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ABSTRACT

Hydraulically powered machines such as backhoes, excavators, and underwater
manipulators are commonly used in industries and require extensive interaction with highly
unstructured environments. Proper operation of these machines with manipulator-like
implements depends on the ability of human operators who currently use hand controllers
to command in response to various circumstances. This approach, known as teleoperation,
combines the strength and accuracy of the manipulator with the intelligence of the human
operators who normally use visual information, directly or through cameras, to accomplish
a task. Providing haptic sensation about the task environment to operators, augments their
ability to perform tele-manipulation. The focus of this thesis is thus on enabling a hydraulic
manipulator to interact with the environment using the concept of haptic-enabled
teleoperation. The application area is towards the utilization of hydraulic manipulators to
perform hazardous and/or difficult tasks such as earth-moving, live-line and underwater
maintenance activities.

Two main issues in teleoperation control are stability and telepresence. The overall
closed-loop control system should be stable irrespective of the behavior of the human
operator or the task environment. Although the haptic feedback to the master side enables
the human operator to rely on his tactile senses, it can make the overall teleoperation system
unstable. Teleoperation control of hydraulic manipulators is generally more challenging
than that of their electromechanical counterparts, as hydraulic actuators exhibit significant
nonlinear characteristics. In this research, a bilateral control scheme has been developed

for haptic teleoperation of single-rod hydraulic actuators considering nonlinear dynamics
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of hydraulic actuation, haptic device, and the human operator. Stability of the complete
control system is confirmed theoretically by building a proper Lyapunov function. In terms
of telepresence, haptic sensation is provided to the operator based on the position error
between the haptic device end-point and the hydraulic actuator implement displacements.
Proposed control scheme can be used in a wide variety of applications where the interaction
force between the hydraulic actuator and the task environment cannot be measured. The
proposed control scheme is easy to implement as it only requires the measurements of the
actuator line pressures and displacements of the master and slave. This control scheme is
further improved to incorporate base disturbances of single-rod hydraulic actuators.
Stability of this controller with an estimated upper value for the base disturbance is
analytically proven. Simulation studies are conducted, which confirms that the developed
controllers can effectively stabilize the system while interacting with a task environment.
They are further tested experimentally on a hydraulic test rig to verify their practicality and

effectiveness in real applications.

ii|Page



ACKNOWLEDGMENT

Pursuing my PhD in Mechanical engineering at the University of Manitoba has been
one of the most rewarding experiences. Living and studying in Winnipeg has left me with
valuable lessons and fond memories. | would like to thank god for his love and kindness
which is unparalleled. I will forever be indebted to Dr. Subramaniam Balakrishnan for
giving me this opportunity to work under his guidance. | have benefited immensely from
Dr. Balakrishnan’s knowledge and teaching methods. He has always been helpful,
supportive and has encouraged me to the fullest extent. | would like to thank my co-advisor
Dr. Nariman Sepehri for guiding me throughout the research work many times when my
knowledge regarding the subject was lacking. I would always consider it a privilege to
work under Dr. Sepehri. | also wish to sincerely thank Dr. Christine Wu for her invaluable
advice on the theoretical part of Lyapunov stability analysis. Sincere thanks to Dr. Qingjin
Peng and Dr. Athula Rajapakse for serving on my advisory committee. Special thanks to
Dr. Saeid Habibi from McMaster University for serving on my PhD examining committee.

I wish to thank the University of Manitoba for awarding me the IGSES and the Manitoba
Graduate Scholarship which have allowed me to focus completely on my studies and are a
major reason for my success in the course work and the research as | was able to devote
my entire time towards it.

Special thanks to my fellow labmates, Dr. Yaser Maddahi, Dr. Ali Maddahi and Dr.
Kourosh Zareinia for helping me throughout my PhD, for the stimulating discussions, for
the sleepless nights we were working together, and for all the fun we have had in the last

few years. Their contribution is greatly appreciated. | would also like to acknowledge

li|Page



comments and suggestions from anonymous reviewers who have critiqued some of the
work presented as articles in journals and conferences.

No words are sufficient to describe my late mother’s contribution to my life. I owe every
bit of my existence to her. | wish to thank my father without whom | would never have
achieved anything in life. Love, patience, support and understanding of my parents is the
only reason I have come this far.

I would also like to thank my brother and sister for their support and kind words. I would
like to thank my friends who have made my stay in Winnipeg so wonderful. Last but not
the least, | would like to thank my wife and son who have made my life so beautiful.

Thank you everyone who have made this possible...

iv|Page



Dedicated to my late Mother

v|Page



TABLE OF CONTENTS

1 INTRODUCTION ..ottt 1
1.1 Statement of Problem ..o 1
1.2 Objectives Of thiS tNESIS ........ccciiiiii e 5
1.3 Scope Of thiS theSIS ....ccvciiiiiiiice e 6
1.4 Application area of INTEIreST..... ..o 8
15 TRESIS OULIING ..ot s nneas 8

2 RELEVANT BACKGROUND........ccctiiieiciiieee et 11
2.1  Basic concepts and definitioNs ...........cooeieiiiiienes e 11

0 St =1 =TT 1< L1 o SRS 11
2.1.2 HAPLICS ..ot 13
2.2 Prior releVant WOTK ... e 14
2.2.1 Force feedback SCNEMES .........ccoiiieiiiie e 14
2.2.2 Teleoperation of mobile manipulators............cccoveviiie e 19
2.2.3 Lyapunov controller for hydraulic aCtuators.............cccvovrvvrieieicieiine s 20
PG T U 01 0 =1 V2RSSR 22

3 EXPERIMENTAL SETUP AND MODELING ..........cccoevvviveeeinnen. 24
T8 =YY o T SRS 24
3.2 KiINEMALIC BQUATIONS ..ottt 26
3.3 Derivation of dynamic MOdels .........c.ccooveiiiicii e 34
B4 SUMIMAIY ...ttt b ettt b et b et b e ns 43

4 CONTROL OF HYDRAULIC MANIPULATORS WITH BASE

MOTION e 45
A1 INEFOTUCTION....c.eiiiiiiiie e 45
4.2  Experimental evaluation of control SChemes...........ccooveviiiiicinininciee 49
G T =TS o o] oot (U] USSR P SPP 50

vi|Page



4.4 EXPerimental FESUITS........cooiiiiiiiee e 55
45  Performance VAIUATION.........oooo oot a e 62

4.6 SUIMIMAIY ..ttt ettt et e et e e e e e e abe e e a b e et e e e bt e sbeeenbeeebeeenbeennneanes 70

5 BILATERAL CONTROL OF SINGLE-ROD HYDRAULIC

ACTUATORS WITH FIXED BASE ..., 72
5.1 INTFOAUCTION ..ottt bbbt 72
5.2  Development of CONTIOHIET .........ooiiiiiiiee e 74
5.3 Stability @nalySiS.......cccoviiiiieii s s 78

5.3.1 Existence, uniqueness, and continuation of Filippov’s solution...................... 78
5.3.2  Stability ProOf .......ooiiiiecc e 81
5.4 RESUITS ...ttt rs 96
541  SIMUIGLION TESUILS. ....cuviiiiiieie e 96
5.4.2 EXPerimental reSUITS..........cccooiiiiiiiiieeee e 100
5.5 SUMMAIY ..o e b e e e b e e nrbeean 108

6 BILATERAL CONTROL OF SINGLE-ROD HYDRAULIC

ACTUATORS SUBJECTED TO BASE DISTURBANCE................... 110
6.1 INTFOAUCTION ..ottt 110
6.2 Dynamic equation of single-rod actuator with base disturbance................. 111
6.3 Development Of CONTIOIIET .........ooiiiiiicee s 114
6.4 Stability @nalySiS.........ccoveiiiiiiicic e 117

6.4.1 Existence, uniqueness, and continuation of Filippov’s solution..................... 118
6.4.2  Stability Proof ... 122
6.5  RESUILS ...t 128
6.5.1  SIMUIALION FESUILS. ....c.viiiiiie e e 128
6.5.2  EXPEerimental reSUITS..........cccoiiiiiiiiiiccee e 131
8.6  SUMMAIY ...iiiiiiii ittt e e e et e e srb e e ssbe e e snbeeessbeeenseeeans 146

7 CONCLUDING REMARKS ...t 147
7.1 Contributions Of thiS thesiS ... 147
7.2 FULUIE WOIK ..ottt nneenne e 149

vii|Page



REFERENCES ... ..o 151

APPENDIX

viii |[Page



LIST OF FIGURES

Figure 2.1 Standard teleoperation SYStEM. ..........cueieieiiriiirerese s 12
Figure 2.2 Teleoperation SYStEIM. ........ccueiveieiieieeie et sre s 13
Figure 2.3 Virtual spring pulls the operator’s hand toward desired trajectory. Haptic end-
effector position can be on-track (ﬁVF = 0) or off-track (ﬁVF # 0). A and B are haptic
end-effector actual position (x,, y,, z,) and target (desired) position (xg4, ¥4, Z4),

TESPECTIVETY. ..ttt bbbt nb bbb 16
Figure 2.4 Desired (05) and actual (0f) positions of the slave manipulator end-effector 18
Figure 2.5 Augmented virtual fixture SCheme. .........ccccvoiiiiiiiie e 19
Figure 3.1 Hardware-in-the-loop teleoperated hydraulic manipulator test rig. ................ 25
Figure 3.2 Coordinate frames of Kodiak 1000 hydraulic manipulator...............c.cc.cceue.e.. 27
Figure 3.3 Coordinate systems of Stewart platform. ............cccooeviviiiiieiccc e, 30
Figure 3.4 Coordinate frames of PHANToM Desktop haptic device.............ccoceoovrvrennne. 32
Figure 3.5 Schematic of a manipulator link driven by a single-rod hydraulic actuator.... 34
Figure 3.6 Haptic device and human operator’s hand. ...........c.coovriiiniiiincncncncee 35

Figure 3.7 Schematic of single-rod hydraulic actuator interacting with an environment. 36
Figure 4.1 (a) Concept developed to perform live-line maintenance near energized lines,

(b) Test rig to simulate base motions of the crane bucket. ..........cccccceovevveieiiecicce e, 46
Figure 4.2 Displacement of platform top plate over a 100-second period. The arrows
show the unpredictability of the base MOtioN. ..o 48
Figure 4.3 Actuator displacements of 6-DOF Stewart platform. ...........cccceeiinenininnnn. 48
Figure 4.4 Typical live-line maintenance tasks used to validate performance of
TE1EOPEIAtEd SYSTEIM. ...ttt 53
Figure 4.5 Virtual fixture at the master side for the task of twisting a tie wire. ............... 54

Figure 4.6 Desired (03) and actual (05) positions of the slave manipulator end-effector
for the task of twisting a tie wire. Position error at the end-effector is expressed by ES. 54

Figure 4.7 Task completion times for tie-Wire task. .........c.ccoervririeiiieiiieesc e 56
Figure 4.8 Task completion times for cotter pin task. ..........cccocvevviieiieviccc e, 56
Figure 4.9 Slave end-effector displacements for tie-wire task. ..........cccooceveiiieininnnn. 57
Figure 4.10 Slave end-effector displacements for cotter pin task............cccccovvevviveinnnn. 57
Figure 4.11 Augmentation force for (a) tie-wire task; (b) cotter pin task...........c.cc.cceuenee. 59
Figure 4.12 Typical test trajectory of hydraulic manipulator end-effector under
augmented mode for tie-wire task and radial position error of slave end-effector. .......... 60
Figure 4.13 Typical test trajectory of hydraulic manipulator end-effector under no force
mode for tie-wire task and radial POSItION EITON.........ccoiiiiiiii e 60
Figure 4.14 Typical test trajectory of hydraulic manipulator end-effector under
augmented mode for cotter pin task and radial poSition error. ..........ccccceevverveverveseeenenn 61
Figure 4.15 Typical test trajectory of hydraulic manipulator end-effector under no force
mode for cotter pin task; and radial position error of slave end-effector.......................... 61

Figure 4.16 Complete system setup; (1) operator (2) haptic device (3) cameras (4)

manipulator (5) pan tool attachment (6) multi-tool (7) insulator (8) Stewart platform. .. 63
Figure 4.17 Multi-tool used to perform multiple live-line maintenance tasks. ................ 64
Figure 4.18 Pan tool being used to remove inSUlAtor.............cccoovviriiiiniiciscees 65

iXx|Page


file:///C:/Users/umbanthv/Desktop/Thesis%20Sept%2015.docx%23_Toc19445172
file:///C:/Users/umbanthv/Desktop/Thesis%20Sept%2015.docx%23_Toc19445172

Figure 4.19 Unpinning the insulator KEEPET. ........ccucieiiiiiiiiie e 66
Figure 4.20 (a) Pulling out the pin using pin puller, and (b) corresponding work

S 0)Y/=] (0] 1< U PR O PO PP PTPPRURORORN 66
Figure 4.21 (a) Releasing the lower string using the ball socket adjuster (fork), and (b)
corresponding WOrK €NVEIOPE. .........oiiiiiiiieicie e 67
Figure 4.22 (a) Removing the broken insulator using the pan tool, and (b) corresponding
WOTK BNVEIOPE. ..ttt 68
Figure 4.23 (a) Replacing a new insulator using the pan tool, and (b) corresponding work
S 0)Y/=] (0] 1TSS TS U ST U RO PPPPPPTPRURURORN 69
Figure 4.24 (a) Connecting the lower joint using the ball socket adjuster (fork) followed
by hammering, and (b) corresponding Work envelope. .........ccccevveeienieie s 70
Figure 5.1 Bilateral teleoperation SYStEM .........cccveceiiieiieie e 75
Figure 5.2 Simulation results given a constant human input (F, = 0.4N).........cccccevueenen. 98
Figure 5.3 Simulation results given a constant human input (F, = 0.4N). The hydraulic
actuator is pushing against a spring having stiffness kg, = 17kN/m.......ccccccoevvevennnne. 99

Figure 5.4 Simulation results given a sinusoidal human input. Hydraulic actuator starts in
free motion and makes contact with a spring having stiffness of kg = 17kN /m at 20mm.
......................................................................................................................................... 100
Figure 5.5 Shoulder link of the manipulator used for experiments. ...........ccccccveveveennenn. 101
Figure 5.6 Experimental results of hydraulic actuator moving in free motion for (a) step-
like master input, (b) sinusoid-like master iNPUL. ...........ccceeviiiiieiicce e 103
Figure 5.7 Hydraulic actuator starts in free motion and pushes against a spring having
stiffness of kg = 17 kN/m at xg = 200MM..eiiiiiiiiiiiiiiieee e 104
Figure 5.8 Experimental results of hydraulic actuator moving in free motion and making
contact with a spring having stiffness of kg = 17 kN /m for (a) step-like master input, (b)

SINUSOId-1TKe MASTEr TNPUL. ..o 105
Figure 5.9 Hydraulic actuator starts in free motion and makes contact with a live-line
conductor Wire at xg & 2007 c.cc.veivviiiiccecce e 106

Figure 5.10 Experimental results of hydraulic actuator moving in free motion and making
contact with a live-line conductor wire for (a) step-like master input, (b) sinusoid-like

MASEEE INPUL. ....eeeee et e e et e e e s ae e s te e e e e teesteesbesneesreenneeneesreeneeas 107
Figure 6.1 Bilateral teleoperation SYStEM. .........ccoieieieieniie e 112
Figure 6.2 Schematic of valve-controlled single-rod hydraulic actuator........................ 113
Figure 6.3 Plot of € vs v/A t0 Prove G is @ CONSEANL. ........c...cvverveeererieeeesesessesereeseseenenes 120
Figure 6.4 System response under sinusoidal base disturbance. ..........ccccccoceviiniiinnns 130
Figure 6.5 Quasi-Lyapunov function. The inset shows that the amount of the increase of
function is lower than the decrease in the adjacent regions. ..........cccceevverenenenesennenn 131
Figure 6.6 Stewart platform programmed to generate random low frequency base
ISTUMDANCES. ...ttt e e e eas 132
Figure 6.7 Stewart platform top plate displacements...........cccccceviiiiiiie s 133

Figure 6.8 Experimental results of hydraulic actuator moving in free motion for (a) step-
like master input, (b) sinusoid-like master input. Base of the manipulator is moving with
amplitude a; 50 mm and frequency w 7.5 rad/s. .......ccccooveeiiiiii i 135
Figure 6.9 Experimental results of hydraulic actuator moving in free motion for (a) step-
like master input, (b) sinusoid-like master input. Base of the manipulator is moving with
amplitude a; 100 mm and frequency @ 15 rad/s. ........ccoeiiieniiinienieeee e 136

X|Page



Figure 6.10 Experimental results of hydraulic actuator moving in free motion for (a) step-
like master input, (b) for sinusoid-like master input. Base of the manipulator is given

random Step INPULS @S 1N FIGUIE 6.7, ...c..orviiiiiiiiieeceee s 137
Figure 6.11 Hydraulic actuator starts in free motion and pushes against a spring having
stiffness of kg, = 17 kN /m, while the base of the manipulator is moving.................... 138

Figure 6.12 Experimental results of hydraulic actuator moving in free motion and making
contact with a spring having stiffness of kg = 17 kN /m for (a) step-like master input, (b)
sinusoid-like master input. Base of the manipulator is moving with an amplitude «; 50
MM and freqUENCY @ 7.5 FAA/S. .....c.oeveiiiie s 139
Figure 6.13 Experimental results of hydraulic actuator moving in free motion and making
contact with a spring having stiffness of kg = 17 kN /m for (a) step-like master input, (b)
sinusoid-like master input. Base of the manipulator is moving with an amplitude «; 100
mm and freqUENCY @ 15 FAA/S. ......cveiiiiie s 140
Figure 6.14 Experimental results of hydraulic actuator moving in free motion and making
contact with a spring having stiffness of kg = 17 kN /m for (a) step-like master input, (b)

sinusoid-like master input. Base of the manipulator is given random step inputs.......... 141
Figure 6.15 Hydraulic actuator starts in free motion and makes contact with a live-line
(07000 11 (o SRS 142

Figure 6.16 Experimental results of hydraulic actuator moving in free motion and making
contact with a live-line conductor wire for (a) step-like master input, (b) sinusoid-like
master input. Base of the manipulator is moving with an amplitude a; 50 mm and
TrEQUENCY @ 7.5 TAA/S. ..ot 143
Figure 6.17 Experimental results of hydraulic actuator moving in free motion and making
contact with a live-line conductor wire for (a) step-like master input, (b) sinusoid-like
master input. Base of the manipulator is moving with an amplitude «; 100 mm and
TrEQUENCY 15 FAA/S. ..o 144
Figure 6.18 Experimental results of hydraulic actuator moving in free motion and making
contact with a live-line conductor wire for (a) step-like master input, (b) sinusoid-like
master input. Base of the manipulator is given random step iNnputs. ..........cccccceevveieennene 145

xi|Page



LIST OF TABLES

Table 3-1 Geometries of Kodiak 1000 hydraulic manipulator and Stewart platform. ..... 32

Table 3-2 Hydraulic System pParameters. .........ccccoeiieeieiiieiieie e seese e e 42
Table 4-1 Performance measure of the teleoperated system under no force (NF), virtual

fixture (VF), augmentation (AU), and augmented virtual fixture (AVF)......c.cccccovvvvennens 58
Table 6-1 Values of environment parameters used in simulation study. ...........c.cccce..... 129

xii|Page



CHAPTER 1

1 INTRODUCTION

1.1 Statement of problem

Over the years, researchers have adopted various approaches in the operation of
hydraulic manipulators with the intention of improving safety and efficiency. At one end,
they aim to develop fully autonomous robots, wherein, humans are removed from direct
operation of the machine [1]. However, several applications require interaction with
unstructured environments, in which, a fully autonomous hydraulic machine is not
practical. Examples are backhoes, excavators, forklifts, harvesters and underwater
manipulators [2, 3, 4]. Due to extensive interaction with environments, these manipulator-
like machines rely on the intelligence of the human operators, who currently use hand
controllers to command in response to various circumstances [5]. Similarly, the human
operator may not be present in the task environment for a number of other reasons such as

when the environment is too dangerous or hazardous. Therefore, separating human
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operators from task environment is essential in some circumstances and in other cases it is
solely for convenience [6]. This approach, known as teleoperation, thus combines the
accuracy, high power to mass ratio, and good performance of a robot manipulator with the
intelligence and decision-making abilities of the human operator. Operators typically use
visual information, directly or through cameras, to perform a task.

A teleoperated system is composed of a master side, in which an operator utilizes a
hand-controller; a slave side, where a manipulator emulates the behavior of the master side;
and a communication channel, which connects both slave and master sides and various
types of information (position, velocity and/or interaction force) between the master site
and the slave site are exchanged. If only information of the master is transmitted to the
slave side, the teleoperation system is called unilateral. If the slave manipulator reflects
information back to the master, by using feedbacks, the system is called bilateral [7].

In order to ensure quick and proper commands by the operators, in the operation of
above-mentioned machines, some sensory feedback from the task environment is required.
Touch, or haptic sensation is one of the most fundamental ways in which people perceive
and effect changes in the world around them and can enhance the ability to perform tele-
manipulation [6, 8]. Haptic interaction can greatly increase task quality, productivity and
safety in operation of hydraulic machines compared to traditional manual levers [8]. Touch
interaction differs fundamentally from all our other sensory modalities in that it is
intrinsically bilateral. We exchange energy between ourselves and the physical world as
we push on it and it pushes back on us. In this exchange, information and intent are
conveyed in a physically direct and cognitively primal way [9]. It has been shown that in

some applications, haptic feedback alone can even be more valuable than visual feedback
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[10]. With respect to bilateral control, when the assigned task implies a contact with the
environment (force tracking), or the operator needs to follow particular trajectory (position
tracking), the use of haptic sensation can be helpful [8].

Haptic teleoperation of electrically-actuated manipulators has been extensively
investigated by many researchers and several control strategies have been proposed, in
which, the stability and performance issues were addressed. However, teleoperation
control of hydraulic manipulators, in general, is more challenging than that of their electro-
mechanical counterparts. Electric actuators normally behave as force/torque sources, while
in hydraulic actuators, the control voltage acts to move the spool valve that controls the
flow of hydraulic fluid into and out of the actuator. This flow in turn causes a pressure
differential buildup that is proportional to the actuator force. Even if some of the system
dynamics is ignored, the control voltage fundamentally controls the derivative of the
actuator force and not the force itself [11]. Hydraulic actuators also exhibit significant
nonlinear characteristics [11]. These challenges make the stability analysis difficult.
Nevertheless, the use of hydraulics offers several advantages such as good stiffness, high
power to mass ratio, good performance at low speed, and the ability to work underwater
[12]. Furthermore, hydraulic actuators are capable of applying high constant torques for a
long period of time, which in case of electrically-actuated actuators causes overheating of
motors. These advantages and lack of enough research in the field of haptic-enabled
teleoperation of hydraulic manipulators provided the motivation to study and develop
stable control strategies for hydraulic manipulators.

This thesis focuses on design of control systems applied to hydraulic manipulators using

the Lyapunov stability theorems that incorporate nonlinearities and guarantee the system
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stability [6, 13, 14, 15]. The aim is to design and employ stable feedback control systems
in order to bilaterally control hydraulic manipulators with the capability of perceiving the
interaction force between the hydraulic manipulator end-effector and the task environment
when it is not feasible to measure the interaction force. In addition, the controller should
be capable of reducing position errors at master and slave sides.

In bilateral teleoperation of hydraulic manipulators, designing feedback control system
needs to consider some issues when the slave manipulator interacts (constrained motion),
or is not in contact (free motion) with the environment. Additionally, the complete bilateral
control system should be stable regardless of the input commands or the task environment.
Contact information, in constrained motion, is helpful to the operator in controlling the
contact force, and therefore, reducing damage to the manipulator and environment as well
as in probing an uncertain environment. With respect to the position tracking in free
motion, hydraulic actuators at the slave site could start lagging or stay behind the master
motion depending on the configuration of the slave and responsiveness of hydraulic
actuation systems. Therefore, the requirement of position tracking is more challenging in
hydraulic manipulators than that of the electromechanical counterparts. Furthermore,
hydraulic actuators exhibit significant nonlinear characteristics, making the stability
analysis difficult. Thus, the main challenges are: (i) achieving proper feedback from slave
side to reduce the position error in free motion, (ii) estimating the interaction force between
the manipulator end-effector and the environment in constrained motion and (iii)
guaranteeing stability of the control system.

Another important research problem that is addressed in this thesis is the control of

hydraulic manipulator with base motion. Most industrial manipulators have a base fixed in
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an inertial frame. There are, however, manipulators for which this is not the case. An
example is manipulators mounted on cranes for live-line maintenance or underwater
vehicles. This research is built upon the work done previously in [16, 17], in which various
force feedback schemes were developed to control a hydraulic manipulator for performing
typical live line maintenance tasks. In [16, 17], the experiments were, however, conducted
on a hydraulic manipulator with a stationary base only. In some real applications, the slave
is installed on top of a crane bucket, and therefore, in such a configuration, the base will
be subjected to unwanted motion due to wind gust, unstable soil, and compliance in the
crane actuation. When the manipulator’s base is excited, the difficulty in performing tasks
naturally increases. Thus, the issue of base disturbance in haptic-enabled teleoperated

systems needs more explorations.

1.2 Objectives of this thesis

The objectives of the thesis are:

Q) To investigate effects of base disturbance on the performance of otherwise well-
performing teleoperated hydraulic manipulators. Thoroughly test the previously
developed force feedback schemes in presence of base disturbance and evaluate the
performance of the overall teleoperated system in performing maintenance tasks.

(i)  Todesign astable control scheme in order to control a single-rod hydraulic actuator
bilaterally with the capability of regenerating the interaction force between the
hydraulic actuator and the environment using the haptic device to be applied to the
operator’s hand. Control scheme should also be capable of reducing the position

error at both master and slave sides.
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(i) To design a stable bilateral control system for single-rod hydraulic actuator under

base excitation without having any prior knowledge about the base motion.

1.3 Scope of this thesis

In the first part of the research, the available teleoperated hydraulic manipulator [16, 17]
is retrofitted to include a Stewart platform for emulating motion of the crane bucket in live-
line maintenance. The hydraulic manipulator is controlled bilaterally using a haptic device.
The teleoperated hydraulic system includes a PHANToM Desktop haptic device (master
site) and a 4-degrees of freedom (DOF) slave Kodiak hydraulic manipulator placed on a 6-
DOF Stewart platform. First, the previously developed force feedback schemes are
rigorously tested in the presence of base disturbance. The tested schemes are: (i) virtual
fixture scheme, (ii) force augmentation scheme, and (iii) augmented virtual scheme. The
effectiveness of each of the three schemes is validated by emulating two live power line
maintenance tasks in a laboratory setting. Performance of each scheme is evaluated under
three measures: (i) task completion time, (ii) number of failed trials and, (iii) displacement
of the manipulator end-effector.

For the second part of the research, two advanced nonlinear controllers are designed and
experimentally validated for bilateral control of single-rod hydraulic actuators. Two main
issues in bilateral control systems are stability and performance [18]. Foremost, the overall
closed-loop system should be stable irrespective of the input commands (provided by the
human operator) or the task environment [7]. Furthermore, a feel of performing task at the
remote site must be available to the operator. In general, there is a tradeoff between

accurate tracking and sufficient stability margins [19]. Many research studies have
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addressed this tradeoff for electrically-actuated manipulators (as presented in [7] and the
references cited therein). In comparison to electrically-actuated robots, research on
application of bilateral control applied to hydraulic manipulators is sparse. There are some
researches (see [20] and references cited therein) on applying the existing control schemes,
originally designed for electrically-actuated robots, to the hydraulic robots; however, none
of them investigated the stability of the entire nonlinear system. There also exists studies
on development of controllers for double-rod hydraulic actuators which guarantees the
system stability [21]. However, there are no bilateral control schemes developed for haptic
control of single-rod hydraulic manipulators that includes nonlinear dynamics of hydraulic
functions and the human operator’s dynamics. The lack of enough studies on design of
stable controllers for haptic-enabled single-rod hydraulic actuators motivated the research
undertaken in this thesis. The aim is to theoretically prove the system stability, and to
experimentally validate the practicality of the proposed control system by applying the
concepts to real-world applications, using a specially developed test-rig.

In regards to the controller design and stability analysis, comparing different control
schemes showed that those using nonlinear methods realize higher accuracy compared to
the controllers directly based on linear models [22]. Therefore, selecting a nonlinear
method will result in better performance. Nonlinear stability analysis techniques are
generally based on the energy of a system, such as Lyapunov stability and passivity. The
passivity approach, however, is quite conservative in many cases degrading the
transparency and performance of the system [20], while the Lyapunov stability analysis
has shown better results for highly nonlinear systems including electro-hydraulic

manipulators [6, 13, 14, 15].
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1.4 Application area of interest

The targeted application of this research is live transmission line maintenance operation.
However, this research is equally relevant to applications such as backhoes, excavators,
forklifts and underwater manipulators, which involves hydraulic tele-manipulation. Due to
the laboratory setup, most experiments are conducted for live-line maintenance tasks.

Live-line maintenance is carried out for several reasons such as changing an insulator,
replacement of damaged section of a conductor, testing an insulator, or relocating a
conductor to a higher pole. In live-line maintenance, it is imperative that the power
transmission system must always be available under high voltage [23]. Inspection and
maintenance of an overhead power distribution system, however, is a dangerous task to
perform, especially in places with acute climatic conditions preventing human exposure
over extended periods of time. Therefore, utilities around the world have started to develop
and examine the application of robotic systems for the inspection and maintenance of
power line distribution networks [24, 25]. The application of teleoperated robotic systems
in live power line maintenance possesses some advantages. They increase the operator’s
safety and allow to combine the accuracy and good performance of the system with the
intelligence of the operator [26, 27]. In spite of these advantages, the adoption of robotics
technology in live-line maintenance is still new and presents challenges that need

investigation [16, 17].

1.5 Thesis outline

In Chapter 2, a detailed literature review along with some definitions is provided. The

advantages of using a haptic interface in tele-manipulation; and unilateral and bilateral
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control modes are described first. Next, the previously developed force feedback schemes
are explained, followed by a literature review on teleoperation of manipulators with mobile
base and Lyapunov control technique for hydraulic actuators.

Chapter 3 describes the experimental setup with detailed information about system
components. The derivation of dynamic model of the complete system consisting of single-
rod hydraulic actuator interacting with an environment, human operator, and the haptic
device is also presented.

Chapter 4 serves as a prelude to understand how base disturbance effects the previously
developed unilateral and bilateral controllers for hydraulic teleoperation. In this chapter,
the force feedback schemes developed previously, namely, virtual fixture scheme, force
augmentation scheme, and augmented virtual scheme are tested on a hydraulic manipulator
retrofitted with a Stewart platform to create base excitation.

In Chapters 5, a bilateral control scheme is developed, implemented, and experimentally
validated for a fixed base single-rod hydraulic actuator. The stability of the complete
bilateral control scheme has been theoretically proven using Lyapunov techniques.
Stability is proven considering nonlinear hydraulic functions, servo-valve dynamics, haptic
device dynamics, human operator dynamics, and dynamics of the task environment.
Simulations and experiments are conducted to verify the practicality of the proposed
controller.

In Chapter 6, the control scheme developed in Chapter 5 is modified for base excited
single-rod hydraulic actuators and the system stability is theoretically proven to be

insensitive to the uncertainties of the physical parameters and of the measurement of the
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base point motion. Effectiveness of the proposed controller is verified by simulation and
experimental studies.
Chapter 7 presents the contributions made by the research as well as some

recommendations for future work.
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CHAPTER 2

2 RELEVANT BACKGROUND

2.1 Basic concepts and definitions

2.1.1 Teleoperation

The prefix tele from Greek origin means at a distance and teleoperation naturally
indicates operating at a distance [3, 7]. The term “distance” could refer to a physical
distance or could also refer to a change in scale. Teleoperation extends the human
capability to manipulating objects remotely by providing the operator with similar
conditions as those at the remote location. This is achieved via installing a similar
manipulator or joystick, called the master, at the human’s end that provides motion

commands to the slave which is performing the actual task. In a general setting, the human
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imposes a force on the master manipulator which in turn results in a displacement that is
transmitted to the slave that mimics that movement.
Tele-manipulation has shown to have the following major advantages [25]:
e |t keeps the operator away from the hazardous areas where the task is to be performed
and consequently increases the operator’s safety;
e It allows for a more compact design suitable for hard to reach and constrained working
spaces;
e It combines the accuracy and strength of the robot with the intelligence of the human
operator.
A teleoperation system is composed of [7]: (i) a master site, (ii) a remote site, (iii) a
communication channel which connects both sites through a feedback system. Standard

teleoperation system architecture is shown in Figure 2.1.

Master Communication Channel Slave
Desktop Master PC Slave PC Hydraulic
Haptic device Manipulator

L]

*:“ﬂ :

Figure 2.1 Standard teleoperation system.

In Figure 2.1, the arrows can either be from left to right (solid arrows) or in both ways
(both solid and dashed arrows) [7]. Figure 2.2a and 2.2b show how information exchanges
between master and slave sites in unilateral and bilateral control modes, respectively. In
unilateral mode, only information of the master device is sent to the slave side to be used
in slave controller, while if the slave manipulator also redirects some information back to

the master, by using feedbacks, the system is bilateral.
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Figure 2.2 Teleoperation system.

2.1.2 Haptics

The definition of haptics is of or relating to the sense of touch. Haptic control implies
that the human-machine interface can be programmed to artificially supply the user with
arbitrary force sensations. Typically the haptic force is used to relay information about the
force acting on a remote or virtual environment. Haptic feedback means that information
can be fed back to the operator in the form of force signals. The availability of both haptic
and motion information exchange between operator and remote manipulator sites allows a
sense of “telepresence” to the operator [9].

Haptic controls have been used in wide variety of applications such as hazardous
material handling in nuclear services [28], medical robotics, tele-ultrasound, tele-surgery
[29, 30, 31, 32, 33, 34], underwater robotics [35], mobile robots [36, 37, 38, 39], and micro-
manipulation and assembly [40]. As far as the haptic control of hydraulic actuators is
concerned, research in this area is limited to a few studies. Kontz et al. [8] showed that by
shaping the impedance, a better feel of telepresence can be achieved for operators in a
human-in-the-loop excavator test-bed [8]. The force feedback was generated using a virtual

spring which couples the displacement of the haptic device to the displacement of the
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bucket, i.e., the force feedback is proportional to the position error between the master and
slave manipulators. In a different application, Kontz et al. [2] used virtual fixtures
(constrained motions) to generate force signals in a forklift truck. Rather than making the
system completely transparent, they allowed it to react to virtual forces acting on the end-
effector. Haptic control of excavators has also been explored by Parker et al. [5] and
Lawrence et al. [41], who developed a magnetically-levitated joystick with stiffness
feedback to control a 4-DOF hydraulic excavator. Zarei-nia et al. [20] experimentally
compared the performance of a number of teleoperation control schemes, on a double-rod
hydraulic actuator. Most of the previous studies did not investigate the stability of the entire
control system considering combined operator-haptic-actuator-environment dynamics and
nonlinear hydraulic functions specifically for single-rod hydraulic actuator. Research in the
area of bilateral control of hydraulic actuators is still new, and there remain many

challenges to make haptic control ready for hydraulics in practice [42].

2.2 Prior relevant work

In this section, the previous work done in developing force feedback schemes for
hydraulic manipulators is discussed. Literature review related to teleoperation of mobile

manipulators and Lyapunov controllers for hydraulic actuators is presented next.

2.2.1 Force feedback schemes

Virtual fixture: The concept of virtual fixtures is usually adopted for unilateral haptic
control of a hydraulic manipulator [17]. Virtual fixture constrains large movements of the

operator’s hand into constrained regions or along desired paths defined in the slave
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manipulator working space. The concept of virtual fixture was first introduced by
Rosenberg [43]. To understand the concept of virtual fixture, a simple case of a real
physical fixture such as a ruler is typically used. A simple task of drawing a straight line
on a piece of paper without using any tool is generally difficult. But, by using a simple
device like a ruler, the pen can be guided along a straight line, which increases the task
easiness and accuracy while decreasing the task completion time [44]. Furthermore, if the
ruler is used to guide a cutting tool to cut a work-piece, it works as a barrier to safeguard

against dangerous or damaging failures to increase safety.

With respect to live transmission line maintenance application, virtual fixture was used
to define a barrier for the slave manipulator in order to prevent it from hitting insulators or
other elements of transmission lines that can possibly be hazardous or damaging [17]. The
virtual fixture force generated is proportional to the manipulator’s penetration into the
forbidden region. The force can be generated by a virtual spring which pulls the operator’s
hand back on track or out of the forbidden region. Concept of virtual fixture is described
in Figure 2.3.

With reference to Figure 2.3, when the haptic end-effector is on desired trajectory, the
virtual spring remains in rest position (x, = x4, Yo = Ya» Za = Zg), and no force is
generated (ﬁVF = 0). However, when the operator moves the end-effector away from

desired trajectory (off-track), the virtual spring generates a force (F“VF # 0) which is
proportional to the amount of penetration into the forbidden region. As seen, the force

generated by the haptic device is computed based on the distance between the actual

position of master implement, E{ =[Xa Ya Za]7, and the desired position of master

implement, P, = [¥a  Ya Za]”.
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Actual trajectory
produced by operator’s

A (Xg,Yar Zq)
F=0

Desired

«— trajectory
(Virtual fixture)

Z
AF%£0 | |7'XR
//_Fl\\, Vr

B (x4, Yar24)

Haptic implement path
(virtual fixture)

Figure 2.3 Virtual spring pulls the operator’s hand toward desired trajectory. Haptic
end-effector position can be on-track (ﬁVF = 0) or off-track (ﬁVF # 0). A and B are haptic

end-effector actual position (x4, y,, 2z,) and target (desired) position (x4, V4, Z4),

respectively.

The virtual fixture force generated by the haptic device, ﬁVF, is given by [17]:
ﬁVF = _GVFﬁ (2'1)
where Gy is the impedance of the virtual fixture, or basically the stiffness of the virtual
spring pushing/pulling the operator’s hand toward the desired trajectory and the haptic end-

effector position error (i.e. distance between the actual and desired position), R, is defined

as:

Xg — Xg
R= [ya - Yd‘ (2.2)
Zg — Zg
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Augmentation force: In unilateral control, the concept of virtual fixture was shown to reduce
master position errors originating from the operator’s unwanted hand motion. While the
virtual fixture force keeps the operator’s hand on the defined virtual path, desired motion
at the slave side cannot be assured. For example, the position tracking of the slave
manipulator can simply be violated by the fast motion of the operator’s hand at the master
side reflecting the mismatch between the master and slave dynamics. This is predominantly
evident in hydraulic manipulators, since hydraulic actuators exhibit significant nonlinear
characteristics. Therefore, the concept of position referenced force augmentation scheme,
in bilateral mode, was developed to compensate for positioning errors in hydraulics for

live-line maintenance [16].

The augmentation force (or simply position error force), signals the operator to slow
down the haptic implement (hand) motion when position error becomes larger than the
accuracy expected from the controller at the slave end-effector. The direction of this force
should be opposite to the operator’s hand velocity vector at the master implement. This
force allows the operator to realize position error at the slave site. When position error at
the slave end-effector is apparent, the augmentation force is initiated alerting the operator
to slow down the hand motion allowing the slave manipulator to catch up. The

augmentation force is defined as [16]:

> IR

< IR

As shown in Figure 2.4, R, is the vector of position error at the manipulator end-effector.

As the controller has some inherent error, the augmentation force is only generated when

the position error is greater than a threshold (ﬁt). This threshold is defined based on the
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steady-state positioning error originating from the manipulator’s controller and sensors
resolution and helps to prevent repeated activation-deactivation cycles. When ||R,|| <
|R.||. the haptic device does not produce any augmentation force. When ||R,|| >

||R.||, Eau is proportional to R,—R, in terms of magnitude, and parallel to © which is the
unit vector of haptic implement instantaneous velocity. The negative sign indicates that the
augmentation force acts in the opposite direction of the haptic device instantaneous

velocity. G, is a diagonal matrix representing the impedance of augmented force.

Slave end-effector
desired path

Figure 2.4 Desired (0§) and actual (0¢) positions of the slave manipulator end-effector.

Augmented virtual fixture: The augmented virtual fixture is a combination of virtual fixture
scheme and force augmentation scheme [16]. Figure 2.5 shows how the augmented virtual
fixture force is calculated using the virtual fixture and the augmentation forces. While the
virtual fixture is intended to aid the operator in following a predefined path, the proposed
augmentation force makes the master dynamics a better match with the dynamics of the
hydraulic manipulator. Using this scheme, the combined virtual fixture and augmentation

force can reduce position errors at both the master device implement and the slave
manipulator end-effector. As shown in Figure 2.5, while the virtual fixture force (ﬁVF) pulls

the operator’s hand toward the haptic desired path, the augmentation force (ﬁAU) slows
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down the operator’s hand motion. The augmented virtual fixture force (ﬁAVF) is then
calculated as below [16]:

Fave = pveFyr + pavFay (2.4)
where pyr and pay are the weighing factors to adjust the relative effect of virtual fixture

and augmentation forces, respectively.

Actual trajectory produced
by the operator

Figure 2.5 Augmented virtual fixture scheme.

2.2.2 Teleoperation of mobile manipulators

A mobile robotic system is composed of a manipulator mounted on top of a movable
base, and is normally used in unstructured and unknown environments which makes its
operation more challenging than in a case where the environment is known [45, 46].
Teleoperation of manipulators with moving base has many promising applications such as
live transmission line maintenance, underwater inspection, flight simulators, planets
exploration, navigation in hazardous environments, and inspection of industrial
constructions [47]. When the base motion is undesirable, and originates from disturbing
forces and torques, the system is called base-excited system [48]. In live-line maintenance,
as an example, the slave manipulator must be installed on top of a crane bucket. In such a

configuration, the base will be subjected to unwanted motion owing to wind gust, unstable

19|Page



soil and compliance in the crane actuation. The unwanted motion is highly unpredictable
owing to the lack of realistic and accurate models of the working environment. When the
manipulator’s base is excited, the difficulty in performing tasks naturally increases.
Research activities in the area of teleoperation of manipulators with mobile base, are
limited to a few studies, which mostly discusses the design and development of new
mechanisms for mobile platforms [23, 49, 50, 51, 24]. None of them, however, dealt with
investigating the effect of base excitation of the slave manipulator in performing

teleoperation.

2.2.3 Lyapunov controller for hydraulic actuators

The performance achievable by classical linear controllers are usually limited due to
highly nonlinear behavior of the hydraulic dynamics. Lyapunov-based control technique
incorporates all nonlinearities and improves the performance of the system while
guaranteeing the stability [6, 13, 14, 15]. Lyapunov stability analysis has been extensively
used in controller design for hydraulic actuators. Most researches have been carried out on
double-rod hydraulic actuators. For example, Sekhavat et al. [52, 53] developed a
controller based on Lyapunov stability analysis to regulate the impacts of a hydraulic
actuator that comes in contact with a non-moving environment. Niksefat et al. [54]
proposed a Lyapunov-based control scheme that allows a hydraulic actuator to follow a
free space trajectory and then make and maintain contact with the environment to apply a
desired force. Halanay et al. [55] used Lyapunov stability analysis method for a hydraulic
actuator to study the effect of the mounting structure of an airplane on hydraulic-powered

control. Becker et al. [56] proposed a model-based robust controller for electro-hydraulic
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robots in which the stability proof was based on the Lyapunov method. With regards to
bilateral teleoperation of double-rod hydraulic actuators, only Zarei-Nia et al. [21, 57] and
Li and Krishnaswamy [58, 59] have developed a bilateral control scheme till to date.
However, both of these studies have certain limitations. The controller designed by Zarei-
Nia et al. [21] was based on the interaction force readings between the slave manipulator
and the task environment. Thus, it is not suitable for applications where mounting a force
sensor at the end-effector is not feasible. The approach proposed by Li and Krishnaswamy
[58] was based on the passivity, which, although stable, is very conservative. Moreover,
the condition of “sufficiently slow manipulation” is another limitation of the passivity
approach.

In contrast to double-rod hydraulic actuators, the two chambers of a single-rod hydraulic
actuator have different areas. As a result, the dynamics in which the pressure changes in
the two chambers cannot be combined into a single load pressure equation. This
complicates the controller design since it not only increases the dimension of the system to
be dealt with, but also brings in the stability issue of the added internal dynamics. Thus,
research in this field is very limited and often restricted due to the many assumptions that
need to be made [60]. Guan et al. [61], presented a nonlinear adaptive robust control
method based on Lyapunov stability method, with adaptation laws to compensate for the
uncertain nonlinear parameters due to the varieties of the original control volumes.
Furthermore, by combining back-stepping techniques and a simple robust control method,
the whole system’s controller and adaptation laws were presented, which can compensate
for all unknown parameters and uncertain nonlinearities. Guo et al. [62], developed a

nonlinear cascade controller based on an extended disturbance observer to track desired
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position trajectory for electro-hydraulic single-rod actuators in the presence of both
external disturbances and parameter uncertainties. The proposed extended disturbance
observer accounted for external perturbations and parameter uncertainties separately. In
addition, the outer position tracking loop used sliding mode control to compensate for
disturbance estimation error with desired cylinder load pressure as control output; the inner
pressure control loop was designed using the back-stepping technique. The stability of the
overall closed-loop system was proven based on the Lyapunov theorem. Another approach
was proposed by Kim et al. [63], in which a nonlinear controller based on an extended
second-order disturbance observer was presented to track desired position for an electro-
hydraulic single-rod actuator in the presence of both external disturbances and parameter
uncertainties. The extended second-order disturbance observer, based on Lyapunov
stability method, dealt with not only the external perturbations, but also parameter
uncertainties. None of these studies, however, considered dynamics of haptic device and
human operator in their design. Thus, according to the literature review, there is a lack of

research on bilateral control of single-rod hydraulic actuators.

2.3  Summary

In this chapter, a comprehensive literature review was presented. Haptic teleoperation
of hydraulic manipulators in unilateral and bilateral control modes was described first.
Next, the previously developed force feedback schemes were explained, where virtual
fixture, force augmentation and augmented virtual fixture were used to control a hydraulic
manipulator for performing typical live line maintenance tasks. It was found that the issue

of base disturbance in haptic-enabled teleoperated systems needed more explorations as all
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the previous force schemes were validated on hydraulic manipulator with a stationary base.
Later in this chapter, the literature review on teleoperation of manipulators with mobile
base and Lyapunov control technique applied to hydraulic systems was presented. It was
noted that for hydraulic systems, none of the previous studies included haptic force
feedback in their design, nor was the stability of a bilateral system studied for single-rod
hydraulic actuators. This thesis fills the void in literature, by designing and experimentally
validating two stable advanced nonlinear control schemes based on Lyapunov’s stability

theory to control single-rod hydraulic actuators bilaterally.
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CHAPTER 3

3 EXPERIMENTAL SETUP AND MODELING

In this chapter, the experimental setup is explained first, followed by describing the
general dynamics of the bilateral tele-manipulation system which consists of human

operator, haptic device, single-rod hydraulic actuator, and task environment.

3.1 Testrig

The setup has been constructed to validate the feedback control schemes designed
previously in the presence of base disturbance and has been used to test the proposed

advanced nonlinear controllers for single-rod hydraulic actuators.
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Figure 3.1 Hardware-in-the-loop teleoperated hydraulic manipulator test rig.

The hardware-in-the-loop test rig (see Figure 3.1) comprises of an industrial six degree-
of-freedom (DOF) hydraulic manipulator (MAGNUM 7-function hydraulic manipulators
manufactured by International Submarine Engineering Ltd., Canada) mounted atop a 6-
DOF Stewart platform, a PHANToM haptic device that allows control of the manipulator
by the operator while creating a feel of force, a frame replicating a segment of structure to
be repaired, and a tool attached to the hydraulic manipulator. Compared to electrically-
actuated manipulators, hydraulic manipulators combine compactness with high power and
are more adaptable with regards to insulation and environmental considerations.

The hydraulic manipulator DOFs are: a rotation about vertical axis (arm), three rotations
about horizontal axes (shoulder, main elbow, and extended elbow), and two wrist rotations
(yaw and roll). In addition, an actuator is provided at the end-effector, which is not

considered as a DOF, and is used to open and close the jaw. The movable base is composed
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of six single-rod hydraulic actuators; each controlled by a proportional valve. In the middle
of each actuator, a linear displacement sensor is installed that measures the actual position
of corresponding cylinder. The manipulator is placed on a corner of the top plate. There
exist three linear movements (lateral, longitudinal and vertical), and three rotations (pitch,
roll and yaw). A computer controls the Stewart platform using a QuaRC interfacing board.
The developed test rig with the parallel platform (Stewart Platform) can be used to simulate
various motions (see Figure 3.1). The Stewart platform produces all possible degrees of
freedom such as surge, sway, heave, roll, pitch and yaw.

The master and slave devices are connected to a PC using parallel port and data
acquisition boards, respectively. Data acquisition boards are used to send control signals
to the servo-valves and read the manipulator’s joint angle encoders. The arrangement
described above enables a commercially available hydraulic manipulator to work with a

haptic device for performing tasks.

3.2 Kinematic equations

A schematic of the slave hydraulic manipulator and corresponding coordinate frames is
shown in Figure 3.2. In designed experiments, the actuators creating the yaw and roll
rotations were switched off as they were not required for the application (typical live-line
tasks) in this thesis. Only the first four DOFs were employed to run the manipulator; DOFs
are: vertical rotation (67), shoulder (65), main elbow (63), and extended elbow (65). The
tool is attached to the last link and is always kept horizontal. In Figure 3.2, {x;y;z5}
denotes the coordinate system attached to the manipulator end-effector, and the fixed
(global) coordinate system is denoted by {x3y3z5}. The superscript “s” indicates the

parameter that belongs to the slave (hydraulic manipulator). In order to always keep the
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tool parallel to the horizontal plane, the joint angle 87 (extended elbow) is expressed in
terms of 65 and 63, as follows:

03 = —05—063 (3.1)
Thus, only the first three angular displacements of the manipulator (6;_, , ;) are required

to solve the kinematics.

~. HYDRAULIC MANIPULATOR
e '

Figure 3.2 Coordinate frames of Kodiak 1000 hydraulic manipulator.

Let ﬁ;d = [x5 y5 z5]T denote the desired coordinate of hydraulic manipulator end-
effector. By solving the inverse kinematics of the manipulator, the desired angular

displacements (6;-, ,) are calculated using:
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0; = tan™! (zg) (3.2)

+ /k1 +k2 —ks \ (3:3)

k
05 = tan_1< + tan™!
ks /
05 _ tan_l ( 2[2k2C2 - 2[2k1$2 ) (34)
3 =
k12+k22_122 - l32

Using Eq. (3.1), we have:

oy \
S — _tpp—-1(22) _ -1
0; tan ( k1) tan \ k) /
(3.5)
-1 ( 2l2k2C2 - 2l2k152 )
— tan 5
k12+k22_122 - l3
where ¢; = cos(6;’), s; = sin(6;’), and
ki =xici +y5s; —li—ly (3.6)
kZ = —Z‘g (37)
_ k12 + k22 + lzz - l32 (38)
3T 2L,

A schematic of the Stewart platform is shown in Figure 3.3. As observed, there are six

hydraulic actuators that are commanded to generate the desired posture (position and
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orientation) of frame {X*Y*Z!}. The position, D, and orientation, R, of frame {XtYtZ'}

with respect to frame {X?Y?Z>} are defined as follows:

T
D =[D, D, D,] (3.9)
Ay Bx Yx (3.10)
R=l|ay, By vy
aZ ﬁZ yZ

With reference to Figure 3.3, and as shown in [64], the length of each actuator, L;—; ,

is given by:

L; = |S;] (3.11)

2 2 2
:\/Si,x +Si,y +Si,Z

where,

Si = [Si,x Si,y Si,z]T =D + RTl - Bi (312)
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Figure 3.3 Coordinate systems of Stewart platform.

In Eqg. (3.12), D and R are given by Eq. (3.9) and Eq. (3.10). B; and T; are position
vectors of the endpoints of each actuator with respect to frames {X?Y?Z>?} and {X‘YtZ},

respectively. They are defined as below:

30|Page



r _ T
/Tl = Lt - Tt Ta _Ht]
- a T
T2= _Lt—Tt E _Ht]
- a T
T; = Esin 60° — (Ly — 1) sin30°  (Ly — 1) cos 30° + Esin 30° —Ht]
< ] a T (3.13)
Ty=[-1 (L~ n)cos30° — Zsin30° —Ht]
- a T
Ts=|—-1rn —(L;— 1)cos30° + Esin 30° - Ht]
-a a T
Te = Esin 60°— (L — 1)sin30° — (L — 1) cos 30° — Esin 30° - Ht]
\
and,
T
[ B; = [rb —(Ly — 1) cos 30° + %sin30° Hb]
c T
B, = [rb (Lp — 1) cos 30° — Esin 30° Hb]
c c T
By = [(Ly — mp)sin 30°~5in60°  (Ly— 75) cos 30° + = sin 30° Hy |
(3.14)
c T
B, = [_(Lb — 1) > Hb]
Bs = [~(Ly— 1) < H]T
5 b= Ty > b
c c T
Bs = [(Ly — mp)sin 30°—2sin60°  — (Ly — 1) cos 30° — = sin30° Hy |
N
where L;, L, ; and 1}, are calculated using:
L, = (a + b)sin60°, L, = (c + d)sin60’ (3.15)
T =§(2a+b) , 1 =?(Zc+d) (3.16)

The geometries of the Kodiak manipulator and the Stewart platform are listed in Table 3-1.
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Table 3-1 Geometries of Kodiak 1000 hydraulic manipulator and Stewart platform.

Component Parameter Length (mm)

Extension link, [, 133
Kodiak Shoulder, 1, 459
manipulator Elbow, I3 342
Extended elbow, [, 1354

Top plate, short side, a 101.6

Top plate, long side, b 1045.5

Stewart Bottom plate, short side, ¢ 101.6

platform Bottom plate, long side, d 1368.0

Joint distance from bottom plate, H, 140.5

Joint distance from top plate, H, 145.8

Figure 3.4 depicts coordinate frames of the PHANToM Desktop haptic device. The
actual trajectory of operator’s hand at master site (haptic device), forms the desired

trajectory of manipulator end-effector.

Figure 3.4 Coordinate frames of PHANToM Desktop haptic device.
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Figure 3.5 illustrates the schematic of a typical link, which is driven by a single-rod
hydraulic actuator. P, and B. are the hydraulic pump (supply) and tank pressures (return),
respectively. u; denotes the control signal applied to the hydraulic value. 87, is the actual
value of the joint angular displacement and is measured by a Hall effect sensor. The actual
position of the operator’s hand is continuously recorded, 131"6‘1 = (X84, Ve'u, Zo ), and then
multiplied by a mapping factor (a;) in order to obtain the desired position of manipulator

end-effector, ﬁ;d=(x§,d,y§,d,z§,d). The desired angular displacement vector of

manipulator joints (55(1) is then obtained using Egs. (3.1) to (3.5). The difference between

the actual and desired joint displacements (e;’ ) is continuously calculated and sent to the
controller in order to generate the appropriate control signal reducing the position error.
A nonlinear PI (NPI) controller was implemented for the first part of the research for
each joint of the manipulator to test the previously developed haptic force schemes. The
NPI controller (i) has excellent tracking and regulating ability, (ii) responds quickly to
variations of the set point, (iii) reverses the directions quickly without overshoot, and (iv)
retains above properties for both large and small changes in the set point [16]. The NPI
controller was shown to improve tracking accuracy by a factor of five, as compared to the
conventional Pl controller with fixed gains, without sacrificing regulation accuracy or

robustness. The accuracy of the NP1 controller is about 0.2 degree [65].
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Figure 3.5 Schematic of a manipulator link driven by a single-rod hydraulic actuator.

3.3 Derivation of dynamic models

In this section, the dynamic model of the bilateral tele-manipulation system consisting
of human operator, haptic device, single-rod hydraulic actuator, and task environment is
presented. The PHANTOM haptic device and human operator’s hand is shown in Figure
3.6.

The combined dynamics of the master manipulator and the human arm, in one
dimension, is described as [18, 66, 67, 68]:

My X + kgXp + kpxy = F + F, (3.17)

where, m,, is the combined inertia of the master manipulator and human arm, k is the
combined viscous coefficient of the master manipulator and the human arm, and k;, is the

combined stiffness of the human arm and the haptic device. F;, is the force generated by
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the human operator’s hand, x,,, X,,, X,,,, i the displacement, velocity and acceleration of
the master implement, respectively, and E,, is the master force generated by the master
manipulator actuators based on a control law. Note that although the master haptic device
is a three degrees-of-freedom (DOF) system, only 1DOF (the horizontal motion of the
master implement x,,, as seen in Figure 3.6) is employed to control the single-rod slave

actuator.

Fh Fm

Figure 3.6 Haptic device and human operator’s hand.

The schematic of a valve-controlled single-rod hydraulic actuator attached to a spring
is shown in Figure 3.7. In the hydraulic actuator, the control signal activates the spool valve
to move and control the flow of the hydraulic fluid into and out of the actuator. This flow
in turn causes a pressure differential build-up in the actuator and makes it to move. In
contrast to the double-rod hydraulic actuators, the two chambers of a single-rod hydraulic
actuator have different areas. As a result, the dynamic equations describing the pressure

changes in the two chambers cannot be combined into a single load pressure equation. This
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complicates the controller design since it not only increases the dimension of the system to

be dealt with but also brings in the stability issue of the added internal dynamics.

Ay Py, 1y 1 mg

0, 0, N Spring Y,

Environment

Figure 3.7 Schematic of single-rod hydraulic actuator interacting with an environment

The actuator is considered to be activated by an ideal critical centre servo-valve, with
matched and symmetrical orifices. For control flows Q,; and Q, through the valve, the

nonlinear governing equations can be written in the following compact form [69]:

P+ B

L - P) (3.18)

Ps - Pr
Q1 = kyw,y Xsp > + Sgn(xsp) (

Fs + B

) (3.19)

Ps - Pr
Q; = kyw, Xsp ) + Sgn(xsp) (P, —

where k,, is the flow coefficient, and w; and w, refer to the width of the rectangular port
cut into the valve bushing through which the fluid flows in each side of the chamber. The

supply and tank pressures are denoted by P, and B, , respectively. Variables P; and P, refer
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to the hydraulic pressures in each of the actuator chambers and xg, is the spool
displacement. For simplification it is considered that B. = 0, and assumed valve to be

symmetric, w; = w, = w;

P, P,

Q, = kvwxsp\/?s - sgn(xsp) (35 - P1) (3.20)
P, P,

Q, = kvwxsp\/?s + sgn(xsp) (Pz - 35) (3.21)

The function sgn(*) is the sign function and defined as follows:

+1 *>0
sgn(*) = { 0 *x=0
-1 *x<0

The continuity equations that describe the pressure changes in each actuator chamber as

a function of flow into and out of the actuator, Q, and Q,, can be written as follows [69]:

- p .

P = m(& — A;Xs) (3.22)
. P .

P, = Vo—Ayx, (—Q + Azxy) (3.23)

where A;and A, is the annulus area of the piston in each of the actuator chambers. The
volumes of fluid contained in the connecting lines between the servo-valve and the actuator
are given by V; and V,. The fluid bulk modulus is given by g , X, is the velocity and x; is
the displacement of the end-effector, respectively.

The ratio between effective piston areas, A; and A, is defined as:

ald, = A, (3.24)
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This ratio assumption was also made in [70, 71, 72], which helps in combining the

dynamic equations describing the pressure changes in the two chambers, into a single load

pressure equation.
In a single-rod actuator, assuming the actuator around x; =0 and y = % <1, the
1

pressure differential equations, from Egs. (3.22) and (3.23), will be as follows:

Pl = é(Ql - A15Cs) (3-25)
1
Py =2 (4,2 - ) (3.26)
144} s

According to the steady-state flow relation in single-rod actuators, following is the

relation between fluid flows:

Q; = a, (3.27)
From Egs. (3.20) and (3.21),
F Py I Py
> + sgn(xsp) (Pz — ?) = 2 > + a’sgn(xsp) (5 - P1> (3.28)
For Xsp > 0,
P, = a’P, — a’P, (3.29)
P,
P,=P, + p (3.30)
And for xg, <0,
P,— P, = a’P, (3.31)
RS‘ = aZPl + PZ (332)

Thus,
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P,
P1+? if xgp >0

P, =
a’Py+ P, ifxs <0
Defining ¢ as:
g =172 if xsp >0
1 ifx, <0

Following can be a general formula for P :

P, = e(a’P; + P,)

(3.33)

(3.34)

(3.35)

By defining P, = P, — aP, as output pressure and using above equation, the pressure

of each side of cylinder can be obtained in terms of supply and differential pressures as

follows:

aP; + Py,
Py =—""5
e(1+ ad)

P _PS—SCZZPL
27 (14 ad)

Thus,

a3P, + P,

a3 +1
aP; + P,
ad+1 Xsp

Xep >0
P1:
<0

az(Ps_PL)
a3 +1
PP

a3 +1

Xep >0

Xsp < 0

(3.36)

(3.37)

(3.38)

(3.39)
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To obtain the differential equation for P;, using the steady state flow relation, we have:

P, =P —aP, (3.40)

P =1 (@ = i) — @ (<0 + 42) (3.41)
. B a?\ (Q: .

PL = vl (1 + 7) (; - AlJCS) (342)

From Egs. (3.21), (3.34) and (3.37), we have:

P, P, —ea?P, P,
_ Fs F—ea™h & 3.43
Q> k,,wxsp\/2 + sgn(xgp) <g(1 ) 2 (3.43)

a
kowxgy—=PB—P, X5 >0
3
0 = e (3.44)
kaXSp ﬁ\/a& + P, x5 < 0

Then a general formula for Q, can be written as follows:

_ @ A 2
QZ = kaXSp \/ﬁ (1 + a); + sgn(xsp) <(1 - ) 3 - PL> (345)

Now, putting the value of Q, from Eq. (3.45) in Eqg. (3.42). Following equation

represents the single-rod hydraulic actuator differential equation for load pressure P; :

. I a’ k,wxg, P, Py )
Ppp=—1+— || —= |1 = l—-a)=—-P|—A4
L + T+ ad (1+a) ) + Sgn(xsp) (1-a) > L 1Xs
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or,

2 2
P, = —%(1 +a7>5c5+ %<1+a7>k—%(\/z) (3.46)
where,
P, K
A= (1+ a)§+ sgn(xsp) <(1 — a)g—PL> (3.47)

The equation of motion for a hydraulic actuator is [73]:

AP, = mgis + dis + Fy + Ff, (3.48)
where mg is the inertia of the moving part of the actuator. x5 and i, are the velocity and
the acceleration of the end-effector, respectively. Parameter d is the equivalent viscous
damping coefficient describing the combined effect of the viscous friction between the
piston and the cylinder walls and the damping of the load. Fg, is the dry friction and F;
denotes the contact force.

The hydraulic actuator manipulates a stiffness dominant environment. Thus, the contact
force, F;, can be stated as:

F; = kgxg (3.49)
where kg is the stiffness of the environment. Note that, when the hydraulic actuator moves
in free motion, the stiffness of the environment is zero, i.e. kg = 0, therefore F; = 0, and
when the hydraulic actuator is manipulating the environment, kg # 0.

The dynamics between the valve input voltage, u, and the spool displacement, x,, are
described as a first-order model which is adequate for many industrial applications [73, 74,

75]:
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-1 k 3.50
a'csp = - Xsp T %u ( )

where, kg, and 7 are the valve gain and time constant, respectively.

The hydraulic function parameters are shown in Table 3-2 below, which were obtained
directly from  manufacturer’s  specifications sheet or by experimental

measurement/verification to resemble the actual test rig on which all the experiments were

performed.
Table 3-2 Hydraulic system parameters.
Parameter Symbol Value
Supply pressure P, 6.895 MPa (1000 psi)
Combined mass of piston and rod mg 15.7 kg
Viscous damping coefficient d 250 Ns/m
Piston area (blind side) Ay 3.17 X 1073 m?
Piston area (rod side) A, 2.66 X 1073 m?
Initial fluid volume (blind side) 4 1.58 X 10™* m?
Initial fluid volume (rod side) Vv, 1.33 x 107* m?
Hydraulic compliance C 2x1071 m5/N
Orifice coefficient of discharge Cq 0.6
Hydraulic fluid density p 847.15 kg/m?3
Orifice area gradient w 1.01 X 10™%m
Valve gain ksp 4.064 x 10~>m/V
Valve time constant T 0.03s
Inertia of master (haptic) m,, 0.045 kg
Viscous coeffic_ient at the master k, 0.2 Ns/m
side
Stiffness of human arm ky, 10 N/m
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The model described above is now used to build the state space model. Defining the
state vector X as:

X=[%1 X2 X3 x4 X5 Xg]T

(3.51)
= [xs Xs P, Xsp  Xm J.Cm]T
State space equations:
(X1 = X3
A d ks
Xy = m. X3 m. Xy le
BA1< a2> B ( a2> k,w
X3=——(1+— |+ 1+ — | —=—=x.(VA
) : Vi Y 2 Vi Y /)V1+ad 4( ) (3_52)
-1 k
Xy =—X4s+ —2u
X5 = X¢
] 1
Xe = — (Fp + B — kaXe — kpxs)

\ m

where, A= (1+ a)% + sgn(x,) ((1 — a)%— PL)

Note that in Eq. (3.52), the friction term Fj, is neglected, as depending on the type of

actuator, this friction can be small or significant [54]. This assumption was needed to make
the Lyapunov stability analysis manageable. Nevertheless, as will be seen later in the
experimental results, the controllers developed here performed well for the real actuator

with friction. u and F,, are computed by the control laws to be designed in Chapter 5.

3.4 Summary

This chapter described specifications of the experimental test rig employed in this thesis,

followed by describing the required formulations. The test rig used in this research
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comprises of an industrial hydraulic manipulator mounted atop a Stewart platform, a
PHANTOM haptic device that allows control of the manipulator by the operator while
creating a feel of force, a frame replicating a segment of structure to be repaired, and a tool
attached to the hydraulic manipulator. Furthermore, in this chapter, the dynamic model of
the bilateral tele-manipulation system which consists of human operator, haptic device,

single-rod hydraulic actuator, and task environment was presented.
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CHAPTER 4

4 CONTROL OF HYDRAULIC MANIPULATORS WITH
BASE MOTION!

4.1 Introduction

This chapter serves as a prelude to understand how base motion effects the previously
developed unilateral and bilateral controllers for hydraulic teleoperation. In this chapter,
the force feedback schemes developed in [16, 17] have been rigorously tested in the
presence of base disturbance, as those were validated only when the base of hydraulic

manipulator was stationary.

1 A version of this chapter has been published in

V. Banthia, Y. Maddahi, K. Zareinia, S. Liao, T. Olson, W. K. Fung, S. Balakrishnan and N. Sepehri, "A
prototype telerobotic platform for live transmission line maintenance: Review of design and development,”
Transactions of the Institute of Measurement and Control, vol. 40, no. 11, pp. 3273-3292, 2018 [76]

and partially presented at

V. Banthia, Y. Maddahi, S. Balakrishnan and N. Sepehri, "Haptic-enabled teleoperation of base-excited
hydraulic manipulators applied to live-line maintenance,” in IEEE/RSJ International Conference on
Intelligent Robots and Systems, Chicago, IL, 2014 [77]

45|Page



The focus is on conducting live-line maintenance using teleoperation whereby a
manipulator is installed on top of a live-line bucket truck to perform tasks using a hot-stick.

The concept is described in Figure 4.1a. A hot-stick (with associated tools) is attached to

Camera

Insulator

: q Hot-stick

Remote robot

Hand Operator’s
i Controller PC

q v' "‘\ s
—/Manipulator
’ -

' ;SStEvygrt platform ==

o w4\ P

<,

(b)
Figure 4.1 (a) Concept developed to perform live-line maintenance near energized lines,
(b) Test rig to simulate base motions of the crane bucket.
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the end-effector of a robotic arm. The robotic manipulator is then remotely controlled by a
lineman/operator enabling him to perform typical live-line maintenance tasks from a safe
distance away from the high voltage power lines. As the slave manipulator is installed on
top of a crane bucket, its base is subjected to unwanted motion due to wind gust, unstable
soil, and compliance in the crane actuation. Thus, the issue of base disturbance needs
proper investigation on otherwise well-performing teleoperated system.

Experimental investigations performed on the test rig in the real field, indicated that the
hydraulic manipulator base was disturbed with displacement amplitude around 45 mm and
frequency of about 0.12 Hz [76, 77]. Therefore, for experiments, the Stewart platform (see
Figure 4.1b) was programmed to generate random top plate displacements (T, T, T,) as
depicted in Figure 4.2. Note that the radial displacement applied to the top plate of Stewart
has maximum amplitude and frequency of 90 mm and 0.24 Hz, respectively, which will
confirm that the system can work in presence of larger displacements as well. When the
displacement of the top plate is determined, the program solves the inverse kinematics of
the Stewart platform given in Eq. (3.14) and finds the displacement of each hydraulic
actuator. The displacement of each hydraulic actuator (B;-; ¢) is illustrated in Figure 4.3.
During the operation, the operator could not recognize or predict the amplitude or the
frequency of the base motion; therefore, the motion was completely unpredictable. This
unpredictability is obvious when the frequency of motion changes every 20 seconds (see

arrows in Figure 4.2).
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Figure 4.2 Displacement of platform top plate over a 100-second period. The arrows

show the unpredictability of the base motion.
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Figure 4.3 Actuator displacements of 6-DOF Stewart platform.
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4.2 Experimental evaluation of control schemes

Performances of the three control schemes, explained in Section 2.2.1, were evaluated
in the presence of base excitation. The schemes were: virtual fixture scheme, force
augmentation scheme, and augmented virtual scheme. The performance of each scheme
was then compared with a mode in which no force was generated by the haptic device. The
effectiveness of each of the three schemes was validated by emulating two live power line
maintenance tasks in a laboratory setting. First, the performance of the hydraulic tele-
manipulator was evaluated under no force mode (NF), whereby haptic device applied no
force to the operator’s hand. The same tests were repeated when the operator ran the system
under virtual fixture scheme (VF), i.e. a trajectory was defined as virtual fixture, and the
operator’s hand is kept on the virtual fixture path. The experiments were then repeated
when no virtual fixture was added to the system, and the haptic device was augmented by
the force augmentation scheme (AU). As mentioned in Section 2.2.1, using this scheme,
the generated force helps the operator realize how far the slave end-effector moves behind
or ahead of the slave implement. Lastly, the operator was asked to repeat the experiments
when the augmented virtual fixture (AVF) force was utilized by the haptic device.

In all schemes, a nonlinear Pl (NPI) controller was used to control the joint angles of
the slave manipulator [65]. This NPI controller was built upon a conventional linear Pl
controller and three modifications were performed to it. The first modification was to
multiply the accumulated error integral by a novel velocity error varying factor at each
control step. This modification has shown to effectively prevent integral windup and allows
the use of larger integral gains, therefore improving both regulating and tracking abilities.

The second modification addressed the problems of hydraulic flow deadband and stiction
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at the joints. A nonlinear filter was introduced which reliably detects the occurrence of
stalling by calculating a stick-induced velocity error signal. This signal was then used as a
switch to boost the control signal as required. Implementing this modification enabled the
manipulator to follow changes in set-point without any delay. The third modification
allowed the reduction of overshoot in the deceleration response. This was accomplished by
boosting the position error by a factor proportional to a deceleration term in the calculation
of the integral portion of the controller at certain periods. More details on the controller

and the gain parameters are provided in Appendix A.1.

4.3 Test procedure

There were eight graduate students from the University of Manitoba who contributed in
this study. All participants were right-handed and reported a normal to corrected-to-normal
vision. They were first briefed and trained about the concept of schemes that were
employed in this study, operation process, and possible effects of base motion on quality
of task. They were then asked to try the experiment in the simulation mode while the robot
was switched off and force capability of haptic device was deactivated. The training phase
was completed once the operator felt comfortable and confident to use the system. Finally,
they practiced with the real system and went through the experiments. Participants were
asked to hold the stylus of the haptic device like holding a pen and trace some paths.

There were two typical tasks emulated by the experimental setup shown in Figure 4.4.
As illustrated in Figure 4.4a, to twist a tie wire around an electrical cable, a circular curve
in x5 zg plane is traced (Task A). In another task, shown in Figure 4.4b, the operator pulls

the cotter pin out (Task B). As observed, a combination of several lines, located on y§z;
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plane, forms the defined trajectory for completing this task. In each task, the operator
moves the haptic implement along depicted trajectory, from point A to point D. In the case
of testing virtual fixture scheme, corresponding virtual fixture for the task of twisting a tire
wire was defined as shown in Figure 4.5. Virtual fixture is intended to aid the operator in
following a predefined path. As was discussed in Section 2.2.1, when the hand implement
is on desired trajectory, the virtual spring remains in rest position (x, = x4, Yo = Y4, Zq =
z4), and no force is generated (ﬁVF = 0). However, when the operator moves the
implement away from desired trajectory (off-track), the virtual spring generates a force
(ﬁVF # 0) which is proportional to the amount of penetration into the forbidden region.
From Eq. (2.1), virtual fixture force generated by the haptic device, ﬁVF, is given by [17]:
ﬁVF = _GVFﬁ (4.1)
where Gy is the impedance of the virtual fixture, or basically the stiffness of the virtual
spring pushing/pulling the operator’s hand toward the desired trajectory and R is the haptic
end-effector position error, R. In tests under the VF scheme, the stiffness of the virtual

spring (Gy ) was set to [16]:

1500N /m 0 0
Gyr = [ 0 1500N /m 0 (4.2)
0 0 1500N /m

When force augmentation scheme was tested, the haptic force was generated based on

the position error Eg at the slave end-effector as shown in Figure 4.6. From EQ. (2.3), the

augmentation force is defined as [16]:

(4.2)

P {—IGAU@;: —ED[o ||E || > 1|2 |
AU —

0 IES || < ||EF ||
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As the NPI controller has some inherent error, the augmentation force is only generated
when the position error is greater than a threshold (EF). This threshold is defined based on
the steady-state positioning error originating from the manipulator’s NPI controller and
sensors resolution and helps to prevent repeated activation-deactivation cycles.
When ||E5 || < ||E ||, the haptic device does not produce any augmentation force. NPI
controller produced maximum steady-state error reflecting a threshold of 1.54 mm, 1.06
mm and 2.07 mm at the end-effector along xg, y5 and zg, respectively [16]. Thus, the
threshold is E¥ = [1.54mm 1.06mm 2.07mm]".

In the case of augmented virtual scheme, both virtual fixtures and augmentation forces

were combined to reduce position errors at both the master device implement and the slave

manipulator end-effector.
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(@) Twisting a tie wire (Task A) (b) Pulling out a cotter pin (Task B)

Figure 4.4 Typical live-line maintenance tasks used to validate performance of
teleoperated system.
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Figure 4.5 Virtual fixture at the master side for the task of twisting a tie wire.

Slave end-effector
desired path

Yo

Figure 4.6 Desired (0) and actual (07) positions of the slave manipulator end-effector for

the task of twisting a tie wire. Position error at the end-effector is expressed by ES .
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4.4 Experimental results

The augmented virtual fixture was observed to adjust the operator’s hand movement
(force augmentation scheme) and keep the hand on defined trajectory (virtual fixture
scheme). As seen in Figure 4.4a, the maintenance tool might collide with the cable because
of the manipulator base movement. Therefore, although the virtual fixture part of the
scheme intended to keep the operator on the circular trajectory, the operator was compelled
to move the haptic implement against the virtual fixture force, and deviate from the defined
trajectory, in order to avoid colliding. The operators believed that working under virtual
fixture and augmented virtual fixture schemes was tiring because of applying such a
resistive force over a long time.

Figure 4.7 and Figure 4.8 depict the task completion times, for both tasks under all four
force modes. As shown the NF mode was less time consuming than the other force modes.
In contrary, AVF mode showed more value of task completion time as compared to the
AU and VF modes. The reason can be found in the nature of AVF that it (i) helps the
operators to slow down the hand motion when position error appear at the slave site, and
(i) tries to pull back the operator’s hand toward the virtual fixture trajectory, and therefore
redirects the hand from its intended motion.

Figure 4.9 and Figure 4.10 show mean value of slave manipulator displacements for
tasks A and B, respectively. The slave end-effector displacement, in each test, is summation
of displacements between two adjacent sampling. As observed in both tasks, the end-
effector in NF mode travels longer distance than the other force modes. Moreover, the
augmented virtual fixture exhibited the best in terms of end-effector distance. The

displacements, for virtual fixture and force augmentation schemes, were almost close to
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each other. However, in task A, the virtual fixture seems more helpful to the operator than

task B.
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Figure 4.7 Task completion times for tie-wire task.
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Figure 4.8 Task completion times for cotter pin task.

| information about performance measures is given in Table 4-1. As seen in

the fourth column, the number of failed trials, in VVF, is more than the other schemes. More

specifically, t

for22,17,13

he operators failed the operation, under the VF, AVF, NF, and AU schemes,

, and 5 times, respectively. The shaded cells, in Table 2, show the worst force
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mode in each significant criterion. As observed, the AU is not the worst scheme in any of
the three measures. With reference to results obtained from the three performance
measures, especially the number of failed trials, the AU mode was found better than the

other schemes.
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Figure 4.9 Slave end-effector displacements for tie-wire task.
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Figure 4.10 Slave end-effector displacements for cotter pin task.
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Table 4-1 Performance measure of the teleoperated system under no force (NF), virtual

fixture (VF), augmentation (AU), and augmented virtual fixture (AVF).

Task | Force mode | Task time (s) Number_ of failed . End-effector
trials displacement (mm)
o NF 19.18 8 380.91
=
S VF 25.45 14 315.60
2
Z AU 29.46 3 256.54
.E
AVF 32.08 11 290.41
3 NF 16.56 5 548.32
c
a
5 VF 18.21 8 452.98
S
= AU 21.23 2 401.12
c
= AVF 24.15 6 492.35

Figure 4.11 shows the variations of force for tests presented in Figure 4.4 under force
augmentation mode. Once the position error appears at the slave side, the haptic device
generates the augmentation force, and alerts the operators to slow down the hand motion.
This allows the hydraulic actuators at the slave side to catch up with the haptic motion, and
the end-effector moves towards the intended trajectory. Therefore, the position error at the

slave end-effector decreases.
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Figure 4.11 Augmentation force for (a) tie-wire task; (b) cotter pin task.

Figure 4.12 to Figure 4.15 illustrates typical trajectories of the slave manipulator end-

effector along xg, y;5, and zg axes and radial position error of slave end-effector, |E,§| =

JED2+ 8?2 + (25)2, when the haptic device works under either the force
augmentation or no force mode. Dashed (red) and solid lines (black) show slave end-
effector actual and desired trajectories, respectively. As seen, there was an unavoidable
position error at the slave manipulator end-effector which originates from responses of the
slave controller and the actuation system. In addition, in some situations, the maintenance
tool was about to collide with the cable due to the unpredictable motion of the base.
Therefore, the operator tried to keep the maintenance tool from colliding and moved the
haptic device fast. The fast motion resulted in position error appearing at the slave end-
effector. However, in force-enabled mode, this problem was then alleviated by

implementing the concept of the force augmentation.
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Figure 4.12 Typical test trajectory of hydraulic manipulator end-effector under

augmented mode for tie-wire task and radial position error of slave end-effector
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Figure 4.13 Typical test trajectory of hydraulic manipulator end-effector under no force

mode for tie-wire task and radial position error.
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Figure 4.14 Typical test trajectory of hydraulic manipulator end-effector under

augmented mode for cotter pin task and radial position error.
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Figure 4.15 Typical test trajectory of hydraulic manipulator end-effector under no force

mode for cotter pin task; and radial position error of slave end-effector.
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45 Performance evaluation

This section evaluates the effectiveness of the developed comprehensive system in
performing typical live-line maintenance tasks. The complete system setup includes an
operator positioned to view the wireless monitors (see Figure 4.16). The operator (1) has
direct visual access to the robotic arm and hot-stick tool as well. The haptic device (2) is
used to interface with the robotic arm to direct the tool. In addition, the augmentation force
is added to the haptic device to reduce the position error at the manipulator’s end-effector
as this force feedback scheme was found to be the most effective as per Section 4.4.
Multiple wireless cameras may be positioned on the robot to provide the operator with the
best visual feedback (3). In this work, only one camera is used for demonstration purposes.
Finally, the hydraulic manipulator (4) completes the setup and performs the tasks,
translating the operator’s hand movements to the hot-stick tool. There are two hot-sticks
attached to the arm to receive various hot-stick tools: the pan tool (5) for transferring and
manipulating insulator strings, and the multi-tool (6) for cotter pin and other hardware
manipulation. The tasks were performed on a 3-bell string (7) in this laboratory
demonstration. As mentioned, the Stewart platform simulates the crane bucket

movement.
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Figure 4.16 Complete system setup; (1) operator (2) haptic device (3) cameras (4)

manipulator (5) pan tool attachment (6) multi-tool (7) insulator (8) Stewart platform.

Special tools were combined to provide a single multi-tool (see Figure 4.17) capable of
performing several tasks without interrupting or reconfiguring the setup. The cotter pin
puller was combined with the hammer head for removal and installation of the cotter pin
keeper on the insulator. Lastly, the ball socket adjuster (fork) allows the operator to

manipulate the socket for release or capture of the ball on the insulator.
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Pin puller Hammer Fork

Figure 4.17 Multi-tool used to perform multiple live-line maintenance tasks.

The actuator creating the yaw rotation is switched on this time and the pan tool is
attached on that link, so that all the operations required for changing the insulator could be
performed without reconfiguring the setup. The pan tool (Figure 4.18) is used to remove

the insulator or insulator string from the Y-ball or adjacent insulator as required.
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Figure 4.18 Pan tool being used to remove insulator.

It is then used to transfer and install the new insulator string. Corresponding work
envelope and end-effector trajectories are also shown for each task, which demonstrates
that with minimal movements, all the tasks were effortlessly performed. The operator
begins by unpinning the insulator keeper using the multi-tool pin puller (Figure 4.19). Inset
shows how the operator’s hand movement corresponds to the hydraulic manipulator. End-

effector motion and corresponding work envelope is shown in Figure 4.20.
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(b)

Figure 4.20 (a) Pulling out the pin using pin puller, and (b) corresponding work

envelope.
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Next, the lower end of the string is released (Figure 4.21) from the conductor shoe using
the ball socket adjuster (fork). The haptic device allows the operator to make small
positional changes to the hot-stick tool in any direction as though the hot-stick were a pen
in hand. Complete three-dimensional motion and control is provided by the hydraulic
robotic arm. Normally, the operator’s whole body would be involved in manipulating the
hot-stick tool from the bucket, ladder or tower. Using the new system, the operator’s wrist

IS most active. This greatly reduces worker’s fatigue.

330
X, (mm)

260 80

(b)

Figure 4.21 (a) Releasing the lower string using the ball socket adjuster (fork), and (b)

corresponding work envelope.
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Once the lower end of the insulator string is disconnected, the pan tool is attached and
maneuvered into place as shown in Figure 4.22. The string is picked off of the Y-ball
connector. Upon removal of the defective string, the pan tool is re-charged with a new
insulator and the operator now maneuvers the socket, capturing the Y-ball connector

(Figure 4.20).

220 150

(b)

Figure 4.22 (a) Removing the broken insulator using the pan tool, and (b) corresponding

work envelope.
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Figure 4.23 (a) Replacing a new insulator using the pan tool, and (b) corresponding work

envelope.

Finally, after changing the tool attachment from the pan tool back to the multi-tool, the
lower attachment is made using the ball socket adjuster (fork). Once the socket is seated,

the hammer completes the task, driving home the cotter pin keeper as shown in Figure 4.24.

This successfully completes the task of the changing an insulator string.
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Figure 4.24 (a) Connecting the lower joint using the ball socket adjuster (fork) followed

by hammering, and (b) corresponding work envelope.

46 Summary

In this chapter, the performance of a teleoperated hydraulic manipulator in performing
two tasks relevant to live-line maintenance was evaluated. Experimental studies were
conducted when the manipulator base was excited by the Stewart platform creating random
motions. There were three tested force modes: virtual fixture, force augmentation, and
augmented virtual fixture schemes. The performance of the teleoperated system, under

each force mode, was evaluated and then compared with a mode in which no force was
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generated by the haptic device. Performance of each scheme was evaluated under three
measures: task completion time, number of failed trials and displacement of the
manipulator end-effector. Results showed that the augmentation force (position error force)
was the best scheme by which the operators could complete the typical tasks efficiently
and comfortably. Since implementing the augmented force is straightforward and effective,
for the proposed application, it is recommended as a tool to perform the maintenance tasks.
Similar concept has been used in the following chapters where position error between slave
and master sides is used to generate the haptic force. In addition, this force is proven to be
proportional to the interaction force between the hydraulic actuator and the environment
making it the best choice in applications where installing a force sensor on the end-effector

of the hydraulic manipulator is unfeasible.
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CHAPTER 5

5 BILATERAL CONTROL OF SINGLE-ROD HYDRAULIC
ACTUATORS WITH FIXED BASE?

5.1 Introduction

In this chapter, a bilateral control scheme is developed and experimentally validated for
a fixed base single-rod hydraulic actuator. The stability of the complete bilateral control
scheme has been theoretically proven using Lyapunov techniques. In this scheme, the
position error between displacements of the haptic device and the hydraulic actuator is used
at both master and slave sides to maintain good position tracking at the actuator side while
providing a feel of performing task at the remote site without the need for direct
measurement of the interaction force. It allows an operator to use a haptic device to

manipulate a hydraulic actuator in either free or constrained motion.

2 A version of this chapter has been published in

V. Banthia, K. Zareinia, S. Balakrishnan and N. Sepehri, "A Lyapunov Stable Controller for Bilateral Haptic
Teleoperation of Single-Rod Hydraulic Actuators,” ASME Journal of Dynamic Systems, Measurement, and
Control, vol. 139, no. 11, pp. 111001-111017, 2017 [78]
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There are various methods for creating and applying haptic force to the operator’s hand
in teleoperation systems [7]. A simple way to create and apply haptic sensation is to use
the contact force between the slave manipulator and the task environment [20]. However,
in certain applications as in controlling backhoes and excavators, providing haptic force
feedback based on measurement of interaction force, is not feasible and presents many
challenges [6]. When interaction force information is not readily available, position
information can potentially be used to generate haptic feedback [6]. A simple approach in
using position information for providing haptic feedback is to use the positions of master
and slave manipulators [6, 8, 79]. Rather than making the system transparent, i.e., having
direct force feedback on the operator’s hand, the haptic device alerts the operator of the
reactions as a result of forces acting on the implement.

The control scheme proposed in this chapter consists of two control laws at the master
and slave sides. At the slave side, the hydraulic actuator has a stable position tracking for
both unconstrained and constrained motions as well as the transition phase between these
two motions. At the master side, the haptic device provides the “feel” of telepresence to
the operator by creating a force that has two components. One component uses position
error information between the master and the slave. The second component reflects the
stiffness of the environment to the operator. At the steady-state, this term is a scaled version
of interaction force. The proposed controller can be tuned to give different weights to each
of the two haptic sensations that are built based on the position error or the interaction
force. The proposed control scheme is also easy to implement, as the only required
measurements are hydraulic system pressures (supply pressure and actuator’s line

pressures), and displacements of the master and slave device.
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The control laws are obtained during the non-straightforward process of constructing a
Lyapunov function to guarantee the stability of the overall closed-loop system. A
description of the Lyapunov stability analysis method along with some other definitions
used in this thesis are provided in Appendix A.2. Owing to the discontinuity in the proposed
control laws, the control system is non-smooth. With regard to classical solution theories,
a solution cannot even be defined; much less discuss its existence, uniqueness, and stability
for such systems. Therefore, Filippov’s solution concept is first employed to prove the
existence, continuation and uniqueness of the Filippov’s solution [80, 81]. Following, the
extended Lyapunov’s stability theory [82, 83, 84, 85] is used for the stability analysis of
the resulting bilateral control system. Simulation and experimental studies are presented to

validate practicality and effectiveness of the proposed controller.

5.2 Development of controller

The bilateral teleoperation system model (see Figure 5.1) described in Eq. (3.52) is now

employed to design a stable bilateral control scheme.
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Figure 5.1 Bilateral teleoperation system.

The aim is to develop a Lyapunov stable feedback control scheme that is capable of

doing the regulating task, i.e. given a constant force by human operator and an arbitrary

initial condition, the system should approach to an equilibrium point and remain there. The

control laws are constructed during the non-straightforward process of finding the proper

Lyapunov function for the system as explained in Appendix A.3. Here, the control laws

are proposed first and then the stability using the Lyapunov stability analysis is presented.

The following control laws are proposed to determine values for u and F,,;:
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u= [—Kpl(xs — Xp) — szPL]\/Z (5.1)

Q
En = p3(xs — Xpm) + Kp3 A_lpL (5.2)
U = [—Kp; (21 — x5) — Kpox3|VA (5.3)
Q
En = Kp3(xg — x5) + Kp3 A_xs (5.4)
1

where,

Ps Ps
A= (1+a)7+sgn(x4)<(1—a)7—x3>

(5.5)

In Egs. (5.1) and (5.2), K;,1, Kp,, and K3 are real positive gains. The first term in Eq.
(5.4) acts as a proportional controller to minimize the displacement error between the
master and slave manipulators, which results in a faithful position tracking by the slave.
This first term constrains the operator’s hand motion when the slave manipulator is
behind/ahead in tracking master manipulator’s displacement. The second term, which is
related to the load pressure, P,, of the hydraulic actuator is added for the stability
requirement. The entire control law helps the operator to feel as if he/she is directly

manipulating the hydraulic actuator creating the level of telepresence, or “feel” of the

remote site. Similar terms, but scaled by term \/(1 +a )% + sgn(x,) ((1 -« )% - PL>

to ensure stability, are used for calculating the control signal u, which help the hydraulic

actuator to have a stable position tracking.
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Note that the above controller is discontinuous due to term sgn(x,) in (5.3) when x, =
0. Replacing u and F,, in Eq. (3.52) with Egs. (5.3) and (5.4), results in the following state

space equations:

(X1 = X7
. _Al d ks
xz_msx3 msxz msxl
ﬁA1< “2) ﬁ( “2> k,w
iy= —— 1+ — )1+ —(1+— | =—=x, (V2
< 3 Vi y) P Y /V1i+a3 +(V8) (5.6)
_ -1 k
X4 = Tx4 + % [_Kpl(xl —X5) — Kp2X3]\/Z
D.C5 = X¢
, 1 Q
Lx6 = — [Fh + Kp3(x1 - xs) + Kp4_x3 - kdxé - kth]
Mm

Ay

where, A = (1 + a)%+ sgn(x,) ((1 — a)% - x3>

The control system described by Eq. (5.6) is non-smooth due to term sgn(x,) on the
right-hand side of the equation describing x,. These types of systems violate the
fundamental assumption of conventional solution theories of ordinary differential
equations, known as the Lipschitz-continuous requirement. With respect to classical
solution theories, one cannot even define a solution, much less discuss its existence,
uniqueness and stability. Filippov’s solution theory [80, 81] is one of the earliest and most
conceptually straightforward approaches developed for analysis of non-smooth systems.
Based on the Filippov’s solution concept, the conventional Lyapunov stability theory
initially developed for smooth systems, has been extended to non-smooth systems [83, 84,

85] and will be used in the next section to study the stability.
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5.3 Stability analysis

The first step in the stability analysis is the Filippov’s solution analysis that establishes
a new definition of solution for differential equations with discontinuous terms. It provides
the required theorems to prove the existence, uniqueness, and continuity of non-smooth
systems [80, 81]. The second step is to construct a smooth Lyapunov function for the non-

smooth dynamic system of Eq. (5.6) to prove the stability of the system.

5.3.1 Existence, uniqueness, and continuation of Filippov’s solution
The dynamic system presented by Eq. (5.6) consists of nonlinear differential equations
with discontinuous right-hand sides. The discontinuity arises from the term sgn(x,)
originated by the control law Eq. (5.3). Here, Filippov’s solution concept is used for the
non-smooth system described by Eq. (5.6). The discontinuity surface of the system
described in Eqg. (5.6) is:
S, :={X:x; # 0 and x, = 0} (5.7)
The discontinuity surface, Sy, divides the solution region, Qg , into two regions:
Q¢ = {#:x; # 0and x, > 0} (5.8)
Qg :={X:x; # 0 and x, < 0} (5.9
The right-hand sides of Eg. (5.6) are piecewise continuous and defined everywhere
in Qg . They are measurable and bounded as well. Therefore, Eq. (5.6) satisfies condition
B of Filippov’s solution theory and according to theorems 4 and 5 of Filippov [80], the
local existence and continuity of a solution is confirmed. Next, the uniqueness of the
solution is proven. Since the right-hand sides of Eq. (5.6) are all continuous before and

after the discontinuity surface, and the discontinuity surface, S;, is smooth and independent
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of time, conditions A, B and C of Filippov’s solution theory are satisfied [80, 81].

Following the procedure described in [80], the limiting values of the vector function of the

right-hand sides of Eq. (5.6), i.e. f;; and fg when S; is approached from Q;fl and Qg , are:

(X2
A d ke
msx3 msxz Sx1
LA, a? B a?\ k,wx,
———(1+— + —|1+— P —
+ _ 4} 14 2 4 14 \/1+a3( s x3)
fs=1 _ . " (5.10)
— Xt % [=Kp1 (e1 — x5) — Kpaxs| /Py — x3
X6
L(F + K, 5 (x —x)+QKp3x —kx—kx)
L, h p3Xq 5 A, 3 dXe hXs
(X2
A d kg
msx3 msxz Sx1
BA, a? I a?\ k,wx,
——(1+— )+ —(1+— Jab +
-_ y )2 y \/1+a3( aks + ;)
fsi =3 4 I (5.11)
TX4_ + % [_Kpl(xl - x5) - Kp2x3]\/ an + X3
X6
1 K
_(Fh + Kpg(xl - XS) + Q p3 X3 — kdx6 - kth)
\ m,, 1

The projections of f;1r and fg. along the normal to the discontinuity surface, i.e., Ns, =

{0,0,0,1,0,0} are denoted by f,\fsl and frs,:

ks
fits, = =2 [=Kpa (1 = x5) = Kpa ()P = x5 (5.12)
fus, = krﬁ [—Kp1 (t1 — x5) — Kpa (x3) |\ aPs + x5 (5.13)

f,;fsl and f,;slhave the same sign (note that /P, + x5 is always non-negative). This
satisfies conditions of Lemma 9 of Filippov’s solution [80].

The other discontinuity surface:
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S, :={X:x; = 0and x, # 0} (5.14)

Then,
Qg = {*:x, > 0 and x, # 0} (5.15)
Qg, = {%:x; < 0 and x4 # 0} (5.16)
(%2
A, d kg
Ex3 — stz — Exl
ﬁz‘h( az) B ( az) kowx,
—— 1+ =)+ —(1+— VA
fS+ = Vi 14 ? 4} 14 V1+CZ3( ) (5.17)
y .
-1

k
— Xy + % [—Kpl(xl — xs) - Kp2x3]\/z

Q Kp3

1
k_ (Fh + Kp3(x1 - x5) + X3 — kdx6 - khx5>
mm

(%2
A d ke
m, X3 m, X2 m, X1
[)’A1< a2> I < a2> k,wx,
——(1+— )+ —(1+— VA
fo = Vi 14 2 Vi Y /)V1+ad ( ) (5.18)
S P T 7
TX4, + T [_Kpl(xl - XS) - szx3]\/z
X6
1 QK3
k m_(Fh + Kpg(xl - Xs) + Al X3 — kdx6 - kth>
m

Projections of £f and f5, along Ng, = {1,0,0,0,0,0}

fi,, = %2 (5.19)
fi,, = *2 (5.20)

f,;fsz and f,\,‘s2 have the same sign. Thus, Lemma 9 of Filippov satisfies [80].
Sy :={X:x; = 0and x, = 0} (5.21)

Note that S5 is the intersection of S; and S,. Uniqueness analysis of S5 is also carried

out in a similar way.
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5.3.2 Stability proof

Extension of Lyapunov’s second method for non-smooth dynamic systems [83], based
on Filippov’s solution theory is used for stability analysis. A smooth Lyapunov function
for the non-smooth dynamic system is constructed. By imposing x; (;=1.¢) = 0, the system

described by Eq. (5.6) is shown to have the following equilibrium point:

)_C)eq=[x1eq x2eq x3eq x4eq xSeq x6eq]T

(5.22)
= [xlss X2ss X3ss Xass Xsss xGSS]T
Defining the following states from Eq. (5.6):
when x; = 0, we get:
Xpss = 0 (5.23)
Similarly when x, = 0, we get:
Ay d kg _ 0
m X3ss m X2ss s X1ss =
Since x,¢, = 0 from Eq. (5.23), we get:
Al ks
Esx%s = Esxlss
or,
k
X355 = A_less (5.24)
1

Since x,, = 0,
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x4SS = 0 (525)

Now when x, = 0, we get:

-1 k
Txtlss + % [_Kpl(xlss - x555) - szx3ss]\/Z

=0
or,
K zks>
Xsgs = [ 14+ =) x 5.26
5ss ( KplAl 1ss ( )
When xz = 0, we get:
Xgss = 0 (5.27)
Finally, when x, = 0, we get:
1 Q
— [Fn + Kp3(xlss — Xsss) T Kp4A_x3ss — KaqXess — kthSS] =0 (5.28)
My 1

Putting the values of x5, and x¢, from Egs. (5.24) and (5.26) in above, we get:

X _ KPlA%Fh (5 29)
B KpsKpaArks — QKpsKpiks + KpiAZky + KppAskpks
and from Eq. (5.24)
KPlAlkth (5 30)

x =
398 KpsKpyArks — QKp3Kpiks + Kp1ATky + KppAikpks
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and from Eq. (5.26)

Kp1ATFy + KppAikFy
X =
° 7 KpsKpaArks — QKpsKpiks + Kp1A2ky + KppAikpks

Finally we get:

Kpi AT,
X =
Y5 KpsKpyArks — QKpsKpiks + KpiA2ky + KpoAgkpks

Xomen = Kp1A1ksFy
7 KpsKppAjks — QKp3Kpiks + KpyA2ky + KppAgkyks

Kp1ATFy + KppAikFy,
X =
" KpsKpaArks — QKpsKpiks + Kp1A2ky + KppAikpks

Thus,

-

xeqz[xleq X2eq X3eq X4eq Xseq x6eq]T

:[xlss 0 X356 0 g O]T

Defining é = X — %, the following error states are then defined:
é=[e1 e e ey, es e

= [(xl - xlss) X2 (x3 - x3ss) X4 (xS - xSss)

€1 = X1 — Xiss
€2 = X3 — Xpss
€3 = X3 — X3ss
€4 = X4 — Xyss

X5ss

/_
Q
(43}
I
=
[}
I

€ = Xg — Xgss

Since x,g4, X455 aNd x4 are all zeros, we get:

(5.31)

(5.32)

(5.33)

(5.34)

(5.35)

x]”  (5.36)

(5.37)
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(91 = X1~ Xiss
| €2 = X2
€3 = X3 — X3gs
ey = X4 (5.38)
€5 = X5 — Xsgs
k€6 - x6
First derivative:
(61 = Xy
éz - x2
é; = X
33 (5.39)
64 = x4
€ = Xsg
kée = x6

Putting the above values in Eq. (5.6), we get:

(61 = e,
. Al d ks
€ = — (eg + X35) ——— €y —— (el + Xpg5)
mg mg s

: A, a’ B a’\  kw (5.40)
e; = ——<1 +7) e, + V_l(l +7>—me4(\/Z)

1k
. p
€y = 734 + T [_Kpl(el + X5 €5 — x5SS) - sz(e3 + x3ss)]\/Z
65 = 36
. 1 Q
(% =— Fr+ Kys(ey + xp5 — €5 — x55,) + K3 N (e3 +x; ) — kges — ky(es + Xsg5)
m 1

Putting the values of x; g, X345, X5ss:

Aq d kg
s — 1, T, 5 541
e m, €3 m, € m, €1 ( )
-1 k

ey = s + % [—Kp1(91— es) — 1(1;;293)]‘/Z (5.42)

. 1 Q
g = — [Kp3 (61 - es) + Kpg — €3 — kde6 - khes] (543)

My Aq

84|Page



Eq. (5.40) changes to:

(61 =6
A, d kg
e, = m es m e, - e
ﬁA1< a2> I < a2> k,w
b3=——(1+—)e+ —(1+— VA
’ vy y) W Y VIt 4( 8)
1\ 1 (5.44)
€4 =6 + — [ p1(e1—es) 233]\/—
€5 = €
\ée = m—m [KpB (e1 —es) + Kp3 A_le3 —kqeq — khes]
Remark:

At steady-state, force generated by the haptic device, F,,s, is related to the contact force
F; between the hydraulic actuator and the environment, as follows:

From Eq. (5.4),

Q

Fmss = p3(x155 - xSss) + Kp3 A_1x3ss (5-45)
Q
Fnss = p3X1ss— Kp3x555 + Kp3 A_1x3ss (5.46)

Putting the value of x5 and x5, in terms of x4, from Egs. (5.23) and (5.24),

K,;0 — K, 3K ,A
p1l p3fip2411
Enss = [ K A2 lksxlss (5-47)
p14i1
K,;0 — K,,A l
pl p24i1
E = K,3F; (5.48)
mss l KplA% p3Liss
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It is observed that even though the contact force is not directly measured, the force
generated by the haptic device F,is proportional to the interaction force F;. The
proportionality can be adjusted via controller gain, K5

The right-hand sides of Eq. (5.44) are discontinuous, but measurable and bounded. To
construct a smooth Lyapunov function for the non-smooth system of Eq. (5.44), the
procedure described by Wu et al. [83] is used. The following Lyapunov function is
constructed for the system described by Eq. (5.44):

V(e ey e3,e4,€5,€6)

2\ 2 2 2
13K,,, A2 B2 (1 + “7) + 14k (1 + “7) [szAlﬁ (1 + “7) - Kplvl]

= o €1
a? a? a?

+ 22 es + ejez + oV e;

4 [szAlﬁ (1 + 7) — Kprl] [szAlﬂ (1 + ) Kprl] 1

a 2
Ak,wtB? (1 + —)
+ 14 e2
a? 4
2k, VT + a3 (K Ar ( + 7) — Ky V)
a?\ a2 2
2145 B2 (1 + 7) o1 2K,1 A1 (1 + 7)
+ (e —14eg)* +—| e3 — es
4 a?
a?\?

(—13K,143K,y3 + Kp1 ATky) [ K,2A1B (1 + ) Kprl][)’z (1 + —)

+ y y 2
2 és
2V1Kp3 [szAlﬁ (1 + a7) - Kplvl]
o? 2 o
2KZ,V, K5 A3 B2 (1 + ) KplmmA%W( —)
Y 2 4 Y 2
2 5 €5 eg
2V1Kp3 [szAlﬁ (1 + a7) - Kplvl] 2V1Kp3 I:szAIB (1 + ) 1V1]
(5.49)
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From Eg. (5.49), function V is continuous. Next, V is proven positive and definite.

Rewriting I as follows:

V=V1+V2

where:

2\ 2

, |/131< (A2 B2 ( “7) + 14k, (1+“72)[ K2 A B <1+ 1v1]\
=

\ 28V, [szALB (1 + CZT) — Kp1V1] /lel

2 2
KpiVy + KA (1 +2 ) Ky1ArB (1 +2 )

4[ 2A13(1+ ) 1V1] [ 2A1ﬁ<1+ ) Kplvl]

€163

V, = (terml)e? + (term2)e? + (term3)e, e (5.50)
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V,

_ ms,8<1+a72> ,

a?\’
Ak, wtf? (1 + —)
27, e; +

Y
2k, ViVT + a3 (KpzALB (1 +

az
K, A2 B2 (1+7)

+
28V1[ Ky2As B (1 + y) Kplvl]

2

(e — 14es)?

2
Ky s (1 " V)
[ p241B (1 + ) Kp1V1]

€s

2 25 2
(=13K,,A2K,y5 + K1 A2K,) [szAlﬁ (1 + “7) _ Kplvl] B2 (1 n “7)
_|_ 2

a? z
2V, Ky [szAl,B (1 + 7) - Kplvl]

2

a? 2\ 2
2KV, K5 A2 B2 (1 + ) K,ym,, A2 B2 (1 +“—)
)4 2 |4 2
o2 265 o2 €6
2V1K 3 [szAlﬁ (1 + 7) - Kplvl] 2V1Kp3 [szAlﬁ (1 + 7) - Kprl]

(5.51)

To prove V; is positive, it can be re-written in the following form:

—le; e 1
V,=[e1 €M [93] (5.52)
where matrix M is:
M= [M11 M12] _ [ terml (term3)/2]

My, My, (term3)/2 term?2 (5.53)

88|Page



As per Sylvester’s theorem [86], for V; to be positive definite, a necessary and sufficient
condition for the symmetric matrix M is that its principal minors, i.e., M;; and det(M) =

(My;M,, — M;,M,,) must be strictly positive. M, is shown below:

My, = terml (5.54)

det(M) = (My; Mz, — Myy My 5) (5.55)

= (terml) * (term2) — (term3)? /4

My, = terml

2

2\ 2 2
13K,, A? (1 + “7) 4 14k B (1 + “7) [szAlﬁ (1 + “7) - Kprl]

> (5.56)
28V, [szAlﬁ (1 + “7) - Kplvl]
M, will be strictly positive subject to the following condition:
CZZ
K,2A:B <1 + 7) — KV, >0 (5.57)
Thus,
K,V
pl¥1l
Kpz > ——= (5.58)
Y
Let’s define:
aZ
H = KpZAlﬁ (1 + 7) - Kp1V1 (559)

and
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CZZ
J=pB|l1+— (5.60)
14
For det(M) we have:
det(M) = (terml)  (term2) — (term3)? /4 (5.61)
13K, A7 J? + 14k JH Ky Vi + Kp1Aq)
det(M) = 28V, H i 4H
(5.62)
_ KpAd)?
©4HZ
If we rewrite det(M) and have terms pertaining to k, separate, we have:
det(M) = k 14JH(K,1V; + Ky1A4)) 13KP1A§ ]Z(Kprl + K,144))
s 112V, H? 112V, H?
(5.63)
_ (KpiA)?
- 4HZ
14/H (K, Vs + Ky A1)
det(M) = k; 112V, 12
(5.64)
13KZ, A% J*V, + 13K, A3 J*K,,, — 28V, K2 A3)?
112V, H?
14JH (Kp Vs + Kp1A4))
M) =
det(M) = ks 112V, H?
(5.65)
134,/K,, — 15V, K,
n KplA% ]2 p2 181
112V, H?
The first term is positive, for the second term to be positive:
134,JKp; > 15V, K,y (5.66)

or,
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15V,K,y,

K,, >
p2 2 5.67
134,8 (1 + “—) (5.67)
14
Note that if condition (5.67) satisfies then (5.58) will be satisfied, because:
15V, Ky, Ky, Vy
p2 > (5.68)

a? a?
134 (1 —) A (1 —)
1B(1+ Y 1B(1+ Y
Thus, V; is proven to be positive. Now for V,.
All terms in V, are positive subject to condition (5.68), except for the term pertaining to

e, rewriting that term we have:

(—13Kp1ATKps + Kpi ATk )H]® — 2K3ViKpoAY®

TAANE (5.69)
(—13Kp1 42K 3 + Kp1 ATky )HJ? — 2K V1 K,3A%]% > 0 (5.70)
K,3(—13H — 2K, V,) + kpH > 0 (5.71)
knH > K,3(13H + 2K, V;) (5.72)
Thus,
K knHl (5.73)

<
P37 13H + 2K,V
Thus, subject to satisfying conditions (5.68) and (5.73), function V is positive definite.
Next, V is proven to be a smooth Lyapunov function and V is negative and at least semi-

definite. The derivative of V with respect to time is:
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. 13K, A3 J% + 14kgJH Ko+ Kpdy KA KAy
= e

28V H 16 2H €3¢s 163+ Te3é1
ms] . Akasz . KplA%]Z . .
+ —e,e, + e, +————(eq — 14e:)(é; — 14e
2V1 2%2 kspvlmH 4<4 14‘V1H ( 1 5)( 1 5)

1 2K, A 2K, A,
#3 e~ e[ e
N (—13Kp142Kp3 + Kp1 ASky )H]? — 2K2, V1 K3 AZ)?

2V, K, H? ®5€s

(5.74)

Replacing é;(;—1.6) With right-hand sides of (5.44):
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_ 13Kp1A% J? ks] KpiVi| AdJ Jk,w

ee; +—eey +—— ezez + ese, (VA
v T et T | et e (V)
K, AJ | Ay Jk,w
p2
—— | ———eye; + eze (VA
20 | v 7 v1m34()
K, AJ [ A Jk,w 1 Kpidi
—_— - ————— A)|+
H - Vl e1éy + Vlmele4(\/_) H €3€-
+m5] Aq d kg ]
2V ©2 mg és ms ©2 mg “
Ak,wtJ? [ ksp
— es(e;—es) — K, eue \/K]
ksple/l-l——aH [ proatiio e peeaes)
Kp1 A7)

VAT (erey — 14e e — 1dege, + 14%ese;,)
1

A
+%33IA1] 4 Jk,w 4(\/_)] Kpq 1]6366

Vl V1V1+
ZKZA 2
Kp1A1]eS [_ﬂez V]k W 4(\/—)1 p14i] iy 2 AP
1“

N (—13K,1 43K 3 + Kp1 Ak )HJ? — 2K V1K, A%]?
éce
ViKp3H? 576

ViKys3
JAq

Kplmm 1]2
mmVle3H

[ Kp3(e; —es) + es — kqeg — khesl

(5.75)

Now, arranging terms and multiplying brackets, we have:
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V: elezl

+ eses(VA) l—

kepViVI+a?H  HVVI+a?

13K, A1 J? 4 k]  KpiATJ? mglkg KplA J?
14V,H v, ViH  Vim, | 14VH
1V1A1] K zA ]2 KplA]_] mgJA; A
+ 8283 + + — Ay,
2HV, 2V, H H Vom, 2V,
+€3€4(‘/_)I Ky, ViJk,w N Ky, A1) k,w B AK,wt)%kg),
2HVWT+ a3 2HVWI+a®  thg,ViV1+ a3H
k,w A J?k,w  AK,wt]%k
+ —] = l+ele4(\/_)[ v2fls] wplt l
2ViN1 + a3 HV,V1 + a3 TkSpV1\/1 + a3H
[ m/d 2[ Ak, ,wt]? l
+e;|— ] ey |—
Vimg kspViV1 + a3H
Ak, wtj? Kp141)%k,w

+ ee [_ 14K ]2 + plmm 1]2 p3l

1=e 14V, H M Vi KpsH
+ eqe. |— KplAlj KplmmAijzlezB

3T6 H mm Vi KysHJ Ay

A%J? A
+ e,es | — p1 1] pl 1]
ViH

+ -14Kp1A%]2 KplmmAiszzB KplmmAiszh 2K§1A%]2

€|y H Mo Vi KysH Mo Vi KysH H?

13K A3 *HKps | KpiHAYPKn  2KHATPViKps

V1 K3 H? V1K3H? ViKpsH

+ o2 _KplmmA%]de

6 M Vi KpsH

(5.76)
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For bracket pertaining to e, e,:

13K,,A% J* + 14Hkg] — 14K}, A% J* — 14Hk] + K, A7 J? | .
14V, H B

(5.77)
Similarly, for bracket pertaining to:
e,e3; esel(VA); erel(VA); eses(VA); ereq; e3e6; 3655 eseq: are all zeros when
solving them.

Thus, the remaining terms in V are as follows:

) d [ Ak, wt]?
=l ]
] |k, ViV1+ a?H
(5.78)
+ ez -_ KplA%]zkd
6 ViKpsH
a’ a?\?
2 ﬁ(1+7)d 2[ Ale,wrp? 1+7) ]
V == —82 - 64 2
£ lkSpV1\/1 + a3 [K 2A16 (1 + a7> — Kprl]J

(5.79)

As seen from Eq. (5.79), V is continuous; thus, V is a smooth Lyapunov function for the
non-smooth system described by Eq. (5.44). Moreover, V is negative semi-definite. Note

that all parameters are positive numbers. Therefore, the control system is stable in the sense
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of Lyapunov, according to the theorem defined in [83]. The overall conditions required to
prove the stability are summarized below:

15V, Ky,

K,, >
P2 2 5.80
134,8 (1 + “7) (580)

o< k,H
P37 13H + 2K, V;

(5.81)

5.4 Results

5.4.1 Simulation results

Simulation studies were conducted to verify the developed system model, prove the
stability of the system and confirm the tracking ability of the control laws. System
parameters used in simulations are given in Table 3-2 in Chapter 3. Values of the hydraulic
function parameters were obtained directly from manufacturer’s specifications sheet or by
experimental measurement/verification to resemble the actual test rig on which all the
experiments were performed. The parameters used at the master side, k;, k; and m,,, were
chosen to be similar to the ones given in reference [66, 87, 88].

Simulations were generated in C++ using the fourth-order Runge-Kutta integration
method. Eq. (3.52) was used as the system’s equations and Egs. (5.3) and (5.4) were used
for the purpose of control. Gains were appropriately tuned to ensure a good tracking
performance of the system. The controller gains were chosen as K;,; = 0.1, K;,, = 4.6 X
10712 and K,3 = 0.38. The controller gains were chosen based on the following
procedure. First, a value for K,,; in Eq. (5.3) is chosen that is high enough to produce a fast
response without saturating the control signal or causing unacceptable overshoots. Values
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of gains K, and K3 are governed by inequalities (5.80) and (5.81), respectively; they
ensure stability of the system. Next, K, was chosen to be the smallest value satisfying
(5.80). This makes position error between the master and slave smallest, for given K,,;.
Finally, K,,; was chosen to be a large value satisfying (5.81).

In the first simulation study, the human input force F;, was set to a constant value
of 0.4N, and initial conditions for all states were chosen as zero. The aim of this simulation
was to show that the system can reach an equilibrium point given a constant input in free
motion i.e. kg = 0kN/m. From Eq. (5.35), the equilibrium point of the system was

determined to be:

)_C)eq=[x1eq xZeq x3eq x4eq xSeq xGeq]T (5.82)
=[40.0mm 0.0m/s 0.0Pa 0.0mm 40.0mm 0.0m/s]”

where ¥ = [X1 X2 X3 X4 X5 Xe]T =[xs %5 Po Xsp xp X7

Figure 5.2 show results. As is seen, all states reached their equilibrium points.
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Figure 5.2 Simulation results given a constant human input (F;, = 0.4N).

The same simulation test was repeated, but this time, the hydraulic actuator interacted
with a spring having stiffness of k; = 17kN /m. The goal was to demonstrate that the
proposed system can reach an equilibrium point while interacting with an environment

exhibiting stiffness. The equilibrium point of the system was determined to be:

)_c)eq:[x1eq X2eq X3eq Xseq Xseq Xeeq]T (5.83)

=[399mm 0.0m/s 021MPa 0.0mm 40.0mm 0.0m/s]”

Figure 5.3 show results of this simulation. As is seen, all states reached their equilibrium

points.
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Figure 5.3 Simulation results given a constant human input (Fj, = 0.4N). The hydraulic

actuator is pushing against a spring having stiffness k;, = 17kN /m.

The second set of simulation studies was designed to observe the tracking ability of the

control laws resembling the actual experiments to be performed later. The human input

was set to be a sinusoidal force with an amplitude of 0.4N and frequency of 0.13Hz. The

same controller gains as in the previous test were used. With reference to Figure 5.4, the

hydraulic actuator started in free motion i.e. k, = 0kN /m and then came in contact with a

spring having stiffness of k, = 17kN /m at 20mm. As is seen, displacements of the haptic
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and the hydraulic actuator are almost the same, which validates the excellent tracking

performance of the control system.
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Figure 5.4 Simulation results given a sinusoidal human input. Hydraulic actuator starts in

free motion and makes contact with a spring having stiffness of kg = 17kN /m at 20mm.

5.4.2 Experimental results

For conducting the experiments, one link (shoulder) of the available teleoperated
hydraulic manipulator (see Figure 5.5) was developed to be bilaterally controlled by a
haptic device, while all the other actuators were locked in place. As shown in Figure 5.5,
experiments were performed on the swivel motion control of the manipulator arm. As there
is a nonlinear transformation between the joint swivel angle 6 and the cylinder position x,
the equivalent mass of swivel inertia depends on the swivel angle as well as the cylinder
position. However, by limiting the movement of the swivel cylinder in its middle range,

this equivalent mass will not vary much and can be treated as constant [60]. The load
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pressure, P, and the displacement of the hydraulic actuator, x; were sent from the slave
side to the master. These were used at the master side to compute the master force, F,, using
Eqg. (5.4). The displacement of the haptic device, x,,, was sent from the master side to the
slave to determine the control signal of the hydraulic actuator, u using Eq. (5.3). Other
variables needed by the controllers were pump pressure, P;, and differential pressures, P, ,
which were easily obtained via online measurements. The master haptic device was
connected to a PC using parallel port, while the slave manipulator was connected to the
same PC with data acquisition boards. Data acquisition boards were used to send control
signals to the servo-valves and read the manipulator’s joint angle encoders. Since the haptic
device and the hydraulic manipulator were connected to the same PC, there was no
noticeable communication delay. The control loop worked at 500 Hz (sampling time of 2

ms). In all experimental studies, the same controller gains were used as in the simulations.

Figure 5.5 Shoulder link of the manipulator used for experiments.

Three different experiments were created to test the designed controller during free
motion and when interacting with the environment. Experimental results are shown in

Figure 5.6 to Figure 5.10. With reference to Figure 5.6a, hydraulic actuator moved in free
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motion and the operator applied a command to the haptic device similar to a step
displacement. The displacement tracking error between the haptic device and the hydraulic
actuator is around £5mm. In the next set of experiments, the operator moved the haptic
device back and forth and the hydraulic actuator moved in free motion. The results are
shown in Figure 5.6b. The displacement tracking error between the haptic device and the
hydraulic actuator in this set of experiment is around £10mm. Another point to note is that
the use of discontinuous control strategy, creates some chattering as seen in the zoomed-in
plot in Figure 5.6a.

The proposed controller makes the master dynamics a better match with the dynamics
of the hydraulic actuator. As seen in Figure 5.6, the operator feels additional force on his
hands whenever there is a quick change in the direction of motion alerting the operator to
slow down the hand motion allowing the slave manipulator to catch up as position error
gets apparent. The entire control law essentially assisted the operator to feel as if he is

actually moving the hydraulic actuator, providing a sense of telepresence.
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Figure 5.6 Experimental results of hydraulic actuator moving in free motion for (a) step-

like master input, (b) sinusoid-like master input.
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Figure 5.8 show results of the next experiment in which the hydraulic actuator starts in
free motion and comes in contact with a spring having stiffness of k; = 17 kN /m, at x, =
200mm. The spring used in the experiments could not travel more than 50mm (see Figure

5.7). Thus, during the experiments, the operator was restricted not to push beyond this

limit.

Figure 5.7 Hydraulic actuator starts in free motion and pushes against a spring having

stiffness of kg = 17 kN/m at x; = 200mm.

With reference to Figure 5.8a, the operator applied a command to the haptic device

similar to a step displacement, while in Figure 5.8b, the operator moves the haptic device

back and forth.
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Figure 5.8 Experimental results of hydraulic actuator moving in free motion and making
contact with a spring having stiffness of k, = 17 kN /m for (a) step-like master input, (b)

sinusoid-like master input.
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The next two experiments are conducted to investigate the effect of interacting with the
real environment of unknown stiffness. Figure 5.9 shows the test setup whereby the
hydraulic actuator is pushing against a live line conductor wire having very high stiffness
with a hot-stick. Figure 5.10 show results of experiment in which the hydraulic actuator
starts in free motion and comes in contact with a conductor wire, at x; = 200mm. With
reference to Figure 5.10a, the operator applied a command to the haptic device similar to a
step displacement, while in Figure 5.10b, the operator moves the haptic device back and

forth.

Figure 5.9 Hydraulic actuator starts in free motion and makes contact with a live-line

conductor wire at x; = 200mm.
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Figure 5.10 Experimental results of hydraulic actuator moving in free motion and making

contact with a live-line conductor wire for (a) step-like master input, (b) sinusoid-like
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In all the experiments, the control signal is within range and not saturated. As evident
through all the results, the system is stable and exhibits good tracking response while
providing haptic force feedback to the operator. The experimental results confirm that even
though actuator dry friction was not explicitly considered as part of the controllers’ design,

the experimental system performed well.

55 Summary

This chapter presented the design and implementation of a theoretically sound and
practically simple to implement bilateral controller that allows teleoperation of single-rod
hydraulic actuators. The controller works for both free and constrained motions and is
based on Lyapunov’s stability technique. Stability of the proposed control scheme
considering nonlinear hydraulic functions, and combined dynamics of the operator-haptic,
was analytically proven. Owing to the discontinuity in the control laws, the resulting
control system was non-smooth. Thus, the existence, continuation and uniqueness of the
solution were first proven using Filippov’s solution theories. The extended Lyapunov’s
stability theory was used next for the stability analysis of the subsequent control system.
Simulation results were provided, which confirmed that the controller could effectively
stabilize the system. As far as the validation is concerned, experimental results confirmed
that the controller could effectively stabilize the system while having good position
tracking by the hydraulic actuator, and providing a feel of performing tasks at the remote
site to the operator.

The controller was based on position information of master and slave devices. This

controller is the best choice in applications in which installing a force sensor on the end-
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effector of the hydraulic manipulator is not practical. The results of this chapter contribute
to enhancing the operator’s ability to carry out stable haptic-enabled teleoperation of
hydraulic robots in hazardous (nuclear plants or underwater) environments.

In the next chapter, this control scheme has been modified for base excited single-rod
hydraulic actuators and the system stability is proven to be insensitive to the uncertainties

of the physical parameters and of the measurement of the base point motion.
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CHAPTER 6

6 BILATERAL CONTROL OF SINGLE-ROD HYDRAULIC
ACTUATORS SUBJECTED TO BASE DISTURBANCE?

6.1 Introduction

Teleoperation of manipulators with moving base has many promising applications such
as live transmission line maintenance, underwater inspection, flight simulators, planets
exploration, navigation in hazardous environments, and inspection of industrial
constructions [47]. When the base motion is undesirable, and originates from disturbing
forces and torques, the system is called base-excited system [48]. In these hydraulic

machines, the base of the manipulator is attached to a non-inertial coordinate system.

3 A version of this chapter has been published in

V. Banthia, A. Maddahi, K. Zareinia, S. Balakrishnan and N. Sepehri, "A Lyapunov Stable Controller for
Bilateral Haptic Teleoperation of Single-Rod Hydraulic Actuators Subjected to Base Disturbance," ASME
Journal of Dynamic Systems, Measurement, and Control, vol. 141, no. 3, pp. 031013 - 031033, 2019 [89].
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This base disturbance would affect the control quality and stability due to un-modelled
dynamics. Therefore, the effect of base disturbance should be included in the design of
controller.

In this chapter, a control scheme is developed and evaluated for stable bilateral haptic
teleoperation of a single-rod hydraulic actuator subjected to base disturbance. The
proposed controller is built upon Lyapunov stability technique and is capable of reducing
position errors at master and slave sides and provides a feel of the contact force between
the actuator and the task environment to the operator without a need for direct
measurement. The controller requires only the measurements of the actuator line pressures
and displacements of the master and slave. The system stability is insensitive to the
uncertainties of the physical parameters and of the measurement of the base point motion.
Stability of the proposed controller incorporating hydraulic nonlinearities and operator
dynamics with an estimated upper value for the base disturbance is analytically proven.
Simulation studies validate that the proposed control system is stable while interacting with
a task environment. Experimental results demonstrate the effectiveness of control scheme
in maintaining stability, while having good position tracking by the hydraulic actuator as
well as providing a haptic feel to the operator without direct measurement of interaction

force, while the hydraulic actuator is subjected to base disturbance.

6.2 Dynamic equation of single-rod actuator with base disturbance

In this section, the dynamic model of the bilateral tele-manipulation system (see Figure
6.1) which consists of human operator, master haptic device, slave single-rod hydraulic
actuator with base disturbance, and task environment is presented.
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Figure 6.1 Bilateral teleoperation system.

The single-rod hydraulic actuator link studied has one degree of rotational freedom and
the base point can move freely in the horizontal plane (see Figure 6.2). Considering the
rotational motion of the Kodiak manipulator link, the dynamic equation of actuator with
base disturbance is rewritten as follows from Eq. (3.48):

meXs = AP, — dxg — koxg — kgxcosf

Ay d kg ks
X =—P, —— X3 ——x; — —Xxpcos0
Som S s 5T my (6.1)
!
Dy,

where x, X, and X, represents the displacement, velocity and acceleration of the

implement, attached to the actuator, respectively; mg is the inertia of the moving part of
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the actuator; d is the equivalent viscous damping coefficient; k, denotes the stiffness of
external load applied along the actuator, while x;, represents the base motion displacement
and D,, represents the base disturbance term. Taking 8 = zx, for further analysis, where z
is a constant that converts the displacement of piston into the rotation of link. Note that the
term of dry friction has been neglected to make the Lyapunov stability analysis

manageable.

Figure 6.2 Schematic of valve-controlled single-rod hydraulic actuator.

The state space variables equations are as follows:

¥=[x1 X2 x3 X4 x5 X|" =[x; %, PL Xsp Xy Fp]T
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561=x2

X =éx —ix —Ex —Ex cos(zxq)
zmssmszms1msb 1
2 2

xgz—ﬁV—All<1+a7>x2+Vﬁl<1+a7> f”w3x4(\/Z)
{ Vita (6.2)
. -1 ksp

X4—TX4+ T

X5 = X¢

. 1

kxézm_m(Fh+Fm_kdx6_khx5)

Terms u and F,, are the control laws to be designed in Section 6.3.

6.3 Development of controller

In this section, the model described in Eq. (6.2) is employed to design a stable
controller. The aim is to design a Lyapunov control scheme for both free and constrained
motions of the hydraulic actuator. The control laws are constructed during the non-
straightforward process of constructing a proper Lyapunov function for the system. The
control laws are first proposed and then the stability is analyzed using the generalized

Lyapunov stability theorem. The proposed control laws are:

u = [—Kp; (xs — xm) — Kpa PLIVA+ C (6.3)
14 ,
Fm = Kp3(xs - xm) + (Kp3]7 + B )PL + Bxs (64)
1

where A= (1+ a)% + sgn(xsp) ((1 —a) % - PL) and C is the compensation term
added to the control signal to overcome the effect of base disturbance and still ensure

system stability. In Eq. (6.3), C = Cgﬁb, and Dy, is referred to as the estimated upper value
5
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of the base disturbance term. The reason for using an estimated upper value for D;, in the
control signal has been discussed in Section 6.4.2. Other terms and relevant parameters are

defined as follows:

_ A;PJ?>  QPkgpVA

—Bo+ |(B3 —4ApC
n A1Q 0 = Q\I(Q QQ)_

Cs V,H TA, MsKpa VA ; 240 ’
a? p . kew
J=B(1+5)iH = KppAr] = KpaVii P = s
_M]ms _]msS
A, =(1—=ML); B, = —LS; Cy = ;
Q ( ) Q A Q A
—PV/A AT Ky ksVivAmg V1K, A,PtJ?
M = + L= 2 - ;S = ;
A mgkg,KppVA Ait] JPK,VA kspViH
KpikspyVAQ 14T -7 —QKp1kspVA A2QK,,
B = + ;B = —; = ;
Yt Y 2Y 14t 14msPsz\/Z
_KpAY? 2ViQKpkspVA  24,QK,V:
ViK,3H ' AyT)? mS]Pszx/Z'

(6.5)

Note that the term C, in Eq. (6.3), must be measurable. To meet this condition, we need to
prove that Cs, in Eq. (6.5), is measurable and a positive value. The necessary condition for
Cs to be measurable is that the expression H (in the first term of Cs) is positive and can

never be zero.

From Eq. (6.5),

_APJ? QPkS,,\/Z+ A,0
> T WH T4, MKy, VA

and,
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H = szA]_] - Kprl

Thus,
H = KPZAIJ - Kprl > 0
or,
Kp1Vi
K., >-—P -
P27 A, (6.6)
Also,

A PJ?  QPkg,VA A1Q
C5 = - + > 0
ViH TA; mSsz\/Z

(6.7)
Thus, the chosen value of K,,, must ensure that Cs is always a measurable and positive

number.

In Egs. (6.3) and (6.4), K,

1, K2, and Ky 5 are real positive gains. Note that the control
laws are discontinuous due to term sgn(xsp). The entire control law helps the operator to
feel a level of telepresence. The first term in Eq. (6.4) basically generates a feedback to the
human operator proportional to the position error between master and slave manipulators.
This force feedback notifies the human operator about the position error between master
and slave implements and constrains the operator’s hand motions when the slave
manipulator is behind/ahead in tracking master manipulator’s displacement. The second
term relates to the load pressure, P, of the hydraulic actuator and is added for stabilizing
the overall control system. Similar terms are used for defining the control signal u.

Replacing u and F,, in Eq. (6.2) with Egs. (6.3) and (6.4) in terms of state space

variables, we get:
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(5(1 =Xy

. Al d ks ks ( )
Xy = m, X3 m, Xy m, X1 m, Xp COS\ZX4
) ,BA1< a2> I < a2> k,w
X3=——(14+—)xs+ —|1+— | —=——=x, (VA
] 2 y) 2w Y )VI+ a3 (V) (6.8)
| k
x4 = TX4 + % ([_Kpl(xl - XS) - KPZX3]\/Z + C)
X5 = Xg
. 1 Vi ,
x6 = [Fh + Kp3(x1 - x5) + (Kp3_ + B )X3 + Bxl - kdx6 - thS]
Mmm ]Al

where, A= (1+ a)% + sgn(x,) ((1 — a)%— x3>

The control system described above is non-smooth due to the term sgn(x,). As per
conventional solution theories, a solution cannot even be defined for such systems. Thus,
Filippov’s solution theory [80, 81], developed for analysis of non-smooth systems, is used.
Based on the Filippov’s solution theorems, the generalized Lyapunov stability theory is

extended to non-smooth systems [83, 84, 85].

6.4 Stability analysis

Filippov’s solution theorems establish definition of solution for differential equations
with discontinuous terms. The existence, uniqueness, and continuity of non-smooth
systems can be proven based on the Filippov’s solution theorems [80, 81]. The next step is

to construct a smooth Lyapunov function for the non-smooth dynamic system of Eq. (6.8).
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6.4.1 Existence, uniqueness, and continuation of Filippov’s solution
According to the Filippov’s solution concept, the first discontinuity surface of the non-

smooth system described in Eq. (6.8) is defined as:
S :={X:x; # 0 and x, = 0} (6.9)
The discontinuity surface, S;, divides the solution region, Qg , into two regions:

Qg = {*:x; # 0 and x, > 0} (6.10)

Qg :={X:x; # 0 and x, < 0} (6.11)

The right-hand sides (RHS) of Eq. (6.8) are piecewise continuous and defined
everywhere in Qg . The RHS of Eq. (6.8) implies the values of state derivatives (x;) in

terms of the state variables (x;), system parameters and control inputs. The state variables
represent the physical parameters of the system like displacement and velocities of master
and slave, load pressure, and spool valve position which are bounded. Moreover, there is
no term in RHS of Eq. (6.8) comprising the state variables in the denominator; therefore,
they are always measurable and bounded. Thus, Eq. (6.8) satisfies condition B of Filippov’s
solution theory and as per Theorems 4 and 5 of Filippov [80], the local existence and
continuity of a solution are established.

Next, the uniqueness of the solution is proven. Since the right-hand sides of Eq. (6.8)
are all continuous before and after the discontinuity surface, and the discontinuity surface,
S1, 1s smooth, conditions A, B and C of Filippov’s solution are satisfied [80, 81]. Based on
the procedure described in [80], the limiting values of the vector function of the right-hand

sides of Eq. (6.8), i.e. f' and f;, when S, is approached from Q¢ and Qg are:
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X2

A, d k k, -
Xy ——x, ——x; — —x;, cos(zx
msx3 msxz msx1 m, b 1
(e 1 ) S
1+ X+ —(1+ Pi—x
PO A S s V%) (6.12)
t -1 k
Tx4 + %([—Kpl(xl —Xg) — Kp2x3],/PS — X3 + C)
X6
1 Vi
= (Fh+Kp3(x1—x5)+(Kp3]A + B"x3 + Bx; — kdx6—khx5)
X
A d k
— X3 —— Xy ——x; — — X}, c0S(ZX1)
mS mS mS mS
BA1< a2> I < a2> k,wx,
S D )+ (14— ) 22 (JaB +x
fo={ N v)? 14 \/1+a3( %) (6.13)
1
-1
—x4 ksp ([ 01(x1 — x5) — Kpoxs|JaP; + x5 + C)
xe

1 Vi
—(Fh + Kp3(xy —x5) + (Kps 7+ B Y3 + Bxy — kgxg — khx5)
My, JA;

The projections of £ and f;. along the normal to the discontinuity surface, i.e., N5, =
{0,0,0,1,0,0} are denoted by f,;“sl and fy;, :

k

fI\TS1 %([_Kploﬁ — X5) — Kp2x3]m + C)
k

fN_S1 - %([_KmOﬁ — X5) — Kp2x3]m + C)

(6.14)

(6.15)

The proof that f,\;‘s1 and f1\751 have the same sign has been presented below.

From Eqg. (6.8):

-1 k
564 - Tx4 + % ([_Kpl(xl - x5) - Kp2x3]\/z + C)

If it can be proven that C = G+/A and G is a constant, then:

1 K 6.16
Xy =—X4 + % ([_Kpl(xl = X5) = KpoXz + G]\/Z) .

T
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Plotting C vs VA:
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Figure 6.3 Plot of C vs v/A to prove G is a constant.

From the plot above, we get C = 2e~7VA — 8e~° ~ 2¢~7V/A, thus G is a constant,

The projections of £ and f;. along the normal to the discontinuity surface, i.e., N5, =
{0,0,0,1,0,0} are denoted by f,;fsl and fy;, :

kg |
fng = Tp ([—Kp1(x1 —xs5) — Kpax3 + G]m) (6.17)

k 6.18
fl\Ts1 = %([_Km(?ﬁ — x5) — Kppxs + G]w/aPs + x3) (6.18)

The first part of the right hand side of the equations above, i.e., krﬂ [—Km(x1 — Xg) —

Kpox3 + G], does not change sign while passing through the discontinuity surface S;, and

since the terms /P, — x3 and \/aPs + x; are always non-negative and have the same sign,

the projections of 5" and f;. along the normal to the discontinuity surface Sy, i.e., f,\;‘sl and
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fN_Slhave the same sign. This satisfies the conditions of Lemma 9 of Filippov’s solution
[80].
The other discontinuity surfaces S, and S5 are defined as:
S, :={X:x; = 0and x, # 0} (6.19)
S;:={X:x; = 0and x, = 0} (6.20)
The analysis of the discontinuity surfaces S, is presented below:
S, :={X:x; = 0and x, # 0} (6.21)

which divides the solution region, Q,, into two regions:

Qf ={X:x; > 0and x4 # 0} (6.22)
Qg, :={X:x; < 0and x, # 0} (6.23)
(%2
A, d k

— X3 ——X; ——Xx; — D
mS ° mS S b

() (1) e
fit =4 Vi <1+V x2+V1 1+Y \/1+a3(\/z)

S, —
k
_‘[ Xq + _‘[ [_Kpl(xl — XS) - Kp2X3] VA

(6.24)

—(F + K3 (x —x)+V1Kp3x —kgx —kx)

[ X2
A d ks

—X3——2X; ——Xx; — D
mS 5 mS mS g

ﬁA1< az) B ( a2> k,wx,

——(1+—)x+ —[1+— VA

fo =+ £ y) W 4 V1+a3( ) (6.25)
2 k

T.X4 + % [_Kpl(xl - xs) - Kp2x3]\/z

X6

1 ViKps
\ m_m<Fh + Kp3(xq — x5) + T4, X3 —kgxg — khx5>
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Projections of £ and s, along Ng, = {1,0,0,0,0,0} are:
fn, L =X (6.26)

fi, = %2 (6.27)

fﬁ;z and f,\,‘s2 have the same sign. Thus, Lemma 9 of Filippov is satisfied [80].

The surface S5 is the intersection of S; and S,. Analysis of S5 is also carried out in a

similar way.

6.4.2 Stability proof

Extension of Lyapunov’s second method applicable to non-smooth dynamic systems
with no equilibrium points [81, 90] is used to prove stability. Since the hydraulic system
under base excitation does not have fixed equilibrium point(s), the concept of total stability
must be applied for the stability analysis [90]. In total stability, the equilibrium point(s) of
undisturbed system are obtained first. If the equilibrium points are asymptotically stable,
the disturbed system will be totally stable [90]. In the previous chapter, the stability of the
same hydraulic manipulator with no base disturbance (i.e., undisturbed system) was
proven. Based on the results, the equilibrium point of the undisturbed system was
asymptotically stable; therefore, the disturbed system (Eq. (6.8)) is totally stable.

In order to design the control laws for the disturbed system, a Lyapunov function must
be constructed first. Based on the Lyapunov’s stability theories, a Lyapunov function is
always defined based on the system equations whose equilibrium point is at the origin.

Therefore, the set of Egs. (6.8) must be rewritten in terms of the vector of equilibrium point
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é obtained below. By allowing %; ;1. ¢ = 0, the undisturbed version of the system
described by Eq. (6.8) is shown to have the following equilibrium point:

feqz[xlss X2ss X3ss Xass Xsss xﬁss]T (6.28)

where

Kp1A3F,]
X =
Y5 KpsKpyArkg] — ViKpsKpiks + Kp1 A2k + KppAskpkg]

Xoss = 0

oo = Kp1A1ksFp)
. Kp3KpyAiks] — ViKpsKpiks + Kp1ATky] + KppAikpks]

X455 = 0

Kp1ATFy] + KppAiksFr]
X =
7 KpsKppArks] — ViKpsKpiks + Kp1A2kn] + KppAikpks]

Xgss = 0
(6.29)
Defining é = X — X4, we will have the vector of equilibrium point as follows:
e=1[e1 e ez e, es eg]” (6.30)

=[(x1 = x155) X2 (3= X355) X4 (X5~ Xs55) Xl

Rewriting Eq. (6.8) in terms of vector é:
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A4 d ks D
e = m, €3 m, € Se1 b
ﬁA1< a2> B ( a2> k,w
b= —(1+—]e,+ —(1+— e,(VA
) 3 Vi y)? Vi Y /V1+ a3 4( ) (6.31)
. -1 k
€4 =—éet % [(—Kp1(e1— e5) — Kpae3)VA + C]
€5 = €¢
. 1 Vi ,
Le6 = m_<Fh + Kp3(€1 — 65) + (Kp3_ + B )63 + 86’1 - kde6 - kh6’5>
m

JA4

Eq. (6.31) represents the dynamic model of base-disturbed system in terms of vector €.
The right-hand sides of Eq. (6.31) are although discontinuous but are measurable and
bounded. Now, the method defined by Wu et al. [83, 90] is used to construct a Lyapunov

function for the disturbed system Eq. (6.31):

V= 61312/2 + 62632/2 + C3€1€3 + C4,€22/2 + C5€42/2 + 66(81 - 14‘65)2/2

+=[es — Cres]? + Cgel/2+YeZ/2 + Qeye,

e

(6.32)

where, Cj(;=1, ) are the coefficients shown as follows:

13K, A3)% + 14kgJH N 13K, kspVAQ N ksArQ K, kspQVA N A2QK,,
' 14V, H 147 PVaAm T Pm Kp,A

Ky kspksQViVA — ViQKpiks  QKpikgpVA A2QK,,
+ > + + -
A1t JPK,,ms\A 14t 14msPK,,VA

_ KoiVi 4 KppAi)  kopKpaVAVIQ | VEQs
2 2H T4,] J2P\Am A,

_KpAJ | ViksQ  KpikgpQViVA | ViA1QKp
3 H  JpVam, A7) JPMGK VA
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_ mgJ n Kplksval\/Z"ls _ VIQKpl

C

LA A7) JPK VA
- APJ?  QPkgVA N A,0

T ViH tA mK,,VA
c, = KA | KonkoVAQ  QKpiksVA AiQKy

14V;H 14t 14t 14msPsz\/Z

oo 2Kp1 A | 2ViQKpikopVA  24,QKp1V;

7 H A1) moJPK A
oo (—13Kp1 ATkps + Kp1ATkn)HJ? — 2K3,Vikys AT 14KpikeyQVA (06T

8 VikysH? T

—0.522
(6.33)

Positive semi-definiteness of the Lyapunov function candidate is proven according to
the Sylvester theorem [86] as shown in the previous chapter. It is found that subject to

satisfying the following conditions, the function V' is positive definite:

VZA2T]QK,
Ky > —— SO ; (6.34)
JPVA(mgJ2 A2t + Ky ks QVEVAM)
Kps <
2K, knA2J?Hr (6.35)

26K,, A2J2HT + 4K2 A2]2Vy T + 28Ky ks QVAV, H? + 392TV, H2T + Z2V, H?

Controller gains are appropriately tuned to ensure the positiveness of the Lyapunov
function and a good tracking performance of the system. The procedure for choosing the
control parameters is as follows: first, the value of the gain K, is chosen to be high enough

to produce a fast response without saturating the control signal or causing unacceptable
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overshoots. Then, value of K,; is inserted in the inequality (6.34) and an appropriate value
of K, is obtained. The selected value of K, is then substituted in inequality (6.7) to ensure
term Cs is positive and bounded. Finally, both K,; and K, are substituted in inequality
(6.35), and the value of K5 is determined. Details on obtaining values of K,,, and K,,; are
explained in Appendix A.4. Note that the value of 4 in inequalities (6.34) and (6.35) is
always positive and well defined due to the physical characteristic of the system.

Next, V must be proven to be negative and at least semi-definite. The derivative of

IV with respect to time is:

V= Ciei€; + Cyeze;3 + Cieqe3 + Czezeq + Cheye, + Cseyey + Co(eg — 14es) (e
. 1 ) . . ) )
—14¢é5) + > [es — Cres][és — Crés] + Cgeses + Yegeg + Qé€re,

+ Qezey
(6.36)
Replacing é;(;=1.¢) Of Eq. (6.31) and rearranging terms in Eq. (6.36), we have:

e[l o[ A ] Rt
V=-e [V1+ ¢4 [ksple/1+a3y+ €6 [Tvikysn L

ey[—C4Dp + QCT + e4[CsC — QDp]
(6.37)

The squares terms in Eq. (6.37) are always negative, and so, the negativeness of V can

be guaranteed as long as coefficients of e, and e, can be made zero; i.e., —C,D, + QC = 0

and CsC — QD, = 0, which results in C = chb and C = %Db. Note that Cg =%;
5 5

therefore, we can consider either C = Cng orC = %Db for further analyses.
5
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If we can measure the disturbance term D,, accurately, the compensation term C, used

in the control signal u, will easily be determined using C = Cng, and the coefficients of
5

e, and e, in VV will become zero which make the derivative of Lyapunov function negative
semi-definite. However, in reality, it is not practically possible to measure the disturbance
accurately. Also, a constant term C, which does not depend on the instantaneous
measurement of the disturbance, should be used in the control signal for a range of the
disturbance variations. Therefore, the coefficients of e, and e, will not always be equal to
zero, and the negativeness of V at all times cannot be guaranteed in practice. Such a
Lyapunov function does not decrease monotonically which conflicts with the requirements
of a Lyapunov function; however, if it is guaranteed that the amount of increase of the
Lyapunov function is always lower than the amount of decrease in the adjacent regions,
the Lyapunov function will be decreasing overall, and the system will be stable. Such a
Lyapunov function is known as quasi-Lyapunov function [90]. To meet the requirements
of quasi-Lyapunov assumption, one solution is to consider an estimated upper value for the
disturbance term inside the term C of the control signal. By taking the estimated upper
value of D,, the overall trend of the defined quasi-Lyapunov function (Eq. (6.32)) should
be decreasing as will be shown in Section 6.5.1. This type of stability is weaker than the
stability in the sense of Lyapunov, but, has been found very helpful for engineering

problems [91].
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6.5 Results

The proposed controller has been evaluated based on both simulation and experimental

results.

6.5.1 Simulation results

Simulations were performed to validate the developed system model, prove the overall
stability of the system and confirm the tracking ability of the control laws developed in this
chapter. Table 3-2 in Chapter 3 shows the system parameters used in these simulations as
well.

Eq. (6.2) was used to describe the system, and Egs. (6.3) and (6.4) were used for the
purpose of control as discussed in Section 6.3. The control parameters were properly tuned
to ensure a good tracking performance of the system as discussed in Section 6.4.2. The
controller gains were chosen as K,,; = 0.07, K,, = 4 x 107'! and K,,3 = 50.

As mentioned earlier, the control signal u (Eq. (6.3)) must contain an estimated upper

value of the base disturbance term, i.e.,

Q

U = [—Kp (xs — xm) — Kpa PLIVA + C—Sﬁb (6.38)

where, D, denotes the estimated upper value of base disturbance, and is defined as:

~

~ k
D, = Esa?bcos(le) (6.39)

S

In Eq. (6.39), ks and %, are the estimated upper values of environment stiffness and the
base displacement, respectively. To stress this point, these estimated upper values are used
for two purposes: (i) to guarantee the overall stability of the system in presence of a certain
range of environmental uncertainties (i.e., various loads and base disturbances) and (ii), to

remove the need of measuring environmental parameters (e.g., base displacement and the
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external load). Table 6-1 lists the estimated upper and nominal values used in the
simulation.

The human input force F;, was set to a constant step value of 0.4 N, and initial
conditions for all states were chosen as zero. The base displacement, x;,, was taken as a
sine wave with amplitude a;, (= 0.15 m) and frequency w, (= 36 rad/s). From Eq. (6.1),
the actual disturbance term, used in the simulation, is:

kS S
Dy, = —x, cos(zxy) = —|apsin(wyt)] cos(zx
b = - 0s(axy) = - [apsin(wy)] cos(zx,) 6.40)

Note that the term D,, is used only in Eq. (6.2) to simulate the base disturbance in the
hydraulic system and is different from D, which is used in the control signal. It should also
be noted that the control signal constructed based on the estimated upper values is
applicable to the hydraulic actuator for a range of environment uncertainties as shown in

Table 6-1.

Table 6-1 Values of environment parameters used in simulation study.

Nominal value used in EQs. Estlma_1ted upper yalues Range of
Parameter (16) and (42) used in control signal uncertainties
Eq. (40)
Base , o
displacement x, = 0.15sin(36t) %, =0.15m [-0.15,0.15] m
Environment , ~
tiffress ks = 37.5 + 37.5sint kN /m ks =75 kN/m [0,75] kN /m

The system response under sinusoidal base disturbance is plotted in Figure 6.4, which

demonstrate the good tracking ability of the controller.
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Figure 6.4 System response under sinusoidal base disturbance.

The quasi-Lyapunov function for the estimated upper value of base disturbance is

plotted in Figure 6.5. As seen in the inset, the quasi-Lyapunov function increases during a

certain time period. The amount of the increase is, however, lower than the decrease in the

adjacent regions and the function continues to decrease overall. Through the simulations,

it is seen that the numerical value of rate of change of the quasi-Lyapunov function is

negative, which proves that the system is totally stable.
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Figure 6.5 Quasi-Lyapunov function. The inset shows that the amount of the increase of

function is lower than the decrease in the adjacent regions.

6.5.2 Experimental results

Experiments were conducted on the swivel motion control of the shoulder link of the
Kodiak manipulator. The master was a PHANToOM haptic device controlled by a PC’s
parallel port. The slave manipulator was also connected to the same PC with data
acquisition boards to send control signals to the servo-valves and receive the manipulator
joint angle measured by an encoder. The control loop worked at 500 Hz (sampling time of
2 ms). For the experimental studies, the same controller gains were used as in the
simulations.

Various experiments were conducted to examine the proposed controller. The Stewart
platform (see Figure 6.6) was programmed to generate low frequency disturbances similar
to the ones used in [92]. For the experiments, the platform was programmed to generate
horizontal displacement of the platform top plate first with amplitude and frequency of 50
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mm and 7.5 rad/s, respectively and then with amplitude and frequency of 100 mm and 15
rad/s, respectively. This was followed by random step horizontal displacements of the
platform top plate as shown in Figure 6.7. To determine the overall estimated upper value
of disturbance, the estimated upper value of stiffness of the environment k was taken to
be 75 kN/m, while the amplitude and frequency of base motion was taken as 150 mm and

36 rad/s, respectively.

‘ Z‘ ..,

N Sl

ﬁ Stewart platform
o R

W

Figure 6.6 Stewart platform programmed to generate random low frequency base

disturbances.
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Figure 6.7 Stewart platform top plate displacements.

The first set of experimental results are shown in Figure 6.8 to Figure 6.10. The plots in
Figure 6.8a, represent system response when the hydraulic actuator moved in free motion
and the operator applied a command to the haptic device similar to a step displacement,
while the base of the manipulator was given a sinusoidal motion of amplitude 50 mm and
frequency of 7.5 rad/s. In the next experiment, the operator moved the haptic device back
and forth and the hydraulic actuator moved in free motion and once again the base of the
manipulator was given a sinusoidal motion with amplitude of 50 mm and frequency 7.5
rad/s. The results for this case are shown in Figure 6.8b. Results show that the controller
stabilized the system effectively while having good position tracking by the hydraulic
actuator and in addition providing a feel of performing task at the remote site to the
operator. The proposed controller makes the master dynamics a better match with the
dynamics of the hydraulic actuator. As seen in Figure 6.8, the operator feels additional
force on his hands whenever there is a quick change in the direction of motion alerting the

operator to slow down the hand motion allowing the slave manipulator to catch up as
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position error gets apparent. The entire control law essentially assisted the operator to feel
as if he is actually moving the hydraulic actuator, providing a sense of telepresence.

The same two sets of experiments were repeated again, wherein the base motion was a
sinusoidal with amplitude 100 mm and frequency 15 rad/s. Figure 6.9 shows results of this
experiment. This was followed by the experiments wherein random step motions (as seen
in Figure 6.7) were given to the base of manipulator and results of this experiment are

shown in Figure 6.10.
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Figure 6.8 Experimental results of hydraulic actuator moving in free motion for (a) step-

like master input, (b) sinusoid-like master input. Base of the manipulator is moving with

amplitude a;, 50 mm and frequency w 7.5 rad/s.
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Figure 6.9 Experimental results of hydraulic actuator moving in free motion for (a) step-
like master input, (b) sinusoid-like master input. Base of the manipulator is moving with

amplitude a;, 100 mm and frequency w 15 rad/s.
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Figure 6.10 Experimental results of hydraulic actuator moving in free motion for (a) step-
like master input, (b) for sinusoid-like master input. Base of the manipulator is given

random step inputs as in Figure 6.7.
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In the next set of experiments, the hydraulic actuator started in free motion and came in
contact with a spring (environment) having stiffness of k, = 17 kN/m at x, = 200 mm.
The spring used in the experiments could not be compressed more than 50 mm (see Figure
6.11). Figure 6.12 to Figure 6.14 show the results of these experiments. With reference to
Figure 6.12, the base of the manipulator was given a sinusoidal motion of amplitude 50
mm and frequency of 7.5 rad/s. As seen in the Figure 6.12, when the slave actuator makes
contact with the environment (see the displacement plot) at 200 mm, the operator feels the
force on his hands through the master haptic device. At this point, a large error is seen since
the slave is interacting with a stiff environment and cannot follow the master movement,
which gets translated into the haptic force based on the proposed control law. The control
law thus assisted the operator to feel as if he is actually operating the hydraulic actuator
against an environment. In Figure 6.13, base of the manipulator was given a sinusoidal
motion of amplitude 100 mm and frequency of 15 rad/s. This was followed by the next set
of experiments wherein random step motions were given to the base of manipulator and

results of this experiment are shown in Figure 6.14.

Figure 6.11 Hydraulic actuator starts in free motion and pushes against a spring having

stiffness of ky, = 17 kN /m, while the base of the manipulator is moving.
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Figure 6.12 Experimental results of hydraulic actuator moving in free motion and making
contact with a spring having stiffness of k, = 17 kN /m for (a) step-like master input, (b)
sinusoid-like master input. Base of the manipulator is moving with an amplitude «; 50

mm and frequency w 7.5 rad/s.
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Figure 6.13 Experimental results of hydraulic actuator moving in free motion and
making contact with a spring having stiffness of k, = 17 kN /m for (a) step-like master
input, (b) sinusoid-like master input. Base of the manipulator is moving with an

amplitude a; 100 mm and frequency w 15 rad/s.
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Figure 6.14 Experimental results of hydraulic actuator moving in free motion and making

contact with a spring having stiffness of k, = 17 kN /m for (a) step-like master input, (b)

sinusoid-like master input. Base of the manipulator is given random step inputs.
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The next two sets of experiments were performed to examine the performance of the
controller when the hydraulic actuator was pushing against a live-line conductor wire
having very high stiffness with a hot-stick (see Figure 6.15). Figure 6.16 to Figure 6.18
show results of experiment in which the hydraulic actuator started in free motion and came
in contact with a conductor wire (environment) at x, = 200 mm. In these experiments, the
base of the manipulator was first given a sinusoidal motion of amplitude 50 mm and
frequency of 7.5 rad/s, and then a sinusoidal motion of amplitude 100 mm and frequency
of 15 rad/s. This was again followed by the experiments wherein random step motions
were given to the base of manipulator.

The experimental results confirm that the system was stable and exhibited good tracking

response while providing haptic force feedback to the operator.

Figure 6.15 Hydraulic actuator starts in free motion and makes contact with a live-line

conductor.
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Figure 6.16 Experimental results of hydraulic actuator moving in free motion and making
contact with a live-line conductor wire for (a) step-like master input, (b) sinusoid-like
master input. Base of the manipulator is moving with an amplitude a; 50 mm and

frequency w 7.5 rad/s.
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Figure 6.17 Experimental results of hydraulic actuator moving in free motion and making
contact with a live-line conductor wire for (a) step-like master input, (b) sinusoid-like
master input. Base of the manipulator is moving with an amplitude «; 100 mm and

frequency w 15 rad/s.
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Figure 6.18 Experimental results of hydraulic actuator moving in free motion and
making contact with a live-line conductor wire for (a) step-like master input, (b) sinusoid-

like master input. Base of the manipulator is given random step inputs.
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6.6 Summary

This chapter presented the design and implementation of a Lyapunov-based controller
for bilateral haptic teleoperation of a single-rod hydraulic actuator subjected to base
disturbance. Due to the presence of a sign function in the proposed control law, the
resulting control system was non-smooth. Thus, for stability proof, Filippov solution
theories were first used to prove the existence, continuation, and uniqueness of the solution
of the non-smooth system. The extended Lyapunov’s stability theory was used next for
carrying out the stability analysis of the resulting control system. Stability of the proposed
controller with an estimated upper value for the base disturbance was analytically proven.
Simulation studies were conducted, which confirmed that the controller could effectively
stabilize the system while interacting with a task environment. Experimental results further
demonstrated the effectiveness of the controller in maintaining stability of the system,
while having good position tracking by the hydraulic actuator. In addition, the controller
provided a feel of the contact force between the actuator and the task environment to the
operator, at the master side, without direct measurement of the interaction force. This type
of haptic force is suitable in applications whereby mounting a force sensor on the
implement is not practical and interaction force information is not readily available, for

example excavators and backhoes.
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CHAPTER 7

7 CONCLUDING REMARKS

7.1 Contributions of this thesis

Haptic control of base-excited hydraulic manipulators was investigated in this thesis.
Both unilateral and bilateral controls of hydraulic manipulators were thoroughly
investigated using experimental validations on actual systems in a laboratory setting. Due
to the laboratory setup, most experiments were conducted for live-line maintenance tasks.
However, this research is equally relevant to applications which involves hydraulic tele-
manipulation.

The three objectives outlined in Chapter 1.2 have been successfully achieved. First, the
performance of the previously developed force feedback control schemes for teleoperated
hydraulic manipulators was evaluated in the presence of base disturbance. This study

demonstrated the effects of base disturbance on the performance of otherwise well-
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performing teleoperated hydraulic manipulators. Experimental studies were conducted
when the manipulator base was excited by a Stewart platform. Two typical live-line
maintenance tasks were defined. There were three tested force modes: virtual fixture, force
augmentation, and augmented virtual fixture schemes. The performance of the entire
system, under each force mode, was evaluated and then compared with a mode in which
no force was generated by the haptic device. Performance of each scheme was evaluated
under three measures: task completion time, number of failed trials and displacement of
the manipulator end-effector. Results showed that the augmentation force (position error
force) was the best scheme by which the operators could complete the typical tasks
efficiently and comfortably. Since implementing the augmented force is straightforward
and effective, for the proposed application, it is recommended as a tool to perform the live-
line maintenance tasks.

Based on a similar concept of using position errors between the haptic device and the
hydraulic actuator positions to generate the haptic force, a bilateral control scheme was
developed for single-rod hydraulic actuators for the first time in literature. The extension
of Lyapunov stability theory to non-smooth systems, based on Filippov’s solution theory,
was employed to develop this control scheme. Theoretical stability of the control scheme
was thoroughly investigated considering nonlinear hydraulic functions, servo-valve
dynamics, haptic device dynamics, human operator dynamics, and dynamics of the task
environment in the analysis. Control scheme was tested experimentally on a hydraulic test
rig to verify its practicality and effectiveness in real applications. Proposed control scheme

can be used in a wide variety of applications where the interaction force between the
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hydraulic actuator and the task environment cannot be measured, such as backhoes,
excavators, forklifts, harvesters and underwater manipulators.

This control scheme was further improved to incorporate base disturbances of single-
rod hydraulic actuators. Stability of the proposed controller with an estimated upper value
for the base disturbance was analytically proven. Simulation studies were conducted, which
confirmed that the controller could effectively stabilize the system while interacting with
a task environment. Experimental results further demonstrated the effectiveness of the
controller in maintaining stability of the system, while having good position tracking by
the hydraulic actuator.

In summary, the major contribution of this thesis is the thorough examination of the
entire bilateral control system for a single-rod hydraulic actuator from theoretical stability

to experimental validation, making it a very comprehensive study in the field.

7.2 Future work

This research will lead to the future work, which includes but is not limited to the

following:

* Results can be extended to multi-degree-of-freedom single-rod hydraulic
manipulators.

= Stable control schemes could be developed using the original hydraulic equations
without imposing assumptions on the piston initial position and range of

movements.
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= Asthe proposed controller in this research is discontinuous, the control may chatter
as the state trajectories reach the discontinuous region. This could be rectified by
the replacement of the discontinuous terms from the controller by continuous
functions.

» The hydraulic actuator’s dry friction can be considered in dynamic equations.
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APPENDIX

Al

Nonlinear PI controller:

u(t) = Kpe(t) + K 1(t) (A1)
I(6) = (I(t — At) + e(t)AL) #eza) (A2)

where,
a(qs) = gz (0.001 + JZZ Ix) (A3)

where u(t) is the control signal; e(t) is error between the joint position, g(t), and the joint
set-point, q,(t); Kp is proportional gain; K; is the integral gain; I(t) is the time integral of
e(t); a is an arbitrary constant; g4, 1S maximum velocity; velocity error, é(t) = ¢4(t) —
q(t), where ¢,(t) denotes the set-point velocity. The values of gains are as follows:
Proportional gains Kp[5] = {0.25, 1.0, 0.35, 0.25, 0.08};

Integral gains K;[5] = {1.8, 0.5, 1.6, 1.8, 1.6};

Xmax[5] = {80000.0, 35000.0, 15000.0, 102000.0, 80000.0};

Gmax[5] = {100.0, 80.0, 140.0, 220.0, 200.0}.

A2

In this appendix, some terms used in stability are defined first and then Lyapunov's

stability is explained [86].
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Notations used:

V. for any; 3: there exist; €: in the set; =: implies that; <: equivalent

Nonlinear systems

A nonlinear dynamic system can usually be presented by the set of nonlinear differential
equations in the form:

x=f(x1t) (A.4)

where, f € R™: nonlinear vector function
x € R™: state vectors
n: order of the system

A special class of nonlinear systems is linear system. The dynamics of linear systems

are of the form x = A(t)x with A € R™™",

Autonomous and non-autonomous systems

Linear systems are classified as either time-varying or time-invariant. For nonlinear
systems, these adjectives are replaced by autonomous and non-autonomous.

The nonlinear system (A.4) is said to be autonomous if f does not depend explicitly on
time, i.e., if the system’s state equation can be written

x=f(x) (A.5)

Otherwise, the system is called non-autonomous.
Equilibrium point

It is possible for a system trajectory to correspond to only a single point. Such a point is
called an equilibrium point. Many stability problems are naturally formulated with respect

to equilibrium points.
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A state x* is an equilibrium state (or equilibrium points) of the system if once x(t) is
equal to x*, it remains equal to x* for all future time.
Mathematically, this means that the constant vector x* satisfies
0=f(x" (A.6)
Equilibrium points can be found using the above nonlinear algebraic equation.
A linear time-invariant system,

x = Ax (A.7)
has a single equilibrium point (the origin 0) if A is nonsingular. If A is singular, it has an
infinity of equilibrium points, which contained in the null-space of the matrix A4, i.e., the
subspace defined by Ax = 0. A nonlinear system can have several (or infinitely many)
isolated equilibrium points. We usually transform the system differential equations in such

a way to have the equilibrium point as the origin of the state space.

Stability and instability

The equilibrium state x = 0 is said to be stable (in the sense of Lyapunov) if, for any
R > 0, there exist r > 0 , such that if ||x(0)|| < r then ||x(¢)|| <R for all t > 0.
Otherwise, the equilibrium point is unstable. In other words, Lyapunov stability of an
equilibrium means that solutions starting "close enough” to the equilibrium remain "close
enough" forever.

An equilibrium points 0 is asymptotically stable if it is stable (in the sense of Lyapunov),
and if in addition there exist some r > 0 such that ||x(0)|| < r implies that x(t) — 0 as
t — oo. Or in other words, asymptotic stability means that solutions that start close enough

not only remain close enough but also eventually converge to the equilibrium.
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Lyapunov's second method for stability

The basic idea of the Lyapunov's second method is that if the total energy of the
electrical or mechanical system is continuously dissipated, then the system should
eventually settle down at an equilibrium point. The Lyapunov’s second method is
commonly employed to prove the stability of nonlinear systems, by using a Lyapunov's
function, V as follows. Consider a function (x) : R®™ - R , with continuous first order
derivative such that:

= V(x)>0

» Vx)=0ifandonlyifx =10

= V@) =V(@® <0

The first two conditions imply that the function V (x) is positive definite, and the third
condition implies that V (x) with respect to time is negative semi-definite. In other words,
if we can find such a scalar function that satisfies the above conditions, then the system is
stable in the sense of Lyapunov. Finding a proper Lyapunov function is not a
straightforward process for all systems and we may not be able to find one for a particular
system. However, if one cannot be found for a system, it does not mean that the system is

unstable, i.e., failure of proof is not proof of failure.

A3

In general, there are 3 approaches for Lyapunov’s stability control design:
1) Design the controller, conduct stability analysis (construct a Lyapunov function);
2) Construct a Lyapunov function candidate, design a controller to validate the candidate;

3) Adjust both the controller and the Lyapunov function candidate simultaneously.
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In this research, approach #2 was employed. There are few methods described in the
literature for finding Lyapunov function candidates such as the variable gradient method,
Krasovskii’s method and the extended integral method; however, they are applicable only
to specific systems. For most systems, the function of total energy is a good candidate for
the Lyapunov function. Any Lyapunov function candidate must satisfy the following
conditions:

= V(x)>0

= V(x)=0ifandonlyifx =0
= V(x) = %V(x) <0
To find a Lyapunov function for Eq. (3.52), once the equilibrium points were transformed

to zeros, a quadratic function was considered as follows:

6 (A.8)
V(x1, x5, X3, X4, X5, Xg) = Z xiz
i=1
or
V(x1, X5, X3, X4, X5, Xg) = X2 + x5 + x% + xZ + x2 + x2 (A.9)
Next, the derivative of V (x4, x,, X3, x4, x5, X¢) is found:
V = 2x1%; 4 2%,%, 4 2X3%3 4 2X,%, + 2X5Xs + 2x X (A.10)

Values of xy,x,,x3,%4, x5, x¢ aNd X1, X5, X5, X4, X5, X are then substituted in Eqg. (A.10).
Having done this step, some terms will be remaining on the right-hand side of V. In order
to prove that V is negative semi definite, one needs to get rid of as many terms as possible
in V. There is a need for adding and modifying the coefficients of x2, x2, x2, x2, x2, xZ in

the original function V (xq,x,, x3, x4, x5, X¢). This process requires several iterations and
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must be repeated until all three conditions, mentioned above, are met. The leftover terms

in V will form the control laws as presented in Eq. (5.1) and Eq. (5.2).

A4

This appendix provides details about the steps followed to determine values of controller
parameters K,,, and K,,3. According to Eq. (6.3),
P, P,
A= (1+ a)?s+ sgn(xsp) <(1 - a);s— PL>
Thus, value of A is dependent on the values of sgn(x,) and Py; however, it will only
change within a certain range. To find a constant value of gains K, and K3, an acceptable
range for P, is considered as %PS <P < %Ps. Value of sgn(xsp) can be either +1 or -1.
Thus, four limit values of A will be as follows:
1) When sgn(xs,) = +1and P, = =P, A= 2P,
sp L 3781 3°S
2) When sgn(xs,) = +1and P, = 2P,, A= =P,
sp L 3781 3°S

3) When sgn(xs,) =—1and P, = %ps, A= (a + %)ps

4) When sgn(xs,) = —1and P, = gps, A= (a + E)Rs

Next, four values of A, obtained above, are substituted in Eq. (6.34), one at a time to find
corresponding values for the right-hand side term of Eq. (6.34). Finally, one value is chosen

for K,,,, which meets the inequality (6.34) for all values of A.
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After K,), is found, value of K, is obtained by putting value of K, K, and different
values of A in Eq. (6.35) according to above procedure. Then, one value is chosen for K3

which meets the inequality (6.35) for all values of A.
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