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ABSTRACT
In last few decades, an increasing number of people are beginning to realize that
bilateral teleoperation plays an important role in the extension of human
manipulation in fields such as space, underwater exploration, medical surgery and
hazardous environments.
When it comes to the teleoperation system, the greatest consideration is the time
delay over the transmission which influences the performance of the system. With
the development of the Internet, in recent years an increasing number of
teleoperation applications are applied over this global network. There is no denying
the fact that dealing with the time delay issue on the Internet has been considered as
the primary challenge as it can deteriorate system performance and even destabilize
it. Many studies in the literature address the problem of the transmission delay of
teleoperation across the Internet. Those among them that consider the controller
design and experimental simulations are mostly focused on two kinds of time delays:
constant time delay and time-varying delay. As time-varying and asymmetric delays
often occur in network-based bilateral teleoperation systems, designing an
appropriate control system to maintain their stability has proved to be critical.
This thesis focuses on the control of bilateral teleoperation systems across the
Internet. We design a controller that takes the time-varying and asymmetric delays
into account. Its key features include adaptability to time-varying asymmetric delays
and stability with good transparency performance. We use new controller synthesis
methods to develop the system by defining appropriate Lyapunov-Krasovskii
functional. This method is developed by applying tighter bounding technology in a
cross terms and weighting matrix approach. Furthermore, the controller synthesis
conditions are expressed as matrix inequalities, which are solvable by existing
methods. We then apply the designed controller to a linear system model with
increasing forward and backward delays. Finally, an experimental validation of the
developed theoretical methods is used to demonstrate the effectiveness of the
proposed method, the results show that the proposed criteria improve the force
tracking with less response time and less overshoot as well as with an acceptable
position error.
iv

The main contributions of this thesis are:


The study presented in this thesis provides a teleoperation system control
strategy which is robust to asymmetric time-varying delay environments,
improves position error control based on passivity and guarantees stability when
applied across the network. This strategy adapts to realistic packet-switch
communication.



This study also provides a fully networked teleoperation hardware-in-the-loop
practical platform which enhances the experiment credibility, improves the
results observability and makes it portable for presentation. This platform is a
real-time test-bed which can be used in multi-task validations in the future.



The control strategy is tested by simulation and two hardware-in-the-loop
practical platforms. One platform is a computer with two motor applications
which is delay-free environment; the other platform constitutes two computers
with corresponding motor applications and this platform includes realistic delay.
This experiment method covers both simulation and practical validations.
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1 INTRODUCTION
1.1

Background

In the 1940s the first master-slave teleoperation system was built. Since then, a great
deal of research on this topic has been conducted and it has been recognized that
teleoperation systems can be applied in many areas such as aerospace, undersea,
medicine, and operations in hazardous environments. With the development of the
Internet, teleoperation across this global network has attracted attention in recent
years. In such systems, the transmission time delay on the Internet has been
considered the primary challenge as it can deteriorate system performance and even
destabilize it. Many studies reported consider the transmission delay of teleoperation
across the Internet. Those among them that concern the controller design and
experimental simulations are mostly focused on two kinds of time delays: constant
time delay and time-varying delay. Since time-varying and asymmetric delays often
occur in network-based bilateral teleoperation systems, designing an appropriate
control system to maintain its stability has proved to be critical.
A bilateral teleoperation system is typically composed of a human operator, a master
(manipulator), a communication channel, a slave (manipulator), and an environment.
The motion (position information and velocity information) and/or force information
in a bilateral teleoperation system can be transmitted from both master to slave site
and slave to master site so that the slave can try to mimic the behaviour of the master
which in turn takes into account the input forces from the slave. The bilateral
teleoperation system has been extensively studied for decades and it can be applied
in many different areas such as space and underwater exploration, medical surgery,
and any general tasks operated in hazardous environments.
The first teleoperation application was able to replace human hands to deal with
hazardous materials [1], and numerous applications based on teleoperation systems
have since been developed. Figure 1-1, shows a novel application named Robonaut
which developed by the National Aeronautics and Space Administration (NASA)’s
Johnson Space Centre and the Defence Advanced Research Projects Agency
(DARPA) [2]. The Robonaut is classified as a telepresence application referring to
the system by which the slave sends sufficient information back to the master, for
1

instance, visual feedback, acoustical feedback and tactile feedback. Those feedbacks
result in the manipulator feeling a lifelike remote site environment. In the Robonaut
project, the information feedbacks to the human site are visual from a helmet, tactile
from a pair of gloves and positional from the tracker. The Robonaut is able to bring
sufficient site information to the operator and is flexible enough to track detailed
human hand operations.

Figure 1-1 The Robonaut from NASA [2]
The aim of the Robonaut is to help humans extend ability to explore in space, and
assist or replace humans to construct and work in high risk places. To meet
increasing requirements for Extra-vehicular Activity (EVA), and dexterity on space
works, the Robonaut has been developed based on mechanisms, computational
architecture and teleoperation control. It is also can be used as a validation tool of
controller performance and mobility.

2

1.2

Problem statement

There are two concerns from control point of view in designing a suitable controller
for a teleoperation system: stability and transparency. Sufficient information must be
transmitted between master site and slave site, while more information means more
transmission which results in large time delays in the communication channel.
On the other hand, in terms of existence of time delays in most communication
channels, we are confronted with the delay-induced instability of bilateral
teleoperation systems. In particular, when a network (such as wired or wireless
Internet) has been adopted as a communication medium where the delays will be
time-varying, irregular, and asymmetric (i.e., the time delays will be different in the
forward and backward transmissions).
Thus the problem is to design a controller that can guarantee system stability while
providing an acceptable transparency in a required environment.

1.3

Contributions

In this thesis, the study will primarily focus on developing effective control strategies
for network-based bilateral teleoperation system so that the system stability and
transparency performance can be guaranteed even when there are asymmetric timevarying delays across the network. The proposed research includes theoretical study
and experimental investigation.
This thesis makes the following contributions to both theoretical study and
experimental investigation:
The author has developed an effective control strategy for a network-based bilateral
teleoperation system with asymmetric time-varying delays. This new control strategy
was developed by defining appropriate Lyapunov-Krasovskii(L-K) functional and by
applying tighter bounding technology for a cross terms and free weighting matrix
approach. The developed control strategies guarantee system stability and
transparency performance at the same time. The controller design procedure is
completed by solving matrix inequalities and trial.
3

The author has built a network-based bilateral teleoperation system platform under
the Matlab environment. A HILINK microcontroller board and Matlab/Simulink are
used to construct the real-time hardware in the loop control system. The built
teleoperation platform can be easily used for different purposes. Under the Matlab
environment, different controllers can be easily implemented and validated.
The author has validated the developed control strategies numerically and
experimentally through three main scenarios: simulation; one PC with two motors in
a realistic communication free environment; and a two PCs network-based
teleoperation platform environment.

1.4

Outline of the thesis

There are six chapters in this thesis. In chapter two the author introduces the
background of bilateral teleoperation and compares existing control methodologies.
In chapter three the author presents the mathematical model of the teleoperation
system in order to analyze the controller design by choosing proper L-K functional.
The author then solves it by error and trial approach.
In chapter four the author builds a Matlab/Simulink model to determine the
performance of the designed controller with added simulated asymmetric timevarying delays and with different input situations all based on simulation.
In chapter five the author validates the designed controller in her hardware-in-theloop teleoperation experimental platform in different delay environments in order to
determine the realistic practical performance.
In chapter six the author concludes this thesis and proposes some future research
based on her study.

4

2 NETWORK-BASED TELEOPERATION LITERATURE REVIEW
2.1

Overview

Teleoperation systems have been developed for the last few decades, and many novel
technologies have been applied to the original system to enhance its performance.
Numerous new applications have emerged which contribute to human life. In this
chapter we present background on bilateral teleoperation systems, design criteria,
existing design methods and applications.

2.2

Bilateral teleoperation introduction

Generally, a bilateral teleoperation system is composed of a local master site, which
is driven by a human operator, and a remote slave site, which is in contact with the
environment. In such a system, the slave follows the movement of the master and the
master receives feedback information from the slave. With the development of
computer networks, bilateral teleoperation systems operating over the Internet
communication channel are becoming popular. However, the control of these
systems is an open issue.

Figure 2-1A typical teleoperation system [3]
Figure 2-1 from [3] presents a typical teleoperation system which includes a human
operator, a master operating stick at a human operator site, a slave operating stick at
the environment site, a communication channel through which force and position
5

information is transmitted between the master and slave, and visual feedback from
the camera at the slave site and presented via the monitor at the master site. In this
system, the control commands from the master to the slave and the feedback from the
slave to the master can be transmitted electrically by wire, wire network or wireless
network. The control progress can be applied with one feedback or more feedbacks
depending on different control strategies.

2.2.1

Bilateral teleoperation formulation

Figure 2-2 The Bilateral Teleoperation control system
Figure 2-2 shows the architecture of a bilateral teleoperation control system. The
human operator sends an order to the master manipulator, after which it is
transmitted over the communication channel. The order received by the slave is then
subjected to forward delays. The slave then issues feedback to the master regarding
its execution of the order, which is subjected to backward delays. In an ideal
situation with no environment influences, both master and slave are in synchrony.
However, in practice, this cannot be achieved. Hence, controllers are added to the
master and slave sites. Their duty is to stabilize the system and help the slave track
the master.
The dynamics of linear master/slave manipulators can be described by: [4]




M m x m (t )  Bm x m (t )  Fm (t )  Fh


(1)



M s x s (t )  Bs x s (t )  Fs (t )  Fe

6

where xm (t ) and xs (t ) are the positions of master and slave respectively, M i and Bi
( i  m and s )are the manipulator’s inertia and damping coefficients. Fm (t ) and
Fs (t ) are respectively the master and slave controller input forces. Fh represents the
human force applied to the master, Fe is the environment force on the slave.

2.3

Stability and transparency analysis

There are two main design criteria used to assess the performance of teleoperation
control systems: stability and transparency. Stability is one of the most important
requirements for teleoperation systems. Theoretically, we can apply the Nyquist
stability criterion, i.e., the number of characteristics roots of the closed-loop system
on the right hand plane to judge system stability [5]. Practically, if the system input is
bounded, the corresponding output should be eternally bounded [6]. Transparency is
another important performance requirement in teleoperation systems. It is an index
that describes how realistic the operation is to the operator. Ideally, a good
transparency would create a feeling that the operator is manipulating the remote
object in person even when it in a virtual environment [1].

2.3.1

Stability evaluation

As one of the most important goals in a bilateral teleoperation controller design,
stability is judged by the Llewellyn’s absolute stability criterion [7]. ‘A passivity
system is absolutely stable’[8].
The Llewellyn’s absolute stability criterion states:

 P11
For a linear-time-invariant master-slave two-port network P  
 P21

P12 
is
P22 

absolutely stable if and only if


P11 ( s ) and P22 ( s) have no poles on the right-half-plane;



Any poles of P11 ( s ) and P22 ( s) on the imaginary axis are simple, have real
and positive residues;



The inequalities
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  P11  
  P12   
2  P11   P22     P12 P21
1
P12 P21
where 

and   denote the absolute and real values of their

corresponding arguments.
For a teleoperation system, the condition of Llewellyn’s criterion is deduced by [9]:
Kc
sin (T1  T2 )

(T  T ) 2 K B
Bm Bs  K c 2 1 2  c s sin (T1  T2 )


Bm 

where Bm and Bs are the damps of master and slave separately;
K c is the controller parameter;
T1 and T2 are the forward and backward delays separately.
Consequently, the control parameters depend on the delays, whereby for a networkbased teleoperation system the stability is fully delay-dependent. With a given value
of delays, we can solve the above condition to find out the required controller
parameter. While the system with this controller only can guarantee stability in
which the transmission delays are less than the given value. It also has been found
that K c should assume the responsibility for system stability and transparency since a
large K c satisfies transparency but destabilizes the system, thus it strikes a balance
between stability and transparency. In practice, different controllers are developed
specifically depending on different requirements [10].
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2.3.2

Transparency analysis

Figure 2-3 Teleoperation model presenting in force and impedance
In Figure 2-3, Fh and Fe represent the human force and the environment force
separately, Z h and Z e are the impedance of human operator and environment
respectively, Vm and Vs are the velocities of master and slave separately, Fm and Fs
are the control force applied on master and slave respectively. According to [9] the
condition of perfect transparency is when Z h 

Fh
F
 Z e  e . In a free contact
Vm
Vs

environment, the smaller control parameter K c , the better a system’s transparency.

2.3.3

Trade-off between stability and transparency

Achieving perfect transparency requires constant feedback from the slave. This
results in large feedback delays which in turn can eventually destabilize the system
[10][11]. Hence, the two criteria are in conflict with each other and a trade-off
solution must be reached [12]. The constraints on the physical communication media
lead the trade-off between stability and transparency in a teleoperation system. Thus
researchers are faced with options either to focus on one or to compromise between
the two. For space applications, Lawrence [10] has explored the necessary levels of
transparency for efficient task execution. While the optimal transparency depends on
research objectives, higher transparency would significantly improve the
maneuverability of teleoperation systems. Many studies have analyzed the trade-off
between stability and transparency. In [11], the authors propose a projection-based
9

force reflection algorithm, which could arbitrarily decrease the feedback gain value
when long delays result in high feedback gain. In this approach, the constraint of
subsystem feedback gain is removed to ensure stability with good transparency under
communication delays.

2.4

Existing methods: introduction and comparison

According to the literature, control schemes for bilateral teleoperation are divided
into different categories. The proposed classifications vary according to specific
requirements. In [13] classification is carried out based on system components where
the controllers are referred to as EOT (environment-, operator-, and task-specific) –
adapted controller [1]. The authors propose several schemes as basic representations
and frames but there is no clear classification or comparison between them. The
proposed control schemes include:

2.4.1

Passivity-Based control

Passivity theory describes the energy consumption of the dynamic system [14]. In the
view of energy input and output, or a full passive system can be described as [15]
Ein 

d
Es  Ed , where Ein is the input energy, Es is a storage function of lower
dt

bounded energy and Ed is a dissipation function of nonnegative energy. In [16], it is
proved that passivity can be sustained in time-varying communication systems.
Studies that focus on passivity-based control scheme controllers are summarised in
tables 2-1 and 2-2 below. For each reference, the assumption about the time delay as
constant, variable symmetric or asymmetric is highlighted. Symmetric and
asymmetric time delays imply whether the forward and backward time delays are the
same or are different.

10

2.4.1.1 Position error (PE)
In the PE scheme, the control force comes from the position error between the master
and the slave [17]. Thus position information is transmitted in both directions, we
have:
Fm (t )  K m ( xsd  xm )
Fs (t )  K s ( xm  xsd )

xmd  e sT xm

(2-1)

(2-2)

xsd  e sT xs

Where K m and K s are the controller located at the master and slave site respectively.
References
Constant
[18]
[19]
[20]
[21]
[22]

Time Delay
Variable
Symmetric
√
√
√
√
√

Asymmetric
√
√
√
√
√

Table 2-1 Comparative study of PE
According to [18] and [19], the proposed methods are based on the position error
scheme, and with added velocity information to determine control force. And a high
gain observer is designed in a velocity unknown situation. The methods proposed in
[18] and [19] are generally suitable for NCSs (Networked Control Systems) to deal
with variable asymmetric time delays. Delay torque feedback is considered in [20]
and [21], and corresponding controllers are designed. The method proposed in [22] is
simulated based on more practical network environments and it is based on using
wireless as the transmission medium, transmission by wireless which is a novel
application.

2.4.1.2 Force reflection (FR)
In the FR scheme, delayed position information xmd is transmitted from master site to
slave site via communication media and delayed force information Fsd is transmitted
in the opposite direction, so we have:

11

Fm (t )  K m Fsd
Fs (t )  K s ( xmd  xs )

xmd  e sT xm

(2-3)

(2-4)

Fsd  e sT Fs (t )

Where K m and K s are the controller located at the master and slave sites
respectively. The communication delay T is presented by e  sT .
In [23], Islam and Liu propose a hybrid adaptive approach based on the FR scheme,
this method can process the tracking of manipulators. In summary, the main goal of
FR scheme is same as the PE scheme which is to focus on better tracking and smaller
position errors in order to improve transparency.

2.4.1.3 Wave variables (WV)
In the WV scheme, force information and velocity information are transmitted
between master site and slave site, so we have:


F  Bi x m
Um  m
2 Bi


Us 

(2-5)

Fs  Bi x s
2 Bi


F  Bi x m
Vm  m
2 Bi

(2-6)



Vs 


Fs  Bi x s
2 Bi



Where Fm , x m , Fs and x s are the forces and velocities transmitted between the
master and slave and Bi presents the impedance of the channel.

12

Reference
[24]
[25]
[26]
[15]
[27]

Constant
√
√
√

Time Delay
Variable
Symmetric
√
√
√
√
√
√

Asymmetric
√

Table 2-2 Wave Variables Comparison
As illustrated in Table 2-3, the assumptions made by [25] are appropriate for NCSs.
In this work, Gu and Zhang propose an optimal simulation model based on the wave
transformation scheme. Improvement is made by adding an extra transmission path
to estimate the time delay for both forward and backward transmission. The main
purpose is to adjust the output adaptively. Study in [24] is based on UDP (User
Datagram Protocol) in their simulation process.

2.4.2

Prediction-Based control

Prediction-based control schemes have emerged only in the last decade but have
received a great deal of attention. These methods replicate the status of slave site
through feedback information to build a model locally at first, and then apply the
control law [28]. Prediction schemes are recommended especially in time-varying
situations [13]. All schemes in [29], [30], [31] and [32] can handle variable delays.
Allowable maximum time delays are presented. Teleoperation systems operating
under the indicated time delays are guaranteed to be stable. With these kinds of
schemes, trade-off issues between stability and transparency no longer exist.
However, prediction techniques need background knowledge before they can be
applied to the control work. The approach also needs extra sensors to provide
accurate information on the first contact point to prevent unsafe and damaging
manipulation by the slave [28].

2.4.3

Other control methods

A few novel control schemes for bilateral teleoperation systems are also proposed in
[33], [34], [35], [36], and [37]. In [34], Ali and Trabiat analyse the influence of
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different controller structures on the tracking error. In [37] Polushin, Liu and Lung
add a filter to deal with the high gain problem. In [35], analysis is made of 11
different controllers based on three main control schemes: scattering-based, damping
injection and adaptive. The results are showing that it can guarantee stability or
asymptotic stability with constant time delays while some of them can accept
variable time delays mostly. Among them, a passive output synchronization scheme
shows robust performance with variable time delay but cannot guarantee position
tracking. All the experiments are under continuous time dynamics, thus are not
suitable for NCSs. [36] proposes a method based on closed loop frequency domain
analysis; however it can only deal with constant time delay.

2.5

Networked teleoperation: introduction

Since the TCP/IP protocol was proposed in 1974[38], the Internet has been
consolidating its role as the main information media in the world. The teleoperation
system over Internet studies started in 1995[12]. While in bilateral teleoperation
systems, information as force and position are influenced by random uncertain delays
based on Internet transmission. The fundamental networked teleoperation system is
presented in Figure 2-4:

Figure 2-4 Networked teleoperation system
Packet-switched network is afflicted with time-varying delays and packet loss issues,
if there is not a robust control strategy to the networked teleoperation system,
destabilization will ensue.
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2.6

TCP and UDP protocol networked systems analysis

In [1], a performance evaluation is carried out between TCP (Transmission Control
Protocol) and UDP (User Datagram Protocol) which are the most popular
transmission protocols used in the Internet. TCP guarantees transmission quality but
needs acknowledgement to continue transmission, while UDP is less time costly to
transmit because it doesn’t need reception. Moreover, the state proposes three
policies to deal with packet loss problems: null packet replacement, previous packet
and passive interpolation. In [12], the author proposes UDP as more suitable for realtime applications such as a teleoperation system based on the Internet.

Figure 2-5 TCP (upper) and UDP (lower) transmission
According to Figure 2-5 [39], UDP is superior since compared to TCP, firstly there is
no connection setup in the UDP, hence there is no additional delay. Secondly there is
no congestion control in the UDP, so it can transmit as fast as desired. Lastly UDP is
simple, and there is no connection state that needs to be kept at sender and receiver.

2.7

Applications

Teleoperation systems are widely used in space, military/defensive, security,
underwater, forestry, mining, telesurgery, and in the nuclear industry [1]. The
15

teleoperation ‘master and slave’ model was developed in the 1940s to protect
operators when handing radioactive materials.

2.7.1

Space

As introduced in previous chapter, it is beneficial to use Extra-vehicular Activity
(EVA) in developing bilateral teleoperation systems. Spacewalks are often required
at International Space Station. It is a high risk task for an astronaut to stay outside
the station and quite dangerous to deal with missions in unknown situations. Thus
bilateral teleoperation is the cornerstone of extending EVA and lowering the risk.
R1 and R2 [2] have different abilities to help astronauts finish space missions. R1
can carry heavier objects while R2 can move faster than R1. They both send
sufficient visual and sense feedbacks to human operators.

2.7.2

Military/defensive

As with space applications, unknown and high risk tasks in military/defensive
situations are putting teleoperation systems into practice. The most remarkable
application is the unmanned combat air vehicle (URAV). The URAV enable air
forces to detect and defend via air without an onboard pilot [40]. It can be used to
collect an enemy’s information such as geography, population and weapons. It also
can attack an enemy after locating position and giving feedback to a pilot in a safe
environment in real-time. This teleoperation application avoids losing human life by
substituting with an aerial vehicle.
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Figure 2-6 The model of WZ-2000 URAV[59]
Figure 2-6 is the WZ-2000 URAV which was revealed by Guizhou Aviation Industry
Group in the 2000 Zhuhai Air Show in the People’s Republic of China [59]. The
endurance of this URAV is three hours and the speed is 800km/h which satisfies the
needs of long-term missions.

2.7.3 Telesurgery
It is commonly recognized that our society has dramatically changed by
telecollaboration, and humans have made extraordinary progress in telesurgery
specifically with the collaboration of a surgeon and a remote manipulated ‘assistant’.
In a real operating room, surgeons demand that the teleoperation system has enough
feedback accuracy and speed [41]. The challenges faced by this medical technology
are: the teleoperation system should be guaranteed stable under unexpected
communication environments; sufficient information about the patient should be sent
to and represented to the surgeon instantly; sufficient information takes a long time
to transmit, especially video feedback which is utilized in telesurgery. One of the
advantages of telesurgery is the telerobotic remote surgical service [42].
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Figure 2-7 Laproscopic Telesurgery case operating at St. Joseph’s Hospital in
Hamilton, Canada [42].
In the Figure 2-7 shows the world’s first telerobotic remote surgical service which
was established in Canada. It is mainly used to help rural hospitals apply advanced
laparoscopic surgery. In this application, the master and slave are located in two
hospitals which are 400km apart; and a commercial IP-VPN network with 15 Mbps
was established. The 21 telesurgeries that have applied this system have helped
patients in rural communities.

2.8

Summary of the literature review

In this chapter, firstly background information about teleoperation was introduced,
secondly several popular existing control approaches were studied for later reference,
thirdly Internet environments and teleoperations based on Internet transmission were
analysed. Lastly several popular applications based on bilateral teleoperation were
introduced.
To sum up, in our teleoperation system:
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We use a passivity-based method which guarantees stability to the design
controller. More exactly we use the PE scheme in which position information is
transmitted between the master site and the slave site to develop the controller. It
is simple to apply and study.



The Internet environment we chose is UDP as no reception is required in this
protocol. It is one of the most popular protocols and since we focus on the
control field, we do not wish to spend time on developing new transmission
protocols which are suitable for teleoperation systems. Furthermore we avoid
facing the challenge of compatability of software with hardware. With passivity
theory and UDP transmission in our system, it is guaranteed to be stable and less
influenced by the Internet environment. The face that it is compatible and also
means

it

has

wide

potential
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in

applications.

3 MODELING AND DESIGN
3.1

Introduction

At this step, a linear one degree of freedom model is used to develop and test new
control strategies. We use new controller synthesis methods to develop a controller
for the system by defining an appropriate Lyapunov-Krasovskii functional by
applying tighter bounding technology in a cross terms and weighting matrix
approach.

3.2

Problem formulation

As described in chapter two:




M m x m (t )  Bm x m (t )  Fm (t )  Fh




(3-1)

M s x s (t )  Bs x s (t )  Fs (t )  Fe

We consider the position error control scheme, which is to minimize position error
e(t )  xm (t )  xs (t ) , thus we have
Fm (t )  K m [ xs (t  b(t ))  xm (t )]

(3-2)

Fs (t )  K s [ xm (t  f (t ))  xs (t )]

In equation (3-2), b (t ) and f (t ) indicate the backward delay (from slave to master)
and forward delay (from master to slave) respectively. And we have 0  b(t )  b ,
0  f (t )  f . Fm and Fs are the controllers located at the master and slave site

respectively. K m and K s are controller gains to be found.
Substituting equation (3-2) into equation (3-1) we get:




M m x m (t )  Bm x m (t )  K m [ xs (t  b(t ))  xm (t )]  Fh




(3-3)

M s x s (t )  Bs x s (t )  K s [ xm (t  f (t ))  xs (t )]  Fe

Then we have:


x m (t )  

Bm 
K
K
F
x m (t )  m xs (t  b(t ))  m xm (t )  h
Mm
Mm
Mm
Mm



B 
K
K
F
x s (t )   s x s (t )  s xm (t  f (t ))  s xs (t )  e
Ms
Ms
Ms
Ms

By defining
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(3-4)





x(t )  [ xm (t )x m (t )xs (t )x s (t )]T

(3-5)

(t )  [ Fh (t )Fe (t )]T
The state-space equation for equation (3-4) is:


x(t )  Ax(t )  Fx(t  f (t ))  Bx(t  b(t ))  C (t )

(3-6)

where
 0
 K
 m
 Mm
A
 0

 0

 0
 0

F  0

 Ks
 M s

1
B
 m
Mm
0

0 

0 

,
1 
B 
 s 
Ms 

0
0
0
K
 s
Ms

0

0 0 0
0


0 0 0
0
0 0 0 , B  


0
0 0 0

0
 0
 1

 Mm
and C  
 0

 0


0
0

0
Km
Mm

0
0

0
0

0

0


0
0 

0 

0 


0 
1 


Ms 

To achieve good transparency, we need to minimize the position error between the
master and slave. Furthermore, the force error between the human operator and
environment must be minimal. Thus we define the position error as
ex (t )  xm (t )  xs (t ) , and the force error to be e f (t )  Fh (t )  Fe (t ) .We also define the

 ex (t ) 
control output as z (t )  
 , where

e
(
t
)
f



  0 and   0

are two weighting

coefficients of the position and force errors respectively.
Thus we have
  0  0 
0 0 
z (t )  
x
(
t
)


   (t )  Ex(t )  G(t )
 0 0 0 0


where
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0 0 
 0  0 
E
and G  

.
  
 0 0 0 0
As our goal is to minimize ex (t ) and e f (t ) this can be achieved by finding gains K m
and K c such that ensure the stability of equation (3-6) is guaranteed and the following
H  performance requirement is achieved.



z (t ) z (t )dt   2  0 T (t )(t )dt , r  0

 T
0

(3-7)

According to equation (3-7),  is the performance index of the system. More exactly
smaller  requires smaller z (t ) , meanwhile z (t ) is directly related to ex (t ) which we
are trying to minimize. Consequently we are trying to obtain the control gains K m
and K c which satisfy the smallest  .

3.3

Main result

We use the following lemma in our controller design.
Lemma 1[43]:

M
For any constant matrices M 11  0 , M 22  0 , M 12  R nn ,  11
 *




M 12 
 0 , scalar
M 22 



(t )   , and vector function x :[  , 0]  R n then:


M
   t  [ xT ( s ) xT ( s)]  11
t 
 *



 x(t ) 
  x(t  (t )) 


  t  x( s )ds 
 t 


M 12   x( s ) 
   ds
M 22   x( s ) 



T

  M 22

 M 22

  M 12

M 22
 M 22
M 12



 M T 12   x(t ) 

M T 12   x(t  (t )) 


 M 11   t  x( s )ds 
  t 


If we choose a delay-dependent Lyapunov-Krasovskii functional candidate as
V (t )  V1 (t )  V2 (t )  V3
V1 (t )  xT (t ) Px (t )

V2 (t )  f  tt  f ( s  f )T (s)Q(s)ds
V3 (t )  b  tt b ( s  b)T ( s) S ( s)ds

22

Where b and f are the upper bound for the time-varying delays , P , Q and S are

Q Q12 
S
positive definite matrices which are Q   11
and S   11

 * Q22 
*

S12 
,
S22 



( s )  [ xT ( s ) xT ( s )]T .

The derivative of V1 (t ) , V2 (t ) and V3 (t ) along the trajectory of (3-6) satisfy








V (t )  V 1 (t )  V 2 (t )  V 3 (t )
where




V 1 (t )  2 xT (t ) P x(t )



2
Q Q12   x(t ) 
Q11 Q12   x( s) 
t
T
T


V 2 (t )  f [ xT (t )xT (t )]  11
f
[
x
(
s
)
x
(
s
)]




 * Q    ds
 t f
22  
 * Q22   x(t ) 

 x( s) 


2
S
V 3 (t )  b [ xT (t ) xT (t )]  11
*


S12   x(t ) 
 S11
t
T
T


b
[
x
(
s
)
x
(
s
)]



*
S 22   x(t )   t b




S12   x( s ) 
  ds
S 22   x( s ) 



It follows from equation (3-6) that


0  Ax(t )  Fx(t  f (t ))  Bx(t  b(t ))  C(t )  x(t )
 2 N (t )[ AF 0B0 I ]T (t )  2T (t ) NC(t )

(3-8)

where
T

T



T (t )  [ xT (t ) xT (t  f (t ))  tt  f (t ) x( s ) ds )  xT (t  b(t ))  tt b ( t ) x( s ) ds )  xT (t )]

and
N T  [ N1T  N 2T 0 N 3T 0 N 4T ]

From Lemma 1, we have


f
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T
T
[
x
(
s
)
x
(
s
)]
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(3-9)



S   x( s ) 
S
 b  t  [ xT ( s)xT (s)]  11 12     ds
t b
 * S22   x(s) 



x(t )


  x(t  b(t )) 
 t

  t b (t ) x( s)ds 

T

 S22

 S22
 S12


S22
S22
S12


S T 12  
x(t )



S T 12   x(t  b(t )) 


S11   tt b (t ) x(s)ds 



(3-10)

From equation (3-8), equation (3-9) and equation (3-10),








V (t )  V1 (t )  V 2 (t )  V 3 (t )  2T (t ) NC (t )
2

  (t )  (t )   (t ) NCC N (t )r  r  (t )(t )
T

T

 11
 *

 *

 *
 *

 *

T

T

2

12

13

14

15

 22
*

 23
33

 24
0

0
0

*

*

 44

 45

*
*

*
*

*
*

 55
*

(3-11)

T

16 
 26 
0 

 46 
0 

 66 

11  b 2Q11 f 2 S11  Q22  S 22  N1 A  AT N1T
12  Q22  N1 F  AT N 2T
 22  Q22  N 2 F  F T N 2T
13  Q12T
 23  Q12T
33  Q11
14  S 22  N1 B  AT N 3T
 24  N 2 B  K sT F T N 3T
 44   S22  N 3 B  BT N 3T
15   S12T
 45  S12T
55   S11
16  P  f 2Q12  b 2 S12  AT N 4T  N1
 26  F T N 4T  N 2
 46  BT N 4T  N 3
 66  f 2Q22  b 2 S22  N 4T  N 4

Adding z T (t ) z (t )  r 2 T (t )(t ) to both sides of Equation (3-11) yields


V (t )  zT (t ) z(t )  r 2T (t )(t )
 T (t ) (t )  ( Ex(t )  G(t ))T ( Ex(t )  G(t ))  T (t ) NCCT N T (t )r 2
 T (t )(t )

where T (t )   (t ) (t )  , and
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(3-12)
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From (12), if   0 then V (t )  z T (t ) z (t )   2 T (t )(t )  0 can be deduced and
equation (3-7) can be established with zero initial condition. From Equation (3-12) if


  0 then V  0 , equation(3-6) is stable when disturbance (t )  0 .

By the Schur complement,   0 is equivalent to
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(3-13)

By denoting N 2   2 N1 , N 3  3 N1 and N 4   4 N1 , where 2 , 3 and 4 are given
constants. Pre and post-multiplying both side of equation(3-13) with diag

 X , X , X , X , X , X , I, I 

and their transpose, define new variables

X  N11 ,

P  XPX T , Q11  XQ11 X T , Q12  XQ12 X T , Q22  XQ22 X T , S11  XS11 X T ,
S12  XS12 X T , S22  XS22 X T , Ym  BX T and Ys  FX T ,   0 is equivalent to
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(3-14)

where

11  b2 Q11  f 2 S11  Q22  S22  X T A  AT X
12  Q22  YS  AT 2 X
22  Q22  2YS  2YS T
13  Q12T
23  Q12T
33  Q11
14  S22  Ym  AT 3 X
24  2Ym  3YsT
44  S22  3Ym  3YmT
15  S12T
45  S12T
55  S11
16  P  f 2 Q12  b2 S12  AT 4 X  X T
26  4YsT  2 X T
46  4YmT  3 X T
66  f 2 Q22  b2 S22  4 X  4 X T
Thus we have the following theorem:
Theorem 1:
For a given time-varying delay, the close-loop system equation(3-6) is
asymptotically stable for any 0  f (t )  f and 0  b(t )  b if there exist matrices
P  0 , Q11   , Q22   , S11   , S22   and real matrices

the following inequalities:
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X , Q12 , S12 satisfying

3.4

0

(3-15)

Q11 Q12 

0
 * Q22 

(3-16)

 S11

 *

(3-17)

S12 
0
S 22 

Procedures to find K m and K s

We built the inequalities equation (3-15), (3-16) and (3-17) in Matlab and defined all
variables corresponding to Theorem 1. M m , M s , Bm and Bs are system
characteristics. We simply choosing  and  in equation (3-7) based on the
properties, and 2 , 3 and 4 are defined based on the given conditions, meanwhile
we choose the bound value of backward delay b and forward delay f . As discussed
in chapter two, the control gain should assume the responsibility for system stability
and transparency and strike a balance between these two factors since large control
gains satisfy transparency but destabilizes the system. Thus in our trial and error
process, we start from small values of control gain, and then we update the values
depending on tracking results. Lastly we use the Matlab LMI tool box to verify
whether the control gains satisfy the LMIs equation (3-15), (3-16) and (3-17) or not.

3.5

Summary of the design and modelling

Using the Lemma 1, and suitable Lyapunov-Krasovskii functional candidates are
chosen to deduce the inequalities equation (3-15), (3-16) and (3-17). We use a trial
and error method to find suitable control gains, more specifically, we choose from
small values and bring the values into the LMIs, and then we use the Matlab LMI
tool to verify the establishment.
The LMI commands are attached in the Appendix A at the end of this thesis.
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4 SIMULATION AND RESULTS
4.1

Model introduction

In this step, we mainly use Matlab/Simulink to establish the simulation model. The
simulation model is shown in Figure 4-1:

Figure 4-1 Bilateral teleoperation Matlab/Simulink model
The basic concept of this model is the ‘Step’ corresponds to a human force input to
the master, master and slave controllers generate controller forces apply to master
and slave respectively depending on the difference between master and slave position.
To be more realistically, we add an environment force to slave by building a model
which has inputs of slave position and slave velocity.
Following on from the last chapter, we have master and slave motor models show as
Figure 4-2:

28

Figure 4-2 Master and slave models
Master and slave motor models are established from (1)




M m x m (t )  Bm x m (t )  Fm (t )  Fh




M s x s (t )  Bs x s (t )  Fs (t )  Fe

(4-1)

Where xm (t ) and xs (t ) are the position of master and slave respectively, M and B
are the manipulator’s inertia and damping coefficients.

Fm (t ) and

Fs (t ) are

respectively the master and slave controller input forces. Fh represents the human
force applied to the master, and Fe is the environment force applied to the slave.
We also have the master and slave controller models as shown in Figure 4-3:

Figure 4-3 Master (upper) and slave (lower) controller models
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Master and slave controller models are established from (2):
The position error is e(t )  xm (t )  xs (t ) , thus we have
Fm (t )  K m [ xs (t  b(t ))  xm (t )]
Fs (t )  K s [ xm (t  f (t )  xs (t )]

(4-2)

In Equation (4-2), b(t ) and f (t ) indicate the backward delay (from slave to master)
and forward delay (from master to slave) respectively. Fm and Fs are the controller
located at the master and slave site respectively.
We use a ‘Sine Wave’ and a ‘Constant’ as inputs to generate variable time delays
applied to both paths: backward and forward. We can change the ‘Gain1’ to obtain
symmetric or asymmetric delays to master and slave.
In addition, the environment force to the slave is shown in Figure 4-4:

Figure 4-4 Environment model
Briefly, larger movements or velocity lead to larger opposing forces from the
environment.

4.2

Modelling method description

To simulate the realistic human forces we use ‘Step’ and ‘Pulse’ as inputs to the
master. To model delays in real transmission environment we apply three different
delay gains. Thus we present six experimental scenarios which make the simulation
more trustworthy.
In the simulation, the parameters are:
Mm  Ms  10kg , Bm  Bs  1 Fe (t )  K e xs (t )  Be xs (t )
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where
K e  1N / m and Be  0.1Ns / m , b  f  200ms ,      ,  2   3   4  0.1
One way of obtaining position error feedback gains for master and slave from
Theorem 1 in the last chapter, one way is to refer [4] use a matrix inequality
approach and the other way is by searching for possible values. We adopt the latter
method.
Based on controllers applied on similar model in papers, after testing several values
for K m and K s , we find when K m  0.1219 and K s  0.1189 , the inequalities of
equation (3-15), (3-16) and (3-17) are satisfied.

4.3

Simulation results

In the simulation, we adopt the external input signal as human force and monitor the
output of the slave; this output is the environment outcome Fe (t )  K e xs (t )  Be xs (t )
which is related to slave velocity. There are two kinds of input we apply to simulate
the human force: step and pulse. In the results below, the force represents the inputs
which simulated the human and the environment respectively.

4.3.1 Step input with different asymmetric time-varying delays
Figures 4-5 to 4-13 show the simulation results under different delay gains. The
delay gain is applied to the random generated delays to increase them. In position
and force in Figures 4-5, 4-6, 4-8, 4-9, 4-11 and 4-12, the red solid curve represents
the master position/force and the blue dash curve represents the slave position/force.
The random delays are also illustrated in different delay gain scenarios in Figure 4-7,
4-10 and 4-13.
As shown in Figure 4-5 to 4-13, with increasing delays, the proposed controller has a
more stable and faster response and less overshoot. It is also adaptive to high delays
with an acceptable tracking error as delay gain increases under the step input
experiment scenario.
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Figure 4‐5 Position tracking.

Figure 4‐6 Voltage tracking.

Figure 4‐7 Random generated time‐varying
delays0.8~1.2.

Figure 4‐8 Position tracking.

Figure 4‐9 Voltage tracking.

Figure 4‐10 Random generated time‐varying
delays 8~12.
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Figure 4‐11 Position tracking.

Figure 4‐12 Voltage tracking.

Figure 4‐13 Random generated time‐varying delays 16~24.

4.3.2 Pulse input with different asymmetric time-varying delays
Figures 4-14 to 4-22 show the simulation results under different randomly generated
delays. In position and force in Figures 4-14, 4-15, 4-17, 4-18, 4-20 and 4-21, the red
solid curve represents the master position/force and the blue dash curve represents
the slave position/force. The random delays are also illustrated in different delay gain
scenarios in Figure 4-16, 4-19 and 4-22.
As shown in Figure 4-14 to 4-22, with increasing delays, the proposed controller has
a more stable and faster response and less overshoot. It is also adaptive to high
varying delays with an acceptable tracking error as delay gain increases under pulse
input experiment scenarios.
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Figure 4‐14 Position tracking

Figure 4‐15 Voltage tracking

Figure 4‐16 Random generated time‐
varying delays 0.8~1.2.

Figure 4‐17 Position tracking

Figure 4‐18 Voltage tracking

Figure 4‐19 Random generated time‐varying
delays 8~12.
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Figure 4‐20 Position tracking

Figure 4‐21 Voltage tracking

Figure 4‐22 Random generated time‐varying delays 16~24.

4.4

Summary of simulation

In this chapter we build a bilateral teleoperation model in Matlab/Simulink. This
model is based on derived mathematical equations; in the control position
information is transmitted and used to generate a control force to both master and
slave respectively. In the simulation, we monitor three variables of the master and
slave: positions, forces and time-varying delays.
Position tracking is shown in Figures 4-5, 4-8, 4-11, 4-14, 4-17 and 4-20. Generally
the position tracking is acceptable but not optimal. We can observe the master is
leading the slave, while the steady state error between the master and the slave is
around 9 as shown in the results.
Force tacking is shown in Figures 4-6, 4-9, 4-12, 4-15, 4-18, and 4-21. Generally the
force responding is as expected. We can observe fluctuations of the slave forces
following the master forces.
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For the delays we chose in each simulation(Figure 4-3), we set amplitude as 0.2 in
the sine wave then added a constant 1 thus the range of time-varying delay becomes
0.8~1.2 in the delay gain is set as 1. With delay gains set as 10 and 20, the range of
time-varying delay becomes 8~12 and 16~24 respectively. This can be observed in
Figures 4-7, 4-10, 4-13, 4-16, 4-19 and 4-22.
After a few simulations, we prove that the teleoperation simulation system can adapt
to asymmetric time-varying delays with our controller. The system guarantees
stability and has acceptable transparency. With step and pulse two different inputs in
the simulations, results show that our controller is reliable.
In simulation, we apply two different inputs as human force to this system,
meanwhile three delay gains are applied into the system. We try to achieve a realistic
environment

to

determine

the

performance
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of

designed

controller.

5 EXPERIMENTAL PLATFORM AND RESULTS
5.1

Test environment introduction

Experimental investigation and validation of the developed teleoperation control
system is another important part of this project.
We use products from Zeltom Educational and Industrial Control Systems to
implement our practical experiment. To build a hardware-in-the-loop (HIL) control
platform, two Hilink microcontroller boards, a corresponding Simulink library for
Matlab/Simulink and two DC motors with encoders are chosen.

5.2

Real-time teleoperation system establish progress

Figure 5-1 below shows the experimental teleoperation control system we are using.
These two computers are both connected to the campus Internet, Leo’s IP address is
10.26.43.131 and Ray’s IP address is 10.26.43.130. Specific ports exception of TCP
and UDP are set in a firewall for future experiment.

Figure 5-1 Leo (Left) and Ray (Right).
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5.2.1 Master and slave model with hardware in the loop

Figure 5-2 Master and slave with Hilink input/output built in.
In Figure 5-2, block H0 and E0 are from the Zeltom Hilink library. H0 plays the role
as the motor’s input as shown in the figure, and the motor is fully triggered and
controlled by the signal to H0. H0 is turned to shifted mode and the gain 1/12 in front
of it ensures the motor is only triggered by a provided signal.
E0 plays the role as output of the motor, more exactly it is the angular of the motor.
We use the

s
transfer function to obtain the velocity of the motor. This will
0.01s  1

provide velocity of the motor.

5.2.2 Master site set up
As shown in Figure 5-1, the right hand side computer named Ray plays the master
role. It connects to the campus local area network via a wire. A Hilink board is
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interfaced to Ray’s serial port via a crossover cable. The Hilink board connects to a
DC motor with encoder via cables.
A master HIL platform is running in Ray’s Matlab/Simulink as shown below

Figure 5-3 HIL platform in Ray

5.2.3 Slave site set up
As shown in Figure 5-1, the left hand side computer named Leo plays the slave role.
It has the same network and hardware environment as Ray. A slave HIL control
platform is running in Leo’s Matlab/Simulink as shown in Figure 5-4 below.

Figure 5-4 HIL platform in Leo
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5.3

Hilink board introduction

The Hilink microcontroller board which is a platform that can implement real time
control under the software environment of Matlab/Simulink and Real-Time Windows
Target is mainly used to construct the real-time control platform. It works as a data
acquisition board and provides an interface between the motor and Matlab/Simulink.
The teleoperation system benefits from this board by achieving an HIL control
platform. Thus the performances of controller can directly reflecting from the motor.
This board is connected to the PC’s serial port via a standard null modem cable.
Additionally a 12V/5A/DC supply provides power to this board. Figure 5-5 shows
the outlook of the Hilink board.

Figure 5-5 The Hilink board.

5.3.1 Hardware
This board consists of eight analog inputs (A0-A7), two capture inputs (C0-C1), two
encoder inputs (E0-E1), one digital input(D0_d0-D0-d7), two analog outputs (B0B1), two frequency outputs(F0-F1), two pulse outputs(H0-H1) and one digital output
(G0_g0-G0_g7) as shown in Figure 5-6 [44].
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Figure 5-6 Functional block diagram of the board
The Hilink board is working as an information accurate board, working as a bridge
between the Matlab/Simulink and application, for instance, the motor. In our
experiment, this board is supplied with a 12V DC power supply. We connect the
power supply to CON0, VPS is the positive terminal and GND is the negative
terminal. The DC motor is connected to CON6 and the encoder is connected to
CON2. The board is connected to the PC through a serial cable.

5.3.2 Software
The software of this board is fully integrated into Matlab/Simulink. It comes with the
Simulink library blocks which are associated with corresponding hardware input and
output. This library consists of analog input block, capture input block, encoder input
block, digital input block, analog output block, frequency output block, pulse output
block and digital output block as shown in Figure 5-7.
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Figure 5-7 Library: Hilink
In our experiment, we use H0 to send a signal to the motor. This signal is applied as
the human force to manipulate the motor. For the master, the signal is from an
external input, while for the slave, the signal is the environment force. We adopt E0
to capture the information from the motor. It outputs the position information of the
motor. In this library, there is not a block that can output the velocity information
directly, thus in the hardware-in-the-loop we indirectly obtain the motor’s velocity
from the position information.
Following the manual, we set the sample time to 1/2048 and stop time to inf
(infinite). We also confirm that the com port settings of H0 and E0 match the com
ports of the PCs.

42

5.4

Hilink motor introduction

The Zoltom DC motor system (Figure 5-8) includes two parts: a motor and an
encoder [45].

Figure 5-8 Motor encoder combination
The fundamental electronic diagram of the permanent magnet DC motor system
model is shown in Figure5-9 below:

Figure 5-9 DC motor system model
Where,
v is the voltage applied
i is the current through the motor
R is the armature resistance
L is the armature inductance
e is the back emf voltage
t is the torque generated by the motor
thita is the angular position of the motor
w is the angular velocity of the motor
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J is the moment of inertia of the load
m is the external torque
B is the viscous friction coefficient
The motor is a 12V permanent magnet motor with carbon brushes. It converts
electrical energy into mechanical energy. It can implement position control and
speed control in HIL control platforms in real-time. In our teleoperation systems, we
add a 1/12 gain block in front the armature of the motor. Then the input voltage
works as human forces which trigger and actuate the motor. The responses of the two
motors are directly reflecting the fact that the satisfaction of the controller
contributes to the design specifications. We use this motor as the application part of
our HIL platform because it is easy to set up and analyze.

5.5

Communication network setting progress

For the communication of part in this project, the expectation is to let two Simulink
models in two separated computers ‘talk’ to each other. More specifically the master
HIL control platform in Ray can exchange information with the slave HIL control
platform in Leo by using TCP or UDP protocol in the campus network, so validating
the network based teleoperation system performance under designed controllers.
At the very beginning we expected the communication blocks in the
Matlab/Simulink Instrument Control Toolbox to be able to work as communication
interfaces. Unfortunately I had a misunderstanding as to how to use the blocks. After
numerous tests, it has been found that these blocks are not supporting real-time data
transmission between two computers but they only work with electronic and
scientific instrumentations, for instant, oscilloscopes, function generators and
analytical instruments [46].
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5.5.1 Existing methods testing
5.5.1.1 User defined TCP/IP Matlab/Simulink library
5.5.1.1.1

Hardware input/output library for Matlab/Simulink(IOlib)

This library was developed by the Werner Zimmermann [47], for Matlab/Simulink
under Windows operating systems only. Through this library, by adding a Matlab
function as timer and interrupt call-back functions, TCP/IP connection can be applied
between two Simulink modes between two computers.

Figure 5-10 IOlib
Although this library can support real time transmission between Simulink models,
when I was trying to use it in a teleoperation system, it did not work. The reason was
found to be that the block cannot be used twice in one Simulink model. This means it
can only be used to build open loop control systems which have no practical use.
Moreover, this library is not an open source and it is impossible to modify it.

5.5.1.1.2

Windows sockets based TCP/IP server and client blocks

The [48] describes this worrisome issue and proposes a pair of complicated c++
programmes which correspond to two self-defining S-functions in Simulink. The
basic idea is to use Winsock which is a technical specification that defines how
Windows network software should accesses network services, especially TCP/IP.
Much time was spent debugging and testing, but with a negative result because the
provided program was not compliable.

5.5.1.2

Matlab interface commands transmission

The example in [49] was tested and verified successfully in Matlab2011b with the
new function NetworkRole. Furthermore, different types of data transfer
performances have been tested and found successful. The corresponding ‘Send’ and
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‘Receive’ function were generated and worked well. Since my teleoperation HIL
control platforms are based in Matlab/Simulink, I tried to build my own
communication blocks depending on the introduced commands. However these
commands were not compatible with real-time modelling.

5.5.1.3 Quarc prototyping
Quarc [50] is a rapid control prototyping tool designed by Quanser. The stream
server and stream client blocks in this library can be used to send and receive data
between a Server and a Client in real-time. The Server and Client can be two
separate Simulink models running on the same PC, or two Simulink models running
on two different PCs that are connected to each other by either a cross-cable, or a
local network. A variety of communication protocols such as TCP/IP, UDP, serial,
shared memory etc are supported. Full control is possible over communication
channel parameters such as communication mode (blocking or non-blocking, channel
optimization, send and receive buffer sizes, etc).

Figure 5-11 Quarc stream server block
The trial results are shown below:
Target

Working

Comments

or not
1.

Quarc Basic Local Windows

Yes

The ‘Stream Client’ and ‘Stream

2.

Communicat

Yes

Server’

Remote

ions Demo

blocks

working

properly.

3.

My

Local Windows

Yes

Working

4.

Teleoperatio

Remote

Yes

protocol.

n Model
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well

with

TCP/IP

5.

Single Motor RayLeo (with No

Not compatible with Hilink

Testing

board.

6.

motor)
LeoRay (with No
motor)

Table 5-1 Quarc library testing results
Table 5-1 illustrates the results of the Quarc library testing. Firstly the Quarc library
works well with real-time Simulink transmissions. Secondly, it was found that Quarc
is not compatible with Hilink. More exactly, they use two different system target
files to compile models. The Hilink board library uses rtwin.tlc but Quarc has its own
named quarc_windows.tlc. Instead of spending an unforeseeable length of time to
compile two files together, debug and use them, an easier and more compatible issue
solution is to purchase hardware parts from Quanser to replace Hilink hardware parts.
However due to a budget constraints, we did not proceed with this potentially very
useful software.

5.5.2 Cooperative designed UDP/IP blocks with the Zeltom

Figure 5-12 UDP/IP example
Figure 5-12 shows the UDP/IP block pair developed by the Zeltom specifically for
our teleoperation system. The communication part is an important element of the
teleoperation system over the Internet. This library works as an interface between
Matlab/Simulink and a packet switch protocol in real-time. The example in Figure 512 is the model in a computer where the IP address 10.26.43.130 sends a sine wave
to a model in a computer with the IP address 10.26.43.131. The sine wave will be
generated in the sender computer and observed in the receiver computer scope in
real-time.
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Figure 5-13UDP Output and Input
Figure 5-13 shows the parameters of the UDP output and input blocks. The UDP
output block works as a sender; it collects data and sends it to the remote. The UDP
output block works as a receiver; it receives data from the sender and outputs it to the
model. IP address and port numbers are needed to establish the communication. Note
that the local UDP port in the UDP output must be same as the remote UDP port and
vice versa.

5.6

Validation method description

In validation, we monitor the tracking of slave to master from force, position and
velocity. We also can observe the motor movements from the spinning of flags
which are tied on to the motors as shown in Figure 5-14.

Figure 5-14 Motors with flags
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We carried out two main experiments in this part: one computer with two motors and
two computers with two motors. The former scenario is a computer with a PCI serial
card which includes two serial ports for desktops. In this scenario we can fully
control the delay between the master and the slave. The second scenario is two
computers with Ray and Leo playing master and slave respectively, and motors are
connected to them separately.

Figure 5-15 One PC delay fully controlled scenario
In the ‘one computer two motors’ scenario as shown in the Figure 5-15, we
determine the performance of the designed controller in a delay-free environment
and delay-added environment. Then we updated the controller by error and trial.
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Figure 5-16 Two PCs realistic delay scenario
In the ‘two computers two motors’ scenario as shown in Figure 5-16, we validate the
updated controller in a realistic Internet time-varying delay environment.

5.7

Validation results

5.7.1 One computer two motors scenario
5.7.1.1 One computer two motors delay-free environment

Figure 5‐17 Voltage
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Figure 5‐18 Position

In this scenario, we use K m  0.1219 and K s  0.1189 as we use in the Simulation.
Communication delay is zero. Red curves represent master and blue curves represent
slave.
It can be observed from Figure 5-17 and 5-18 that with our controller, even without
delay the tracking of the slave motor is not good. The designed controller is not
efficient enough to make the slave motor track the master motor well. In general it
seems we should increase the slave gain because the shapes of the signal are similar.
5.7.1.2 One computer two motors delay-added environment

Figure 5‐19 Voltage
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Figure 5‐20 Position

In this scenario, we use K m  0.1219 and K s  0.1189 , and the communication delay
varies between 0.8~1.2s and asymmetric time-varying.
It can be observed from Figure 5-19 and 5-20 that with our designed controller, in
the delay added scenario, there is not much difference of the shapes of the signal
compared to the time delay-free result. The only significance different is in this
experiment, due to adding delay is that all slave curves have a flat beginning as can
be seen in the figures above.
The flat beginning also influences in the real motor movement: we notice the two
flags do not start to spin at the same time.
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5.7.1.3 One computer two motors delay added and trial controller environment

Figure 5‐21 Voltage

Figure 5‐22 Position

In this scenario, after trial, we use K m  0.5 and K s  5 , and the communication
delay is 200ms and asymmetric time-varying.
As can be observed from Figure 5-21 and 5-22, the tracking between the slave and
the master is notably better than the previous result. The flat beginning still exists but
it does not influence the performance of the tracking.
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5.7.2 Two computers with trail controller

Figure 5‐23 Voltage

Figure 5‐24 Position

In this scenario, after trial, we use K m  0.5 and K s  5 , the communication delay is
the real delay between Ray and Leo under UDP transmit protocol.
As can be observed from Figure 5-24, master position and slave position are tracking
very well. In addition, with a realistic time delay, there is no flat beginning existing
anymore. We assume our controller has better performance in a practical situation
and application.
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We also observe that the two motor flags have similar moves in both direction and
position.

5.8

Summary of experimental platform and results

In this chapter, we establish two HIL control platforms. One has a fully controlled
delay; the other one has a realistic Internet delay. We use the first HIL platform to
validate the controller we developed and tested in the previous chapter. Depending
on the result, we trialled the controller and then apply the trialled controller to the
second HIL platform. The second platform is built on two computers which connect
to each other via the Internet and we use the UDP as the transmission protocol to
achieve better real-time transmission performance.
For force tracking, from Figures 5-17, 5-19, 5-21 and 5-23 we can observe: firstly, in
the delay-free environment, the fluctuations of the master and the slave are similar
while the master force has larger amplitude than the slave. Secondly, in the delay
manual added environment, the fluctuations are almost same as the delay-free result;
the only difference with the delay-free environment is there is a half period flat
beginning in the slave curve. It is believed that the delay causes this phenomenon.
Thirdly, with the trialled controller in manual delay added environment, force
tracking is better than previous ones especially where amplitudes are similar. Lastly
in the realistic environment, the amplitude of the slave force is much larger than the
master one, while there is no flat beginning and the curve presents more smoothly.
For position tracking, from Figures 5-18, 5-20, 5-22 and 5-24 we can observe: firstly,
in the delay-free environment and the delay manual added environment, there is not
much difference except for the flat beginning in the delay-added scenario. The
tracking in these two scenarios are acceptable but not optimal and the amplitudes are
different since the slave’s are much smaller than the master’s. Secondly, with the
trialled controller in the manual delay environment, position tracking is better than
previous ones especially where the amplitudes are similar.
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Lastly in the realistic environment, we can observe position tracking is as good as
expected, the two fluctuations have similar amplitudes and most of the time they are
coincide with each other.
Consequently the updated controller is proofed with two HIL control platforms and
then the results show the designed controller is suitable for practical use.
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CONCLUSIONS AND RECOMMENDATIONS

In this thesis, we proposed a teleoperation controller design method. The newly
presented approach is good at dealing with time delays in teleoperation systems
especially time-varying asymmetrical delays. The advantage of the proposed
controller is its robust stability and transparency.
We established a Matlab/Simulink model to determine the performance of the
designed controller, we have presented different simulation scenarios to achieve a
realistic environment.
We built a hardware-in-the-loop control platform which is composed of
Matlab/Simulink model and hardware motor. We apply numerical experimental
validations that illustrate the effectiveness of the theoretical results. Then based on
our practical results we updated our controller to be more adaptive to realistic
environments.
To extend this project three possible future works can be explored. Firstly in this
thesis due to limited time, a linear model is used for easier analysis, and this model
has only one degree of freedom. A non-linear model with multiple degrees of
freedom could be studied in the future.
Secondly, we use a wire network under UDP protocol in the practical part. In our
validation part, it can be seen Ray and Leo are close to each other, thus even if there
is delay and packet lost in transmission, it will not very much. Future work could
involve two computers located in different offices on the campus, more exactly there
should be greater distance between Ray and Leo.
Last but not least, wireless could replace a wired network as the media. It would be a
challenge to use a wireless system in a teleoperation system, but we truly believe that
by avoiding the annoying wires we could widen the application of teleoperation.
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APPENDIX LMI TOOLBOX CODE

%Variables.
Mm=10;Ms=10;Ke=1;Be=0.1;Bm=1;Bs=1;
b=0.2;f=0.2;
alf=1;beta=0.1;
lamda2=0.1;lamda3=0.1;lamda4=0.1;
%na=size(A)*[0 1]';% matrix dimension
na=4;
%Initial a LMI system
setlmis([]);
%Define Variables
%P,Q11,Q12,Q22,S11,S12,S22.
P=lmivar(1,[1 0]);
gama=lmivar(1,[1 0]);
Q11=lmivar(1,[na 1]);
Q12=lmivar(2,[na na]);
Q22=lmivar(1,[na 1]);
S11=lmivar(1,[na 1]);
S12=lmivar(2,[na na]);
S22=lmivar(1,[na 1]);
X=lmivar(1,[1 0]);
Km=lmivar(1,[1 0]);
Ks=lmivar(1,[1 0]);
%Ym=BX'
Ym=lmivar(1,[1 0]);
%Ys=FX'
Ys=lmivar(1,[1 0]);
miu1=0;
miu2=0;
%Variables
A=[0 1 0 0;Km/Mm -Bm/Mm 0 0;0 0 0 1;0 0 Ks/Ms -Bs/Ms];
F=Ks*[0 0 0 0;0 0 0 0;0 0 0 0;1/Ms 0 0 0];
B=Km*[0 0 0 0;0 0 1/Mm 0;0 0 0 1;0 0 0 0];
C=[0 0;-1/Mm 0;0 0;0 -1/Ms];
E=[alf 0 -alf 0;0 0 0 0];
G=[0 0;beta -beta];
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% Q11,Q22,S11,S22>0
Q11N=newlmi;
lmiterm([-Q11N 1 1 Q11],1,1);
Q22N=newlmi;
lmiterm([-Q22N 1 1 Q22],1,1);
S11N=newlmi;
lmiterm([-S11N 1 1 S11],1,1);
S22N=newlmi;
lmiterm([-S22N 1 1 S22],1,1);
%matrix MAIN(13) positions set up
MAIN=newlmi;
%pos in (1,1)
lmiterm([MAIN 1 1 Q11],b^2,1);
lmiterm([MAIN 1 1 S11],f^2,1);
lmiterm([MAIN 1 1 Q22],-1,1);
lmiterm([MAIN 1 1 S22],-1,1);
lmiterm([MAIN 1 1 X],A',1,'s');
%pos in (1,2)
lmiterm([MAIN 1 2 Q22],1,1);
lmiterm([MAIN 1 2 Ys],1,1);
lmiterm([MAIN 1 2 X],A'*lamda2,1);
%pos in (2,2)
lmiterm([MAIN 2 2 Q22],-1,1);
lmiterm([MAIN 2 2 Ys],lamda2,1,'s');
%pos in (1,3)
lmiterm([MAIN 1 3 -Q12],-1,1);
%pos in (2,3)
lmiterm([MAIN 2 3 -Q12],1,1);
%pos in (3,3)
lmiterm([MAIN 3 3 Q11],-1,1);
%pos in (1,4)
lmiterm([MAIN 1 4 S22],1,1);
lmiterm([MAIN 1 4 Ym],1,1);
lmiterm([MAIN 1 4 X],A'*lamda3,1);
%pos in (2,4)
lmiterm([MAIN 2 4 Ym],lamda2,1);
lmiterm([MAIN 2 4 -Ys'],lamda3,1);
%pos in (4,4)
lmiterm([MAIN 4 4 S22],-1,1);
lmiterm([MAIN 4 4 Ym],lamda3,1,'s');
%pos in (1,5)
lmiterm([MAIN 1 5 -S12],-1,1);
%pos in (4,5)
lmiterm([MAIN 4 5 -S12],1,1);
%pos in (5,5)
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lmiterm([MAIN 5 5 S11],-1,1);
%pos in (1,6)
lmiterm([MAIN
lmiterm([MAIN
lmiterm([MAIN
lmiterm([MAIN
lmiterm([MAIN

1
1
1
1
1

6
6
6
6
6

P],1,1);
Q12],f^2,1);
S12],b^2,1);
X],A'*lamda4,1);
-X],-1,1);

%pos in (2,6)
lmiterm([MAIN 2 6 -Ys],lamda4,1);
lmiterm([MAIN 2 6 -X],-lamda2,1);
%pos in (4,6)
lmiterm([MAIN 4 6 -Ym],lamda4,1);
lmiterm([MAIN 4 6 -X],-lamda3,1);
%pos in (6,6)
lmiterm([MAIN 6 6 Q22],f^2,1);
lmiterm([MAIN 6 6 S22],b^2,1);
lmiterm([MAIN 6 6 X],-lamda4,1,'s');
%lmiterm([MAIN 6 6 -X],-lamda4,1);
%pos in (1,7)
lmiterm([MAIN 1 7 0],C);
%pos in (2,7)
lmiterm([MAIN 2 7 0],lamda2*C);
%pos in (4,7)
lmiterm([MAIN 4 7 0],lamda3*C);
%pos in (6,7)
lmiterm([MAIN 6 7 0],lamda4*C);
%pos in (7,7)
lmiterm([MAIN 7 7 gama],-1,1);
%pos in (1,8)
lmiterm([MAIN 1 8 X],1,E');
%pos in (7,8)
lmiterm([MAIN 7 8 0],G');
%pos in (8,8)
lmiterm([MAIN 8 8 0],-1);
LMIs=getlmis;
num=decnbr(LMIs);
c_obj=zeros(num,1);
c_obj(decinfo(LMIs,gama))=1;
option=[0 100 1e9 100 1];
[tmin,xfeas] = mincx(LMIs,c_obj,option);
if tmin==0
tmin
gamma=1e10;
Kc=0;
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else
q=dec2mat(LMIs,xfeas,X);
y1=dec2mat(LMIs,xfeas,Ym)
y2=dec2mat(LMIs,xfeas,Ys)
Km=-y1*inv(q')
Ks=-y2*inv(q')
gamma=tmin
end
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