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ABSTRACT

Teleoperation of hydraulic manipulators is of potential when the presence of the
operator, in a remote location, is inconvenient or dangerous. Augmenting such
teleoperated systems using haptic sensation will further enhance performance, safety, and
convenience. The advantage of using haptic force becomes more evident when it is
employed to compensate for undesirable phenomena such as existence of a delayed and
lossy communication channel or excitation of the manipulator base. The focus of this
thesis is on haptic-enabled control of base-excited hydraulic manipulators that are
controlled through a wireless communication channel. The targeted application is live
transmission line maintenance.

Both unilateral and bilateral controls of teleoperated hydraulic manipulators are
studied. On the unilateral front, position error is shown to be an important issue,
especially when the position accuracy of the slave manipulator is violated due to fast
motion of the operator’s hand at the master site, lack of responsiveness in actuation
system, or poor quality of communication channel. With respect to bilateral control, three
main challenges are identified, and solutions to these challenges are investigated: (i)
accurate control of the slave manipulator when the communication channel is delayed
and/or lossy, (i) control of the teleoperated system when the slave manipulator is
mounted atop a moving platform, and (iii) transparent force feedback to improve the
position tracking of the system.

First, effects of network quality and slave manipulator base excitation are examined on
performance of the teleoperated system. The position error between the haptic device

implement and the hydraulic manipulator end-effector is shown to increase when the
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network is delayed and lossy. Next, excitation of the slave manipulator base deviates the
end-effector from its reference trajectory, and the position error therefore becomes larger.
To alleviate the position inaccuracy, a position referenced force feedback scheme is
proposed. The scheme makes the input dynamics a better match with the slave dynamics.
Combined with the virtual fixture force, the virtual fixture is shown to aid the operator in
following a predefined virtual fixture trajectory. Due to complexity of dynamics,
performance evaluations are mostly conducted using experimental validations on actual

system in a laboratory setting.
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CHAPTER 1

INTRODUCTION

1.1. Statement of the Problem

This thesis investigates how to enable a hydraulic manipulator, with base excitation, to
operate wirelessly using the concept of haptic-enabled teleoperation. The application is
towards the utilization of hydraulic manipulators to perform hazardous and/or difficult
tasks remotely. More specifically, the targeted application, in this study, is live
transmission line maintenance operation [1]. Maintenance of an overhead power
distribution system is not easy; especially in places with severe climate conditions
preventing human exposure over long period. Therefore, the use of teleoperation
approach, in which the operator is removed from direct operation, is helpful to increase
the operator’s safety, as well as reduce risks and hazards [2].

A teleoperated robotic system is generally composed of: (i) master site, where an
operator utilizes a hand-controller to guide the remote manipulator, (ii) slave site, in
which a manipulator emulates the behavior of the master hand-controller, (iii)

communication channel which connects both slave and master sites, and (iv) feedback



control system. The information (position, velocity, or interaction force) between the

master site and the slave site is exchanged through a communication channel. If only

information of the master is transmitted to the slave site, the teleoperated system is called

unilateral. If the slave manipulator also reflects some information back to the master, by

using feedbacks, the system is bilateral [3].

Three main issues related to general teleoperation of base-excited manipulators are:

@

(ii)

Designing feedback control systems needs to consider the challenges when the
slave manipulator interacts (constrained motion), or is not in contact (free
motion), with the environment. With respect to the position tracking at the
slave site, the hydraulic manipulator at the slave site could start lagging (stay
behind the master motion) depending on the configuration of the slave robot,
responsiveness of the hydraulic actuators, or quality of the communication
channel connecting master and slave sites.

The quality of communication channel, and therefore performance of the
teleoperated system, is influenced by the network variables such as time delay
and packet loss. For instance, in a delayed system, the operator perceives the
information of slave site some time later than the actual interaction, and the
commands, sent by the operator to the slave, are transmitted with a delay too.
Thus, the presence of time delay affects the performance of a delayed system.
Achieving a transparent and stable haptic-enabled teleoperated system to
control a hydraulic manipulator, through a delayed and lossy communication
channel, is an issue which should be studied. Furthermore, variables of a

wireless network, that affects the performance, should be studied.



(i11))  With respect to the application in this study, the manipulator is placed on top
of a crane, and is therefore subject to unwanted motion due to wind gust,
reaction forces, unstable soil, and compliance in the crane actuation. When the
manipulator base is excited, the difficulty in performing tasks naturally

increases.

1.2. Objectives of the Research

The objectives of the current study are:

) To design a feedback control system in order to reduce the position error
between the master device implement and the slave manipulator end-effector
in both unilateral and bilateral modes of operating a hydraulic manipulator to
perform live-line maintenance.

(i) To investigate the effects of communication channel variables on the
performance of teleoperated base-excited hydraulic manipulators. The network
variables can be constant (as in a dedicated network), or time-varying (as in a
wireless channel).

(ii1)) To implement the above developments for manipulators performing live
transmission line maintenance.

In order to achieve the above objectives, three research questions are to be addressed:

) How do various types of hand-controllers and mapping systems (joint mapping
and end-effector mapping) affect the performance of a unilaterally-controlled

teleoperated manipulator?



(i1) How to design and employ force feedback schemes in order to bilaterally
enhance the control of hydraulic telemanipulators by reducing position errors
between the master device implement and the slave manipulator end-effector?

(i11)) How to emulate dedicated and wireless communication channels offering
repeatable experiments, realistic test results, and consistent network parameters
across trials? And, how to alleviate the effect of a communication channel on
the performance of a teleoperated hydraulic manipulator?

(iv)  How does the excitation of the slave manipulator base influence the otherwise

well-performing teleoperated system?

1.3. Scope of the Research

This research is built upon the previous work done at the University of Manitoba [4],
where the concept of virtual fixture was used to unilaterally control a hydraulic
manipulator to perform live-line maintenance tasks. In the current research, the available
teleoperated hydraulic manipulator is retrofitted to include a Stewart platform to simulate
motion of the crane bucket in live-line maintenance. It is also controlled bilaterally, by a
haptic device, while it operates under either a dedicated or a wireless communication
channel.

Two main issues in teleoperated hydraulic systems are stability and transparency,
especially when the telemanipulator is controlled through a delayed and lossy
communication channel. Firstly, the overall closed-loop system should be stable
irrespective of input commands or type of environment [3]. Secondly, a feel of

performing task at the remote site must be available to the operator. Technically, this is



achieved if position tracking and force tracking are both faithful [5]. Many research
studies have addressed the tradeoff between transparency and stability for electrically-
actuated manipulators with controllable torques (see [6] and the references cited therein).
As compared to the class of electrically-actuated robots, research on application of
bilateral control, applied to the class of hydraulic manipulators, is sparse. Although there
exist some studies referring to transparency of the control of hydraulic manipulators
including nonlinear dynamics of hydraulic functions and the operator’s dynamics [2, 7, 8,
9, 10, 11, 12, 13], none of them investigated the transparency of such manipulators when
they were controlled through a wireless channel.

The research is conducted using experiments on two teleoperated hydraulic systems: a
double-rod valve-controlled hydraulic actuator and an industrial hydraulic manipulator.
The hydraulic teleoperated actuator is composed of an Omni Desktop haptic device
(master) and a valve-controlled hydraulic actuator (slave). The hydraulic telemanipulator
comprises a PHANToM Desktop haptic device (master site) and a 4-degree of freedom
(DOF) slave Kodiak hydraulic manipulator placed on a 6-DOF Stewart platform. The
second platform is an excellent training simulator for linemen to become familiar with
real conditions of performing live-line maintenance tasks using the telerobotic
technology. Both master and slave sites are connected through a channel generated by
either the Wide Area Network emulator (WANem) or the Network Simulator version 2
(NS2) [14]. The NS2 generates various network topologies, protocols, and network traffic
patterns in emulation mode [15].

With respect to the transparency of hydraulic telemanipulators, extensive experimental

studies are conducted. The first study investigates the effectiveness of two hand-



controllers (a conventional seven-function joystick and a PHANToM Desktop haptic
device) on the performance of unilaterally-controlled hydraulic telemanipulators that can
also incorporate the concept of the virtual fixture. Results of this study show how the use
of haptic device, utilizing the concept of virtual fixtures, affects position errors at the
slave end-effector and the task completion time. In controlling hydraulic telemanipulators
using the concept of virtual fixtures, some problems are inevitable. Virtual fixtures
cannot satisfactorily reduce the position error at the slave manipulator end-effector; but,
they decrease position errors originated from unwanted hand motions at the master device
implement. Unilateral control, however, does not provide any feeling about what occurs
at the slave site.

Specific to this study, the position error between the slave manipulator and the master
device can potentially increase when the operator moves faster along a predefined virtual
fixture trajectory, or when the slave and master sites are connected through a delayed
and/or lossy network. The position inaccuracy can be dealt by designing a force
augmentation scheme that is able to alert the operator when the position error appears at
the slave end-effector.

The effect of delayed and lossy communication channels on the performance of
teleoperated hydraulic actuators is investigated while the teleoperated system is
augmented by several bilateral control schemes. Results are employed to construct a set
of performance charts describing the quality of position tracking of the slave actuator and
force tracking of the haptic device. Finally, the transparency of a base-excited hydraulic

telemanipulator is investigated when it is controlled through a wireless network, and



augmented by the force augmentation scheme. The base of the slave manipulator is

excited by a motion platform simulating motions of a crane bucket.

1.4. Thesis Outline

Detailed literature review is presented in Chapter 2 on the haptic-enabled teleoperation
of hydraulic manipulators which includes describing application area of interest as well
as general background on teleoperation and haptics interaction, communication between
master and slave, and moving base telemanipulators.

In Chapter 3, the experimental setups are described. The test rigs are: (i) a double-rod
valve-controlled hydraulic actuator, developed to observe the effect of network quality on
transparency and stability of bilaterally controlled single hydraulic actuator, and (ii) a
hydraulic telemanipulator, installed on a moving platform, for performing live-line
maintenance tasks.

Chapter 4 presents a comparative study of four schemes for bilateral control applied to
a hydraulic actuator working under either a dedicated or a wireless communication
channel. The schemes evaluated, are position error, force reflection, combined force
reflection and position error, and four channels. The goal is to investigate how well a
teleoperated hydraulic manipulator operates under delayed and lossy communication
channels. This chapter establishes a technique to construct performance charts for
effective control in a wireless environment.

In Chapter 5, the performance evaluation of a teleoperated hydraulic manipulator
performing live-line maintenance tasks is investigated. More specifically, this section

investigates the effectiveness of the use of virtual fixture, followed by alleviating the



weakness of using virtual fixtures: induced poor position tracking at the slave end-
effector, which is done by proposing a position referenced force augmentation scheme.
The scheme helps to reduce position errors at the slave end-effector.

Chapter 6 shows how the force augmentation scheme is employed to reduce slave
position errors due to the existence of a delayed and/or lossy communication channel.
Experimental validations are performed with the communication channel emulating the
behavior of either a dedicated or a wireless network.

In Chapter 7, the controls of the slave hydraulic manipulator through a wireless
channel is examined when the manipulator base is excited by a motion base to reflect
possible disturbances arising from the motion of the manipulator base in the real field.
Contributions made in this thesis and suggestions for future work are provided in Chapter

8.



CHAPTER 2

RELEVANT BACKGROUND

2.1. Application Area of Interest

In this chapter, a review of the literature on topics related to wireless control of
manipulators is presented. The application, targeted in this thesis, is the live-line
maintenance using hydraulic manipulators. Live-line maintenance can be performed for
different reasons such as changing an insulator, replacement of damaged section of a
conductor, testing the insulator, and transferring a conductor to a higher pole. In live-line
maintenance, it is essential that the power transmission system be always available [16].
At the same time, maintenance of an overhead power distribution system is a difficult
task to perform, especially in places with harsh climate conditions preventing human
exposure over a long period of time. Therefore, live-line maintenance workers (linemen)
need a high level of expertise. On the other hand, appropriate techniques should be
chosen to increase safety and convenience, and to decrease hazards and risks. Figure 2.1

shows how a lineman uses the live-line equipment to perform maintenance tasks.



Figure 2.1 Conducting live-line maintenance near energized lines.

Five typical tasks in live-line maintenance are shown in Figure 2.2. These tasks are
performed manually by operators working in a location above the ground and near high
voltage power lines. As observed, these tasks are performed by using an insulated pole
(hot-stick) which is normally made of fiberglass. The tasks are: pulling out a cotter pin
(Task A), loosening or tightening a nut (Task B), connecting or disconnecting a ball and
socket joint (Task C), inserting a cotter pin (Task D), and twisting a tie wire around an
electrical cable (Task E). As illustrated, the cotter pin prevents the ball and socket joint to
be disconnected (see Figure 2.2d). Therefore, in a practical sequence, this task should be
performed prior to disconnecting a joint (Task C). Figure 2.2b depicts the circular path
used for loosening or tightening a nut. To disconnect or re-connect a ball and socket joint,
which is depicted in Figure 2.2¢, a combination of several straight lines is expected to be
followed by the operator. Figure 2.2d shows how a cotter pin can be inserted back in
place to secure the ball and socket joint. Figure 2.2e shows how a wire is twisted around
a cable.

The combination of defined tasks can also be used to perform a complete maintenance

task in the test station. For instance, to change a broken insulator, a combination of Tasks
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(A), (C), and (D) can be used. In other words, the cotter pin is pulled out (Task A), the
joint is disconnected (Task C), followed by changing the insulator. Afterward, the joint is

re-connected (Task C), and the pin is inserted back by hammering (Task D).

(e)

Figure 2.2 Typical maintenance tasks: (a) Task A: pulling out a cotter pin; (b) Task B:
loosening or tightening a nut; (¢) Task C: connecting or disconnecting a ball and socket

joint; (d) Task D: inserting a cotter pin; (e) Task E: twisting a tie wire around cable.
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Some ways that help linemen avoid considerable hazards and risks are [17]:

) Employing live-line tools, such as hot-stick, which keep linemen at appropriate
distance from the energized equipment, and insulating gloves which
electrically protect linemen when working directly with live parts.

(1)  Using hovering helicopters or live-line trucks by which the lineman can access
energized lines at a distance.

(1)  Implementing the potential technique which keeps the lineman at the same
voltage as the transmission line.

(iv)  Using the concept of teleoperation, in which linemen remotely control a slave
manipulator mounted on a truck.

This research focuses on conducting live-line maintenance using robotics technology
whereby a manipulator is installed on top of a live-line truck to perform tasks using a hot-
stick, i.e. combining approaches (i), (ii) and (iv). The concept is portrayed in Figure 2.3
in which a hot-stick and an associated tools are attached to the end-effector of a robotic
arm. The manipulator is then remotely controlled by a lineman (teleoperation) to perform
live-line tasks. The teleoperated manipulator enables the operator to perform typical live-
line maintenance tasks at a distance. It can also be used to train linemen how to safely
work with maintenance tools attached to the robot end-effector. In development of this
test rig, shown in Figure 2.3, three issues need to be investigated to practically be able to
perform maintenance tasks at a distance. They are listed below:

(1) Haptic-enabled teleoperation (unilateral or bilateral) of hydraulic manipulators,

and the use of force feedback to help the operators perceive how well the

system operates; and therefore, to enhance the performance.
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(>i1) Wireless communication between master and slave sites.
(iii))  Investigating effects of the base movement to reflect real conditions of the

slave manipulator when it is mounted on top of a crane bucket.
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Figure 2.3 Concept developed to perform live-line maintenance near energized lines. A

lineman uses a hand-controller to control manipulator at a distance.

The use of robotic systems in live power line maintenance possesses some advantages
such as increasing the linemen’s safety, and allowing them to combine the accuracy and
good performance of the system with the operator’s intelligence [18, 19]. In spite of these
advantages, the adoption of robotics technology in live-line maintenance is still new, and

introduces challenges that need investigation. Within the context of robotics technology

13



applied to live transmission line maintenance, Toussaint et al. [1] presented numerous
initiatives which have been undertaken to develop robots for transmission line
maintenance including different robotic technologies which have been developed at
Hydro-Quebec’s research institute (IREQ) since 1998. Montambault and Pouliot [19]
presented a literature review of innovative devices applied to live transmission line
maintenance. Tsukahara er al. [20] formulated a conceptual design for a power
distribution line maintenance robotic system using a computer graphic simulator as well
as an experimental robotic system capable of performing tasks using task-level
instructions. Aracil et al. [21] developed a teleoperated system for live-line maintenance,
which executes tasks directly on hot lines using a master arm. Takaoka et al. [18]
extended a robotic system for executing routine jobs automatically. Lu et al. [22]
developed a live working robot with local automatic and master-slave operation
possibilities. None of the above studies focused on wireless control of teleoperated

system, or investigated effects of crane bucket motions.

2.2. Review of Teleoperated Systems

The prefix “tele” means at a distance, and teleoperation induces any controllable
operation of a system at a distance [3]. In a teleoperated system, the operator controls the
master device, then communication channel transfers position, velocity, or force
information to the slave site, and the slave machine interacts with the environment (see
Figure 2.4). Figure 2.5a and Figure 2.5b illustrate how information flows between master

and slave sites in unilateral and bilateral controls, respectively.
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Figure 2.5 (a) Unilateral and (b) bilateral teleoperated systems.

2.3. Haptic-Enabled Teleoperation: Concept
2.3.1. Definition

A slave manipulator is a device, e.g. a robotic arm, which is remotely controlled by an
operator using a hand-controller device. Operators use typically visual information,
directly or through cameras, to perform a task. The hand-controller is called a “haptic”
device if it is capable of producing force. When kinematic and/or dynamic information
(such as position, velocity, force or torque) of slave site is transferred into the haptic
device, a sense of telepresence is provided to the operator. Indeed, telepresence is the
operator’s feeling about the slave site of a teleoperated system [5]. In some applications

of teleoperated systems, haptic feedback alone has been shown to be more valuable than
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visual feedback [23, 24, 25, 26]. Haptic interfaces have been used in wide variety of
applications such as hazardous material handling in nuclear services [27], medical
robotics, tele-ultrasound, and tele-surgery [28, 29, 30, 31, 32, 33], underwater robotics
[34], mobile robots [35, 36, 37, 38], and micro-manipulation and assembly [39].

Haptic interaction is one of fundamental and effective ways by which the operator can
perceive changes in the working environment. Haptic interaction can provide an
additional link, particularly when the hand-controller is configured in a spatially intuitive
way [10]. When the assigned task implies a contact with the environment (force control)
or the operator needs to follow particular path (position control), having an additional
perception of interaction force or position error helps the operator feel how efficiently the
teleoperated system operates. The advantage of the position control is that the slave
manipulator mimics the operator’s motion [2].

Many industrial machines require extensive use of hydraulics [13]. The application of
haptics in teleoperated hydraulic systems is extensively described in [4]. The research
activities in the area of haptic control of hydraulic manipulators are limited to a few
studies [7, 9, 8, 10, 11, 13]. Kontz et al. [10] showed that by shaping the impedance, a
teleoperated excavator provides a better “feel” of telepresence to operators. This concept
was evaluated in a human-in-the-loop test-bed [12]. The force feedback was generated
using a virtual spring which couples the displacement of the haptic device to the
displacement of a crane bucket, i.e., the force feedback is proportional to the position
error between the master device and the slave manipulator. Kontz and Book [2] also
employed a hybrid position/rate haptic control for a hydraulically-actuated lifter, and

showed the advantages of employing rate-mode control for moving the forklift around,

16



and position-mode control for controlling the implement. Haptic control of excavators
has also been explored by Parker ef al. [8] and Lawrence et al. [11] who developed a
magnetically-levitated joystick with stiffness feedback to control a 4-DOF hydraulic
excavator. Indeed, the joystick stiffness was mapped into the end-effector force and the
joystick position was mapped to end-effector velocity. Zarei-nia et al. [13]
experimentally compared the performance of a number of bilateral control schemes,

previously used for electromechanical systems, to a hydraulic actuator.

2.3.2. Master position referenced force

In teleoperation applications where the position control of the slave manipulator is
important, feeling position errors by the operator was shown as a way to reduce errors at
either the master device or the slave manipulator [40]. A commonly-used haptic force is
the one that is built upon the position error at the master device implement (that is also
called virtual fixture) or the slave manipulator end-effector. The term “virtual fixture”
refers to a general class of guidance modes that help a robotic manipulator perform a task
by limiting its movement into restricted regions (forbidden region virtual fixture: FRVF)
or influencing its movement along desired paths (guidance virtual fixtures: GVF). Virtual
fixture is an overlay of abstract sensory information on a workspace in order to improve
the telepresence of a remotely manipulated task. The concept of virtual fixtures was first
introduced by Rosenberg [41]. To understand what a virtual fixture is, an analogy with a
real physical fixture such as a ruler is often used [41]. A simple task such as drawing a
straight line on a piece of paper on free-hand is a task that humans are normally unable to

perform with good accuracy and high speed. However, the use of a simple device such as
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a ruler allows the task to be carried out fast and with good accuracy. The use of a ruler
helps the user guide the pen along the ruler, and reduces the operator’s mental load, thus
increases the quality of the task [4].

There are many advantages in using virtual fixtures in telemanipulation such as
interacting with the user and not with the task environment, existence of no mechanical
constraint, no need for machining or maintenance, easy prototyping and modifying,
designable in many forms such as damped surfaces, frictional contacts,
attractive/repulsive fields, or compliant surfaces [4]. Rosenberg [41] argues that the
success of virtual fixtures is not only because the user is guided by the fixture, but that
the user experiences a greater presence and better localization in the remote workspace.
However, in the context of human-machine collaborative systems, the term “virtual
fixtures” is often used to refer to a task dependent aid that guides the operator’s motion
along desired directions (GVF) while preventing motion in undesired directions or
regions of the workspace (FRVF) [4]. When there are some regions at the remote site
which should be prohibited for the manipulator end-effector to fall into, the forbidden
regions can be defined at various regions. Thus, FRVFs prevent the operator from issuing

commands that can result in the manipulation system ending up in such a region.

2.3.3. Slave position referenced force

In the context of haptic forces that are generated based on the position error at the
slave site, there have been a few studies that focused on producing the haptic force using
slave position error. In all of these studies, positions of the haptic device (master) and the

hydraulic manipulator (slave) provided a reference position to each other which resulted
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in applying a haptic force to the operator’s hand [13, 42]. Kontz et al. [10] proposed a
scheme commanding the haptic device to generate a force that couples the motion of the
haptic device to the excavator bucket movement. Hayn et al. [43] implemented a similar
concept to operate a hydraulic excavator. Ahn et al. [40] proposeda
compliance control scheme for the position referenced bilateral control system, in which
the position difference between the master implement and the slave end-effector is treated
as an equivalent contact force. In these studies, the produced haptic force was parallel to,
and in proportion with, the position error vector at the slave end-effector. The generated
force indicates to the operator of the slave status, i.e. whether it is moving ahead or
behind the intended desired trajectory, by pulling towards, or pushing against, the

operator’s hand.

2.3.4. Impedance vs. admittance

In general, position referenced feedback systems, e.g. virtual fixtures, are categorized
into admittance-type and impedance-type [44]. To clarify the concept of admittance-type
and impedance-type systems, consider the teleoperated system depicted in Figure 2.6. In
this system, F, and F, are the operator’s force and the environment interaction force,
respectively. x,  represents the operator’s displacement, and the environment
displacement is depicted by x,. With reference to Figure 2.6, impedances of master and

slave sites are described, respectively, as follows:

G =1n 2.1
m — xh .
G, = x—e (2.2)
e
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Figure 2.6 Sign convention in admittance-type and impedance-type teleoperated systems.

where G, and G are referred to the impedance of master and slave sites, respectively.

Similarly, admittances at the master site (H,,) and slave site (H,) are defined as follows:

H - h 2
H - ° 4
N Fe (2 )

An impedance-type virtual fixture, for example, is graphically described in Figure 2.7.

As observed, the force generated by the haptic device is computed based on the distance
between actual position of the master implement, B, = [Xa Ya 2zq]". and desired
position of the implement, ﬁd =[x, v; 241" The force can be generated based on
the Hooke’s law, for instance, as follows:

F = —GyeF (2.5)
where F = [F, FE, F]T represents the force vector applied to the operator's hand

along the reference coordinate system {xy Y zy }, respectively. Gy is the impedance of
the virtual fixture, and in a simple (scalar) form is the stiffness of the virtual spring

pulling the operator’s hand toward the desired trajectory. The haptic end-effector position

N
error, E, is defined as:
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Xag — Xg
E=\|y, —vyy4 (2.6)
Zg —Zg

With reference to Figure 2.7, when the end-effector is on desired trajectory or on-
track, the virtual spring is in rest position (X, = X3, Ya = Y4, Za = Z4 ), i.e. no force
is generated. However, when operator moves the end-effector out of desired trajectory

and penetrates into the forbidden region (off-track), the virtual spring generates a force

(ﬁ ) which is proportional to the amount of penetration into the forbidden region.

Actual (operator’s Desired trajectory
hand) trajectory “Ng (virtual fixture)

B: Target (desired) position (x', Vi, zi")

Figure 2.7 Virtual spring pulls operator’s hand toward desired trajectory. End-effector

position can be on-track (F = 0) or off-track (F # 0).

2.4. Network Quality in Teleoperation

Traditionally, the performance of teleoperated systems is measured through
uncontrollable network (e.g. the Internet), or over simplified emulated network (e.g.
constant delay). These methods have some limitations such as unrepeatable experiments,
unrealistic test results, and inconsistent network parameters across trials. To overcome
these limitations, a computer running a network emulator is used to emulate the
communication channel (Figure 2.8). Network emulator is able to delay and drop packets

based on the user-defined simulated network scenarios. The main advantage of using
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network emulation is to allow the network variables to be specified for generating
consistent and controllable network scenarios. By using the same network parameters and
random seeds, the network conditions can be replicated for each run of the experiment.
For example, by using NS2, different network topologies, protocols, and network traffic
patterns can be generated while running under the network emulation mode, which was
previously used for constant time delays [15], and time delays that were generated from

measurements over the Internet [45].

Packet capture  — Simulated network % Packet forwarding

Packet forwarding [4— Simulated network [#— Packet capture

Figure 2.8 Network communication setup between master and slave sites.

Network delay, which is also known as latency, refers to the time it takes for a packet
of data to travel across the network from a node to the designated destination. Network
delays in communication channel are caused by: (i) processing delay due to processing
the packet header by routers; (ii) queuing delay due to the time spent in routing queues;
(iii) transmission delay, which is the time spent to push packet's bits into the link; and (iv)
propagation delay, which is the time needed for a signal to reach its destination via the
physical communication link [42]. When the Internet is used as a communication
channel, not only time delay but also other network variables such as packet size, packet
loss and packet order affect the entire performance of the networked system. Dropped

packets occur when one or multiple data packets fail to reach the predefined destination.
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This is caused by channel congestion, data rejection in-transit, faulty network hardware,
faulty network drivers or signal attenuation due to the distances between transmitter and
receiver, especially in wireless communication [46].

For dedicated channels, constant packet loss and near-constant latency are emulated,
while for wireless networks, time-varying packet loss and latency are generated in the
communication channel. In wireless channels, information is transmitted by radiating a
modulated electromagnetic wave at a certain carrier frequency by means of a transmitter
antenna and picking up energy of the radiated wave by means of a receiver antenna [47].
Existence of time-varying delays and packet losses are two phenomena in wireless
networks that seriously deteriorate performance and stability of the system [48, 49].

The effect of time delay on the performance of control schemes for a bilateral
teleoperated system was first reported by Ferrel [50]. This then led to the development of
various control schemes such as scattering transformation [51], wave variable [52], Hy,
robust control [53, 54], shared compliant control [55] and wave variable with prediction
[56] for stable and reliable bilateral control systems. Later on, some researchers such as
Rodriguez et al. [57], Arcara and Melchiorri [58], Guiatni et al. [59], Aliaga et al. [60]
and Aziminejad et al. [61] investigated and compared the effectiveness of various
schemes towards bilateral control of teleoperated systems. During the early 1960s,
several researchers have tried to understand the effects of communication delay in
teleoperated systems [62, 63] in which transmitting force feedback to the master site

under the effects of delays in communication channel was tested [62].
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2.5. 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 difficult than in a case where the environment is known [64, 65].
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 [66]. Retrofitting a robotic manipulator with a moving platform increases
the working envelope and motion flexibility. When the base motion is undesirable, and
originates from disturbing forces and torques, the system is called base-excited system. In
live-line maintenance, as an example, the slave manipulator must be installed on top of a
crane bucket, and therefore, its base is subject to unwanted excitations due to wind gust
or compliance in the boom.

With respect to the teleoperated control of base-excited manipulators, combination of
moving platform, slave manipulator, and master hand-controller adds extra degrees of
mobility to the system, which in turn creates a kinematically redundant robotic system.
Therefore, the control of a manipulator with moving base, under teleoperation mode,
becomes more challenging than stationary one which is autonomously controlled.

Most of the studies on teleoperated systems with movable base have focused on ones
mounted on wheeled mobile platforms [67, 68, 69]. Research activities in the area of
teleoperation of manipulators with mobile base, applied to live-line maintenance, are
limited to a few studies which discuss the design and development of new mechanisms

for mobile platforms. None of them dealt with investigating the effect of base excitation
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of the slave manipulator on performance of the teleoperated system. Toussaint et al. [1]
presented a comprehensive review of the state of the art which focused on mobile robots
designed to cross obstacles along a typical transmission line, while the conductor was
used as support for traveling. Song et al. [70] developed a mobile robot designed for
repairing broken strands in power grid. This robot, consisting of a mobile platform and
associated maintenance tools, could move along energized lines and repair broken
strands. The robot was tested in a laboratory setting while it was guided by an operator to
approach a desired location. Jian et al. [71] designed a mobile robot for inspection and
maintenance of power transmission lines. The robot was designed as a cable car with two
multi-joint arms. Park et al. [72] developed a new inspection robot system for suspension
insulator strings to detect faulty insulators. The system adopted a wheel-leg moving
mechanism that made the robot small and light. Takaoka et al. [73] proposed a
conceptual design of a robotic station for performing live-line maintenance. In this
design, a dual arm manipulator was considered to be installed atop a mobile crane to
automatically perform live transmission line maintenance. An operator controlled the
operation using the visual feedback system to observe the slave site. The design was
validated in a laboratory setting by conducting a single maintenance task: exchanging

insulators.
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CHAPTER 3

EXPERIMENTAL TEST RIGS AND MODELING

3.1. General Description of the System

Two teleoperated experimental systems are employed in this thesis. The test rigs are: a
teleoperated single hydraulic actuator and a 4-DOF teleoperated hydraulic manipulator.
The concepts, developed in this thesis, are first examined on the double-rod valve-
controlled hydraulic actuator because of its simplicity and safety, and then extended to
more complex tasks using the hydraulic manipulator. Figure 3.1 depicts the general
architecture of the test rigs. Each system comprises a master device, a network emulator,
a slave manipulator, and an environment with which the slave end-effector interacts. In
each test rig, the environment and the slave robot may adequately be simulated by
software. The network emulator can be implemented by a physical connection or a
network emulation software such as Network Simulator Version 2 (NS2) [14] and Wide
Area Network emulator (WANem) [42]. The modules in each test rig interface with each

other through the User Datagram Protocol (UDP) connections.
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Figure 3.1 General architecture of teleoperated test rig. Dashed lines indicate UDP

connection.

3.2. Description of the Sub-Systems
3.2.1. Slave hydraulic actuator

Figure 3.2 shows the single hydraulic actuator setup comprising a PHANToM Omni
haptic device that is guided by the operator, and a double-rod valve-controlled hydraulic
actuator. The actuator interacts with a linear spring as an environment. The interaction
force between the hydraulic actuator and the environment is measured by a force sensor
attached to the end-effector. The master PC controls the haptic device. The slave PC, that
controls the hydraulic actuator, is equipped with a set of data acquisition boards. The
information between the master and the slave is transferred through a dedicated or a
wireless communication channel emulated by the WANem or NS2, respectively. Both
emulators generate various network scenarios based on controllable parameters of the
communication channel such as time delay, packet loss, network topology, and network
protocol [74, 42].

Before conducting full experiments, the actual hydraulic actuator (in Figure 3.2) is
replaced with its simulation. The hydraulic actuator consists of an electro-hydraulic
servovalve and a hydraulic actuator that is in contact with an environment (see Figure
3.3). The control input, u, causes valve spool to move (x,,) which in turn controls flows

(Q1 and Q) into and out of the actuator [75].
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Figure 3.2 Teleoperated hydraulic actuator setup. Subscripts “s” and “m’ denote variables
at slave and master sites, respectively. The superscript “*” in xg,,, and Fj,, denotes a

delayed/lossy version of displacement and force.
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Figure 3.3 Schematics of hydraulic actuator interacting with a stiffness dominant
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Assuming the actuator is activated by an ideal critical center servovalve, with matched
and symmetrical orifices, the nonlinear governing equations of the flows Q; and Q, are

written in the following compact form [76]:

c P,— P P+ P

Ql=71wxvjs 5 + sgn(x,)(—5— — A1) (3.1)
p
c P,— P P+ P

Qz=7%wxvjs S + sgn(x,)(Pr = =) (3:2)

where c; is the orifice coefficient of discharge, and p is the hydraulic fluid density. w is
the width of the port cut into the valve bushing through which the fluid flows. The supply
and tank pressures are denoted by P, and PB., respectively. Variables P; and P, refer to

the hydraulic pressures in each of the actuator chamber. The sign function is defined as

follows:
+1 x,>0
sgn(x,) =10 x,=0 (3.3)
-1 x,<0

The continuity equations describing the pressure changes in each actuator chamber as

a function of flows in and out of the actuator, Q; and Q,, are written as follows [77]:

__ P _
Axg+

_ Bn _ .
T AlL=x)+ 7, (—Q2 + Axy) (3.5)

Py Q1 — Axy) (3.4)

P,
where A is the annulus area of the piston. The volumes of fluid contained in the

connecting lines between the servovalve and the actuator are denoted by V; and V,. The

actuator stroke is denoted by L. The fluid bulk modulus is given by f,. x5 and x, are the
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displacement and velocity of hydraulic actuator, respectively. The equation of motion for
the hydraulic actuator is [77]:

AP, = m¢ks + dxs + F, + Ff (3.6)
where m; is the inertia of the moving part of the actuator. X, is the acceleration of the
piston. P, = P; — P, is the differential or load pressure. d denotes the equivalent viscous
damping coefficient describing the combined effects of viscous friction among the piston,
and the cylinder walls, and the damping of load.

The hydraulic actuator is considered to interact with a stiffness dominant environment.
Thus, the interaction force, F,, can be expressed as:

Fe = ksxs (3.7
where k; 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, and therefore F, = 0.
A more general form for the environment, i.e. mass-spring-damper, can also be
considered, but the effects of the mass and damper of the load are already incorporated in
m; and d, respectively in the slave dynamic model. The dry friction acting between the

piston and cylinder walls, Fy, is defined as [78]:

(513.2 + 1219.1x, Xs > 0.0696

1015.4 — 5996.6% Vep < %s < 0.0696

985.42 0<%, <vy, FE,=98542

Fy 0 <%s <vy, FE,<98542

Fr=1k, 0> %, > v F, > —72697 OO

—726.97 0> x5 > —vy, E, < —726.97
—739.7 — 2545.4x;, —0.0805 < %, < —vyy,
(—426.9 + 1339.4%, %, < —0.0805

where F, = A(P, — P,) — F,. vy, denotes the threshold velocity, and is set to 0.005 m/s

for the simulated hydraulic actuator [78].
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Dynamics of the valve is described as a typical second-order system which is adequate

for many industrial applications [79]:
%y + 20w, X, + 02x, = k,0iu (3.9

In (3.9), u and x,, are servovalve input voltage and the spool displacement, respectively.
k,, represents the valve spool position gain. w,, and {,, denote the natural frequency and
damping ratio respectively, and they characterize magnitude and phase responses of the
transient behavior of the servovalve. In order to model the fluid pressure behavior inside
the cylindrical chambers of the hydraulic actuator, the temperature and the density of
fluid are assumed to be constant, and the effect of both internal and external leakages are
neglected.

The model described above is transformed into a state-space model. The following
state vector (X) is used for describing the dynamics of the slave actuator.

X=1[x1 X2 X3 X4 X5 Xe]T =[xg %5 Py P, x, %,]7 (3.10)
Therefore, the dynamic model of the slave actuator is represented as a state-space

model as follows:

(X1 = Xy
. ( ) d ke Fy
Xy = m, X3 — X4 m, X2 m, X1 m,
Bn
X, = —————— — Ax
1% =y, (@ Ax) 3.11)
Bn
Xq = — (—0Q, + Ax
4 A(L—x1)+V2( Q: 2)
X'5 = Xg
g = —2{,w,xg — W2xs + k,wiu

Note that u is the control signal at the slave hydraulic actuator, and Fy is defined by

Equation (3.8), and by replacing X with x,.
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The numerical simulation of the above model is generated using the fourth-order
Runge-Kutta integration method. System parameters used in the simulations are given in
Table 3.1. Values of the hydraulic function parameters were obtained directly from

manufacturers’ data sheets or by experimental verification [80].

Table 3.1 Parameters used in simulation of the hydraulic actuator.

Parameter Symbol Value
Supply pressure P, 17.2 MPa (2500 psi)
Tank pressure P, 0
Combined mass of piston and rod mg 123 kg
Viscous damping coefficient d 50 Ns/m
Actuator stroke L 0.609 m
Piston area A 6.33 x 10~* m?
Volume of connecting lines /A2 8.87 x 1075 m3
Valve spool position gain k, 4.06 X 107> m/V
Valve natural frequency Wy 175 Hz
Valve damping ratio C» 0.5
Orifice coefficient of discharge Cq 0.6
Hydraulic fluid density p 847.16 kg/m3

3.2.2. Slave hydraulic manipulator
Figure 3.3 illustrates the mobile hydraulic manipulator, a 4-DOF Kodiak manipulator
which is mounted atop a 6-DOF Stewart platform. The environment consists of a frame
replicating a segment of transmission line [81]. A hot stick is attached to the robot end-
effector. The tested hand-controllers are a conventional seven-function joystick and a

PHANToM Desktop haptic device.
The Kodiak 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,
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which is not considered as a DOF, and used to open and close the jaw. The hydraulic
manipulator and the hand-controller can be connected to the same PC using parallel port
and data acquisition boards, respectively. Therefore, there is no network delay when the
master and slave sites are not connected through the communication channel [82]. In this

case, the control loop works at 500 Hz (sampling time of 2ms).
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Figure 3.4 Teleoperated hydraulic manipulator setup. The superscript “*” in P, and F,,

denotes a delayed/lossy version of displacement and force.
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The motion base is composed of six single-rod hydraulic actuators; each is controlled
by a proportional valve. In the middle of each actuator, a linear displacement sensor is
installed that measures the displacements. These hydraulic actuators are installed in pairs
to the mechanism base, crossing over to three points on a top plate. The hydraulic
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. This experimental setup
is used to perform different transmission line maintenance tasks (see Section 2.1) using
two hand-controllers: a conventional joy stick and a PHANToM Desktop haptic device.

A schematic of the slave hydraulic manipulator and corresponding coordinate frames
are illustrated in Figure 3.5. In designed experiments, the actuators creating the yaw and
roll rotations were switched off, and only the first four DOFs were employed to run the
manipulator. The hotstick is attached to the last link and is always kept horizontal. In
Figure 3.5, {x5y;z5} denotes the coordinate system attached to the manipulator end-
effector, and the fixed (global) coordinate system is denoted by {xjy5zg}. The
superscript ‘s’ indicates the parameter belongs to the slave (hydraulic manipulator). In
order to always keep the hot-stick parallel to the horizontal plane, the joint angle 6;
(extended elbow) is expressed in terms of 85 and 63, as follows:

0; = —0;-65 (3.12)
Thus, only the first three angular displacements of the manipulator (6, , ;) are required

to solve the kinematics.
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Let 13;5 a = [x5 y& 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 [83]:

N

05 = tan™! ( 2l3kac5 — 213Kk15, ) (3.15)
3 = tan
K24k —1,2 — 1y

65 = tan~ (y es) (3.13)

k
05 = tan™? ( + tan™!
kq

Using Equation (3.12), we have:

Figure 3.5 Coordinate frames of slave hydraulic manipulator. DOFs are: vertical rotation

(67), shoulder (65), main elbow (03), and extended elbow (6;) [4].
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+ [ky2+ky?—k3?
_1(k _q [ Tk +ka" ks _1 [ 2lkaco 205k
0; = —tan 1(—2) —tan | — | —tan 1<M> (3.16)

- 2
1 k3 k12+k22—122—l3

where ¢; = cos(6;), s; = sin(6;’), and
kl = xgcl + yg’dsl - 11_14 (3.17)
k, = —z§ (3.18)

_ klz + kzz + 122 - l32

L= (3.19)
21,

A schematic of the Stewart platform is shown in

Figure 3.6. As observed, there are six hydraulic actuators that are commanded to
generate the desired posture (position and orientation) of frame {X'Y*Z'}. The
position, D, and orientation, R, of frame {X*YtZ'} with respect to frame {X?Y?Z%} are

defined as follows:

D=[D, D, D] (3.20)
ax ﬁx )/x

R=|ay By vy (3.21)
az ﬁZ )/Z

With reference to

Figure 3.6, and as shown in [84], the length of each actuator, L;_; g, is given by:

L= |51 = \/Si,xz + S0+ S, (3.22)

where

S;=[Six Siy Siz]T =D +RT;,— B, (3.23)
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In (3.23), D and R are given by Equation (3.20). B; and T; are position vectors of the
endpoints of each actuator with respect to frames {X?Y?Z?} and {X¢Y*Z'}, respectively.

They are defined as below:

- _ T
/T1 =|Le— 1 7a _Ht]
Z a T
Tz = | Lt - Tt E _Ht]
a a T
T; = [5sin60°— (Ly — 1) sin30° (L — 1) cos 30° + —=sin30° —H, ]
12 2
] a T (3.24)
T,=|—-1n (L — 1) cos 30° — Esin 30° —Ht]
i a T
Ts = [—1 —(Ly — 1) cos 30° + Esin 30° - H; ]
a a T
\Ts = Esin 60° — (L — 1) sin30° — (L — 1) cos 30° — Esin 30° —H; ]
and,
/ [ ° c . ° T
By = |y —(Lp — 1) cos 30° + 5 Sin 30 Hy ]

- C T
B, = |y (Lp — 1) cos 30° — Esin30° Hb]

c c
< B; = [(Lb — 13,)sin 30° — Esin 60° (L, — 1,)cos30°+ Esin 30° Hp ]

(3.25)
- C T
By = |-Up—m) 3 Hb]
- C T
Bs = |-lp—m) -3 Hp ]
c c T
\Bg = [(Lb — 1) sin30° — Esin 60° — (L, — 1,)cos30° — Esin 30° H, ]
where L., Ly, 1 and 1, are calculated using:
L; = (a + b)sin60”, L, = (c + d)sin60’ (3.26)
n=2Qa+b), 1, =2(2c+d) (3.27)

The characteristics of the Kodiak manipulator and the Stewart platform are listed in

Table 3.2.
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Figure 3.6 Coordinate systems of Stewart platform.

38



Table 3.2 Specifications of Kodiak 1000 hydraulic manipulator and Stewart platform.

Parameter Length (mm)

Extension link, [; 133
Kodiak Shoulder, [, 459
manipulator Elbow, [; 342
Extended elbow, 1, 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 3.7 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 [75]. 6;, is the
actual value of the joint angular displacement and is measured by the Hall effect sensor.
The desired value of joint displacement, 67, is calculated using Equations (3.12) to
(3.15). The difference between the actual and desired joint displacements (ef ) is
continuously calculated, and sent to the controller in order to generate the appropriate
control signal reducing the position error.

The controller must (i) have excellent tracking and regulating abilities, (ii) respond
quickly to variations of the set point, (iii) reverse the directions quickly without
overshoot, and (iv) retain above properties for both large and small changes in the set
point. The implementation is made possible by using the nonlinear PI (NPI) controller for
each joint of the manipulator [85]. The NPI controller was shown to improve tracking

accuracy by a factor of five, as compared to the conventional PI controller with fixed
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gains, without sacrificing regulation accuracy or robustness [85]. The accuracy of the NPI

controller is about 0.2 degrees [85].

Hydraulic
_valve

pﬁ'ﬁi P
NPI L

controller P, |

A Hydraulic
actuator

Hall effect angular
position sensor

Figure 3.7 Schematic of a manipulator link driven by a single-rod hydraulic actuator.

3.3. Hand-Controllers

Two mapping modes are used: joint mapping (JM) and end-effector mapping (EM). In
JM mode, angular displacements of the first 3 DOFs of a seven-function joystick joints
are mapped into displacements of hydraulic manipulator joints. Figure 3.8 depicts the
coordinate system of the conventional seven-function joystick. The joystick, which is
specially designed to control the Kodiak hydraulic manipulator, has the same structural
geometry as the Kodiak arm. Therefore, by mapping the joints displacements, the same
trajectories are anticipated at both the joystick implement and the manipulator end-
effectors. In JM mode, the operator holds the joystick handle and looks at the tools

located at the manipulator end-effector, to visually follow the task. By moving the
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joystick, the actual angular displacement vector of joystick joint (5{1”) is measured by

encoders, and sent to the manipulator side as desired angular displacement vector at the

slave site (675). Note that 6; is calculated using Equation (3.12). Therefore, when the
joystick guides the hydraulic manipulator, all four angular displacements in slave site are
determinable, and the kinematics is solvable. The hydraulic actuators are then driven to
achieve the required manipulator joint displacements. Therefore, the manipulator end-

effector travels along the path described by the operator.

Handle

Figure 3.8 Coordinate frames of conventional seven-function joystick [4].

Figure 3.9 depicts coordinate frames of a PHANToM Desktop/Omni haptic device
which is used as the master device in the EM mode. In this mapping, the position of

haptic device end-effector is mapped into the end-effector position of manipulator
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{x5ySz5} by multiplying by the mapping factor, a. Indeed, by using this mapping, the
desired trajectory of manipulator end-effector is formed by the actual trajectory of

operator’s hand at the master site (haptic device).

Figure 3.9 Coordinate frames of PHANToM Desktop/Omni haptic device [4].

The following equation simply describes the dynamics of the haptic device at the
master site, in a single direction [86]:

My + kgXpy + knxpm = Fp + Fp, + F (3.28)
where x,,, represents the position of the master (see Figure 3.9). Fj, is the force applied by
the operator’s hand and F,, denotes the master force generated by the haptic in the x,,
direction. m,, and k; represent inertia and damping coefficients of the combined
operator’s arm and haptic device, respectively. kj, is the stiffness of the human arm. F)
represents the backdrive friction force, and is, for example, less than 0.26 N for the

PHANTOM Omni device [87].
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3.4. Network Emulators
3.4.1. General architecture

The communication setup, connecting master and slave sites, is shown in Figure 3.10.
Data packets are transmitted from the master site to the slave site and vice-versa
through network switches. In order to introduce an artificial time delay or packet loss into
the loop, an intermediate computer, supplied with Wide Area Network emulator
(WANem) or Network Simulator version 2 (NS2), is connected to the network switch.
The data packets transmission is re-routed through WANem or NS2 before forwarding to

the destination node.

e )
Network simulator

» b

iy ._.’
®--<===oooooooofoo- Slave system

Master system

Physical cable
Emulated packet flow ——p
Normal packet flow ----p

Figure 3.10 Network communication setup.

In terms of transport protocol, User Datagram Protocol (UDP) was preferred over
Transmission Control Protocol (TCP) for teleoperation or real-time applications due to its
shorter transmission time. The utilization of UDP as the data transmission protocol also
implies that each data packet can continually be sent from one node to the other without
retransmission of lost packets or acknowledgement of packets arrival. This contributes to

smaller round trip time delay in the UDP-based connection.
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3.4.2. Wide Area Network emulator (WANem)

WANem is an open source distribution software developed by TATA Consultancy
Services (TCS) for emulating realistic network behavior in development or test
environment [88]. WANem simulates various network characteristics such as network
delay, packet loss, packet corruption and disconnections. The architecture of WANem is
divided into three layers (see Figure 3.11). WANem is basically built upon the Linux
kernel which consists of an open source Network Emulator module (NetEm),
Hierarchical Token Bucket (HTB) queuing discipline for bandwidth limiting
functionality, Network Packet Filtering module (NetFilter) and Connection Tracking
module (ConnTrack) for TCP/IP. These modules work together to introduce artificial

delay, packet loss and other scenarios in test environment [89].

WEB
PHP scripts

N/

SHELL
TC
LINUX KERNEL
HTB | ConnTrack | NetEm | NetFilter

Disconnect | | IPTable

Figure 3.11 WANem architecture.

The middle layer of WANem architecture consists of a command line tool (TC),
Disconnect and IPTables modules. The command line tool is used to invoke
functionalities such as NetEm and HTB in the Linux kernel layer. The IPTable is used to
configure the operating system (Knoppix Linux) which allows applications and users to

connect through the network and stop unwanted applications and users from
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communicating and interrupting the operating system. Disconnect, on the other hand, is a
script to implement emulation of the network disconnection characteristics. It uses
ConnTrack in the Linux kernel layer and [PTables to implement its functionality. The
uppermost layer (Web) is the configuration interface for WANem, developed in PHP
scripts. Some examples of WANem used in the research works can be found in [90, 91,
92, 93].

In order to verify the performance of WANem, several tests could be conducted before
starting each set of experiments. The performance of WANem was tested using “ping”
command where the time delays at WANem are set to be 0 ms, 100 ms, 200 ms and 500
ms in both forward (master to slave) and backward (slave to master) directions
independently. The tests resulted in average round trip delays of 0 ms, 204 ms, 403 ms
and 1005 ms, respectively. Therefore, the accuracy of WANem in creating artificial time

delay in the communication channel is reasonable.

3.4.3. Network simulator version 2 (NS2)

Network Simulator version 2 (NS2) is a packet-level simulation tool, and is used to
study the behavior of networks. The NS2 provides functions to generate simulation
scenarios, and protocols for both wired and wireless networks [94]. The NS2 was chosen
for its availability, widespread use, and ability to be developed [95]. In the setup, used in
this research, the NS2 is built upon two programming languages. Most of the core
functions of NS2 are built using C++. The C++ classes provide an interface that is
exposed through the Object-oriented Tool Command Language (OTcl). OTcl scripts are

mainly used to specify parameters and details for simulation scenarios generation. Users
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have access to the source code and are able to write extensions to NS2 in either OTcl or
C++.

Figure 3.12 shows the software components of the network emulator. When NS2 is
run under the network emulation mode, it uses different objects to represent the
application layer traffic generators and the transport layer agents. In the emulation mode,
NS2 captures incoming packets, and then injects them into the simulation. These packets
are then delayed or dropped based on the results of the ongoing simulation. After the
packets, injected into the simulation, are appropriately delayed, they are forwarded
towards the intended destination by the network emulator. Firstly, NS2 uses the Berkely
Packet Filter kernel agent to capture data-link layer frames [96]. The captured data is
injected into the simulation by the attached Tap Agents, which introduce simulation
packets containing live data as their payload. Once the packets (with live data) are
introduced, they travel through the network and link layers implemented by the NS2 as
normal. Afterwards, the network emulator must attempt to forward packets according to
the calculated delay. To accomplish this, the NS2 uses a real-time scheduler which waits
for the scheduled time before dispatching events in the simulation [97]. However, due to
timing errors and computational load in emulator computer, the actual delay produced by
the network emulator may be greater than the calculated delay. The error in the delay
time, produced by the network emulator, is called the slop factor [98]. In order to test the
accuracy of the NS2 scheduler during the experiment, ping packets were sent between the
master computer and the network emulator. The emulator was set to reply to the ping
probes with a specified constant delay. The real accuracy of the real-time scheduler, in

fact, depends on the computational load of the computer. Since the extra delays,
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generated erroneously by the network emulator, are small as compared to the processing
delay of the master and slave programs, the accuracy of the NS2 scheduler is satisfactory

for the proposed experiments.

Master Program Slave Program
(UDP Connection) (UDP Connection)
Packet Capture L Packet Forwarding
Application Layer Application Layer
Tap Agent L Tap Agent
Transparent layer Transparent layer
NS2 NS2
Network and Link Layers Network & Link Layers

Figure 3.12 Protocol stack of NS2 in emulation mode. Shaded boxes indicate components
that are part of NS2. Solid and dashed lines indicate physical and logical connections,

respectively.

3.5. Summary

This chapter introduced specifications of the experimental test rigs, employed in this
thesis, followed by describing required formulations. Each test rig consisted of a master
site (an operator, a master PC and a hand-controller), a slave site (a hydraulic system and
a slave PC), and a network emulator (WANem or NS2). Master devices were a
conventional joystick, a PHANToM Omni haptic device, and a PHANToM Omni haptic
device. Slave hydraulic systems included a double-rod valve-controlled hydraulic
actuator (single-DOF) and a Kodiak hydraulic manipulator installed on a Stewart

platform (multi-DOF).
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CHAPTER 4

WIRELESS CONTROL OF HYDRAULIC
ACTUATORS

4.1. Introduction

In this chapter, effects of communication channel on the performance of a hydraulic
actuator are examined that help to choose network parameters by which the teleoperated
system operates without significant impacts on its performance. The goal is to show how
transparently and stably hydraulic actuators work under different conditions of delayed
and lossy communication channels. The study is first performed on the hydraulic actuator
comprising haptic device (Figure 3.9), a valve-controlled hydraulic actuator (see Section
3.2.1) and communication channel emulated by WANem (described in Section 3.4.2).
Two sets of experiments are conducted when the hydraulic actuator works under a
dedicated communication channel and a wireless channel. In first set of experiments, the
hydraulic actuator is controlled by four control schemes: force reflection (FR), position
error (PE), combined force reflection and position error (FP), and four channels (FC).
Performances of four control schemes are then compared using three criteria: position

tracking, force tracking, and fidelity of the perceived stiffness. The best control scheme is
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then employed to investigate the performance of the teleoperated system under a wireless
channel.

The second set of experiments studies how to select network parameters when the
hydraulic actuator is controlled through a wireless communication channel. In this set, the
wireless communication channel is emulated using the NS2 simulator (see Section 3.4.3).
Extensive experiments are conducted, and effects of time-varying delays and losses on
performance of the system are re-evaluated. Next, a set of performance charts is
constructed. These network parameters are: configuration of environment obstruction,

antenna transmission power, and distance between the master and slave sites.

4.2. Performance Evaluation under Dedicated Channels
4.2.1. Test procedure

This section investigates how constant time delays and packet losses affect
performance of a teleoperated hydraulic actuator utilizing different control schemes. The
schemes run in the master PC to control the haptic device. The slave PC simulates the
dynamics of a valve-controlled hydraulic actuator and the linear spring environment (see
Figure 3.2). The two PC’s are connected through a computer running the WANem
software. Even though the employed hydraulic actuator is only a simulated model, the
accuracy of the model as compared to the real actuator has been verified earlier [80].

In all experiments, the operator manipulated the master haptic device using a
particular control scheme through an emulated communication channel to follow a fixed
trajectory close to the path depicted in Figure 4.1. This path includes both free and

constrained motions. In constrained motion, the slave manipulator was virtually
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interacting with the environment emulated by a linear spring having a stiffness of
45 kN /m. The same operator performed all experiments. The operator was asked to hold

the stylus of the haptic device like holding a pen and trace the given path as closely as

possible (see Figure 4.1).

Free Constrained Free
Motion P Motion P Motion“
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50
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1] & Actuator =
0
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[:::I Time (s)

!

Figure 4.1 Typical trajectory for haptic device showing master displacement, x,,.

Position (mm)

[mll
Ly

The operator repeats the same task for all control schemes and having different
configurations of communication channel as shown in Table 4.1. In total, 48 experiments
were conducted involving all four control schemes, each with three constant time delays
(100 ms, 500 ms and 1000 ms) and four different packet losses (0%, 25%, 50% and
75%). Table 4.1 shows the scenarios. Although the operator was asked to repeat the same
free and constrained motions in each experiment, some deviations from trajectories were

unavoidable. Due to the similarity of results, only results of UD00, UD02 and UD30 are
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presented in details. The results are analyzed using (i) the Root Mean Square (RMS)

index (quantitative study), and (ii) observing the signal tracking (qualitative study) [99,

100].

Table 4.1 Network variables used in experiments: one-way delay (TD) and packet loss
rate (PL).

UD00 UD01 UD02 UD10 UD11 UD12 UD20 UD21 UD22 UD30 UD31 UD32

TD (ms) 100 500 1000 100 500 1000 100 500 1000 100 500 1000
PL (%) 0 0 0 25 25 25 50 50 50 75 75 U5

4.2.2. Control schemes

Four control schemes namely, force reflection (FR), position error (PE), hybrid which
is combination of force reflection and position error (FP) and four channels (FC)
architecture were selected in this study; since they were good in terms of their
performance as concluded in [13]. In order to compare these control schemes, the
controller gains were tuned for similar performance under free motion using the
communication channel configured at 0 ms time delay and 0% packet loss. There were
then kept constant for the entire test.

- Force reflection (FR): In the FR control scheme, the force generated at the master
site, FEER, is proportional to the interaction force with the environment transmitted from
the slave to master site, F, 4. The control signal at the slave site, ufR on the other hand is
proportional to the position error between master (haptic device, x,,4) and slave
(hydraulic actuator, x;) [58].

FiR = HERF, g

4.1)
uff = KCFR( Xm,d — xs)
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where HER and KR are the control gains. The subscript "d" in xg4 and F, 4 denotes a
delayed variable due to communication delay in the teleoperated system.

- Position error (PE): In the PE control architecture, the force generated at the master
site, EFE | is proportional to the position error between master and slave. As a result, the
operator has some haptic sensations of the environment helping her/him to control the
position of the slave hydraulic actuator from the master site. The control signal generated
at the slave site, u”E, is also proportional to the position error between master and slave
[58].

Fﬂfl)E = G(,I'JE (xm - xs,d)
(4.2)
uft = KCPE( Xmd — xs)
where GFE and KFE are control gains.

- Hybrid, combined force reflection and position error (FP): In the FP control scheme,
the force generated at the master site, EF”, is expressed as a function of both the position
error between master and slave as well as the interaction force, F,4 with the
environment. This controller has both characteristics of FR and PE control schemes. As
for the control signal at the slave site, ufP it is still the same as the previous control
architectures which is proportional to the position error between the master (haptic
device) and the slave (hydraulic actuator).

ERP = HEP Fea + Gfp(xm - xs,d)
4.3)
uf? = Kfp(xm,d —xs)
In Equation (4.3), HE?, GEP and KfF are the control gains.

- Four channels (FC): The four channels control architecture has four communication

channels for information exchange between master and slave sites. The force generated at
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the master site, EF¢, and the control signal, uf¢, are expressed as functions of both
velocity and force information exchanged between the master and slave sites as follows
[5]:
FRC = —CeFy + Cpdiy + Fo g + D5 g
ufC = CsF, — Csds + Fpg + D 9
where
Uma = Ci¥ma ﬁm,d = C3Fma 5 Usa = CyXsq ; Fe,d = CoFeq (4.5)
Note that C5 and Cy4 are the feedforward gains and C,,, and C; denote the feedback gains.
Besides, C;,C,, C3 and C, are dynamic parameters. In order to experimentally achieve
perfect transparency, the following conditions must be met:
Cr=Ze 5 Co=~Zem ; Gs=(C3—-1) ; Cg=(C;—1) (4.6)
In (4.6), Z,; = Z; + Cs and Z.y,, = Z,, + Cp,, Where Z,,, and Z; are the master and slave
impedances, respectively.
Since, the main objective of this study is to investigate the effects of time delay and
packet loss on the system performance, the implemented time delayed versions of x; and
F, , transmitted to the master site via a communication channel, are modeled in Laplace
domain (s domain) by the following equations:
Xsa(s) = e~ xy(s)
4.7)
Fea(s) = e T/ F,(s)
where Tr is the forward time delay (from slave to master), xs 4 represents the actuator
position and F, 4 refers to the forces externally applied to the delayed system.

The parameters x,, and F,, which are transmitted to the slave site through a

communication channel, are also expressed in Laplace domain as follows:
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Xm,a(s) = e=Thxp (s)
(4.8)
Frna (s) = e_STme (s)
where T}, is the backward (from master to slave) communication time delay.
In this study, time delays are assumed to be the same in both backward and forward

directions. Thus, Equations (4.7) and (4.8) can be expressed with common term of time

delay (TD), where TD = Ty = T,.

4.2.3. Experimental results using simulation of hydraulic actuator

In the experiments, the stability of the entire teleoperated control system was
investigated by visually observing if the oscillations in the responses are bounded [57].
Once stability was ensured, the performance of the system was examined. Performance
refers to how accurate the slave system follows the command of the master system as

well as how transparent the environment is to the operator.

4.2.3.1 Position tracking

Figure 4.2 illustrates the position tracking results of all four control schemes during
free and constrained motions. In general, as shown in Figure 4.2, the position tracking of
all four control schemes is fairly good even with the changes in the percentage of packet
loss. However, it is observed that the slave system under FC control scheme showed
more fluctuations during the tracking of haptic device movement as compared to FR, PE
and FP schemes.

By comparing results of UDOO and UDO2 in Figure 4.2, it is observed that with the

increase of time delay at a given packet loss, the position error also increases. With
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reference to results of UD30, there are periods where the actuator does not appear to
respond to the input changes. This is believed to be due to the effect of the high rate of
packet loss (75%), during which no new information is transmitted to the salve site.
Therefore, the slave does not see any changes in the input, and does not move. The
comparison study of position tracking, (x,, — Xs), for three time delays including 100
ms, 500 ms and 1000 ms with PL=0% is summarized in Figure 4.2. It is obvious that the
position error increases with increasing time delay. By comparing the responses with
time delays 100 ms and 1000 ms in Figure 4.2, it is observed that FC has the largest
position error amongst all four control schemes. Moreover, Figure 4.2 indicates that the
FC controller has more oscillations in response, as compared to other schemes. As
observed in Figure 4.3, the position errors of all schemes become smaller with the
decrease of time delay.

As illustrated in Figure 4.4, by comparing the RMS values of position errors given a
similar packet loss (UD00O, UDO1 and UDQ2), it is seen that the longer the time delay, the
larger the RMS value is. On the contrary, by comparing cases of similar time delays but
variable packet losses (e.g. UD00O, UD10, UD20 and UD30), we cannot draw a general
conclusion on the effect of packet losses on position errors. According to the
experimental results, FP exhibited the best of position tracking behavior among the tested

control schemes for long time delays.
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Figure 4.2 Displacements, x, and x;; solid line: haptic device (master); dashed line:

hydraulic actuator (slave). Responses are shown for TD=100 ms and PL=75% (UD30),
for TD=100 ms and PL=0% (UDO00), and for TD=1000 ms and PL=0% (UDQ02).
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Figure 4.2 (contd.) Displacements, x,, and x,; solid line: haptic device (master); dashed

line: hydraulic actuator (slave). Responses are shown for TD=100 ms and PL=75%

(UD30), for TD=100 ms and PL=0% (UDOQ0), and for TD=1000 ms and PL=0% (UD02).
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Figure 4.3 Displacement errors, (x,, —xs), when PL=0%. Dotted line: TD=100 ms
(UDQ00); solid line: TD=500 ms (UDO1); dashed line: TD=1000 ms (UDO02).

The RMS values of position errors for all 48 experiments including the combination of
three time delays (100 ms, 500 ms and 1000 ms) and four different packet losses (0%,
25%, 50% and 75%) are depicted in Figure 4.4. The variations of position error with
respect to different time delays and packet losses can clearly be observed in this figure.
As shown in Figure 4.4, an increase in time delay results in increased position error for

all control schemes
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Figure 4.4 Effect of time delay on RMS value of position errors (number of runs=48).

4.2.3.2 Force tracking

The PE control scheme does not reflect the realistic interaction forces to the operator,
because the force exerted by the haptic device, only relates to the position error between
the master and slave as shown in Equation (4.2). Therefore, the evaluation of force
tracking was conducted only for FR, FP and FC control schemes. In general, FR, FP and
FC control schemes exhibited realistic transmission of the contact force from the slave
site to the master site, and the operator was able to feel the environmental interaction in
high fidelity, as illustrated in Figure 4.5. In order to facilitate visual comparison, the
master force is scaled by a scaling factor. This factor is defined for all controllers by
dividing the mean value of force, generated at the haptic device, to the mean value of

force generated at the hydraulic actuator.
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As illustrated in Figure 4.5, response of the FC controller exhibits the largest force
error as time delay increases. Although force error increased with increasing time delay,
no obvious fluctuation is observed in the tracking signals of FR and FP control schemes.
In addition, more oscillations is observed in FC control scheme with the increase of
packet loss as compared to FR and FP schemes. Note that once contact between the

actuator and the environment is established, the haptic device reflects the force.
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Figure 4.5 Forces produced by haptic device (solid line), and generated by the hydraulic

actuator (dashed line), for all scenarios defined in Table 4.1.

In order to facilitate visual comparison, the master force was scaled by the scaling

factor obtained by dividing the mean value of forces generated at the haptic device, by
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the mean value of forces generated at the hydraulic actuator. Figure 4.6 depicts the effect
of different constant time delays and packet losses on RMS values of tracking force
errors (F,, — F,). Error of force tracking is defined as the difference between the force
generated at the actuator end-effector and the scaled version of the haptic device force.
As shown in Figure 4.6, an increase in time delay increases tracking force error for FR,
FP and FC control schemes. With respect to the effect of packet loss, the RMS values of
force errors slightly increased in FR control scheme. However, for FP and FC control

schemes, no conclusion can be drawn.
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Figure 4.6 Effect of time delay on force tracking error for PL=0%, 25%, 50% and 75%.
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4.2.3.3 Discussions

In conclusion, long time delay, in the communication channel, was observed to
increase tracking errors irrespective of the type of control schemes used. Clearly, time
delay in the communication channel does not allow information exchanges between the
master and slave sites in a timely fashion. The control schemes examined here are not
equipped with a predictor. Thus, in the presence of time delay the actuator did not
respond to the command from the master as it should be. This resulted in increased
position and force tracking errors. The packet loss, on the other hand, was found to
impact the quality of tracking (Figure 4.2 and Figure 4.5) and increased oscillations on
the response. Loss of information in the control loop caused the control schemes being
unable to generate proper signals resulting in jittery response between the master and the
slave.

Figure 4.7 illustrates the control signals for the three cases UD30, UD0O and UDO02. In
general, the control signals of all control schemes were found to be within a reasonable
range and not saturated. As observed, for the FC scheme, the control signal is larger than
other schemes. The oscillations originate from the controller effort to compensate for
errors appearing in the teleoperated system. It is well-established that when the time
delay or packet loss is large enough in the communication channel, the stability of a
bilateral teleoperated system cannot be guaranteed [101, 13]. In this study, the stability of
the system is calculated solely based on observation similar to approach employed by
Rodriguez et al. [57]. Experimental results showed that the system is observed to be
stable under all network scenarios, though some fluctuations around actual trajectory are

noticed. However, large values of delays or packet losses may destabilize the system.
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4.2.3.4 Perceived stiffness

Figure 4.8 and Figure 4.9 show the effect of constant time delays and packet losses on

the perceived stiffness. During the constrained motion, the perceived stiffness is defined

as the ratio of force generated by the haptic device (F,;,) to the environment deflection,

E,./(x, —x,) (see Figure 3.2). The perceived stiffness was calculated in frequency

domain using Fast Fourier Transform (FFT). The arrows on vertical axes indicate the

actual stiffness of the spring used in experiments for constrained motion (k = 45 kN /m).
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Figure 4.8 Effect of time delay on stiffness perceived by operator for PL=0%, TD=1000

ms (solid line) and PL=0%, TD=100 ms (dashed line). Arrows indicate actual stiffness of

spring.
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With reference to Figure 4.8 and Figure 4.9, when the stiffness at zero frequency is
close to the stiffness of the spring in the model, it implies that the teleoperated system is
transparent. Results were investigated for all control schemes except PE which is not able
to provide a realistic stiffness. As illustrated in Figure 4.8 and Figure 4.9, the stiffness
decreases as the time delay and packet loss increased. This implies that FR, FP and FC
control schemes could not provide realistic stiffness to operator’s perception with respect

to changes in time delay and/or packet loss.
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Figure 4.9 Effect of packet loss on stiffness perceived by operator for PL=50%, TD=100

ms (solid line) and PL=25%, TD=100 ms (dashed line). Arrows indicate actual stiffness
of spring.
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4.3. Performance Evaluations Under Wireless Channels
4.3.1. Implementation of wireless channel

The NS2 simulator is employed to investigate how well the teleoperated hydraulic
actuator performs when the master and slave are wirelessly connected as in an outdoor
environment. The study, conducted by Ivanov er al. [98], has shown that the NS2
wireless simulation can accurately reflect a real WiFi with a static environment and a
simple obstruction model. Since future applications fall within this category, the
simulation of wireless channels allows reflecting performance of the system in the field.
Some inaccuracies in modeling may occur due to automatic data rate selection of wireless
cards and processing delays of the operating system that are not considered in NS2 [102].

The NS2 supports the simulation of wireless networks using the IEEE 802.11
standard, which is a commonly used standard for communication in Wireless Local Area
Networks (WLANSs). The wireless experiments focus on investigating the effect of
changes in parameters of the radio propagation model on performance of the teleoperated
system [103]. One of the common radio propagation models is the shadowing model. The
NS2 shadowing model computes the received power as a random variable due to
multipath propagation effects in which the average received power is assumed to
decrease logarithmically with distance. The shadowing model consists of two parts: first
part predicts the mean received model and the second part reflects variations of this
power. The power received by a receiver antenna (P,), at a distance d from a transmitter

antenna, is expressed by Friis free space equation [104],

~ G P L 49
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where P; and G, are the transmitter antenna power and gain, respectively. The receiver
antenna gain and the wavelength are denoted by G, and A. L is the system loss factor
which is not related to propagation (L>1). Note that d represents the distance between the
master and slave sites. Equation (4.9) is only applicable for distances that are shorter than
what is used in practice, and within the far-field (Fraunhofer region) of the transmitter
antenna [104].

In practice, the surrounding environment clutter may vastly be different for the same
distance between the master and slave sites. Therefore, the received power is represented
as a random and distributed log-normally function (normal in dB), at any distance of d,

and expressed as follows [104]:

d -n
P.(d) = 10%sP.(dy) [—
(@ @) (7) @.10)
or,
d
[P-(d)]ap = [P-(do)]lap — 10nlog (d—0> + X5 4.11)

where n and d are the path loss exponent and reference distance, respectively. P.(dy)
denotes the received power for a given dj, and is calculated using Equation (4.9). X,
represents a Gaussian random variable with zero mean value and standard (shadowing)
deviation of o (in dB) [105]. Furthermore, n and o are computed from measured data.
Empirical measurements of coefficients n and o, for a number of wave propagation
cases, are given in [104]. For example, for offices with hard partition the values of
n and o are 3 dB and 7 dB, respectively.

In wireless communication systems, a target minimum received power level (Pp,;y,) 18

defined below which performance of the teleoperated system becomes unacceptable, i.e.
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the system exhibits instability and/or poor transparency. The probability that the received
signal level will fall below P,,;, is calculated from cumulative distribution function (cdf)

using Equation (4.12) or (4.13).

d
ProblP,(d) < Ppin] = Prob|[R.(do)las — 10nlog (3-) + X, < [Prinlas| ~ (a.12)

or,
Prob[P.(d) < Ppin] = Prob [XJ < 10nlog (dio) — [P.(do)]as + [Pmm]dg] “413)
More specifically, Prob[P.(d) < P,,;,] indicates the probability of dropping a packet.

Using Equation (4.13), a study was first performed to find the probability of dropping
a packet. In this set, P, changed from 30 mW to 90 mW (10 typical values). Py,;, and n
were set to -70 dB and 2.7 dB, respectively. The values of G; and G, were set to 2 dbi.
The system loss constant, L, was equal to 1. Moreover, d, was set to 1 m, which is a
value typically used for low-gain antennas for the considered frequency [104].

As shown in Figure 4.10, by increasing the distance, the probability for dropping a
packet increases. Moreover, at a certain distance, the packet loss increases when a router
with lower antenna power is chosen. The dashed arrow indicates the direction of
increasing the antenna power (from 30 mW to 90 mW). Assuming a known obstruction
(n=2.7) and a given antenna transmission power (P;=90 mW), the packet loss of 40% is
desirable. To find the corresponding distance (d), a horizontal line, which passes the
packet loss of 40%, intersects the distribution diagram shown in Figure 4.10. The
intersection point gives the distance of 95.2 m. It means any distance less than 95.2 m is
probable to generate a packet loss of less than 40%, or packet received more than 60%.
The results, shown in Figure 4.10, are in accordance with the results obtained from the
NS2 software.
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Figure 4.10 Probability of dropping a packet when =4 and n=2.7.

Table 4.2 shows the parameters set in network simulation for this study. The same

values are also used to emulate the wireless network in Section 4.3.4.

Table 4.2. General wireless simulation parameters.

Parameter Value
Channel bandwidth 11 Mbit/s
Contention window size 1-31
Short retry limit 2
long retry limit 1
Packet size 50 bits
Packet interval 2 ms

4.3.2. Establishing maximum allowable delay and packet loss

Two sets of experiments are performed in order to find the performance charts of the
hydraulic actuator. The designed tests aim at identifying the maximum values of packet
loss and time delay that do not affect the quality of position and force tracking signals. It
is then followed by constructing a set of performance charts on the basis of identified loss

and delay thresholds. Since time-varying delay and time-varying packet loss are two
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main phenomena occurring in the wireless communication channels, the performance of
the teleoperated system was first investigated under different combinations of time-
varying delays and packet losses. The simulation of hydraulic actuator, interacting with a
virtual spring (as described earlier in Section 3.2.1) was employed at the slave site, for
the tests.

During the tests, the three computers, that serve as master, slave and network emulator
respectively, are connected in a local area network through an Ethernet hub. Both the
master and slave computers are set to send packets to the NS2. The NS2 changes the
source and destination addresses of any incoming packets such that packets sent from the
master site are forwarded to the slave site and vice versa. Thus, NS2 controls when
packets are received by the master and slave sites. To ensure that the experiment can be
repeated multiple times with the same network conditions, the network simulation has to
be synchronized with the master and slave. To accomplish this, the simulator checks the
packet data for the ready packet signal being transmitted by the slave each time the
experiment starts.

In all tests, the hydraulic actuator was guided by the PHANToM Omni haptic device.
The system was operated by the hybrid scheme, Equation (4.3), which was shown in
Section 4.2 to have good performance (as compared to other tested schemes) in the
presence of constant delay and packet loss. In each test, the operator was asked to follow
a defined trajectory given in Figure 4.11. As observed, the desired trajectory was to move
the actuator back and forth. This trajectory included moving the actuator in both free and
constrained motions. In free motion, the hydraulic actuator was not in contact with any

virtual environment. The actuator interacted with the environment emulated by a linear
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spring of 45 kN /m stiffness in constrained motion. The total time of each motion cycle
depended on the operator’s hand speed, and took 1 to 4 seconds. Typical tests, reported in
the following section, were performed with the actuator speed of about 10 cm/s and
without causing saturation in the control signal [106]. Although the operator was asked to
move the haptic implement from x,,, = 80 mm and x,,, = 130 mm; since there was no
physical or virtual constraint, in some trials, the operator exceeded the determined

displacement interval.

Free motion Constrained motion

A

Y
A
\4

o
=
w

RN

0.08
Time (s)

Figure 4.11 Typical trajectory of hydraulic actuator coordinated by haptic device.

Position (m)
o
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The profiles for the delay and loss were generated using the NS2 simulator. Although
the profiles do not accurately reflect the network conditions encountered in practice, they
were used to observe how the response of system changes while delay and packet loss are
changing over time. Only the results of two typical scenarios are presented in details (see

Figure 4.12). For each scenario, 10 trials were conducted. In the first scenario, the packet
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loss was set to 0% and the round trip time delay gradually increased at every 400 ms
from O ms to 1000 ms. In the second scenario, time delay was set to 150 ms and the
packet loss increased from 0 to about 50%. The delay of 150 ms was the minimum delay
that was achieved in the bilateral control of the hydraulic actuators, and was obtained by
directly connecting the master and slave sites.

The experimental results were qualitatively analyzed by observing how well position
and force signals at the slave and master sites are tracked. The random packet loss profile
was generated by drawing a uniformly distributed random number for each packet and
dropping those above the current threshold. For this typical test, the threshold was chosen
such that packet loss percentage increased by roughly 10% every 2 seconds (see Figure

4.12b).
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Figure 4.12 Network characteristics (single-way delay and packet loss) used to find the

maximum allowable delay and packet loss.
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Figure 4.13a and Figure 4.14a illustrate position tracking results during free and
constrained motions, and under the first and second network scenarios, respectively.
Figure 4.13a shows that by increasing the time delay, the steady-state position error
increased; however, the slave still followed the operator’s hand motion smoothly. With
reference to Figure 4.14a, it is evident that the response of the slave actuator became
oscillatory when the packet loss increased. As observed, the position signal fluctuated at
about 7.7 s that has the packet loss of 40% (see Figure 4.12b) and is expected to become
more oscillatory for packet losses more that 40%, as observed in Figure 4.14a and Figure
4.14b.

The tested teleoperated system exhibited realistic transmission of contact force from
the slave site to the master site. The operator was able to feel the environment interaction
as well as position error at the actuator end-effector in high fidelity (see Figure 4.13b and
Figure 4.13b). As observed in Figure 4.14b, the force signal showed oscillation by
increasing the packet loss. The reason is that the generated force at the haptic device
partially originates from the position error. In conclusion, according to the experiments,
the position and force signals of the teleoperated hydraulic actuator had good tracking

when the round trip delay and packet loss increased up to 1000 ms and 40%, respectively.
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Figure 4.13 Experimental results pertaining first network scenario using PHANToM
device, NS2 simulator and simulation of hydraulic actuator; (a) displacements at master

and slave sites; (b) forces produced by haptic device.
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Figure 4.14 Experimental results pertaining second network scenario using PHANToM
device, NS2 simulator and simulation of hydraulic actuator; (a) displacements at master

and slave sites, (b) forces produced by haptic device.
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4.3.3. Constructing performance charts

A set of experiments in a field trial (see Figure 4.15) was conducted to identify the
ranges within which the network parameters change in real field. In this set of tests, the
master site was stationed inside a van, and the slave PC was located on top of the bucket
of a crane close to a 230kV live-line. By driving the van around, it was possible to create
various scenarios of communication channels in terms of distance and obstruction. The

distance between the master and slave sites varied from 40 m to 120 m. Results of this

slave site bucket

master site

Figure 4.15 (a) Experimental field test setup; (b) master site: operator, haptic device,

master PC, and wireless router; (c) slave PC.
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preliminary study showed that time delay was constant and remained below 1000 ms; and
therefore, did not affect the performance of the tested teleoperated system [42].

As resulted from the field test, the value of packet loss was almost constant. However,
by increasing the distance or changing the environment obstruction, packet losses of
more than 40% were noticed. It is established that networks having packet loss of more
than 40% do not guarantee good performance for the system under investigation.
Therefore, any packet loss below 20% is considered very reasonable in terms of
producing high quality of tracking. As a result, three regions are defined: acceptable
(packet loss is less than 20%), marginal (packet loss is between 20% and 40%), and
unacceptable (packet loss more than 40%). Note that the acceptable 20% packet loss is
conservatively chosen

Using the approach shown in Figure 4.10, a lookup table was then constructed (see
Table 4.3). In this table, for a given pair of n and P;, the distances, that the network has
packet losses of 20% and 40%, were found. An example is given in the middle column of
Table 4.3. The lookup table can also be presented in the form of a set of performance
charts shown in Figure 4.16. These values can change, and new table can be established,
according to the technical specifications of the router. In Figure 4.16, A and U stand for
“Acceptable” and “Unacceptable” regions, respectively. Area between two curves

belongs to marginal region.
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Table 4.3 Lookup table of network parameters for hydraulic actuator. G; and G, are set to 2 dbi.

n=2.0 n=2.3 n=2.7 n=3.0 n=3.3
P, dz09 d% P, dz09 d% P, 209 da% P, d209 d% P, d209 da%
(mW) (m) (m) (mW) (m) (m) (mW) (m) (m) (mW) (m) (m) (mW) (m) (m)
30 212.7 251.2 30 98.9 114.1 30 55.7 63.1 30 35.6 39.8 30 24.9 27.5
37 235.1 277.8 37 107.8 124.3 37 60.0 68.0 37 38.1 42.5 37 26.4 29.2
43 255.6 302.0 43 115.8 133.5 43 63.9 72.4 43 40.2 45.0 43 27.8 30.7
50 274.6 324.4 50 123.1 142.0 50 67.4 76.4 50 42.2 47.2 50 29.0 32.1
57 292.3 345.3 57 129.9 149.8 57 70.6 80.0 57 44.0 49.2 57 30.1 333
63 309.0 365.1 63 136.2 157.1 63 73.6 83.5 63 45.6 51.0 63 31.1 34.4
70 324.9 383.8 70 142.2 164.0 70 76.5 86.7 70 47.2 52.8 70 32.1 35.5
77 340.0 401.7 77 147.8 170.5 77 79.1 89.7 77 48.7 54.4 77 33.0 36.5
83 354.5 418.8 83 153.2 176.7 83 81.6 92.5 83 50.0 55.9 83 33.8 37.4
90 368.4 435.2 90 158.4 182.7 90 84.0 95.2 90 51.4 57.4 90 34.6 38.3
n=3.7 n=4.0 n=4.3 n=4.7 n=5.0
P; d2% dsoa P; d2o% d o9 P; d29 d o9 P; d2o9 d o9 P; d9 d o9
(mW) (m) (m) (mW) (m) (m) (mW) (m) (m) (mW) (m) (m) (mW) (m) (m)
30 18.5 20.3 30 14.5 15.8 30 11.8 12.8 30 9.9 10.6 30 8.5 9.1
37 19.6 21.5 37 15.3 16.6 37 12.4 134 37 10.3 11.1 37 8.8 9.5
43 20.5 22.5 43 159 17.3 43 12.9 13.9 43 10.7 11.5 43 9.1 9.8
50 21.3 23.4 50 16.5 18.0 50 13.3 14.3 50 11.1 11.9 50 94 10.1
57 22.1 24.2 57 17.0 18.5 57 13.7 14.8 57 114 12.2 57 9.6 10.3
63 22.8 249 63 17.5 19.1 63 14.1 15.2 63 11.6 12.5 63 99 10.5
70 23.4 25.6 70 18.0 19.5 70 14.4 15.5 70 11.9 12.8 70 10.1 10.8
77 24.0 26.3 77 18.4 20.0 77 14.7 159 77 12.1 13.0 77 10.2 11.0
83 24.5 26.9 83 18.8 20.4 83 15.0 16.2 83 12.3 13.3 83 10.4 11.1
90 25.1 27.4 90 19.1 20.8 90 15.2 16.5 90 12.5 13.5 90 10.6 11.3
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Figure 4.16 Performance chart of the guideline designed to select network parameters for

hydraulic actuator.

Either Table 4.3 or Figure 4.16 can be used to select the router type and choose proper

distance between the master and slave sites, in a known environment. For instance, in
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live-line maintenance, when the slave robot works near line transmission lines in an
environment without any obstacle (n=2) and the lineman controls the robot at a distance
of 300 m, in order to have an acceptable quality of tracking, a router with the minimum
antenna transmission power of 63 mW should be employed (see shaded raw in the first

column of Table 4.3 and circle in Figure 4.16).

4.3.4. Further experimental validations

Two sets of validation tests were performed: (i) the slave PC runs a program
simulating dynamics of the valve-controlled hydraulic actuator, and (ii) a real hydraulic
actuator operates as the slave site. In total, 10(trials)x2(n)x2(P;)x3(d)=120 experiments
were conducted when the slave PC executed the hydraulic simulator. The chosen path
loss exponents (n) were 2.3 and 3.0, and the antenna transmission powers (P;) were set to

30 mW and 60 mW. For each pair of n and P;, three distances (d) were selected from

2 (13

“acceptable”, “marginal”, and “unacceptable” regions. Network scenarios are shown in

Table 4 .4.

Table 4.4 Characteristics of network scenarios. A, M, and U show that scenario belongs
to Acceptable, Marginal, and Unacceptable regions, respectively.

Network S01 S02 S03 S04 S05 S06 S07 S08 S09 S10 S11 S12
parameter (A) M) U @A) M U A M O A ™M @O
n 2.3 3.0
P, (mW) 30 60 30 60
d (m) 80 100 128 120 140 170 25 35 42 40 45 52

As shown in Figure 4.17, the obstruction type, antenna power and distance did not
change significantly the time delay. In other words, the time delays were almost the same

and less than 1 ms in all scenarios, which is considered negligible as compared to total
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Figure 4.17 Variations of time delay over a 5-second period for scenarios defined in

Table 4.4.
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Figure 4.18 Variations of packet loss over a 5-second period for scenarios defined in

Table 4.4.
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time delay appeared due to computation time in system with simulated or real hydraulic
actuator (150 ms). Figure 4.18 shows variations of packet loss during scenarios SO1 to
S12. With reference to Figure 4.10, given a pair of n and P;, the mean value of packet
losses becomes larger when the distance between the master and slave sites increases.

The first set of validation tests was conducted when the simulated hydraulic actuator
was used as the slave manipulator because the use of real hydraulic actuator might
jeopardize the experimental test rig when the system operates under “unacceptable”
region. The validation was done for all 12 network parameters chosen within acceptable
(S01, S04, SO7 and S10), marginal (S02, S05, SO8 and S11), and unacceptable (S03, S06,
S09 and S12) regions (see Table 4.4). The stability of the system was investigated similar
to the approach implemented in [40]. According to the experimental results, the system
was observed to be stable under all tested network scenarios, however, some fluctuations
around the actual trajectory were observed. After ensuring the system stability, the
transparency of the system was examined.

Figure 4.19 illustrates the position response of the master device implement and the
slave end-effector, for the first set of tests. As observed, the responses in both
“acceptable” and “marginal” regions are good in terms of position tracking. Nevertheless,
the system did not respond well when it worked in “unacceptable” region. The arrows in
Figure 4.19 indicate that the simulated hydraulic actuator did not always follow the
master position for experiments performed in “unacceptable” region. Similar observation
is seen from the last column of Figure 4.20 for the force tracking signals. Figure 4.20
shows that the force signals, in all experiments, had good tracking, except for tests

chosen from the “unacceptable” region. In general, the experiment (using a simulation
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Figure 4.19 Position tracking of hydraulic actuator end-effector (dashed line), and haptic

device implement (solid line) for scenarios SO1 to S12.

Figure 4.20 Forces produced by haptic device (dashed line), and generated by hydraulic

actuator (solid line), for scenarios SO1 to S12.
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Figure 4.21 Position of hydraulic actuator end-effector (dashed line), and haptic device

implement (solid line) under scenarios defined within acceptable and marginal regions.

Figure 4.22 Force produced by haptic device (dashed line), and generated by the
hydraulic actuator (solid line), for scenarios defined within acceptable and marginal

regions.
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model for hydraulic actuator) validated the effectiveness of the charts constructed for
wireless control of hydraulic manipulators.

The second set of experimental validations was designed within the “acceptable” and
“marginal” regions only (80 trial runs). In these tests, the hydraulic test rig, shown in
Figure 3.2, was used. Typical position responses, within acceptable (SO1, S04, SO7 and
S10) and marginal (S02, SO5, SO8 and S11) scenarios, are shown in Figure 4.21. As
observed, the system performance is acceptable in these tested scenarios. Force signals

are also depicted in Figure 4.22, which shows good force tracking in the system.

4.4. Summary

This chapter presented a comparative study of four schemes for bilateral control of a
valve-controlled hydraulic actuator under two network parameters: time delay and packet
loss for both dedicated and wireless channels. In the first set of experiments, four bilateral
schemes were employed to investigate the effect of dedicated channels with constant
packet loss and constant time delay. The schemes were position error, force reflection,
combined force reflection and position error (hybrid), and four channels architectures.
The goal was to investigate how well each scheme performs in control of hydraulic
actuators and in the presence of constant time delays and/or packet losses. The criteria for
evaluations were: (i) position tracking of the slave hydraulic actuator, (ii) force tracking
of the haptic device and (iii), perceived environmental stiffness by the operator. The
evaluations were performed on a set up consisting of a commercially available haptic
device (master), a double-rod valve-controlled hydraulic actuator (slave), and an

emulated communication channel. The setup provided a great opportunity to understand
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the effect of delayed and lossy networks on a common system. Experimental results
indicated that all control schemes worked stably for teleoperation control of hydraulic
actuators for time delays up to 1000 ms and packet losses up to 75%. For an optimum
performance, the control schemes have to be chosen depending on the specific
application. For applications that need both force and position tracking functionality, and
in the presence of time delay and/or packet loss in the communication channel, the hybrid
scheme is the best choice. In applications where only position tracking is of interest, the
position error scheme is recommended since it is simpler to implement.

The hybrid scheme was then chosen to evaluate the performance of the actuator when
it operates under wireless communication channels. The evaluation was conducted using
two indices: position tracking of the slave hydraulic actuator, and force tracking of the
haptic device. Preliminary studies indicated the system was stable and had good tracking
for time-varying delays up to 1000 ms and time-varying packet losses up to 40%. Using
these results, a set of performance charts was constructed to select proper antenna
transmission power of the router and distance between master and slave sites in the field.
The charts define three regions, namely acceptable, marginal, and unacceptable. Each
region allows different combinations of path loss exponent, antenna transmission power,
and distance between the master and the slave sites. Further validation experiments were
carried out on a setup comprising a PHANToM Omni haptic device, and a single-DOF
hydraulic manipulator. Table 4.5 and Table 4.6 summarize how network parameters
influence the performances of the teleoperated system in both dedicated and wireless
networks. The signs shown in this table indicate increasing (T), decreasing (1), no effect

(-++) or no conclusion (o) on each of the evaluated criteria.
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Table 4.5 Qualitative summary of time delay and packet drop effects on performance,
dedicated channel.

Network .. Perceived
Scheme Position error Force error .
parameter stiffness
ER Time delay T T T l
Packet loss T T l
Time delay T )
PE P:cnlfet 61:0?51 N . Not applicable Not applicable
P Time delay T T T l
Packet loss T . o l
FC Time delay T T T l
Packet loss T o l

Table 4.6 Qualitative summary wireless network setting effects on performance of

system.
Scheme Network parameter Position error Force error
nt T T
FP P, T ) )
d?m T T
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CHAPTER 5

UNILATERAL AND BILATERAL CONTROLS
FOR HYDRAULIC MANIPULATORS

5.1. Introduction

When a teleoperated manipulator is used for repetitive tasks, haptic virtual fixture
force is a potential tool applied to the operator’s hand to raise the level of safety and
precision that an operator can achieve [107]. Within this context, the concept of virtual
fixtures is used in several applications showing its effectiveness to improve accuracy and
to decrease the task completion time for certain tasks [82]. However, although the virtual
fixture force keeps the operator’s hand on the defined virtual fixture path, accurate
motion at the slave side still cannot be guaranteed. The position tracking of slave
manipulator can easily be violated due to fast motion of the operator’s hand at the master
side, lack of responsiveness in actuation system, or poor quality of communication
channel. Additionally, since hydraulic actuators exhibit significant nonlinear
characteristics, the requirement of position tracking is generally more challenging in

teleoperated hydraulic manipulators than that of their electromechanical counterparts
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[108]. Specifically, as will be shown here, the position error at a slave hydraulic
manipulator is beyond the controller response.

In this chapter, to alleviate the problem of position inaccuracy, the virtual fixture force
(in unilateral mode) is augmented by a novel position referenced force augmentation
scheme (in bilateral mode). Using this scheme, when position error appears at the
manipulator end-effector, the augmentation force is applied to the operator’s hand, and
signals her/him to move slower. This slowed motion allows the hydraulic manipulator to
catch up the master motion, i.e. reduce the position error arising from high speed tracking
demands. Performance of the proposed scheme is evaluated by measuring the values of
position errors at the master implement and the slave end-effector, and when the
proposed scheme is applied by itself or combined with the virtual fixture concept. The
experiments are conducted on the hydraulic telemanipulator for performing live-line

maintenance tasks.

5.2. Master Position Referenced (Virtual Fixture) Scheme: Unilateral Control
5.2.1. Coordinate mapping

This set of experiment aims at observing how well the concept of virtual fixtures
increases the performance of slave hydraulic manipulators that are used to perform live-
line maintenance tasks. The tests are performed on the Kodiak hydraulic manipulator
only. Two hand-controllers are used to guide the slave hydraulic manipulator. The
conventional joystick (see Figure 3.8a) as a benchmark is employed first. Due to linkage
similarities between the slave manipulator and the joystick, the angular displacements of

joystick are directly mapped to the angular displacements of the slave manipulator [109].
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This mode is herewith called joint-mapping mode (JM mode). The end-effector mapping
(EM) mode uses the PHANToM Desktop haptic device without force capability (see
Figure 3.9). In this scheme, the position of the haptic device is scaled up, and then sent to
the slave manipulator [109]. The angular displacements of the slave hydraulic
manipulator are then calculated using inverse kinematic equations (see Section 3.2.2).
The EM is further augmented by a virtual fixture (VF) force to increase the position
accuracy at the haptic device. The coordinate mapping of VF mode is, however, similar
to the EM mode.

In all schemes, the NPI controller, explained in Section 3.2.2, is used to control the
joint angles of the slave manipulator. Figure 5.1 presents the block diagram of the
teleoperated system working under JM mode. Since the joystick has the same kinematic

geometry as the Kodiak hydraulic manipulator, the mapping of the joint displacements is

straightforward. The actual angular displacement vector from the joystick (5&”) is

measured by encoders, and simply sent to the manipulator side as desired angular

displacement vector at the slave site (53). Hydraulic actuators are driven, and the
manipulator end-effector travels along the intended path.
In the EM mode, shown in Figure 5.2, the force capability of the device is not utilized.

Here, the operator moves the haptic device end-effector. The actual position of the
operator’s hand is continuously recorded (13{'2), and then multiplied by a mapping factor
(ag) in order to obtain the desired position of manipulator end-effector (ﬁj 4)- The desired

angular displacement vector of manipulator joints (55) is then obtained using Equations

(3.12) to (3.15). Note that the desired position of hydraulic manipulator end-effector and
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the actual position of haptic device end-effector are denoted by 1_55 a=(X2 4, Yo.ar Z5,4)» and

pm __ m m ,m .
P, = (X6 Your Zow ), respectively.

Controller

Conventional joystick Hydraulic manipulator Environment

Figure 5.1 Block diagram of teleoperated hydraulic manipulator using JM mode. Joint
angular displacements of joystick are the desired angular displacements of manipulator

joints.  Actual angular displacement of joystick joints is denoted by

- T
m _ m m m gom
ea - [el,a' 02,a' 93,(1 04,a] .

Controller
6
Inverse
kinematics
P4
aS
. iOperator’s _ 24
- command
Operator PHANToM Desktop haptic device Hydraulic manipulator Environment

Figure 5.2 Block diagram of teleoperated control system in EM mode.
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The virtual fixture (VF) scheme works similar to the EM; expect for the haptic device
is programmed to produce virtual fixture force feedback which pulls the operator’s hand
toward the desired trajectory [82]. In this study, an impedance-type FRVF is used. When
the operator moves the haptic implement towards a forbidden region, the haptic device
actuators generate a virtual force in order to avoid further hand deviations. Applying the
force on the operator’s hand helps the user avoid unwanted collisions between the

manipulator and the surrounding environment [110].
As shown in Figure 5.3a, the virtual fixture force generated by the haptic device, ﬁVF’

is computed based on the position error (E ™) between the operator’s hand position (point

A) and the target position (point D) at the haptic device implement,

ﬁVF = _GVFE)im (5.1

Actual trajectory produced Virtual fixture path
by operator’s hand Desired trajectory to be

followed

.....

““““
. .
.
8
.
o
8

e,
.
.
0
.
..........

Figure 5.3 (a) Virtual spring pulls operator’s hand toward desired trajectory; (b) desired

(07" and actual (O7*) positions of haptic implement.
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Referring to (5.1), Gy is the stiffness matrix of the virtual spring pulling operator’s hand
toward the desired trajectory. With reference to Figure 5.3a, when the end-effector is on
the desired trajectory, no virtual force is generated (F,z = 0) and when the operator
moves the haptic implement away from its intended trajectory, the virtual spring

generates a force (Fyr # 0) proportional to E')lm

m _m _m

As observed in Figure 5.3b, position error at the implement, denoted by (e;, €;),, €;;

in frame {x{"y{*z{"}, is expressed by three components in coordinate frame as follows:

m m m

€ix Xia ~ Xid

rm _ |,m| _|,m _,m

E" = |eiy| = |Yia — YVia (5.2)
m m m
€z Zia ~ Zia

Figure 5.4 depicts the block diagram of the VF scheme in which the virtual fixture
force is added to the EM scheme. Note that the force is locally provided at the master
site, and no information is reflected from the slave site. Therefore, the VF scheme still

works under the unilateral mode. The distance between the closest point on the desired
path (ﬁ;"‘d), which is also called the point on the virtual fixture, and the operator’s hand

position (136’”}1) is measured. Then, the distance (E ™) is multiplied by the impedance of the
virtual spring (Gyr) to calculate the haptic force. This haptic force is generated and
applied to the operator’s hand and pulls the hand toward the desired trajectory.

With respect to implementation, the program, written in C++, is capable of generating
different paths according to each maintenance task. In the VF scheme, appropriate force
vector, ﬁVF, is applied on the operator’s hand by the haptic device in order to keep the
hand on the virtual fixture path. For example, to pull out a cotter pin (see Figure 2.2a), or
insert the cotter pin back (Figure 2.2d), a line path was used as virtual fixture. To loosen

and tighten a nut, a circle was defined as the virtual fixture as shown in Figure 2.2b. For

93



connecting and disconnecting a ball-socket joint (Figure 2.2c), a virtual fixture,
combination of four straight lines, was defined. To define a virtual fixture path, first, the
operator chooses the type of path such as a circle or a line. Then, based on the chosen
geometry, the program allows the operator to select some points to form the virtual
fixture trajectory. For instance, the circular trajectory is generated by defining its center
and a point located on perimeter of the circle. The operator moves the end-effector
toward the target (nut). Afterwards, the end-effector is located on the nut, and the stylus
of the haptic device is pressed to determine the center coordinates. Then, the wrench is
engaged with the nut, the stylus is pressed again, and the second point is defined. Now,
the virtual fixture is generated, and the operator is guided to move on the defined circular

path. By defining the virtual fixture, the program computes continuously the shortest

distance (E{n) between the virtual fixture (desired haptic position) and the operator’s

hand coordinates (actual position).

NPI
controller

Virtual 6, )
fixture | 4

Pl Inverse
kinematics
Pla

force

Operator PHANToM Deskiop haptic device Hydraulic manipulator Environment
Figure 5.4. Block diagram of hydraulic telemanipulator using VF scheme. With reference

to Figure 5.3b, desired haptic end-effector is denoted by 131"}1 = (X0 Yea Zea)-
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5.2.2. Implementation and results

There were six experienced linemen from Manitoba Hydro who participated in this
study. They were all right-handed and reported a normal to corrected-to-normal vision.
All linemen had no experience of working with hand-controllers used in this study. All
participants were trained to work with hand-controllers, concept of virtual fixture,
haptics, and operation of the system. They were asked to try experiments in the
simulation mode when the manipulator was switched off. They then practiced with the
real system, and went through experiments to record data. The training phase was
finished when the operator felt confident to use the system. The training time took an
average of 15 minutes for each lineman.

A total number of 3(modes)x4(tasks)x5(trials)x6(participants)=360 trials were
collected. In the JM scheme, the operators held the handle of joystick, and tried to move
it to complete given tasks. In EM and VF schemes, the participants were asked to hold
the stylus of the haptic device like holding a pen, and follow the given paths. The paths
were defined according to real tasks usually performed by linemen (see Figure 2.2). In

tests under the VF scheme, the stiffness of the virtual spring (Gyr) was set to:

1500N /m 0 0
Gyp = 0 1500N /m 0 (5.3)
0 0 1500N /m

In (5.3), the amount of 1500N /m was tuned such that it gives feeling of an unsaturated

force when E')lm has its maximum value in practice. The effect of changing the value of
(Gyr) was previously investigated in [110]. The quantitative evaluation was conducted by
measuring three indices: (i) the task completion time which is the time taken to complete

a specific task, (i7) the controller effort which is defined as integral of hydraulic value
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control signal over time, and (iii) the amount of the manipulator end-effector movement.
The qualitative evaluation was simply investigated, to better understand the feasibility of
the system, based on the operators’ opinions who tried the system experimentally in the
laboratory setting. A set of eight questions, shown in Appendix, was answered by the
linemen.

Figure 5.5 illustrates typical trajectories of manipulator end-effector (point E in Figure
2.2b) for all four tasks (Figure 2.2a to Figure 2.2d) and under the three JM, EM, and VF
modes. Indeed, the figure shows how accurate the operator could follow the given paths.
By comparing the paths depicted in each row, it is seen that the operator’s hand
oscillation, in the JM mode, is larger than EM and VF. For instance, Figure 5.5d shows
that the operator could not follow the given circular trajectory using the JM mode.
Likewise, the manipulator end-effector, in Figure 5.5a, Figure 5.5g and Figure 5.5j, was
not properly guided along desired multiple-line paths, which increased the task
completion time and the distance travelled by the end-effector. Also, the end-effector
motion in the VF scheme is smoother than JM and EM modes, which in turn decreased
the total operator’s effort.

In order to quantitatively evaluate the effectiveness of the hydraulic telemanipulator, a
comparative study was carried out when the system operated under JM, EM, and VF
modes. Figure 5.6 depicts the mean value of each index. As seen from Figure 5.6a, the
task completion time index, in JM mode, was more than the ones in EM and VF modes.
For instance, during pulling out a cotter pin, the completion time for JM, EM, and VF

modes were 54.02 s, 39.89 s, and 22.61 s, respectively. Furthermore, the VF scheme had
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less control effort than other schemes (see Figure 5.6b), and the end-effector travelled the
shortest path in the VF scheme as compared to JM and VF modes (Figure 5.6¢).

With reference to Figure 5.6a and Figure 5.6c, the end-effector average velocity, in the
VF scheme, was less than other modes. Therefore, the manipulator end-effector moved
smoother using the VF scheme than JM and EM. In conclusion, the VF scheme was
found to be the best control scheme in terms of defined indices. However, even if the VF
scheme is suitable for the live-line maintenance application, we need to further ensure
that results are repeatable, i.e., the same behavior will be observed in future tests.

The Gaussian (normal) distribution was used to determine the validity of tests
performed under the VF scheme. Two sets of normality analyses were investigated under
two random variables: task completion time and position error of hydraulic manipulator
end-effector. The position error was defined as the difference between the desired
(coming from the master site) and actual positions of manipulator end-effector.

Table 5.1 provides the values of kurtosis and skewness of the task completion times
and position errors. Kurtosis is the measure of the "peakedness" of the probability
distribution of a real-valued random variable [111]. Skewness is the measure of the
asymmetry of the probability distribution of a real-valued random variable [111]. A
distribution is symmetric if it looks the same to the left and right of the center point. The
kurtosis or skewness absolute values of more than 2 indicate that data groups differ or
skew to a significant degree [112, 113]. For the VF scheme, the values of skewness and
kurtosis confirm that the derived data satisfy the normal distributions criteria for all four
tasks. In other words, the normality criteria are satisfied for all tasks performed using the

VF scheme. Therefore, the method of experiment, using the manipulator with augmented
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Figure 5.5 Typical test trajectories of hydraulic manipulator end-effector under JM, EM and VF modes.
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haptic device, statistically performed well according to the time measured from, and the
position errors.

As observed in Table 5.1, skewness and kurtosis values of position errors, in Task D,
are closer to 2 as compared to other tasks, which results in having less task repetition
probability. The reason is that, in this task, the operator had to move the hammer fast to
apply appropriate force for inserting the cotter pin (see Figure 2.2d). Therefore, the slave
end-effector could not follow the master motion, and position error, at points near the pin,
increased. Thus, the position error for this task is more scattered over the time as
compared to the other tasks, which in turn causes in higher values for skewness and
kurtosis.

Table 5.1 Statistical indices for typical tasks based on task completion time (TT) and
position error of manipulator end-effector (PE) using VF scheme.

Task Random variable Kurtosis Skewness
_ ) ) TT (s) 22.61 -0.251 0.959
A: Pulling out a cotter pin PE (mm) 26.40 0750 0.849
) ) ) ) TT (s) 84.23 -0.412 -0.261
B: Loosening and tightening a nut PE (mm) 12.10 LO7 1306
C: Connecting or disconnecting a joint TT(s) 12,07 0.090 1144
' £ £al PE (mm) 30.65 1.387 1.406
D: Insertine a cotter pin TT (s) 24.10 0.554 1.106

: i i

£ P PE (mm) 46.50 1.974 1518

The second method to recognize the type of distribution, or more specifically to
investigate the normality of a group of data, is to use the Q-Q plot which provides
graphical information about statistical properties such as mean and median values of
random variable [114]. The R studio software was used to plot the Q-Q diagrams. The
plots indicate that for all four tasks, the points follow a linear pattern. This pattern

suggests that the data are distributed as a standard normal. Thus, the robot is guaranteed
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to perform well for defined tasks under the VF scheme. Figure 5.7 depicts two typical Q-
Q plots of task completion times (Figure 5.7a), and position errors of manipulator end-
effector (Figure 5.7b), when the telemanipulator was used to loosen and tighten a nut

(Task B).
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Figure 5.7 Typical Q-Q plots of (a) task completion times, and (b) position errors, in
Task B and under VF scheme.
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A qualitative study was also conducted, for the VF scheme, based on the operators’
opinions who examined the system in a laboratory environment. Six experienced linemen
participated in this survey. The results of this study are shown in Figure 5.8. As observed,
the linemen agreed that live-line maintenance task can successfully be performed by the
system using cameras as indirect visual feedback. In terms of safety, there was a broad
range of inconclusive opinions. The reason is that the linemen believe their current job, as
a lineman, is already safe and the system does not change their feelings about the safety.
Based on their opinions, the task completion time was same or more than the manual
operation. The linemen stated that the concept of virtual fixtures easy to understand and

learn in practice. They found the designed virtual fixtures very helpful in performing

Given my experience with the system, live-line
maintenance tasks can be performed using
cameras as indirect visual feedback.

I feel safer using the system rather than
performing tasks manually.

The completion time of tasks using the
system as compared to manual is shorter.

It was easy to understand how the system
works in general.

It was easy to learn using the system.

The virtual fixtures’ concept was helpful in
performing the tasks.

I experienced less physical labor as compared
to manual tasks.

I experienced less mental load as compared to
manual tasks.

Completely Completely
disagree Agree

Figure 5.8 Results of qualitative study under VF scheme.
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the assigned tasks. It was also confirmed that using the telemanipulator system, the
physical labor was reduced up to 90% as compared to manual tasks. They believed the

mental load they experienced while using the system, was similar to the manual task.

5.3. Slave Position Referenced (Force Augmentation) Scheme: Bilateral Control

The virtual fixture helped the operator keep the hand along the virtual fixture path, and
corrects motion of the master device implement, which results in decreasing the position
error at the slave end-effector. However, this is not adequate to ensure that position error
at the slave manipulator end-effector remains small. The slave end-effector errors also
originate from other sources such as speed of the operator’s hand motion. Since the
virtual fixture scheme provides no feedback from these sources, it cannot effectively
compensate position errors at the slave end-effector. Therefore, even if the operator
moves closely along the virtual fixture path, accurate position tracking of the slave
manipulator cannot be guaranteed.

A set of experiments was performed that show how the operator’s hand speed affects
the amount of position error at the slave end-effector. The tests were conducted on the
test rig shown in Figure 3.4. The operator was asked to move the haptic implement along
a circular trajectory (see Figure 2.2b) with four different speeds, slow to fast, which
resulted in different task completion times. The measured times were: 30.58 s, 22.50 s,
13.52 s and 8.77 s. Figure 5.9 shows position error at the haptic end-effector under
different hand speeds or task completion times along the defined circular path. As
observed, by increasing the hand speed, no obvious changes on the value of position error

at the haptic device can be noticed, i.e. the ranges of position error were almost similar.

103



The maximum position error at the master implement was about 1.7 mm, which indicates
the virtual fixture was able to keep the operator’s hand very close to the desired track.
However, the position error at the manipulator end-effector significantly increased, and

its value was beyond the error inherently originated from the controller response.

Task| (a) Haptic implement position error (b) Slave end-effector position error
P : : : : : 100 : : ; ; ; ;
E g
o 1€ E sor
7 E1.5 -
S 4 g 60
I 15 1 118
() = =2
E IZ g 40
-5 I ::\?
- |
x 805 2 20 1
< i s
=~ S 7] JWWWMM
) L L L L L L 0 L L L L L 1
% 5 10 15 20 25 30 0 5 10 s 20 25 30
Time (s) Time (s)
2 : : : ‘ 00, ‘ :
el =
S IE E sor
R iTst =
H g <
Q ia o 60
I ig 1 5
() =2 =
E IZ g 40
= £ Q?
=05
2 508 P |
< C
% 5 10 15 20 % 5 10 15 20
Time (s) Time (s)
3 ; \ 100, ‘ :
E E
w2
g E g0t |
QL ¥
. = g
@ i @ 60 :
I 18 1 g
2 i3 2 400 1
g 8 2
IIRELE S 20 |
< S ]
= |® w
% 2 4 6 8 10 12 % 2 4 6 8 10 12
Time (s) Time (s)
2 : ‘ 100 : ‘
s g
w 1B E g0
o~ iz L5 =
g g
o6 im @ 60
B oIE g
E |2 E a0 - ]
£ |2 2
f@ g0s 2 20t - ' ]
<
= | 5 |- |
Y1 2 3 4 s 7 38 Y12 3 4 s 6 71 8
Time (s) Time (s)

Figure 5.9 Position error at the haptic implement and manipulator end-effector, given the
same task as in Figure 2.2b and under different speeds. The tests are conducted using VF

scheme.
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The solution to reduce position error at the slave end-effector, proposed in this section,
is to add an augmentation force to the virtual fixture force. The augmentation force
signals the operator to slow down the haptic implement (hand) motion when the 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 haptic implement (hand)
instantaneous velocity. Indeed, this force allows the operator to realize position error at

the slave site. The augmentation force is defined as follows:

(5.4)

13’. {_|GAU(E>(§_EtShreshold)|ﬁms ”Ezég” > ”Etshreshold”
AU —

) 0 120 < 1Bl

As shown in Figure 5.10, F:g is the vector of position error at the manipulator end-
effector, and is expressed by three components in frame {x3ysz3}. Note that due to
inherent error of the controller, the augmentation force is only generated when the
position error is greater than a threshold (Etshreshold) which is defined based on the
steady-state positioning error originating from the manipulator’s controller and sensors’

resolution. When ||E§ || < ||E')fhreshold||, the haptic device does not produce any

augmentation force. When ||E§|| > ”Etshreshold”’ Fyy is proportional to ES—Ereshora in
terms of magnitude, and parallel to ¥}, which is the unit vector of haptic implement
instantaneous velocity. The negative sign indicates the augmentation force is in opposite
direction from the haptic device instantaneous velocity. G4y is a diagonal matrix. The
threshold is considered to prevent repeated activation-deactivation cycles.

With reference to Figure 5.10, the position error (F:g) that appears at the slave end-

effector is defined as:
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Figure 5.10 Desired (0j) and actual (Of) positions of slave manipulator end-effector.

Position error at the end-effector is expressed by (0g,, 03

ey, 0z 7) in coordinate frame
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Actual trajectory

/ produced by
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Figure 5.11 Unit vector of operator’s hand velocity (9])..) and haptic augmentation force

(Fay).
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5.4. Augmented Virtual Fixture Scheme: Bilateral Control
The augmented virtual fixture is a combination of virtual fixture scheme and position
referenced force augmentation. Figure 5.12 shows how the augmented virtual fixture

force is calculated using the virtual fixture and the augmentation forces. As illustrated in
Figure 5.12, while the virtual fixture force (ﬁVF) pulls the operator’s hand toward the
haptic desired path, the position referenced augmentation force (ﬁAU) slows down the

operator’s hand motion. The augmented virtual fixture force (ﬁAVF) is then calculated as

below:

ﬁAVF = pVFﬁVF + pAUﬁAU (5.6)

= == Desired trajectory to be followed by haptic.
- Actual trajectory produced by operator.

Figure 5.12 Augmented virtual fixture scheme.

where p,y and p,y are the weighting factors to adjust the relative effect of virtual fixture
force and augmentation force, respectively. Note that pyr + pay = 1.

The block diagram of the augmented virtual fixture scheme is illustrated in Figure
5.13. The actual position of the haptic implement (13;{”) is continuously recorded to
determine position error at the haptic implement, E[" Next, E[" is multiplied by the

master impedance, Gy, in order to calculate the virtual fixture force (ﬁVF). On the slave
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site, the actual position of the haptic device is multiplied by the scaling factor, ay, in
order to calculate the desired position of the manipulator end-effector, 13)5 (see Section
5.3). The actual position of the slave manipulator end-effector, 13;5, is calculated by

substituting the actual angular displacements of joints (675) into forward kinematic
equations. Having manipulator end-effector position error vector, the augmentation
force, ﬁAU, is calculated using Equation (5.6). The combined virtual fixture and

augmentation forces form the augmented virtual fixture force.

A 4

Controller -4

Virtual e’ ‘
fixture és

’—d,g__ Hydraulic

A valves
Inverse o°
kinematics
13;
ks
13;

s ¥ Ds
Force augmentation 'Ee (—D < L Forward
= block kinematics

Figure 5.13 Block diagram of augmented virtual fixture scheme.

5.5. Experimental Results
Two sets of experiments are presented in which eight operators were asked to perform
typical maintenance tasks (shown in Figure 2.2) with the help of a PHANToM Desktop

haptic device. There were four typical tasks emulated by the experimental setup: pulling
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out a cotter pin (Figure 2.2a), loosening or tightening a nut (Figure 2.2b), connecting or
disconnecting a ball and socket joint (Figure 2.2c), and twisting tie wire (Figure 2.2e).
Figure 2.2 illustrates trajectories (virtual fixture paths) along which the operators were
asked to move the hydraulic manipulator end-effector.

The experiments were conducted using first the virtual fixture force only (pyr = 1,
Pav = 0). Next, the augmented virtual fixture force was applied (pyr = 0.5, p4y = 0.5).
Effectiveness of each mode was evaluated using two indices: position error at the haptic
device implement and position error at the manipulator end-effector.

The operators were asked to hold stylus of the haptic device like holding a pen, and try
to trace each path. The experiment was repeated 10 times by each operator, for each
mode. A total number of 2(force modes)x4(tasks)x10(trials)x8(participants)=640 trials
were collected. The NPI controller was employed to control each joint of the hydraulic
manipulator [80]. This 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 xj, ys and zg,

respectively. Thus, the threshold is Efyesnoig = [1.54mm 1.06mm 2.07mm]".

Figure 5.14 illustrates typical trajectories of slave manipulator end-effector for all four
tasks and under virtual fixture as well as augmented virtual fixture schemes. This figure
shows how accurately the operator could follow the given paths. As observed, there exist
some deviations from the desired path in slave end-effector trajectory which result in
position error. By comparing trajectories depicted in each row, it is found that the
position error at the slave end-effector, in the virtual fixture scheme, is larger than the

augmented virtual fixture scheme. In other words, the end-effector motion in the
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augmented virtual fixture mode is more accurate than the virtual fixture scheme, which in

turn is expected to decrease the total operator’s effort.

Task Virtual fixture scheme Augmented virtual fixture scheme

A: Pulling out a
Cotter pin
(see Figure 2.2a)

(mm)

(mm)

s
e

s
e

=
[

z

[
o0
(=)

B: Loosening or
tightening a nut
(see Figure 2.2b)

100 250
y; (mm) 50 200 X (mm)

(d) time=27.04 s

0
0 140 130
120 110 260
y, (mm) 100

(e) time=6.90 s

C: Connect a ball
and socket joint
(see Figure 2.2¢)

Wire

D: Twisting tie
(see Figure 2.2e)

(g) time=7.84 s (h) time=26.41 s

Figure 5.14 Typical test trajectories of slave hydraulic manipulator end-effector, shown

in Figure 2.2, and under (a) virtual fixture mode, and (b) augmented virtual fixture mode.
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For instance, Figure 5.14 ¢ and Figure 5.14 e show that the operator could not follow
the given circular and rectangular trajectories using the virtual fixture. Likewise, the
manipulator end-effector, in Figure 5.14 g, was not properly guided along the desired
vertical curve. The values of task completion time indicate that, in augmented virtual
fixture, the operator guided the slave end-effector slower than the augmented virtual
fixture mode. Note that these typical trajectories were randomly chosen from 640 trials.
Therefore, the quality of slave end-effector trajectory could change from an operator to
another one. However, results seen in Figure 5.14 are in line with findings in quantitative
study.

Figure 5.15 depicts the mean value of position errors at the haptic device implement,
over 640 trials. For each task a definite number of sampled points were defined. The
actual and desired positions of the haptic device were recorded in each trial. Position
errors were then calculated by averaging sampled points errors. As observed, both the
virtual fixture and the augmented virtual fixture modes showed small position error at the
haptic implement (less than 2.20 mm). Figure 5.16 shows the mean values of position
errors at the slave end-effector, over all 640 tests. The mean errors in virtual fixture force
mode are approximately three times larger than the ones from the augmented virtual
fixture force mode. The mean values of radial errors at the slave end-effector were 20.80
mm in virtual fixture, and 6.02 mm in augmented virtual fixture.

Table 5.2 shows the mean values of position errors at slave end-effector for each force
mode. As seen, the augmented virtual fixture has less position error at the hydraulic
manipulator end-effector as compared to the virtual fixture mode. Specifically, adding the

augmentation force to the virtual fixture decreased the slave position error by 71%. In
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general, the augmented virtual fixture was found better in achieving small tracking
position error in the tested hydraulic telemanipulator. Note that as a result of reducing
position error at the slave end-effector, the task completion time naturally increases using
the augmented virtual fixture. Figure 5.17 depicts the task completion times of each force
mode. In all four tasks, the mean value of task completion times in augmented virtual

fixture mode is higher than the task completion times in virtual fixture mode.
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Figure 5.15 Mean values of position errors at master haptic device implement.
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Figure 5.17 Task completion times.

As seen from Table 5.2, the kurtosis and skewness values show that both virtual
fixture and augmented virtual fixture modes exhibited acceptable ranges when the
random variable is position error at the slave end-effector. However, when the virtual
fixture mode is tested, the absolute values of measures are closer to 2 as compared to the
augmented virtual fixture. This indicates that in addition to having larger values of
position error at the slave end-effector, the virtual fixture mode is less reliable than the

augmented virtual fixture in reproducing similar results.

Table 5.2 Statistical measures of indices in force modes.

Force mode Mean value Kurtosis Skewness
Virtual fixture 20.80 0.935 1.800
Augmented virtual fixture 6.02 -0.070 0.593
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5.6. Summary

This chapter presented evaluation of the teleoperated hydraulic manipulator developed
to perform live-line maintenance tasks under two unilateral and bilateral modes. In
unilateral front, the performance of the teleoperated manipulator was examined by
performing several live-line maintenance tasks, by six hydro linemen, under three
criteria: task completion time, control effort, and total distance travelled by the
manipulator end-effector. Results exhibited improved performance of the virtual fixture
scheme as compared to condition at which the slave manipulator was guided by the
conventional joystick or the force-disabled haptic device. Next, the position referenced
force augmentation scheme was proposed to alleviate the weakness of virtual fixtures:
position inaccuracy at the slave end-effector. Combined the virtual fixture with the force
augmentation, the augmented virtual fixture was introduced that commands the haptic
device to produce two haptic forces, which were simultaneously applied to the operator’s
hand. The forces were the conventional virtual fixture force and the newly-proposed
augmentation force. The virtual fixture force pulls the operator’s hand towards the haptic
predefined (virtual fixture) path. The augmentation force, on the other hand, guides the
operator to adjust the pace of their hand movement when position error is observed at the
salve manipulator end-effector. Effectiveness of the scheme was evaluated by applying
the concept to performing typical live-line maintenance tasks. Evaluation indices were:
position error at the haptic device implement and position error at the hydraulic
manipulator end-effector. Two sets of tests were performed: tests using only conventional
virtual fixture force generated by the haptic device, and tests when the virtual fixture

force was augmented with the force augmentation scheme. The augmented virtual fixture
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was shown to be more effective than the virtual fixture, in that it simultaneously reduced
position errors at both the master implement and the slave end-effector. Specifically, for
performed experiments and as compared to the virtual fixture alone, the augmented
virtual fixture reduced position error at the manipulator end-effector by at least 71%, and
this was done by simply guiding the operator to slow down the hand motion allowing the

slave manipulator to catch up with the command from the master haptic device.
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CHAPTER6

POSITION REFERENCED FORCE
AUGMENTATION APPLIED TO DELAYED
TELEMANIPULATORS

6.1. Introduction

Ideally, in a teleoperated hydraulic manipulator, the slave manipulator should
precisely follow the master motion, i.e. no position error should appear at the slave end-
effector. However, position error exists due to many reasons such as lack of
responsiveness in controller or actuation system and coupled dynamics. Moreover, when
the system operates under a delayed and/or lossy network, both slave and master sites
receive the information of the other site with a delay. Therefore, the position error at the
slave end-effector is considerably magnified.

One method to decrease the position error is to predict the delays and losses in the
communication channel, and then apply the predicted variables to the control system
[115, 116, 117, 118]. This chapter shows how the force augmentation scheme is used to

alleviate the effect of delayed or lossy networks on the position error. Indeed, while the
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operator cannot accurately perceive the position error, due to network delay and packet
loss, the force allows her/him to stay alert of how far the hydraulic manipulator lags

behind the haptic device.

6.2. Description of the Scheme

Figure 6.1 shows the block diagram of the proposed scheme. As observed, the
operator moves the haptic device end-effector. Then, the actual position of the haptic
implement, 13;%, is used to find the desired position of the manipulator end-effector, 13;‘1.

The desired position is then sent to the slave site through a communication channel. The
actual position of the slave manipulator end-effector, 13;‘1, is computed by substituting the

measured angular displacements of slave joints (556‘) into kinematic equations [82]. The

difference between the actual and the desired positions of the slave end-effector
(13;‘1 - Is;d) gives the position error at the end-effector (Ees ), which is then used to find the

position referenced force(ﬁAU). The magnitude of the haptic force indicates, to the
operator, to move the haptic device slower, until no force is perceived. All variables, in

this chapter, are in accordance with the terminologies defined in Section 5.3.

6.3. Test Procedure

Figure 6.2 illustrates the general architecture of the experimental hydraulic
telemanipulator platform consisting of a master haptic device (Figure 3.8b) guided by an
operator, and a slave hydraulic manipulator (see Figure 3.5). In this set of experiments,
the Stewart platform is fixed, i.e. the manipulator is positioned on a fixed platform. As

shown in Figure 6.2, three PCs (master, slave and network emulator) are connected in a
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local area network (LAN) through an Ethernet hub. The intermediate computer runs the

NS2 to emulate both dedicated and wireless networks.
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Figure 6.1 Block diagram of force augmentation scheme when teleoperated system works

under a delayed/lossy network.
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physical and logical connections, respectively.

Experiments were conducted when the force capability of the haptic device was
deactivated (force-disabled mode), and then they were similarly repeated when the
position referenced force was generated by the haptic device (force-enabled mode). The

same operator performed all tasks. Each task was repeated 10 times. The evaluation
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criterion was the position error at the slave manipulator end-effector. However, in
addition to the position error, the average of the operator’s hand speeds and task
completion times were reported.

In the experiments, the operator was asked to move the haptic device implement along
a semicircular trajectory, which resulted in guiding the hydraulic manipulator end-
effector along the trajectory shown in Figure 2.2e. In total, 400 experiments were
conducted involving both modes: 16 tests under dedicated network, and 4 tests under
wireless communication channel. The wireless network was configured according to
different combinations of obstructions in the environment and antenna transmission
powers. Each test was repeated 10 times by the same operator, and performed with or

without force feedback.

6.4. Results
6.4.1. Experiments using dedicated channel

The first set of experiments was done under dedicated communication channel
configured at different pairs of constant time delays and packet losses. In haptic force-
enabled trials, the haptic force was generated using the position referenced force
augmentation scheme. The operator was instructed to reduce the hand speed, upon
sensing the haptic force, with the intention of minimizing the force. In total, 320 trial runs
were conducted with and without force, each with four constant time delays (400 ms, 700
ms, 1000 ms and 1300 ms) and four constant packet losses (0%, 25%, 50% and 75%).
There was an inherent 400 ms delay, originating from the processing time of the master

and slave computers, included in the above time delays. The value of 400 ms was
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obtained by directly connecting the master and slave PCs, without introducing any time

delay in the communication channel. In all experiments, the impedance matrix (G4;) was

set to diag[250N/m 250N/m 250N/m]. Table 6.1 summarizes the test scenarios.

Table 6.1 Characteristics of dedicated networks used in first set of experiments: round-
trip delay (TD) and packet loss (PL).

S1 S2 S3 S4|S5 S6 S7 S8 |S9 S10 S11 S12(S13 S14 S15 S16

TD (ms) 400 700 1000 1300
PL (%) 0 25 50 7510 25 50 75,0 25 50 75| 0 25 50 75

Results of two typical tests are presented: test in the presence of a significant packet loss
(TD=400 ms, PL=75%) and test in the presence of a significant packet loss (TD=1300
ms, PL=0%). Figure 6.3 shows master and slave trajectories in frame {x3y;z3}, when
TD=400 ms and PL=75%. As observed, in haptic force-enabled mode, the actual position
of the end-effector nearly overlaps with the commanded (desired) position as compared

to the case in which no haptic force was applied. Figure 6.4 illustrates variations of the

. .. 2 2 2
radial position error, at the slave end-effector, \/ (eg,x) + (eg,y) + (eg,z) , the

operator’s hand speed, and the haptic force applied to the operator’s hand. As shown in
haptic force-enabled mode, incrementing the position error results in increasing the haptic
force. The average position error at the slave end-effector reduced from 30.6 mm (force-
disabled) to 4.2 mm (force-enabled). The average speeds in force-disabled and force-

enabled tests were 4.23 cm/s and 0.92 cm/s, respectively.
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Force-disabled: operator’s average speed=4.23 cm/s. Force-enabled: operator’s average speed =0.92 cm/s.

Figure 6.3 Typical trajectory of hydraulic manipulator end-effector in frame {xgy5z;},
for scenario S4 (TD=400 ms and PL=75%). Subscripts ‘m’ and ‘s’ indicate displacements

of master and slave, respectively.

Typical position of the slave end-effector, when time delay is significant (TD=1300
ms and PL=0%) is shown in Figure 6.5. By comparing position signals of both modes,
position error at the manipulator end-effector is observed to reduce when the force
augmentation scheme was included in the teleoperated system. In both scenarios,
reduction of the hand’s speed resulted in increasing the task completion which was

expected.
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Figure 6.4 Position error at the slave end-effector, operator’s hand speed and haptic force,

for test shown in Figure 6.3.

6.4.2. Experiments using wireless channel

The effectiveness of the proposed scheme was then evaluated in the presence of
wireless channel emulated by the NS2 simulator. Different antenna transmission powers,
in obstructed or unobstructed environment, were emulated. Table 6.2 lists the parameters
used to define test scenarios. In these tests, the wireless router was assumed to operate at
2.4 GHz with channel bandwidth of 11 Mbps. The antenna transmission power was set to
15 dBm (S17 and S19 in Table 6.1) and 18 dBm (S18 and S20 in Table 6.1) for low
power and high power antennas, respectively. The receiver sensitivity was set to a
common value of -83 dBm. The path loss exponent, n, was set to 2 dB (S19 and S20 in

Table 6.1) and 3.5 dB (S17 and S18 in Table 6.1) to reflect unobstructed and obstructed
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Figure 6.5 Trajectory of slave end-effector in frame {xjy§z3}, for test S13 (TD=1300 ms;

PL=0%).
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Figure 6.6 Packet losses generated in scenarios S17 and S18.
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scenarios, respectively. Typical variations of packet loss and time delay over time, for
scenarios S17 and S18, are shown in Figure 6.6. As expected, the packet loss randomly
changes when master and slave sites are connected wirelessly. Moreover, the packet loss
for scenario S18 with high power is less than the one with lower power (S17). Note that

the packet loss was the dominant parameter in this set of experiments.

Table 6.2 Parameters used to emulate wireless channel using NS2 under wireless channel.

Parameter Value
2 dB (unobstructed
Path loss exponent 35 dl(B (obstructe di
Shadowing deviation 4.0 dB
Reference distance Im
Transmitting antenna gain 2 dbi
Receiving antenna gain 2 dbi
Antenna transmission power 15 dBm (lc.)w power)
18 dBm (high power)
Channel bandwidth 11 Mbit/s
Contention window size 1-31
Short retry limit 2
long retry limit 1
Packet size 50 bits
Packet interval 2 ms

Figure 6.7 shows position tracking of the slave manipulator end-effector when the system
operated in obstructed environment and a router with the antenna power of 15 dBm was
used (scenario S17). When the force was activated, the operator moved the haptic device
approximately four times slower than the case when it was deactivated. Figure 6.8 depicts
similar results when the environment was obstructed, and a high power antenna (18 dBm)
was employed (scenario S18). From Figure 6.7 and Figure 6.8, it is observed that the

position error at the end- effector decreased when the scheme was implemented in the
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system. More specifically, the average position error, for scenarioS18, changed from 34.2
mm to 5.27 mmwhen the force slowed down the operator’s hand motion. It was therefore
concluded that regardless of the router type and obstruction in the environment, the slave
manipulator positioning was improved when the haptic device utilized the proposed force

to slow down the hand’s motion.

75 ‘ ‘ w 75

X (cm)

Y (cm)
Y (cm)

Z (cm)
Z (cm)

10 \ : : :

0 5 10 15 20 25 30
Time (s) Time (s)
Force-disabled: Average speed=4.24 cm/s. Force-enabled: Average speed =1.12 cm/s.

Figure 6.7 Typical trajectory of slave end-effector in frame {xgygz3}, for scenario S17.
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Force-disabled: Average speed=3.54 cm/s. Force-enabled: Average speed=0.92 cm/s.

Figure 6.8 Typical trajectory of manipulator end-effector in frame {xgygz3}, for scenario

S18.

Figure 6.9 summarizes the information collected from all 400 trial runs: mean values
of position errors, task completion times, and operator’s hand speeds for all 20 scenarios.
Each scenario was repeated for 10 times. The mean values were calculated by averaging
the corresponding values that were measured each over 10 trials. As seen, in all 20
scenarios, the mean value of position error was significantly reduced when the haptic
force was enabled. More specifically, the scheme reduced position error at the slave end-
effector by at least 92%. This was done by simply slowing down the haptic motion

guided by the force applied to the operator’s hand. As a result, the task completion time
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increased four times when the scheme was included in the control. Figure 6.9 also shows
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This chapter investigated how to use a position referenced force augmentation scheme
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Figure 6.9 Mean values of position errors, task completion times, and operator’s hand
to decrease position error, at slave end-effector in teleoperated hydraulic manipulators,

speeds without force (a) and with force (), for all 20 scenarios.

6.5. Summary



due to the presence of time delay and packet loss in a network. This scheme commands
the haptic device to apply a force against the operator’s hand intended motion to slow
down when position error is observed at the manipulator end-effector. Effectiveness of
the scheme was evaluated by conducting extensive experiments on a teleoperated
hydraulic manipulator. Various scenarios of dedicated and wireless communication
channels were examined. Results indicated that the force augmentation scheme could
reduce the position error at the slave hydraulic manipulator up to 92% as compared to the
conventional control without force. Naturally, the task completion time increased when

the haptic force guided the operator to reduce the hand’s speed.
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CHAPTER 7

WIRELESS CONTROL OF BASE-EXCITED
TELEMANIPULATORS

7.1. Introduction

In the application of live-live maintenance, three main issues were outlined in Chapter
2. They were: (i) design and implementation of force feedback control systems to help
operators work more effectively, (ii) compensating for the effect of wireless network on
performance of the system, and (iii) investigating the effect of the slave manipulator base
excitation that, in practice, originates from the crane bucket motion. In this chapter,
performance of the teleoperated manipulator, installed on top of a motion platform (see
Figure 3.4), is experimentally evaluated under various test scenarios. Each scenario is
characterized by a wireless network and a haptic force. Two indices are used to measure
the performance of the system: number of operators’ unsuccessful attempts, and
displacement of the manipulator end-effector. Moreover, the task completion times for all

experiments are reported.
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7.2. Design of Experiments
7.2.1. Network setup

The wireless channel is generated by the NS2 software. Two wireless network
scenarios were considered for two values of path loss exponents: free space (n=2.0) and
free space with some obstructions (n=3.0). In both scenarios, specification of a Cisco
Aironet 2.4-GHz MIMO Omnidirectional Antenna (AIR-ANT2440NV-R) was emulated
using the NS2. The transmitter antenna worked under 2.4 MHz. The antenna transmission
power was 18 dBm and the receiver sensitivity was set to -83 dBm. In all experiments,
the distance between the slave and master sites, d, was 100 m. Table 7.1 lists the network
setting used by NS2 in the experiments. Typical packet losses over time, for both

scenarios, are illustrated in Figure 7.1.

Table 7.1 Parameters used to emulate wireless channel [119].

Parameter Value
Path loss exponent 2.0dB and 3.0 dB
Shadowing deviation 4.0 dB
Reference distance Im
Transmitting antenna gain 1 dbi
Receiving antenna gain 1 dbi
Antenna transmission power 15 dBm
Channel bandwidth 11 Mbit/s
Contention window size 1-31
Short retry limit 2
long retry limit 1
Packet size 50 bits
Packet interval 2 ms
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Figure 7.1 Typical packet loss for unobstructed (n=2.0) and obstructed (n=3.0) scenarios.

7.2.2. Base motion

Results of the field study, shown in Figure 4.15, showed that the crane bucket was
disturbed due to unwanted phenomena such as unstable soil, wind conditions, changes in
bucket load, reaction forces, and compliance in the crane actuation system. Observations
also showed that there was a displacement with amplitude of 50 mm, and frequency of
0.12 Hz, that were determined by analyzing movies made during the bucket movement.
Therefore, for designed experiments, the platform was programmed to generate random
displacement (Dy, Dy, D,). As seen in Figure 7.2, the displacement of the platform top
plate has maximum amplitude and frequency of 90 mm and 0.24 Hz, respectively. The
accurate models of the above phenomena can be studied to make the platform motion
close to the reality.

When displacement of the top plate is established, the displacement of each of the
hydraulic actuators (L;—; ¢) is determined by solving the inverse kinematic equation
given in Equation (3.22). Figure 7.3 illustrates the actuator displacements of the Stewart
platform. Note that during the operation, the operator did not know the amplitude or the

frequency of the base motion; therefore, the motion was completely unseen.
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Figure 7.2 Displacement of platform top plate over a 100-second period.
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Figure 7.3 Actuator displacements of 6-DOF Stewart platform.
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7.2.3. Control scheme

Performance of the force augmentation scheme was re-evaluated in the presence of
base excitation, as described above. The effectiveness of the system was validated by
emulating two live-line maintenance tasks. First, the performance of the telemanipulator
was evaluated when the haptic device applied no force to the operator’s hand (NF). The
same tests were repeated when the operator ran the system under force augmentation

scheme (AU) whereby the haptic device utilized the AU force.

7.3. Test Procedure

A total number of 2(force modes)x2(tasks)x3(trials)x8(participants)x2(networks)=192
trials were collected. There were eight students from the University of Manitoba who
contributed in this study. They had experience with haptic device, and were familiar with
the live-line maintenance activities. All participants were right-handed, and reported a
normal to corrected-to-normal vision. The training phase was completed once the
operator felt comfortable and confident to use the system. The two tasks are shown in
Figure 7.4. As illustrated in Figure 7.4a, the first task was to twist a tie wire around an
electrical cable, a semi-circular curve, in x5z§ plane (Task A in Figure 7.4) is traced. In
Task B (Figure 7.4b), the operator followed a combination of several lines, in y3zg plane,
to pull the cotter pin out. In each task, the operator moved the haptic implement along

depicted trajectory from point I to point I'V.
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(a) Twisting a tie wire (Task A) (b) Pulling out a cotter in (Task B)

Figure 7.4 Maintenance tasks used to evaluate performances.
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7.4. Results

Figure 7.5 illustrates a typical trajectory of the slave manipulator end-effector when an
operator performed Task A, and the system utilized the force augmentation scheme. The
trajectory under no force mode is shown in Figure 7.6. In both figures, the network
scenario with the path loss exponent of 2.0 dB was used. Radial position errors for these
two typical trials are shown in Figure 7.5¢ and Figure 7.6¢ under force augmentation and
no force modes, respectively. As observed, by utilizing the augmentation force scheme,

the position error was reduced. This is because, when the tool was about to collide with
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Figure 7.5 Typical trajectory of slave manipulator end-effector under force augmentation
mode: (a) along x§, y§ and z§ axes; (b) 3D view; (c) radial position error of slave end-

effector.
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Figure 7.6 Typical trajectory of slave manipulator end-effector under no force mode: (a)

along x§, y5 and z§ axes; (b) 3D view; (c) radial position error of slave end-effector.

the test station, due to the manipulator base movement, the operator abruptly moved the
haptic implement to prevent collision. Therefore, position error appeared at the slave end-
effector due to the operator’s fast motion.

Figure 7.7 and Figure 7.8 show mean values of slave end-effector displacements, over
96 trial runs: 48 trials under NF mode, and 48 trials under AU mode. The slave end-
effector displacement is defined as the summation of displacements between two adjacent
sampling points along the actual trajectory. As observed, in both tasks, the end-effector

travelled longer distance in NF mode (triangles) than AU mode (circles). Larger end-
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effector displacement, in turn, results in increasing the operator’s effort to perform a task

that is not desirable.

600

A NF mode
O AU mode

W
S
=

r AA A A _
A A A A
A A A AAAAA AA AA AATAANAA AAAAAAAA AL AAA A ABAATAA

(o] o fo) o (o]
o Opn0 o 0.0 o
- 2%0000%0°00% 06”60 000 ©°60° 00°00°0%°%0 0 6°0%

(98]
(el
S

End-effector displacement (mm)
~
S
(=)

2OGO 5 10 15 20 25 30 35 40 45
Trial run

Figure 7.7 Slave end-effector displacements for Task A over 48(trials)x2(schemes)=96

trial runs.
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Figure 7.8 Slave end-effector displacements for Task B over 96 trial runs.

Overall information about performance measures is given in Table 7.2. As seen in the

fifth column, the number of unsuccessful attempts, in the NF mode, was more than the
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AU mode. An unsuccessful attempt was recorded when an operator recognized himself
unable to complete the task due to test conditions. More specifically, the operators could
not finish the assigned tasks for 13 and 5 times (out of 96) under NF and AU modes,
respectively. The AU mode was found better than the NF in terms of the operators’
success in completing the tasks. Furthermore, the end-effector travelled longer path in the
NF mode (mean value of 465.15 mm) as compared to the VF mode (mean value of
401.14 mm) which in turn resulted in increasing the needed operator’s effort to
accomplish a task.

Table 7.2 also shows that the mean value of task completion times, in the NF mode
(18.29 s), was less than AU mode (24.99 s). Figure 7.9 and Figure 7.10 depict the task
completion times over 96 trial runs, for both tasks and under the two force modes. As
shown the NF mode was less time consuming than AU. The reason can be found in the
nature of force augmentation scheme, which tends to slow down the hand motion upon

position errors appearing at the slave site.

Table 7.2 Performance measures under no force (NF) and force augmentation (AU)

modes.
Task Force Network Task time (s) Unsuccessful End-effector

mode Scenario attempts (%) displacement (mm)
n=2.0 19.18 380.91
;ﬁ?tlng atie NF 21.32 16.7 365.38
=2.0 29.46 290.41

Task A n 6.3
( ) AU n=3.0 28.71 312.62
n=2.0 16.56 548.32

i i NF 10.4
P‘”hglglta pin n=3.0 16.09 566.00
=2.0 21.23 492 .35

(TaskB) Ay " 42
n=3.0 20.56 509.19
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Figure 7.10 Completion times for Task B over 96 trial runs.

Table 7.3 lists values of kurtosis and skewness of the task completion times and
position errors at the slave end-effector. As observed, for the NF mode, absolute values
of skewness and kurtosis are more than 2. This indicates that the position error at the
slave end-effector, as a random variable, does not satisfy the normal distributions criteria.
In conclusion, the method of experiment, using NF mode, did not perform well according

to the position errors at the slave end-effector. On the contrary, values of kurtosis and
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skewness indicate that adding the AU scheme makes the system more reliable than

without haptic force.

Table 7.3 Statistical indices for Tasks A and B based on task completion time (TT) and
displacement of manipulator end-effector (DE) under two force modes

Scheme Random variable Kurtosis Skewness
TT (s) 20.25 -1.94 +1.25
No force (NF) DE (mm) 373.14 +3.15 +4.85
TT (s) 29.09 +0.97 -1.04

Force Augmentation (AU) e’y 301 50 +0. 95 +0.12

7.5. Summary

This study dealt with performance evaluation of the hydraulic manipulator, retrofitted
by a moving platform, when it utilized the force augmentation scheme. Experimental
studies were conducted when the manipulator base was excited by the Stewart platform,
and the teleoperated slave was controlled wirelessly. There were two sets of experiments.
First two maintenance tasks were performed by eight operators when the force capability
of the haptic device was deactivated. The operators were then asked to repeat the same
tasks when the augmentation force was added to the haptic device. Performance of each
mode was evaluated under two measures: number of unsuccessful attempts and
displacement of the slave manipulator end-effector. Results indicated that adding the
force augmentation scheme helps linemen function more effectively when the system is
subject to base-excitation, and communicates through a wireless network. Adding the
models of wind conditions, soil, compliance of actuation system, bucket load, and

reaction forces can increase the accuracy of the results presented in this chapter.
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CHAPTER 8

CONCLUSIONS

8.1. Contributions of This Thesis

The haptic control of base-excited slave hydraulic manipulators, working under
delayed and lossy networks, was investigated in this thesis. The targeted application was
robot-assisted live-line maintenance. With respect to the application, three main
challenges were identified: haptic-enabled teleoperation of hydraulic manipulator,
wireless communication between master and slave sites, and excitation of the
manipulator base.

Both unilateral and bilateral controls of hydraulic manipulators were thoroughly
investigated using experimental validations on actual systems in a laboratory setting. On
the bilateral front, a set of experimental studies was conducted on the teleoperated
hydraulic actuator to investigate effects of delayed and lossy communication channels on
its performance while the system was augmented by several bilateral control schemes.

Results were then used to construct a set of performance charts describing the quality of
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position and force tracking of the system while it operated under a wireless network. The
charts define three regions. Each region allows different combinations of path loss
exponent, antenna transmission power, and distance between the master and the slave
sites.

With respect to unilateral control, the concept of virtual fixture was shown to reduce
master position errors originating from the operator’s unwanted hand motion. However,
virtual fixtures could not satisfactorily reduce position errors between the master
implement and the slave end-effector. Therefore, the concept of position referenced force
augmentation scheme, in bilateral mode, was developed to compensate for positioning
errors. Combined with virtual fixture force, augmentation force could decrease position
errors at both master implement and slave end-effector. Furthermore, the proposed
scheme was used to reduce errors appearing due to delays and packet losses in a
communication channel. The force augmentation was also found very effective when the

manipulator base was excited by a motion platform.

8.2. Future Work
This work could be extended in many ways including, but not limited to, the following
subjects:
(1) When the motion platform generates considerable motions, the dynamics of
combined manipulator and platform should be taken into account. The use of
integrated dynamics allows us to have more accurate force or position tracking

than the separated dynamics.
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(ii)

(ii1)

Since the use of force sensors at the end-effector of hydraulic manipulator is
impossible in practice, the pressure information of each actuator can be used to

estimate the interaction force and be used in the control scheme.

Effects of environment phenomena such as wind conditions, soil, compliance
of actuation system, bucket load, and reaction forces can be studied in order to

generate accurate model of the real bucket movement in a laboratory setting.
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Appendix - Questionnaire

Please rate your experience on using the “Teleoperated Robotic System for Live-Line Maintenance”. There
are no right or wrong answers. We are only seeking your general opinion. Do not put your name on the
form.

On each of the following rating scales, please put a cross mark through the line to indicate your
assessment. This is an analog scale. It means your answer can be anywhere on the line.
EXAMPLE:

My chances of winning the lottery are:

No C}:{?CG at Extremely high

If you thought your chances of winning the lottery were very high, you might place your cross mark
through the line as follows:
About 90%

No CI:HICC at ¢ Extremely high

Note: In the following questions, “system” means ‘Teleoperated Robotic System for Live-Line
Maintenance” that you used in the laboratory environment.

(1) Given my experience with the system, live-line maintenance tasks can be performed using cameras
as indirect visual feedback.

Disagree Agree

(2) Ifeel safer using the system rather than performing tasks manually.

Disagree Agree

(3) The completion time of tasks using the system as compared to manual is shorter.

Disagree Agree

(4) Itwas easy to understand how the system works in general.

Disagree Agree

(5) Itwas easy to learn using the system.

Disagree Agree

(6) The virtual fixtures’ concept was helpful in performing the tasks.

Disagree Agree

(7) Tlexperienced less physical labor as compared to manual tasks.

Disagree Agree

(8) Iexperienced less mental load as compared to manual tasks.

Disagree Agree
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