocities to the velocity in the tool frame. Thus,
h=S,4. (3.4.2)

The acceleration in the tool space can be derived by differentiating the above Equation

3.4.2 once with respect to time:
h=S0+3:d (343)

Using the above equation the robot dynamics in tool space can be derived from

the joint space dynamics as:
D(@)3;'(h-3,9) +C(q.9)+ G+ f = 7. (3.4.4)

From the desired task space trajectories, the desired position, velocity and
acceleration in the task frame (y,, ., y,, and y, ) are known for every time instant.
Also the actual positions and velocities of the individual joints ( g, ) can be measured for

every time instant. Note that the actual position and velocities of the joints are not known
during the planning phase. Using the Equations (3.4.1, 3.4.2 and 3.4.3), the actual as well
as the desired position, velocity and acceleration of the robot in the tool frame can be
calculated online. With the knowledge of the actual and desired values of position,

velocity and acceleration the control law in the tool space can be formulated as:
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7=D(9)3;'(v=3,9) +C(q.P+G()+J" f, (3.4.5)
where v is the vector of auxiliary inputs and it is defined as:

v=h,, +K,(h, —h)+ K, (b —h). (3.4.6)

des

Figure 3.5 shows the block diagram of the tool space controller. Notice that the
desired trajectories are specified in the task frame and then converted to the tool frame
using coordinate transformations. The actual position and velocity of the robot is
measured in the joint space and then converted to the tool space using the forward

kinematics and coordinate transformations. The inverse of the tool space OAT Jacobian,

3,', is used to decouple the tool space axes.
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Figure 3.5: The tool space computed torque controller.

The combined system of the manipulator and the controller can now be expressed

(g, =)+ K, (B, —h) + K, (B, —h) = 0. (G4.7)

Let the error in the tool space be expressed as:

e,=h, —h. (3.4.8)
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Thus, the error dynamics in the tool space given by Equation 3.4.7 can be

formulated as:

é,+Ké +K,e, =0. (3.4.9)

Using the state space representation with x =[e, ¢,]' as the state vector, the above

Equation 3.4.9 can be written as:

) [ 0 1 ]
X = X
-k, -k, (3.4.10)

It is easy to prove that the error e, in the tool space asymptotically tends to zero
for appropriate choices of the gains K, and K,. Note that for the above error dynamics

in Equation 3.4.10 to be stable the values of the gains K, and K, must be positive.

In this section, the control law for position control in the tool space has been
formulated. In the next section the relationships between the joint space, task space and
the tool space are explained. These relationships are essential for the implementation of
the tool space controller as the actual and desired positions and velocities that are

specified in the task space need to be converted to the tool space at every time step.

3.5 Relationship between the Task Space and Tool Space

For the tool space controller described in the previous section, there is a need to
transform the desired positions and velocities specified in the task space to the tool space.

Also the joint positions and velocities measured in the joint space need to be transformed
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to the tool space. The need to transform these variables to the tool space arises from the
fact that the error in position and the error in velocity in the tool space are required to
drive the controller. Also the desired positions cannot be specified in the tool coordinate
system, as its location is not known a priori during the planning phase. These
transformations need to be carried out at the sampling frequency i.e., they need to be
calculated for each sample time. Figure 3.6 shows the positions of the task frame and the
tool frame. It also depicts the actual and the desired positions of the end effector of the
robot arm. The coordinates (position and orientation) of a point in the task space are

converted to its tool space coordinates with the help of the homogenous transformation
“*T ... - This section describes the equations and procedures that are used to calculate the

position and velocity error and the desired acceleration in the tool

space.
task
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Figure 3.6: The relationship between the task space and tool space frame of reference.
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3.5.1 Position error in the tool frame

The position of the robot in the joint space, task space and the tool space are
denoted by ¢=(q,,9,.95.94,95.9¢)> ¥ =(x.,2,0,AT)" and h=(x,y,2,0,AT)"
respectively. The homogenous position coordinates in the task space and the tool space

are denoted by 4 x4 matrices ( y,and h, ), which have form

where R is the 3x3 rotation matrix and p is the 3x1 position vector. Let T(q) be the

4x4 homogenous transformation that transforms the positions in the task space to the

tool space. Thus

h, =T(q)y, - (3.5.1)

Given the rotation matrix, R, of the homogenous coordinates of a point in a
particular frame of reference the O, A, T angles (coordinates) of that point in that frame
of reference can be found using the equations described in [68]. Also the rotation matrix,

R, can be derived given the O, A, T angles of a point.

To convert the desired positions specified in the task frame to the tool frame, first

the homogenous coordinates of the point in the task frame i.e., y,, are derived from the

task space coordinates y using the equations given in [68]. From the Equation 3.5.1, the

homogenous coordinates in the tool frame i.e., h, can be found using the transformation
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T(q), which is calculated online. The coordinates in the tool frame, h, can now be
found by converting the homogenous tool frame coordinates, h,, to the tool frame

coordinates using the equations described in [68].

To find the actual position of the robot in the tool frame the same procedure used
above can be applied. In this case first the homogenous coordinates in the task frame are
derived from the joint angles using the forward kinematics equations. With the
knowledge of the actual and desired position in the tool frame the error in position in the

tool frame can be defined as:
e=h, —h.
3.5.2 Velocity error in the tool frame.

A general 6x1 velocity vector i.e.,, yor h, in a three-dimensional Euclidean
space such as the task space or the tool space is comprised of two parts. The first is a
3x1 linear component of the velocity denoted as v and it can be written as v = (,y,2)" .

The second part is a 3x1 vector and it can be comprised of any general representation of
the orientation velocity. The orientation representation chosen in this thesis is the OAT

representation described in [68]. Thus the second part of the velocity vector is formed as

(O,A,T)". Now the velocity vectors in the task and tool spaces can be expressed as

y = (%5,2,0,AT) and h=(x,y,7,0,A,T)" respectively.

Let w=(a)x,a)y,a)z)r be a 3x1 angular velocity vector which represents the

angular velocity in the x, y and z directions in a three-dimensional Euclidean space.
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Depending on the choice of the orientation representation, a linear transformation, @,

which is a function of O, A and T, can be defined which transforms the angular velocity
vector, W =[w, o, a)Z]T, in a three-dimensional Euclidean space to the orientation
velocity i.e., (O,A,T)". The derivation of @ is discussed in [68] and [58]. Thus @ is a

3% 3 matrix and it defines the relation between @ and (O, A,T) as:

0] w,
Al=0\w, | (3.5.2)
T ,

and
w, (0
o, |=0"| Al (3.5.3)
w T

if &' exists.

The velocity error in the tool frame is defined as:
é=h, —h.

The desired velocity, y,,, , is specified in the task frame. To find the desired velocity,

h,,,in the tool frame, one needs to find the transformation that relates the velocity in the
task frame to the velocity in the tool frame. The rotational velocity in the task frame is

specified as a 3x1 velocity vector in the OAT orientation representation as O,.. A, and
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T,,. Let the transformation 7(q) which relates a position in the task frame to a position

in the tool frame is defined as:

N S
L “« o
KR & 8
> TS

~N
N
~

o
(=
(=}
p—

Here [n s a] represents the 3x3 rotation matrix and p represents the 3x1position
vector. Let ®, ., and ®, , be the linear transformations that relate the OAT velocities
(0, A,T) to the angular velocities @, (w,,w ,»@.), in their respective three-dimensional

Euclidean spaces, i.e., the task space and the tool space. The relation between the task

space velocity and the tool space velocity vectors can now be formulated as (from [57]):

x n, n, n, (pxn), (pxn), (pxn), | [ 5]
y s, s, s, (pxs), (pxs), (pxs), y
b4 |7 0 a, a, a, (pxa), (pxa), (pxa),|[I 0 3
o _[O 4’100:]. n, n, n, '[0 d>,‘,,‘“]' %)
A 0 5, s, s, A
_T_lool a, a, a, | _T_mk

Using the above equation the tool space desired velocity, h,, , can be derived

from Yy, , the desired velocity specified in the task space. Also the actual velocity in the

tool space, h, can be derived from y, the actual velocity in the task space, similarly.

The above equation can be written as:

Paes =AY g (3.5.4)
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Differentiating the above equation once with respect to time the relation between

the acceleration in the task space and the tool space can now be derived as:
R = Naes + A (3.5.6)

Using the above equation the desired acceleration in the tool space can be

calculated. = The linear controller output, v, can now be calculated using

’;des ’ h

des,

h,h,h,

es *

K, and K, using the Equation 3.4.6.

It should be noted that the transformation A is composed of 3 separate matrices

I 0 1 0
A= [ »
0 (Dmol 0 (Dmsk
Form Equation 3.5.4, it can be seen that I" is non-singular. This is because the 3x3

rotation matrix R=[n s a] is non-singular by definition.
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Chapter 4

4.1 Hybrid Force/Position Control

The contact forces generated between the robot and environment, when the robot
comes in contact with the environment, need to be controlled. The idea of hybrid
force/position control, proposed by Raibert and Craig [4], attempts at controlling the
interaction forces between the manipulator and the environment in certain directions,
while simultaneously controlling the position and orientation of the manipulator in other
directions. It is based on Mason’s concept of using a set of position and force constraints

depending on the mechanical and geometric characteristics of the performed task [8].

The task to be performed is broken down into elemental components that are
defined by a particular set of contacting surfaces. A set of 'Natural Constraints' is
associated with each elemental component that results from the particular mechanical and
geometric characteristics of the task configuration. Additional constraints, called
'Artificial Constraints', are introduced in accordance with these criteria to specify desired
motions or force patterns in the task configuration. Thus for each desired trajectory in

either force or position, an artificial constraint is defined.

For each task configuration a generalized surface can be defined in a constraint
space having n degrees of freedom, with position constraints along the normal to this

surface and force constraints along the tangents to this surface. These two types of
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constraints, force and position, partition the degrees of freedom of possible hand motions

into two orthogonal sets that must be controlled according to different criteria.

The natural constraints are used to partition the degrees of freedom into a
position-controlled subset and a force-controlled subset. The artificial constraints are
used to specify the desired position and force trajectories. A compliance selection vector,
s, which is a binary N-tuple, specifies the degrees of freedom in the constraint frame that

are under force control (indicated by s, =1). Setting s, =0 specifies the degrees of

freedom under position control. Also a compliance selection matrix S is defined as

S =diag(s).

A general conceptual organization of the hybrid controller is given in Figure 4.1.
In the figure there are two complementary sets of feedback loops, position and force,
each with its own sensory system and control law that are controlling the same plant i.e.,
the manipulator. The force and position controlled directions are selected with the help
of the selection matrix S. In this control strategy the actuator drive signal for each joint
corresponds to that particular joint’s instantaneous contribution to satisfying each position
and force constraint. Thus the actuator control signal for the i* joint has N components
~ one for each position-controlled direction and one for each force controlled direction in

the constraint frame. The control law is given as:

N
7, = Y (T, [s,8f,1+ ¥, [ - s)Ax, ]},
j=1



where 7, is the torque applied by the i actuator, Af ; is the force error in the j" degree
of freedom of the constraint frame, Ax; is the position error in the j™ degree of freedom

of the constraint frame, I, and y, are the force and position compensation functions,

th

respectively, for the j* input and this i" output and s, is the j" component of the

compliance selection vector.
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Figure 4.1 Hybrid force/position controller.
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Using this approach the interaction forces between the manipulator and the
environment can be controlled simultaneously with position of the manipulator in free

space. However, it is extremely tedious and impractical to determine the force and

position compensation functions, I'; and y,, for all possible configurations of the

manipulator and also a lot of inverse kinematics calculations will be required in this
process. Further, as shown in [34], this sort of formulation for hybrid force/position
control problem gives rise to inherent kinematic stability issues. The instability occurs
due to the interaction of the Jacobian matrix J and the selection matrix S. A conceptually
simpler control strategy for hybrid force/position control of the manipulator,

implemented directly in the task space, is discussed in the following section.

4.2 Hybrid Force/Position Controller in the Task Space

Using the nonlinear feedback linearization control law from Equation 3.3.4 the

dynamics of the robot system can be linearized and decoupled as:

y=v, 4.2.1)

where v is the vector of auxiliary inputs (commanded acceleration).

The above system is decoupled with respect to the task space axes. Thus the
commanded acceleration in any of the six directions of the task space can be controlled
independently of the rest of the task space directions. This decoupling is very important
for the realization of simultaneous control of forces in the constrained directions and

position in the unconstrained directions after contact is established. Let the superscript u
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denote a quantity in the unconstrained directions and the superscript ¢ denotes a quantity

in the constrained directions. The Equation 4.2.1 can be written as y* =v* and j° =".

(52

Before impact, position control is required in both the unconstrained as well as

constrained directions. Applying the PD position control law from Equation (3.3.6)

vu=j;¢‘i‘ts+Kv(y;es-yy)+Kp(y:es_yu) tSt.rw’ (4'2-2)
V=V K, g = )+ K, (Yo = ¥ t<t,, (4.2.3)

where ¢ is the instant of the detection of impact. By applying the above control
schemes, the error dynamics in the unconstrained as well as constrained directions before

impact can be expressed as:

& +Ké +K e =0, 4.2.4)
& +Ke +Ke =0, 4.2.5)

where e“ =y, —-y" and e =y, —y°. Using conventional, state space pole placement

methods, the desired transient and steady state responses can be achieved.

After detection of impact, position control is still needed in the unconstrained
directions. Applying a PD position control law similar to Equation 4.2.2 the desired

transient and steady state responses can be achieved.

V=3 4+ K, (Vi = V) + Ko (Ve = ¥°) 1>t (4.2.6)
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It is clear, from the above equations that the error dynamics of the position tracking of the

closed-loop system are asymptotically stable.

For the constrained directions explicit force control is used. This makes the
knowledge of the exact force model unnecessary for contact force control. The objective
of the force control scheme is to track a desired force trajectory in the constrained

directions. A force control scheme of the following form is considered:
. . '
V=K (foos —f)YK (fa — )+ K J.(f;“ - f9)at t<t,, (427

where K ,,K,, and K are the position derivative and integral gains for achieving the

desired performance and f,, and f° are the desired and the actual forces in the

constrained directions expressed in the task space coordinates. Using this task space
hybrid controller one can control the force applied by the robot in any of the task space

directions independently of the rest of the directions.

Figure 4.2 shows the diagram of the task space hybrid force/position controller.

The matrix [S] is the selection matrix that is used to select the directions along which
force is controlled. The matrix [I —S] selects the directions along which position is to be

controlled. The desired position trajectory generator generates the desired position
trajectories and the desired force trajectory generator generates the desired force

trajectories in the task space.

The sufficient conditions for stability for this controller are provided in [36]
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Figure 4.2 Task space hybrid force/position controller.

A major drawback of this strategy is the restrictions on the directions in which the
force can be controlled. This means that for this strategy to work the constraint surface

must be aligned along the task space directions in order to completely control the forces

45



of interaction. As pointed out by Duffy [50], this is a big restriction when dealing with
objects that are not aligned with the task space axes. For a constraint surface that is not
aligned along the task space axes the interaction force cannot be controlled unless the
controller axes are aligned with the object surface. This means that the controller
equation needs to be changed online to guarantee the alignment of the object surface and
the task space axes, which may lead to instability of the system. Also this hybrid force
position control scheme is not robust to the occurrence of impact in a direction where
motion control has been planned [69]. In the case of such an impact, the end effector is
not compliant along that direction. This will give rise to large interaction forces between
the end effector and the environment, which cannot be controlled and will damage the
manipulator or the environment. Further this scheme requires a detailed knowledge of he
environment geometry, and therefore it is unsuitable for use in poorly structured
environments and to the occurrence of unplanned objects.

For the reasons mentioned above it is not practical to implement hybrid
force/position control that can interact with environments whose shape is not known a
priori. The next section presents the design of a new controller that can overcome the

abovementioned drawbacks of a task space controller.

4.3 Hybrid Force/Position Controller in the Tool Space

It is important to note that the above idea of hybrid force/position control is based
on the notion of ‘orthogonal complements’. This means that the force and the position
are controlled in orthogonal (non-overlapping) subspaces of the task space. Continuing

this idea of orthogonal complements further, hybrid force/position control can be
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implemented in the tool space. The advantage of this method is that the tool space is not
a fixed (inertial) space. It is constantly moving along with the movement of the end-
effector. Thus, if the tool frame can be dynamically positioned in such a manner that it’s

axes align with the direction of the force to be controlled, then the force can be controlled

in any arbitrary direction.

However this method does pose some challenges in implementation as described
in Section 3.4. This is because the frame in which the control is implemented is a non-
inertial frame and the exact location of this frame is not known a priori during the
planning phase. Thus specifying desired positions, orientations, forces and torques in the
tool reference frame poses a challenge. But taking into account the fact that the exact
location of the tool frame is known during the execution phase, the desired positions and
orientations could be specified in an inertial frame, e.g. the task frame, and then
converted to the tool frame online using coordinate transformations. This conversion is
abetted by the knowledge of the exact location of the tool frame with respect to the task

frame during the execution phase.

The desired force input is specified directly in the tool reference frame. This is
because the force to be applied by the manipulator is constant in the 'z’ direction of the
tool reference frame, irrespective of the position and orientation of the tool reference
frame. The interaction force is measured using a wrist mounted force torque sensor and

can be transformed directly in the tool reference frame with the help of a linear

transformation.
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From Section 3.4, the dynamics of the robot manipulator expressed in the tool

space can be written as:
7=D(g)3;'(h-8,9)+ C(¢.9)+G(@)+J" f .
Using the control law formulated in Equation 3.4.5,
7=D(@)3;' (v-8,)+C(@.9+G(@+J" f,
The manipulator system can now be linearized and decoupled as:
h=v, 4.3.1)
where v is the vector of auxiliary inputs (commanded acceleration).

The above system is decoupled with respect to the tool frame axes. Thus the
commanded acceleration in any of the tool space directions can be controlled
independently of the rest of the tool space directions. Let the superscript u denote a
quantity in the unconstrained directions of the tool space and the superscript ¢ denotes a
quantity in the constrained directions of the tool space. Thus the Equation 4.3.1 can be

written as two separate equations:
h* =v* and

h'c =y°
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For the unconstrained directions, position control is required before and after
impact. Applying the tool space PD position control law from Equation 3.4.6 in the

unconstrained directions:
v =hl, + KE(hY, —R*)+ K" (hi, —h") 4.3.2)

Using the above Equation 4.3.2, the position error dynamics in the unconstrained space

can be written as:

€' +Kje"+K e" =0, (4.3.3)
where e“ = h,, —h". Thus, desired transient and steady state responses can be achieved
using conventional pole placement methods.

For the constrained space, before impact, position control needs to be applied.
After detection of impact, the interaction force needs to be controlled. PD position
control in the tool space is used in the constrained directions before the detection of
impact. After the detection of impact, explicit force control is used. Thus the constrained

space auxiliary input can be expressed as:

v =hS, + K (h, —h)+KS(hS,, —h°) 1<t (4.3.4)

v =K, (fa = FO+ K (i = fO+K, [ - f)dt 11, (435)
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where K, ,K,, and K, are the position derivative and integral gains for achieving the

desired performance and f,, and f° are the desired and the actual forces in the

constrained directions expressed in the tool space coordinates.

In the tool space hybrid controller the desired position trajectories in the
constrained as well as unconstrained space are initially specified in the task space frame
of reference. Using the knowledge of the exact position and velocity of the joints of the

manipulator, g and q, the desired trajectories, y,,,,y,, and ¥,,, are converted to the

tool reference frame online. Thus, during the planning phase the desired position

trajectories are specified as y, , y,, and ¥, , and the desired tool space trajectories

h,,, h,, and h,, are derived from them online using coordinate transformations given
in Section 3.5. The force trajectory, f,,,, is specified directly in the tool space. This is

because the force to be controlled is along the tool space ¢z’ direction. So the force

trajectory can be directly specified in the tool frame of reference along the ‘ z * direction.

Figure 4.3 shows the implementation of the tool space hybrid force/position
controller. Note that the desired positions and orientations are generated in the task space
by the task space trajectory generator. These are then converted to the tool space using
coordinate transformations and the Jacobian matrix relating the task space and tool space
velocities. The desired force trajectories are specified in the tool space. The matrices [S]
and [/ — S] are used to partition the tool space into two orthogonal position controlled and

force controlled subspaces.
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Figure 4.3: The tool space hybrid force/position controller.

In order to implement robust’ hybrid force/position control in the tool space, the
direction of the tool space frame of reference that is under force control, i.e., the tool z-

axis must be aligned with the direction of the interaction force. If this is not the case, all
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the components of the interaction force cannot be controlled and that could either lead to
loss of contact or to excessively large interaction forces that would damage the
manipulator or the environment. Thus the alignment of the constrained direction of the
tool frame and the direction of the interaction force must be ensured. For that reason it is
imperative to implement the orientation control of the manipulator in such a manner that

the alignment is achieved.

The wrist mounted force sensor senses the direction as well as the magnitude of
the interaction force at the tip of the manipulator. Using linear coordinate
transformations, the sensed force direction, which is in the wrist coordinate system, is
converted to the tool coordinate frame with the help of the joint angles and joint velocity.
The tool space controller uses this (tool space) direction to orient the end-effector along
the direction of the sensed force. Thus, the constraint frame (end-effector frame) will be
aligned along the direction of the interaction force. This will in turn ensure that the
interaction forces can be fully regulatg:d. The gains for the orientation control loop are set
at moderately high values for a fast response. The following section analyses the stability

of this controller.

4.4 Stability Analysis of the Tool Space Controller

In Section 3.3, it has been shown that the task level controller is asymptotically
stable in the entire workspaces except around singularities where J,' is not defined. In

Section 3.4 a similar stability analysis was presented for the tool level position controller.

The desired trajectories for the tool space controller are specified in the task space, which
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are then converted to the tool space online. Thus, if the transformation between the task
space and the tool space is not defined, then one cannot even begin to talk about stability
of the tool space control law. But, here we note that, the tool and task spaces are 3-
dimensional Cartesian spaces that are related to each other by a linear, bounded, non-
singular homogenous transformation. Thus, for every point in the task space there exists
a corresponding representation in the tool space. Further, as shown in Section 3.5, the
velocities in the task space and tool space are related to each other by a linear, bounded,
non-singular transformation. In this section it will be proved that a tool space position
controller is stable and further stability analysis for the tool space hybrid force/position

controller is presented.

The tool space position controller is given as (from Equation 3.4.5):

7=D()3;' (V-39 +C(q.9) +G(@+J" f, 44.0)
where v is the vector of auxiliary inputs and it is defined as:

v=hy + K, (hy, —h)+ K, (b, —h). (4.4.2)

Assuming the exact model of the manipulator is known and S;' exists, the error

dynamics of the combined system of the manipulator and the controller can be written as

(from Equation 3.4.9):

é,+Ké,+K,e =0. 4.4.3)

Forming the state vector as x =[¢, ¢,]" , the above system can be written as:
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x = Ax 4.4.4)

For the above system to be asymptotically stable about the origin, all the
eigenvalues of the matrix A must have negative real parts. Thus if K, and K, are
positive, the above system is asymptotically stable and x —» 0. Since x=[e, ¢,] ,
e,and ¢, tend to zero asymptotically and in turn the end-effector tracks the desired tool

space trajectory.

Here it is noted that the above error dynamics were formulated in the robot tool
space, while the desired trajectory was specified in the task space. In order to show that
the robot tracks the trajectory in task space, we take help of the transformations that relate
the task space positions and velocities to the tool space positions and velocities. The

position and velocity in the task space and tool space are specified as 6x1 vectors as:

and h=

N 2 Q & e w
N Q. AN e &
N > QO &« X
N QA e &

L~ Jdiask L~ Jdrask L~ Jrool L™ Jrool

where y and h represent vectors in the task and tool spaces respectively.

Rotation matrices can represent the position and orientation of a rigid body in 3-

dimensional Cartesian space. Let [y] and [h] denote the rotation matrix representations
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of position and orientation of a point in the task space and tool space respectively. For
every position vector y (h) there exists a unique rotation matrix [y] ([k]) and vice versa.
The rotation matrices for a point in the task space and the same point in the tool space are

related by a non-singular homogenous transformation as:

Pyt 1., 4.4.5)

Ry,
[h]4x4= 3x3

4x4

Hence, the position in the task space is related to the position in the tool space by
a non-singular, invertible (by definition) homogenous transformation. Let us assume that

the transformation is bounded. This is a valid assumption because by definition R, is
always bounded and p,,, is the position vector from the origin of the task space to the
origin of the tool space. So we can assume that p,,, is bounded if the region of interest is

limited to the vicinity of the task space origin. Hence the transformation itself is
bounded. Thus we can conclude that if the error in position in the tool space tends to

zero, the position error in the task space also tends to zero.

Further, from Section 3.5, the velocities in the tool space and the task space are

related by the following equation:
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From the above equation, if we assume that &, , and &,_, are non-singular and

bounded then it can be proved that the transformation A is invertible and bounded.

Hence if the velocity error in the tool space tends to zero, the velocity error in the task

-1
task

space also tends to zero. The assumption that ¢, and @, are non-singular and

bounded is valid for most of the points in the Cartesian spaces except when A=1Z%.

The above result is valid only for the points in the task space and tool space where

Azt

(ML

Further in this section we will prove the stability for the tool space hybrid
force/position controller. The equations of motion of the robot expressed in the tool

space are given as:

7=D(@)3;'(h-34)+C(q.9) +G() +J" f (4.4.6)
The tool space hybrid force/position controller is given by:

7= D(q)sa‘(v—Sq)+é(q,q)+G(q)+1’f 4.4.7)

where the auxiliary input v is given by:
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v=[I-S)(hs, + K (R, —h*)+ K5 (R, —h*)+

. . y (4.4.8)
[SIK, (fi, = F)+ K, (fi, = FO+Ky [(fay = fd)

Here [S] is the selection matrix that decides which tool space axes are under position

control and which are under force control.

Combining the equations of the manipulator and the controller the linearized and

decoupled equations of the complete system are given by:
h=v
The above equation can be expanded as:

[1 - S)h* +[S)h° =[I - SYhi, + K{ (Rl —h*)+ K5 (R, — "))+

. . ! 4.4.9)
(UK, (fas = FO+ Ky (fiey = FO+ Ky [(fiy = £)ar)

Equating the quantities in [S] and [/ -S], we get two separate equations for the

constrained and unconstrained directions respectively as:
e . . '
B =K, (fa = £+ Ky (Fas = FO+ Ky [(fa - f)at (44.10)
Fw

for the constrained directions and,

h* =k, +K!(hy, —h*)+ K" (h}, —h") (4.4.11)

for the unconstrained directions.
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For the unconstrained directions, the error dynamics can be expressed as:

& —K'é" —K'e" =0. (4.4.12)

For appropriate choices of K, and K, the above error dynamics can be proved to be

stable. For the constrained directions, let us assume that the actual acceleration, h €, in

these directions is zero. Thus the Equation 4.4.10 can be written as:
. . !
Ky (o= F)+ K (i = FO+Ky [(fi, = f)dt =0 (44.13)

We can easily prove that the above Equation 4.4.13 is asymptotically stable for proper

selection of K of s va and K §-

Thus we can prove that the combined system of the manipulator and the controller

is asymptotically stable.
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Chapter 5

5.1 Simulation Studies - Setup

Intensive simulations were conducted at the Robotics and Automation laboratory
at Michigan State University in order to verify the theoretical results. A 6 DOF Puma
560 robot arm manipulator [68] was used for the simulation studies. The end effector
was mounted with a jr3 force/torque sensor, which senses the forces and torques directly
in the hand coordinate frame. The sampling period for the control software was set at

1ms.

Experimental comparisons between the existing Task Space Controller and the
proposed Tool Space Controller for pure position control were conducted. Simulation
studies for the proposed Tool Space Hybrid Force/Position Controller in contact with a
compliant surface aligned along the manipulator reference frame were carried out. The
results were compared with the existing Task Space Hybrid Force/Position Controller
performing a similar task. Finally simulations were carried out on the proposed Tool

Space Hybrid Force/Position Controller in contact with a constraint surface of unknown

shape.

The constraint surfaces were simulated as linear spring dampers with large

stiffness coefficients [70]. Thus the environment is modeled as:
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F(tF -K, (x(t) - x,),

where F(t) is the force generated by the environment, x(z) is the actual position of the

robot, x, is the position of the wall and K, is the stiffness coefficient. For the
experiments K, was taken to be 1000 N/m. Also the moments about the x, y and z

axes were assumed to be zero for simplification purposes.

A frictionless contact was assumed between the end-effector and the environment.
This scenario, though unrealistic, can be simulated in actual practice using a roller ball

contact assembly.

5.2 Position Control Experiments

Simulations were carried out to compare the task space controller and the tool
space controller for pure position control. To make the simulation more realistic
dynamically, instead of some straight lines or movement on a horizontal plane, the
desired path of the end effector is chosen as a circle with a constant angular velocity @
on a plane that is at an angle to the XOY plane. The desired orientations were taken to be

continuous sinusoids. The desired paths were:

X, =0.707Rcos(wt) +0.4
Y = Rsin(ax)+0.3

Z4es = 0.707Rcos(ax) +0.1
0,,, = —0.5sin(ax)+0.5

A, = —0.5sin(ax) +0.5
T,, =-0.5sin(ax) +0.5



where R=0.25m and w =

.

oo | N

The same task was simulated for both the task level and the tool level controller.
The desired and actual output position/velocity and error in position/velocity of the robot
in the Cartesian task frame were plotted against time for both the controllers. The results

of these experiments are shown in Figures 5.1 to Figure 5.4

Figure 5.1 - 5.4 show the plots of the experiment carried out for task level
position control. It can be noted that the error in position for these experiments is of the
order 10 to 10™ meters. Better results can be achieved by proper tuning of the

controller gains K, and K, for achieving desired dynamic performance. Figure 5.1 (a) -

(f) show the actual and desired positions and orientations for the task level position
controller. Figures 5.2 (a) — (f) depict the plots of the actual and desired velocity in the
six independent directions of task space. From the above two figures we see that the
desired and actual position and velocity are nearly the same, which indicates that the

system has very good tracking properties.

Figure 5.3 (a) — (f) plots the position error for the task level position error. The
errors in velocity for the task level position control are shown in Figure 5.4 (a) — (f). The
errors in position and velocity are very small thereby indicating good dynamic response

of the controller.

The same experiment was carried out for the tool space position controller. For
comparison with the task space controller, the Cartesian task space positions and

velocities for the tool space controller are plotted in Figures 5.5 and 5.6 respectively. The
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desired positions and velocities for the tool space controller are specified in the task space
frame of reference, which is an inertial frame. Hence, the error plots for position and
velocity of the tool space controller are plotted in the Cartesian task space in the Figures

5.7 and 5.8 respectively.

Figure 5.5 (a) — (f) shows the actual and desired positions in the task space frame
of reference. The actual and desired velocities are plotted in the task frame in Figure 5.6
(a) — (f) for the tool space position controller. The errors in position and velocity
expressed in the task frame for this tool space controller are also plotted in Figures 5.7
and 5.8. Figure 5.7 (a) — (f) depict the position errors for this tool level controller
expressed in the task frame. The velocity errors for the tool level controller expressed in

the task frame of reference are shown in Figure 5.8 (a) - (f).

The gains for orientation control are kept moderately high to achieve a faster
response for changes in the orientation. This would prevent excessively large interaction
forces in the directions that are not under force control by aligning the tool space z axis

with the direction of the sensed force.

The errors plots in the task space and the tool space are nearly of the same
magnitude and also have a similar profile. This is because the task space and the tool
space are related by a linear transformation. Numerous such experiments for position
tracking were conducted, which gave similar results. Thus form these experiments it can

be concluded that position control in the tool space can be implemented.

62



(a) x position (b) y position (c) z position
1

08} : . R 0.8

0.6

x(m)

om)

04} |

0.2

V] 10 20 30 40
time(sec)

(d) O angle

0.8
i 0.6
04}

0.2

o 10 20 30 40 0 10 20 30 40 ] 10 20 30 40
time(sec) time(sec) time(sec)

Figure 5.1: The actual and desired position and orientation for task level position control.
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Figure 5.2: The actual and desired velocities for task level position control.
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Figure 5.3: The error in position for task level position control.
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Figure 5.8: The errors in velocity for the tool space position controller expressed in the

task coordinate frame.
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5.3 Hybrid Force/ Position Control Experiments.

A hybrid task space force/position controller and a hybrid tool space
force/position controller were simulated for the task of surface tracking. The task
involved moving along the surface of a horizontal table while applying a constant force
of 10 N perpendicular to the surface of the table. At the end of 12 seconds a change is
affected in the magnitude of the desired force and it is ramped to 13 N within 1 second.
The robot is initialized to an initial position such that x =0.4m,y = 0.5mand z=0.2 m.
The initial orientation of the robot is such that it is aligned with the normal of the table
and pointing towards the table. In this position the task space OAT angles are initialized
to O=0rad, A=0rad and T =0 rad. Thus the robot is positioned exactly at the surface
of the table and it is pointing directly at the table surface. The robot moves towards the
table under pure position control and contact is established. As soon as impact is
detected the force control loop takes over and the interaction force with the table is
regulated to the pre-specified desired value of 10 N. At the end of 10 seconds the robot is
made to move along the surface of the table. In order to achieve the motion the desired
position of the robot in the x and y direction is changed to 0.5 m from 0.4 m and 0.35 m
from 0.5 m respectively. The same experimental setup is implemented for both the task
level and the tool level hybrid controllers and the outputs of the two controllers are

compared.

Figures 5.9 — 5.14 are the plots for the hybrid task space force/position controller
performing the aforementioned task of surface tracking. Figure 5.9 (a) — (f) show the

actual and desired position/orientation of the manipulator in the task space. Figures 5.10
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(a) — (f) depict the actual and desired velocities in the task space. The Figure 5.11 (a) —
(f) show the Cartesian position errors in the task space and Figure 5.12 (a) — (f) depict the
Cartesian velocity errors in the task space for the task space hybrid force/position
controller. Note that the position and velocity error in the z direction are not applied to
the controller. This is because explicit force control is used in the z direction. Figure
5.13 (a) - (c) depict the actual and desired force profiles for the Cartesian task space x,
y and z directions for the task space hybrid controller. The errors in the Cartesian space
force in the x, y and z directions for the task space hybrid controller are shown in
Figure 5.14 (a) — (c). Initially the manipulator is under position control. When the
interaction force between the manipulator and the environment exceeds a threshold value,
the z direction of the task space is switched to force control. This occurs ¢ =2.5s. The
force in the z direction is then regulated to a steady state value of 10 N. When
t =10s the manipulator is commanded to move along the surface of the table while
maintaining contact with a constant force of 10 N with the table surface. At the end of 12
s the desired force is ramped to 13 N within the interval of 1 s. Note that the manipulator
is still moving along the table surface at that time. The position and velocity error in the
z direction is quiet large after impact, but the z direction is under force control thus the
position and velocity error in the z direction is filtered out by the selection matrix. The
force error in the z direction is also very small for steady state values of the desired force.
The dynamic response of the force control loop is not very good, mainly due to the high

gain nature of the feedback system, and it needs proper tuning.

68



(a) x position (b) y position (c) z position
0.6 0.6
0.5 o 0.5
Eos : \ Eoa
= w
03 03 0.3
0.2 0.2 0.2
0.1 . . . 0.1 . 0.1 .
s 10 15 20 s 10 18 20 s 10 13 20
tme(sec) time(sec) time(sec)
Lk 100 (d) Oangle WX 107 (e) Aangle L x 10” O T angle
0.5 : 1 0.5 0.5 /\ :
g ° g ° »/\ g ° V
0.8 0.5 0.5
a R A -1 . -1 :
[ s 10 13 20 [} s 10 15 20 0 s 10 15 20
time(sec) time(sec) time(sec)

Figure 5.9: Actual and desired positions for task space hybrid force/position control.
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Figure 5.10: Actual and desired velocities for task space hybrid force/position control.
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Figure 5.12: Error in velocity for task space hybrid force/position control.
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The same experiment was carried out for the tool space controller. But in this
case the robot was initialized such that the end-effector was at an angle with the table
surface. The initial location of the end-effector in the task space was setto x =0.4m, y =
0.5 m and z = 0.2 m. The initial task space orientations were set to O =-1.6 rad,
A=0.1rad and T =-0.1 rad. The robot was then commanded to move along the z
direction under position control till impact was detected. After detection of impact, the z-
axis of the tool frame was switched to force control. Similar to the case of task space
control, at the end of 10 s the robot was commanded to move to the task space location x
=0.6 mand y =0.35 m. At the end of 12 s the desired interaction force was ramped to 13

N within 1 second. The experiment was run for 20 s.

Figure 5.15 (a) — (f) show the actual and desired Cartesian task space positions
and orientations of the manipulator under tool space hybrid force/position control. Figure
5.16 (a) — (f) show the actual and desired velocities in the task space. Figure 5.17 (a) —
(f) depict the error in the task space position and Figure 5.18 (a) — (f) shows the task
space velocity error. In this simulation, since the constraint surface is aligned along the
task space axes, the errors in the task space position and velocity for the tool space hybrid
force/position controller tend to zero. Also these plots are given in order to compare and
contrast the performance of the task space and tool space hybrid force/position
controllers. Further the errors in position and velocity expressed in the tool space, which
are actually used to drive the tool space controller, are shown in Figure 5.19 and Figure
5.20. In the Figures 5.19 and 5.20, note that the position and velocity errors in the x, y,

O, A and T directions asymptotically tend to zero.
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The interaction forces expressed in the Cartesian task space are shown in Figure
5.21 (a) - (c). Note that interaction force is directed along only the task space z direction,
which is perpendicular to the table surface. Figure 5.22 (a) — (c) show the interaction
forces measured in the tool space frame of reference. The errors in interaction forces
expressed in the tool space reference frame are shown in the Figure 5.23 (a) - (c). The
force error in the z direction of the tool space reference frame is used to drive the force
controller. Note that the measured interaction force is along the negative z-axis in the
task reference frame while it is along the positive z-axis when expressed in the tool
reference frame. This is due to the orientation of the tool reference frame. For this
simulation the z-axis of the tool reference frame is directed along the negative z direction

of the task frame.

For this simulation the end-effector was initialized so that it came into contact
with the table surface at an angle with the table surface and not perpendicular to the table
surface. So initially the end-effector is not aligned with the direction of the interaction
force. Thus initially, some force transients are measured along the tool space x and y
axes. But the orientation control on the manipulator is structured in such a fashion that
the z axis of the end-effector aligns with the direction of the sensed interaction force.
Hence the force measured along the tool space x and y axes tends to zero as the end-

effector z axis aligns with the direction of the interaction force.
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Figure 5.15: The actual and desired positions, expressed in the task space, for the tool

space hybrid force/position controller.
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Figure 5.16: The actual and desired velocities, expressed in the task space, for the tool

space hybrid force/position controller.
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force/position controller.
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force/position controller.
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Figure 5.20: Velocity errors expressed in the Cartesian tool space for the tool space

hybrid force/position controller.
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5.4 Tracking a Curve in Two Dimensions

When an object is completely unknown, no kind of task can be specified on it:
some rough a priori knowledge is necessary. In this experiment a tool space hybrid
force/position controller was simulated for the task of tracking a flat object whose
contour is not known, but the plane in which the contour lies is known. This is similar to
the problem defined in [30]. The surface to be tracked is simulated as a parabolic
cylinder with its axis along the y axis of the task space. In the x-z plane the profile of the

cylinder is a parabola. The equation of the parabola is:
z=6x*-3x

Note that the shape of the surface is not input to the controller directly. The controller
uses the direction of the sensed interaction force to gauge the direction of the surface

normal. Figure 5.24 shows the parabolic surface to be tracked.

The robot is initialized to a task space position such that x = 0.0 m, y = 0.2 m and
z=0.0 m. The orientation of the end-effector is set at O = —% ,A=0and T =0. Thus,

in the initial position the robot is pointing along the negative task space z-axis. The robot
is commanded to move along the negative task space z-axis. By moving in this direction
the end-effector comes into contact with the surface and interaction forces are generated.
The controller uses the direction of the interaction force to gauge the surface normal and
orients the robot along the surface normal. The force control loop regulates the

interaction force along the tool space z-axis to the desired set point value, i.e., 10 N.
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At the end of 10 seconds the robot is commanded to move, following a straight-
line path, to the task space position x = 0.25 m, y = 0.2 m and z = -0.375 m. The desired
force command along the z-axis of the tool space is maintained at 10 N. The robot
follows the parabolic contour to the set reference point. When the robot reaches the
desired set point, it is again commanded to move along a straight-line path to the task
space position x=0.5 m, y=0.2 m and z =0 m. The desired force command along the z-

axis of the tool space is maintained at 10 N.

Figure 5.25 (a) — (f) show the actual positions and orientations of the manipulator
expressed in the task space frame of reference. Note that the position in the x direction is
continuously increasing with time while the position in the z direction first decreases with
time, when the robot is following the downgrade of the parabola, and then increases with
time when the manipulator is following the upslope of the parabolic surface. The
position in the y direction remains constant at 0 m because the robot is not commanded to

move along the y direction. Also note that the orientation angles O and T maintain a near
constant value at —-% and O respectively. The A angle reflects the changes of the attitude

of the end-effector with time. Also note the large initialization error in the A angle due to

the initialization error in the orientation of the end-effector.

Figure 5.26 (a) — (c) show the interaction forces expressed in the task space frame
of reference. Note that, form figure 5.26 (b), the force along the y direction is constantly
at 0. When the manipulator is initially pointing along the negative task space x-axis the
interaction force is regulated to approximately 10 N in that direction while it has a very

small value along the task space z-axis. As the manipulator starts moving along the
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surface, the orientation of the end-effector changes and so does the magnitude of the task
space x and z components of the interaction force. When the manipulator is at the nadir
of the surface, at approximately ¢ = 40 s, the surface normal is directed along the positive
task space z-axis. Note that at this time the force component along the task space x
direction is zero while the force component along the task space z direction is regulated
to 10 N. Figure 5.27 (a) - (c) shows the actual and desired interaction force expressed in
the tool space frame of reference. Form the figure note that the z component of the
interaction. force is regulated at 10 N whereas the x and y components are regulated to

approximately zero values.

Figure 5.28 shows the profile, in the task space x-z plane, of the location of the
end effector of the manipulator. The dashed line represents the location of the actual
surface. We see that the profile traced by the end-effector is exactly parallel to the
surface profile. In order to generate an interaction force the surface needs to be
deformed. This deformation gives rise to the interaction forces upon contact of the end-
effector with the environment [52]. Note that the two curves are nearly exactly parallel.
This implies that the end-effector maintains a constant angle with the surface normal,

which in this case is regulated to O rad.

In order to see if the end-effector is perpendicular to the surface we need to
compare the surface normal vector with the z-axis of the tool space. Figure 5.29 plots the
x, y and z components of the end-effector z-axis (solid line) and the surface normal vector
(dashed line). The components of the end-effector z-axis can be calculated from the

orientation angles OAT using the following formulae:
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a,=5,5,Cr =CoSr
a,=-CyS,Cr —S,8;
a,=-C,C;

From the figure it can be seen that the orientation of the end-effector coincides nearly
exactly with the surface normal. Hence, it can be concluded that the end-effector remains

perpendicular to the surface.

‘The Surface to be Tracked

Figure 5.24: The cylindrical parabolic surface to be tracked.
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Figure 5.26: The interaction force expressed in the task space frame of reference.
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The same simulation was carried out with the desired force being time varying,
rather than a constant value as was done in the previous experiment. The value of the

desired force was taken to be a time varying sinusoid whose equation is given by:
% £ =10+sin(0.2¢)

Figure 5.30 (a) —«(f) show the actual location of the end-effector for this experiment.
Figure 5.31 (a) — (c) shows the actual interaction force expressed in the task space frame
of reference. This figure is similar to Figure 5.26 except for the superimposed sinusoids
on the x and the z component of the force profile. Figure 5.32 (a) — (c) shows the
interaction force expressed in the tool space reference frame. Again this figure is similar
to the Figure 5.27 except for the superimposed sinusoid along the z direction of the end-

effector frame.

86



(a) x position () y position (c) z position

0.6 0.5 0.1
0.3 - ; e 0.45
0.4 ; ] 0.4
0.3s
- 03 ] 1
8 — CCE] p
0.2+ . / . . 4
0.23 - . 4
0.1 / . 0.2
7
0 0.1s
0.1 0.1 -
[\] 20 40 60 o 20 40 60
time(sec) time(see)
(d) O angle (e) A angle
-1.4 1.8 .
1 \ C A
-1.45 4 0.05
0.5 . -
T s} - A of e - g 0
z z
0. : B
-1.58 . 1 .08
a1 L .
-1.6 -1.8 0.1
o 20 40 60 o 20 40 60 o 20 40 60
time(see) time(see) tme(ses)

Figure 5.30: The actual position of the end-effector expressed in the task space frame of

reference.
. (a) Force along x . (b) Force along y
10 :
/\/ 0.8
] )
£ o — 1 g
& | Vs
s . .
L/ o
10 “—‘\//
18 ' a
0 10 20 30 4 30 6 0 10 20 30 4 S0 6 ™
tGeme(ses) tme(see)
0 (c) Force along z
2
-
o -
K}
a0}
a2
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5.5 Tracking a Curve in Three-Dimensions

Extending the concept of two dimensional curve tracking further, the tool space
hybrid force position controller was simulated to track a three dimensional contour. The

contour was taken as a sector of a hollow sphere having the equation as:
x*+y’+2° =05,

The radius of the sphere is 0.5 m and it is centered at the origin of the task space. The
sphere is hollow and the robot is assumed to be inside the sphere and the task is to track
the inner surface of the sphere form within. For this simulation, the robot comes into

contact with the sphere at an angle with the local surface normal. The initial position of
the robot in the task space isx=0m,y=04,2z=-03,0 = —% rad, A = -0.321751 rad,

and T =0.901832 rad. At the end of 10 seconds the manipulator is commanded to move,
following a straight-line path, to the task space positionx =04 m,y=0.25mand z = -
0.1658 m. The desired force command along the z-axis of the tool space is maintained at

10 N. The robot follows the spherical contour to the set reference point.

Figure 5.33 shows a 3 dimensional plot of a part the spherical surface that the
robot is supposed to track. Figure 5.34 (a) — (f) show the desired and actual position and
orientation of the end-effector while it is moving along the surface of the sphere. The
solid line represents the actual position and the dashed line represents the desired
position. Note that the desired positions are generated as a straight-line form the initial

point to the final reference point without any knowledge about the shape of the surface.
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Figure 5.35 (a) - (c) show the plots of the interaction forces expressed in the task
space frame of reference. Figure 5.36 (a) — (c) show the plots of the actual and desired x,
y and z components of the interaction forces expressed in the tool space frame of
reference. Note that the components of the interaction forces along the x and y axes are
regulated to zero while the component of the interaction force along the z axis of the tool
space is regulated to 10 N. In this case, all the points on the surface of the sphere satisfy

the equation
x2+y*+22=0.25.

Now, for the end-effector to be in contact with the sphere surface, the end-effector x, y

and z coordinates must satisfy the following equation
x*+y?+2220.25.

In order to prove that the tip of the end-effector is in contact with the surface of the

sphere, we need to use a metric that would indicate whether the tool tip is inside or
Hence we can use m = x* + y* + z* as a metric for this example.

Figure 5.37 plots the equation of the above metric. The dashed line is plotted at

m=0.25m>. We sec that the two lines are parallel, implying that the end-effector

maintains a constant angle with the surface normal, which in this case is 0 rad.

In order to see if the end-effector is perpendicular to the surface we need to
compare the surface normal vector with the z-axis of the tool space. Figure 5.38 (a) - (c)

plot the x, y and z components of the end-effector z-axis (solid line) and the surface



normal vector (dashed line). Note that the two curves nearly coincide. This implies that
the end-effector z-axis remains perpendicular to the surface of the sphere. Thus the
interaction force is directed along the end-effector z-axis and can be completely

regulated.
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)
£
0.1 i

-0.15

——

-0.2

025

N 03
-0.35
-04

-0.45

-05

Figure 5.33: The spherical surface that is to be tracked.
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Figure 5.34: The actual and desired positions and orientations expressed in the task space

frame of reference.
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Figure 5.35: The actual interaction force expressed in the task space frame of reference.
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Figure 5.36: The actual and desired interaction forces expressed in the tool space frame
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Figure 5.37: The metric m = x* + y* + z2.
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Figure 5.38: The task space x, y and z components of the surface normal and the z-axis of

the end-effector frame
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Chapter 6

6.1 Summary

In Chapter 3 the concept of control of robot manipulators in the robot tool space
was introduced. From the simulation studies in Section 5.2 it was seen that it yielded
similar results as a task space controller for tasks involving position control. In Chapter 4
hybrid force/position control was discussed. The inadequacy of the task space hybrid
force/position controller for controlling the force in any arbitrary direction in the task
space was pointed out. It was also noted that such a control strategy was not robust to
interaction forces in arbitrary directions and the build up of the interaction forces could
result in damage to the manipulator or the environment. To overcome this limitation of
the task space hybrid control strategy, the concept of hybrid force/position control in the

robot tool space was introduced in Section 4.3.

Stability analysis for robot tool space control was presented in Section 4.4.
Stability analysis for the tool space hybrid force/position controller was also presented in
Section 4.4. Simulation studies for the tool space hybrid force/position controller are
presented in Chapter 5. In Section 5.3 the task space and tool space strategies for hybrid
force/position control were compared and contrasted. The task to be performed was
tracking a horizontal surface while simultaneously controlling the normal interaction
force with the surface. Similar results were obtained for both the task space and tool

space control strategies. Initializing the manipulator at an angle with the surface normal
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for the tool space controller showed that the tool space control strategy was robust to

errors in initialization of the manipulator.

Further in Section 5.3 the task of tracking a two-dimensional contour in a known
plane was simulated. The contour to be tracked was a cylindrical parabola with its axis
along the task space y-axis. The robot was initialized so that the end-effector was aligned
with the task space z-axis. The robot was able to successfully track the contour without
any prior knowledge about the contour, by just using the measured normal interaction
force. In Section 5.4 the tool space hybrid force/position control approach was used to

track an unknown three-dimensional contour.

6.2 Conclusions and Future Work

The strategy of tool space hybrid force/position control opens up the possibility
for controlling the interaction forces that are constantly changing directions. Thus, using
this strategy the manipulator can interact with poorly structured and unknown
environments. Further, using this strategy, applications such as surface tracking,
grinding, polishing, milling and deburring, which require the manipulator to come in
contact with the workpiece can now be carried out on workpieces that are not pre-
specified. This would in turn affect productivity by eliminating the down time spent in
extensive path planning and reprogramming of the manipulator when dealing with
different workpieces. Also, using this strategy, the force exactly along the normal to the
surface can be regulated. This was not possible using the task space hybrid force/position
controller that could regulate only the component of the force directed along the task

space axes where force control had been planned. Further, unlike the task space hybrid
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force/position control, this strategy is robust to impact along directions where motion

control has been planned.

Though preliminary experimental results are provided in Chapter 5, many
improvements and modifications need to be carried out on the proposed controller. First
the restriction of the assumption of a frictionless contact needs to be tackled. Adaptive
algorithms that can estimate the friction coefficients for surfaces need to be implemented.
This would abet the controller to estimate the exact direction of the tangent even in the
presence of friction. Also for improved tracking performance better force control
algorithms ([73]) need to be implemented. Further, as mentioned in [71] and [72], for
implementation in cutting and polishing operations, it is required to regulate the
interaction force at a certain angle with the surface normal. The tool space hybrid
controller could be modified to control the interaction forces at a specific angle to the
contact surface. The current proposed strategy does not take into account the task of
contact transition. It is assumed that the manipulator comes into contact with the
environment at a extremely low velocities and thus the need for contact transition control
is not realized. But for practical implementation of this controller, a scheme for contact
transition needs to be adopted. Many schemes for contact transition have been proposed
in literature ([25], [53]). The possibility of adopting them for the proposed controller

needs to be looked into.

In conclusion, this thesis presents a new strategy for controlling constrained
motion of manipulators in contact with environments whose shape is not known a priori.

It has been shown experimentally that hybrid force/position control in the robot tool
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space can be successfully used to control constrained motion of manipulators in contact

with unknown environments.
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Appendix A

Orientation Singularity Avoidance

At the joint level control design, the measurements of joint angles are used
directly in the feedback loop. Thus no forward kinematics equations need to be solved.
In the task level control design, the joint angles and joint velocities have to be converted
to positions and velocities in Cartesian space, which is a three-dimensional Euclidean
space, through forward kinematics and the Jacobian matrix. For tool level control design
also, the position, orientation and velocity of the end-effector are expressed in a Cartesian
frame attached to the end-effector and they are derived from the joint angles and
velocities through forward kinematics, coordinate transformations and the tool Jacobian

matrix.

The output position of the end-effector consists of three components for linear
position and three components for orientation in Cartesian space. It is known that the
hand frame of the robot is related to a reference coordinate frame by a homogenous

transformation T

nx sx aX px
|n s a p n, s, a, p,
10 0 0 1 wa |M. S, @, P,

o
o
Pt
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where 'n’ is the normal vector of the hand, ’s’ is the sliding vector of the hand, ’a’ is the

approach vector of the hand and ’p’ is the position vector of the hand which points from
the origin of the base coordinate system to the origin of the hand coordinate system.
Figure A.1 shows the 4 vectors n, s, a and p. [n s a] form a rotation matrix which
represents the orientation of the end-effector and ’p’ is the translation vector representing

the position of the end-effector.

X(m)

Tool Frame
2(x)

-Figure A.1: The n, s, a and p vectors of the tool coordinate frame

Although the rotation matrix provides a convenient way to describe the
orientation, nine elements are required to completely describe the orientation of a rotating
rigid body. But the orientation of a rigid body in space can be described by using only
three elements. Thus the orientation matrix representation introduces redundancy in the
orientation representation. Moreover, the end-effector has only six degrees of freedom,
so only six variables can be individually controlled. Hence instead of using three vectors

in the rotation matrix, three angles can be used to represent and control the orientation.
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Figure A.2 Coordinate Assignments for the PUMA 560
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Furthermore the elements in the rotation matrix in the transformation must be expressible

by three angles.

The output velocity of the end-effector for both task level control and tool level
control, consist of three linear velocity components and three angular velocity
components in Cartesian space. The task space velocity is related to the joint velocities

by the Jacobian matrix.

%
[] =J(q)q.
wlask

The tool Jacobian, 3(g), relates the Cartesian tool space velocity and the joint velocities.

H =3(g)4.
w tool

In the above equations 4 is the joint velocity, v is the linear velocity in Cartesian space

and w is the angular velocity in Cartesian space.

Here we note that the Cartesian space is a three-dimensional Euclidean space.
The linear velocity and acceleration vectors in a Euclidean space are the first and second
time-derivatives of the position vector 'p’. It is known, however, that the angular
velocity, @, is not the derivative of any intuitive orientation representation. Therefore

the representation of the orientation requires extra consideration.
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A.1 The Orientation Representation of Unimation

The orientation representation for a Unimation robot is quiet an intuitive one,
called OAT-angles, where O represents Orientation, A represents Altitude and T

represents Tool angles. They are defined as:

O€ (—n,n): the angle between world Y axis and the projection of the vector ’a’

on the world XY plane

A€ (-%,%): the angle formed between the vector ’a’ and a plane parallel to the

world XY plane.

T € (-n,n): the angle formed between the vector ’s’ and a plane parallel to the

world XY plane.

The advantage of this definition is in ease of visualization. However, there is no direct
relationship between the rotation matrix and the angles. Hence it cannot be used in task

or tool level orientation control.

A.2 Euler Angles and Euler OAT

Euler angles describe the orientation of a rigid body with respect to a fixed
reference frame. It corresponds to a sequence of rotations, resulting in the rotation matrix

[n s a]. There are many types of Euler angles. One type is defined as follows:

1. A rotation of ¢ angle about the Z axis.

103



2. A rotation of 6 angle about the rotated U axis.

3. Finally a rotation of i angle about he rotated W axis.

The resultant Eulerian rotation matrix is:
RW = RZ.ORU.GRW.V *

[58] used one type of Euler angles for the PUMA 560 robot arm and considered it
as the OAT solution of Unimation. However, it has been proved to be incorrect both by
direct derivation and experimentally. The definition given by [58] is actually a different
definition. The definitions of O and A are the same, but the definition of T is different.
The Unimation OAT is not Euler angles and does not have a relation to the hand
transformation matrix. Let’s call Fu’s angles Euler OAT to distinguish between the two

definitions. The relationship between the hand transformation and the Euler OAT angles

is given by:
. S, a, 01 0
, S, a,[=R;,|0 0 -1|R R, ;.
n, s, a -1 0 O
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O - A measurement of the
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the WORLD Y axis and
a projection of the
TOOL 2 on the WORLD
XY plane.

A - A measurement of the angle
.. TooL z formed between the TOOL 2
and a plane parallel to the
WORLD XY plane.
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T - A measurement of the angle
formed between the TOOL Y
and a plane parallel to the
WORLD XY plane.

Figure A.3: The Unimation OAT definition.
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The tool coordinate system is aligned with the base coordinate system of the robot
initially where O = A = T = 0. Figure A.x and Figure A.y represent the Unimation OAT
definition and the Euler OAT definitions respectively. The difference between the two
definitions is evident from the figures. The kinematic characterization of the Puma 560
robot derived in [68] is based on the Euler OAT in [58], though originally it is considered
as Unimation OAT according to [58]. The orientation control used in our Laboratory is
based on the derivation of the OAT Jacobian and other relations presented in [60].

Fortunately, the misunderstanding does not affect our orientation control.

However, it is easy to see that when the tool ’a’ is perpendicular to the XY plane,
the Euler OAT has no definition. Thus when he manipulator is perpendicular to the XY
plane the Euler OAT cannot be defined. Also for tool level control, the actual position of
the end-effector is always aligned with the tool space axis. Thus, irrespective of the
position of the manipulator, the end-effector ’a’ is always perpendicular to the tool XY
plane. Thus Euler OAT has no definition for the actual position of the end-effector in the

tool frame of reference. A way needs to be found to overcome this singularity.
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A.3 Singularity Avoidance

From the above discussion it is clear that the occurrence of the singulaﬁty
mentioned in the previous section depends on the definition of the set of angles. The
straightforward solution to this problem would be to define another set of angles which
are not affected by this singularity. However, this solution is not realistic and it is time
consuming because of the need for re-derivation of all the characteristics of the PUMA
560 robot arm kinematics related to the orientation definitions, and their re-
implementations. Furthermore, singularities may occur in other directions, which might

also be used frequently in future experiments.

The best solution for this problem is to relocate the singularity to a less frequently

used orientation for this particular problem. To see this let’s define:

0 0 1
[n" s al=[n s a0 -1 O|=[a -s n].
1 0 O

’

Figure A.5 shows the definition of [n" s’ a’] with respect to the original [» s a].

After some elementary manipulations, the following can be arrived at:

T, = atan2(s,,—n.) = atan2(-s,,—a,)
A = atan2(~a,,,-n,CT, + s ST)) = atan2(-n, ,a ,CT, - 5,ST)
O, = atan2(n; ST, + 5, CT,,n, ST, + 5,CT,) = atan2(a ST, - s CT,,a ST, - 5,CT])
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,where ST, and CT, are the sine and cosine of the tool angle T, respectively. It is easy

to see that the singularity is relocated to an orientation that is not frequently used.

Figure A.5: The definition of [’ s* a']
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Appendix B

The Tool Jacobian

In task level control the Jacobian matrix J is used to convert the joint velocities
to the Cartesian space velocities. Similarly for tool level control the tool Jacobian matrix,
3, is used to convert the joint velocities to the Cartesian tool space velocity. This
appendix presents the equations used to calculate the tool Jacobian matrix for the Puma

560 robot arm.

Cartesian space velocities consist of 2 components viz. the linear velocity and
angular velocity. The linear velocity is the first derivative with respect to time of the
linear position. However, the angular velocity allows no such intuitive definition. The
task Jacobian matrix for the PUMA 560 robot arm is given in [68]. This Jacobian matrix

relates the task space velocities with the joint space velocities as:

p| (v .
[ ]=[ }=J(q)q (B.1)
o| | .

B.2 The Forward Kinematics

y

The forward kinematics of a robot manipulator relate the Cartesian position and

orientation of the end-effector of the manipulator with respect to the base coordinate
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frame to the measured joint angles. Form [68] the forward kinematics of the PUMA 560

manipulator are given as follows:

_o___nsap
r="% [o 00 1] ®2

where the column vectors are given as:

C,[Cp(C,CsCq = S,8¢) = S1,85C1-8,[8,C,C, +C,S,]
$,[C(CoCsCq = 8,S¢) = S135,C, 1+ C,[S,CC, +C,S,]
=55(CiCsC = S4S56) — C355C

&
I

5, ] [CI-Cy(C,CiSy +S,Co)+S1S8:8,1-8,[-5,CsS, +C,C,]
s, | =| 8,[-Cp(C,CyS¢ + S,C) + S138,8,1+ C,[-5,CsS, + C,C,]
s §,3(C,CsS, +8,C.)+C,S,S,

- - -

rCl (C23C485 + stcs) - 513455
=| 8,(CsC,Ss + §,,C5) +C,S,S,
-85,C,Ss+C,Cs

L 2] L

D, C[dg(CC S5+ S,,C5)+d, Sy +a,C, +a,Cpy]1-8,[dS,Ss +d,]
p,|= $,[dg(C,,C,Ss +5,,C5)+d, S, +a,C, +a,Cp1+C[dS,Ss +d,]
P, dg(Cp3Cs —53C,S5)+d,Cyy —a,S, —a,Sy,

where S, and C, represent the sine and cosine of the joint angle g, and so on.

a,,a,,d,,d, and d are the link parameters as described in [68].

It is important to note that the forward kinematics convert the coordinates of a
point expressed in the end-effector frame to the coordinates of that same point expressed

in the base frame with the help of the joint angles. The joint angles and the link
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parameters help to express the Cartesian position and orientation of the coordinate frame
attached. to the i” link with respect to that of the G-D" link. The position and
orientation of the end-effector in the n™ coordinate attached to the end-effector is given
by I,,. Thus T gives the position and orientation of the end-effector in the base

coordinate frame.

Let [h, ], be the homogenous coordinates representing position and orientation
of a point in the end-effector coordinate frame. The homogenous coordinates, [y, 1., of

that point in the base frame are given by:

[Yalixs = TaxalPalaxa

Thus the forward kinematics can be used to express the position and orientation of a point

expressed in the end-effector frame.

B.3 Tool Space Velocity

The task space and the tool space are 3 dimensional Euclidean spaces. Thus one
would require 6 dimensional vectors to represent the position and velocity in these
spaces. For the position vector 3 dimensions would represent linear position and the other
3 dimensions would represent orientation. For the velocity 3 dimensions would be used
for representing the linear velocity and the other 3 dimensions for representing angular
velocity. Let T be the homogenous transformation that relates the homogenous tool

space position and orientation, [A,],,, to the homogenous task space coordinates [y, ], -

Equation B.2 gives the homogenous transformation 7. The relation between the velocity
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in the task space and the velocity in the tool space can be expressed with the help of T as

[571:
[ x ] (n, n, n, (pxn), (pxn), (pxn), | i
y s, S8, S, (pxs), (pxs), (pxs) ||y
a, a, a, xXa), xa), xXa),
z _|% e, a (pxa), (pxa), (pxa),| 2 (B3)
a, 0 0 0 n, n, n, @,
o, 0O 0 O . s, s, Q,
o, | :0 0 o a, a, a, |a,].
2
Thus
h=Ag)y,

where h and y represent the velocities in tool and task spaces respectively

Thus the velocity in the tool space can be derived from the velocity in the task
space. For the relationship of the acceleration in the tool space to the acceleration in the

task space, the above equation needs to be differentiated once with respect to time:

ER x %
¥y y y
&, = A(4,9) s o, + A(q) g6 o, (B.4)
d)y a)y d)y
-d)z Jtool -wl Jrask ..d)l rask
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B.4 Method to Calculate the Tool Jacobian

In the preceding section, the relation between the task space velocity and the tool
space velocity was derived. In this section we will develop the relationship between the
joint space velocity and the tool space velocity, which is called the tool Jacobian. From

the Equation B.1 and Equation B.3, it is easy to deduce the following relation.

h=A(g)y =AM (94 =3(q)g (B.5)

where his the 6x1 vector of the tool space linear and angular velocities and y is the
6x1 vector of the task space linear and angular velocities. 3(gq) is the tool Jacobian.
The expression for J(q) for the Puma 560 manipulator is given in [68] by T.J. Tam,

A K.Bejczy et. al.. Its derivation is based on the notion of infinitesimal translations and

rotations of the tool (Whitney, 1972 [74]).

The tool space controller also requires time derivative of the tool Jacobian in
order to decouple the tool space axes. The expression for the derivative of the tool

Jacobian can be simply derived using the Equation B.5. Differentiating 3(q) once with

respect to time:

3(g,9) = Aq)J (g,9) + A(g.9)T () (B.6)

The expressions for A(g,4) and J(g,4) can be easily derived by differentiating A(q)

and J(q) once with respect to time respectively.
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