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ABSTRACT

DESIGN OF A LONG REACH HYDRAULIC
BACKHOE EXCAVATOR FOR SPECIAL TASK
BASED ON ROBOTIC SIMULATION

BY
A. REZAIE

The usual task of an excavator is to free and/or remove surface
materials, such as soil, from its original location and transfer it to
another location by lowering the bucket, digging, pushing and/or
pulling soil, then lifting, swinging and emptying the bucket. The
excavation of this task is usually performed by standard hydraulic
excavators manufactured for commercial purposes.

However, to design a new excavator and/or redesign an existing
one to change it into higher capacity and longer reach for special task,
it is necessary to develop the appropriate dynamic and kinematic
model for the machine. In another word, to analyze and plan the
motion of an excavator for performing a special task, the development
of an accurate computer model is essential to describe the kinematics
and dynamics of the excavator for transferring surface material.

This research work has aimed to present the explicit expressions

for the forward and backward (inverse) kinematic relations of a
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hydraulic excavator while the bucket of the machine follows a
prescribed path geometry and trajectory cycle specified by its position
and the bucket lift and digging angles.

The proposed dynamic model is based on Newton-Euler’s
equations of motion and describes the excavator motion with time,
which in turn, evaluates the instantaneous general forces at each joint
and link. In addition, in the worst scenario the types of pins and the
actuators will be selected.

Moreover, the aforesaid robotic model is intended for further
development to a robotic system able to perform the planned digging
work and automated excavations control system for effective use in
the dark, severe weather, hazardous and/or unhealthy environments.

Finally, the implementation of the presented model has been
illustrated by means of numerical examples. All of the findings of the
cases solved by the proposed algorithm are presented and compared
with the results of the similar problems solved by the commercial code

“Working Model” as well as the reported standard data and a close

agreement has been notified.




TABLE OF CONTENTS

CONTENT S PAGE
LIST OF TABLES ix
LIST OF FIGURES X
CHAPTER ONE : INTRODUCTION 1
1.1 Excavator 1
1.2 Background 5
CHAPTER TWO : FORMULATIONS 10
2.1 Kinematics | 13
2.1.1 Kinematic parameters 13
2.1.2 D-H Algorithm ) 16
2.2 Dynamics 19
2.2.1 Recursive Newton-Euler formulation 20
2.2.1.1 Forward Newton-Euler equations 21
2.2.1.2 Backward Newton-Euler equations 23 |
CHAPTER THREE : PROCEDURE 26
3.1 D-HAlgorithm for an excavator 28
3.1.1 Coordinate from assignments 28
3.1.2 Kinematic parameters 29
3.2 Forward kinematic relations 32

3.2.1.1 Equations relating length of Hydraulic 35

actuators to joint shaft angles

vi




CONTENT

3.3 Backward kinematic relations
3.4 Dynamics
3.4.1 Newton-Euler formulation
3.4.1.1 Forward Newton-Euler equations
3.4.1.2 Backward Newton-Euler equations
CHAPTER FOUR : COMPUTER PROGRAM
4.1 Input files
4.1.1 Excavatl.in and Excavat2.in
4.1.2 Property.in
4.2 Output files
4.2.1 Excavatl.out and Excavat2.out
4.2.2 Property.out
4.2.3 Position.out
4.2.4 File.dat
4.3 Header file
4.4 Variables
4.5 Arrays
4.6 Subroutines
4.6.1 Coordinates
4.6.2 Show
4.6.3 Epsilon
CHAPTER FIVE : RESULTS DISCUSSION &
CONCLUSION

5.1 working cycle operation

vil

PAGE

38
39
40
40

47
47
47
47
48
48
48
48
48
48
48
49
50
50
50
50
51

51




CONTENT PAGE

5.2 Example I 54

5.2.1 Kinematics 55

5.2.2 Dynamics 55

5.3 Example IT 64

5.3.1 Kinematics 65

5.3.2 Dynamics 65

5.3.2.1 Stability analysis - 66

5.4 Example III 83

5.5 Conclusions 90
APPENDIX A 91
REFERENCES 96

ABSTRACT AND TITLE PAGE IN PERSIAN

viil




LIST OF TABLES

TABLE

2.1 The Denavit-Hartenberg (D-H) representation

3.1 Structural kinematic parameters

5.1 A sample sequence of working cycle.operations of an
excavator

5.2 Forward kinematic results

5.3 Backward kinematic results

PAGE

15
31

53
57
58




LIST OF FIGURES

FIGURE PAGE
1.1 A typical hydraulic backhoe excavator 3
1.2 An excavator and the proposed digging path 9
2.1 Robotic manipulator modeled as a chain of links 10
2.2 Locating an object in position and orientation 12
2.3 Joint angle and joint distance 13
2.4 Link length @ and link twist angle o 14
2.5 Two-pass recursive Newton-Euler formulation 20
2.6 Forward Newton-Euler equations 21
2.7 Backward Newton-Euler equations - 23
3.1 A hydraulic excavator with assigning the parameters 27
3.2 Coordinate assignments for excavator 30
3.3 Forces and moment acting on crawler 46
5.1 Working cycle of a backhoe excavator 52
5.2 Force on bucket actuator in digging operation 59
5 .3. Force on stick actuator in digging operation 60
5.4 Force on stick pin “C” in digging operation . 61
5.5 Stability of the excavator in dumping operation 62
5.6 Stability of the excavator based on swing velocity 63
5.7 Force on bucket actuator in a digging operation 68
5.8 Force on stick actuator in a digging operation 69
5.9 Force on stick pin “C” in a digging operation 70

X




FIGURE PAGE

5.10 Force on actuators in a digging operation 71

5.11 Twisting moment acting on swing in dumping operation 72

5.12 Force acting on swing in a dumping operation 73
5.13 Force on bucket actuator in a sample cycle 74
5.14 Force on stick actuator in a sample cycle 75
5.15 Force on boom actuator in a sample cycle 76
5.16 Twisting moment acting on swing in a sample cycle 77
5.17 Total power required on a sample cycle 78
5.18 Stability of the excavator based on bucket weight 79
5.19 Stability of the excavator based on bucket weight 80
5.20 Stability of the excavator based on bucket weight 81
5.21 Stability of the excavator based on lower carriage type 82
5.22 Static stability of the excavator (swing speed = 0.0) 86
5.23 Stability of the excavator based on bucket weight 87
5.24 Stability of the excavator based on stabilizer weight 88
5.25 Stability of the excavator based on swing speed 89
Al.1 Notation associated with a dyad in its first and jth

positions for an excavator 94
Al.2 Precision points for excavator dimensional synthesis 95




CHAPTER ONE
INTRODUCTION

1.1 EXCAVATORS

Excavators are intended for excavating rocks and soils.
Excavators may have a mechanical or hydraulic drive.

Hydraulic excavators are the most important group of excavators.
A typical hydraulic backhoe excavator linkages is shown in Fig.(1.1).
It consists of four link members: the bucket, the stick, the boom and
the revolving superstructure (upper carriage).

There is an almost limitless range of sizes of backhoe, from hoes
mounted on small agricultural tractors used in residential construction
all the way up to huge crawler-mgunted hoes capable of handling
somé. of "'che heaviest work in industrial jobs. These excavators are also
operated with other attachments such as clamshell, dragline, drilling
equipment, scarifies for breaking pavements and frozen soils. On the
other hand, the work functions of the backhoe often overlap those of
other machines such as front-end loaders, tractor shovel, scrapers,
- clamshells and dragiines. In addition, it is particularly useful for
trenching foundation footing excavation, basement excavation and
similar works.

The useful task of backhoe hydraulic excavator is to free and/or
remove surface materials such as soil, from its original location and

transfer it to another location by lowering the bucket, digging, pushing
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and/or pulling soil then lifting, swinging and emptying the bucket. The
excavation of this task is usually performed by a human operator who
controls the motion of the machine manually by using the visual
feedback provided through his or her own eyes.

In many current applications of excavations, the semiautonomous
applications or even automatic operation of the machine is desirable
and sometimes even necessary. Automation of excavation control
system for effective use in the dark severe weather, hazardous and/or
unhealthy environments, terrestrial, lunar and planetary excavation
calls for a robotic system able to perform the planned digging work.
Based on the aforementioned argument, the development of an
accurate computer model is essential to describe the kinematics and
dynamics of excavator for transferring surface materials.

However, to analyze and plan the motion of the excavator for
performing a specific task, it is necessary to develop the appropriate
dynamics & kinematics models for the machine.

In this research work , an excavator was modeled based on the
robotic formulation, therefore the kinematics and dynamics algorithms
for simulation of a manipulator robot were developed.

To analyze and‘, plan the motion of the excavator, it’s necessary
to define a global codrdinate system to describe the pose of the bﬁcket
and further to define local coordinate frames for all links using the DH
guideline. The latter is commonly used in robotics for determining

the structural kinematic parameters. Then, the homogeneous

transformation matrix is conveniently obtained in the general form .




Upper Carriage

Lower Carriage

(Crawler)

Bucket

Fig (1.1) A typical hydraulic backhoe excavator




The mathematical expressions that relate the position and
orientation of the bucket to the shaft positions and consequently to
length of the piston rods in the hydraulic actuators are called the
kinematic equations .The aforesaid equations are used to describe the
forward and backward kinematics of an excavator.

With regards to the dynamic modeling of an excavator, Newton-
Euler’s formulation[1,2] has been adopted to describe the equations of
motion. In dynamic simulation, the velocities and accelerations of
each link were obtained, then forces and moments which act the links
have been computed recursively by starting at the bucket and working
backward to the base.

The dynamic model of an excavator presented here provides a

useful computational platform to investigate the mechanical behavior

of a typical excavator .




