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Abstract 

Teleoperation with force reflection, also named bilateral teleoperation, has gained more and more 
attentions in many scenarios of space and terrestrial robotics. It has been applied in many industrial 
fields such as medical robotics, industrial automation and space robotics. However, problems with 
non-perfect data transmission, such as time delays severely degrade system performances, are still 
key issues under investigation by the science and technology society of robotics and control 
engineering. Many methods to solve the time-delay problem have been proposed. Among them, the 
passivity and scattering theory provided by Spong and Anderson [4], the wave-variable method 
proposed by Niemeyer and Slotine [5], sliding-mode control and predictive control are some 
representative methods which are widely used.  
 
The aim of this thesis is to: 1) to build an intuitive bilateral teleoperation platform by using two 
Quanser devices equipped at the Department of Informatics VII of the Wuerzburg University; 2) 
under different communication and different environmental conditions, to preliminarily investigate 
the performance of the designed teleoperation platform with certain control strategies, such as the 
wave-variables methods and the predictive control method. 
 
To achieve the target mentioned above, a bilateral teleoperation platform is designed at first. The 
corresponding user interface has the ability to simulate different transmission conditions, like 
different types and values of the time delay. It can also stores the experimental data. In the thesis 
work, the wave-variable method and the wave-predictive method are implemented respectively in 
the designed bilateral platform. The wave-variable method could guarantee the passivity of the 
communication channel by transforming the power variables into wave variables. The 
wave-predictive method could improve the robustness of the teleoperator and it is more suitable to 
handle tasks with large time delays such as space missions. Furthermore, to solve the 
wave-reflection problem induced by the wave transformations, wave filters are applied in the 
systems. Several experiments of the designed platform are performed under different conditions 
and their results are compared and analyzed. 
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1. Introduction 

The teleoperation techniques have been developed for many years. Since 1960s, researchers have 
designed sorts of teleoperation systems in various areas. However there is one severe problem in 
the teleoperation applications, the time-delay problem. As the time delay exists, the teleoperation 
system would become instable and the performances could be severely degraded. Many methods 
were provided to solve that problem in the past years. This chapter gives a brief introduction for 
some of them: the passivity and scattering theory, the wave-variable method and the predictive 
method. In the end, different properties of time-delayed communication are discussed and the time 
delay in the space mission is also specified.  

1.1 State of the Art 

1.1.1 Teleoperation and its application 
Teleoperation, which means to operate a machine over long distance, has been developed for many 
years. Ever since very long time ago, people have learnt to use tools to keep them away from 
dangerous environment. There are a lot of examples, like long handled fire tongs are used to pick 
up things from the fire and people puts down the bucket into the well with a rope to get water 
instead of climbing down themselves. These are the beginning ideas of teleoperation.  
 
As the technologies developed, recently the terminology of teleoperation no longer means a rope or 
a long handled tong anymore. However, its purpose does not change too much: to avoid hostile 
environment or to enter specified places that humans are not capable of entering. Teleoperation is 
widely used in the area of mobile vehicles, micro robots, space robots, nuclear power plant, 
environmental pollution and etc. [1] provides a brief illustration of the history of teleoperation. 
Here are some pictures of teleoperation in the past.  
 

 
Figure 1-1: Different applications of teleoperation 

(Source: 1st: Kyushu Electric Co. 2nd: Klutz press, 2170 Staunton CT., Palo Alto CA 94306，Central Research 
Laboratories, Red Wing Minn. 3rd: Jet Propulsion Laboratory negative number 9647 AC.) 
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The first picture on the left is “Hot-Line Telerobot System” from Kyushu Electric Power Co. This 
system assures the safety of the human operators when they are repairing high-voltage electrical 
power lines. The second picture is about Mechanical Teleoperator. (The picture source is from 
Novelty postcard book published by Klutz press, 2170 Staunton Ct., Palo Alto CA 94306 -- 
originally from Central Research Laboratories, Red Wing Minn.) The people in the picture were 
using the device for lighting the cigarette. However its main purpose is to handle toxic materials in 
the nuclear weapons complex. The third picture shows the first master unit with six degree of 
freedom which was designed only for humans. The machine in the picture can support feedback 
forces and torques for positioning and constraining an object in space. (The picture source is from 
JPL negative number 9647 Ac.)  
 
In most cases, teleoperation system consists of a master and a slave manipulator apart from each 
other. There are several ways for human operator to control the remote machine, like the joystick, 
keyboard and even the operator’s own movements. The control commands from the master device 
and the feedback information from the remote site are sent electrically by cable or radio waves. 
Sometimes the human operator can have a direct visual contact to the target to be controlled. 
However the visual feedback is more often displayed via screens or other instruments.  
 
Teleoperation is a key issue in space robotics. The space robots have many unsolved problems: 
communication time delay, complex and dangerous environments in the outer space, severe weight 
limit because of launch budget and etc. To overcome these disadvantages, many space missions 
have been launched to test the various technologies in teleoperation since the 60s of the last century. 
Here is one recently launched example. 
 
As mentioned in [2], the German ROTEX (Robotic Technology Experiment, Figure 1-2) flew with 
the space shuttle Columbia in 1993 was the first mission of the remotely operated space robot. 
 

  
Figure 1-2: The ROTEX Mission 

(Source: DLR, German Aerospace Center) 
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As shown in the above figure, the ROTEX system can be either teleoperated by the astronauts or 
from the ground station. For the teleoperation system, a six degree of freedom non-force reflecting 
control ball is chosen to control the mechanical arm. Meanwhile, a stereo TV is used to reply the 
visual information. The main features of the ROTEX are the six-axis robot which is mounted inside 
the space-lab rack, a multisensory gripper and a fixed pair of cameras which provide the stereo 
image of the robot working area. The sensor system which included two six-axis force torque wrist 
sensors, tactile arrays, grasping force control, an array of nine laser-range finders and a tiny pair of 
stereo cameras built up the most complex multisensory gripper at that time (1993).  
 
The ROTEX mission was a great success. As [3] mentioned, it demonstrated the technical 
probability of intelligent multisensory internal robot system. In details, the ROTEX tested the 
sophisticated multisensory gripper technologies and realized an intelligent local control system. 
Furthermore, by using the predictive graphic simulation concept, the mission compensated the 
communication time delay during the teleoperation. The time delay limit was five to seven seconds. 
(Information source: DLR website)  
 
The ROTEX mission was mainly an experiment about capturing free floating objects in space. 
Obviously, the techniques demonstrated in this mission can be used to capture tumbling satellites in 
free space in the future. It is also the main intent of the ROTEX mission. There are also many other 
space robot missions were implemented, such as the RMS (Remote Manipulator System) and MSS 
(Mobile Servicing Systems) in Canada, ETS-VII satellite (built by Japan), ERA (European Robot 
Arm) in Russian and etc.[3] 
 
From all the teleoperation applications discussed before, it is easy to find out that the feedback 
information from the remote site is a basic requirement to accomplish a practical teleoperation task. 
Generally, the visual displays are often used as the feedback information. However, in order to 
improve the task performance, the contact force in the remote site which can give the human 
operator a direct force reply is more helpful. As [4] mentioned, when the force reflection from the 
remote environment to the human operator is completed, the task is said to be controlled bilaterally. 
Unfortunately, the communication in the teleoperation system could induce a severe problem, the 
time-delay problem. The time delays in the communication channel could cause severe disability in 
the control procedure. Therefore to remain stability of the teleoperation system when the time delay 
exists becomes an important researching area in control theory and robotics.  

1.1.2 Passivity and Scattering Theory 
The time-delay problem remains unsolved until 1989. That year Anderson and Spong published [4] 
and provided a new perspective to deal with this problem, the passivity and scattering theory. 
Besides being a method to approach the instability problem caused by time delays, it also becomes 
the foundation of many following theories and methods which deal with the same problem. 
 
At first a basic teleoperation system is depicted by the block diagram in the figure below. The 
parameters transmitted in the system are force F and velocity v. The suffix “m” and “s” represent 
master and slave respectively. Fmd and vsd are designed to be the reference force and velocity for the 
slave system. 
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Figure 1-3: The block diagram of a teleoperator system 
 
The above system is clearly divided into five parts: human operator, master manipulator, 
communication block, slave manipulator and remote environment. By using the network theory, 
the above system can be considered to be several n-port networks. It helps to analyze each element 
in the system independently. For instance, the communication block which brings time delay can 
be separated and analyzed with more concerns. Hence the passivity concept is discussed below 
based on the separated communication block. 
 
By using the analogy between mechanics and electronics, the force F and velocity v transmitted in 
the system in the above figure are considered to be an effort and flow pair, just like voltage and 
current. Therefore the difference between the entered energy and the exited energy of the 
communication block is defined as below: 

 ∆ . Eq. 1-1

In the above equation, the sign of vsd is reversed to minus because the flow vsd is exiting rather than 
entering the block. As defined in the paper [4], the communication block is passive when ΔE is 
larger or equal to zero. In other words, the system is passive when it absorbs more energy than it 
produces. Furthermore, to consider about the energy dissipations, the stored energy in the 
communication block is: 

 0 ∆ . Eq. 1-2

In the equation, Pdiss represents the dissipation power, Estore(0) represents the initially stored energy 
in the communication element and the variable Ê is the additional energy generated by the 
communication block itself. As discussed in both [4] and [5], the element is passive when Ê is 
equal to zero. In other word, when the system obeys the following equation, it could be judged 
passive.  

 ∆ 0 . Eq. 1-3

Besides, the system is said to be lossless when the energy dissipation is zero. 
 
Due to the passivity concept, it is obvious that the passive elements would show stable behavior in 
teleoperation systems. It is because passive elements cannot generate energy. As the input energy 
can only be dissipated or transferred, the passive nature of these elements helps them to stay stable. 
 
As a supplement, some passive elements which can be applied in the system are also given in [4]. 
There are mainly six passive elements shown in the table below: 
 

Symbol Mechanical system elements Corresponding electrical elements
M Inertial element Inductance 
B Damping element Resistor 
K Stiffness element Capacitance 
Z Impedance element Impedance 
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/ Two-port ideal transformer Transformer 
/ Linear two-port lossless transmission line Transmission line 

Table 1-1: Passive network elements 
 
The table relates mechanical system elements to the corresponding electrical elements by using the 
analogy between mechanics and electronics. As the passivity concept suggests, the system created 
by the above elements is also passive. However this does not mean a passive system must be built 
by the passive elements. For instance, the dependent resources such as dc-motors can also be 
controlled in some ways to imitate the Input/output performance as a passive system. 
 
The above passivity’s definitions are simple. However the definition itself could not be a suitable 
criterion to judge passivity. Therefore the scattering operator was then introduced. For a linear time 
invariant (LTI) system, scattering operator S is defined in the following S-domain equation: 
 . Eq. 1-4
In the equation, the force F and velocity v are can also be considered as effort F and flow v. For a 
one-port LTI network, the relationship between effort and flow is specified by the network 
impedance Z(s). Moreover, the two-port network requires a hybrid matrix H(s) instead of Z(s). The 
input-output behavior is described by the following equations: 
 , Eq. 1-5

 . Eq. 1-6

The flow v2 is set to be the exit flow so that its sign is reversed to minus. 
 
Based on the above equation, a two-port LTI network’s scattering operator becomes a scattering 
matrix which is shown below. 
 1 0

0 1 . Eq. 1-7

In the above equation, the letter I represents the identity matrix. The scattering matrix S(s) provides 
an effective way to estimate the passivity of a teleoperation system based on the theorem proposed 
by [4]: An n-port system is passive if and only if the norm of the corresponding scattering matrix is 
less than or equal to one. 
 
Furthermore an example of using the passivity and scattering theory is discussed below. Consider a 
communication block with time delays. When the time delay is set to be T in either transmitting 
direction, the communication block equations is: 

 , 
. 

Eq. 1-8

This time the hybrid matrix of the communication channel becomes: 

 0
0

. Eq. 1-9

Based on Eq. 1-7, the scattering matrix of the communication block is: 

 . Eq. 1-10

It is apparent that the norm of the scattering matrix is larger than one. Therefore the communication 
channel with time delay is not passive, which means only signals with extremely restricted 
bandwidth can stabilize the whole system. 
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To solve the problem, a control law based on the scattering theory could be implemented. 
Transformers of scaling factors are used in the communication block. The control law is rewrite as 
follows: 
 , Eq. 1-11

 
1

. Eq. 1-12

The scaling factor here is tried to avoid the problem induced by the different orders of magnitude 
of forces and velocities. This control schemes converts the communication channel to be a 
transmission line and the scattering matrix becomes: 

 0
0

. Eq. 1-13

The norm of the matrix is equal to one so that the communication block now is passive and the 
stability of the teleoperation system can be achieved.  

1.1.3 Wave-variable method 
The wave-variable method appears as an extension of the passivity and scattering theory. This 
method is using wave variables (u and v) to replace the power variables, like force and velocity. 
The paper [5] and [7] gives a very detailed description about it. 
 
The figure below gives a discussion about the power flow through a two-port element. The 
subscripts “l” and “r” are defined as left-hand port and right-hand port.  
 

xl& xr&

 
Figure 1-4: Left and Right-hand port for 2-port elements 

 
From the figure, the total energy flow is calculated by the following equation. The power entering 
the elements is declared positive and the exiting power is defined to be negative. Besides, the 
“power” P here is defined as a scalar product between the input vector x and output vector y. It 
does not necessarily correspond to any actual physical meanings. 
  Eq. 1-14
Hence the total power flow now is divided into two parts: input and output power. Based on this 
division, the input wave and output wave can be easily transformed from power variables: 
 .  Eq. 1-15
In the above equation, ul and ur are the input waves which increase the power flow into the element, 
vl and vr are the output waves. They are depicted in the figure below. 

xl& xr&

 
Figure 1-5: The wave transformation 
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The equations of the detailed transformation (from the power variables f and dot x to the wave 
variables u and v) are shown as follows: 

 
1

√2
, Eq. 1-16

 
1

√2
, Eq. 1-17

 
1

√2
, Eq. 1-18

 
1

√2
. Eq. 1-19

The parameter b here named characteristic impedance. As it directly affects the system behavior, a 
proper choice of b is necessary. Furthermore, as the wave transformation is reversible, the power 
variables can also be transformed from the wave variables. 

 
2

, Eq. 1-20

 
2

, Eq. 1-21

 
1

√2
, Eq. 1-22

 
1

√2
. Eq. 1-23

Related to the passivity concept discussed before, there is another wave-variable based equation 
given below. 

 
1
2

 Eq. 1-24

When the input wave amplitude is larger or equal to output wave, the system is said to be passive.  
 
As mentioned before, the power flow into the system can be described by Eq.1-14. However, when 
time delay T occurs: 
 , Eq. 1-25
 . Eq. 1-26
Then Eq.1-14 becomes: 

 

1
2

1
2

1
2

1
2

1
2

1
2

. 

Eq. 1-27

Therefore the stored energy E and dissipation power Pdiss are: 

 
1
2

1
2

, Eq. 1-28
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1
2

1
2

. Eq. 1-29

Based on the equations above, the power dissipation must always be positive to ensure the passivity 
of the system. However, Pdiss equation provides no guarantee of that. Hence the transmission of the 
standard power variables will bring the communication block to be impassive. However, by using 
wave transformations, a passive communication can be achieved. When wave variables transmit 
through the communication block: 
 , Eq. 1-30
 . Eq. 1-31
The power flow into the communication block now is: 

 

1
2

1
2

1
2

1
2

1
2

1
2

1
2

1
2

1
2

1
2

. 

Eq. 1-32

Therefore the energy storage function is positive and the system is said to be lossless. The equation 
above shows that the communication block can achieve passivity by using wave variables.  

1.1.4 Predictive method (Smith predictor) 
The time delay in bilateral teleoperation has always been a severe problem to maintain a control 
system stable. In the past decades, many ideas have been proposed to solve this problem, such as 
the wave-variables method, sliding mode control method, predictive control method and etc. 
 
As mentioned in the former chapters, the scattering and passivity theory can guarantee the stability 
of the control process by setting the communication channel as a passive block when the rest of the 
system are given passive. However, the method is designed for the systems with small time delays. 
That means when the time delay increases, the performance of the system will be sacrificed to 
remain the stability of the system. In addition, the wave-variable method developed from the 
scattering theory also has the same problem. To find a compromise between the stability and the 
performance, the predictive strategies is chosen to be a better method to deal with the situation of a 
larger delay time. [12] The main idea of the predictive methods is to predict the response of the 
remote side of the control system, the combination of the slave site and the environment.  
 
There is a simple diagram to describe an SISO (single-input and single-output) control process with 
a constant time delay. 
 

 
Figure 1-6: Block diagram of SISO control system 

 
As shown in the figure, the transfer function of the system above is easily obtained: 

 
1

, Eq. 1-33
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where Y and X are the output and input of the system, Gc(s) and Gp(s) are the transfer functions of 
the controller and the plant, T is a constant time delay. The existence of the time delay e-sT in the 
dominator can degrade the performance of the controller and may cause instability of the whole 
system.  
 
In 1957, Smith used a predictor in the control loop to solve the problem. The method can be simply 
specified with the diagram below: 

 
Figure 1-7: Block diagram of SISO control system with a Smith predictor 

 
From Figure 1-7, the following equation can be acquired. 

 · 1 · . Eq. 1-34

After some calculations, the transfer function of this model is obtained: 

 
1 1

, Eq. 1-35

where 

 . Eq. 1-36

In those formulas, Pplanr is defined as the predictor and ρ represents the level of the approximation. 
When ρ equals to 1, which means the estimate of the plant is exactly the same as the plant itself, the 
transfer function can be converted to: 

 
1

, Eq. 1-37

where the model removes the time delay part from the denominator and allows stability for large 
delays. 
 
Two architectures of control are provided based on the design of the predictor above, the 
position-to-position architecture and the force-to-force architecture. The position-to-position and 
velocity-to-velocity architectures transmit only position and velocity information and calculate 
applied forces by PD controllers at each site of the system. In these two architectures, the feedback 
forces are applied indirectly. They are able to predict the response of the slave in order to maintain 
the system stable under certain time delay. However, they cannot provide a high level kinematic 
correspondence between master and slave, which is named as transparency according to Lawrence. 
[13] To overcome these problems, a two channel force-position architecture is considered and 
becomes a popular choice.  
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Thought sometimes the dynamics of the environment could be complicated (non-linear or 
time-varying), it is symbolically shown as a linear impedance below for simplicity. Based on these, 
a diagram of the position-force architecture is shown below: 

 
Figure 1-8: The diagram of the position-force control architecture 

 
The transmitted impedance of the architecture is 

 , Eq. 1-38

Where Ztr is defined as transmitted impedance and Gs is defined as transfer function of the PD 
controller, Ze is the environment impedance, Pplant is the estimate of the slave environment. When 
Pplant is equal to Gp(GsZe), the transmitted impedance could be: 

 . Eq. 1-39

That means when the Smith predictor accurately estimates the dynamics of the slave environment, 
the time-delay effect to the whole system can be diminished. 
 
From the above discussions, the Smith predictor can be a suitable method to solve large time-delay 
problems in the teleoperation applications, especially like space missions which require longer time 
to transmit data and commands.  

1.1.5 Properties of time-delayed communication 
The time delay within the bilateral teleoperation system can become a severe problem, which might 
destabilize the whole system and degrade the performance. [8] To solve this problem, the study of 
the nature of the time delay became necessary. For instance, why time delay occurs and how time 
delay varies in different situations. Basically, time delay occurs in every circumstance which 
requires a signal transmission. As the signal transmission is dependent on the transmission medium 
and the transmission protocol, the time delay is affected by these two factors. In addition, the time 
delay in the space mission is discussed specifically in the end of this chapter. 
  
1. Time delay with different transmission medium: 
It shows that time delays have different properties based on different transmission mediums. 
Generally there are two basic types of transmission medium: cable media and wireless media. In 
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more specific terms, the cable media includes twisted pair cable, coaxial cable and fiber optical 
cable etc. The wireless media are also divided by different frequency range. Compared to cable 
media, it has much higher signal-noise ratio and its transmission quality is much more difficult to 
control.  
 
All these transmission mediums, whose bandwidths vary from several KHZ to more than 100GHZ, 
can achieve different signal transmission speeds and furthermore different packet loss ratios. These 
two elements are strongly important in determining the characteristic of the time delay, like large or 
small, random or constant. 
 
(1). Cable media ---- Internet based teleoperation 
Except for those applications via internet, the time delay through cable media is usually caused by 
the transmission delay and the data processing time. However, the internet-based applications are 
not quite the same. 
 
Recently as the internet technology has highly developed, researchers pay more attention on the 
internet-based teleoperation. As mentioned in Zhuang’s paper [9], the internet time delay is 
affected by mainly five factors: the node processing speed, the network load, the bandwidth, the 
amount of data transmitted in the communication and the transmission speed. The formula of the 
internet time delay is: 
 , Eq. 1-40
where the first element is the physical transmission delay, the second is the node processing delay 
and the third is the time delay induced by the current situations of the network load.  
 
The first element in the formula represents the physical transmission delay: 

 . Eq. 1-41

The parameter L represents the length of the connection, V is the transmission speed, P is the data 
packet size and B is the bandwidth. The physical transmission delay could be constant after the 
transmission medium and distance being defined (V and B are already defined).  
 
The processing delay is mainly defined as the time from the packets arrival to the completion of the 
packet forwarding to the next node (child node). [10] In internet communication, the incoming 
packet to a node first stored in the input queue and then copied into several output queues. The 
number of the output queues depends on how many child nodes the packet needs to forward. As the 
processing rate, the number of child nodes are based on the real network situation, the value of 
these parameters cannot be assured. Hence, the node processing delay becomes random in the 
practical applications over the internet.  
 
The network load delay depends on the real circumstance of the network. The congestion status of 
the network and the alternation of the load can be the main reasons of it.  
 
(2). Wireless Media-----wireless connection 
First, different applications of the wireless communication technique require different constraints. 
For instance, the voice systems require low data-rate and can endure a relatively larger error rate 
but the total delay must be less than 100ms; the real-time video system requires high data rate and 
also low time delay. As the requirements for different systems are not the same, based on current 
technologies, the wireless protocol cannot give one protocol to include every possible situation. [14] 
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The diversity on the wireless protocol is one reason to make the wireless time delay hard to 
measure.  
 
In the certain circumstance, like in one specific application, the wireless protocol can be obtained at 
first. However the time delay is still hard to be predicted. The situation of the time delay via the 
wireless media is more complex than via the cable media. In contrast to the cable media, the 
transmission environment of wireless connections is always varying and can be easily disturbed by 
any interference. This complicated nature of the wireless medium can severely degrade the 
communication performance and increase packet loss ratio. 
 
2. Time Delays in different Protocols: TCP and UDP 
The protocol is also performing an important role in the communication procedure and the 
generation of the time delay. As the TCP (Transmission Control Protocol) and the UDP (User 
Datagram Protocol) protocols are the most frequently used protocols today, the discussion below is 
based on them. 
 
As mentioned in [11], UDP is trying to send data faster. It does not guarantee the arrival of the data 
or handle any network congestion situation. In other word, it does not make retransmission of lost 
packets or control the network congestion. This nature increases its transmission speed. In addition, 
it does not make any confirmation of the packets’ arrival. The advantage of this protocol is that it 
can reduce some significant time delay when the transmission environment is good. For example, 
the additional time for retransmission and for decreasing the sending rate when there is congestion 
in the network is saved. However, when the communication situation is bad or unknown, the UDP 
may show a lot of problems.  
 
On the other hand, TCP is a more complicated protocol. In contrast to UDP, it ensures the data’s 
arrival by sending confirmation and retransmission. It also adapts the data sending rate when there 
are congestions in the network communication. A more reliable communication can be made by 
TCP. However, a larger time delay is unavoidable by using this protocol.  
 
3. Time Delay in the space robotics applications: 
In the space robotics applications, the slave sides of the teleoperation system are usually satellites 
and spacecrafts which are working on the specific orbit. Accordingly, as a teleoperation system, the 
distance between the master and the slave site could be severely large. Moreover, the degradation 
of the signal transmission becomes a big problem. As mentioned in [15], the time delay of the 
space robotic applications can reach to 5-10 seconds (Round trip). Except for the transmission 
delay, the large round trip delay in the space application is mainly caused by the data buffering and 
processing. Various types of teleoperation methods are used are used in this specific field, such as 
supervisory control, shared autonomy, predictive displays, compliance control, imaginary guide 
and etc. [16] 

1.2 Motivation and contributions of thesis 
The aim of this thesis is to: 1) to build an intuitive testing bilateral teleoperation platform; 2) under 
different communication situations or different environments, to preliminarily investigate the 
performance of the teleoperation platform with the certain control strategies. 
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In the thesis work, a teleoperation platform is successfully constructed by using the PC and several 
experimental devices from the Quanser Inc. The Quanser devices are equipped at the Department 
of Informatics VII of University Wuerzburg. By implementing suitable programs in both PC and 
the master device, the communication between the slave and the master device could achieve 
satisfactory effect via the serial cable. In addition, the program in the PC could also provide a 
simple and intuitive user interface which could accomplish the basic operations in the experiments, 
such as starting the task, alternating the time delay value, storing the experimental data and so on. 
The hardware construction and the basic description of the programming are discussed in detail in 
the Chapter 2. 
 
After the communication link and the user interface are built, a basic bilateral teleoperation system 
is then constructed. In Chapter 3, the basic layout of the teleoperator is discussed at first. Then the 
main parameters in the teleoperation model such as the parameters of the PD controller and the 
moment of inertia of each device are calculated. In addition, how to implement designed torques on 
the corresponding devices by the computer-based controller is also discussed. In the end of Chapter 
3, several experiments to evaluate performances of the basic teleoperator under different time 
delays are performed and analyzed. 
 
As discussed in the previous chapter, time delays in the teleoperation system could cause instable 
behavior of the whole system, which would severely degrade the performance of the teleoperator. 
To improve the system performance and solve this problem, many control methods such as 
passivity and scattering theory [4] and wave-variable method [5] are provided in decades. In the 
thesis, the wave-variable method is implemented in the designed teleoperator. However the 
performance shows severe oscillatory behavior. It is caused by the wave reflections induced by the 
wave transformations. To solve this problem, wave filters are designed and implemented in the 
system to degrade these unnecessary oscillations. The latter experiment shows better performance 
than the one without the wave filter. 
 
Furthermore, the predictive control method is also implemented in the teleoperation system. As the 
discrete model of the master and slave system could be obtained, the precondition of the predictive 
method is achieved. In Chapter 4, the numerical discrete system model is calculated and simple 
Smith-type wave predictor based on it is then designed. However, the simple predictor predicts the 
returning wave from the remote site based only on the calculated system model. Therefore the 
performance is highly dependent on the accuracy of the estimated model. Additionally, this simple 
predictor can only work under free motion conditions. A tiny disturbance at the remote site could 
severely degrade the performance of the predictor. 
 
A modified wave predictor with a Kalman filter is designed later. The Kalman filter is set at the 
master site to estimate the internal states of the slave plants. It uses current measurements from the 
slave system to correct its final estimation value. Hence the disturbance at the remote site could be 
detected by the Kalman filter and the problem for the simple predictor could be declined. Several 
experiments which include many circumstances are performed based on the modified wave 
predictor. They are the rigid contact experiment, which puts an immobile obstacle in the slave 
device’s moving direction; the soft contact experiment, which puts a bottle with water in front of 
the slave device; the model uncertainty experiment, which changes the slave model artificially. The 
performances of the designed system are analyzed. 
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2. System Design and Platform description 

This chapter gives a specific description for the hardware and the software used in the thesis. At 
first in Chapter 2.1, main hardware devices used in the thesis work are described in detail. As the 
internal circuit and currently using programs are all packaged, the internal electrical circuits of the 
devices are investigated and analyzed. Then the configurations of the hardware devices are 
depicted and illustrated.  
 
Chapter 2.2 discusses the software designed for the bilateral platform. It includes two major 
sections: 1) to build a communication link between the hardware devices and the computer by 
using C and C++ language, 2) to create a multi-functional user interface which is implemented in 
the personal computer. It should be capable of starting or stopping tasks, storing experimental data 
and simulating artificial time delays. 

2.1 Hardware Configuration 
In the thesis work, a new bilateral teleoperation platform is required to be built. In the hardware 
aspect, the platform consists of four parts: a Quanser Engineering Training (QET) device, a 
Personal Computer, a Q8 data acquisition board and a Quanser SRV02 servo plant. As mentioned 
in Chapter 1, a bilateral teleoperation system can be depicted as an n-port network shown below. 
 

 
Figure 2-1: Construction of a teleoperation system 

 
In the above figure, the parameter v and F represent the velocities and the applied forces of the 
devices at each site. The suffixes represent different sections in the teleoperation system. For 
instance, h means human operator, m means master manipulator and e is the environment. 
 
In the thesis work, the master manipulator is considered to be the QET device. The human operator 
uses the inertia load mounted on it to control the whole system. The communication between the 
master and the slave device is realized via serial port communication. In addition, the Q8 data 
acquisition system and the SRV02 servo plant are combined to build the slave manipulator. The 
environment conditions such as adding an obstacle are created artificially. 
 
The main idea of the thesis is to implement a remote bilateral control of the SRV02 plant by 
operating the inertia load on the QET device. As what bilateral means, the force on the remote side 
is also required to be reflected to the human operator. A simple block diagram to show the bilateral 
teleoperation platform is drawn below: 
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Figure 2-2: The Block Diagram of the teleoperation platform. 

2.1.1 Quanser Engineering Training Device 
The Quanser Engineering Training (QET) device in the figure below is a versatile unit designed to 
teach and demonstrate the basic control theories of the DC motor servo control. 

 
Figure 2-3: The QET device 

(Source: Quanser Engineering Device (QET) Series, Laboratory Workbook) 
 
As a powerful experimental device, the whole DC Motor Control Trainer (DCMCT) system in the 
QET device is comprised by the following components: a Maxon DC motor, a removable inertial 
load, a linear power amplifier, a high resolution optical encoder, a ball bearing servo potentiometer, 
two removable belts, one serial port, a QIC processer core (microcontroller PIC16F877) and etc.  
 
The QET device is built to be a multi-functional unit. The microcontroller onboard is set to be a 
control center to send commands and to collect data from other sensors. For instance, it send 
commands to rotate the master load and meanwhile it collects data from the optical encoder to 
acquire the current status of the load. In addition, except for the pre-packaged experiments, it also 
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supports the users to design their own experiments by writing newly designed programs into the 
microcontroller. 
 
As mentioned above, the thesis work’s aim is to design a new bilateral teleoperation platform based 
on the QET device. However the specific layout of the circuit board and the currently using codes 
are all packaged. To write a new program into the microcontroller, the basic connections between 
the microcontroller and other major electronic components should be obtained. Based on the 
related datasheet and some manual documents supported by Quanser Inc, the basic circuit 
connections in the QET device are obtained after many tests. It provides a solid background for the 
latter microcontroller programming. The circuit layout of the QET device is shown in Figure 2-5. 
 
In Figure 2-5, it is obvious that the whole system can be divided into several major elements: the 
microcontroller which is the core among those elements, the digital/analog (D/A) converter and the 
optical digital encoder which are directly connected to the inertia load, the serial ports that help to 
establish the communication link with the laptop and some other sensors which roughly collect 
currents and angular velocities information of the inertia load. These elements construct a simple 
control loop shown below. 
 

 
Figure 2-4: The simple control loop in the QET board 

 
The detailed description of the major components in the above diagram is given below: 
 
1. Microcontroller: PIC16F877 
The microprocessor of the QET device has 44 multifunctional pins. There are 32 input/output (I/O) 
pins among them. From RA to RE, those I/O pins are divided into five groups according to their 
different functions. The detailed descriptions of these pins are shown in the following table.  
 

QIC Core Description 
Function Pin Name Range Signal 
Analog Input RA0 AN0 0-5V Potentiometer 
Analog Input RA1 AN1 0-5V Tachometer 
Analog Input RA2 AN3 0-5V Current 
Analog Input RA5 AN4 0-5V External Analog Input 
Encoder ENC ENC / Encoder 
Data RD0~8 RD0~8 / 8 bit data 
Push Button RB0 INT /  
D/A output enable RB4 RB4 High Enable DA OUT 
LED3/2 RC0/1 RC0/1 0-5V LED 
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Figure 2-5: The electric circuit layout of the QET device 
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Serial Port Communication RC6 TX / USART Asynchronous transmit 
Serial Port Communication RC7 RX / USART Asynchronous receive 

Table 2-1: Pins layout in the Processor core 
The function of the ports named from RD0 to RD7 is data transferring. These bi-directional pins 
can set up different modes for these electronic components onboard, such as working mode and 
sleeping mode. Moreover, they are also applied for receiving data replied from the sensors. For 
example, the RD ports send data to the encoder (LS7266R1) to complete its initialization and then 
get the data that the encoder replied back. The details of the encoder initialization are illustrated 
later in the following section. 
 
RA ports are used as the analog input, which are connected to the potentiometer, tachometer and 
other small sensors. Meanwhile RC0 and RC1 are used to control the two LEDs to display the 
current status of the board. The switch button on board to temporarily suspend the running task is 
controlled by the pin RB0. The D/A output which drives the DC motor is enabled by the pin RB4. 
 
2. D/A convertor and Encoder 
The D/A convertor and the encoder are the two most important electronic components on the QET 
board. In Figure 2-5, the analog command generated from the D/A convertor is considered to be the 
system output to drive the motor. The digital position data received from the encoder is considered 
to be the system input.  
 
There are two pins RB1 and RB2 designed to be the chip selection (CS) pins for the D/A convertor 
and the encoder. As these two pins are combined together to determine which chip is selected, they 
are not mentioned in the table 2-1 for simplicity. The following table provides details on how to 
implement these pins. 
 

Chip Been Selected RB2 RB1 
N/A 0 0 
Encoder 0 1 
DA Converter 1 0 
Not Used 1 1 

Table 2-2: Chip Selection Line for the Encoder and the D/A convertor 
 
When RB1 is set to low level and RB2 to high level, the D/A convertor is said to be selected. 
Otherwise, the encoder is selected when RB1 is set to high level and RB2 is set to low level.  
 
The task of the D/A convertor is to transfer digital signal to analog signal. In the thesis, the digital 
signal is a 12 bit binary data from the RD ports and the analog signal is used to drive the DC motor 
after amplification. The equation below shows the digital-analog conversion in the D/A convertor. 
N is a decimal integer converted by the 12 bit binary data. Vd is the desired voltage calculated by 
the controller. 

 2048 2047
5.0

. Eq. 2-1

However, the microprocessor has only eight data transmitting pins. Hence a 12 bit data have to be 
divided into two parts to be transmitted: a four-bit high-order part and an eight-bit low-order part. 
Additionally, the transmission of the high-order section and low-order section is determined by 
different selections of the levels of RC4 and RC5. 
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Unlike the D/A convertor, the digital encoder is a bit more complicated. It requires more steps to 
initiate the registers inside. The detailed initialization procedure of the encoder is shown below: 
 

Register (X and Y ) Setting/ Initialization 
Flag Register (FLAG) Reset error flag in flag register 
Reset and Load Signal Decoders (RLD) Reset the byte pointer to the next byte 

Setup the clock for both X and Y axis 
Setup the filter clock prescalers (PSC) 

Counter Mode Register (CMR) Quadrature X4, normal and binary count 
Input/output Control Register (IOR) Enable inputs A and B 
Index Control Register (IDX) Disable index pulse 

Table 2-3: Detailed Initialization of the QET encoder 
 
In real applications, the settings in the table are set in a top down order before the task started. In 
the designed platform, the encoder will measure the position of the inertia load and send a 24 bit 
data back to the microprocessor. After a lot of testing and calculation on the output of the encoder, 
the formula which relates the position of the inertia load to the readings of the encoder was derived. 

 
360

4090
. Eq. 2-2

In the equation, θ is the position of the inertia load. Later this formula was affirmed by the 
helping-program in one of the manual documents which has a same type digital encoder. 
 
3. Other sensors: 
Except for the 24-bit encoder, the current status of the motor can also be obtained by various other 
sensors on the QET board, such as the potentiometer which attained the analog position signal and 
the tachometer which could measure the analog speed. Based on the feedback information obtained 
by these devices, to program the QET device into a haptic interface became available.  

2.1.2 Quanser Q8 Data Acquisition Board 
As mentioned in the manual documents of the Q8 board, the Q8 data acquisition system is a 
powerful measurement and control board with 32 digital I/O ports and high resolution input, which 
can achieve the maximum sampling frequency to 350 KHZ. It is shown in following figures. 

 
Figure 2-6: Q8 data acquisition card and terminal board 

(Source: Quanser Q8 user guide) 
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The Q8 board is mainly used as a communication interface between the PC and the SRV02 plant. 
Specifically, the Q8 data acquisition board is designed to transfer the commands from the user 
interface (UI) in the PC to the manipulator SRV02. Meanwhile it acquires the sensory data 
(position, velocity and etc) from the SRV02 plant and reflects them back to the UI. The Q8 board is 
programmed by the Software Development Kit (SDK), which is illustrated in detail in the 
following chapter. 

2.1.3 Quanser SRV02 Servo Plant 
The SRV02 servo plant is a cubic-shaped box shown below in the left. The plant consists of a DC 
motor and a gearbox equipped with the motor. The gearbox output drives external gears. 

 
Figure 2-7 The SRV02 Servo Plant and its layout 

(Source: SRV servo plant user manual) 
 
The figure in the middle is the front view of the plant. The element number 4 in the picture is a 
standard motor gear which has 72 teeth, the element number 5 is an output gear and the number 6 is 
a potentiometer anti-backslash gear. The figure on the right side is the view under the top plate. 
The DC motor (number nine) and all the other measuring instruments (11: potentiometer, 12: 
encoder, 13: tachometer) are configured there.  
 
As the SRV02 user manual illustrated, the external gear box has two configurations: the low gear 
ratio mode and the high gear ratio mode. In the thesis, the low gear ratio mode was chosen. The 
image of the configuration of the mode is shown below: 
 

 
Figure 2-8: The low gear ration and high gear ration configuration 

(Source: From SRC servo plant user manual) 
 
The gear in the middle is supposed to be connected with the external device. In addition, the gear 
on the right side is connected with a potentiometer and the gear in the left side is driven by the dc 
motor.  
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2.2 Software  
The thesis’ software part is written in the programming language C++ and C. Except for that the 
master controller algorithm applied in the QET device is written in C language, the other sections 
of the software are written in C++. For instance, the main user interface and the controller of the 
slave system are all written by the C++ language. 
 
The code of the commands used to control the Q8 data acquisition board is already integrated in the 
Quanser HIL SDK (Hardware in the Loop, Software Development Kit).  Apparently, it is more 
efficient to apply this SDK directly in the task. Hence, to adapt the programming environment of 
this SDK, the user interface and the host computer programming is implemented in Visual C++’s 
MFC (Microsoft Foundation Class) project. Both of the MFC and the software development kit are 
using the same standard of syntax and the same class library. 
 
In the thesis work, a project named “Teleplatform” is built. It is a dialog based MFC type C++ 
program. As the programming requires using the Quanser HIL SDK, the following necessary 
procedures have to be done. First, the essential header files of the SDK should be set into the same 
directory where the Visual C++ 2005 put its default header files (such as window.h) in. The path 
normally should be “…\Microsoft Visual Studio 8\VC\PlatformSDK\Include”. The “…” is 
dependent on where the user installed the VC2005 software. 
 
There are also four “.lib” files required to be added into the thesis project’s linker. They are hil.lib, 
hil_services.lib, quanser_common.lib and quanser_communications.lib. The normal way to 
supplement is first to open the current running project, right click the project name on the class 
view toolbar, (It stay in the left of the default programming IDE, Integrated Develop Environment) 
and follow the latter path: “Properties Configuration Properties linker input additional 
dependencies” to add the library files. After the first step is finished, the directories to the library 
files should be added to VC2005. The concrete method is to choose the “Tools” option on the IDE 
menu bar, and then add it in the following path: “Tools Options Project and solutions VC++ 
directories”. 

2.2.1 Communication 
This chapter could be divided into two parts. The first part describes the construction of the serial 
communication link in detail. The second part illustrates the structure of the data package and the 
frame synchronization methods. 
 
1. Serial port communication: CSerialPort Class 
The QET device and the PC are linked by the serial cable. As mentioned in [6], there are mainly 
three ways to implement a serial communication by using VC++.  However, there are only two 
main methods basically. The first is to use the Windows API (Application Program Interface) 
function and the second is to use the exited serial port class written by the forerunners.  As the 
API function method is too complicated, a “CSerialPort” Class written by Remon Sperkreijse was 
chosen in the thesis work. It is a reliable and feasible class for the serial communication.  
 
There is a diagram of the main procedure of the program shown in figure 1:  
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Figure 2-9: The diagram of serial port communication 

 
Coping with the CSerialPort class, the first move is to create an instance of it and call “InitPort” 
function. As the basic settings of the serial port’s parameters are all integrated in this function, it is 
important to set a suitable value to ensure that the communication link between the PC and the 
QET device can be well established. In the thesis work, the serial port is set as “port3, baud rate: 
19200, no parity, eight data bits and one stop bits”. Port 3 is one of the com-ports in the computer 
and the number is alterable in other PCs. The number of the available com-port can be found in the 
Device Manager in the Windows-XP system. 
 
Generally, after the serial port initialization is complete, the monitoring thread waiting for the serial 
port event should be started. This function in CSerialPogrt Class is simple: “StartMonitoring”. By 
calling this function, the program starts listening to the serial port and wait for the communication 
events. When a certain event occurs, the monitor will get it and send the corresponding message to 
the message queue.  Then a certain function can be called due to the different messages.  
 
There are two other important functions used in the program: the “WriteToPort” function and the 
“OnCommunication” function. The former one is used to send data to the serial port and the latter 
one is called when the serial port receives data from other devices. In the thesis work, they are the 
main output and input function in the serial port communication.  
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2. Data package and frame synchronization: 
Modern control requires several independent elements working together to accomplish the control 
task. To improve the reliability and stability of the system, a well designed communication protocol 
is necessary. That means the data package and the frame synchronization should be the first step to 
be considered in setting up a reliable communication. In the thesis, the data frame structure is 
shown below: 
 

 
Figure 2-10: The data frame structure 

 
In the data frame, the Data Head1 and Head2 are the identification bytes designed for frame 
synchronization. Normally the frame head is one byte or several bytes ASCII (American Standard 
Code for Information Interchange) character. The following characters in the frame are the real 
data to be transmitted. The CheckSum byte is used for calibration. In this task, the head bytes are 
“0xCF”and “0xDF”, the data information has four bytes and the method for calibration is the XOR 
(exclusive OR) method. 
 
There are several methods to implement the frame synchronization. The simple way is to compare 
the frame with the designed structure bit by bit. At first, the method compares the first receiving 
byte with the designed head byte. If they are different, the method will ask the serial port to wait 
for another new incoming data until the data becomes the same as the head byte. After the serial 
port received the first byte correctly, the second received byte will be tested. When the second byte 
is also received correctly, the frame is said to be synchronized. The algorithm diagram is drawn in 
figure 2-11: 

 
Figure 2-11: The Frame Synchronization Methods-1: Compare bit by bit 
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Based on the above figure, the algorithm of the bit-by-bit comparing method is clearly illustrated. It 
is obvious that this method is simple to implement in the real applications due to its simple 
construction.  
 
However, this method is always applied in the situation when there is no interrupt methods for 
receiving the serial port data used in the main program. Additionally, the method is not a probable 
way to implement the frame synchronization when the real time control is required. For instance, it 
can cause the frame synchronization error when the following data are received: “0x00, 0xCF, 
0xCF, 0xDF…” As the algorithm mentioned above, after the first byte “0xCF”is received correctly, 
the method will compare the next byte with “0xDF”. However, the next byte is still “0xCF”, so the 
method returns to its beginning and still compares the next byte with “0xCF”. Obviously, the result 
could not be correct. In this way, until the next data package comes, the bit-by-bit comparing 
algorithm will get all false result so that an entire data package is lost in the transmission. When the 
former situation is occurred, the algorithm here cannot tell the difference between the real head 
bytes and the disturbance bytes. 
 
To solve the problems mentioned above, a state-based frame synchronization method is utilized in 
the thesis work. This method divides the frame receiving procedure into several states: the Head1 
receiving state, the Head2 receiving state, the data receiving state and the Checksum receiving state. 
The initial state should be Head1 and the detailed procedure is shown in the following figure. 

Head1 StateHead2 State

Data State Checksum 
State

Serial Port 
Interuption

If received Head1,
then remain Head2 State

Head2 
Correct

Data 
receiving complete

Checksum correct, 
handling data 

Head1 
Correct

Head1 
Wrong

 
Figure 2-12: The Frame Synchronization Methods-2: The State-Based Frame Synchronization 

 
As the system will follow the procedure shown above, the incoming data will be stored in a data 
buffer when the frame synchronization is finished. After all the data have been received and the 
checksum state passed, the program will send a message to the main function to handle the data 
received and execute the corresponding commands. This state-based frame synchronization method 
also perfectly solves the problem mentioned before in the bit-by-bit method. In contrast with the 
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simple method mentioned earlier, the latter method has a more reliable structure and a higher 
resource utilization ratio.  

2.2.2 User Interface 
The user interface (UI) used in the thesis work is quite simple. It has three main sections: the 
time-delay options part, the control mode part and the basic operation part.  
 
The section of time-delay options shows that the UI can set up the type and amount of the time 
delay in the real application. For instance, the teleoperation system can be settled under 200ms 
constant time delay or a random time delay between 100ms and 1000ms. In addition, the UI can 
also simulate packet-loss situation in the real communication, such as 5% or 7% packet loss ratio.  
 
The control mode part is more intuitive. It has three different buttons which represent three 
different types of control mode. Choosing one of them means that the test platform will work in 
such controlling mode. When the time delay is artificially added, the wave variable and predictive 
methods are recommended.  
 
The basic operation section could help the user to send necessary commands to the teleoperation 
system. The “Start Task” and “Start Connection” buttons are designed to start a new experiment. 
The “Store Data” button is designed to store the information of the system dynamics in the 
“Expdata” file in the computer. The figure below gives a simple view of the UI. 
 

 
Figure 2-13: Simple User Interface Implemented in the PC 

 
Figure 2-13 shows one of the UI’s operational appearances. The system now works under 200ms 
constant time delay and the wave variable mode. 
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2.2.3 Time delay 
As the project includes data and command transmission among several devices, the communication 
between computer and each device must be realized correctly. The implementation of the artificial 
time delay in the communication is also important. 
 
It is already mentioned in the user interface chapter that the artificial time delay is created by the 
data buffer. Specifically, the program first stored the data received from the master and the slave 
device in the data buffer. After a certain time (equal to the defined time delay value) has passed, the 
data stored in the data buffer could be picked up and sent to their destination. In the C++ 
programming, the data buffer mentioned above is created by the dynamic vectors. 
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3. Basic Bilateral Teleoperation System 

In the thesis work, the basic system diagram is shown below: 

 
Figure 3-1: The basic diagram of bilateral teleoperation system 

 
The master and the slave manipulator shown in the figure above can be divided into two elements, 
a controller and an actuator. The controller sends commands based on the input value. Meanwhile 
the actuator sends the corresponding output based on the command signal. In the thesis work, the 
controller is designed to be a PD controller and the actuator is a DC motor. 
 
As mentioned in the former chapter, the bilateral teleoperation system often has several control 
architectures, such as position-position, velocity-velocity and force-position control. Among these 
control strategies, the force-position architecture is widely recommended and used as a better 
solution. [5] It assumes that the slave device tracks the master correctly and provides feedback 
force only when disturbances occur. The amount of the feedback force is calculated by the PD 
controller and executed by the DC motor mounted in the device. In Chapter 3.1, a detailed 
illustration on the mathematical models of the manipulators and the basic teleoperator setup are 
given. Chapter 3.2 interprets the knowledge of the DC motors, especially on how to convert the 
designed torque to an input-voltage command. In the end, several experiments are performed and 
the system performances under no time delay situation are depicted and analyzed.  
 

3.1 Basic teleoperator setup 
In the thesis work, the one degree-of-freedom (DOF) master control system and the one DOF slave 
device is modeled by the second-order linear systems. The dynamic equations of the systems are: 
 , Eq. 3-1
 . Eq. 3-2
In the above equations, θ is the angular position, J is the moment of inertia, B is the damping 
coefficient and τ is the applied torque. The subscripts “m” and “s” represent the master and the 
slave device respectively. The value of the parameters Jm, Js, Bm and Bs are provided in the latter 
chapters. Therefore the transfer functions of the master and slave device can be written as: 

 
1

, Eq. 3-3

 
1

. Eq. 3-4
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In addition, the torque applied on the master and the slave device could be divided as follows. 
 , Eq. 3-5

 . Eq. 3-6
The Top and Te represent the applied torque created by the human operator and the environment. Tfd 
is the feedback torque created by the PD controller designed for the tracking purpose.  
 
The feedback torque generated by the PD controller is written in the equation below. 
  Eq. 3-7
To write the above equation in Laplace domain, there is: 

 . Eq. 3-8

Kp and Kd are the proportional gain and the derivative gain of the PD controller. The suffix “sd” 
represents the desired value for the slave device. In the thesis work, it refers to the information 
contained in the master commands. 
 
Based on the equation above, there is a simple diagram for the PD controller.  
 

1/s Kp

Kd

ωsωsd τm SRV02 
Device

PD Controller
 

Figure 3-2: The block diagram of the PD controller 
 
From the above figure, the open-loop transfer function for the PD controller is easily obtained. 

 . Eq. 3-9

The input of the PD controller is the difference between the referenced angular velocity which is 
the speed of the master load and the tracking velocity of the slave device. The difference is 
sometimes written as e to represent that it is the error between the desired value and the real 
measurement. It is PD controller’s aim to calibrate the error. 
 
From the above discussions, an intuitive diagram of the bilateral teleoperator in the thesis work is 
obtained as follows. 
 

Figure 3-3: The basic diagram of the bilateral teleoperator 
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In the Figure 3-3, the operator on the master site could feel the feedback torque from the slave site. 
The velocity information of the master device is sent to the slave site via the communication 
channel and becomes the referenced velocity. The difference between the referenced velocity and 
the slave velocity becomes the input of the PD controller which generates the feedback torque. In 
the ideal situation, the communication between the master and the slave site costs no time. That 
means:  
 , Eq. 3-10

 . Eq. 3-11
However in real applications, time delay always occurs, especially in teleoperation systems. Hence 
the above equations turn to: 
 , Eq. 3-12

 . Eq. 3-13
T is the amount of the time delay. In addition, for future discussions, a state-space model of the 
slave device is built as follows. The input vector u is the referenced value θsd and ωsd, the internal 
state x is set to be θs and ωs and the output y is set to be Tfd. 
 , Eq. 3-14
 . Eq. 3-15
The parameter matrix A, B, C and D will be discussed in detail in Chapter 4. 

3.2 DC motors 
The chapter 3.1 provides mathematical models and the basic setup of the teleoperator. However, in 
the real applications, the torques calculated by the PD controller cannot be directly applied by the 
controller. As a result, in many control systems, the applied torque is generated by DC motors. In 
the thesis work, the QET device and the SRV02 plant also use DC motors as their actuators. To 
realize the designed control algorithms and to achieve the goal of the thesis work, the information 
of the DC motors in the hardware devices is required. 
 
The mathematical equations to illustrate the principles of the DC motor are given in this chapter. At 
first, the layout of the electrical components of a DC motor is drawn in the figure below: 
 

Rm
Lm

Vm(t) Eemf(t)
Tm(t)

θm(t)
Im(t)

 
Figure 3-4: The circuit layout in a DC motor 

 
For the SRV02 plant and the QET device, the electrical circuits of their DC motors are the same. 
However, as the electrical parameters such as the values of the resistance and the inductance are 
different, the two devices are discussed separately in the following chapters. 
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3.2.1 DC motor in the SRV02 device 
The nomenclatures used in the calculations of the SRV02 device are provided in the table below. It 
represents the basic parameters of the SRV02 DC motor. 
 
Symbol Description Nominal value Units 
Vm Circuit input voltage / V 
Im Circuit current / A 
Rm, Resistance 2.6 Ω 
Lm Inductance << Rm  
Eemf Motor back-emf voltage /  
θm Motor shaft position /  
ωm Motor shaft angular velocity /  
θl Load shaft position /  
ωl Load shaft velocity /  
Tm Torque generated by the motor /  
Tl Torque applied at the load /  
Km Back-emf constant 0.00767  
Kt Motor-torque constant 0.00767  N*m/A 
Jm Motor moment of inertia 3.87 e-7 Kg*m2

Jeq Equivalent moment of inertia at the load 9.31 e-4  Kg*m2 
Beq Equivalent viscous damping coefficient 1.50 e-3  
Kg SRV02 system gear ratio (motor load) 14(14*1)  
ηg Gearbox efficiency 0.9  
ηm Motor efficiency 0.69  
ωn Undamped natural frequency /  
ζ Damping ratio /  
Kp Proportional gain /  
Kv Velocity gain /  
Tp Time to peak /  

Table 3-1: SRV02 DC motor parameters specification 
 
In the above table, only the important parameters are described in detail. Some of them have 
numerical values based on their electrical characteristics. These parameters listed in this table will 
not be explained in the following equations. 
 
By using the Kirchhoff-Voltage law, the electrical equation of the DC motor’s circuit drawn in 
Figure 3-4 is obtained. 

  Eq. 3-16

Based on the characteristics of the DC motor, the back-emf voltage Eemf can also be calculated by 
the angular velocity of the motor shaft. 
  Eq. 3-17
Since Lm<< Rm, the motor inductance can be disregarded from the equations above. Combined Eq. 
3-16 and Eq. 3-17 together, a new equation is acquired. 
 . Eq. 3-18
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The new equation here illustrates the relationship among the input voltage, working current and the 
angular velocity of the motor shaft. In addition, the resistance Rm and the back-emf constant Km are 
the known quantities. 
 
Based on the physical mechanism of the DC motor, the torque generated by the motor is calculated 
by the working current and the motor-torque constant Kt which is related to the magnetic field 
strength and the radius of the motor shaft.  
  Eq. 3-19
When the SI unit is used, the motor-torque constant is numerically equal to the back-emf voltage 
constant Km. From the above equation, a new equation which could relate the input voltage to the 
motor-generated torque is got. 

  Eq. 3-20

However, in the real applications, the torque calculated by the PD controller will be applied on the 
load of the SRV02 plant. The motor-generated torque is amplified by the gearbox to become the 
load-torque. In addition, the load velocity is also slowed down by the gearbox. 
 , Eq. 3-21

 . Eq. 3-22

Finally, the equation which relates the calculated torque to the input voltage for the SRV02-motor is 
given in the equation below: 

 _ . Eq. 3-23

To substitute the real values of the parameters, the above equation turns to:  
 _ 26.9034 0.1074 . Eq. 3-24
The numerical-version equation could be directly used in the computer-based algorithm. 

3.2.2 DC motor in the QET device 
According to the datasheet of the QET device, the parameters in the DCMCT system are listed in 
the following table. 
 
Symbol Description Value Units 
Km Back-emf constant 0.0502   
Kt Motor Torque Constant 0.0502 N*m/A 
Rm Motor Armature Resistance 10.6  Ω 
Lm Motor Armature Inductance 0.82 mH 
 Motor Maximum Continuous Torque 0.035  N*m 
 Motor Power Rating 18 W 
Jm Moment of Inertia of Motor Rotor 1.16 e-6 Kg*m2

τm Motor Mechanical Constant 0.005 s 
Ml Inertia Load Disc Mass 0.068  kg 
Rl Inertia Load Disc Radius 0.0248  m 

Table 3-2: DCMCT model parameter specification 
 
As discussed in Chapter 3.2.1, the voltage applied on the DCMCT motor can also be calculated by 
the following equations. 



 38

 . Eq. 3-25
Because there is no gear box between the DC motor shaft and the inertia load in the QET device, 
the calculating equation of the input voltage for the QET-motor is given in the equation below. 

 _ . Eq. 3-26

After substitute the real values of the parameters, the above equation becomes  
 _ 211.1554 0.0502 . Eq. 3-27

3.3 Realization of the bilateral teleoperator 
Based on the numerical values of those parameters in Table 3-1 and Table 3-2, the basic bilateral 
teleoperation platform can be constructed. Firstly the moment of inertia of the master and the slave 
plant are calculated.  
 
For the QET device, the equivalent moment of inertia JQET is calculated by combining the motor 
rotor and the inertia load together. 
 0.5 0.221 10  Eq. 3-28
Moreover, for the SRV02 plant, the equivalent moment of inertia JSRV is also calculated by 
combining the motor and the beam mounted on it. The mass of the beam M of the load is 30g and 
the length L is 15.23cm. Because the mass of the beam is very small, the inhomogeneous mass 
distribution of the beam is disregarded. Hence the moment inertia of the beam Jbeam can be 
calculated by the equations below. The result is 2.32e-4 kgm2. 

 
1
3

. Eq. 3-29

 1.163 10 . Eq. 3-30
After the moment of inertia of the master and the slave system are obtained, the unknown 
parameters left over in Figure 3-3 are the proportional gain and the derivative gain of the PD 
controller. After several calculations and tests with the designed platform, the kp is chosen to be 
0.35 and kd is chosen to be 0.01 to achieve the best performance. Therefore the teleoperation 
platform shown in the figure below is realized. 
 

Figure 3-5: Realization of the teleoperation platform 
 
In the above figure, the transfer function of the master device is GM, the transfer function of the 
slave plant is GP and the PD controller is Gpd. The time delay in the right moving direction is TR 
and the left moving one is TL. 

 
1

1.163 1.5
, Eq. 3-31
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 0.35 0.01
. Eq. 3-32

 
4206.3

0.0929 1
. Eq. 3-33

3.4 Performances of the bilateral platform 
There are several experiments performed to test the designed platform. At first the experiment is 
performed with no time delay and then the artificial time delays are added. Based on the results of 
the experiments, when there is no time delay existed in the communication channel, the basic 
platform works well. However, the performance of the system degrades and shows unstable 
characteristic when time delay existed.  

3.4.1 Teleoperation without time delay 
The experiment of the teleoperation under no time delay is implemented first. The operator 
manipulates the inertia load on the QET device as a joystick. Meanwhile, the beam mounted on the 
SRV02 device is designed to track the motion of the inertia load. When there are disturbances 
occurred in the slave side, like appearing an obstacle, the operator can feel an obvious feedback 
force on the inertia load to impede further operation. 
 
In the experiment, the master load is first rotated to the left by the operator. The operator stops the 
load for a while and then reverses it back. Later an obstacle is placed and the slave beam which 
tracks the master motion is stopped by it. The operator could feel increasingly stronger feedback 
torque on the master load.  
 
The following figure clearly depicts the total process with three plots. In the figure below, the 
dashed curve represents the master device and the solid curve represents the slave device (Positions, 
Velocities and torques). In the velocity and position plot, it is obvious that the solid line and the 
dashed line coincide all the time except for the time zone from 19s to 24s. The slave beam shows 
good performance in tracking the motion of the master load when there is no disturbance on the 
slave site.  
 
However, an obstacle is placed in front of the moving direction of the slave beam at time step 19s. 
Therefore the slave beam’s motion is stopped and the feedback torque generated from the PD 
controller could be felt by the human operator. The directions of the torques applied on the master 
and slave site should be opposite. The torque plot shows such behavior clearly. During the 
rigid-contact time, the torques applied on both site of the system show apparent increases. After the 
operator reverses the master load back at time step 22s, both the applied torque on the slave site 
and the feedback torque on the master site are decreased. 
 
Based on the above discussions and Figure 3-6 in the next page, the performance of the 
teleoperation system under no time delay situation seems nice. The slave beam tracks the motion of 
the master on time and the feedback torque generated at the rigid contact time could also be felt by 
the operator. 
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Figure 3-6: The performance of the teleoperation system under no time delay 

 

3.4.2 Teleoperation with time delays 
The experiments of the teleoperation with different time delays are implemented later. In this 
chapter, the teleoperator are tested with two different time delays. The first test is performed under 
1000ms round trip delay and the second is performed under 2000ms round trip delay. The 
operations of the two experiments are different. The slave beams in the two experiments are both 
rotated freely at first and then stopped by the obstacle. The difference is that the obstacle in the first 
experiment is stayed still during the test and the obstacle in the second experiment is removed 
suddenly. 
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The first experiment based on the 1000ms round trip delay is depicted in the figure below. 

 
Figure 3-7: The performance of the teleoperation system under round trip time delay 1000ms 

 
In the above velocity plot, the solid line which represents the slave speed follows the dashed curve 
which shows the master velocity correctly. It is apparent that the master load is still rotated at time 
21s when the slave beam is stopped by the obstacle. The corresponding position plot also depicts 
the same behavior.  
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In the torque plot, the feedback torque applied on the master site starts to increase after 21s. After 
the master load is reversed back, the applied torque is also decreased. It is obvious that the torque 
applied on the master site is 500ms behind the slave torque. 
 
The second experiment is performed under 1000ms one way time delay. The following figure 
shows the performance of the teleoperation system under large time delay. 
 

 
Figure 3-8: The performance of the teleoperation system under round trip time delay 2000ms 

 
The dashed line in the above figure represents the motion of the master device and the solid line 
represents the slave device. Though the slave beam is delayed by 1000ms, it still tracks the master 

0 2 4 6 8 10 12 14 16 18 20 
-40 

-20 

0 

20 

40 

Time(s)

Sp
ee

d(
ra

d/
s)

 

  

  
velocity_master
velocity_slave

0 2 4 6 8 10 12 14 16 18 20 
-5

0 

5 

10 

Time(s)

Po
si

tio
n(

ra
d)

 

  

  
position_master
position_slave

0 2 4 6 8 10 12 14 16 18 20 
-4

-2

0 

2 

4 

6 

Time(s)

To
rq

ue
(N

*M
)

  

  
torque_master
torque_slave



 43

load well before stopped by the obstacle. Different from the first experiment, the obstacle in the 
second experiment is removed suddenly. Therefore the velocity of the slave beam shows a sharp 
increasing at time 15s and shows small oscillations on its curve. In the position plot, it is obvious 
that the master load takes at least one second to reach its final position after it starts to rotate again. 
However the slave beam almost takes no time to catch the master position. The following torque 
plot also shows the same behavior.  
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4. Wave variables and Wave-predictor 

In chapter three, the teleoperation system without any external control laws is tested. It is obvious 
that the performances of the system are degraded when the time delay exists.  
 
As discussed before, the time-delay problem remained unsolved in bilateral teleoperation until 
1989 when Anderson and Spong gave a new aspect to deal with the instability problem: the 
passivity and scattering theory [4]. After that, in the work of [5], the wave-variable method, which 
transfers wave variables instead of power variables in the communication channel, is introduced to 
guarantee the passivity of communication channel and further to stabilize the closed-loop system. 
The work [18] employed H∞ optimization and μ-synthesis techniques to improve performance for 
guaranteed stability. However, larger time delay will degrade the performances of the systems 
which applied those methods. To compensate large time delays, predictive method is developed to 
be one of the solutions. The method was first introduced by Smith in 1957 [20]. Its purpose is to 
estimate the system behavior based on the system modal, e.g. the characteristic equation of the 
system. In the work [19], Munir applied a Kalman filter on the master site to estimate the position 
of the slave. Based on that and the wave-variable method, he provided a modified Smith Predictor 
named wave predictor.  
 
In this chapter, the wave-variable and predictive control methods are applied on the platform and 
the corresponding performances under artificial time delays are compared. 

4.1 Wave teleoperator 
In the previous chapter, traditional approaches of the bilateral teleoperation platform demonstrated 
that the system shows instability under time delays. In the work of [4], the instability is traced to 
the non-passive nature of the communication channel. Based on the passivity theory, the 
communication channel which can induce time delay can be separated from the teleoperation 
system. Therefore in this chapter, the communication channel is treated as a separated block. 
 
The passivity’s nature is that the input energy into one system should be larger or equal to the 
energy sent from the system. As shown in the figure below, the communication channel is passive 
when the force-velocity product at the left hand site is larger or equal to the product at the right 
hand site. Otherwise the channel is non-passive. 
 

 
Figure 4-1: The Communication channel with power variables 

 
In the above figure, the parameter ω is the velocity and F is the force element. The subscripts r and 
l represent the right and left hand port. 
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In 1991, Niemeyer and Slotine [5] proposed an advanced method based on passivity theory, the 
wave-variable method. It encodes the power variables (force and velocity) to wave variables via 
wave transformations before sending them into the communication channel. Then the wave 
variables could be decoded into the power variables again after the transmission. In the work of [5], 
[7] and [19], it has been proved that this method guarantees the passivity of the communication 
element in any constant time-delay situation.  

4.1.1 Basic wave transformations 
In the thesis, the teleoperation system is built based on the angular velocity-torque control strategy. 
As discussed in Chapter 3, the angular velocity of the master device is measured by the encoder 
mounted inside the master board and the applied torque on the slave site is calculated by the 
designed PD controller. In the teleoperator, the slave device is designed to track the position and 
velocity of the master device. The details of the wave teleoperator are shown as the follows. 
 
The wave transformations are specified in the following diagram and equations. In the figure below, 
the power variables ωm, ωs, τm and τs are transformed to the wave variables um, us, vm and vs.  
Among them, ω represents the angular velocity and τ is torque. The subscripts m and s represent 
the master and slave system respectively. The variable b is the characteristic impedance. As 
Niemeyer and Slotine discussed in the paper [5], the system appears more damped when the 
impedance b increases. 
 

b2

b2

b2/1

b2/1

Figure 4-2: The wave transformation diagram. 
 
From the figure, the following equations are obtained: 

 
1

√2
, Eq. 4-1

 
1

√2
, Eq. 4-2

 
1

√2
, Eq. 4-3

 
1

√2
. Eq. 4-4

In above equations, the wave variables are computed based on the power variables. It is easy to 
find that the transformation is bijective. The power variables can also be computer by the above 
equations. Therefore the wave transformations can compute any combination of power and wave 
variable. That means in each site of the system, when two of the four variables (two power 
variables and two wave variables) are given, the other two variables can be obtained then. 
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In the thesis work, the master angular velocity ωm is measured by the encoder in the QET device. 
The wave variable vm could be received from the serial port. Based on the above discussion, the 
wave variable um and the feedback torque τm can be calculated as: 
 √2 , Eq. 4-5
 √2 . Eq. 4-6
Meanwhile, the applied torque on the slave beam is computed by the designed PD controller in the 
slave site. The wave variable vs is then acquired from the serial port. Therefore the other two 
parameters at the slave site can be obtained by the following equations. 

 2
, Eq. 4-7

 2 1
. Eq. 4-8

The calculated variable us is then transmitted to the master site and becomes vm. Combined vm with 
the current measured angular velocity ωm, the wave variable um and the feedback torque τm can be 
calculated again. The four equations become an iteration process which could be directly used in 
computer-based control algorithms. 
 
In the teleoperation system, the implementation of those wave transformations is depicted in the 
following diagram. The communication channel is represented by two Delay-named blocks. The 
parameters in the plot are the same ones which have been explained before. 
 

Master Plant

Wave 
Transformation

Delay

Delay

Wave 
Transformation

PD Controller Slave Plant

um

vm

vs

us

ωm

τm

ωsd

τs

ωs

 
Figure 4-3: The basic teleoperator with wave-variable method 

 
As the above diagram specified, wave variables are transmitted in the communication channel 
instead of the power variables. This assures the passivity of the communication channel and 
remains the teleoperation system stable. 

4.1.2 Wave reflection problem 
Though the wave-variable method guarantees the passivity of the communication channel in the 
teleoperation system, it can hardly ensure that the performance could remain nice when the time 
delay increases. For instance, the system takes longer time to accomplish the task when the time 
delay increases. In addition, there is another limitation of the wave-variable method called wave 
reflection problem. It will enlarge the system settling time and induce position oscillations.  
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As mentioned in [5], the internal loops created by the wave transformations could be the cause of 
the wave reflections. For instance, in Eq. 4-5, the wave variable um is calculated based on the 
current master velocity ωm and the incoming wave vm. As 
 , Eq. 4-9
the wave variable um contains part of the wave variable us. Besides, as Eq. 4-7 suggests, the wave 
variable us also contains part of the wave variable vs which is the delayed wave um. Therefore the 
wave transmitting process discussed above is drawn in a cycle below: 
 

 
Figure 4-4: An example of the wave reflection 

 
From the above figure, the wave variable us should always contain part of the variable vs which sent 
from the master site. Moreover, the wave variable um also contains part of the variable vm which 
came from the slave site. When the system is operating regularly, this circulating procedure could 
be named as wave reflection. On each site, as the reflection occurs every twice the transmission 
time (time delay), the frequency of the reflection effect is said to be 1/2T. T is the value of the time 
delay and its unit is second.  
 
The problem of the wave reflection is that it contains little useful information and furthermore its 
cyclic construction may retain this useless information for several cycles before it disappeared. The 
unnecessary information can easily create unexpected distractions and cause severe problems like 
position oscillation which severely degrade the system performance. It is apparent that the system 
show oscillator behavior and distraction in the thesis work when the wave variables is added.  
 
The following two figures illustrate the performance of the teleoperator under a 200ms one way 
time delay. In the wave transformation, the characteristic impedance b is set to be five. The 
operation at the master site is simple: first turn the inertia load to the left, then remain the load 
static for a short while and then return it back to the initial position.  
 
From the plot of the slave velocity, it is apparent that the slave device could almost track the 
master’s motion at first.  However, when the master remains static on the left side, the slave 
becomes to show oscillatory behavior. After the master load is returned to its initial position, the 
rapid change of the master velocity further strengthens the oscillation of the slave device. 
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Figure 4-5: The performance of the wave-variable method (Velocity plot with round trip time delay 400ms) 

 
Figure 4-6: The performance of the wave-variable method (Position plot with round trip time delay 400ms)  
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The position plot shows a more clear oscillation behavior. At the first five seconds, the slave could 
track the master’s motion. The oscillation already exists but not too strong to influence the 
performance. However the oscillation becomes stronger later and the whole performance of the 
teleoperator is severely degraded.  

4.1.3 Implementation of wave filter 
In physical systems, the waves are reflected where the impedance of the wave carrier changes.  
Similarly, by using wave transformations to transmit the wave signals in the communication 
channel, the wave reflections may occur at both the slave and master sites where the impedances 
are unequal.  
 
Based on this physical characteristic, the impedance matching method can be applied to reduce the 
additional useless wave reflections. As mentioned in [5], this method’s purpose is to modify the 
controllers at both sites to eliminate the reflection part in the signal. The reflection can be totally 
eliminated under velocity and position control. However the wave reflections cannot be completely 
avoided under force control used in the thesis work. Additionally, though the impedance matching 
method could reduce the wave reflection effect and enhance system performances, the design of the 
method will be changed when the environmental contact provide additional information. As a result, 
the impedance matching method is not used in the thesis work. Instead, the wave filter method is 
applied. 
 
A filter is often used for eliminating signals with certain frequencies, like low-pass filter, band-pass 
filter and high-pass filter. For instance, the low-pass filter can be used to eliminate high frequency 
signals and allows only the signals whose frequencies are below the cut-off frequency to pass. The 
filters are widely used in many control applications, such as reduction of noise, shaping of the 
frequency spectrum and so on. However they also add phase-lag to the signals while they are 
filtering. 
 
As mentioned in [5], using the wave variables with the help of the wave filtering is an effective 
method in teleoperation techniques. In the thesis work, a low-pass filter is designed to eliminate the 
unnecessary information carried in the wave reflections. In the electronics aspect, the designed 
low-pass filter can be considered as a RC filter. 
 

 
Figure 4-7: The electrical layout of RC filter 

 
From the above figure the transfer function of the RC filter is 

 
1

1
1

1
. Eq. 4-10

In the above equation, R is the value of the resistance, C is the capacitance and s is the Laplace 
operator. τ is named time constant and 1/τ is called cut-off frequency. In the thesis work, the wave 
filter is designed as follows. 
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Figure 4-8: The diagram of the designed wave filter 

 
The figure shows that the right moving wave is filtered by a designed wave filter. For symmetry, 
the left moving wave also passes a same type filter which is not shown on the figure. According to 
the layout diagram, a first-order differential equation of the communication channel is got. 
 . Eq. 4-11
Due to the transfer function of the RC filter discussed before, λ in the above equation is the cut-off 
frequency of the wave filter.  
 
In general the value of the cut-off frequency is related to the value of the time delay. The wave 
reflection occurs at each side of the communication channel, the master and the slave site. The 
oscillation induced by the reflection also occurs at both sides, in a frequency of 1/2T. The 
parameter T here represents the one-way time delay in the system. Therefore if the cut-off 
frequency of the filter is close to 1/2T, the oscillation can be strongly damped. However, when the 
oscillation is attenuated, the useful information in the wave transmissions is also damped by the 
wave filter. If the cut-off frequency is set to 1/2T, the normal operation of the system could be 
severely slowed down.  
 
Hence the selection of the cut-off frequency of the filter must consider a compromise between the 
operation performances and oscillation damping. Normally the value is: 

 
1

. Eq. 4-12

For instance, when one way time delay is set to be 100ms, the value of λ should be larger than 10. 
In one of the experiments in the thesis work, the one way time delay is equal to 200ms, the system 
shows good performance when λ is equal to six.  
 
To apply the wave filter algorithm in the C++ program, the filter equation must be converted to a 
discrete version first. 

 1
∆

1 . Eq. 4-13

When the sampling interval ΔT of the teleoperator is set to 0.02s and the cut-off frequency λ is set 
to 6, the equation above can be converted to: 
 56 6 50 1 . Eq. 4-14
The above equation can be directly applied in the C++ program. The parameters of the equation 
depend on the value of the sampling rate of the system and the cut-off frequency of the filter. To 
implement the wave filter in the thesis experiments, the diagram of the current control system is 
shown below. 
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Figure 4-9: The wave-based teleoperator with the added wave filter 
 

When the wave filter is utilized in the teleoperation system, the oscillator behaviour is apparently 
attenuated. To test the performances of the wave-based teleoperation system after the wave filter is 
added, several experiments are performed. The experiment results are shown in the figures below. 
 
In the experiment, the The QET inertia load is the master manipulator and the beam mounted on 
SRV02 is the slave actuator. The operator rotate the master load to the left at first and then reverse 
it back after a short while. Later an obstacle is placed in front of the slave beam for a while. In the 
end, the obstacle is removed and meanwhile the operation on the master load is also stopped. The 
entire procedure is shown clearly in the following figures. 

 
Figure 4-10: The performance of the teleoperation system with the added wave filter (velocity plot with 

round trip time delay 400m, wave-variable method) 
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The velocity plot depicted the angular velocity of the master and slave device in the teleoperator. In 
the above plot, the solid line which represents the motion of the slave device shows apparent 
oscillations after each time the master load stops. However unlike the curves in Figure 4-4 which 
depicts the performance of the system without a wave filter, these oscillations turn to disappear in a 
short time.  
 

 
Figure 4-11: The performance of the teleoperation system with the added wave filter (position plot with 

round trip time delay 400m, wave-variable method) 
 
The above position plot shows the position trace of the master load and the slave beam. The dashed 
line represents the position of the master load and the solid line shows the position of the slave 
beam. Around the time step 4s ,10s and 27s, the solid curve shows apparent oscillator behavior. 
Like Figure 4-9, the oscillation also disappears after a short while. It is obvious that the wave filter 
is working well. Additionally, the two curves show deviations when the obstacle is placed. The 
master load keeps on rotating and the slave beam is stopped.  
 
The behavior of the feedback torque is shown in the figure below. The torque plot shows oscillator 
behavior at time step 4s and 10s, which could be related to the above position plot. After the slave 
beam is stopped by the obstacle at time 19s, the feedback torque starts to increase and reaches its 
peak around 22s. It is also the time when the largest position deviation appears. The operator who 
handles the master load can feel the feedback torque clearly. 

0 5 10 15 20 25 30 35 
-2

0 

2 

4 

6 

8 

10

Time(s)

Po
si

tio
n(

ra
d)

  

  
position_master
position_slave



 53

 
Figure 4-12: The performance of the teleoperation system with the added wave filter (torque plot with round 

trip time delay 400m, wave-variable method) 
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4.2 Implementation of the predictive method 
The wave-variable method is an efficient method for the time-delay problems. It could guarantee 
the passivity of the communication channel when the constant time delay exists. However, when 
the amount of the time delay increases, though the passivity of the communication channel is 
remained, the system performance of the whole system is strongly degraded. This is an unavoidable 
problem of the wave-variable method. Therefore the predictive method is considered to be a better 
choice when a good knowledge of the behavior of the slave site is known.  
 
A predictor, as its name suggests, is a method to foretell the future behavior of the target on the 
basis of the observation. In the teleoperation system, the predictive techniques are usually designed 
to predict the future response of both the slave and the environment at the remote site. It requires an 
explicit model of the slave plant at the remote site. In this chapter, a simple Smith-type predictor is 
discussed at first and later a modified wave-predictor with a Kalman filter is designed. 

4.2.1 Simple Wave Predictor 
Smith predictor is one of the earliest predictive methods for the time delayed teleoperation systems. 
It was invented by Smith.O.J in the year 1957 [20] for process control loops. The main idea of the 
Smith predictor is to put a linear estimate of both the slave plant and the environment in the control 
loop. It is built to eliminate the influence of the time delay in the control procedure. Based on that, 
an accurate estimate of the combined model of the slave plant and the environment is required. In 
ideal cases, the time delay effect could be totally removed from the teleoperation control loop when 
the estimation is completely correct. This time-delay compensation method can improve the system 
performance while remaining the system stability. Because of its simple structure, a Smith-type 
predictor is created in the thesis work at first. 
 
In traditional cases, a designed predictor in the teleoperation system is used to predict the future 
response of the slave plant combined with the environments. For instance, the power variables like 
the angular velocity and the feedback torque of the slave plant are usually predicted. However, the 
designed predictor is implemented in the wave junction in the thesis work. It does not directly use 
those dynamic vectors of the slave plant but the future incoming wave variables encoded from 
them. As discussed in Munir’s work [19], the prediction based on the wave variables is expected to 
improve the robustness of the teleoperator. The basic layout of the teleoperation system with the 
wave based predictor is depicted in Figure 4-15. 
 
As shown in the figure below, the predictor Gp(s) is implemented in the wave transmission line.  
In the master site, the required wave variable vm is calculated by the sum of the variable up and us, 
in which up is the output of the designed predictor. The parameters TR and TL represent the time 
delay values of the right moving wave and the left moving wave. TT is the total time delay, which is 
also referred as the round trip time delay in the text. Gm(s) and Gs(s) are the transfer functions of 
the master and the slave plant. GR(s) represents the transfer function of the entire right hand side, 
which combines the wave transformation and the slave plant in the right hand site. Apparently 
when Gp(s) is equal to GR(s), the delay effect in the teleoperation control loop could be disregarded. 
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Figure 4-13: The layout of the teleoperation system with a simple wave predictor 

 
The transfer function of the total right hand site could be obtained from the transfer function of the 
slave plant and the wave transformations. As discussed in the Chapter 3, the transfer function of the 
slave plant is: 

 . Eq. 4-15

In the equation, τs and ωsd are the generated torque and the angular velocity of the slave plant. Jeq 
and Beq are the equivalent moment of inertia of the slave beam (the beam mounted on the SRV02 
plant) and the equivalent viscous damping coefficient. The variables Kp and Kd are the gains of the 
PD controller. 
 
The laws of the wave transformations are also discussed in the former chapters. At the slave site, 
the wave variables us and vs could be represented by the following equations: 

 
1

√2
, Eq. 4-16

 
1

√2
. Eq. 4-17

In the equations, b is the characteristic impedance. Its value could be chosen arbitrarily. In the 
thesis, b is equal to five. By combing the three equations above, the transfer function of the total 
right hand site of the system, GR(s), could be obtained as follows: 

 . Eq. 4-18

 
In real applications, the values of the parameters like Jeq, Beq and b are already determined. Hence 
the numerical versions of those transfer functions like GR(s) could be obtained. Furthermore, as the 
computer-based algorithm requires, a discrete state space model of the remote system which means 
the combined right hand site in the thesis is needed. It could be calculated based on the transfer 
function GR(s) and a pre-defined sampling rate. In the thesis work, the time interval 0.02s is set to 
be the sampling rate. Hence the discrete state space model could be obtained from the above 
equations. 
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 Eq. 4-19

 0.2209 0.0063
1
2 0.996  Eq. 4-20

In the equations, the parameter x1 and x2 are the internal states in the combined right-hand system. 
The input value q is the wave variable vs and the output y should be the wave variable us which 
would be sent to the master site. 
 
After the discrete state space model of the combined right-hand system is obtained, the future 
response of it becomes predictable. In other words, when two initiate internal states x10, x20 and a 
sequence of the input qk from the beginning to the end are given, the future output us of the system 
based on the above discrete model could be obtained by using Eq. 4-19 and Eq. 4-20 iteratively. In 
the thesis work, a simple Smith-type predictor (depicted in Figure 4-12) is built based on the above 
numerical model. Based on the Smith-predictor theory [12] [23], the teleoperation system with the 
Smith-type predictor can eliminate the harmful effects of the time delay and achieve stability. 
 
However the structure of the teleoperation system illustrated above has its own drawbacks. Its 
performance is highly dependent on the accuracy of the estimated model. In the real applications, 
as there are so many disturbances like noises and measurement errors could influence the accuracy 
of the model, a completely accurate model does not exist. Therefore a control algorithm based on 
an inaccuracy model would lead to worse performances or even causes the system to be unstable. 
Additionally, the simple wave-predictor discussed above could only work under a free motion 
mode (no disturbances occur). Any tiny disturbances occurred in the slave site could destabilize the 
teleoperation system and degrade the system performance. Hence a modified predictor is then 
implemented in the thesis work. To design the new predictor, a Kalman filter is applied to estimate 
the internal states of the slave device.  

4.2.2 Modified predictor 
Ever since the Kalman filter algorithm was developed by R.E. Kalman in 1960 [21], this recursive 
algorithm has been widely utilized in the engineering applications. It has been proved to be a 
technically feasible approach to the prediction problems. 
 
The Kalman filter is a set of mathematical equations to estimate the state of a discrete-time 
controlled process. It usually contains two processes, the estimate process and the measurement 
process. First, it estimates the state x at the time step k+1 from the state at the time step k: 
 , Eq. 4-21
 ~ 0, . Eq. 4-22
For the measurement process: 
 , Eq. 4-23
 ~ 0, . Eq. 4-24
In the equations above, the parameter Ak is the state transition model which relates the state xk to 
the state xk+1. Bk is the control-input model applied on the control vector uk. The parameter Zk is the 
measurement state and Hk maps the states to the measurement. The random variables wk and vk 
represent the process noise and the measurement noise respectively. These noises are assumed to 
be the zero mean Gaussian white noises with the covariance Qk and Rk. 
 



 57

The Kalman filter algorithm contains two basic phases, the predictor phase and the update phase. 
They are also called time update phase and measurement update phase in some documents. In the 
predict phase, the filter estimates the current state by using the estimated value calculated at the 
previous time step. While in the correct phase, the measurements at the current time step are used 
to modify the predicted state to achieve a more accurate estimation of the current state. The cycle is 
shown below: 
 

 
Figure 4-14：The Kalman filter algorithm cycle 

 
Based on the discussion and the diagram above, the equations of the Kalman filter algorithm can be 
obtained. The first group is the predict phase: 
 _ , Eq. 4-25
 _ . Eq. 4-26
In these equations, the parameters A, B, u and Q are referred to the Eq. 4-22 and Eq. 4-23. xk_i is the 
initial estimate of the time step k in the predict phase and Pk_i is the initial error covariance matrix 
at the time step k. The word “initial estimate” here represents the first derived, unmodified estimate 
in one cycle of the Kalman filter algorithm. xk-1 represents the final estimate result in the previous 
cycle of the algorithm, which means the final estimate at the time step k-1. 
 
In the measurement update phase, the equations of the algorithm should be: 
 _ _  Eq. 4-27
 _ _  Eq. 4-28
 _  Eq. 4-29
In the equations above, Kk is designed to be the optimal Kalman gain. The parameters H, R and z is 
directly coming from the Eq. 4-23 and Eq. 4-24. Additionally, in some documents [22], xk_i is 
called the priori state estimate and xk is named as the posteriori state estimate. 
 
In the practical applications, the predict phase and the correct phase are executed repeatedly. The 
priori state estimate at the time step k is calculated by the posteriori state estimate at the time step 
k-1. The posteriori state estimate at the time step k is then calculated by the priori state estimate at 
the time step k. This recursive nature is a very appealing characteristic of the Kalman filter. 
Additionally, the recursive algorithm makes the computer-based application of the Kalman filter 
become feasible. 
 
In the thesis work, a Kalman filter is set in the master site to estimate the internal states of the slave 
plants. It uses the current measurements from the slave site to correct its estimation. The 
disturbance problem mentioned in the previous chapter could be declined by the added Kalman 
filter. Moreover, except for the Kalman filter, a predictor based on the discrete state space model of 
GR(s) is required. Its input should be connected to the output of the Kalman filter, where the final 
estimation comes out. The teleoperation system with the modified predictor is shown in the 
following figure.  
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Figure 4-15: The construction of the teleoperation system with the modified predictor 
 
In the figure above, there are two inputs of the Kalman filter: the artificially delayed wave variable 
um(t-TT) from the master site and the delayed wave variable ua(t) from the slave site. As there is 
 , Eq. 4-30
the artificially delayed wave variable um(t-TT) and the left moving wave ua(t) should arrive the 
Kalman filter simultaneously. As Eq.4-21 and Eq.4-23 suggests, um(t-TT) is set to be the input uk in 
the estimate process and ua is set to be the output Zk for the measurements process. Hence the 
designed Kalman filter fulfilled the requirements for the iterations of the predict phase and the 
correct phase. As the algorithm suggests, the final estimation of the total right hand site should be 
more accurate because of the corresponding measurements output from the slave site. It turns out 
that the estimation from the added Kalman filter could have better tolerance from disturbances 
occurred at the slave plant. 
 
As shown in the above figure, the predictor is placed between the added Kalman filter and the wave 
transformer. Based on the discrete state space model of the total right hand site, the predictor could 
predict the internal states of the slave plant n time steps forward by using the stored input sequence 
from uk-1 to uk-n and the initiate states which comes from the Kalman filter. For instance, at the time 
step k-n, it could predict the required internal states at the time step k. This procedure is discussed 
in detail as follows. 
 
As the discrete model is using, the estimated states x1(t-TT) and x2(t-TT) which come from the 
Kalman filter could be convert to x1(k-n) and x2(k-n). They are set to be the initial states of the 
predictor. Therefore the first step of the prediction is: 

 
∆

, Eq. 4-31

 , Eq. 4-32
 . Eq. 4-33
The matrix A and B are referred to the discrete state space model, the Eq.4-20. The parameters P 
and Q are referred to the Kalman filter algorithm. The vector x in the equations above are the vector 
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of (x1 x2)T. Additionally, the ΔT in the equations is the sampling rate which is equal to 0.02s in the 
thesis work. Then based on the one-step prediction, the n-step prediction is implemented as follows: 
 , Eq. 4-34
 , Eq. 4-35
where i = 2,…n. By implementing the iteration algorithm above, the predicted state xk which is n 
steps ahead of the delayed measurement output can be obtained. In the thesis work, as the model is 
accurate and the measurement noise is very small, the parameters P and Q are also very small. 
Therefore they are neglected in the computer-based algorithms for simplicity. 

4.2.3 Regulation 
As discussed in the previous chapters, the teleoperation system can achieve passivity by using the 
wave-variable method. Therefore the newly designed predictive method which is based on the 
wave-variable algorithm should also have the ability to maintain the system passive. That means 
the designed predictor must not increase the total energy contained in the returning wave.  

 . Eq. 4-36

This inequality equation must be satisfied for keeping the passivity nature of the communication 
channel. The condition above can be guaranteed by adding a specific filter at the summing junction 
where the returning wave vm is created. The regulator is shown in the following figure. 
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Figure 4-16：The layout of the regulator in the teleoperation system 

 
To set the variable vsum to be the sum of the variable vp and va, the following equation becomes the 
major objective of the regulator. 

 0 Eq. 4-37

The above equation means that the output from the regulator should be as close as the sum of the 
variable vp and va. 
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To achieve the above objective, a new parameter for tracking the energy extracted by the regulator 
is calculated as below. As shown in the construction plot, that energy could be measured and 
calculated on the master site. 

     Eq. 4-38

As the goal of the regulator is to ensure the total energy contained in the returning wave never 
increases, the energy calculated above should be larger than zero. Based on the above equations, 
the algorithm of the regulator is designed as follows.  

 1 . Eq. 4-39

In the equation, the variables α and β are both positive regulating parameters. Their values could be 
alternated in the real applications to adapt the current situation. 

4.2.4 Wave predictor with added wave filter 
The wave predictor is used to predict the future response of the returning wave from the slave site. 
Just like the wave-variable method, the wave-based predictor also has the wave reflection problem. 
As discussed in the former chapters, there are several ways to deal with this problem. Among them, 
the impedance matching and the wave filter method are widely used. Due to its good performance 
in chapter 4.1, the wave filter method is applied in the wave-predictor system in the thesis work. 
The construction of the teleoperation system with the wave predictor and filter are shown below. 
 

Figure 4-17：The teleoperation system with the wave-predictor and the added wave filter 
 
In the above figure, the layout of the wave filter in the predictor-based teleoperation system is 
different with the former one. Four instead of two wave filters are placed in the system this time. It 
is obvious that the original wave variables um and us are still filtered by the low-pass filters after the 
time delay. The newly designed filters are set on the input and output channel of the wave-based 
predictor. As discussed in chapter 4.2.2, the input of the Kalman filter is the artificially delayed 
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wave variable um(t-TT). Now the delayed variables must pass the low-pass wave filter first and then 
become the input sequence of the Kalman filter. It is the same on the output channel. After 
finishing all the iterative calculations, the obtained prediction values have to pass the wave filter to 
become the final result vp.  
 
The added wave filter in the wave-predictor system could apparently attenuate the oscillator 
behavior which caused by the wave reflection problem. There are two figures below to show the 
performances comparison between the original wave predictor and the filtered wave-predictor. 

 
Figure 4-18: Performance of the predictor-based system (without the wave filter) 

 
In the above figure, the process of the operation is clearly depicted. The operator first rotates the 
master load to one side and then reverses it back. Both in the velocity plot and the position plot, the 
system shows apparent oscillator behavior so that the operator stops the operation around time step 
7s. The performance of the predictor-based system without the wave filter is poor. 
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Figure 4-19: Performance of the predictor-based system (with the wave filter) 

 
The above figure shows that the system works well with the wave filter. In both the velocity and 
position plots, the solid line which represents the slave motion tracks the dashed line which 
represents the master motion nice. The performance is obviously improved after the wave filter is 
added in the teleoperation system. 

4.3 Varying time delay problem 
In the previous chapters, the constant time-delay problems are discussed specifically. However the 
delay in the internet and many other situations is varied. Taking internet as an example, the delay in 
the internet can depend on the distance between the master and slave device, the time of the day 
(Different amount of the users on the internet can influence the communication efficiency), the 
condition of the cable and so on. Therefore to design a teleoperation system must concern about the 
various time delay problem. 
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4.3.1 Time delay model 
In the real applications, the varying time delays also have many different types, like regular varying 
delays or irregular varying delays. The regular varying delays, as their names suggest, obey some 
certain rules when they occur in the communication channel. In other word, the variation in the 
time delay could be modeled. Recent researches are mainly based on this type of varying delay. A 
sine wave based varying time delay has been simulated and analyzed in the work [8]. The second 
type which is considered to be the irregular one can hardly be modeled or predicted. Hence among 
all kinds of the random delays, only the delay with a relatively small deviation has been studied. 
The following chapters are going to make some analysis on it. 
 
The situation of the internet time delay has already been studied by Saghir Munir in his Phd paper 
[19]. As the paper suggests, the standard deviation of the delay is very small when the data is 
transmitting under the UDP protocol in the internet. That convinces us to believe that the variation 
in the delay could be considered as a disturbance. Hence the time delay in the right moving wave 
could be considered as: 
 ∆ . Eq. 4-40
Likewise the time delay in the left moving wave could be 
 ∆ . Eq. 4-41
In the above two equations, ΔTR and ΔTL are disturbances in the delay. TR and TL are constant 
delays. In the internet-based applications, usually they are the ideal data transmission time based on 
the packet length. The communication channel of the teleoperation system now becomes: 

. 
Figure 4-20: The communication channel with varying delay 

 
It is obvious that the perturbation in the delay would distort the wave um and us when they pass 
through the communication channel. Therefore, the delayed wave variables could be calculated as 
the following way. 
 ∆   Eq. 4-42
 ∆   Eq. 4-43
In the equations, the Δum(t) and Δus(t) are the distortions caused by the varying time delay. 

4.3.2 Varying delay problem 
The varying delays in the communication channel cause many problems which could influence the 
teleoperation performance and destabilize the system. From Eq. 4-43 and Eq. 4-44, it is apparent 
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that the varying delay in the communication channel could distort the transmitted wave signal. That 
is a major reason of the following problems. 
 
The non-zero steady state error is the first problem caused by the varying delays. As discussed in 
Chapter 4, the position information of each device could be obtained from the integral of the 
transmitted wave signal. The parameters in the following equations have already been discussed in 
the previous chapters. 

 
1

√2
. Eq. 4-44

 . Eq. 4-45

The wave signals are distorted by the varying delay when they pass through the communication 
channel. Therefore the position information contained in the transmitted wave signals is also 
alternated. The position drift between the two sites of the system is: 

 ∆
1

√2
. Eq. 4-46

Based on Eq. 4-1 to Eq. 4-4, the above equation could be converted as below. 

 ∆
1

√2
. Eq. 4-47

To replace vs and vm in the above equation by using the varying time delay model discussed in 
Chapter 4.3.1, the following equation is obtained. 

∆
1

√2
∆ ∆ . Eq.4-48

This equation has a similar construct to the constant-delay-based position drift function, but 
without Δum and Δus. So the constant delay equation for the position deviation is: 

 ∆
1

√2
. Eq. 4-49

And then: 

 ∆
1

√2
. Eq. 4-50

In the steady state, wave signals have decayed to zero when there is no velocity or position input. 
That means the waves um and us are already zero at the time step t1-T. (t1 is the time step for the 
steady state) Hence the above integration Δθ1 is zero and the desired slave position θsd is exactly 
equal to the master position θm. However, Eq. 4-48 has two additional uncertain variables Δum and 
Δus. In the steady state, though these two variables also decay to zero at the time step t1-T, the 
integration of them from time step 0 to t1-T are not zero. Therefore the position deviation induced 
by the varying delay can hardly decay to zero.  
 
The second problem is about the system stability under varying delays. Under varying delay 
conditions, the energy stored in the distorted wave is alternated from the original wave. That means 
the communication channel starts to generate or reduce energy. As discussed in the first chapter, 
the definition of passive system is: the input energy should be larger or equal to the output energy. 
Therefore the passivity of the communication channel with varying delays is considered to be a 
problem. 
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In the designed teleoperation system, to remain the remote device passive, the input energy must be 
larger than the output energy. That is the condition to make the designed system stable. 

 
1
2

1
2

. Eq. 4-51

As discussed in the previous chapters, the total right hand site system GR is a passive system. 
Hence the dissipated energy in the total right hand site system is larger or equal to zero. 

 
1
2

1
2

0. Eq. 4-52

As the varying delay has distorted the wave signal passed through the communication channel, the 
following equations could be obtained. 
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∆ . Eq. 4-53
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2

. Eq. 4-54

In the equations, ΔER and ΔEL are the energy disturbances generated by the communication channel 
with varying delays. To satisfy the requirement of Eq. 4-52, the two above equations are used to 
substitute the two side of the inequality function. Hence, 
 ∆ ∆ 0 Eq. 4-55
becomes the requirement for the system to be stable. It is apparent that the system will stay stable if 
the total right hand site system is passive and dissipate enough energy to establish the above 
inequality function. 

4.3.3 Control algorithm for varying delays 
The varying delay problem is always existed in the teleoperation techniques. Many scientists have 
worked on it. Niemeyer and Slotine tried to solve the position drift problem by transmitting the 
integral of the wave signal and decoded it by the specific filter. However this method is not suitable 
for the predictive control. Someone tried to change varying delays into constant delays. The first 
thing they do is to set an upper bound for these various time delays. When the varying delay is less 
than the threshold, additional time delay will be artificially added to it to reach its upper bound. It is 
an efficient way to ensure that the time delay becomes constant. However, it will further degrade 
the system performance. In this chapter, another way to solve this problem is discussed below. 
 
As mentioned in Chapter 4.3.2, the two disturbances variable Δum and Δus are the main reason that 
the position drift Δθ cannot decay to zero as Δθ1. Therefore the algorithm dealing with the varying 
delay problem can add some corrective items to the waves to be sent. 
 ∆  Eq. 4-56
In the equation, ûm represents the original wave variable and Δûm represents the corrective item. 
 
To apply the above equation in Eq. 4-48, the position drift Δθ now becomes: 

 ∆
1

√2
∆ ∆ ∆ . Eq. 4-57

To combine the above equation with Eq. 4-46, a new parameter named drift error de is defined as 
below: 

 
1

√2
1

√2
. Eq. 4-58
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As discussed in Chapter 4.3.2, the two variables Δum and Δus also decay to zero when the wave 
signals decay to zero. Hence the equation of the added corrective items is obtained. 

 
1

√2
∆  Eq. 4-59

The aim now is to drive the drift error de to zero. To achieve the purpose, a new parameter for 
tracking the energy dissipated in the slave system is calculated as below. 

  Eq. 4-60

The correction item could be calculated: 

 ∆ 1
2

, Eq. 4-61

where both the parameters μ and σ are positive constants. Their values are dependent on specific 
situations. This algorithm is similar to the one used in the regulation chapter. However in the real 
applications, when the disturbances occur in the slave system, the dissipated energy calculated 
could temporarily turn to negative. As μ and σ are positive,  
 1 0 Eq. 4-62
and the sign of Δûm becomes the same as de. That means the derivative of de and de have the same 
sign. Hence the drift error de cannot decay to zero. So the software must limit the value of Ed 
between zero and some small positive constant. 
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5. Experimental results and performance 
analysis  

In this chapter, various experiments are implemented to test the control methods mentioned in the 
previous chapter. The system performances are also evaluated in this chapter. The performance of 
the wave-predictor is tested in the first place. Then a series of experiments are performed under 
different conditions, which are shown in the table below. 
 

Experiment
Series No. 

Time delay conditions Obstacle type Remote system 
uncertainty Round trip delay Type 

5-1-1 1000ms constant No obstacle / 
5-1-2 1000ms  constant Rigid contact / 
5-2-1 1000ms  constant Rigid contact / 
5-2-2 1000ms  constant Soft contact / 
5-3-1 1000ms  constant Rigid contact 66.5% 
5-3-2 1000ms  constant No obstacle 77% 
5-4-1 980ms to 1020ms varying Rigid contact / 

Table 5-1: The experiments performed under different conditions 
 
As shown in the above table, the experiments are performed under different conditions, which are 1) 
different types of obstacles, 2) uncertain remote models and 3) different time delay conditions. 

5.1 Performances of the wave-predictor  
In the wave-predictor-based teleoperation platform, the core of the system is the predictor. Hence 
the performance of the wave-predictor is first validated by several experiments. These experiments 
are implemented under different conditions. 
 
The first experiment is a free-motion mode experiment under constant time delay. There are no 
disturbances or obstacles appear in the slave site. The round trip time delay is set to be one second. 
The teleoperation system is designed to let the slave device to track the motion of the master load. 
Hence in the experiment, the operator first rotates the master load to one side and then reverses it 
back to its original position after a short while. The whole procedure is clearly depicted in the 
following figures.  
 
The position plot in Figure 5-1 provides an intuitive view of the experiment process. The dashed 
line represents the position of the master load and the solid curve is the position of the slave device. 
It is clear that the solid line is 0.5 second behind the dashed line. From the 2s to 7s, the ascending 
dashed curve shows that the master load is rotated to its left side and the followed solid curve tells 
that the slave device also rotate to its left side. They stop at the same location. After 10.5 seconds, 
the master load starts to reverse back and the slave device follows its trace with 0.5 second delay. 
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As the position plot suggest, the slave device in the teleoperation system shows good performance 
in tracking the master device’s motion. 
 
The torques applied on the master and slave device is small because the system moves free. The 
larger torques appears at the time when the devices start to move or stop. In addition, around those 
times, the feedback torques show apparent oscillatory behavior. However the amplitudes of these 
oscillations are not big enough to be felt by the operator. 

 
Figure 5-1: Experiment 5-1-1, the position, torque and the predictor performance plot 

 
The final plot provides the performance of the wave-based predictor in the teleoperation system. In 
the plot, the solid curve represents the wave variable which is the original returning wave in the 
wave-variable method. Meanwhile the dashed curve in the plot indicates the real returning wave in 
the designed teleoperator, the predicted wave calculated by the predictive method. As the plot 
suggests, the dashed line is one second forward to the solid curve. That means the predictive wave 
could arrive the master side one second ahead of the original wave. It is obvious that the prediction 
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curve and the original curve almost have the same locus except for three small time intervals. The 
three exceptions are easy to be explained. They are all happened around the time when the motion 
of the devices has a sudden and big change, like stop to move or start to move. After these 
deviations, the predictor takes short time to return to the correct trace. It proves that the designed 
predictor has a good error correcting capability when deals with such sudden change problems. 
This capability should be attributed to the Kalman filter designed in the predictor. As discussed in 
Chapter 4, the Kalman filter receives the updating measurement value from the slave device to 
improve the accuracy of its outputs, which are also the inputs of the followed predictor. This 
procedure is iterated in the predictive algorithm in the teleoperation system. In other words, every 
predicted wave is based on the value calculated from the Kalman filter. Generally, the correct 
phase in the Kalman filter helps the wave-predictor to modify its mistakes fast and to have a good 
performance. 
 
After the free motion experiment is finished, the second experiment which deals with the rigid 
contact problem is begun. 

 
Figure 5-2: The experiment 5-1-2, the position, torque and the predictor performance plot 
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In the second experiment, a rigid and immobile object is added to be an obstacle for the slave beam. 
The experiment includes two basic parts, the free motion section at first and the rigid contact 
section later. The detailed description of the rigid contact experiment is discussed in the latter 
chapter. Here the figure below only shows how the predictor performs under rigid contact situation. 
 
The position plot and the torque plot are set to be the references for the performance plot. They 
clearly depict the whole procedure of the second experiment. In the two plots, the solid line 
represents the slave motion and the dashed curve represents the master motion. From 5s to 20s, the 
system moves freely and then the slave beam is stopped from 26s to 37s. Meanwhile the torques 
applied on both the master and slave sites in the torque plot show apparent increases. 
 
The final plot describes the performance of the wave-based predictor. As the same as Figure 5-1, 
the dashed line in the curve still represents the prediction. It is obvious that the predictor shows 
good performances in the free motion section. After the rigid contact section starts at the time step 
27s, the predictor follows its pre-calculated route for a short while and then starts to modify its 
trace to the correct route quickly. However in the rigid contact experiment, the prediction value 
during the rigid contact time zone appears one step behind the original wave. Though its route is 
modified to a correct direction, it shows slower response than the original waves. The phenomenon 
appeared in the above figure is because the predictor designed in the platform must take a certain 
amount of time to modify its prediction. As discussed in Chapter 4, the predictor with the added 
Kalman filter has the ability to modify the estimation value when the remote system is changed. 
However this modification is dependent on the current measurements from the slave system, which 
is delayed by the communication channel. Hence the predictor shows slower response than the 
original waves. 

5.2 Experiment-Series.1 
The experiments in this chapter are performed under constant time delays. In the experiments, rigid 
and soft contacts are artificially added in the slave site. 
 
In the previous chapter, a wave-based predictor is designed in the teleoperation system to solve the 
time-delay problem. In this chapter, the performances of the newly designed teleoperator are tested 
by several experiments based on different conditions. In the beginning, the experiments are 
designed to deal with the problems of the constant time delay. In the constant time delay 
experiments, 500ms is set to be the value of the one way time delay. To analyze the different 
performances of the teleoperation system, the experiments are run under various conditions.  
 
At first constant time delay experiment is built to evaluate the behavior of the teleoperation system 
when its slave device meets some rigid and heavy obstacles. During the experiment, the human 
operator grips the inertia load of the QET device (use “master load” for abbreviation in the 
following text) to control the slave beam mounted on the SRV02 device. More specifically, the first 
experiment can be divided into two phases, the free motion phase and the rigid contact phase. In 
the free motion phase, the operator first rotates the master load slowly, and then stops for a short 
while and finally rotates the master load back to its original position. After about 10s suspending 
time, the operator rotates the master load in the same direction again. However this time an 
immobile obstacle is placed in front of the rotating direction of the slave beam. This process is 
clearly represented in the figures below. 
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Figure 5-3: Experiment 5-2-1, the position performance plot 

 
Figure 5-4: Experiment 5-2-1, the torque plot of both the master and slave sites 
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In Figure 5-3, the dashed line represents the position of the master device and the solid line shows 
the position of the slave beam. The two phases are displayed clearly in the figure. The free motion 
phase lasts from the time step 2s to 27s and the rigid contact phase lasts from around 38s to 46s. 
When the slave beam is stopped by the obstacle, the operator still rotates the inertia load for about 
3s and then reverses the load. In addition, in the same time zone in the following figures, it is easy 
to see that the operator could feel increased force feedback from the master device. 
 
It is shown in figure 5-4 that the feedback torque increases rapidly after the time step 37s, which is 
exactly the time when the slave beam reaches the obstacle. The dashed line represents the torque 
applied on the master device and the solid line represents the torque applied on the slave site. There 
are some small oscillations appeared on the curve of the master torque. Many reasons could lead to 
that problem, for instance, the predictive error caused by the model uncertainty. In the thesis work, 
these disturbances could be neglected because they can hardly be felt by the human operator. 
 
There is also a figure depicts the velocities of the master and the slave device. In the teleoperation 
system, the slave beam is designed to track the motion of the master inertia load. Comparing to the 
speed curve of the master device, the velocity curve of the slave beam shows a similar behavior. In 
Figure 5-5, the dashed line is the velocity curve of the master device and the solid line is the curve 
of the slave device. This figure also depicts the entire experiment very clearly. In the time zone 
from 3s to 13s, the positive values of the velocities represent a counterclockwise movement of the 
master and slave device. Then the operator reverses the inertia load from 20s to 27s. Moreover, the 
slave device also shows no velocity in the rigid contact time zone. 

 
Figure 5-5: Experiment 5-2-1, the velocity plot of both the master and slave sites 
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The second experiment is running under the similar situations as the first one. The difference 
between the two experiments is that the obstacle in the second one is changed into a movable 
object. In the real tests, a 1.5L sized bottle with half a bottle of water is chosen to be the movable 
obstacle. The bottle with water can provide some interesting experimental phenomenon. When the 
force applied on the bottle is small, the bottle could move slowly. When the applied force is big 
enough, the bottle will fall down. That means the obstacle is suddenly disappeared for the slave 
beam.  
 
In the soft contact experiment, the human operator does the same control procedure as before. At 
first the operator rotates the master load to the left side and then reverses it back. Then the operator 
stops rotating the load for a short while and placed the bottle with the water on the moving locus of 
the slave beam. By slowly rotating the master load, the operator could observe the motion of the 
bottle pushed by the slave beam. Finally the bottle falls down and the slave beam suddenly 
increases its speed to catch up the motion of the master load. The entire experiment process is 
distinctly described in the following figures. 
 

 
Figure 5-6:  Experiment 5-2-2, the position plot of both the master and slave site 

 
In the position plot above, the dashed line shows the positions of the master device and the solid 
curve represents the positions of the slave beam. In the region 2s to 12s, the solid line follows the 
dashed line’s trajectory by 0.5s behind. As discussed in the first experiment, this free motion phase 
proves that the teleoperation system works well when there is no disturbances occurred on the slave 
site. From 17s to 24s, the solid line represents that the slave beam is stopped by the obstacle and 
stayed still. Meanwhile the dashed line tells that the master device is rotated continuously. As the 
bottle with the water is not heavy enough, it begins to move slowly after 24s and finally falls down 
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at around 29s. The following part of the solid curve shows that the slave beam catches the master 
motion very quickly after the obstacle disappears.  
 
The system performances are also been proved by the torque plot below. During the soft contact 
period, the applied torque increases rapidly from 17s to 24s. That is the time when the slave beam 
is stopped by the obstacle. The position deviation between the master and the slave device grows 
quickly. Hence the corresponding feedback torque increases very fast. However, from 24s to 30s, 
the increasing pace of the feedback torque shows an apparent decrease. According to the position 
plot above, the reason of the reduction is obvious. As the slave beam begins to move slowly and the 
rotation velocity of the master device does not change too much, the position deviation is then 
reduced. 
 

 
Figure 5-7: Experiment 5-2-2, the torque plot of both the master and slave sites 

 
The velocity plot below also gives enough information to describe the experiment. During the free 
motion period, the solid line which represents the slave beam’s motion almost follows the trace of the 
dashed curve which represents the master device. In addition, after the soft contact period, the 
velocity of the slave beam suddenly grows to an extremely high level and lasts for two seconds. It is 
the time when the slave beam frees itself from the obstacle and tries to catch up with the master 
device’s motion. Finally the speed turns to zero when the slave beam reaches the same position as the 
master device does. 
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Figure 5-8: Experiment 5-2-2, the velocity plot of both the master and slave sites  

5.3 Experiment-Series.2 
The experiments in this chapter are performed under constant time delays. They are designed to test 
the performances of the toleration system with model uncertainty problems. 
 
In real applications, it is hard to obtain an exactly accurate system model for the remote device. 
This inaccurate problem is often classified as the model uncertainty problem. As the predictive 
method requires a comparatively correct system model to finish its iterations, the model uncertainty 
problem could be a major concern of the predictive-based teleoperation system. 
 
In the thesis, the robust level of the teleoperation system is tested when there are some uncertainties 
between the model used in the algorithm and the real slave device. The calculated 
discrete-system-model mentioned in the former chapters is based on the construction of the slave 
device, the beam mounted on the gears and the gears. To simulate the model uncertainty situation, 
several other devices such like another beam or a heavier gear are mounted on the beam to alternate 
the existing model. 
 
The first experiment in series two added a gear on the slave beam. The modified slave system is 
shown in the figure below. 
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Figure 5-9: The modified slave system no.1 

 
The model of the slave device is then changed. From the datasheet of the Quanser devices, the 
slave device’s moment of inertia is now becoming 1.937e-3 kgm2. The model uncertainty here is 
said to be 66.5%.  

,             Eq. 5-1 

.                   Eq. 5-2 

 
This experiment follows the procedure of the rigid contact experiment in series one. The operator 
first rotates the master load to the left side and reverses it back after about four seconds. Then the 
operator placed an immobile obstacle on the moving locus of the slave device. By slowly rotating 
the master load, the operator could observe the motion of the slave device stopped by the obstacle. 
As the feedback force increases rapidly, the operator starts to rotate the master load back after 
about eight seconds. A complete depiction of the entire experiment process is drawn in the 
following figures. 
  
The figure below shows that the free motion mode and the rigid contact mode both occupy half of 
the experiment process respectively. The dashed line shows the position of the master device and 
the solid curve represents the position of the slave beam. Different from the previous experiments, 
the slave device now is changed from the beam to a combination of the beam and a load gear. In 
the region from 2s to 12s, the solid line still follows the dashed line’s trajectory by 0.5s behind. 
This free motion phase proves that the modified teleoperation system still works well when there is 
no disturbances occurred on the slave site. From 15s to 25s, the solid line represents that the slave 
beam is stopped by the obstacle and stayed still. Meanwhile the dashed line tells that the operator 
rotates the master device continuously for nine seconds and then reverses it back. There is an 
apparent position drift between the master and slave device after the slave device starts moving. It 
is happened because the slave system is alternated so that the predictive methods based on the 
original model could not achieve its best solution. 
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Figure 5-10: Experiment 5-3-1, the position plot of both the master and slave sites 

 
In the following figure 5-11, the dashed line is the velocity curve of the master device and the solid 
line is the curve of the slave device. Like the figures above, this figure also depicts the entire 
experiment very clearly. In the time zone from 2s to 8s, the positive values of the velocities 
represent a counterclockwise movement of the master and slave device. Then the operator reverses 
the inertia load from 10s to 12s. Then the motion of the master load from 13s to 25s is clearly 
represented by the dashed line. Moreover, the slave device also shows no velocity in the rigid 
contact time zone.  
 
It is shown in Figure 5-12 that the feedback torque increases rapidly after the time step 15s, which 
is exactly the time when the modified slave device reaches the obstacle. The dashed line represents 
the torque applied on the master device and the solid line represents the torque applied on the slave 
site. There are larger oscillations appeared on the curve of the master torque than the curves in the 
experiment 5-2-1 and experiment 5-2-2. As mentioned in Chapter 5.1, the reason causes the 
oscillations could be the model uncertainty. This experiment artificially increases the level of the 
model uncertainty so that the torque curve shows more obvious shaking behavior. 
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Figure 5-11: Experiment 5-3-1, the velocity plot of both the master and slave sites 

 
Figure 5-12: Experiment 5-3-1, the torque plot of both the master and slave sites 
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There is another experiment concerned about the model uncertainty problem in series two. This 
time the slave beam is mounted with another beam vertically. The construction is shown in the 
image below. 
 

 
Figure 5-13: The modified slave system no.2 

 
As the mass and the length of the additional beam is the same as the original one. Now the slave 
device becomes a beam which has 60g of mass and 24.46cm of length. The moment of inertia of 
the slave device is changed into 2.057e-3 kgm2. As the original value of the moment of inertia is 
1.163e-3 kgm2, the model uncertainty level in this experiment is 77%. 
 
The second experiment runs under the free motion mode. The following figures depict its process. 

 
Figure 5-14: Experiment 5-3-2, the position plot of both the master and slave sites 
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In this position plot, the dashed line which represents the position trace of the master device is 0.5 
seconds ahead of the solid line that represents the slave device. There are small position drift 
appeared around the time step 24s to 27s. The reason caused that should be the increased model 
uncertainty. It is easy to find that the master device stopped for a very short while at the time step 
24s and then starts to move fast again. As the model uncertainty problem exists, this sudden 
alternation could cause the predictor to get a non-ideal result. 
 
The feedback torque applied on the master site shows strong oscillations in the torque plot below. 
In the figure below, the dashed line represents the torque applied on the master device and the solid 
line represents the torque applied on the modified slave device. It is easy to find that the 
oscillations of the torque show different strength during the entire experiment. Corresponding to 
the above position plot, the feedback torques applied on both the master and slave site show larger 
amplitude when the two devices start or stop to move. In other word, the applied torque seems 
more obvious when the motions of the two devices are changed suddenly. However in the real 
applications, the torques appeared in the following figure is small enough so that the operator can 
hardly feels them. 
 

 
Figure 5-15: Experiment 5-3-2, the torque plot of both the master and slave sites 

 
The velocity plot below also depicts the complete procedure of the experiment. The solid curve 
which represents the motion of the slave device follows the dashed line well. The positive and 
negative values of the velocity are clearly corresponding to the ascending and descending curves in 
the previous position plot. 
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Figure 5-16: Experiment 5-3-2, the velocity plot of both the master and slave sites 

 
The two experiments in series two tell that the designed teleoperation platform shows robust 
behavior when the remote slave model has certain uncertainties. However, as the two torque plots 
suggest, the unsure model would induce large oscillations on the feedback torques. In the real 
applications, compared with the torques generated during rigid contact, these oscillations can be 
hardly felt by the operator.  

5.4 Experiment-Series.3 
The experiment in this chapter is performed under varying time delays. The varying delay is a 
random value between 490ms to 510ms (One way time delay). 
 
In the real applications, the varying time delay often exists in the communication channel and 
sometimes the time delay value obtained is inaccurate. The experiments in this chapter are 
performed to test the system behavior with different time delay conditions.  
 
The first experiment is tested under varying delays. As discussed in chapter 4.3, the algorithm 
applied in the predictor is designed when the standard deviation of the delay is very small. 
Therefore in the experiment, the varying time delays are limited in the region from 490ms to 
510ms (One way time delay).  
 
In the experiment, the operator rotates the master load to the left side for a short while and then he 
placed an immobile obstacle on the moving locus of the slave beam. After continues rotating the 
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master load for a while, the operator removes the obstacle suddenly. The slave beam catches the 
master motion very quickly. A complete depiction of the entire experiment process is drawn in the 
following figures. 
 
In the position plot below, the dashed line represents the position of the master load and the solid 
line is the position of the slave beam. It is obvious that the solid tracks the dashed line well in the 
beginning. The slave beam is stopped by the immobile obstacle at 5s and meanwhile the master 
load is still rotated by the operator. This process lasts for about three seconds. Then the master load 
stops rotating at time step 8s and the obstacle is removed suddenly at time step 9s. The slave beam 
shows rapidly increases and catches the master position quickly. 
 

 
Figure 5-17: Experiment 5-4-1, the position plot of both the master and slave sites 

 
In the torque plot below, the dashed line which represents the feedback torque applied on the 
master load shows strong oscillations. However it still has an apparent increase when the rigid 
contact occurs. Comparing to the torque implemented on the slave site, the feedback torque applied 
on the master load has an opposite direction and similar amplitudes. That means the control 
algorithm still has its effect under the varying time delays. When the obstacle is removed suddenly 
at time step 8s, both the torque curves show sharp decreasing behaviors. 
 
In Figure 5-19, the dashed line represents the velocity of the master load and the solid line 
represents the velocity of the slave beam. The entire experiment process is clearly depicted by the 
following velocity plot. The master load starts to rotate at time step 3s and stops at 8s. After the 
obstacle is removed at 9s, the solid line reaches its peak value rapidly. 

0 2 4 6 8 10 12 14 16
-0.5

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

4.5 

Time(s)

Po
si

tio
n(

ra
d)

  

  
position_master
position_slave



 83

 
Figure 5-18: Experiment 5-4-1, the torque plot of both the master and slave sites 

 
Figure 5-19: Experiment 5-4-1, the velocity plot of both the master and slave sites 
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From the above experiments, the teleoperation system shows robust behavior under varying time 
delays. However, as mentioned before, the standard deviation of the varying time delays should be 
very small. Hence the boundary of the varying delay should be limited to be small. In the thesis, 
20ms is the maximum boundary for a 500ms-based delay. 
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6. Conclusions and Future Work 

In the thesis work, an intuitive test platform for bilateral teleoperation was built based on the 
Quanser devices equipped at the Department of Informatics VII of the Wuerzburg University. The 
human operator could achieve a bilateral control by manipulating the inertia load mounted on the 
QET device. The slave device was designed to track the motion of the inertia load. The platform 
was built for testing performances with different control strategies under certain time delays, which 
is common in the space missions. Two control laws to deal with the time-delay problems were 
discussed in the thesis, the wave-variable method and the wave-based predictive control method. 
 
At first, the bilateral teleoperation platform was built as a basic issue. The internal layouts of the 
hardware devices were investigated by various tests and the software of the original QET device 
was modified by reprogramming the microcontroller inside to fit the new requirements of the thesis. 
Then the communication link between the personal computer and the Quanser devices (QET device, 
Q8 data acquisition board and SRV02 plant) was created based on serial communications. In the 
end a simple user interface to control the teleoperation process was designed. Based on that, the 
designed platform was capable of alternating different time delays, storing the experimental data 
and starting or stopping the whole task. Furthermore, based on the designed teleoperation system, 
the dynamic models of the master and slave sites were calculated in the following chapters. The 
control law to convert desired torques into voltage-based commands for the DC motors was also 
investigated. 
 
After the bilateral platform was built, two control laws were implemented respectively in it. The 
first control law used in the platform was the wave-variable method. The wave transformations on 
the two sites of the communication channel guarantee the passivity of the channel which is 
non-passive when time delay occurs. However the wave transformation also induced 
wave-reflection problem which degraded the performance of the teleoperation system. Therefore 
the wave-filter method was considered to be applied. After two wave filters were added on the 
communication channel, the oscillatory behavior induced by the wave reflections was strongly 
declined and the system performance was improved. It has been proved by the experiments 
performed in Chapter 4. 
 
As the dynamic models of the master and slave sites could be obtained correctly, another control 
method based on the predictive algorithm was designed. The predictive method could eliminate the 
effect induced by the time delays when the estimate model is accurate. The predictor named 
wave-predictor designed in the thesis work was based on the wave-variable method. It predicts the 
future incoming waves from the remote site. At first, a Smith-type wave predictor was designed. 
However, the same wave reflection problem occurred. Therefore the wave-filter technique was also 
applied. Instead of two filters applied in the wave-variable method, four low-pass filters were 
added in the wave-predictive method. The filtered platform showed better performances. 
Additionally, to maintain passivity of the communication channel with the added wave-predictor, a 
regulator was added. Furthermore, the problems induced by varying time delays were analyzed.  
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In the end, four series of experiments were performed to verify and evaluate the predictive methods 
applied on the teleoperation platform. The performance of the wave-predictor was tested at first. It 
showed good behavior when the motion of the master was smooth. When disturbances occurred in 
the slave site, it could modify its estimation value to adapt the current situations. The following 
four experiments were based on constant time delays. The slave device tracked the motion of the 
master device correctly when there were no disturbances occurred on the slave site. The feedback 
torques also showed good behavior when there was rigid contact or soft contact occurred. The 
operator could clearly feel the feedback torques when the slave beam was stopped or impeded by 
different obstacles. The system also showed robust behavior when the slave model is alternated. 
But of course, the performances of the platform were degraded when dealt with the model 
uncertainties. In the end, the varying delays were also implemented in the communication channel. 
The system worked well when the boundary of the varying delays was severely limited. 
 
Some of the future researches concerning this thesis work are discussed below. 
 
When the thesis discussed about the varying time delays, only the delays with very small deviations 
were concerned and modeled. There are many other types of varying delays in real applications. As 
the specific time delay requires specific control method, the models of different types of varying 
delays are needed. Some different types of varying delays are written below. 
 
The first is the varying delays discussed in the thesis. The model of this kind of time delays is 
already obtained, T+ΔT. It is based on a constant time delay and very small deviations. Except for 
modifying the transmitting waves, there are still other methods to solve the problems, like the 
time-forward observer and so on. 
 
The second could be the random time delays which based on random processes, such as Bernoulli 
process or Markovian process. The model of this kind of time delays and the specific algorithms to 
deal with such problems could be further explored. 
 
The third type could be the gradual changing time delay. In some real applications, the time delays 
in the communication channel is gradually increasing or decreasing. The control method to solve 
this problem is also needed.  
 
There are also time delays with sudden changes which often occur in the internet transmissions 
based on the TCP protocol. As its uncertainty nature, this sort of time delays is hard to be modeled 
by now and its control method needs to be further explored. 
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