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Abstract

Towards Autonomous Excavation of Fragmented Rock:
Experiments, Modelling, Identification and Control

Joshua Alexander Marshall
Master of Science (Engineering)
Department of Mechanical Engineering
Queen’s University
July, 2001

Increased competition and recent globalization in the minerals industry has re-
sulted in further demands for advanced mining equipment technology. The au-
tonomous excavation problem for fragmented rock entails the design of a control sys-
tem capable of regulating the complicated bucket-rock interactions that occur during
excavation operations. A notable amount of previous work has been performed to ad-
dress the excavation autviusation problem, although this work has mainly focused on
the excavation of granular material such as soil rather than on rock. Moreover, none
has resulted in widespread industry adoption of automated rock loading technologies.

This thesis revisits the autonomous excavation problem for fragmented rock from
a fresh perspective, and in particular, focuses on the problem of autonomous excava-
tion using load-haul-dump (LHD) underground mining machines. First, an extensive
review of the state-of-the-art in autonomous excavation is provided. Then, results of
pioneering full-scale experimental studies are provided. These studies were carried
out with the intent of identifying the evolution of machine parameters during free-
space motions of the employed LHD mechanism, and during a selection of excavation
trials conducted by skilled operators in fragmented rock typical of an underground
hard-rock mining scenario. It was discovered that information contained within actu-
ating cylinder pressure signals might offer a means for identification of the bucket-rock
interaction status.

Having reviewed the conventional techniques for development of robot dynamical

equations of motion, the results are presented of modelling the LHD loader mechanism



motions in free-space and while in contact with a rock pile using the nonlinear sys-
tem identification technique known as parallel cascade identification (PCI). Although
the resulting identified models were not as accurate as might have been hoped, it
was concluded, through subsequent observations, that an excavation control system
might be realizable by interpretation of measured forces in the LHD machine dump
cylinder as an indication of bucket-rock interaction intensity. Based on these findings,
a framework is provided for an admittance-type control system, where the bucket is
commanded to respond to sensed cylinder forces with prescribed dynamics, providing

a basis for the autonomous excavation of fragmented rock.
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Chapter 1

Introduction

There exist very few robot tasks that require as complicated an interaction with the
environment as the excavation problem for fragmented rock. Automation of such
work requires a system that is responsive to the machine-environment interaction
forces experienced during excavation. In addition to providing an extensive review
of literature on the subject, the research presented in this dissertation attempts to
discover a technique for modelling of the excavation process based on unique full-
scale experimental studies. A model which captures the fundamental nature of the
events in question is desired, to the extent that new control ideas may be synthe-
sized. Through pioneering full-scale experiments, observations regarding the status
of certain operating parameters during excavation are subsequently transformed into
a systems approach to excavation control. This introductory chapter provides some
background and insight into the unsolved problem of autonomous rock excavation, in

addition to a framework for the thesis material that follows.

1.1 Motivation

Due to increased competition and globalization in the mineral industry, mining com-

panies have been attempting to develop and implement new and innovative technolo-
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lift cylinder(s)

Figure 1.1: Schematic drawing of the load-haul-dump (LHD) machine

gies [6]. Among such efforts has been a move towards automated mobile equipment,
including robotic excavation. Although the concept of autonomous excavation has
gained some attention in the last decade, few investigations intu the development
of such technologies have been reported for large and non-homogenous excavation

media, such as fragmented rock!.

In particular, this thesis focuses on the problem of autonomous excavation using
a load-haul-dump (LHD) underground mining machine. Such LHD machines are
used extensively in underground mining applications to gather and transport ore
from drawpoints to haulage vehicles or underground orepasses. These machines are
easily recognizable by their characteristic geometry. They are a front-end-loader style,
hydraulically actuated, and articulated vehicle. They are typically driven by a diesel
engine or electric motors, while steering is accomplished through application of a
torque at the vertical steering joint that forms the point of articulation. Figure 1.1
presents a schematic drawing that shows the LHD machine geometry used for the

research communicated by this dissertation.

The load-haul-dump cycle is one that is repetitive and hence well suited for au-

'Herein, the term ezcavation refers iypically to the excavation task carried out in fragmented
rock, as opposed to in other excavation media (e.g. soil or gravel).
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tomation. Several parties have attempted to automate the tramming (haul} por-
tion of the load-haul-dump cycle, or have at least proposed solutions to the problem
[17, 35, 57, 74, 99]. To date, most underground navigation systems rely on installed
infrastructure for guidance, although laser and/or camera guided systems are not
far from becoming feasible and economical. Obviously, the problem of autonomously
dumping the bucket load is one that is relatively simple in comparison to autonomous
navigation and bucket loading. Subsequently, the problem of autonomous navigation
is thought to be less complex than that of autonomous loading, for reasons that will

become evident in the following chapters.

The environments in which LHD machines are required to operate tend to be
particularly hazardous in that the loading of ore occurs at underground drawpoints.
These drawpoints often pose the dangers of falling or shifting broken rock during
loading. In order to increase safety during such operations, remote control and tele-
operation technologies have already been developed for LHD operators [48]. The
obvious next step is development of a reliable system for autonomous loading of

fragmented rock.

In addition to increased safety, automation of the loading task has the potential
to provide enhanced productivity, through improved machine utilization and superior
machine performance. Unlike a human operator, an automated machine could remain
steadily productive, irrespective of environmental conditions or prolonged work hours.
In addition, an automated loader might generate more accurate loading, making up
for shortcomings in operator skill. Finally, operator abuse and machine wear would
most likely be diminished through automation, possibly resulting in better machine
reliability and reduced maintenance costs.

As will be seen in chapter 2, despite the fact that a significant amount of pre-

vious work, both theoretical and experimental, has been conducted to address the

autonomous excavation problem, widespread adoption of automated loading has yet
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to occur in the mining industry. Furthermore, literature on the subject indicates that
there is a surprising lack of knowledge with regards to the fragmented rock excavation
process, and more specifically, with regards to the interpretation of dynamic forces
that impact the loader’s bucket as it passes through the rock pile. It is perhaps for
this reason that effective, systematic techniques for trajectory generation and control

have yet to be invented for this task.

1.2 Problem Formulation

A system developed for autonomous excavation of fragmented rock is one that might
have numerous potential applications, not only in the underground mining industry,
but in other situations, such as for open-pit mining, ccastruction, or even extra-
terrestrial exploration. The commonality in these prospective applications lies in the
nature of the excavation task. All such tasks utilize an excavation machine that
employs some form of bucket as an excavation tool. The bucket is in turn engaged
with the environment to remove or extract a particular resource, often under variable
and unpredictable working conditions.

Although there exist a variety of potential applications and a number of possible
machine types for implementation, as was stated in the previous section, this thesis
focuses on the use of LHD underground mining machines for autonomous excavation
of fragmented rock as it occurs in an underground mining situation.

What makes the autonomous excavation probiem so challenging is the nature of
bucket-rock interactions that occur during the excavation process. The performance
of an excavator is strongly dictated by the conditions of interaction between the
machine and the given pile of fragmented rock. For example, the resistance faced by
an excavator bucket as it attempts to penetrate the rock pile may vary significantly

depending upon, most notably, the properties of the excavation media (e.g. density
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and hardness}), the rock pile geometry, and the distribution of particle sizes and
shapes. Indeed, it would be very difficult to predetermine the exact nature of future
bucket-rock interactions prior to the excavation operation.

As will be discussed in chapter 2, others have formulated the autoncmous exca-
vation problem in its broadest meaning, incorporating the need for overall planning
of the excavation goal. For example, a possible generalized excavation goal might be:
“Remove a pile and clean the site in an area of D x E m? centering at (X, Y,,) in
the coordinate system P” [91, page 3]. However, in this dissertation, consideration
is not given to the problem in this general sense. Instead, focus is devoted to the
question of how to compute the necessary actuator control inputs during the loading
operation, based on sensor feedback and some understanding of the involved pro-
cesses, so that the excavator bucket might be filled completely and reliably at each
loading iteration. In fact, the problem formulation is narrowed further in that only
the lift and dump cylinders are considered as controllable actuators. For the purposes
of this dissertation, an assumption was made that any tractive effort supplied by the
vehicle is generally constant throughout the loading operation, and that control of the
tractive effort would not provide any significant contribution towards an autonomous
excavation system (i.e. effective filling of the bucket relies primarily on the appropri-
ate selection of lift and dump cylinder motions). This assumption is reviewed again
in chapter 7. The scope of this dissertation, in the problem context given above, is

outlined in the section that follows immediately.

1.3 Scope of Work

As will be seen in chapter 2, some previous researchers have considered the problem of
capturing the essential aspects of the excavation process for the purposes of simulation

and controller development to be extremely difficult, if not impossible. Furthermore,



CHAPTER 1. INTRODUCTION 6

it was discovered that there have been no-reports. in the open literature, to the candi-
date’s knowledge, of full-scale data acquisition experiments involving the excavation
of fragmented rock. These findings combined to help shape the scope of work for this
thesis.

Given the problem formulation and focus described in the previous section, it
was learned that there indeed exist significant challenges in the tasks of deriving the
machine dynamics and, most notably, modelling the complex dynamics of the loading
process (i.e. bucket-rock interaction). Consequently, the scope of this dissertation

encompasses the following principal research objectives:

1. A comprehensive review of the state-of-the-art in excavation process modelling,
and in research towards autonomous excavation of fragmented rock, with an

emphasis on works relating specifically to LHD machine automation;

2. Implement and document the apparatus, methodology, procedure, and results
of full-scale experimental excavation studies, conducted using an actual LHD

machine operating in fragmented rock typical of a hard-rock mining scenario:

3. Investigate conventional techniques, such as those used in robot design and anal-

ysis, for the formulation of machine dynamics towards simulation and control;

4. Endeavour to construct a model that sufficiently captures the necessary aspects
of the fragmented rock excavation process, utilizing a nonlinear system identi-
fication technique known as parallel cascade identification (PCI), such that the

set of identified models might be used for simulation and as a tool for controller

design, and;

5. Formulate a systematic strategy for controller development towards autonomous
excavation of fragmented rock, based on observations drawn from the experi-

mental and modelling studies.
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Although the stated scope of work aims to concentrate on a select few tasks
relating to the autonomous excavation problem, it is the candidate’s hope that the
formulation and findings of this thesis might act as a starting point for future research

along similar lines.

1.4 Format of Thesis

In the next chapter, a review of the current literature on the issue of autonomous
excavation is provided. Although attention is given to a variety of content, partic-
ular consideration is paid to those works that relate specifically the excavation of
fragmented rock. In addition, a brief analysis is given of some recently patented
technology in connection with autonomous excavation.

In chapter 3, brief appraisals of the pertinent literature in closed-chain mecha-
nism dynamics and in techniques for nonlinear system modelling are supplied. Once
again, focus is given to material that is most applicable to the problem at hand.
The nonlinear system identification technique known as parallel cascade identifica-
tion (PCI) is subsequently introduced, followed by some theory and details specific
to the algorithm.

Chapter 4 gives a thorough presentation of pioneering experimental studies in rock
excavation, performed as an integral part of the research contributing to this disserta-
tion. Full-scale excavation experiments were carried out using a fully-equipped Tam-
rock EJC 9t model LHD machine in fragmented rock taken directly from an under-
ground mining blast. Ample discussions surrounding the apparatus and methodology
are put forward, in addition to a thorough exposition of the experimental results.

In an attempt to tackle a problem that has yet to be successfully solved in the
literature, at least in the sense of completeness, chapter 5 attempts to model the

dynamics of the loading process through application of the PCI algorithm. The pur-
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pese of this ehapter is to discover 2 means by which the excavation process might be
simulated, with the intention that the outcome be used as a tool for controller design.
An initial attempt to model only the loader mechanism dynamics is provided, with-
out concern for interaction of the bucket with the rock pile. The machine dynamics
modelling problem is approached from both analytical and empirical perspectives, ap-
plying techniques typical to the analysis of robot manipulators, and finally, using the
PCI algorithm. In addition, the use of artificial neural networks or a distinct element
method (DEM) as potential alternatives to the PCI approach are briefly discussed.
Based on the experimental and modelling results of chapters 4 and 5, chapter
6 attempts to formulate an approach for control of the loader mechanism towards
autonomous excavation using ideas from the field of compliant motion control.
Finally, chapter 7 provides conclusion and summary remarks regarding the re-
search conducted in support of this thesis. In addition, issues for future work are
discussed in an effort to provide some incentive for continuation of work towards

autonomous excavation of fragmented rock.



Chapter 2

Literature and Technology Review

As was mentioned in chapter 1, there has been a significant amount of previous
research conducted in the field of autonomous excavation. Despite this fact, none has
resulted in widespread development of autonomous excavation technologies for the
mining industry, nor any other relevant industry.

This chapter presents a rather extensive look at the state-of-the-art in autonomous
excavation, including a review of the most pertinent literature and a brief analysis
of current patented technology. Although a spectrum of literature is presented, par-
ticular focus is given to those works relating most specifically to the excavation of

fragmented rock, and above all to the automation of LHD mining machines.

2.1 Studies in Fragmented Rock Excavation

Perhaps the most significant number of contributions in the literature pertaining
specifically to the problem of automated loading of rock in underground mining has
been by Hemami of the Canedian Centre for Automation and Robotics in Mining at
Ecole Polytechnique in Montréal QC, Canada. Among the first of Hemami's papers
was a pioneering exercise in deriving the kinematics and performing a force analysis

for a generalized LHD loader mechanism. In this work, Hemami and Daneshmend
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{33} presented an analytical study of the loader mechanism geometry and the required

hydraulic cylinder forces through treatment of the mechanism as a robot manipulator.

In [27], Hemami acknowledged that the trajectory control of standard industrial
robots (e.g. welding or cutting robots) is different than the control required for loading
of an LHD bucket. It was suggested that the trajectory a loader bucket should follow
through the rock pile not have priority in the control scheme, since the objective is
to effectively fill the bucket, not to follow a strictly specified path. Some conceptual
discussion was also provided on the topic of motion control. The forces acting on the
bucket were described as potentially stochastic in nature, and the need for trajectory
alteration in the event of detected prematurely high loads on the bucket was stated.
Hemami divided the possible bucket-rock interaction forces into five components:
J1, the weight of the loaded material and that above the bucket; f,, the force of
compacting the material by the bucket; f3, the sum of frictional forces acting between
the bucket and the excavation media; f,, the digging resistance of the excavation

media, and; fs, the necessary force to move the material in and above the bucket.

Means for analytically determining, or at least approximating, some of these dy-
namic forces were subsequently presented in [28, 30, 34]. Along with a relatively
extensive list of suggested future work, Hemami put forth the following as reasons for
the complexity of the excavation problem: (i) the shape, size, geometry and composi-
tion of the cutting device may vary from machine to machine; (ii) adding teeth to the
cutting edge changes the scenario, and; (iii) material properties are determined by
many factors, including hardness, cohesion, uniformity, water content, temperature,

size, and compactness.

A method for determining an appropriate bucket trajectory was presented by
Hemami in [29]. The proposed trajectory generation technique employed the idea
that resistance to compaction described by the force f> may be set to zero, so as

to minimize the expenditure of energy. However, a method for tailoring the derived
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loading trajectory was not explained in any detail, and its potential effectiveness at
completely filling the bucket was not determined.

In [31]), Hemami essentially repeated the works described above. Nevertheless,
there were some additions that are worth noting. A mathematical model for the
variation of f; was produced using knowledge about the geometry developed during
the loading operation. Hemami also concluded that an analysis of the force f; should
be done experimentally.

Finally, in [32], Hemami provided a lengthy discussion of the fundamental analyses
required for the design of an automated excavation machine. One interesting inclusion
in this work was the consideration of a mass-spring-damper model for the excavation
machine, as well as the excavation media (such as is common in compliant motion
analysis). However, it was suggested that this type of model cannot be used in
practice, since there is insufficient understanding of the mass, spring, and damper
coefficients. In addition, the problem of choosing an entity to be exploited as error,

to be measured and used for feedback in a control scheme, was considered. On this,

Hemami stated:

Having taken a look at how an excavating machine is manually operated

reveals that the motion of such a machine is continuously corrected and

readjusted by the operator. This adjustment is based on the performance

of the machine in accomplishing its task...and not the motion itself. The

same procedure must be automatically followed in an automated machine

(32, page 178].
It was concluded that trajectory control cannot be entirely based on position or
velocity errors, nor on a vision system that monitors the progress of the excavation
process. A dual-level control was suggested, where a nominal trajectory is followed
and modified through higher-level force measurements.

It should be noted that, of the works reviewed to this point in the thesis, none

of the given results or ideas were reported as having been verified by experimental

means; not in full-scale, nor in laboratory-scale excavation experiments.
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Other authors have approached the problemr of autonomous rock excavation from
a perspective similar to Hemami’s. Generalized machine dynamics were set up by
Sarata et al. [86], although not actually computed. As will be seen in chapter 5,
computation of these dynamics is in fact not an entirely trivial matter. Under a
pioneering Russian project, Mikhirev formulated a set of ideas relating to force, mo-
tion, and trajectory control for various loader mechanism styles [61, 62]. Mikhirev’s
analysis was based on a technique using work functions to find an efficient bucket
trajectory that would minimize the work for scooping rock masses, with complete
filling of the bucket. Additional constraints were determined by the bucket capacity,
the natural slope angle, and the pile height. The resistive force modelling portion
of this research is discussed further in subsection 2.2.1. However, as a result of rock
pile resistance analysis, Mikhirev advocated that measurement of the resistive forces
could be used as a signal for automatic activation of the mechanism for bucket rota-
tion in the vertical plane (which, in the case of an LHD machine, would correspond
to motions of the dump cylinder). Since reactive forces were thought to decrease as
the bucket moved along a continuous curvilinear path towards the pile surface, it was
proposed that a force threshold be used to alter the bucket trajectory, resulting in a

stepped path (i.e. zig-zag shape) along some nominal trajectory.

In other literature, machine vision has been put forward as a means for au-
tonomous loading of mining machines. In the research of Ji and Sanford [37], a
laboratory-scale excavation system was developed that utilized a video camera for
environment sensing. Digitized images were then interpreted to develop control and
navigation signals. More recent work, using machine vision, has been performed by
Petty et al. [73]. Once again, a scale model was developed. However, in this case, the
model was constructed to mimic the motions of an LHD vehicle as closely as possible.
A loading strategy was formulated such that the bucket followed one of a range of

trajectories developed for various rock pile conditions. In the case of oversize or other
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problems. it was suggested that a simple algorithm be used to briefly alter the bucket
path. The proposed algorithm included a means of detecting instability in the rock

pile as well as choosing the location where scooping should take place at the next

iteration.

Similar, though perhaps more rigorous, research techniques were employed by
a group at Tohoku University in Japan [104]. A CCD camera vision system was
used to obtain images of the rock pile, from which the excavation task was planned
based on an estimated contour of the rock pile. Experiments were performed using
a scale model excavator, similar in configuration to an LHD machine. The authors
suggested that such a camera based system would be advantageous in its capability
for recognizing changes in rock pile shape at each iteration towards the excavation
goal. Although the results were promising, it was conceded that illumination became
an important factor for success, a problem that would likely be compounded in an
uzderground mining situation. This research is of the type described in section 1.2,

which falls beyond the scope of this dissertation.

Researchers at the University of Arizona have proposed an autonomous rock ex-
cavation system for front-end-loader type machines that uses bucket force/torque
feedback, fuzzy logic, and neural networks for control [51, 52, 90]. Lever et al. [51]
justified their approach by stating that a mathematical model for the bucket-rock
interaction would be too complex and computationally expensive. Instead, a set of
basic bucket action sequences, typically used by human operators, was compiled for
use by the controller. A method using finite-state machines (FSMs) was described.
The FSMs were used to define all feasible action sequences required to accomplish
the task, and were derived from “expert excavator operators and detailed analyses of
the excavation process” [52, page 137]. Neural networks were used in the FSMs to
determine what state to enter following an action or behaviour. A reactive control

approach, using fuzzy behaviours, was utilized to compare and act on force/torque
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data in order to asses the excavation situation and determine the appropriate con-
trol output. Some experimental results using a PUMA 560 robotic arm were also

presented. This work is fully disclosed in a recent book by the authors [91].

2.2 Studies in Bucket-Rock Interaction

What makes the excavation of coarse, fragmented rock significantly different than that
of ideal, homogeneous materials is that there is not one defined shear plane. In order to
force an excavation tool through fragmented rock it is necessary to not only overcome
the particle to particle frictional resistance, but also to make the particles move up
and over one another [22]. In justifying their behaviour-based control approach to the
problem at hand, Lever et al. [51] argued the difficulties of mathematically modelling

the excavation tool-media interaction.

It is impossible to generate a rigorous mathematical model to describe the
unstructured environments common in mining operations. The conven-
tional proportional-integral-derivative (PID) or even modern stochastic
controllers that read exact sensor values, apply a mathematical model,
and generate precise output from the mathematical algorithm are im-
practical for use here [51, page 18].

However, it is the candidate’s view that, although the problem of rock pile interaction
modelling may be very difficult to quantify, it should not be considered as a decidedly
impossible task, as suggested in the above quotation. Moreover, such difficulties
should not preclude the use of an approach to the excavation problem based on ideas
from systems and control theory. As will be shown, some headway has been made in

this avenue by other researchers in the field.

2.2.1 Empirical Studies

Some interesting empirical work was done by Forsman and Pan [22] regarding the

shear properties of fragmented rock. Loose material, such as broken rock, will not
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mave (i.e. fail} until the applied force reaches a yield level, called the shear strength for
granular media. The shear strength of fragmented rock is hence an important property
in the context of material loading. Forsman and Pan suggested an improvement over
Coulomb’s equation, commonly used for modelling fine grained materials, in the form
of a mathematical expression, derived empirically, for the shear strength of large
grained loose material. It is interesting to note that the material porosity was implied
to be related to the size distribution of a fragmented rock pile, as well as the degree
of interlocking between particles. In addition, Forsman and Pan related the material
porosity to fluctuations of the measured normal force in their experimental results.
Analysis of the resistance of fragmented rock to scooping by a bucket was reported
in some Russian literature [21, 61). With regards to the work by Fabrichnyi and
Kolokolov [21], a means for calculation of the scooping resistance to blasted rock was

given, based on knowledge of the rock pile’s changing shear angle.

It is known that in general the scooping force is governed by the volume
of the rock to be shifted, which in turn depends on the angle between the
horizontal and the shear surface of the rock. The experimentally recorded
variations in the scooping resistance can only be due to changes in the
inclination of the shear surface, leading to increases or decreases in the
volumes of rock being shifted [21, page 438].
Unfortunately, key references were made by Fabrichnyi and Kolokolov to obscure
experimental work (performed much earlier, circa 1957, and available only in the
Russian language) by an investigator named Rodionov [79)].

In related work, Mikhirev [61] reported some potentially applicable results. Al-
though techniques for control and bucket trajectory generation were the focus of this
research, insight into the forces associated with resistance to movement of the bucket
through rock was provided. Mikhirev cited the experimental research of Rodionov,
which apparently established that a compact nucleus is created in the pile in front
of the working edge of the bucket. The characteristics of this compact nucleus were

found to relate most notably to average particle size, bucket shape, and bucket pose.
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2.2.2 Analytical Studies

Hemami et al. [34] acknowledged that the forces involved in excavating fragmented
rock are functions of a large number of parameters, which makes the study of such
forces particularly difficult. In this work, Hemami et al. categorized the various
physical factors that contribute to the complexity of the problem. Major categories
included the operation to be performed. the form of the excavation tool to be used.
the material properties, and other machine or application factors. In further studies
of the forces acting on a bucket during a scooping operation, Hemami et al. identified
five force components. The cited article gave references to works where analysis of
these forces had been attempted (see section 2.1). Some simulation results were also
presented. However, it was admitted that random fluctuations of these forces would
likely exist in reality.

Perhaps the most relevant and complete research in bucket-rock interaction mod-
elling is some very recent work completed at Tohoku University, in Japan [102, 105].
In this work, Takahashi et al. essentially proposed a means for calculation of each of
the resistive forces {fi,..., fs} described previously by Hemami (again, see section
2.1). For analysis purposes, the loading operation was partitioned into two stages:
(i) a penetration phase, where the bucket is inserted into the rock pile, and; (ii) a
scooping phase, where the bucket tip is lifted and curled to complete the loading task.
Given an assumed bucket trajectory, the resistive forces were computed analytically
using geometric and frictional parameters of the bucket and rock pile. Equivalent
scale model experimental results confirmed the calculated forces to be approximately
valid. Unfortunately, the derived equations failed to capture the inherently stochastic
nature of the loading process.

Analytical research has been completed in the area of numerical modelling of
granular assemblies. Consider the work by Cundall and Strack [14], where a distinct

element method (DEM) was used to numerically model the mechanical behaviour of
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assemblies of discs (and spheres in three dimensions). “The method is based on the
use of an explicit numerical scheme in which the interaction of the particles is moni-
tored contact by contact and the motion of the particles modelled particle by particle”
[14, page 47]. In recent work by Takahashi [101], the ideas of Cundall and Strack were
applied to simulation of particle behaviour in a virtual rock pile. Excavation of a rock
pile having uniformly sized particles was simulated using a DEM approach and the
bucket-rock interaction forces were computed for a predetermined trajectory. Once
again, equivalent scale model experimental results confirmed the simulated interac-
tion forces to be approximately valid. However, it was also admitted that full-scale
experiments would be required to truly validate the given computational results. This

technique is discussed further in chapter 5.

2.3 Studies in Soil Excavation

What distinguishes the problem of autonomous excavation of fragmented rock from
the research presented in this section is simply the nature of the excavation media.
In general, the work discussed in this section concerns itself with the problem of
soil excavation. Soil, as opposed to fragmented rock, is generally homogeneous in
particle size and typically consists of relatively small particles, such that a bucket
may be passed through it without the need for significant trajectory alteration. Soil
excavation could be appropriately characterized as a cutting exercise, rather than
the task of maneuvering a bucket such that it is properly filled with large and small
fragments alike, since forces at the tool would evolve smoothly instead of abruptly.
Nonetheless, research in this field shares some common attributes with the problem
of rock excavation. Moreover, the lack of commercial technology seems to contrast
the fact that there appears to have been a considerable amount of research completed

in the field of autonomous soil excavation. In this section, only a selection of the
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relevant literature is presented.

The problem of autonomous excavation in soil was approached from a motion and
path control perspective by Bernold [9]. Bernold advocated the use of impedance
control, utilizing force and position feedback. In the case of robotic excavation, the
robot was considered as an impedance, translating motion into force, and the soil as
an admittance, reacting with a change in position or motion. A mass-spring-damper
model for the tool-soil interaction was presented. An attempt was made to determine

an optimal path for excavation. With regards to this effort, Bernold concluded:

In summary, the selection of an optimal path, resulting in lowest energy
consumption per excavated volume, is a nontrivial problem which hinges
mostly on the proper characterization of the soil-tool interaction and the
soil itself. Although static soil experiments can provide the cohesion fac-
tor, the complexity of the remaining coefficients for cutting-moment cal-
culation make a static approach to the problem impossible [9, page 9.

To this end, a method of trajectory selection using pattern recognition was suggested.
Experimental work was performed using a scale modelled backhoe style excavator (a
modified RM-501 micro-robot). Force and position data were collected to create char-
acteristic patterns for various soil conditions. Results were used only to show that
it may be conceivable that soil characteristics could be established while excavating,
leading to the possibility for trajectory planning and control for autonomous exca-
vation. A similar approach, using impedance control for backhoe excavation control,
was also proposed by Ha et al. [26]. In this recent work, a sliding-mode controller for
impedance control was developed. Having developed kinematic and dynamic models
for the excavator, the control scheme was subsequently implemented, with apparently
promising results, on a retrofitted Komatsu PCI05-7 mini-excavator.

Vihi and Skibniewski [106] presented a method of cognitive force control for an
excavator. A dynamic model was developed for the excavator and used in conjunction
with a model for the soil (referred to as the regolith), which was based on the break-

down of resistive forces into a resistance from cutting, frictional resistance, and the
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resistance of the material in the bucket. Further details of the backhoe style exeavator
dynamic model were derived later in a publication by Koivo et al. [41]. Simulation
results compared the preplanned bucket trajectory with its actual trajectory, which
was adjusted when hydraulic ram forces exceeded preset limits. In a technique pro-
posed by Bullock and Oppenheim [10], strain gauges were used during a laboratory
study to measure the resistive forces encountered by the excavator bucket. A super-
visory control scheme, where force feedback data are processed at a higher level to
produce low level trajectory changes, was considered as an online tactical planner for

excavation.

There exists an apparently ongoing project at the University of Sydney, Australia
that aspires to develop a system for autonomous excavation [50]. Although it was
stated that the ultimate objective of the project is to demonstrate fully autonomous
excavation for a variety of tasks, including excavation not only in soil but also in
fragmented rock, the described experimental hardware consisted of a backhoe style
mini-excavator. It was implied that future experiments and analyses were to be

carried out in soil type media.

Researchers at Carnegie Mellon University [95] proposed a technique for robotic
excavators to predict resistive forces during excavation using computer learning meth-
ods. Included in the presented work is a development of the mechanics of excavation,
resulting in the formation of what is known as the fundamental equation of earthmov-
ing (FEE) for a flat blade moving through soil. The assumptions required to validate
the FEE were used by the authors to demonstrate its impracticality in the context of

excavation.

More recent work at Carnegie Mellon University (7, 81, 100] has resulted in a
patented system for robotic excavation and autonomous truck loading. In summary,
the system described utilized two scanning laser range-finders to recognize and localize
the truck, measure the soil face, and detect obstacles. Onboard software was used
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to make decisions regarding digging and dumping operations. Actual digging was
described as executed by a force based closed loop control scheme, after previous
research in excavation planning by one of the authors. Dumping and truck detection

routines were also included as part of the project.

2.4 Patented Technologies

In this section, a selection of patented technology is presented in order to provide
an understanding of the work that has been considered commercially feasible. The
majority of existing patents relate to the automation of soil excavation tasks, generally
using backhoe style excavators (7, 76, 81, 92, 93, 94]. However, there does exist
recent work relevant to autonomous excavation of fragmented rock, using LHD-style
machinery, as in an underground mining application. It is these patents that are

discussed in the subsections that follow.

2.4.1 Fragmented Rock Excavation Technology

A review of the current patents relevant to the problem of autonomous bucket loading
revealed two significant contributions. The most recent, by Dasys et al. [15], as part
of a group representing the international mining and metals company Noranda, Inc.,
revealed a patented system for automated bucket loading of a front shovel loader
(i.e. an LHD) that uses “sensor feedback provided by pressure and extension sensors
on hydraulic cylinder(s) to control the trajectory of the bucket to be loaded by a
computer algorithm” [15]. The described invention does not rely on a model of the
rock pile, nor is there any computational attempt to determine an optimal bucket
trajectory prior to the scooping operation. Instead, the system reacts, using a decision
tree to select actuator commands, only to excessive forces sensed in the actuating

cylinders. If excessive forces are encountered, the bucket is tilted so as to attempt to
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dislodge the rock or ather hinderance causing the disproportionate force.

The computer...has a |[hybrid] controller which controls the hydraulic
valve that supplies hydraulic fluid into both ends of the [bucket dump]
cylinder. . .and if too much force is exerted on the bucket by the rock
pile, the command for hydraulic fluid intake will be reversed and the fluid
will be injected into the opposite side of the piston...so as to reverse
the action of the shaft. .. until the force drops to a predetermined level.
Then, the oil intake will be reversed again and the tilting action of the
bucket will be resumed until the bucket. . .is filled and is in the rolled back

position. . . [15].

Furthermore, Dasys et al. claimed a 9% improvement in loading capacity, com-
paring their invention with human operation in field trials. A paper related to the
work by Dasys et al. was put forward at the 5th International Symposium on Mine
Mechanization and Automation by representatives from STAS Ltd. [49], partners in
the Noranda, Inc. project. Unfortunately, no technical details were given in the paper.
However, the user-level features of the product, entitled SIAMload, were presented. It
is worth noting that SIAMIload required that an operator choose one of three loading

modes, depending on the human perceived loading conditions.

2.4.2 Other Excavation Technology

A second relevant patent in autonomous excavation was filed by Rocke, a represen-
tative of Caterpillar, Inc. [77]. In Rocke’s invention, a control system for automatic
loading of a wheel loader (similar in mechanical design to an LHD machine), which is
particularly suited to soil excavation, is disclosed. Although references were made to
a number of previous patents by the inventor (all of which applied to backhoe style
soil excavation), in the current patent, an algorithm that appears very similar to the
one that was patented three years later by Dasys et al. (discussed in subsection 2.4.1

above) is given.

As described,the logic means varies the dump cylinder command signal
between a predetermined minimum and maximum value to maintain the
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lift and dump cylinder forces at an effective force range. Accordingly

the positions and forces of the lift and dump cylinders are monitored to

control the command signals at the desired magnitudes. For example, if

the lift or dump cylinder forces fall below the lower predetermined values,

the extension of the dump cylinder is halted to prevent the bucket from

“breaking-out” of the pile too quickly. Alternatively, if the lift or dump

cylinder force exceeds the upper predetermined value, the extension of the

dump cylinder is accelerated to prevent the bucket from penetrating too

deep in the pile [77].
Furthermore, it should be noted that control of the vehicle tractive effort was not
included in the control strategy as stated, and that the machine was preferably di-
rected to the pile of material at full engine throttle. On the matter of adaptability
of the system to varying material conditions, the reader was referred to [78], another
patent by the inventor, in which a system for selecting one of a plurality of control
curves based on a material condition setting, is disclosed.

In essence, the common theme in these two patents [15, 77] is a cylinder motion

control scheme based on some interpretation of the changing pressures in the hydraulic

cylinders as an indication of the state of the bucket-rock interaction.



Chapter 3

Theory and Background

In this chapter, background reviews of the relevant theory in the formulation of equa-
tions of motion for closed-chain kinematic mechanisms and techniques for nonlinear
system modelling and identification are provided. The purpose here is to provide a

concise theoretical background for the thesis material that follows.

3.1 Closed-chain System Mechanics

In chapter 5, analytical equations of motion for the Tamrock EJC 9t LHD loader
mechanism are formulated through treatment of the mechanism as a robot manip-
ulator with closed kinematic chains. Herein, the term closed-chain system refers to
the class of mechanical systems whose links are not only connected in series, but in
parallel, forming one or more closed-link loops. As opposed to an open-chain system
(e.g. a serial robot), typically not all joints of a closed-chain mechanism are actuated.
Such closed-chain mechanisms have the potential to offer some mechanical advantages
over open-chain mechanisms, perhaps most notably, a greater rigidity to weight ratio.

The dynamics of open-chain mechanical systems have been extensively studied
in the literature, and there exist well established techniques for the formulation of

equations of motion for such mechanisms [53, 98, 107]. In essence, in the absence of

23
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friction and interaction with the environment, equations of motion for an open-chain
system may be computed using a standard Newton-Euler or Lagrangian approach.

Although there exists a multitude of literature on the subject, due to the complex-
ity of the kinematic and dynamic analyses, development of a clear-cut technique for
the derivation of equations of motion for closed-chain mechanisms remains a topic of
research. Ghorbel et al. [25] attempted to categorize the literature on the derivation
of dynamic equations of motion for closed-chain mechanisms into three classes: (i)
those techniques derived for a particular type of closed-chain structure; (ii) those tech-
niques derived for general closed-chain structures, but most suited for simulation and
not model-based controller design, and; (iii) those techniques for which the resulting
equations of motion have the same form as those for open-chain structures. Among
the reviewed literature [25, 55, 56, 65, 66], the formulation of Murray and Lovell [65],
which falls into category (iii) of Ghorbel et al., was selected by the candidate as a
framework for use in this dissertation.

The approach proposed by Murray and Lovell [65] involves a relatively straight-
forward procedure for implementation. The method is founded upon d’Alembert’s
Principle! and is based around a transformation from the dynamics of open-chain
mechanisms to closed-chain dynamics through the inclusion of holonomic loop con-

straints.

3.1.1 Euler-Lagrange Equations

Computation of the dynamics for closed-chain mechanisms, as described above, is
based on a transformation from open-chain systems using holonomic constraints.
Later in this dissertation, the Euler-Lagrange equations are used in the derivation

of equations of motion for an open-chain system (as will be seen in the next sub-

Tn brief, d’Alembert’s Principle, considered perhaps the most all-inclusive principle in the entire
field of classical mechanics, states that a system of particles moves in such a way that the total
virtual work 3"2_ (f — m;&;) - 6=; =0 (97).
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section). This section serves to provide an applied introduction to the subject of
Lagrangian mechanics as it is relevant to the problem at hand. However, the topic
is extensive, and the reader is referred to [53, 98, 107] for further details and formal

derivations.

Definition 3.1.1 A configuration space Q represents the set of possible configurations

of @ mechanical system.

Definition 3.1.2 The set of generalized coordinates {q,...,qn} are independent,

and sufficient to describe the pose of all particles in a mechanical system with n

degrees of freedom.

Let @ be a configuration space for a mechanical system, so that the vector of gener-

alized coordinates g € Q. The Euler-Lagrange equations are then given by

d (0L oL
@ (a—q‘) - 6_q‘ =Ti (3.1)

where {qi,...,qs} are the coordinates of the system, {7,...,7,} are the applied
forces? corresponding to independent variations of ¢;, and L = K-V is the Lagrangian
function describing the given mechanical system, defined as the difference between
the total kinetic energy K of the system and the total potential energy V of the
system. If the Euler-Lagrange equations of (3.1) are specialized to a case when the

kinetic energy is a quadratic function of the vector g that has the form

K= 2_1 iy (@)ad (32)

N -

and the potential energy V = V/(q) is independent of g, then the Euler-Lagrange

equations may be written as

n

2 (dkj(Q)ﬁj + En:cijk(Q)éidj) + oc(g) =7 (3.3)
i=1

j=1

2Herein, the term force is used to mean force and/or torque.
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for k =1,...,n, and where the terms €;;z are known as Christoffet symbois [53, 98}

Equation (3.3) may be written in matrix form, such that

D(q)§+C(q.9)4+g(@) =T (3.4)

where the k. j-th element of the matrix C(q. q) is defined as

b

Ckj = Z_:Gijk(Q)di

-

_ "1 3dkj Od; od; . -
,-; 2 ( 3  9¢; Og ) (3:9)
and the vector of gravitational potential terms g(q) has the elements
_9viq)
Or = Tk (3.6)

3.1.2 Reduced System and Holonomic Constraints

The notion of a reduced system is required as the first step in developing the closed-

chain mechanism dynamics.

Definition 3.1.3 A reduced system ¥ is an open-chain system obtained by hypo-
thetically removing physical constraints from a closed-chain system £ until no closed

kinematic chains ezist.

Therefore, formation of the reduced system involves the construction of an open-chain
mechanism, obtained by treating the closed-chain mechanism as if it were cut upon at
selected joints such that no closed-loops remain. It is often convenient to strategically
choose the constraints to be broken so that the resulting reduced system resembles a
serial robot, for which there exist well known techniques for analysis.

Now, if @ = R™ is a configuration space for a closed-chain system £ with the

actuated joints® as generalized coordinates § € Q, then let Q = R" be a configuration

3For this research, to match the experimental trials of chapter 4, the actuated and measured
joints are collocated, i.e. the coordinates of the closed-chain system are the measured joint variables.
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space for the corresponding reduced system X, having the generalized coordinates
g € Q. To derive the closed-chain mechanism dynamics from the reduced system
dynamics, the holonomic* loop closure constraints are required, so that

q=f(q). (3.7)

The velocity loop closure constraint matrix G, with respect to the actuated joints, is

also needed, such that
i=Gq (3.8)

where the Jacobian matrix G € R™**. Finally, the acceleration loop closure con-
straint, stemming from the time derivative of equation (3.8), is required and may be

found by the chain rule, giving

§=Gj+Gqg. (3.9)

3.1.3 Force Transformation

Consider the set of generalized actuating forces {ry,. .., T} for the open-chain system

Y and similarly, {7i,...,7,} for the closed-chain system .

Proposition 3.1.1 Let G be the Jacobian matriz defining the relation 6q = Giq.
The vector of generalized forces ¥ for & may be computed from the vector of generalized

forces T for ¥ by the transformation
+F=GTr. (3.10)

The proof of proposition 3.1.1 lies in the application of d’Alembert’s Principle. A full
proof is given by Nakamura and Ghodoussi in [66]. However, since ¥ and ¥ represent

the same mechanical system only under different constraints, consider that the virtual

1A constraint on the coordinates {g;,..-,¢n} is called holonomic if the constraint condition can
be expressed as an equation ¢(q,-..,¢n,t) =0, otherwise it is called non-holonomic [97].
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work done by the generalized forces of ¥ must equal the virtual work done by the

generalized forces of ¥ if the two systems experience the same applied forces. Hence,
6§ F =ébq" T (3.11)
where 6§ and dq represent the same virtual displacement of the mechanical system.
Substituting equation (3.8) into equation (3.11) yields
g7+ =6G°GTr. (3.12)

Equation (3.10) follows directly from equation (3.12).

3.1.4 Closed-chain Equations

Given the reduced system dynamics and the holonomic loop closure constraints, the
closed-chain mechanism dynamics may be computed. Through application of the
generalized actuating force transformation of equation (3.10), which relates the closed-
chain mechanism dynamics to the reduced system dynamic model

G"[D(q)§ +C(q,9)4 +9(q)] = 7. (3.13)
To account for the restriction that the reduced system variables {g,q, §} must be
realizable by the closed-chain mechanism, the holonomic loop closure constraints are

incorporated into equation (3.13) to give
G" [D(£(9) (G +G4) + C(£(@.GYGI +9(£(@)] = 7. (3.14)
Equation (3.14) may be rewritten as
D(@)a+C(d:9)a+3(d) =7 (3.15)
where the inertial coefficient matrix and vectors representing centripetal, Coriolis,
gravitational, and externally applied forces are defined respectively by
D(q) = G"D(f(@)G (3.16)
C(¢,9) = G'D(f(9)G +G"C(£(3).GaG (3.17)
9@ = G"g(f(q))- (3.18)
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It is sometimes. useful to combine the centripetal, Coriolis, and gravitational terms

into one vector, hence

h(d,q) = C(§.9)d + §(d) . (3.19)

3.1.5 Time Domain Solutions

In order to simulate the closed-chain mechanism forward dynamics, the independent
generalized joint accelerations g are obtained by solving the algebraic equations of

the closed-chain dynamic model
g=D""(g) [F-h(gq)] - (3.20)

The inertial coefficient matrix f)(é) is both symmetric and positive-definite for this
collocated system, and is therefore invertible. In order to solve the above equations

of motion, the equations may be placed in first-order form, where

2|1 (3.21)
L 2nxl
such that
&= N (3.22)
| DY(g) [# - h(4.9)]

Numerical integration routines, which employ fixed or possibly variable time steps for

greater accuracy, may now be used to simulate the mechanism’s model behaviour.

3.2 Identification of Nonlinear Systems

The fundamental problem of system identification lies in choosing the type of model
that should be used to capture the desired aspects of a given system or process. There
are a number of so-called classical techniques available for linear system identifica-

tion, in which are included the observation of frequency response, step-input response,
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and correlation methods [96]. Where controller design is concerned, identification of
a linear model is often desirable over one that is nonlinear in that there exist well
known and proven procedures for controller design. However, in the use of a linear
model, one must understand the degree of validity of the linearization assumption.
For the nonlinear case, most system identification approaches involve error minimiza-
tion (e.g. least-squares, maximum likelihood, minimum variance, and artificial neural
networks) to fit acquired data in an attempt at a general model [60, 80, 96].

In this section, the nonlinear system identification technique known as paral-
lel cascade identification (PCI) is introduced. As a prelude to this introduction, a
descriptive review of some nonlinear system theory is provided as it is relevant to

understanding the origins of the PCI algorithm.

3.2.1 Volterra and Wiener Theories

In the context of applied mathematics and engineering, the Volterra and Wiener
theories for nonlinear systems are explicit models ideally suited to representation of
so-called black boz type nonlinear systems, where the relationship between the input
and the output of a system is not easily derivable through the development of a
set of equations or other analytical techniques. It can be shown that the Volterra
functional series® may be used to represent a time invariant nonlinear system. The

continuous-time, infinite-order Volterra series has the functional form

y(t) = /_:kl(fl)z(t-ft)dﬁ
+[: /_: ko(mi, 72)z(t — 1)z(t — 72)dridT
+---+/_:-~~/_:k,,(n,-r2,...,r,,)z(t-n)x(t—rg)---

z(t — m)dndry -~ -dmy + - - - (3.23)

5The Volterra functional series was named after the mathematician Vito Volterra, who first
studied this functional form during the seventeenth century. However, the first application of the
Volterra series to the study of nonlinear systems was by Norbert Wiener in the early 1940s [82, 88].
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where n. = 1,2,..., z(t) is the nonlinear system input, ¥(t) is the corresponding
output, and k,(71,...,7,) = 0 for any 7; < 0, with j = 1,2,...,n. The functions
kn(Ty,...,7n) are known as the Volterra kernels of the system. However, there are
certain inherent difficulties with the application of the Volterra series to physical
problems, some of which include difficulty in the measurement of Volterra kernels,
as well as issues concerning convergence of the Volterra series [88]. It was Wiener
who circumvented these problems by forming a set of orthogonal functions from the
Volterra functionals, which he called G-functionals due to their special orthogonal
property when the input is from a Gaussian process. For example, if the set of real
functions w,(t) for n = 1,2,... is an orthogonal set of functions over the interval

a <t < b, then the orthogonality condition is given by the equation

/., ’ W (£)wn (t)dt = { a‘" gg; z ;Z (3.24)

where each ), is positive since it is equal to the area under the curve w2(¢). In
effect, the Volterra and Wiener theories together have provided a basis for significant
advances in nonlinear system theory.

Korenberg [47, 44] utilized the Volterra and Wiener theories, along with the results
of other related works, to show that any discrete-time, finite-memory, causal, nonlin-
ear system having a finite-order Volterra series representation can be represented by a
finite number of parallel cascades consisting of alternating dynamic linear and static
nonlinear elements. The stated causal requirement necessitates that the system be
non-anticipatory, or in other words, that the output at time ¢; not depend on values
of the input at times t;, where j > i. The discrete-time, finite-order Volterra series
that is assumed capable of approximating the nonlinear system has the form

M [ R R
y(n)=ko+ D (Z .. Z kn(r1,-..,tm)z(n—11)---z2(Nn — rm)) (3.25)

m=1 \rm=0 rm=0
for n = 1,2,..., where z(n) and y(n) are the system input and output respectively,

M is the order of the series, and (R + 1) is the memory length.
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Figure 3.1: Parallel LN cascade schematic model

3.2.2 Parallel Cascade Identification

This subsection summarizes the method of parallel cascade identification (PCI), as
it was used in the research described by this dissertation, and as interpreted from
the work of Korenberg [44]. Details regarding implementation of the algorithm are

provided later, upon use in chapter 5.

Description of the Algorithm

PCI utilizes parallel cascades of alternating dynamic® linear L and static nonlinear
N elements to represent and identify a nonlinear system. Korenberg [44] showed that
the sum of a finite number of parallel LN cascades suffices to represent exactly any
discrete-time, finite-memory, finite-order Volterra series, sometimes referred to as a
Wiener model. A schematic representation of the proposed parallel cascade model
structure is shown in figure 3.1.

For the single-input/single-output (SISO) case, suppose that the nonlinear system
to be identified has input z(n) and output y(n), for n = 0,1,...,7. Assume that
the system output depends on input delays in the integer set {0,1,..., R}, such that
(R+1) is the memory length, and that the set of inputs to the system are uniformly

SIn the current context, the term dynamic is used to imply that the system possesses memory.
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bounded in that there exists a number & < A < oo sueh that jz{n}} < A for alt
n C [0,T). PCI attempts to identify one LN cascade at a time, and computes the
succeeding cascade based on the residual of the previous cascades combined. Let y;(n)
be the residue remaining after adding the i-th cascade (¢ > 1) to the PCI model, with
Yo(n) = y(n). If z;(n) is computed as the output of the i-th cascade, as shown in

figure 3.1, then
yi(n) = yi-1(n) — zi(n) (3.26)

where i = 1,2,...,[ are the number of cascades in the final PCI model, yet to be

determined.

Let the output of the dynamic linear element in the i-th cascade be given by
R
Li: w(n) =Y hj)a(n - j) (3.27)
=0

Now, the delta response h;(j) of the linear system is chosen using a first- or higher-
order cross-correlation of the input with the residue, computed only over the interval

n=R,(R+1),...,T. For example, by definition

Oy (i) £ Ta(m)z(n =) (3.28)
Geeye (1o 2) 2 Ba(M)Z(R = 1)Z(n ~ J2) (3.29)

where ¢, , and ¢.,, , are first- and second-order cross-correlations of the input
with the residue, respectively, and where the over-line denotes the time-average’ on

the interval n = R, (R +1),...,T. Assign h;(j) at random to one of

@(j) = bz, (4) (3.30)

92(j) = Geeyi_ (4, A) £CH(j — A) (3.31)

where the integer A is randomly selected from the set {0,1, ..., R}, the sign of the §
impulse term (added only at diagonal values) is chosen at random, and C = {c|c €

For example, z(n) = 7§77 > pz(n).
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R, € # 0} is adjusted to tend to-zero as the mean-square of the residue approaches
zero. Korenberg [44] suggested the use of

2 (oY
Yie1(n)
C====". (3.32)
y?(n)
Once the linear system has been identified and computed using equation (3.27).

the static nonlinearity is obtained by least-square fitting a polynomial having input
u;(n) to the residue y;_,(n) over the interval n = R,(R+1),...,T, such that
M
N: z(n)= Y amul(n) (3.33)
m=0

where M is the polynomial degree, and the new residue y;(n) is computed by equation
(3.26). Since the resulting polynomial coefficients a;, will minimize the mean-square

of the new residue over n = R,(R + 1),...,T, it may be shown that

¥ (n) = (yim1(n) — z(n))2 = yi\(n) — 2}(n) . (3.34)

Note that the reduction in mean-square error (MSE) by adding the i-th cascade equals
the mean-square of the i-th cascade output.

In order to avoid choosing unnecessary cascades that merely fit noise, a standard
correlation test may be performed. It can be shown that the correlation statistic of
zi+1(n) and y;(n) over the interval n = R, (R+1),...,T is given by

l -’-’:2-4»1(") (3.35)

r=,|=—=.
\ ()
If the residue were white Gaussian noise (i.e. independent and zero-mean), then for

large enough T

¢
Irf < JT—Rx1’ (3.36)

For example, if { = 1.96, then equation (3.36) holds with a probability of approx-
imately 0.95. Therefore, prior to accepting any given candidate for the (i + 1)-th

cascade, it may be required that the inequality

2
Za) > 7— = ) (3.3
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be satisfied. If equation (3.37) is not satisfied, then a new candidate for the {3 +1)-
th cascade must be constructed, starting with the cascade’s linear system through

polynomial fitting to the residual of the output. In fact, the desired confidence level
may be altered by appropriately changing the value of (.

Subsequent parallel cascades should be added to the model until either: (i) a
predetermined maximum number of cascades has been reached; (ii) the MSE has
been made sufficiently small, or; (iii) there remain no candidate cascades, within a
specified number of attempts, that can cause a reduction in MSE exceeding some

decidedly small threshold value.

Least-square Fitting of Polynomial Coeflicients

Least square fitting of the polynomial in equation (3.33) entails computing the poly-

nomial coefficients a;,, to minimize

M 2
e = (salm) = 3 aumi () (3.38)
m=0

where e denotes the MSE for the i-th cascade. Let pj,(n) = u*(n). Differentiating

equation (3.38) with respect to the polynomial coefficients a;, yields

25:2(- (n)—fjmp (n))(—p(n))=0 (3.39)
day yi-t = l .

for{ =0,1,..., M. Rearranging equation (3.39) Ieaves a system of (M + 1) equations
and (M + 1) unknowns, of the form

po(n)po(n) --- pm(n)po(n) aig Yi-1(n)po(n)
. : = : . (3.40)
pu(n)po(n) --- pu(n)pm(n) aim Yi—1(n)pm(n)

Although a classical Gram-Schmidt orthogonalization process might be sufficient
to obtain the polynomial coefficients a;,, Korenberg [42, 43, 44] suggested the use
of a modified Cholesky factorization algorithm (termed the fast orthogonal search
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algorithm) to compute the needed coefficients. The method relies on an orthogonal
approach that does not require the explicit computation of orthogonal functions. The
residue after fitting the (¢ — 1)-th cascade may be written as

M
vi-1(n) = Z @imPm(n) + e(n)

m=0

M
= Y gmwn(n) +e(n) (3.41)

m=0

where the w,,(72) are orthogonal functions over the interval n = R, (R+1),....T and
the error e(n) is to be minimized. The fast orthogonal search algorithm then works

as follows, where m =0,1,..., M:

1. Let doo = 1 and set dpg = pm(n) for m > 0;

-1

. Set dot = pm(n)pi(n) — Y Qmudm; for [ = 1,2,.

=0

N

3. Compute the apy = ;ﬁ;
u

m—1
4. Let ¢g = y;_1(n) and set cm = Yi1(n)pm(n) — Y @mici, and;
j=1

. Compute the g, = d,,,i

m

[$1}

The a;n, are then computed using the g,, and ay, as follows:

M j—1
6. Compute the aym = Y gju; where v, =1l and v; = — 3 a .
j=m {=m

Extension to Multi-variable Systems

The PCI algorithm may be easily extended to model multiple-input/multiple-output
(MIMO) systems. Consider that a nonlinear system to be identified has input vector
z(n) = [z1(n) -2k (n)]T and output vector y(n) = [y1(n) -~ -yp(n)]7. In this case, it
is necessary that each output element be modelled individually, resulting in P parallel

cascade models. For each output element model, when a new path is to be added
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to the parallel array, one element of the input ®(n) is selected at random to be the
input to the cascade, say z(n).

In addition, cross-products of the input may be introduced into the definition
of linear elements in the cascade. For example, the i-th cascade of a given output
element model may use a cross-correlation of the residue y;_,(n) with the first and

second elements in (n), such that

Bzizayi_1 (J1: J2) = vicr(R)21(n — J1)T2(n — J2) . (3.42)

The impulse response h;(j) of the linear system would then equal

aa(j) = Ozy 22y (7,4) (3.43)

where A is again chosen at random from the set {0, 1,..., R}. Which one of {q,,¢2, 43}
is used to define the impulse response, or whether a slice of some other possibly higher-
order cross-correlation is used, remains to be decided at random. The output u;(n) of
the linear system is calculated using equation (3.27), with z(n) £ zx(n). Now, using

equation (3.27) to compute u;(n) with z(n) £ z1(n), let
&;(n) = ui(n) £ Czs(n — A) (3.44)

where the sign is chosen randomly, and C, as before, is adjusted to tend to zero as
the mean-square of the residue approaches zero. Note that the integer A of equation
(3.44) must have the same value as in equation (3.43). Finally, a static nonlinearity

with input #;(n) is least square fitted to the residual of the output.



Chapter 4

Experimental Excavation Studies

Upon detailed inspection of the available literature, it was discovered that there have
been no reports of full-scale excavation experiments® aimed at either further validating
existing models for the process of bucket-rock interaction, in an attempt at further
understanding the processes involved, or at system identification. There have been
a number of reported laboratory-scale experiments, using mini-buckets and small
pebbles, often of uniform size distribution, as the excavation media (37, 52, 90, 91,
101, 102, 103, 104, 105]. However, no accessible publications pertaining to full-scale
validation of such experiments were found. This is not to say that such information
has never been acquired (e.g. development of the patent by Dasys et al. [15] most
likely resulted in the generation of similar information}, simply that this may be the
first occurrence of full-scale operational data for an excavation machine, working in
fragmented rock, in the open literature. To this end, what follows is an effort at a
complete and comprehensive disclosure of the experiments and subsequent results.
Between September 2000 and January 2001, full-scale excavation experiments were
conducted with the intent of developing further a practical understanding of the frag-

mented rock excavation process, and in particular, the interaction that occurs between

11t is unclear as to whether the work of Rodionov [79] utilized results from full-scale experimental
studies. Even so, this work was available only in the Russian language.

38
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the bucket and rock during the excavation process and its impact on operational pa-
rameters such as cylinder pressures and displacement. This chapter presents details
regarding the apparatus, methodology, procedure, and results of the aforementioned
data collection experiments. Provided first are particulars of the equipment involved,
followed by an explanation of the experimental procedure and a qualitative analysis

of the ensuing results.

4.1 Apparatus and Methodology

Consider a map of the excavation process, as depicted in figure 4.1. Suppose that
the loading process may be decomposed into three physical systems, namely: (i) the
mechanism structure (boc;m, bucket, and vehicle); (ii) the actuators (hydraulic lift
and dump cylinders, and possibly the tractive effort of the vehicle) which act on,
and are in turn acted upon, by the mechanism structure, and; (iii) the rock pile
with which the physical structure interacts during the excavation operation. What
is most interesting to note about the system illustrated by figure 4.1 is its suggestion
that measured cylinder pressure data contain not only evidence of actuator input
signals, but also information regarding the machine structure motions and its status
of interaction with the rock pile. In fact, experimental observations showed this
postulate to hold true.

In an effort to identify the way in which key components of the system change
during the loading operation, the trial LHD machine was suitably equipped with in-
strumentation systems capable of simultaneously measuring the following parameters

during excavation operations:

1. External forces acting on the mechanism due to interaction of the bucket with

the rock pile, measured as strains on the boom component of the mechanism;

2. Forces applied by hydraulic actuators, and subsequent changes in these forces
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Figure 4.1: A map of the excavation process
as loading proceeded, measured as pressures in the hydraulic cylinders, and;

3. Configuration of the loader mechanism at all times during the loading operation,

measured as hydraulic cylinder extensions and vehicie wheel rotations.

It should be noted that no measurement of the vehicle tractive effort was made,
which technically also contributes to the “Actuators” block of figure 4.1. This follows
directly from the discussion of assumptions given in section 1.2.

Selection and development of the instrumentation and data acquisition systems
necessary to perform the types of measurements listed above was an integral part
of the work performed towards this dissertation. The following subsections disclose
details regarding the loader, instrumentation hardware, and software commissioned

specifically for use during the excavation studies.

4.1.1 Loader Specifications

Full-scale excavation experiments using a Tamrock EJC 9t LHD machine, officially
known as the EJC 1000 prototype [3] and having geometry as shown previously in
figure 1.1 on page 2, were conducted at the facilities of Tamrock Loaders, Inc. of
Burlington ON, Canada. A photograph of the actual trial LHD machine is provided
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Figure 4.2: Photograph of the Tamrock EJC 9t LHD machine

in figure 4.2. The square frame located at the lower right side of the photograph
has outer dimensions 1 yd x 1 yd, included for scale. Table A.12 lists some general
specifications for the Tamrock EJC 9t LHD machine. The machine was equipped with
two lift cylinders (in parallel) and one dump cylinder. The lift and dump cylinder
hydraulic system was an open-center system with one gear pump. Table A.2 gives
some general specifications for the two types of hydraulic cylinders. The cylinders
were operated via a joystick control lever located on the operator console.

The loader was engaged with rock piles of chosen conditions, under the command

of skilled operators, as will be described later in this chapter.

4.1.2 Sensors

This subsection describes the sensors employed to measure the parameters stated
above. The collection of strain gauge data, measuring the mechanical strain at strate-
gic locations on the mechanism boom, was done in order to possibly identify the forces
acting on the mechanism during the loading operation. However, strain gauges were
primarily deployed for the purpose of unrelated, although collaborative, research on
the subject of component loading analysis [64]. Therefére, details regarding the selec-

ZNote that specification data for the hardware discussed in this chapter is, for the most part,
provided in appendix A, in a tabular format.
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tion, configuration, calibration, and commissioning of the strain gauges and related

circuitry are not presented here. Instead, the reader is referred to concurrent related

work by Murphy [64].

Pressure Transducers

In order to allow for computation of the forces at each cylinder during the loading op-
eration, pressure transducers were placed at both head and rod locations on the dump
cylinder and at the same locations on one of the two lift cylinders. Omega Engineer-
ing, Inc. of Stamford CT, U.S.A. models PX303-4KG5V (0-4,000 psig) and PX303-
7.5KG5V (0-7,500 psig) general purpose, gauge-type transducers were installed on
the lift and dump cylinders respectively [1]. Table A.5 gives some specifications for
the employed PX303 series transducers.

Measured pressure transducer voltages were converted into corresponding pres-

sures in Pascals by the relationship
p=a(v—05) (4.1)

where p is the pressure in Pascals (Pa), v is the measured output voltage in volts (V),
and a is a scaling constant such that a; = 6205284 Pa/V for the lift cylinder trans-
ducers (PX303-4KG5V) and ap = 10342140 Pa/V for the dump cylinder transducers
(PX303-7.5KG5V). Corresponding cylinder forces were then computed by subtracting

the force acting at the cylinder rod from the force at the cylinder head, so that

f =paAr —prAR (4.2)

where f is the force in Newtons (N), pg and pr are the computed pressures at the
head and rod respectively, and Ay and Ag are the surface areas (m?) over which the
pressures at the head and rod acted respectively. The areas needed for equation (4.2)
were computed using rod and bore specifications for the lift and dump cylinders given

in table A.2. Note that, due to the form of equation (4.2), computed cylinder forces
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f were positive if acting so as to extend the cylinder. It is also important to note
that only one of the two lift cylinders was instrumented. Therefore, having made an
assumption that the pressures in both lift cylinders were approximately equal, the
measured lift cylinder force was doubled to represent the combined action of both lift

cylinders in tandem.

Linear Motion Transducers

Since the configuration of the loader mechanism with respect to the vehicle body may
be described completely by two independent coordinates (as will become obvious in
chapter 5), the measurement of only two independent position variables was required.
Two linear motion transducers, in the form of string potentiometers, were used to
record the extension of lift and dump cylinders during the loading operation. Ametek
Aerouspace, Gulton-Statham Products of Costa Mesa CA, U.S.A. model P-60A string
potentiometers were employed for this purpose [5]. Table A.6 lists some specifications
for the P-60A linear motion transducer. The transducers were installed in direct line
with the orientation of the lift and dump cylinders.

Online calibrations yielded the expressions

lp = 0.4081 v, + 1.0609 (4.3)

lp = 0.3044up +2.3499 (4.4)

relating the respective lift and dump cylinder lengths {; and lp in meters (m) to

measured potentiometer voltages v and vp in volts (V).

Wheel Encoder

In order to sense translational motions of the vehicle, a wheel encoder was installed on
the front-right wheel of the trial LHD machine. The encoder was coupled to the tire

via a custom manufactured, spring-loaded wheel follower, shown in the photograph
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Figure 4.3: Photograph of the H25 incremental optical encoder and wheel coupling

mechanism

of figure 4.3. The employed encoder was a BEI Technologies, Inc. of Goleta CA,
U.S.A. model H25D-SS-1000-ABZC-4469-LED-EM18 incremental optical encoder [2].

General specifications for the incremental optical encoder are given in table A.7.

Using the wheel coupling mechanism shown in figure 4.3, the encoder itself was
found to pass through 10.185 rotations per unit rotation of the LHD vehicle tire, which
had a nominal radius of 0.825 m [63]. However, the wheel radius and actual rolling
radius (R, = 0.796 m) of the LHD vehicle tire differed, since the tire was compressed
slightly due to the machine weight. The lateral distance d, in meters, travelled in the
direction of the LHD vehicle front wheels, assuming no slippage occurred between the
tire and the ground or the tire and the wheel coupling mechanism, was computed as

a function of the encoder cycles per shaft turn (¢ = 1000) by

2 R,

— — —4 5
= 0185 = 4.911 x 10~*m/count. (4.5)
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Figure 4.4: Workbench photograph of the two SC-2345 shielded carriers with one
opened top, displaying the SCC Series modules within

4.1.3 Signal Conditioning

Conditioning of the voltage signals from the sensors of subsection 4.1.2 was facilitated
through the use of two National Instruments Corporation of Austin TX, U.S.A. SC-
2345 shielded carriers (with configurable connectors and equipped with SCC-PWRO03
power modules) in cooperation with a set of off-the-shelf as well as custom fitted
SCC Series modules [67]. In turn, each SC-2345 shielded carrier was connected via
a National Instruments Corporation 68-pin E Series cable (model PSHR68-68) to
a National Instruments Corporation DAQCard-AI-16E-4 16 channel, 12-bit analog,
PCMCIA style personal computer (PC) input device. The two said PCMCIA data
input devices were installed in a Toshiba, Inc. model Satellite 330CT notebook com-
puter, having a Pentium processor, 96.0 MB of random-access memory (RAM), 3.81
GB of data storage space, and running the Microsoft, Inc. Windows 98 4.10.1998

operating system.

For the purpose of strain gauge monitoring, two SCC-SG02, two-channel, 350
, quarter bridge completion modules and four SCC-SG04, two-channel, full bridge
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modules were utilized. Although discussion of the strain gauge instrumentation is
not given here, as per the statement of subsection 4.1.2, it should be noted that the
inclusion of 12 channels of strain gauge measurements is what necessitated the second

SC-2345 carrier and PCMCIA data input device pair.

Three SCC-FTO01, two-channel feedthrough modules were customized to provide
buffering, common-mode rejection, and low-pass filtering of sensor signals from the
four pressure transducers and two linear displacement transducers described in sub-
section 4.1.2. A functional circuit diagram for a customized SCC-FTO01 module is pro-
vided in figure 4.5. Firstly, differential inputs to each of the two SCC-FT01 module
channels were passed through an Analog Devices, Inc. of Norwood MA, U.S.A. modei
AMPO4(FP) precision single supply instrumentation amplifier with a chosen gain of
one, set by an external 100 kQ2 precision resistor [4]. Having rejected common mode
signals (at approximately 55 dB for unity gain), the resulting ground referenced signal
was then passed through a first-order low-pass filter having a cut-off frequency (de-
fined at —3 dB response) of approximately w. = 1.6 kHz prior to acquisition by the
data input device. Power was provided to the sensors and signal conditioning com-
ponents via regulated +5 V and +15 V sources supplied by a SCC-PWR03 power
module located on each of the SCC-2345 carriers.

Digital output from the incremental optical encoder was provided in the form of
two pulse trains, labelled channels A and B, positioned one-quarter cycle out of phase
(i.e. in quadrature) for encoder position and direction measurement. The quadrature
encoder data channels A and B were passed respectively to the PFI8 (source) and
DIO6 (up/down counter 0) pins of a PCMCIA data input device, via the terminal
block provided on the corresponding SCC-2345 carrier unit. A +5 V supply (sourced
from the PCMCIA data input device) referenced to the digital ground pin labelled

DGND was used to power the encoder circuit.
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Figure 4.5: Customized SCC-FTO1 feedthrough module circuit diagram
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4.1.4 Data Acquisition Software Programming

Signals were acquired by the twin PCMCIA data input devices described in subsection
4.1.3, and processed on a PC as described in subsection 4.1.3 running a custom built
application in the National Instruments LabVIEW 6i graphical programming envi-
ronment [68, 69]. The commissioned application, entitled LHD-DAQ.vi was written by
the candidate so as to facilitate the collection of data during field trials. The appli-
cation provided a graphical interface for operator input and data visualization pre-
and post-acquisition. User definable options included programmable sensor channels,
buffer size (samples) and scan rate (Hz) selection, in addition to the choice of using
either an ASCII or binary type data storage method.

A sampling of graphical block code for the custom application LHD-DAQ.vi is
depicted in figure 4.6. The portion of graphical code that handled the actual buffered
data acquisition tasks is shown to the left (bottom in figure 4.6}, while the remaining
code depicts the data storage function of the application. Notice how the first two
rows of blocks referred to analog signal acquisition from the two PCMCIA input
devices, while the third row dealt with the task of counting rising edges (i.e. digital

signal acquisition) from the incoming incremental optical encoder pulse trains.

4.1.5 Acquisition Synchronization

Synchronization of the two PCMCIA input devices was necessary in order to ensure
that sampling of data from all analog channels, as well as sampling of the digital
counter, was performed simultaneously. To this end, one of the PCMCIA input
devices was designated as a master device, while the other was designated as a slave
device. The analog input “Al scan start” (see figure 4.6) signal was physically routed
via the PFI7 (programmable function input) pin of the master device to the same

pin on the slave device, where it was used as a digital trigger for data acquisition
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Figure 4.6: Custom application LabVIEW 6i graphical code, illustrating block se-

quences related to synchronous data acquisition and data storage
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synchronization. The same signal was also used as a cue for sampling of the counter

value indicating the incremental optical encoder position.

4.1.6 Sampling Rate Selection

A sampling rate of w, = 3.500 kHz was selected for all trials, mainly to accommodate
the possible high frequency components in strain gauge signals, important to com-
plementary research not discussed in this dissertation [64]. At this rate, according to
the Nyquist criterion {8, page 147], signals with frequencies lower than the Nyquist
frequency wy = ws/2 = 1.750 kHz were sampled accurately. Since all of the signal
conditioning modules described in section 4.1.3 included a low-pass filtering stage
with a cut-off frequency at w. = 1.6 kHz, the possibility of aliasing problems due to

signals with frequency components above wy was essentially eliminated.

4.2 Experimental Procedures and Observations

In order to acquire operational data representative of the excavation process under
varying, yet controlled, conditions, the instrumented Tamrock EJC 9t LHD machine
was engaged with rock piles (selection was limited) having varying particle size and
composition. Excavation studies were conducted under the command of skilled oper-
ators having moderately varying operating styles, utilizing documented maneuvers.
The following subsections describe fully the chosen trial excavation scenarios and
the degree to which their parameters were known. Finally, a synopsis of the recorded

data and observations is offered, accompanied by some qualitative analysis.

4.2.1 Excavation Trial Scenarios

Each of the excavation trials was conducted in one of two rock pile types, labelled: (i)
local roundstone, and; (ii) Inco muck. The local roundstone consisted of generally fine
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Figure 4.7: Photograph of the trial rock labelled local roundstone (with 1 yd x 1 yd

frame for scale)

grained sandy material interspersed with larger rounded particles, having a mean size
of approximately 10-15 cm, and a relatively low density (2.6 g/cm?®) in comparison
with the Inco muck (3.2 g/cm3). It is this rock, shown in figure 4.7, that testing
operators at the Tamrock Loaders, Inc. manufacturing facility have traditionally uti-
lized for loader testing. Admittedly, the low density rounded particles minimize the

abrasive damage to new equipment being tested prior to shipment.

To contrast the local roundstone, 33 metric tonnes of Inco muck® were shipped
from the 7630 drift of Inco Limited’s 175 Orebody (an underground hard-rock mine)
in Copper Cliff ON, Canada to the trial location at the facilities of Tamrock Loaders,
Inc. in Burlington ON, Canada. This rock, shown in figure 4.8, was used in order to
lend credibility to the excavation study results in that the Inco muck was extracted
from a typical blast at a hard-rock mine located in the Canadian Shield. Note that,
in the photograph of figure 4.8, the Inco muck consisted of angular particles having a

broad distribution of sizes, including some very large boulders, as is often encountered

3In the mining industry, the term muck refers typically to freshly blasted (fragmented) rock, in
an underground mine, which is ready for transport.
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Figure 4.8: Photograph of the trial rock labelled Inco muck (with 1 yd x 1 yd frame
for scale)

in an underground mining excavation scenario. The muck itself consisted of a fine- to
medium-grained, porphyritic amphibole/biotite rich rock known as amphibolite [54].

The executed excavation scenarios were, for the most part, of one of the following
two categories: (i) controlled ezcavation trials, or; (ii) aggressive ezcavation trials.
Controlled excavation trials were conducted by a single operator, where a predeter-
mined sequence of mechanism actions was prescribed. For example, one prearranged

controlled excavation operation kept to the following sequence of steps:

1. Advance loader into the rock pile, with bucket in ready position;
2. Roll back with dump cylinder only, while applying constant tractive effort, and;

3. Retreat from the rock pile upon completion.

A variety of controlled excavation trials were conducted in both local roundstone and
in Inco muck, so as to observe the effects of both rock pile types on the operational
parameters measured by the installed instrumentation.

Aggressive excavation trials were conducted by two skilled operators, different
from the single operator used for the controlled excavation trials. For these aggres-

sive excavation trials, the operators were simply instructed to fill the loader bucket
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as completely as possible, without concern for following any prescribed sequence of
actions. It was hoped that the results of these trials might provide the most signifi-
cant insight into the evolution of machine parameters (i.e. motion and forces) during
excavation, in addition to perhaps an indication of potentially feasible approaches to
automation of the loading cycle.

Further to the excavation trial scenarios described above, a number of free-space
motion trials were conducted, in order to perhaps validate and later identify a model
for the loader mechanism behaviour while not in contact with the environment. The
loader mechanism was given rich operator inputs, attempting to cover a wide range of
possible mechanism configurations. As well, trials were conducted where the operator
provided only pulse inputs to the cylinders, and resulting oscillations of the mechanism

structure, also observable in the cylinder pressure measurements, were recorded.

4.2.2 Synopsis of Experimental Results and Observations

During the period of study, a very large quantity of data was acquired (on the order of
approximately one gigabyte when in ASCII format) for approximately 80 performed
excavation trials. In this subsection, a very small sampling of the collected data
is presented as it pertains to representative observations, and to the modelling and
control investigations that are presented in the chapters that follow. The volume of
collected data that is not included here should remain on file at Queen’s University

for possible distribution and use in further research.

Free-space Motion

Firstly, in order to provide a basis for comparison with the controlled and aggres-
sive excavation trial results, presented in figure 4.9 are representative data from the
collection of free-space motion trials. These data illustrate the nature of both the

measured pressure (force) signals and hydraulic cylinder length (configuration) sig-
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Figure 4.9: Representative free-space motion trial data

nals. The top row of plots in figure 4.9 shows the resulting cylinder forces, computed
from cylinder pressures as described in subsection 4.1.2, which corresponded to the
cylinder motions shown in the bottom row of plots, on the same independent axis
scale. The lift cylinder forces printed in the figure are representative of the actuation
provided by both lift cylinders acting in tandem, as though there existed only one
lift cylinder supplying twice the actuating force. It should also be reiterated that a
negative force corresponded to pressures within the cylinder so as to tend towards a

reduction in its length.

Note the comparatively high frequency changes observed in the cylinder forces;
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fluctuations not seen in the relatively smaoth cylinder displacements. Qbserved force
spikes, and subsequent oscillations, in the cylinders corresponded to sudden changes
in motion, for example, an abrupt stop or change in direction. Also, due to the ar-
rangement of the loader mechanism components and actuators, lift and dump cylinder
forces were not independent of one another. For reasons that will be reviewed later
in this thesis, but which are rather obvious, the lift and dump cylinder forces de-
pended not only on their respective cylinder lengths, but on the overall configuration
of the mechanism. For instance, one could not change the lift cylinder length with-
out observing changes in both the lift and dump cylinder forces, although the dump
cylinder length may not have measurably changed. Another particular phenomenon
that was observed, although not illustrated in figure 4.9, was the extremely kigh force
produced when a cylinder had reached an extension limit. Hitting the stops, as i. was

termed, often resulted in a cylinder force exceeding 4-5 times the nominal.

Controlled Excavation

In the consideration of controlled excavation trials, it was learned that there exist
primarily two operator approaches, with regards to lift and dump cylinder actions, to
tackling the fragmented rock excavation problem using an LHD machine. The first
approach is to attack the rock pile using both the boom and bucket actuators, raising
the boom using the lift cylinders whilst rolling back the bucket by retracting the
dump cylinder. The second approach, endorsed by the trial LHD machine manufac-
turer Tamrock Loaders, Inc. [87], aims to utilize only the dump cylinder during the
excavation operation, while decisions on how to actuate the dump cylinder are made
based on the operator perceived excavation conditions. Obviously, in order to fill the
bucket completely and effectively, a significant amount of tractive effort is required,
although this parameter was assumed to be approximately constant for the current

research (again, see section 1.2).
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Therefore, although a number of controlled excavation trials were tried, partic-
ular focus was given to trials following the second operator approach, as described
above (also given as the example of a controlled excavation operation in the previous
subsection, on page 52). A number of controlled excavation trials, as explained, were
conducted in the local roundstone. A representative sample from these trials is given
in figure 4.10. Only the dump cylinder force and displacement are shown, since for
these trials lift cylinder motion was not allowed. The time period up to approximately
7-8 seconds covers the penetration phase of the excavation operation. During this
phase, the operator was simply pushing the bucket, with its base plate tilted slightly
downwards, into the rock pile using the tractive effort of the LHD machine. Note
that the dump cylinder remained essentially motionless during this period, but that
slight positive forces were measured by the pressure transducers. This is as a result of
the rock being pushed into the bucket and causing a moment about the bucket joint

so as to try and extend the dump cylinder.

The point labelled (a) in figure 4.10 marks the end of the penetration phase, and
the beginning of the scooping phase. During this phase, the operator rolled back the
dump cylinder causing excavation media to fall deep into the bucket. Note the large
negative forces, indicating that the dump cylinder was working hard to tilt the bucket
so as to capture the excavation material. As may be seen from the relatively constant
slope of the line that represents the change in dump cylinder length, the dump cylinder

motion was very smooth and took place at an almost perfectly constant velocity.

The point labelled (b) indicates the time at which breakout* occurred. For the
case shown in figure 4.10, breakout happened very shortly after the operator com-
menced the scooping phase, indicating that either the rock pile face had a very shallow

slope or that there was insufficient bucket penetration into the rock pile. In this case,

4The term breakout refers to the event at which the bucket ceases to contact the rock pile, having
completed an excavation pass.
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Figure 4.10: Representative controlled excavation trial in local roundstone

it was predominantly the latter that contributed to a somewhat premature break-
out. Finally, the point labelled (c) designates the time at which the dump cylinder
had reached its retraction limit, resulting in a sudden jump in sensed force, a phe-
nomenon that was introduced previously in the context of free-space motion trial
data. Although a full bucket of local roundstone was not achieved in this case, it
was observed that data acquired from only the dump cylinder parameters have the

potential for exposing a great deal about the excavation operation that took place.

The obvious next step is to compare results from controlled excavation trials car-

ried out in the local roundstone to similar experiments conducted in the Inco muck. A
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representative sample of data from trials conducted in Inco muck is provided in figure
4.11. Similar to figure 4.10, only the force and displacement data for the dump cylin-
der isshown. In figure 4.11, the points labelled (a), (b), and (¢) may be interpreted to
have the same significance as described for figure 4.10. In the case of excavation trials
in Inco muck, as compared with those trials conducted in the local roundstone, very
large (positive) forces were encountered during the penetration phase, indicative of
the rock characteristics and possibly the applied tractive effort. Similar to the previ-
ous case, for the excavation trial shown in figure 4.11, breakout happened a relatively
short time after commencement of the scooping phase, indicating a potentially poor
result where the objective of completely filling the bucket is concerned. However,
one significant difference worth notice is the dump cylinder force at which breakout
occurred. In the case of excavation in the local roundstone, the force at breakout in
the dump cylinder had a magnitude of approximately 140 kN; whereas, in the case of
excavation in the Inco muck, the dump cylinder force at breakout had a magnitude
of about 260 kN. This was, for the most part, due to contrasting properties of the
excavation media (since the Inco muck was much more dense and had many large
particles), although perhaps due in part to slightly better penetration in the case of
the operation shown in figure 4.11. Once again, the dump cylinder motion during
the scooping phase (and afterwards) was very smooth and took place at an almost
constant rate. However, fluctuations in the cylinder force between points (b) and (c)
indicate oscillations (of small magnitudes) in the cylinder, possibly due to shifting
material within the bucket or cylinder/structural resonance due to contact with the

rock pile.

Aggressive Excavation

Aggressive excavation trials were admittedly the most interesting of the conducted

experiments. These trials were conducted with the hope of observing patterns in
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Figure 4.11: Representative controlled excavation trial in Inco muck

the measured machine parameters during excavation, so as to: (i) gain a further
understanding of excavation process; (ii) gather data whereby a model capable of
identifying and possibly simulating the process might be developed, and; (iii) discover
whether machine parameters, such as cylinder pressures, might be used as source of

feedback towards the development of a control system for autonomous excavation.

As was mentioned previously, there were two operators available to execute ag-
gressive excavation trials. Both operators were experienced in LHD operation. Fur-
thermore, aggressive excavation trials were carried out solely in Inco muck, since this

rock pile duplicated best the conditions under which underground excavation might
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Figure 4.12: Representative aggressive excavation trial for operator (I)

take place. The trial operators were simply instructed to fill the loader bucket as
completely as possible at each iteration, which they managed to accomplish exceed-
ingly well. Figures 4.12 and 4.13 present the dump cylinder measurement results of
representative excavation trials for two operators numbered (I) and (II) respectively.
Once again, the points labelled (a), (b), and (c) may be interpreted to have the same

meaning as described for the figures showing controlled excavation trials.

Firstly, it should be reported that both operators chose to control only the dump
cylinder during the scooping phase. In both cases, the lift cylinder position remained
approximately steady. As opposed to the controlled excavation trials, it was observed

that the penetration phase was generally longer and produced higher positive cylinder
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Figure 4.13: Representative aggressive excavation trial for operator (II)

forces in the aggressive excavation trials. As a result, more material was collected
in the bucket during the subsequent scooping phase. In the scooping phase, the
aggressive excavation trials showed stepped changes in the dump cylinder length,
as opposed to the relatively smooth motions observed during controlled excavation
trials. These stepped motions, due in part to the response of hydraulic actuators
to bucket-rock interaction and in some cases produced by the operators in reaction
to their continuous assessment of the situation, resulted in an extended scooping
phase as compared with the controlled excavation trials. Consider the difference

in dump cylinder retraction rate between the trials shown in figures 4.11 and 4.12.
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During controlled excavation trials, a retraction rate of about 140 mm/s was observed,

while during aggressive excavation trials, a reduced cylinder retraction rate closer to

approximately 35-40 mm/s was noted.

For the cases portrayed in figures 4.12 and 4.13, both operators managed to fill the
loader bucket completely. Although both operators utilized only the dump cylinder
during excavation, there were some noticeable differences between their individual
approaches. During the penetration phase, the angle of attack taken by operator (II)
was steeper (longer dump cylinder length) than that used by operator (I), resulting
in relatively high forces experienced by the dump cylinder during penetration of the
rock pile. Although the cylinder displacement plot for operator (I) indicates that a
stepping action was used during retraction of the cylinder in the scooping phase, the
cylinder displacement plot for operator (II) indicates the use of significant oscillations,
perhaps in an attempt to fluidize the rock pile so as to cause rock particles to flow
more easily in and around the bucket. This type of action, causing oscillation of the
bucket angle, is reminiscent of the algorithm described by the patent of Dasys et
al. [15], mentioned in chapter 2. For the case shown in figure 4.12, operator (I) was
able to keep the bucket within the rock pile for almost the entire time dump cylinder
retraction was taking place. Whereas, operator (II) was able to break out of the pile
at an earlier stage of dump cylinder retraction (although it took approximately the

same time to pass from point (a) to point (b) in both cases).

At the very least, the aggressive excavation trials have allowed for qualitative and
comparative observations to be drawn regarding the excavation of fragmented rock
using an LHD machine. Through the collection and analysis of operational data, a
clearer understanding of the excavation process and its characteristic stages has been
achieved. It is these data that provide the basis for further study in the chapters that

follow.
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Figure 4.14: Computed vehicle translation, based on incremental encoder measure-

ments, corresponding to the excavation trial of figure 4.13

Wheel Slippage

An issue not discussed to this point is wheel slippage during excavation. It was dis-
covered, although too late for any changes to be made, that the use of an incremental
wheel encoder for vehicle translation measurement was, in some respects, inappropri-
ate. This unsuitability was due to the significant amount of slippage that occurred
between the vehicle tires and the uneven terrain during excavation. Figure 4.14
shows a plot of the vehicle translation, as computed from the incremental encoder
data, which corresponds to the aggressive excavation trial of figure 4.13. Notice the
small signal fluctuations during the period from 5-15 seconds. Coinciding with this
time period were portions of the penetration and scooping phases. In actual fact,
the vehicle was barely moving during this time, as opposed to the computed travel of
over 3 m.

Nonetheless, the wheel encoder data did have some usefulness in that it provided
landmarks for each trial, through which interpretation of the cylinder pressure data
was facilitated. Consider the force plot of figure 4.13. It becomes obvious through
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inspection of the incremental encoder data of figure 4.14 that breakout had occurred

prior to the 22 second mark, since after this time the vehicle was most definitely

moving in reverse.



Chapter 5

Dynamics of the Loading Process

[t remains clear, in light of the material that has been presented thus far, that further
investigations into possible techniques for modelling the underlying dynamics of the
excavation process are warranted. In the context of autonomous excavation, the term
dynamics is used to mean the study of excavator motions under the influence of actu-
ator and rock interaction forces. Although there is no doubt that these dynamics are
complex, for feedback control techniques to be considered as a means for development
of an autonomous excavation system, the availability of a model that may be used

for analysis and possibly simulation is most necessary and useful.

The modelling problem was first approached from an analytical perspective, as
an exercise in mechanics and to show potential alternatives to nonlinear system iden-
tification. Through the use of techniques from Lagrangian mechanics, based on the
material introduced in chapter 3, the loader mechanism dynamics (i.e. motions associ-
ated with only the boom, bucket, and actuator links) were modelled as a closed-chain
mechanical system. Next, a distinct element method (DEM) and artificial neural net-
works were considered, although only briefly, as potential alternatives for bucket-rock
interaction modelling. Finally, presented in this chapter are the results of efforts to

model the machine dynamics, as well as the loader motions during scooping opera-

65
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tions in fragmented rack, using the parallel cascade identification (PCI) technique.
Data from aggressive full-scale experimental trials, as described in chapter 4, were
used in the identification process for linear and nonlinear elements of PCI models.
Attempted modelling scenarios are provided alongside a detailed description of the

means by which the PCI algorithm was implemented and applied.

5.1 Euler-Lagrange Formulation

A first attempt at modelling the loader mechanism dynamics (as an exercise in applied
mechanics) was done without concern for rock interaction, and through consideration
of the mechanism as a robot manipulator, similar to the concepts proposed in {33, 86].
Concurring with the experimental material of chapter 4, only the dynamics resulting
from lift and dump cylinder actuation were considered. A Lagrangian approach, as
described in chapter 3, was used to derive equations of motion for the given mecha-
nism. This was also recognized by Sarata et al. [86]. However, in [86], only a means
through which the equations might be formulated was given, and the technique was
never actually implemented.

The loader mechanism of the Tamrock EJC 9t LHD machine used for the current
research, by inclusion of the linear actuators, formed a multi-loop, closed kinematic
chain of links. It is conceivable that dynamical equations of motion could have been
formulated using only the boom and bucket links of the system, through the applica-
tion of actuator forces as external forces on the resulting serial mechanism. Although
this more simplistic perspective might have been acceptable for static force analysis
[33], the inertial properties of the actuators and the inclusion of explicit holonomic
constraints that define the closed kinematic chains shaped a convincing argument for

an attempt at formulation of the system as a closed-chain mechanism.

Schematic drawings of the Tamrock EJC 9t LHD loader mechanism are presented
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Figure 5.1: Schematic drawing of the loader mechanism

in figures 5.1 and 5.2. The actuated lift and dump cylinder prismatic joints were
denoted by ¢ = [q qa]T € R? and the corresponding actuated cylinder forces denoted
by ¥ = [n 4|7 € R% Table A.3 (located in appendix A.l on page 134) lists the
inertial properties® for each of the links in the system. Note that, although the boom
and bucket links were obviously much larger in mass than the actuators, the cylinder
component masses themselves were not entirely insignificant. Table A.4 lists the fixed

physical dimensions of the loader mechanism, as illustrated by figure 5.2.

5.1.1 Reduced System Mechanies

As was necessary, the loader mechanism of figure 5.1 was cut open at strategic boom
and dump cylinder locations; namely points E and F. The dynamics of the serial
reduced system were then modelled through an application of the Euler-Lagrange
equations, as described in chapter 3. The Denavit-Hartenberg [16] coordinate frames

for the serial reduced system were developed, as shown in figure 5.3, and the joint

!Moments of inertia I._; were taken about the link centre of mass, with reference to the base
frame. The constants a.; and b.; were used to locate the centre of mass of link z. Values were
computed through computer modelling of the boom and bucket structures; see [64].
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variables were subsequently denoted by g = [q1...¢6]7 € RE, with ¢, and g¢g being
linear displacements corresponding to the lift and dump cylinder extensions. The

corresponding generalized actuating forces were denoted by T = [, -+~ 15]T € RS.

Kinetic and Potential Energy Expressions

The total kinetic energy of the reduced system was written as

6
K = 33" (mvlvs + ol Lw) = 5¢"Dia)d (-1)
i=1
with
e = Jo(0)d (5.2)
wi = Rf(q)Ju(9)d (5.3)

fori=1,2,...,6 links, where J,_(q) and J,(q) were Jacobian matrices, the matrix
R;(q) took care of the fact that the angular velocity w; must be expressed in a frame

attached to its respective link, and I; was the inertia tensor for the link 7 about its
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Figure 5.3: Denavit-Hartenberg coordinate frames for the serial reduced system

centre of mass. Given the planar motion of the system, for all links i

00 O
L=100 0 ) (5.4)
00 Izzi

The centre of mass location vectors r, were next computed from the coordinate

frames of figure 5.3, giving?

a1 S)
Ta = aaCy
] 0
—(g2 — a2)$1
T2 = (g2 — a2)Cy
I 0

2The abbreviations S;; 2 sin(g; + ¢;) and Cj; 2 cos(g; + g;), commonly used in the robotics
literature, were applied as needed to simplify the resulting expressions.



CHAPTER 5. DYNAMICS OF THE LOADING PROCESS 70

—g251 ¥ ai3Ci3 — be3Sia
T3 = 02C1 + 63513 + be3Cha
0

-

—q251 + daC13 — 64Chrag + beaSi34

]

Tea = ¢2C) + d2S13 + @4 S134 — beaCliaa

0 J
—251 + d2Cy3 + d3Chas + 85 S1345
Tes = @2Cy + daS13 + d3S134 + ac5Chass
0

( —q25) + d2C13 + d3Ch34 + (g6 — Gcs)S1345
T = q:C\ + d2S13 + d3S134 + (g6 — acs)Ciaas | - (5.5)
0

Therefore, the Jacobians J,,_(q) were finally computed such that

_ arm a‘l‘a x6 -
Jo: (@) = [ o0, 3 ] € R3S, (5.6)

The resulting Jacobian matrices are not printed here due to their length. Instead,
they may be found in appendix B.1 on page 137. Combination of these Jacobian
matrices with equation (5.2) produced the translational kinetic energy portion of

equation (5.1). It is clear that, for the given serial reduced system,

r T
w = 0 0 q;]
. T
w2 = 0 0 ql]
: r
w3 = 0 0 ljl+q‘3:|
: r
we = [00 di+dora]
- T
ws = [00 Gi+dsrantas
- T
we = [00 ai+datdutds| - (5
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Fortunately. rotation for all links accurred about parallel axes, so the above expres-

sions remained valid for link-bound frames. Hence, the rotational kinetic energy

portion of equation (5.1) was given by
[ <6

i=1 I zzi 0 Z zzt Z?=4 I 2z f=5 I zzt 0
0 0 0 0 0 0
1 1 . Z,- Iz:i 0 Z?=3 Izzi :?:4 I:zi Zf—- I zi 0 -
5d"Qg =5¢" | T ) . T g. (5.8)
Zg—4 Izzi 0 Z£=4 I zzi Z.-=4 I zzi 23—5 I zz 0
0

‘=5 I zzt 0 Z,—s zzi 6:5 Izzi 2?:5 I zz1
0 0 0 0 0 0 ]
Next, the potential energy for the reduced system was computed as the sum of the

individual link potential energies. For each link, the potential energy was computed
as simply its total mass multiplied by the gravitational acceleration g ~ 9.81 m/s®
and the height of its centre of mass above the point A, which gave

Vilg) = —-migaas

Va(q) = —mag(qe — a2)S)

Vi(g) = mag(—g251 + ac3Ci3 — be3Si3)

Vi(g) = mug(-g251 +d2C13 — ae4Chas + beaSi34)

Vs(g) = msg(—g2S1 +daClis + d3Cias + acsS1aas)

Ve(q) = meg(—q25:1 +d2Cia + d3Ciu + (g6 — Ges)Sias) - (5.9)

Thus, the total potential energy was

6
Vig) = g Vi(g) - (5.10)

Inertia Matrix

By equation (5.1), the inertia matrix was formed by adding the matrices computed

above, such that

D(q) = Zm. (@) T (q) + 2 (5.11)
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Carrying out the above multiplications and using standard trigonometric identities
led to expressions for the entries of the inertia matrix D(q), containing the dj; of

equation (3.3) on page 25.

Christoffel Symbols, Potential Terms, and Equations of Motion

The Christoffel symbols c;;jx(q), embedded in equation (3.5) on page 26, were com-

puted using the definition

B é l 6dk,~ 8dk, _ 8d,,

Although a number of the computed Christoffel symbols were zero, the results of even
non-zero computations are not shown here for brevity. Instead, these computations
are printed in appendix B.2 on page 139.

The potential functions @, defined in equation (3.6) on page 26 were computed,
but again, are not shown here for brevity. These potential functions may be found in
appendix B.3 on page 146.

Finally, equations of motion for the reduced system were formulated. These dif-
ferential equations are not printed here since their inclusion would not enhance the
content of this dissertation. According to equation (3.3), they are composed of the
terms printed above and in appendix B. Additionally, it should be noted that a com-
puter algebra package was used to assist in the derivation of resulting reduced system

equations of motion.

5.1.2 Holonomic Constraints

Beginning with the holonomic loop closure constraints, expressions for the reduced

system joint angles ¢, and g3 were computed from geometry, and were given by

@@ = w—¢g —arccos. A (5.13)

@B = 3?1{ — g9 — arccos B (5.14)
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where
&2 +qf — d?
.A = 5 { 1
2dsq;
g = f+tad-4&
2dq

As a result of the four-bar linkage structure that existed due to the placement of
the dump cylinder, between the bucket and vehicle body, computation of holonomic
constraints for the joint angles g, and g5 became more complicated. Consider the
four-bar linkage structure formed by points FCDE in figure 5.2. The variable p was
selected to represent the distance CE, also a function of the lift cylinder length g.

By the law of cosines

N~

p= (di +di — 2dydgcos(3m — 26, —€y —€3 —€5 — qy — QS)) (5.15)
Next, again utilizing the law of cosines
qs = 7+ €4 — arccosD — arccos€ (5.16)
gs = —27{ — arccos F (5.17)
where
p - £ré-d
2 pd
g = PHdi—d
2 pdg
;_ BrE-2
2d3q,

The holonomic velocity constraints corresponding to the joints g and g were
found by their equivalency to the time derivatives of equations (5.13), (5.14), (5.16),
and (5.17). If the elements of the Jacobian matrix G of equation (3.8) on page 27

are denoted by g;;, then
T

7] 1 0
G- af(q) _ |9 g1 g4a1 gs1 . (5.18)

9q 6 0 0 gi2 gs2 1
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Derivation of the acceleration constraints corresponding to the joints ¢ and g
required the computation of the time derivative of the velocity constraint Jacobian,
as per equation (3.9) on page 27. If the individual elements of G are denoted by
Gij = %g.«j, then

T
g1 0 g1 gu g O ’ (5.19)

0 0 0 ge gs2 O

G=

5.1.3 Closed-chain Mechanism Dynamics

Given the reduced system dynamics and the holonomic loop closure constraints
worked out above, the closed-chain mechanism dynamics were subsequently computed
through application of the generalized actuating force transformation that relates the
closed-chain mechanism dynamics to the reduced system dynamic model, after the
technique developed in chapter 3. Furthermore, since the resulting analytical model
did not consider the effects of damping or friction in the actuators, it was necessary to
include additional terms in an attempt to account for these effects (e.g. cig; and cqgy
damping terms). The resulting nonlinear differential equations were complex, hav-
ing many terms as was expected, necessitating the assistance of a computer algebra
package to aid in their development.

Steps were taken to simulate the dynamical equations using a numerical inte-
gration routine in the MATLAB® technical computing environment. It was quickly
discovered that this process would involve further complications, namely the trans-
lation of equations into the appropriate computer code, the occurrence of joint sin-
gularities, and the adaptation of experimental data for use as actuator input values.
Consequently, it was decided not to tackle these issues in accordance with the bigger
picture, since these equations only consider free-space motion of the LHD mechanism.

Although numerical simulations were not attempted, it was felt that communica-

tion of the steps taken towards computation of the closed-chain mechanism dynamics
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was a worthwhile exercise, as well as complementary to the problem at hand.

5.2 Modelling Alternatives

The analytical approach of section 5.1 considered modelling only the LHD loader
mechanism, without consideration for any interaction with its environment, namely
a rock pile. In order to have any usefulness towards the problem of autonomous
excavation, the given analytical model would have to be extended to include external
forces acting on the bucket link. From a mechanical system modelling perspective,
this extension would be relatively straight forward in that generalized forces, more
specifically their corresponding influence on the chosen coordinates, need simply be
appended to the model of section 5.1. This is illustrated in figure 5.4, where f,
represents the vector of externally applied actuator forces, f. denotes the vector of
resistive forces to excavation, and « is the machine state. However, the problem of how
to compute, for the purpose of modelling, the forces of resistance during excavation
remains unresolved. In section 2.2, it was noted that various empirical and analytical
studies have been conducted with the intent of resolving such interaction forces from
a mixed set of excavation parameters. For example, consider the work of Takahashi
et al. [102, 105], where resistive forces during excavation were computed analytically
using assumed geometrie and frictional parameters of the bucket and rock pile.

In the subsections that follow, a distinct element method (DEM) and artificial
neural networks are considered briefly as two possible approaches to the problem of

bucket-rock interaction modelling.

5.2.1 Distinct Element Method

The distinct element method (DEM), after Cundall and Strack [14], entails construc-

tion of a numerical model capable of describing the mechanical behaviour of collections
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Figure 5.4: A block model for the machine excavation process

of particles, modelled as discs (or spheres in three dimensions). The computational
scheme is based on an application of Newton's second law to each individual parti-
cle (i.e. disc or sphere), in conjunction with a force-displacement !aw describing the
particle to particle contact forces. Hence, the force-displacement law is used to find
particle interaction forces from displacements, while Newton’s second law computes

the motion of each particle based on the contact forces that act on it.

In reality, the force-displacement law is meant to represent the deformation of
individual particles while in forced contact with each other. However, for the purpose
of assembly simulation, the particles are simply allowed to overlap one another at
contact points. It should be noted, however, that the magnitude of overlap is to be
very small in comparison with the individual particle sizes. The resulting contact
force is then computed to be in direct proportion with the degree of overlap, as
though there existed a spring-type element, connecting the two particles, that acts
only in compression. Likewise, a damping element may be added to the model, which
again, acts only when the particles are in contact. Models may be constructed to act
similarly in both normal and tangential directions of contact, so as to imitate both
normal and shear forces acting on each particle, although allowing the variation of
parameters to dictate the specific force-displacement relationship in each direction.
For arithmetic details of the algorithm, the reader is referred to [14, 101].
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As was mentioned in chapter 2. the DEM of Cundall and Strack was conceived
for the purpose of modelling granular assemblies having very small particle sizes, at
least in relation to the fragmented rock piles described in chapter 4. Nonetheless, the
technique was recently applied by Takahashi [101] to simulation of particle behaviour
in a virtual rock pile. Unfortunately, since the experimental data Takahashi used
to validate the DEM model was derived from laboratory scale trials, the constructed
DEM model used a particle diameter of only 12 mm. In addition, the model employed
a uniform particle size, as well as a predetermined (or prescribed) motion for the ex-
cavator bucket. As a result, there remains much room for improvement and extension
of the DEM approach to modelling bucket rock interaction forces. For example, con-
sider the use of a DEM model to act as the block titled “Bucket-rock interaction” of
figure 5.4. Ideally, the Lagrangian model of section 5.1 could be extended, as pre-
viously discussed, and subsequently used as the block titled “Machine dynamics” of
figure 5.4. Through combination of the two models in such a way, the simulations
performed by Takahashi {101} could be appropriately extended to include the machine
dynamics, and the fact that a system for autonomous excavation would necessitate
determining the required actuator inputs to overcome bucket-rock interaction forces.

Further to including the machine dynamics, the DEM model could be improved
by selecting assemblies of particles having varying sizes, as is typical to the aver-
age fragmented rock pile. In fact, there exist already well established techniques for
describing particle size distributions for piles of fragmented rock. For example, the
Rosin-Rammler equation has been used for blasting analysis [38], which uses tech-

niques from the field of mineral dres-ing, and has the form
R=1-¢(2) (5.20)
where R is the fraction of material less than the diameter d,, the constant d. is called

the characteristic size, and n is a constant called the uniformity inder. Therefore,

through adjustment of the characteristic size and uniformity index parameters, var-
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ious rock pile distributions could be developed, possibly based on actual rock pile
measurements, for use in defining a collection of particles to be employed in DEM
modelling.

Integration of the above suggested improvements with the available experimental
data reported in chapter 4 could provide one alternative to modelling the excavation
process. However, some disadvantages of the DEM approach include its numeri-
cally intense nature, and the fact that the technique would only be useful in offline
simulations, providing little additional knowledge that might be incorporated into a

potential controller for autonomous excavation.

5.2.2 Artificial Neural Networks

Another possible approach to modelling the excavation process, whether simply the
LHD loader mechanism or the entire excavation process, lies in the application of
artificial neural networks. Such neural networks refer to the formulation of systems
whose central theme is borrowed from the analogy of biological neural networks [60].
Essentially, artificial neural networks, similar to biological neural networks, consist of
an interconnected collection of nodes (analogous to neurons), where each node per-
forms some simple computation over its inputs, or more commonly over the sum of
its inputs. Inputs (analogous to synapses) are in turn weighted (analogous to synap-
tic efficiency) and interconnected based on the desired network function, through a
training (analogous to learning) procedure.

Perhaps the most common of the artificial neural network architectures is the mul-
tilayer feedforward network where training is accomplished through application of the
least mean squared algorithm known as backpropagation, popularized by Rumelhart
et al. [83]. In the context of applied science and engineering, such artificial neural
networks have been utilized for robot control, vehicle control, and even the identi-

fication of robot inverse kinematics [60]. In fact, in their work, Shi et al. [90, 91]
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employed the backpropagation algorithm to the problem of autonomous excavation,
by training their finite-state machines (see section 2.1} for individual tasks based on
data collected from observed human operator actions.

Advantages of the artificial neural network approach, in the task of modelling
nonlinear systems, lie in its intrinsic simplicity and the ease by which training of
the network may be accomplished. There exist, however, several difficulties and
disadvantages to the use of neural networks. Firstly, selection of the network structure
(i.e. number of layers and nodes per layer) is often arbitrary, often selected by trial
and error. Secondly, there exist issues surrounding error convergence to a global
minimum and the ability of a given network to generalize. Perhaps most notably,
once a network has been developed and identified, there exist no rcal means by which
significance may be attributed to its structure or the values of its connection weights,

providing little insight as to the physical nature of the identified process.

5.3 Parallel Cascade Identification

It was decided that an effort to employ the method of parallel cascade identification
(PCI) for nonlinear systems might be a worthwhile mission, since the system to be
modelled (i.e. the observed excavation process) seemed to fit the criteria communi-
cated by Korenberg in [44]. Furthermore, it had been reported recently that a SISO
version of the PCI algorithm had been used successfully by Eklund and Korenberg
[19, 20] to simulate aircraft pilot flight controls, having a dynamic model similar in na-
ture to the LHD loader mechanism. Although the analytical model used to represent
the flight control system used by Eklund and Korenberg (20, page 74] was markedly
less complex than the system described by the proposed Euler-Lagrange equations
of section 5.1, it was noted that the PCI algorithm had no troubles identifying even

significant hysteresis nonlinearities [19, page 83] in the system.
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Moreover, as opposed to the DEM and artificial neural network approaches de-
scribed in the previous section, a PCI model that could describe the LHD loader
mechanism and resulting bucket-rock interactions would have a known internal struc-
ture, and hence yield information that might be exploited towards the development
of a control system for autonomous excavation. At the very least, an accurate and
easily applicable tool would become available for analysis and possibly simulation

during controller design.

5.3.1 Algorithm Implementation

A multiple-input/single-output (MISO) version of the PCI algorithm was imple-
mented in the C programming language on a PC having a 450 MHz Pentium II
processor and 384 MB of RAM. The C language code was compiled, using a Microsoft
6.0 C/C++ compiler, and called as a dynamically linked library (DLL) for use in the
MATLAB® (version 5.3.129215a, release 11.1) technical computing environment, via
a proprietary MATLAB application program interface (API). The reason for the use
of a C language routine, or so-called C language MEX-file [58], was to circumvent
the severe computational bottlenecks (e.g. while- and for-loops) that do not run
fast enough in MATLAB. The resulting C language MEX-file was named suitably
PCI.d1ll.

For the most part, the PCI algorithm was coded as it was described previously, in
chapter 3, and in the manner published by Korenberg [44]. However, there were some
extensions included in the final implementation, not mentioned in chapter 3, which
should be noted. Firstly, up to third-order cross correlations were employed (the
flight control system model of Eklund and Korenberg (19, 20] was found to require

only first-order cross-correlations), resulting in the use of

Grzzyes (1s J20 J3) 2 Bir(M)Z(R — J1)2(n — J2)Z(n — J) (5.21)
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in addition to equations (3.28) and (3.29) on page 33, and subsequently the possible

selection of the impulse response for the linear system h;(j) from
04(J) = Gzzzy;_, () A, A2) £ C(F — A1) £ Co(j — Aa) (5.22)

in addition to the functions ¢, (7), ¢2(j), and ¢3(j). In equation (5.22), A, was selected
from the integer set {0,1,..., R} and A; from the integer set {A,;, (A; +1),..., R},
the sign of each d-term was chosen at random, and the constant C was computed using
equation (3.32) on page 34. Since multiple inputs were allowed, the previously de-
scribed rules for extension to MIMO systems applied. In particular, cross-correlations
of the residue y;—;(n) with the elements of the input vector x(n), as was illustrated
in equation (3.42) on page 37, were applied in a similar fashion to third-order cross-
correlation calculations.

It was also necessary to limit the number cascade paths allowed in the developed
model, so that the number of identified parameters did not exceed the number of
data points available for training. Consider that in each cascade, the sum of dynamic
linear impulse response parameters and static nonlinear polynomial coefficients totals
(R+ M + 2) parameters. If there are I cascades in a PCI model, then I(R+ M + 2)
parameters are identified in total. Although this total number of parameters may not
represent the total number of independent parameters, it does place an upper bound
on the number of possible independent parameters. Therefore, it was ensured that
I(R+M +2) < (N — R+1), which placed a limit on the number of cascades allowed

in the model, such that

N-R+1
I<|7mirs) - (5.23)

As a means of avoiding numerical overflow from the computation of high-order
polynomial terms, it was decided to normalize the input signals to have unity average
absolute value over the range of data. Furthermore, the output u;(n) from each

dynamic linear element L;, which formed the input to a corresponding static nonlinear
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element N;, was also scaled to have unity average absolute value aver the interval
n=R,(R+1),...,T, after the example of Eklund and Korenberg [20]. These scaling
procedures were necessary in particular when the inputs to the system to be identified

were hydraulic cylinder forces, having a magnitude on the order of 10° N.

It is often the case that a model may be improved by including recently past
values of the output as an additional input signal. For example, if a system has an
input z(n) and an output y(n), a new model may be constructed that has two inputs,
namely z,(n) = z(n) and z2(n) = y(n — 1), and one output y(n) [44]. The option
to extend the algorithm to perform this function was incorporated into the PCI.d11
routine. However, it should be noted that stability of the resulting model was found
to be no longer guaranteed with the inclusion of output feedback, as one might have
expected. Therefore, to reduce the chance of possible instability, the polynomial order
was limited to a maximum of M = 2 for cascades that utilized a time delay of the

output as input.

Since the intended function of the modelling process was to identify a general
model for the system at hand, and not simply memorize a particular set of in-
put/output data, the option was provided in the PCI.d1l1 routine to include mul-
tiple data sets for training, as is typical in the training of artificial neural networks.
This was done by inserting marker points (specifically, data points having a value of
1 000 000) between distinct data sets, which the routine used to recognize the start

of 2 new data set and when to subsequently jump (R + 1) steps forward in time.

While the C language code that forms the source for PCI.d11 is not fully dis-
closed in this dissertation (as it totalled over 900 lines), the pseudo-code of figure
5.5, written in a C programming style, illustrates the elementary framework of the
C language MEX-file source code for the described PCI.d11 routine. The ellipses
“...” mark the omission of large segments of code not necessary to understanding

the intended general message of the figure. Note that the while-loop was allowed
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to continue until either the computed model MSE (denoted e) was less than some
desired MSE threshold (denoted MSE), the maximum number of possible cascades had
been exceeded, or the number of tried cascade candidates had exceeded 500. It was
typical in practice to set the fixed value of MSE to a sufficiently small number, so as to
allow the algorithm to try a significant number of possible cascade candidates during
system identification.

Once the source code had been compiled as a MEX-file for MATLAB, it was avail-
able for use as a function from within the MATLAB technical computing environment.

The calling syntax for PCI.d11 from within MATLAB was
[yApci,yBpci,mseA,mseB,I] = pci(xA,yA,xB,yB,MSE,R,M)

where xA and xB were the matrices composed of input vectors for training and test-
ing respectively, yA and yB were the vectors of output data for training and testing
respectively, MSE was the target mean-squared error®, the integers R and M were the
specified memory length and polynomial order respectively, yApci and yBpci were
the identified PCI model outputs for training and testing respectively, mseA and mseB
were the computed mean-squared errors for training and testing, and I was the num-
ber of cascades in the identified model. Note that PCI.d11 was intended only to
implement the PCI algorithm for the purpcse of validating the application of PCI to
modelling of the LHD loader mechanism and possibly the excavation process. Mod-
ifications and/or further coding would be required in order to extract the identified
model parameters for subsequent simulations.

Prior to use in modelling of the LHD loader mechanism and the excavation process,
the PCI.d11 routine was tested on a contrived data set, representative of an invented
nonlinear system. The test system was a MISO nonlinear difference equation, derived
through modification by the candidate of a SISO nonlinear difference equation that

3In all cases, mean-squared error was computed as a percent of the output signal span.



CHAPTER 5. DYNAMICS OF THE LOADING PROCESS 84

#include "mex.h" // Include the MATLAB MEX-function header.

void pciFunction( ... )

{

/* The function pciFunction() performs parallel cascade
identification, building a model based on the algorithm. */

int i = 0; // Cascade counter.
int stop = 0; // Iteration counter.

/* Add parallel cascades while conditions are satisfied. */
while( (e >MSE ) && (i < R+ M+ 2)/(T-R + 1))
& ( stop < 500 ) ) {

it // Increment the cascade counter.
stop++; // Increment the iteration counter.

/* For each time delay find a delta response. */
for(r=0; r < (R+1); r++ ) {

}

/* Compute polynomial coefficients. */
for(m=0; m < M+ 1); m++ ) {

2

}
/* Check statistical benefit of cascade. */
e = ...
if ( benefit == false )
i--; // Decrement the cascade counter.

}

void mexFunction( int nlhs, mxArray *plhs(],
int nrhs, const mxArray *prhs([] )

{

/* The function mexFunction is the gateway (application
program interface) routine for MATLAB. */

Figure 5.5: Pseudo-code illustrating the elementary structure of the C language MEX-
file written to implement PCI for use in MATLAB
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was borrowed by Korenberg [44, page 443] from Mcllroy [59], who employed the
said difference equation to model a simulated communications channel. The newly
invented system, with input &(n) = [z,(n) z2(n)]7, was the nonlinear difference
equation
y(n) = —0.636507 + 1.08717z5(n — 24) + 0.914799z%(n — 23)
— 0.698645x5(n — 27) + 0.967739z2(n — 25) + 0.787682z)(n — 22)
—0.630834z3(n — 28) + 0.160929z2(n — 30) — 0.209741z5(n — 32)
+0.397268z3(n — 21) — 0.117377z,(n — 29) — 0.49215y(n — 2)
+0.114922y%(n — 5) + 0.129476z,(n — 24)z,(n — 23)

+0.211136y%(n — 1) — 0.152675z2(n — 24)y(n — 6) . (5.24)

Using inputs chosen arbitrarily to be of the form

z1(n) = sin(0.05n) cos(0.0808n — 0.052) (5.25)
Za(n) = sin(0.033n)sin(0.025n — 0.08) (5.26)
for n = 1,2,..., two sets of input/output data were computed, for training and

testing, each 1000 points long. The two sets were then passed as arguments, along
with various combinations of memory length and polynomial order, to the PCI.dl1
routine.

Figure 5.6 shows* the outcome of one attempt to model the contrived system using
equations (5.25) and (5.26) as inputs, plus output feedback. The resulting model had
22 cascades, each with a memory length R = 35 and a polynomial order M = 5
(except those with output feedback, where the polynomial order was restricted to
M = 2). The computed MSE for the training data shown in figure 5.6(a) was 0.0457
% over the output span, and the corresponding MSE for the testing data shown in

figure 5.6(b) was 0.1382 %. In fact, modelling outcomes were generally successful

4In all such figures, the dashed line denotes the PCI model output.
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Figure 5.6: Results of PCI (dashed) on contrived data computed from equation (5.24)

even without the inclusion of output feedback. In further testing, random noise was
superimposed on input and output data, so as to determine the PCI algorithm’s ability
to reject uncorrelated noise. Figure 5.7 presents the results of one modelling attempt
where random noise having a magnitude in the range of +1.00 (relatively significant
in relation to the output signal magnitude) was superimposed on the training output
data. Note that the algorithm had no problem successfully modelling the testing
data, as shown in figure 5.7(b), achieving a MSE of 0.448 % (3 cascades, R = 35,
M = 4, with no output feedback). These results, and others of the sort, confirmed
that the encoded PCI.d1l routine was indeed functioning as intended.
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5.3.2 Moaodel Identification Scenarios

Even though 2 number of potential PCI modelling scenarios were possible, the follow-
ing two categories represent the most relevant of those considered. Both presented
scenarios endeavoured to model MIMO systems, since in reality the motions of lift

and dump cylinders were dependent upon the forces at both cylinders.

Scenario (A): Forward Dynamics in Free Space. Both lift and dump cylinder
data were used to model the forward dynamics of the LHD loader mechanism
in free space. In this case, cylinder forces were used as inputs, and each cylinder
velocity (differentiated length) output was modelled by a separate (i.e. MISO)
PCI model. For these modelling attempts, there was no rock pile or other en-
vironmental interaction. Moreover, to avoid further nonlinearity complications,
only cases where the lift and dump cylinders did not reach their extension limits
were considered. The employed input/output data was similar to the represen-

tative motions shown in figure 4.9 on page 54.

Scenario (B): Aggressive Excavation. Both lift and dump cylinder data from
the aggressive excavation trials, presented in chapter 4, were used in an at-
tempt to identify the excavation process in fragmented rock. Again, cylinder
forces were used as inputs, and each cylinder velocity output was modelled by
a separate parallel cascade model. Only data from trials conducted by operator

(IT) were utilized, in order to avoid possible complications due to variations in

operator style®.

Although, as described in chapter 4, the hydraulic cylinder lengths were measured
at each sampling interval and not the corresponding cylinder extension velocities,

both scenarios described above utilized velocity as the output to be modelled. The

5The impact of varying operator styles on modelling and identification of the excavation process
was a factor not investigated in this research.
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reasoning behind this was twofold: (i) in view of Newton's Second Law, one might
expect input forces to be more directly related to velocity as opposed to position,
and; (ii) integration of resulting motions seemed to provide a more smooth and con-
sistent result for comparison with the measured position data. Therefore, prior to
system identification, the derivative of position data was computed using a first-order
finite divided difference approximation [11, page 93]. Subsequent integrations were
performed by a cumulative trapezoidal numerical integration routine [11, page 478].

The inverse dynamics problem was not considered since for the data collected,
if one presumes that it is the application of cylinder forces that results in cylinder
motions and not the converse, this situation would represent a system that is not
causal in nature. However, for the aggressive excavation trials, it is entirely plausible
that external forces on the mechanism result in motions of the boom and bucket
links (no matter how small), which in turn cause possibly significant changes in the
measured cylinder forces. In fact, it is this postulate that forms a basis for the
reactive control schemes proposed in the reviewed patents [15, 77| of chapter 2. By

this rationale, the PCI algorithm may not be as applicable as originally thought.

5.3.3 Synopsis of Identification Results and Observations

During this research, various other modelling scenarios were also attempted. Nev-
ertheless, the described scenarios (A) and (B) of the previous subsection provided

sufficient results for the purposes of this dissertation.

Scenario (A): Forward Dynamics in Free Space

The free-space motion trial data of section 4.2.2 was employed to fit PCI models
using the PCI.d11 routine under the definition of scenario (A). The results of one such

attempt at modelling of the lift cylinder motions is shown in figure 5.8(a}, subsampled
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to a 33 Hz sampling rate®. The resulting PCI model (4 cascades, M = 7, R = 100)
fit the output velocity with a MSE of 1.71 %, having been trained on three sets of
free-space motion trial data. Notice the noise due to numerical differentiation in the
actual velocity data. As was seen previously in section 5.3.1, the PCI algorithm should
have been capable of successful system modelling, even in the presence of such noise.
Figure 5.8(b) shows the outcome of integrating the velocity output shown in figure
5.8(a). Note that (here, and in all subsequent examples) as integration proceeded
in time the velocity output PCI model errors were also integrated, resulting in a

cumulative cylinder position error.

It should also be noted that there were dump cylinder motions taking place at
the same time as the lift cylinder motions shown in figure 5.8. Figure 5.9(a) presents
the results of one attempt to model the dump cylinder motions, concurrent to the
lift cylinder motions above. The ensuing model (4 cascades, M = 5, R = 100) had a
MSE on the testing data of 3.04 %, almost twice the magnitude of the lift cylinder
PCI model. Like the model depicted in figure 5.8, training was done using three
sets of trial data, subsampled to 35 Hz. Similarly, figure 5.9(b) shows the outcome of

integrating the corresponding model velocity output to determine the cylinder length.

Several observations were made with regards to the results achieved in figures
5.8 and 5.9. Firstly, no output feedback was used for the models shown, since the
inclusion of output feedback did not significantly improve the results, and simply led
to frequent instability of the system. In both cases, since there existed a plurality
of random choices to be made during the identification process, it often took several
iterations of the PCI algorithm before a model with near acceptable performance
was obtained. This was particularly so in dump cylinder system identification. In
modelling the contrived data of section 5.3.1, a successful model was achieved at
virtually every try. Note that polynomial orders of M = 7 and M = 5 were used,

6Signal aliasing became a possibility, however, this issue was simply ignored.
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Figure 5.8: Modelling of lift cylinder motions using the PCI (dashed) algorithm

respectively, in the models shown. It was determined that other polynomial orders
near to, or less than, these values would typically function as well. However, selection
of M > 9 tended to cause velocity spikes to show up in the model output, resulting
in even larger model errors when integrated. The time-step delay of R = 100 used
in both examples corresponded to a real time-delay of approximately 2.9 seconds. It
was found that variation of the time delay, to even a large extent (even +50 %), did

not have a significantly observable impact on the system identification outcome.

As was stated previously, for the dump cylinder, a particularly large number of

iterations of the PCI algorithm were necessary before a model with near acceptable
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Figure 5.9: Modelling of dump cylinder motions using the PCI (dashed) algorithm

performance was obtained. Even the best of outcomes (e.g. figure 5.9) were not
exceptionally good. It was discovered that PCI, in the implementation described,
was unable to identify situations where the cylinder was not moving, and abrupt
changes in the cylinder motions were not captured by the identification process. These
observations were found to be essentially true for both dump and lift cylinder models.
Admittedly, the dump cylinder might be considered a more complex nonlinear system
in relation to the lift cylinders in that the lift cylinders are directly responsible for,
and would impact most predominantly on, motions of only the boom link. Whereas,

the dump cylinder itself, as was seen in section 5.1, closes the loop that forms a
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four-bar linkage mechanism, causing the dump cylinder to depend more heavily on
the configuration of the boom and bucket links combined. This train of thought led
to contemplation of the possibility that PCI might be, in some respects, unsuitable
to the problem at hand. This is discussed further in section 5.3.4. Nonetheless, it
may be possible that PCI, with other variations and combinations in the parameters
M R, sampling rate, total number of samples, and number of training sets, might

yield better results [45].

Scenario (B): Aggressive Excavation

Despite the fact that the free-space motion modelling of scenario (A) was only mod-
erately successful, and that an attempt to include bucket-rock inieractions into the
equation would not likely improve the situation, modelling of the excavation pro-
cess was attempted as per the definition of scenario (B). As was discussed in sec-
tion 4.2.2, operators (I) and (II) had similar styles in that they chose to use only
the dump cylinder, in combination with tractive effort, during aggressive excavation
trials. Hence, figure 5.10 shows the outcome of one attempt to identify the excava-
tion process through dump cylinder motions. The resulting PCI model (7 cascades,
M = 6, R = 10) was again trained using three data sets, and tested on a fourth. The
computed MSE on the testing data velocity output was a surprising 1.99 %. One
possible reason for the relatively good result is that only the dump cylinder was used
by the operator, as opposed to the command of a range of lift and dump cylinder
motions, as was the case in scenario (A).

Identification of the aggressive excavation trials differed from the free-space motion
trials above in that modelling success was found to be somewhat sensitive to the time-
delay. The comparatively short time-delay (approximately 0.3 seconds) indicates that
essentially present values of the cylinder forces were identified as being responsible

for the motions shown. This makes some sense in that force/motion changes occurred
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Figure 5.10: Modelling of dump cylinder motions during aggressive excavation oper-
ations using the PCI (dashed) algorithm

rapidly as the machine impacted the rock pile, and significant motions seemed to be
relatively short in duration. One further point of interest is the fact that the PCI
algorithm consistently chose to employ only dump cylinder forces as input (i.e. lift
cylinder data was never incorporated into the model). Therefore, PCI reduced the
problem to that of modelling only a SISO system. Such a result might indicate that,
should only the dump cylinder be utilized for excavation, information concerning the
excavation status may be described completely by a system that represents only the

motions of that cylinder. Therefore, a control system for autonomous excavation
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might only need to consider information feedback from the one actuating cylinder.

5.3.4 Remarks on Modelling Restrictions

Consideration of the fact that the LHD loader mechanism itself forms a somewhat
complicated closed link structure, coupled with the only moderately successful re-
sults of attempts at system identification, led to deliberation of the possibility that
approximation of the given system as a causal nonlinear system representable by a
time-invariant, finite-order, finite-memory Volterra series may not be valid. Obser-
vation of the PCI implementation’s inability to consistently cope with concurrent
motions of the two hydraulic cylinders was of particular concern. Of course, some of
the discussions that follow below should ideally have taken place prior to attempts
at PCI modelling.

Firstly, there was no reason not to believe that sufficient approximation of the sys-
tem might be achievable via a finite-order representation. Secondly, the potential issue
regarding causality of the aggressive excavation trial data has been established pre-
viously. Since the aggressive excavation trial identification outcomes were relatively
successful, one might assume that motions induced in the LHD loader mechanism
due to bucket-rock interaction may have been sufficiently small in magnitude so as
to be insignificant as far as the causality restriction is concerned.

However, the time-invariancy assumption is one that merits review. Mathemati-
cally speaking, a time-invariant system is one for which a translation in time of the
inputs results in the same translation in time of the output. Although, envisioning
the form of equations of motion for the LHD loader mechanism, the inertial coeffi-
cients for the system of links may vary with configuration, in the strictest sense, the
system remains time-invariant. Consider that if the initial states are the same and
chosen actuator force inputs are the same, then the output motions of the mechanism

will always be the same no matter at what instant the forces are applied [12, page
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89]. Therefore, the time-invariancy restriction for Volterra series representations is.
obeyed.

Nevertheless, there does remain one potentially serious issue. If the given mech-
anism is started in one particular configuration and a unique set of actuator inputs
is applied, then a specific motion of the system would result. Then again, if the
mechanism is started in a different configuration and the same unique set of actuator
inputs is applied, then presumably different motions of the system would result. This
is mainly due to the dependance of inertial and gravitational characteristics of the
mechanism on its configuration. Therefore, in this sense, the outputs of the system
will always depend on the initial conditions, a characteristic of systems possessing
infinite memory’. This revelation might help to understand the results of subsection
5.3.3. From a qualitative viewpoint, the outcome of lift cylinder free-space motion
modelling was most definitely better than similar attempts at modelling the dump
cylinder motions. This observation might be rationalized by appreciating that lift
cylinder motions were less dependent on the initial conditions, since the cylinder it-
self passed through only small changes in position and orientation in space. This
was certainly true in comparison with motions of the dump cylinder, which formed
one branch of a four-bar linkage system. As was noted previously, the results of
modelling the dump cylinder motions while in contact with the rock pile were un-
expectedly good. Though, this may be attributed to the fact that the lift cylinder
was not moved at all during these trials, it is perhaps more due to the fact that
motions of the dump cylinder were started at essentially the same configuration and

passed through almost the same trajectory at each excavation iteration during model
training.

In comparison with PCI modelling results corresponding to the contrived data
of subsection 5.3.1, as well as its performance as reported by Eklund {19, 20|, the

"However, this is not to imply that the system has infinite memory in the sense of its inputs.
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overall outcome of attempts at excavation machine modelling was inferior. Yet, there
exists a fundamental difference between the two stated successful applications and the
modelling performed towards this thesis. In both stated successful cases, the data
used for training and testing originated from pre-existing algebraic representations.
Conversely, the system data identified in this dissertation was derived from actual
force and position measurements acquired during full-scale experimental studies.

In summary, application of the PCI algorithm to the problem of modelling and
identification of the systems that describe the LHD loader mechanism and the excava-
tion process as a whole was attempted. Although the results might not be considered
exceptional in that consistent modelling of fine motions and negligible modelling er-
rors were not achieved, in comparison with the analytical approaches discussed earlier
in this dissertation, the outcome was in fact a reasonably successful one. Moreover,
the availability of developed PCI model structures was found to provide some further

insight into the identified excavation processes.



Chapter 6

An Excavation Control Design

As was discussed in chapter 2, the control problem in autonomous excavation evi-
dently requires an approach that is different than any of the well known strategies for
trajectory control of industrial robot manipulators. Hemami [27] suggested that the
excavator bucket trajectory should not have priority in the chosen control scheme,
since the objective is to fill the bucket, and not follow some strictly specified path. The
problem is further compounded by the complex nature of bucket-rock interactions,
which result in the need for an innovative approach to automating the excavation pro-
cess. Also, it was discussed in chapter 1 how the autonomous excavation problem may
be regarded in its broadest sense to include the challenge of planning a higher-level
excavation goal (e.g. excavate a particular area of specified size or volume). However,
in this chapter, consideration is not given to the problem in this general sense. Rather,
the problem was defined as one of how to select the appropriate actuator inputs so as
to control the motion of the LHD loader mechanism to fill its bucket completely and
reliably, without any need for operator intervention. Furthermore, only the scooping
phase of excavation is considered within the problem scope, as it corresponds with

relevant observations made from full-scale excavation and modelling studies.

Though the explicit mathematical formulation and implementation of a control

98
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system for autonomous excavation of fragmented rock lies outside the scope of this.
dissertation, it was decided that formulation of a controller design concept, based
on observations from experimental studies and modelling, would be a worthwhile
contribution. Such is the intent of this chapter, which proposes the use of ideas from

the field of compliant motion control.

6.1 Compliant Motion Control for Excavation

Controlling the mechanical interaction between a robot manipulator and its envi-
ronment, such as in manufacturing assembly operations, has been a topic of many
discussions in the robotics and control literature. The conceded shortcomings of pure
position control in situations where environment interaction must take place have
led to the development of techniques for control that lie generally under the label
of compliant motion control, or sometimes force control [36, 39, 75, 98, 108]. Con-
sider the classic example of a window-washing robot, where slight deviations in the
manipulator trajectory under pure position control might cause the tool to lose con-
tact with the window surface, or perhaps result in extremely large contact forces and
impending disaster. Rather than attempt to follow a strictly specified trajectory,
compliant motion control techniques are generally concerned with not only follow-
ing a prescribed trajectory, but directly regulating the forces of interaction between
the manipulator and its environment. One method, termed impedance control [36],
focuses on the relationship between the manipulator velocity and the forces of inter-
action with its environment, a relationship that is typically referred to as mechanical
impedance. In the Laplace domain, mechanical impedance Z(s) may be represented

(in one dimension) by the relation

2(s) = £ (6.1)

" u(s)
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where f(s) is the environment interaction force and u(s) is the manipulator tool
(e.g. LHD bucket) velocity at the point of contact with the environment [98]. It is the
task of an impedance controller to produce a response of the mechanism that corre-
sponds to some prescribed impedance Z(s). Therefore, impedance control considers
the manipulator as a mechanical impedance, while the environment with which it is
coupled is considered as a mechanical admittance. As one might expect, mechanical

admittance Y (s) may be represented by the relation

Y(s) = % (6.2)

which is in fact the reciprocal of mechanical impedance 70, 89]. Hence, impedances
may be seen as systems that accept motion and respond with a force, while admit-
tances as systems that accept force and respond with motion. Hugan [36] argued that,
as seen from the manipulator, the environment must be considered as a mechanical
admittance, and not an impedance, since kinematically constrained inertial objects
(e.g. a window) can always be pushed on, but cannot always be moved. Typical
impedance control implementations have focused on either model-based computation
of the joint and/or actuator torques necessary for a manipulator to follow a given
impedance characteristic [36, 98}, or on position-based impedance controlled manip-
ulators [72].

The concept of impedance control has been considered already as one possible
approach to controller development for excavation related tasks. Researchers at the
University of British Columbia [18, 84, 85] incorporated impedance control into the
tele-operation of a miniature backhoe style excavator. As was discussed in chapter
2, Bernold [9] proposed that the use of impedance control (in the excavation of soil
type media) would permit the assignment of a target relationship between the actual
position of the excavator bucket and its desired position according to some planned
nominal path. Also, Ha et al. [26] have recently proposed the implementation of an

impedance control scheme for backhoe excavation bucket trajectory following.
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However, the above impedance control schemes imply that there exists some pre-
determined nominal trajectory that the excavation bucket should follow. In the case
of tele-operation, this trajectory would presumably come from the command of a re-
mote operator. On the other hand, for autonomous excavation, the path the bucket
should follow is not entirely clear, since the ultimate objective is to fill the bucket

and not to follow some prearranged trajectory.

6.2 Re-examination of the Control Problem

The reviewed patents 15, 77] circumvented the issue of bucket position trajectory gen-
eration in their somewhat common approach to autonomous excavation. Consider the
Caterpillar, Inc. patent [77], where lift and dump cylinder forces were monitored and
controlled so that they remained within predetermined acceptable upper and lower
limits. This was evidently done to keep the intensity of bucket-rock interaction at a
level where the eventual achievement of a full bucket was more likely to occur. Should
the forces of interaction become too low, it would be expected that an insufficient
amount of material would fall into the bucket before breakout occurred. Conversely,
should the forces of interaction become too high, the bucket would likely be attempt-
ing to penetrate too far into the rock pile, resulting in excessive forces and possibly
a prolonged and inefficient excavation cycle. Such reasoning suggests the need for
a force-based control scheme that does not give priority to the position trajectory
followed by the bucket.

The data from full-scale experimental trials of chapter 4 provide additional evi-
dence that the application of ideas from the field of compliant motion control may
be appropriate. Consider the aggressive excavation trial for operator (I) depicted in
figure 4.12 on page 60. After having completed the penetration phase, the operator
engaged the dump cylinder so as to achieve a cylinder force with a magnitude in the
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neighbourhood of 200 kN. The dump cylinder was. then continuously commanded by
the operator in a fashion that regulated the cylinder force throughout the scooping
operation, although the operator was likely not conscious of this underlying fact,
until the time at which breakout occurred. The outcome of this operator directed
manoeuver was a full bucket of fragmented rock. Moreover, in chapter 5, the system
identification results corresponding to attempts at modelling the aggressive excava-
tion trials hinted at the fact that, if the operation is carried out through motions
of merely the dump cylinder, force feedback from only the dump cylinder would be
sufficient to describe the online excavation status.

To summarize, the proposed theme for autonomous excavation is a control system
that is able to interpret measured forces in the dump cylinder of the LHD machine

as an indication of the state of bucket-rock interaction.

6.3 Admittance Control for Excavation

Contrary to the conclusion of Hogan [36] that the environment must be an admittance
and the manipulator must be an impedance, consider instead that it is wished that
the manipulator accept force and respond with motion. Such a situation would be
best termed edmittance control, since a force compensator by design would endeavour
to comply with environmental impedance! and react to contact forces by changing
its motion. Here, the distinction to be made is that by strict definition, impedance
control presents a means through which the impedance of a manipulator may be
prescribed by the controller that ultimately wishes to follow some predetermined
nominal trajectory. Conversely, an admittance control scheme resembles more closely
a technique for explicit force control, where the admittance of a manipulator may be

defined by a controller that strives to ultimately regulate a chosen force trajectory.

LA fragmented rock pile is perhaps best termed a passive impedance (after Newman [70]) since
it cannot generate or amplify energy.
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This noteworthy difference was recognized in Colgate and Hogan [13] and Newman
[70], where the term interaction controller was coined to extend the generality of
force regulation to include desired interaction dynamics other than simply pure force
control. Some (e.g. Spong and Vidyasagar [98, page 253]) have suggested that pure
position control and pure force control are merely special cases of impedance control,
equivalent to infinite impedance and zero impedance, respectively. However, it is
argued here that pure force control is more appropriately labelled a special case of
admittance control, corresponding to infinite admittance. Thus, what distinguishes

the two lies merely in the underlying objective for control.

Hence, given the above verbal description of admittance control and the discus-
sion of section 6.2 regarding the excavation control problem, it might be concluded
that an appropriate strategy for control towards autonomous excavation would be
the application of an admittance-type control scheme. Such a system would require
force feedback to a force compensator of sorts, which would in turn compute the
necessary actuator control inputs. In the case of position controlled? hydraulic ac-
tuators, the compensator would be required to compute an appropriately modified
trajectory for the position controlled mechanism. Yet, it has already been argued
that, for the excavation task, even a nominal position trajectory would have essen-
tially no valuable meaning. On the other hand, the force compensator might more
appropriately respond to bucket-rock interaction forces by commanding a change in
the actuator velocity. For example, should the force compensator, by design, decide
that the intensity of bucket-rock interaction is too low, it may choose to direct the
proper cylinder to decrease its velocity, so as to not arrive at breakout too early.
Alternatively, if the force compensator deems the intensity of bucket-rock interaction

to be too high, it may select to instruct the cylinder to increase its velocity to avoid

2]t is often the case that mechanisms with position controlled actuators are used as a baseline,
while modifications of the setpoints are made by an impedance (or admittance) controller to enable
the effecting of tasks that call for interaction of the manipulator with its environment [89, 72].
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excessive penetration into the rock pile. Again, this approach is similar to a concept
alluded to in the Caterpillar, Inc. patent [77]. Except, here the task is formulated as
an explicit compliant motion control problem directed at the autonomous excavation
of fragmented rock.

In the subsections that follow, one possible method for design of an autonomous
excavation control system, based on the methodology of admittance control, is out-

lined in brief.

6.3.1 Force Compensator Design

The force compensator H(s) design for autonomous excavation should be one that
reacts to sensed bucket-rock interaction forces by quickly changing the motion (i.e. ve-
locity) of the bucket. In keeping with previous discussions, only the dump cylinder is
regarded as available for use by the controller, and only the measured dump cylinder
force is employed as an indicator of the bucket-rock interaction intensity. Consider
the velocity-based admittance control scheme block diagram of figure 6.1, adapted
from the position-based design of Seraji [89], where f; is the desired force setpoint to
achieve a full bucket of rock, f,. is the measured cylinder force, which is assumed to
include a component due to ongoing bucket-rock interaction, and v, and f, are the
actual velocity of the dump cylinder extension/retraction and bucket-rock interac-
tion force respectively. Note that, contrary to previous chapters, forces and velocities
corresponding to retraction of the dump cylinder are assumed positive. Using the
measured cylinder force f;, the force compensator H(s) computes the desired veloc-
ity change vy, which is combined with a desired reference velocity v; to produce the
new velocity command v. = vq + vy to be used by the dump cylinder position con-
troller. For the sake of simplicity, it is assumed that the position-controlled dump
cylinder is able to acceptably regulate the cylinder velocity as commanded by the

force compensator.
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Figure 6.1: Velocity-based admittance control system block diagram

If the force error is given by f. = f4 — f,., then let the force compensator transfer-

function be expressed by the mechanical admittance

H(s) = '}fT(‘;) —Y(s). (6.3)

For a known equivalent rock pile (environment) stiffness, an admittance Y'(s) may
be selected to achieve a desirable response of the cylinder to varying bucket-rock
interaction forces. In the most simple of possible cases, one might select the force

compensator to have constant admittance dynamics

H(s)=k (6.4)
which, in the time domain, gives the force feedback law

v =kfe=k(fa-F). (6.5)

In concurrence with the argument for velocity regulation given previously, a gain of
k < 0 would result in a decrease in magnitude of the cylinder retraction velocity for
fr < fa, thus attempting to increase the intensity of bucket-rock interaction, and an
increase in magnitude of the cylinder retraction velocity for the case when f, > fj,
thus attempting to decrease the intensity of bucket-rock interaction.

Although the simple admittance model of equation (6.4) might provide a means for
realization of an approach deemed suitable through full-scale experimental studies and
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madelling observatians, the compliant mation control methodology affords the ability
for greater flexibility in the system dynamics prescribed by the force compensator.

For example, consider the extension of equation (6.4) to include higher-order terms.

so that
H(s)=ms*+bs+ k (6.6)

which leads to the force feedback law

a2 d
vf=m't'1—t-§fe+bd_£fe+kfe- (6.7)

The parameters {m, b, k} would prescribe a desired dynamic response of the system
to varying intensities of bucket-rock interaction, as interpreted from dump cylinder
force measurements. Presumably, the particular admittance model selected would
impact the behaviour of the resulting control system when in contact with rock piles
of various composition. For example, the inclusion of the force damping term b might
improve the performance of the excavation controller in situations where large rock
fragments are present, adjusting the controller to respond appropriately by damping

out rapid changes in bucket-rock interaction intensity.

6.3.2 Modelling for Control System Simulation

In the compliant motion control literature, it is often the case that the environment
with which a robot manipulator interacts is modelled as a linear spring and damper
system; for example as in [40, 71, 89]. In many cases, this is sufficient and convenient
to describe the behaviour of simple environments. However, the process of bucket-
rock interaction discussed in this thesis is obviously a more complex system, and
therefore, its dynamics cannot be modelled by such convenient relationships, as was
noted by Hemami [32]. This issue becomes a problem when control system design

simulations are desired.
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In chapter 5, LHD machine and rock pile dynamics were modelled using PCI,
where sensed cylinder forces were considered as inputs to a nonlinear system having
cylinder motions as outputs. However, the autonomous excavation problem has just
been described as one that responds with motion to bucket-rock interaction forces;
hence, the need for an admittance control approach, rather than its reciprocal. There-
fore, a model for the block labelled “Rock pile” in figure 6.1 might have the basic form
fr = E(v,) , where the environment interaction function E maps bucket motions in
the rock pile to resistive forces acting on the bucket. If the hydraulic dump cylin-
der itself is utilized as a bucket-rock interaction intensity transducer, then measured

cylinder forces may be modelled by some combined function of the form
fr = E'(U,-) (68)

which is a potential candidate for identification using the PCI algorithm.

Since the assumption, which forms a basis for the admittance control scheme
described in this chapter, is that forces of interaction result in pressure changes within
the hydraulic cylinders, an attempt was made to identify a model for the mapping E
using the PCI algorithm on data collected during the experimental studies described
in chapter 4. Only the scooping phase of operation was considered, as noted earlier
in this chapter. In chapter 5, where a PCI model for the inverse mapping E-!
was developed, concerns were expressed regarding the potential for violation of the
causality restriction. It should be noted that if these concerns existed for the inverse
mapping, they must also exist for the mapping E.

The bottom portion of figure 6.2 presents the outcome of one attempt at identifica-
tion of the function expressed by equation (6.8), using data from the trials conducted
by operator (I). The resulting PCI model (subsampled to 35 Hz, R = 30, M = 4,
no output feedback) was trained on two data sets and had three parallel cascades,
where for each cascade the PCI algorithm selected to utilize velocity data from only

the dump cylinder. The MSE on the testing data velocity output was computed to
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Figure 6.2: Modelling dump cylinder forces using the PCI (dashed) algorithm

be comparatively large, at 10.2 %. However, this was principally due to an offset in
the test data output, created by training the model on data representative of trials
conduced at lower force magnitudes. The shape of the PCI.d11l output waveform
matched the shape of the test data waveform with acceptable accuracy. These results
indicate that simulation, to a certain degree, of the scooping phase of the fragmented
rock excavation process may be possible through application of PCI to measured

dump cylinder velocity and force data.
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6.3.3 Further Remarks on the Excavation Control System

The control scheme proposed in this chapter forms the basis for an admittance con-
troller design towards autonomous excavation of fragmented rock. However. a number
of important details, necessary for implementation of the design, were not discussed.
Since controller implementation and tuning lies outside the scope of this dissertation,
only a qualitative examination of these issues is provided here.

Firstly, there remains the question of how to choose the proper force and velocity
setpoints f; and v4 so as to achieve a full bucket of rock. Obviously, the values
assumed by these input arguments would depend heavily on the characteristics of the
excavation media. Intuitively, varying rock types and particle size distributions would
impact the optimal velocity and interaction intensity at which scooping should take
place. For instance, comparing the controlled excavation trials in the local roundstone
with those in the Inco muck discussed in chapter 4 (see figures 4.10 and 4.11 on pages
57 and 59), it is evident through observation of the breakout force that a higher
force setpoint would be desired for excavation in Inco rock (breakout at 260 kN) in
comparison with the local roundstone (breakout at 140 kN). Through inspection of
the aggressive excavation trial shown in figure 4.12 on page 60, one might select the
constant reference values fg =~ 225 kN and vg = 35 mm/s for excavation control. It
may be possible that suitable force and velocity setpoints be tuned, online, over a
series of excavation iterations, essentially adapting to potentially changing rock pile
characteristics.

Moreover, there remains the question of how to select an appropriate admittance
model Y(s), and model parameters, to be implemented by the force compensator.
This problem is compounded by the requirement that the given control system be
stable under varying excavation conditions. Seraji [89] noted that if the environment
impedance was known to change, possibly over several orders of magnitude, that a

fixed admittance design based on some nominal environment would often lead to
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instability. It is reasonable to assume that. as the excavator bucket is passed through
any given rock pile, the impedance it sees as a result of bucket-rock interaction would
vary as the bucket is filled and particles of diverse sizes and shapes are encountered.
This issue was apparently dealt with by Seraji through the development of an adaptive
admittance technique for use in force control within a compliant motion framework.

It is worth noting that, with respect to a computed change in dump cylinder po-
sition z(s) = lvy(s), the force compensator design of equation (6.6) is equivalent to
a proportional-integral-derivative (PID) regulator [89]. Rewriting the force feedback

law of equation (6.7) to compute the desired change in dump cylinder position yields
d ¢
Ty =mefe+bfe+ /0 f.dt (6.9)

where the parameters {m,b, k} become the derivative, proportioral, and integral
gains, respectively. Although there exist techniques for tuning PID regulators [23,
page 191], it is likely that the necessary regulator gains depend not only on the
actuator and mechanism characteristics, but on the conditions and nature of each
excavation scenario.

Although control experiments and/or simulations were not performed, the admit-
tance control design proposed in this chapter, based on experimental and modelling
observations, and concepts from the field of compliant motion control, offers a first
look at one potential technique for control aimed specifically at the development of a

system for autonomous excavation of fragmented rock.



Chapter 7

Summary and Conclusions

It is evident that undertaking the design of a system intended to perform autonomous
excavation of fragmented rock is a task that involves many wnique and varied chal-
lenges. Most notably, the conditions necessary for a successful scooping operation are
seemingly influenced by the complex nature of bucket-rock interactions that occur
during excavation. In chapter 2, a relatively extensive review of the most pertinent
literature on this subject was presented, with a focus on those works relating most
specifically to the excavation of fragmented rock and to the automation of load-haul-
dump (LHD) mining machines. Despite the fact that an apparently broad range of
research has already been conducted in the field of autonomous excavation, none has
resulted in the prevalence of such technologies in the mining industry, nor in other

potentially relevant pursuits.

Previous studies in fragmented rock excavation were found to favour analytical
results, not validated through experimental means. For example, consider the ana-
lytical force analyses by Hemami (27, 29, 31, 32, 33] and the proposals for trajectory
generation by Mikhirev [61, 62]. Some researchers utilized laboratory-scale equipment
to validate approaches based on machine-vision [37, 73, 104] and behaviour-control
concepts [51, 52, 90]. Furthermore, it was discovered that the legitimacy of reviewed

111
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empirical [21, 22, 61] and analytical [34, 101, 102, 105] studies in bucket-rock interac-
tion had yet to be confirmed by full-scale experimental studies aimed at identifying
a control system design suitable for autonomous excavation. Of the relevant patents
(15, 77], only one [15] was found to pertain specifically to excavation of fragmented
rock. Even so, it was not through a systems and control perspective that autonomous

excavation was claimed to have been achieved.

7.1 Experimental Excavation Studies

As a contribution to the task of filling a gap in the existing literature, a wide range of
full-scale experiments were conducted using a Tamrock EJC 9t model LHD machine,
under excavation conditions comparable to those found in an underground mining sit-
uation. The trial LHD machine was instrumented as was deemed appropriate in order
to measure certain operational dynamics during scooping. Machine parameters such
as hydraulic cylinder forces, loader mechanism configuration, and vehicle translation
were recorded, using instrumentation and data acquisition systems built specifically
for the described operations, with the intention of subsequent offline analyses and
system identification.

The excavation trials were conducted in two very different rock types: (i) a local
roundstone, and; (ii) a representative fragmented rock (Inco muck) taken from a
blast at an underground hard-rock mine and shipped to the testing site specifically
for the planned full-scale excavation trials. In addition to the recording of free-space
motion data, controlled and aggressive excavation experiments were conducted using
the aforementioned instrumentation and data acquisition systems.

For controlled excavation trials, observations were made regarding the status of
machine parameters during the penetration phase, scooping phase, and at breakout.

It was remarked that information contained within the dump cylinder force/motion
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data was sufficient to expose a great deal about the excavation process. Aggressive
excavation trials were primarily intended to provide insight into the evolution of
machine parameters during successful scooping operations conducted by experienced
operators, and also to hint at potentially feasible approaches to automation of the
loading cycle. Hydraulic cylinder retraction rates, force/displacement changes, and

patterns in operator tactics were remarked.

7.2 Dynamics of the Loading Process

Having completed the full-scale experimental studies described above, the task of
developing a model capable of computing motions of the LHD loader mechanism
alone and while in contact with a given rock pile, was addressed. First, an analytical
approach for analysis of the LHD loader mechanism as a robot manipulator, using
techniques from Lagrangian mechanics, was outlined. Next, the employment of a dis-
tinct element method (DEM) and artificial neural networks were examined briefly as
modelling alternatives to the subsequently implemented parallel cascade identification
(PCI) algorithm.

It was reported recently by Eklund and Korenberg [19, 20] that the PCI algorithm
had been used to successfully identify aircraft pilot flight controls having a dyramic
model similar in mechanical nature to, although less complex than, the LHD loader
mechanism. Therefore, it was decided that an effort to employ the technique of PCI
to excavation modelling might be a worthwhile endeavour. Details were provided
regarding implementation of the PCI algorithm, for the purpose of validating its ap-
plicability to the given system identification problem. The developed C language
computer code was tested on contrived data to successfully prove its functionality
prior to modelling of systems represented by experimental data from full-scale ex-

cavation studies. PCI model identification scenarios pertaining to the LHD loader
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mechanism forward dynamics in free-space and aggressive excavation trials were real-
ized. It was discovered that even the best outcomes were not exceptionally good, and
that this was particularly true when identifying dump cylinder motions in free-space.
However, it was also recognized that the mechanical system to be identified may have
depended heavily on its initial conditions, possibly explaining the less favourable re-
sults of attempts at modelling the more complicated dump cylinder dynamics. One
further point of contention was a possible violation of the causality assumption. The
presumption that bucket-rock interaction forces result in measurable cylinder pres-
sure changes formed a basis for the reactive control schemes of the reviewed patents
[77, 15] and the admittance control scheme proposed in chapter 6. Yet, the aggres-
sive excavation trial identification outcomes were sufficiently good to indicate that

violation of the causality restriction did not play a significant role.

7.3 Future Work in Excavation Control

In chapter 6, a thorough re-examination of the excavation control problem demon-
strated the potential applicability of concepts from the field of compliant motion
control to the task of autonomous excavation. A case for the formulation of a control
system design, founded on an approach labelled admittance control, was argued on the
basis of observations from full-scale experiments, modelling efforts, and conclusions
drawn in the reviewed literature and patent documents.

Contrary to a common notion that the environment must be an admittance and
the manipulator an impedance, a distinction was made that a solution to the problem
of autonomous excavation would be best achieved by a control system more closely
resembling pure force control. The admittance control approach, which dictates that
the manipulator accept force and respond with motion, is one that was found to

have not been explicitly explored in the literature pertaining to autonomous exca-
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vation. Consequently. a velocity-based force compensation scheme that would allow
for transparent definition of the desired manipulator admittance was provided. Al-
though actual implementation was beyond the scope of this dissertation, the described
framework provides a sound starting point for future work.

The remaining subsections cover matters deemed worthy of comment under the

heading of future work towards autonomous excavation of fragmented rock.

7.3.1 Measurement of Vehicle Translation

Unfortunately, due to significant wheel slippage, the use of a wheel encoder setup was
found to be ineffective at measurement of the vehicle’s translational motion during
excavation (see section 4.2.2 on page 63) . In future, it is suggested that perhaps
a means external to the vehicle should be used for absolute pesition measurement
(e.g. a laser distance transducer). This would be of particular interest if combined

with measurements of the vehicle tractive effort during excavation operations.

7.3.2 Operator Commanded Signals

Consider the block model structure of figure 5.4 on page 76, used to portray the over-
all excavation process. In retrospect, it would have been beneficial to have obtained
measurements of the commanded actuator inputs denoted by f, in the figure, and
not only the hydraulic cylinder forces during excavation operations. This would have
allowed for removal of the operator commanded force component from the measured
cylinder forces, further isolating the actual force components due only to bucket-rock
interaction. Furthermore, such data might possibly have allowed for improved iden-
tification of the excavation process based on purely operator (control signal)} inputs,
avoiding the causality issue, and perhaps permitting simulation or even prediction of
the bucket-rock interaction intensity level.

Similarly, regarding implementation of the control scheme described by figure 6.1
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on page 105, and for identification. it would have been advantageaus to have measured
operator commanded signals analogous to v. of the control system block diagram,
since the actual cylinder velocity v, is always corrupted to a certain degree by the
process of bucket-rock interaction. The extent to which bucket-rock interactions truly
influence excavator bucket motion could subsequently be determined. Other issues

that relate to this matter are discussed further in subsection 7.3.5.

7.3.3 On Tractive Effort

To reiterate previous statements regarding the issue of tractive effort (i.e. translational
force imparted to the rock pile by the wheels), an assumption was made that any
tractive effort supplied by the vehicle was generally constant throughout the loading
operation, and that tractive effort control would not have provided any significant
contribution to solving the autonomous excavation problem. This assumption was
weakly supported in the literature in that focus was given primarily to the problem
of determining appropriate bucket motions so as to achieve a full bucket of material.
For example, in the patent by Rocke et al. it was simply stated that, “...the operator
directs the machine to the pile of material, preferably at full throttle” [77].
Nonetheless, it is very much a possibility that measurement of the vehicle tractive
effort could provide further insight into the excavation process. Still, there exists a
significant challenge in physically measuring the level of tractive effort. Engine speed
would not be an effective measure, since the machine’s diesel engine is required in
most cases to power not only the wheels, but also the hydraulic pump that feeds the
actuating cylinders. If reaction forces at the boom link joint could be determined,
perhaps through strain gauge instrumentation, then it may also be possible to com-
pute an estimate of the tractive effort by considering it as a purely translational force
acting on the vehicle body. In any case, for the purposes of this thesis, the matters

surrounding tractive effort are afforded the status of future work.
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7.3.4 Parallel Cascade Identification

Further to simply varying the model parameters, as was suggested in subsection
5.3.3 on page 89, there exist additional options for potential improvement of the PCI
modelling results of chapter 5. Firstly, it may be possible to enhance the results,
and perhaps identify more accurately situations where the cylinder was not moving
or capture abrupt changes in motion, by fitting a supplementary PCI model to the
error of the initial model (19, 20]. This second model could have a different memory
length and nonlinear degree than the original.

Also, in other research utilizing the PCI algorithm, it has been found that the
inclusion of a second dynamic linear element in each cascade (i.e. an LNL model)

has sometimes provided improved results [24, 46].

7.3.5 Simulation and Controller Development

There remains a great deal of research potential in the task of implementation and
application of the admittance control design proposed in chapter 6. Although it was
shown in subsection 6.3.2 on page 106 that simulation of the scooping phase of the
fragmented rock excavation process is perhaps possible through application of the
PCI algorithm, subsequent control simulations were not completed within the scope
of this thesis. As was stated in subsection 6.3.3 on page 109, implementation of the
admittance control design involves the resolution of issues such as: (i) extraction
of the PCI model parameters (not just the A;(j) and coefficients a;n, but also the
normalizing coefficients discussed in subsection 5.3.1 on page 80); (ii) how to choose
the proper force and velocity setpoints f; and vg so as to achieve a full bucket of rock,
and; (iii) how to select an appropriate admittance model Y (s) to be implemented by
the force compensator H(s), which is effective and results in a stable system under

varying operational conditions.
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Further inspection of the PCI moadel input-output behaviour shown in figure 6.2
on page 108 reveals that changes in dump cylinder force correspond well to changes in
the cylinder velocity. The question therefore remains as to whether the model input
velocity changes v, are due to bucket-rock interaction, or due to signals commanded
by the operator. Strictly speaking, the answer is likely that both are responsible (see
figure 5.4 on page 5.4). If the operator in fact commanded significant changes in
cylinder velocity, then a control system for autonomous excavation should perhaps
not only respond to variations in bucket-rock interaction intensity, but also induce

such changes, so as to fluidize the rock pile during scooping.

Consider that the pulsating action observed in the top portion of figure 6.2 might
be realized through the application of the controller commanded cylinder velocity v,
by means of pulse-amplitude modulation (PAM). For example, given a 50 % duty
cycle, a desired cylinder velocity of v. = 35 mm/s might be achieved by pulsating
the cylinder to a velocity of 70 mm/s. Subsequent changes to v., based on force
compensator computations, could then be implemented by modulating the amplitude
of velocity pulses. Furthermore, the frequency of pulsation could be related to the
size distribution of the rock pile, where lower frequencies intuitively correspond to
the presence of large rock fragments, and higher frequencies to smaller particles.
For example, in very fine grained material, the described scenario would result in
approximately smooth motions through the excavation media. In rock piles having
large rock fragments, stepped motions of the cylinder could help to dislodge particles

and encourage material to flow more easily into the excavator bucket.

Finally, while numerical simulations would provide valuable insight towards the
development of a control system for autonomous excavation, complex environment
interactions make validation of the proposed control scheme by experimental means
a potentially worthwhile endeavour. Given the availability of appropriate equipment

for research, the admittance control strategy is perhaps best tried in the field.
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7.4 Closing Remarks

Heightened globalization and competition in the mining industry have lead to de-
mands for new and innovative technologies, including a push towards the automation
of mobile equipment. Despite the fact that the autonomous excavation problem has
been given considerable attention in the literature, only a small number of investiga-
tions into technology development have been reported for large and non-homogeneous
excavation media, such as fragmented rock. Furthermore, there exist very few exper-
imental studies in support of proposed ideas.

In summary, this thesis has made the following principal contributions:

1. Provided an extensive review of current literature and technology specific to
the subject of autonomous excavation of fragmented rock, with an emphasis on
works relating specifically to LHD machine automation, discovering a lack of

research involving full-scale excavation studies;

2. Designed, implemented, and documented the apparatus, methodology, proce-
dure, and results of full-scale experimental excavation studies, carried out in

fragmented rock by an LHD underground mining machine;

3. As an exercise in applied mechanics, formulated a procedure and computed the
equations of motion, using techniques from Lagrangian mechanics, for the trial

LHD mechanism,;

4. Implemented and applied the PCI technique for nonlinear systems in an attempt
to utilize the acquired full-scale experimental data for modelling and analysis

of the machine mechanism and fragmented rock excavation process, and;

5. Formulated an admittance-type control system design, based on results and

observations from the described experimental studies and modelling endeavours,
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that utilizes sensed forces in the hydraulic dump cylinder as an indication of

the buck-rock interaction intensity, and hence a feedback signal for control.

It is hoped that the experimental data and foundation material supplied by the
research of this thesis will help to establish a basis for further investigations and future
work towards the development and implementation of a control system designed for

autonomous excavation of fragmented rock.
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Appendix A

Hardware Specifications

This appendix presents specification data that was not included in the text of chapters
4 and 5. The following tables offer only immediately relevant summary information.

For full hardware specification details, refer to the cited references for each table.

A.1 Loader Specifications

Table A.1: General specifications for the Tamrock EJC 9t LHD machine (3]

Carrying capacity 22,000 lbs 10 000 kg
Bucket size 6.0 yd® 4.6 m?
Engine power 247 hp 182 kW

Table A.2: Hydraulic cylinder general specifications [3]

Lift cylinder(s) — Dump cylinder —
Bore diameter 7in 180 mm 8in 200 mm
Rod diameter 3.5 in 90 mm 4in 110 mm
Stroke length 43 in 1100 mm 100 in 2510 mm
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Table A.3: Link inertial properties of the Tamrock EJC 9t LHD machine

Link No. (2) Description m; Qi bei
1 lift cylinder head 180 kg 10.7kgm? 0407m n/a
2 lift cylinder rod 180 kg 12.1kgm? 0448m n/a
3 boom 2311 kg 1513 kg-m? 0.515m 0.103m
4 bucket 2776 kg 1792 kg-m? 0.323m 0.753 m
5 dump cylinder rod 219 kg 62.7kgm? 0925m n/a
6 dump cylinder head 219kg 81.6kgm? 1.057m n/a

Table A.4: Fixed physical dimensions of the Tamrock EJC 9t LHD machine

Parameter Description Value
d distance FB 0.826 m
do distance BC 1.876 m
d3 distance CD 0.780 m
ds distance EF 0.629 m
ds distance AF 0.871 m
£, ¢ of AF to horizontal (acute) 1.5244 rad
E9 LFBC (obtuse) 5.9249 rad
£3 ¢ of EF to horizontal (acute) 1.0008 rad
dg dysinez + ds sine; 1.400 m
d; d4cose; +ds cose; 0.380 m
ds distance CF 2.700 m
€4 LFCB (acute) 0.1121 rad
£s {BFC (acute) 0.2459 rad
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A.2 Sensor Specifications

Table A.5: PX303 series pressure transducer specifications [1]

Excitation 12-32 V (dc)
Output 0.5-5.5 V (dc)
Accuracy 0.25% F.S.
Minimum Load Resistance 2000 2
Response Time 1 ms

Table A.6: P-60A linear motion transducer specifications [5]

Excitation 5.00 V (dc)
Linearity 0.08% F.S.
Potentiometer Resistance 500 Q

Stroke 60.00 in

Table A.7: Specifications for the model H25 incremental optical encoder [2]

Supply voltage 5-15 V (dc), vin = Vour

Output format 2 channels in quadrature
- Frequency response 100 kHz

Cycles per shaft turn 1000

Maximum speed 12 000 rpm

Shaft diameter 3/8 in (nominal)




Appendix B

Euler-Lagrange Computations

This appendix presents the results of arithmetic computations deemed too lengthy to

be printed in the text of chapter 5.

B.1 Reduced System Jacobians

The following are Jacobian matrices not printed in the text of section 5.1.1 on page

70, due to their length.

—achl 6 00O00O0

Jvd = —ac181 000O00O

0 OOOOOJ

—(g2—ax)C, =S1 000 0

Joo = | —(2—0a2)S, C, 000 0

0 0 00O OJ
-0, — a3513 — b3C13 —S51 —63S13—b63Ci3 0 0 0

Jos = | —q2S1+8:3Ciz —b3Siz3 C1 a3Ciz—b3S3 0 0 0

0 0 0 OOOJ
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Jﬂcs

J"c.'o

where

Jan
Ja13
Jaz
Ja23
Js.1
Js,13
Js21
Js.23
Js,11
J6.13
J6.14
Js.21
J6,23

J6,24

[ . i
[ Jann =81 Juuz —GeeSiza F5eCizq O O

Jan Cr Ju2s 6.4Ciza + 045134 0 0
0 0 0 0 00

Jsu1 =S Jsuz —d3Sisa + 6sCiaas  asCizas O
Jsar Ci1 Jsas  d3Cias —aesSizas  —aesSiaas O
0 0 0 0 0 0

[

js,u -5 Je.13 Je.1a (%-flcs)cms S134s
Jsat Ci Je2s Je2e — (96 — Ges) Sizas Clraes

0 0 0 0 0 0

=201 — d2813 — 84 S134 + beuCraa
=d2513 — @4 S134 + beaClas

~q251 + d2C3 + a4 Ciaq + beu S

@2C13 + 84Ci3q + bea S

—q2C\ — d3513 — d3S134 + ac5Claus
—d2S13 — d35134 + @c5C)345

=251 + d2C13 + d3C131 — e Shaus

d2C13 + d3C134 — ac5S134s

—q2C1 — d2513 — d3S134 + (g6 — Gcs) Chraas
—d2 513 — d35134 + (g6 — acs) Craus
—d35134 + (g6 — @cs) Crass

—q251 + d2C13 + d3C'1314 — (g6 — acs) Siaus
d2C'13 + d3Cras — (g6 — Gcs) S1aas

d3Ch31 — (g6 — Bcs) Si345
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B.2 Christoffel Symbols

For brevity’s sake, the following non-zero Christoffel symbols c;;x were not printed in

section 5.1.1 on page 72. Note that any symbols not printed here were computed to

have a value of zero.

Cii1

€112

113

Cil4

Ci1s

(—2msdiacs + 2medsas — 2medags) cos(2q1 +2q3 +2q4 + gs)
+ (2 mgdaacs — 2 medags — 2 msdaacs) cos(2q1 + 2g3 + g4 + gs)

+ (2msqaacs — 2 Megaacs + 2Megags) sin(2 ¢y + gz + g4 + gs)
—M3bes COS g3 + Mybeq cOS(g3 + g4) — Maga + Maac2 — Meq2

+ (—msacs + Meacs — megs) CoS(2q1 + g3 + Ga + gs)

+ (—mgda — m3zacs — mydy — mgdy)sin gz — mage

+ (—msds — meds — M4acq) sin(gs + ga) — Msq2 — M2q2
(—mageacs — Megada — Msqada — Tygadz) COS g3

+ (—meqads — Msgads — M4g2acs) cOS(g3 + q4)

+ (=2 msdsacs + 2megdzacs — 2 medsgs) cos(2q; + 23 + 2q4 + gs)
+ (2medaacs — 2medags — 2 msdaacs) cos(2q; + 243 + gs + gs)
+M3qabc3 Sin g3 — Magabes sin(gs + g4) +

(Megage + M5G2Ge5 — Meq2acs) sin(2q1 + ¢ + ¢4 + gs)

(—megads — msgads — MyGoaceq) cOS(gs + ga) — Madabeq COS Gy

+ (=2 msdzacs + 2medzacs — 2medags) cos(2q1 + 23 + 24 + gs)
+ (—mgdags — msdates + medaaes) cos(2qy +2g3 + g4 + gs)

+ (msdads + medads + MydrGeq) Sin gy — Magabey sin(gs + gy)

+ (Megags + M5G2aes — MeGacs) SIN(2q1 + g3 + ¢a + gs)

(—medags + medaass — msdzacs) cos(2q1 +2q3 +2¢4 +gs)

+ (—mgdags — Msdaaes + Medaaes) cos(2qy + 2 g3 + g4 + gs)
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Ci16

C121

C123

Ci124

C125

Ci26

C131

€132

+ (Mggags + M5Qabes — Megeaces) Sin(2 @1 + ¢z + ¢a +¢5)
~medasin(2q +2q3 +2q4 + qs) — medasin(2qy + 2q3 + g4 + gs)
—mmgg2 €0s(2 q1 + g3 + ga + g5) + MsGcs — MeGs

€211 = Migbc3 €OS g3 — Tabeq COS(g3 + g4) + Msg2 + Mage

+ (—msaes + meacs — Mmegs) cos(2q1 + g3 + g4 + g5)

+ (maacs + medy + mgda + myds) sin g3 + m3qe + Mugo

+ (meds + msds + M4acq) sin(gs + g4) — MaG2 + Meq2

€213 = Mabe COS g3 — Mabeq cOS(q3 + q4)

+ (—msaes + Meaes — Megs) CoS(2q1 + g3 + @& + gs)

+ (m3ac3 + medz + msdy + mad;) sin g;

+ (mgd3 + msds + maac4) sin(gs + q4)

C214 = (—Msacs + Meaes — Megs) cos(2q1 + g3 + g4 +gs)

+ (meds + msds + myacs) sin(gs + ga) — Mabeq cos(gs + q4)
Ca15 = (—Msaes + Meacs — Megs) c0s(2q1 + g3 + g4 +g5)

c216 = —mg sin(2q1 + g3 + ¢4 + ¢s)

a1 = (Msqada + Megad + M3qaGc3 + Magady) COS g3

+ (T4g2Gcs + Msgads + Megada) cos(gs + ga)

+ (—2msdsacs + 2medias — 2medsge) cos(2q) +2q3 + 2g4 + q5)
+ (2medyacs — 2 medags — 2msdaacs) cos(2qy + 293 + g4 + g5)
—m3qabes sin g3 + mygabes sin(gs + g4)

+ (MeQags + M5q2Ges — MeGades) Sin(2 gi + g3 + ga + gs)

€312 = —M3bc3 COS g3 + Mabey cos(gs + g4)

+ (—msacs + Meaes — Megs) cos(2q1 + g3 + 44 + g5)

+ (—mgdy — m3a3 — Mydy — msdz)sings
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€133

C134

Ci3s

Ci3s

C141

C142

C143

Cily4

C145

Ci46

€151

+ (—msds — meds — myace)sinlgs + go}
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ca13 = (—2msdzacs + 2 medzas — 2 medags) cos(2q1 + 2q3 + 2q4 + gs)

+ (2 medaacs — 2medags — 2msdaacs) cos(2g; +24g3 + g4 +gs)

314 = (—2msdsacs + 2 medsacs — 2 medags) cos(2q, + 2q3 + 2¢; + gs)

+ (—medags — Mmsdaaes + medaaeg) cos(2q;y +2¢3 + q4 + gs)

+ (msdads + medads + mydaacq) sin gy — mydabeg cos g4

c315 = (—medsgs + Mmed3acs — Msdaacs) cos(2qr +2g3 + 2q4 + gs)
+ (—medags — Mmsdaaes + medaacs) cos(2q, + 243 + g4 + gs)

Care = —Medzsin(2q; +2q3 + g4 + gs)

—med3sin(2qy +2g3 + 2q4 + gs) + Mgas — Megs

Ca11 = (Mageaes + Msq2ds + megads) cos(qs + qu) + Madabes cos gy
+ (-2 msd3acs + 2 medsas — 2 medsgs) cos(2q; +2q3 + 2q4 + gs)
+ (—medags — msdaacs + medaacs) cos(2q1 + 2q3 + g + gs)

+ (—medads — msdady — mydyacy) sin gq + magabeq sin(gs + q)

+ (Mmeqags + M5q2acs — MeG2Gcs) Sin(2 g1 + g3 + ¢4 + gs)

ca12 = (—Msaes + Meaes — MeGs) c0S(2q1 + g3 + g4 + gs)

+ (—msd; — med3 — myac) sin(gs + gs) + mabes cos(qs + q4)

cas = + (—medage — msdaacs + medzacs) cos(2qr + 2 g3 + g4 + gs)
+(—2msd3acs + 2medsacs — 2medags) cos(2q; + 2q3 + 2g4 + gs)

+ (—medyds — msdads — madaae,) sin gy + madabey cos gy

a4 = (—2msdsacs + 2medaas — 2medsgs) cos(2qy + 2g3 + 2 qs +gs)

cas = (—medags + medzacs — msdzacs)cos(2q; +2q3 + 2 g4 + gs)
Cats = —Mgdzsin(2q; + 2q3 + 2 g4 + gs) — Mege + Meacs

cs11 = (—medage + medzacs — msdsacs) cos(2qy +2q3 + 2q4 + gs)
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C152

€153

Ci54

Ci156

161

C162

Ci63

Cie4

Ci65

C33t

C332

C333

]

+ (—medage — Msdpaes + Medsaes) COS(2Gr + 2G5 + g4 + g5)

+ (Meg2gs + Ms5qa8cs — Megaacs) Sin(2qy + g3 + g4 + gs)

Cs12 = (—msaes + Meaes — MeGs) COS(2q1 + g3 + g4 + g5)

cs13 = (—medags + Medzacs — Msdaacs) cos(2q, +2g3 + 2g4 + gs)
+ (—edags — msdaacs + medaacs) cos(2q, + 23 + qs + gs)

Cs14 = (—medags + Med3acs — Msdaacs) cos(2qy +2q3 + 24 + gs)

Cs16 = Meles — Meqe
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Ce11 = —Meq2c0S(2q1 + g3 + qa + gs) — Medasin(2q; +2q3 + g4 + ¢s)

—medasin(2 q; + 2q3 + 294 + g5} — Meacs + Megs

Ce12 = —mgsin(2 ¢y + g3 + qa + gs)

Ce13 = Megs — Med2 Sin(2q1 + 2¢3 + g4 + g5) — Meacs
—med3sin(2 g + 2q3 + 2q4 + gs)

Cs14 = Megs — Med3 Sin(2q1 + 293 +2 g4 + ¢s5) ~ Mgacs

C615 = MeGe — Meles

(msqad; + meqada + Magaacs + Magedz) cOS g3 — M3gabes sings

+ (Mageaeq + msqads + megads) cos(gs + qa) + Magebes sin(gs + g4)
+(—2msdsacs + 2mediacs — 2medsgs) cos(2q; +2g3 + 24 + gs)
+ (2medzas — 2medags — 2msdaacs) cos(2qy +2q3 + g4 + gs)

+ (Megags + ™sq2Ges — Medaacs) Sin(2qy + g3 + g4 + g5)

q4) + (—msaes + Meas — megs) cOS(2q1 + g3 + g4 + gs)

+ (—meda — m3ac3 — myd; ~— msdz) sin g3 + mybey cos(gs

+ (—msd3 — meds — myacy)sin(gs + g4) — mabes cos g;
(—2msdyac + 2medzas — 2medsgs) cos(2qy + 2 g3 + 24 + gs)

+ (2medzas — 2medags — 2msdaacs) cos(2q; + 2qs + g4 + gs)
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C334

C335

C336

Caa1

C342

C343

C3a44

C345

Cai6

C3s51

C352

(—2msd3aes + 2medaaes — 2msdage) cOS(2G: + 2G5 + 2G4 + g5}
+ (—med2gs — Msdaacs + medaaes) cos(2qr + 2 g3 + g4 + gs)

+ (msdads + medady + mydaaes) Sin gy — mydabey coOs gy

(—medags + medaacs — msdaacs) cos(2qy + 2q3 + 24 + gs)

+ (—medags — msdaacs + Medaacs) cos(2 g1 +2g3 + g4 + gs)
—medz sin(2q1 + 2g3 + ¢4 + g5) — Medasin(2q1 + 2q3 + 2¢4 + gs)
+Melcs — MeGs

caz1 = (M4q2acs + Msqads + Megads) cos(gs + ga) + madabey cos g4
+ (—2msdsacs + 2 mgdzacs — 2medags) cos(2q1 + 2q3 + 244 + gs)
+ (—medags — Mmsdaacs + medaas) cos(2q +2q3 + g4 + gs)

+ (—mgdad; — msdads — myda@cq) Sin gy + Myg2beq sin(gs + g4)

+ (Megags + M5q28cs — M6Gaaes) Sin(2 gy + g3 + ¢4 + gs)

Caa2 = (—Msacs + Meaes — Megs) COS(2q1 + s + ga + gs)

+ (—msd3 — med; — M40cq) sin(gs + ga) + Mabea cos(qs + qu)

ca33 = (—2msdsacs + 2 medzacs — 2medsgs) cos(2qy + 2q3 + 2q4 + gs)
+ (—medags — Msdaacs + Medaaes) cos(2 g + 2 g3 + g4 + gs)

+ (—megdads — msdads — mydaay) sin gy + mydabes cos gy

caza = (—2msdzacs + 2medzacs — 2medags) cos(2qy + 2q3 + 2q4 + gs)
Ca3s = (—med3gs + medaaes — Msd3aes) cos(2qy +2 g3 + 2 g4 + gs)
Ca3s = —Mgd3Sin(2 g1 + 23 +2q4 + gs) — Megs + Meaes

¢s31 = (—medsgs + medzaes — msdsaes) cos(2q1 +2 g3 +2g4 + gs)
+ (—mgdags — Msdaacs + Medaaes) CoS(2q1 + 293 + g4 + gs)

+ (m6g2gs + MsQeaes — MeGa0cs) Sin(2 g1 + g3 + g4 + g5)

Cs32 = (—Msacs + Meaes — Megs) cos(2qy + gz + g4 + gs)
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€353

C354

€356

C361

€362

€363

C364

C365

C441

Ca42

C443

Caq4

C445

esss = (—mgdsge + Mgl — Msdsas)yeos{2r +2 g3 +2 ¢ +¢5)

+ (—medags — Msdaacs + Medracg) cos(2qr +2 g3 + g5 + gs)

s34 = (—medsqs + medaas — msdaacs) cos(2q, +2 g3 + 2¢q4 + gs)

C536 = Mglcs — Mele
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Co31 = —Meqa2 coS(2qy + g3 + G4 + gs) — medasin(2q, +2g3 + g5 + ¢s)

—-medasin(2q1 + 243 + 2q4 + ¢5) — MeGcs + MeGs

Ceaz = —mgsin(2q; + g3 + g4 + gs)

Cs33 = MeGs — Med2 Sin(2q1 + 2¢3 + ¢4 + gs) — Meacs
—medasin(2q; + 2q3 + 2q4 + gs)

Ce3a = Megs — Medasin(2q; +2q3 + 24 + gs) — Meties
Ce35 = Mede — Melcs

(M4Geacs + msqads + megads) cos(gs + ga) + Madabes oS g4

+ (—2msd3acs + 2medzaeg — 2medags) cos(2q1 + 2 g3 + 2 g4 + gs)

+ (—medags — msdaaes + medaaes) cos(2q1 + 293 + g4 + gs)

+ (—medods — msdads — madaacy) sin g + Magabeq sin(gs + qa)
+ (Tn6g2gs + M5G20e5 — Meq2aes) SIN(2 g1 + g3 + g4 + g5)
(—sacs + Meacs — Megs) cos(2q1 + g3 + g4 +gs)

+ (—msd; — med3 — My4a.q) sin(qs + g4} + Mmabeq cos(gs + qa)
(=2 msdsacs + 2 medsacs — 2medags) cos(2qy +2g3 +2g5 + gs)
+ (—medags — M5daGes + Medaaces) cos(2qr + 293 + g4 + gs)

+ (—medads — msdads — myudaGey) Sin g4 + mydabey COS g4

(—2 msd3acs + 2 medzacs — 2 msdgs) cos(2q1 + 243 +2q4 +¢s)
(—medags + med3as — Msdzaes) cos(2qr + 293 +2g4 + gs)

—mea3sin(2 gy + 2q3 + 2q4 + ¢5) — Mege + Meaes
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G5

C452

€453

Cas4

€456

C461

C462

C463

C464

€465

Cs51

C552

Cs553

Cs554

Cs56

Cs61

I

I

Coar = (—mgdage + Medates — Msdaaes)cos(2g: + 2¢s + 24 + ¢s5)

+ (—med2gs — msdaacs + medaacs) 0s(2q1 + 2 g3 + g4 + gs)
+ (Meqags + Msq2Gcs — MeGates) Sin(2 g1 + g3 + g4 + gs)

Cs42 = (—MsGcs + Meacs — MeQs) CoS(2q1 + g3 + G4 + gs)

Cz43 = (—m$d3q5 + mgdsag — m5d3ac5) COS(2 q1 + 2q3 +2 qs + Q5)

+ (—medags — Msd2acs + medaaes) cos(2g, + 2 g3 + g4 + gs)

Csa4 = (—medsgs + medzas — Msdiacs)cos(2q) +2¢3 +2q4 + gs)

Cs46 = Meacs — MeQs
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Coa1 = —Meq2C0S(2q1 + qa + g4 + gs) — Med2sin(2q1 +2g3 + g4 + gs)

—medsin(2q +2g3 + 294 + ¢s) — MeGes + Megs

Cea2 = —mesin(2q + g3 + g4 + gs)

Cas = MeQs — Med2sIN(2qy + 243 +¢a + Gs)

—med3sin(2q, +2g3 +2g4 + g5) — Meaes

Coa4 = Megs — Med3Sin(2q1 + 23 +2 g4 + g5) — Metcs

Ce45 = MeQe — TM6Ac6

(—medage + medaas — msdiacs)cos(2q +2q3 +2q4 + gs)
+ (—medags — msdaacs + Medaacs) cos(2qy + 243 + gy + gs)
+ (megags + Msgaacs — Megatcs) Sin(2 g1 + g3 + g4 + gs)
(—msacs + msas — Megs) cos(2q1 + gz + g4 + gs)
(—medags + medsacs — Msdaaes) cos(2 gy +2 g3 +2q4 + gs)
+ (—medags — msdaGcs + medaacs) cos(2g1 + 2q3 + g4 + gs)
(—medage + medzas — msdaacs) cos(2q; +2g3 +2g4 + gs)

MeaGcs — Mels

Ces1 = —MeGacos(2qy + g3 + s + gs) — Mmed2sin(2qy + 2q3 + g4 + gs)
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Cs62

Cs63

C564

Cs565

~migda SIB(2¢r + 25 + 2G4 + g5} — gt + Megs

Ces2 = —Me Sin(2 gy + g3 + g5 +gs)

Ces3 = Megs — Med2sin(2q1 +2g3 + ¢4 + g5)
—-medssin(2 g1 + 23 + 2 ¢4 + gs5) — Meacs

Ces4 = Meds — Medasin(2qy + 293 +2q4 +gs5) — Meacs

Ces5 = Mede — Meles

B.3 Potential Functions

The potential functions ¢, below were not printed in section 5.1.1 on page 72.

0 =

@3

o4

¢s
o6

(—mags — mage — Msga + MaGez — M3 — MG — MeG2) JCOS Gy
—m3gbes cos(qy + g3) + Magbes cos(qr + g3 + q4)

+ (—mgacs + msacs + Megs) gcos(qy + g3 + g4 + gs)
+ (—mgdy — maa.3 — myds — msd,) gsin(qy + g3)
+ (—msds — med; ~ myac) gsin(q + g3 + q4)
(—mg —m3 — my —ms — mg) gsing,

—mggbes cos(q1 + g3) + Magbes cos(qr + g3 + g4)

+ (~mgacs + msacs + Megs) gcos(qy + g3 + g4 + gs)
+ (—medy — Mm3acs — mydy — msdy) gsin(q: + g3)
+ (—msd3 — mgds — Myacs) gsin(q + g3 + q4)
(—meaes + msacs + megs) g cos(qr + g3 + g4 + gs)
+ (—msd; — meds — M4Ge) gsin(q + g3 + qu)
+mMagbes cos(qr + g3 + qa)

(—meaes + msacs + megs) gcos(qr + g3 + qa + gs)

megsin(q: + ¢s + g4 + gs)
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