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Abstract

This thesis focuses on trajectory planning strategies for high-speed, vibration
restrained position control of belt drives and cooperative contour control of two robots
in view of increasing the speed of cooperative task. The proposed solutions have been
devised, implemented and verified for effective functionality. The trajectory planning
in this context is carried out considering the relevant kinematic constraints met in
actual practice; the maximum joint velocity constraints and the maximum joint accel-
eration constraints. The proposed planners are based on the principles of kinematics
and the trajectory planning scenarios and, the issues are critically reviewed.

For belt driven machine, a fourth order kinematic model integrating belt reac-
tion torque is systematically derived, and thereby explained the spiky phenomenon
in velocity profile of motor position, when an acceleration change is experienced.
Further, a feed forward dynamic compensator is proposed to restraint vibration and
to improve dynamic characteristics of the belt drives. The proposed feed forward
compensator is a combination of inverse dynamics of the system and a desirable dy-
namic filter, which reforms the dynamic characteristics of the existing system. The
planned trajectories at low speeds and high speeds are extensively tested for accurate
performance with an actual belt driven machine and the results are illustrated.

The proposed trajectory planners for two-robot cooperation are basically of
two types. 1) Given objective cooperative trajectory exceeding the dynamic bounds
of a single robot is decomposed into two concurrent complementary trajectories of
two robots maneuvered simultaneously 2) For a specified objective locus, the min-
imum time complementary trajectories for cooperation are planned. The objective
locus used to exemplify the concept of trajectory planners in both cases is an S-
shaped locus and realization of the trajectories are carried out under maximum joint
acceleration constraints. In the former cooperative trajectory planner, a fair task dis-
tribution is accomplished by minimizing the difference in maximum joint velocities
of two robots. The complexities in planning trajectories are coped with a two-stage
trajectory-planning paradigm backed with a short-listing criterion. A fourth order
spline technique for position, minimizing the joint acceleration is also derived theo-
retically. The latter, minimum time cooperative trajectory planner, is of bang-bang
type in acceleration profile and the fairness of each robot contribution is achieved
through an additional contribution constraint for each robot to the cooperative task.
The applicability of the trajectory-planning concept has been verified with coopera-
tive trajectories having sharp corners.

Since the proposed trajectory planners concerned under the thesis work are
off-line and therefore they can be conveniently applied to existing servo systems irre-
spective of the computational power of in-use controller. Neither, a dramatic change
in the existing hardware setup nor a considerable reconfiguration of the system is
demanded in instrumentation point of view. This requirement of minimal changes in
adaptation enhances the pragmatic significance of the proposed schemes.
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Chapter 1

Introduction

1.1 Background
1.1.1 Brief history and robot definition

History of modern industrial robot runs to early 1940s to the invention of “Machina
Speculatrix” by Grey Walter and “Beast” by Johns Hopkins. The first robot company
called Universal Automation, later shortened to unimation was established by Engle-
berger, who was later called the father of robotics [1]. George Devol, who worked
with Engleberger, designed the first programmable robot called “unimates” in 1954
and held the patent for the first industrial robot [2]. First ever computer controlled
robot was developed by Ernst at MIT in 1961 [3]. Concurrent dramatic development
in robotics hardware and theoretical innovations makes robotics into a concrete disci-
pline by itself. In 1980s robot industry entered a phase of rapid growth, when many
institutions introduced programs and courses in robotics.

The word “robot” came from the Czech word “robota” meaning forced labour,
and Karel Capec coined it in 1923. There are many definitions suggested for industrial
robots and all of them encompass the notion of mobility, programmability and the
use of sensory feedback in determining subsequent behavior, though the word may
conjure up many levels of sophistications. For the sake of completeness, few popular
definitions are stated below.

An automatic device that performs functions normally ascribed to humans or
machine in the form of a human-Webster Dictionary [4].

A programmable multifunctional manipulator designed to move materials, parts,
tools or specialized devices through various programmed motions for the performance
of a variety of tasks-Robot Institute of America [5].

1.1.2 Constructional details and robot classifications

Interconnection of links by different kinds of joints constitutes the mechanical struc-
ture of the robot and it is an open kinematic chain by its nature. Links could be either
rigid (rigid link robots) or flexible (flexible robots) while joints could be prismatic,
revolute or twist type. Each joint is equipped with a prime mover; generally an elec-
tric motor and sensors are devised to detect position and velocity information of each
joint for controlling purposes. Carefully designed separate controllers are devoted
to motion control of each joint and PID controllers are most popular in industrial
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robots due to their intrinsic robust characteristics. In addition to the generic expla-
nation furnished on robot’s basic constructional details, a more specific and detailed
description is provided in Appendix C pertaining to a typical industrial robot called
Performer MK3.

A number of robot categorization schemes are available based on constructional
features such as power source, type of gripper, anatomy and the intended applications
such as under sea, space etc. In control point of view, most relevant categorization is
based on robotics anatomy determined by the geometry of the robot links, joint types
as well as their arrangement and it could be briefly illustrated in Fig.1.1. It is worth
observing that the control schema, the dexterity of robot and the working envelop is
highly influenced by this anatomical configuration too.

0 Cartesian Robot - Cylinderz'clal Robot F

Articulated Robot

Figure 1.1: Anatomical Categorization of Robots
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Figure 1.1 briefly illustrates few basic robot types namely Cartesian robot, cylin-
drical robot, polar robot, articulated robot, SCARA robot,and Gantry robot. A few
more sofisticated types are available and some of them can be stated as insects,
walking legs, humanoid robots, mobile robots and automatic guided vehicle (AGV)
[6]. Development of cooperative trajectory planners for articulated robot arms and
Cartesian robots can be found in Chapters 4 and 5.

In the evolution of robots, Japanese Industrial Association identified six cat-
egories referring to classes whereas Robotics Institution of America dealt with only
four categories, which were denoted by class 3 to 6 [7]. However Association Francarse
de Robotique classified the generation of robots into four types namely telerobotics,
sequencing robots, CNC robots and intelligent robots. The six categories of robots
defined by Japanese Industrial Association are

1. Manual Handling Devices: A device with multiple degrees of freedom that is
actuated by an operator

2. Fized Sequence Robot: A device that performs the successive stages of task
according to predetermined, unchanging method and it is hard to modify

3. Sequence Robot: A device that performs the successive stages of a task according
to a predetermined, unchanging method and easily be programmed

4. Playback Robot: A human operator performs the task manually by leading the
robot, which records the motions for later playback. The robot repeats the same
motion according to the recorded information

5. Numerical Control Robot: The operator supplies the robot with a movement
program rather than teaching it the task manually

6. Intelligent Robot: A robot with the mean to understand its environment and
the ability to successfully complete a task despite changes in the surrounding
conditions under which it is to be performed

1.1.3 Industrial Applications of Robots

The predominant driving force of the usage of robots in industry is to increase the
productivity in sustainable manner through reducing the manufacturing cost while
producing high quality consistent products with greater accuracy of robots. However
as per the current state-of-the-art robotics, robots are proven to be economically vi-
able in middle scale production, where the flexible automation is effective. Robots are
successfully implemented for the industrial tasks that poorly suit human capabilities
and they can be primarily used in dirty dangerous environments or for dull difficult
tasks. In other words, saving money and people are two key concerns for the employ-
ment of robots in industry. Another salient application of robots may be found in
unusual environments like clean rooms, high radiation areas, and the environments
with high pressure (in deep sea), high temperature (furnaces, volcanic operations) or
extremely low temperature. Wafer handling needs the involvement of robots because
of the high accuracy claimed by the operation. Toxic waste disposal, search and
rescue operations, mine clearance are few potential applications of robots due to in-
trinsic hazard. Few of more general and frequent operations in the industry together
with typical characteristics of operation can be briefly described as follows.Few such
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applicational illustrations can be found in Fig.1.2.

Machining parts Assembling parts

Figure 1.2: Few Industrial Applications of Robots

1. Spot welding: This involves applying a welding tool to some object such as a
car body at specific discrete locations. FEnd effector of the robot is supposed
to achieve point-to-point motion (refer Appendix F for definition) across a
sequence of positions as fast as possible with sufficient accuracy while avoiding
collisions and minimizing jerks so as to ensure longer life span of the robot.

2. Pick and place: In this case, object must be held securely enough to prevent
it from slipping in the gripper but gently enough to avoid damage. Since the
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movement is point to point what happens at the beginning and at the end of
the motion is critical but there is some latitude in choosing the intermediate
trajectory.

3. Spraying: Covering a surface with an even coat of paint is achieved by prespec-
ifying the trajectory along which the arm will move in position and orientation
as a function of time. Though spraying is a continuous path application the
accuracy of the path is not so crucial.

4. Seam welding: This is a continuous path application and usually practiced with
real time path correction scheme for path tracking as even a small deviation of
welding torch from the seam on the surface is not tolerable.

5. Electronic Testing: Detection of flaws in PCBs by probing along the metal races
on circuit board, and testing the continuity between the pins through a point-
to-point operation are two typical examples.

6. Metrology: This is often performed using automated coordinate measuring ma-
chines, which are essentially very slow and accurate robots. Through a sequence
of point-to-point motions, it measures the dimensions of mechanical parts.

7. Assembly: Peg in hole insertion, push and twist insertion, simultaneous multiple
peg in hole insertion, screw insertion, force fit insertion, removal of located pins,,
flipping parts over, providing and removing temporary support, crimping sheet
metal, welding or soldering are few of the basic types of assembly motions. A
typical assembly application can be comprised of one or a combination of few
basic types of assembly motions listed above.

8. Machining of mechanical parts: Grinding, deburring, sanding parts are few of
the examples of this category and there should be an ability to follow surface
while maintaining the forces required to perform the operation [8].

1.1.4 Introduction to trajectory planning

A meaningful and diligent operation can not be accomplished by robotics hardware
alone and the controller should steer the robot along the objective path. In order to
realize the objective path, a sequence of adequately close path points are to be input
together with the time at which the specified path points to be reached.

A path denotes the locus of points in the joint (configuration) space or opera-
tional (working) space, that the manipulator has to follow in execution of the assigned
motion. In other words path is a pure geometric description of motion. However, tra-
jectory is a path for which a time law is specified, for instance in terms of velocity
and/or acceleration at each point [9]. Therefore, trajectory considers the time history
of concurrent positions of every joint when robot has multiple degrees of freedom. In
case of Cartesian robots, joint space and working space have straightforward one-
to-one mapping relationship, whereas in articulated robots, space transformation is
established through kinematics and inverse kinematics (refer Appendix B for de-
tails), which are inevitably nonlinear because of transcendental functions.

Trajectory planning is the process of generating reference inputs to motion con-
trol system ensuring that the robot manipulator executes the planned trajectories
from initial posture to final posture. Transition of end effector from one position to
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another is characterized by motion laws requiring the actuators to exert joint general-
ized forces, which do not violate the saturation limits and do not excite the typically
unmodeled resonance modes of the structure. Therefore consideration of manipulator
dynamic limits such as joint velocity and joint torque (for twisting or revolute joints)
or joint force (for prismatic joints), alternatively equivalent supremum acceleration,
in trajectory planning stage is inescapably essential to avoid potential deteriorations
caused in realizing the planned trajectories. However, trajectory planning becomes a
tedious task in the light of following issues.

e Time synchronization of concurrent joint positions under imposed dynamic con-
straints.

e The specifications of the trajectory are given in working space while the con-
straints are pertinent to configuration space. Hence the problem statement is
comprised of mixed constraints in two different coordinate systems.

e Nonlinearity of kinematics and inverse kinematics transformation.

e In general, no closed loop solutions are available for inverse kinematics.

e Space transformation is mildly computationally intensive and quite often leads
to longer control intervals (low update rates of trajectory in servoing) in real
time planning instances.

e Space transformation is ill defined because it is not one to one mapping.

e Unmodeled characteristics such as neglected resonance modes of the structure.

e Presence of uncertainties like obstacle appearance, payload and inertia variations
with robot configur