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Stability Analysis of Haptic Teleoperation Systems Undergoing Delays
in Robot-Assisted Telesurgery
AMAL ELAWAD
Electrical Engineering Department
Chalmers University of Technology

Abstract
During the last decades, attention of robot manufacturers has been directed towards
utilizing robots in teleoperation, in order to perform tasks in hazardous or inac-
cessible sites. In medical applications, Robot-assisted Minimally Invasive Surgery
(RMIS) has been employed to increase surgeons’ accuracy and dexterity; thus min-
imizing patients’ trauma and reducing recovery time. However, the success of such
techniques has been restricted due to their dependency on vision and their lack of
haptic feedback to the surgeon (e.g. force feedback). This is due to the fact that
vision fidelity can be compromised by low frame rate or subtended angle of vision,
in addition to its limited ability to explore surface features.
In contrast, the success of haptic feedback is affected by the delays in the com-
munication channel connecting a surgeon-robot interface to a surgical end-effector.
Delays can lead to unstable and inaccurate feedback signals, which can affect the
transparency and passivity of the system.

The main aim of this thesis work was to analyze the previously conducted researches
on the control design and compensation schemes used to guarantee passivity in case
of delays. An adaptive controller was analyzed and implemented for a 3-DOF (De-
gree of Freedom) manipulator. The slave manipulator was capable of synchronizing
with the desired trajectory of the master, while feeding back positions, velocities
and contact forces; during both free and constrained motion of the end-effector. In
addition, a comparative experiment was performed on a 1-DOF manipulator.

Methods were analyzed and experimented using the 3D Systems Geomagic® TouchTM

Haptic Device, and the single-link SensoDrive Master-Slave-System. The software
used for programming and simulations for the first manipulator was Matlab/
Simulink R2014a, on a Windows 7 computer system. The second manipulator
used Matlab/ Simulink R2007a and a LINUX computer system. Wolfram Math-
ematica 10.0 was used for mathematical manipulations,

Keywords: surgery, bilateral teleoperation, haptic, communication delay, adaptive,
passivity, stability.
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1
Introduction

This first chapter is an introduction to the thesis. It starts with background informa-
tion on haptics, general overview and motivation behind using haptic teleoperation,
followed by literature review and thesis objectives, culminating with thesis layout.

1.1 Background
Recently, research in the realm of Robot-Assisted Minimally Invasive Surgery (RMIS)
have been growing interest. In order to increase surgeons’ accuracy and dexterity
and minimize patients’ trauma and recovery time, robots have been utilized in min-
imal invasive surgery. However, the success of such techniques has been limited
due to their dependency on vision and their lack of a haptic feedback (e.g. force
feedback) [5].

1.1.1 Haptics and haptic devices
The origin of the word Haptic goes back to ancient Greek (haptikós) meaning
"being able to touch or grasp". Haptic technology recreates the sense of touch by
applying forces, vibrations or motions to the user. In the human body, there are
two types of haptic senses, which play a major role in haptic perception; Cutaneous
and Kinesthetic senses. Cutaneous sensation is associated to feeling of temperature,
texture, slip, vibration, etc.; which are stimulated at the sensory receptors found in
the dermis or epidermis layers of the skin. On the other hand, Kinesthesia refers to
the feeling of location, configuration, motion, force, etc. Kinesthetic receptors are lo-
cated in muscles, tendons, joints, and the internal ear - referred to as proprioceptors.

Therefore, there are two main types of haptic devices:

1. Tactile haptic devices: Generate tactile feedback (concentrated or dis-
tributed) using a tactile display, in order to stimulate the skin. An example
for that are surface display techniques (figure 1.1a).

2. Kinesthetic haptic devices: Generate force feedback through a tool, in or-
der to guide or inhibit body movements. These devices can be classified into
two categories, the Impedance type and the Admittance type (figure 1.1b).
In the first, user’s motion (e.g. position) is fed into the system, and forces

1



1. Introduction

(a) Tactile haptic device (b) Kinesthetic haptic devices

Figure 1.1: Types of haptic devices[1]

are subsequently generated as a function of motion, using impedance control
law. In contrast, the Admittance type incorporates using forces as input to the
system, which is then utilized to compute motion signals (e.g. position) using
admittance control law. Due to the difficulty to accurately sense or transform
force information, the latter type is less common. Examples for such are ex-
oskeletons, manipulandums or grasp techniques, such as the da Vinci surgical
robot from Intuitive Surgical, Inc.

The 3-DOF manipulator used in this thesis work is of Kinesthetic-Admittance type,
having force/torque as input and motion (i.e. joints positions and velocities) as
output.

1.1.2 Teleoperation controllers
The prefix "tele-" has Greek origins meaning "at a distance". Thus, teleoperation
indicates operating at a distance. A remote device which is responsive to the con-
trol signal of another device is referred to as a slave, while the controlling device is
called a master. Therefore, the master is on the user side while the slave is on the
environment side.

The main purpose of teleoperated robots is to operate in hazardous or inaccessi-
ble sites. Examples of such include space exploration using robots operated from
Earth, operating Unmanned Underwater Vehicles (UUV), handling hazardous ma-
terials such as radioactive or explosive substances, military applications in combat
areas, and telesurgery to exchange distant medical expertise or to operate on sensi-
tive sites (such as sewing small sutures).

With regards to teleoperators control, it can be divided into two main categories:

1. Unilateral Teleoperation: Position information flows in only one direction,
from the operator to the remote environment, figure 1.2.

2. Bilateral Teleoperation: In order to acquire information about the remote
environment, signals have to be fed back to the operator at the master side.
Thus, in bilateral teleoperation control, information (e.g. position, velocity
and/or force) flows in both directions between the operator and the environ-
ment. The reflected signal partly composes the input torque of the receiving-

2



1. Introduction

end manipulator. Figures 1.3a and 1.3b compare two different approaches for
bilateral control, position based and force based, respectively.

As shown in figures 1.3a and 1.3b, the position-force controller, in comparison to
the position-position controller, explicitly measures the contact forces between the
slave and the environment, which is then fed back to the master, while the position
of the master is fed forward to the slave via proportional-derivative (and maybe
integral) controller. One drawback of this approach is the contact instability, as a
result of the constant force-induced excitation between the master and the slave.
This constant excitation means that the reflected forces from the environment ex-
cites master’s motion which further excites the slave’s contact forces, and so forth.
Therefore, forces reflected to the master should be attenuated while keeping in mind
the viability of performance [6].

In this thesis, the implemented teleoperation setting is of bilateral type, where joints
positions and velocities are transmitted through the communication channel. Since
the used device does not have force sensors, reflected forces could not be explicitly
measured.

Figure 1.2: Unilateral teleoperation (modified from [2])

3
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(a) Position based

(b) Force based

Figure 1.3: Bilateral teleoperation approaches [2]
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1.1.3 Surgical robots: the existing robots and some consid-
erations

One of the most popular surgical robotic system is the da Vinci Surgical System,
made by Intuitive Surgical Inc. and approved by the Food and Drug Administration
(FDA) in 2001.

Most of the existing surgical robots, such as the da Vinci, can be used in many
medical procedures to teleoperate a patient from an adjacent room. Such proce-
dures include prostate surgery, fibroids removal, joint replacement, cardiothoracic
and urology surgeries, cutting, suturing and biopsies extraction - aided by Magnetic
Resonance Imaging (MRI) or Computed Tomography (CT). Up to May 2012, over
1,450 hospitals around the world have installed more than 1,840 da Vinci Systems.

As discussed in the previous sections, using robots for surgery has many benefits,
one of which is reduction of health care costs, through reducing the number of per-
sonnel needed in the operation room and reducing patient recovery time. However,
some considerations must be thoroughly evaluated, like the cost of the robotic sys-
tem versus the cost of traditional care. Such systems may cost up to $1million to
purchase and average of $100, 000 as maintenance expenses [7]. There is also the
issue of cost against surgeons’ practical training time, in order for them to be able
to operate such systems.

1.1.4 Why haptics?

The necessity of providing haptic feedback in teleoperation arises from the draw-
backs of the traditional visual teleoperation. Vision fidelity can be compromised
by low frame rate or subtended angle of vision. Moreover, utilizing force feedback
has been proven to reduce task completion time and errors, and prevent applying
excessive force; since the user can always feel the reflected forces or motion from
the environment. [8]. Another factor is that the exploration of surface features or
deformations is quite limited when only visual cues are used, making the sense of
touch more valuable [9].

1.2 Literature review

1.2.1 Performance requirements

The main requirements of haptic teleoperation performance are stability, motion
tracking and transparency. In this subsection, the definition and necessity of each
requirement will be explained.

5



1. Introduction

1.2.1.1 Stability and passivity

In bilateral teleoperation, and due to time delays, the direct exchange of forces and
positions/velocities (i.e. power variables) between the master and the slave can
result in creating a "virtual" energy in the communication channel. This turns it
into an active element, which can cause system instability [10]. An elegant way to
solve the stability problem of the telemanipulation closed loop is by guaranteeing
passivity, which can be defined in terms of energy balance - through dissipation
and transformation, between input and output of the system. Dissipated energy is
the difference between stored energy and supplied energy. Therefore, if passivity
could be guaranteed for a system, this also implies that the system has bounded
output energy if its input energy is bounded, i.e. a Bounded Input Bounded Output
system (BIBO). Therefore, passivity can be seen from an input/output stability per-
spective. It should be noted that in contrast, Lyapunov stability handles system’s
internal stability and how far the states of the system are from their desired value,
i.e. system’s behaviour in comparison to the desired performance.

Passivity-based teleoperation control aims at passifying the master and the slave,
and implicitly passifying the communication channel. The latter is a fundamental
property of passive systems[11], while a human operator is assumed to be passive.

1.2.1.2 Motion tracking and transparency

Motion tracking is the ability of the slave manipulator to track the position and the
velocity of the master (also referred to as performance). Whereas, transparency -
which only applies to bilateral teleoperation - can be defined as impedance match-
ing, where the mechanical impedance generated by the environment (e.g. stiffness,
represented by force and displacement, and/or damping, represented by force and
velocity) should be the same felt by the user. In other words, a faithful transmission
of signals must be guaranteed.

An ideal teleoperation system is a completely transparent one if it completely cou-
ples the user to a remote environment. Assuming the case of transmitting only
forces/torques and velocities, the two quantities are related by the impedance (Z):

τ = Zq̇

where q̇ is the joint velocity and τ represents the interaction torques. Therefore, in
order for the system to be completely transparent, the operator’s force and velocity
should be the same as the ones reflected by the environment, such that:

q̇s(t) = q̇m(t)
τm(t) = τs(t)

(1.1)

where the subscripts "s" and "m" represent the slave and master sides, respectively.
This can be satisfied by impedance matching, i.e. the transmitted impedance (to

6



1. Introduction

the master) and the reflected impedance (from the slave) are equal (Zt = Ze) [6].
In the presence of arbitrary communication delay (T), equation 1.1 would become
[10]:

q̇s(t) = q̇m(t− T )
τm(t− T ) = τs(t)

(1.2)

This type of delay is even more hazardous in sensitive applications, like surgical op-
erations. In this thesis, a synchronization scheme is adopted to minimize the error
between the transmitted and received positions and velocities to zero.

However, before insuring transparency, the whole teleoperation system should be
stable. In general, a trade-off should be made between transparency and stability,
according to the intended task and the teleoperator and controller architectures. For
example, excess accuracy in position matching in presence of time-delays can cause
the system to be heavy and experience large reaction forces (due to the lag), which
jeopardizes system stability. In this thesis, this trade-off was made between tuning
of controller parameter to improve performance versus stability.

1.2.2 Previous work
Several complications arise when studying teleoperated systems, since the communi-
cation medium contributes substantially to the complexity of the overall system and
introduces distortion, delay, packet loss, etc. This has an impact on stability and
performance. Such issues have motivated the theoretic research on teleoperation
control over the past decades [12].

Throughout time, many schemes have been utilized in order to satisfy stability con-
ditions in the presence of communication delay. Here, the interest is only directed
towards passivity-based schemes, briefly described below.

The first scheme, developed by Anderson and Spong in [13], and Niemeyer and Slo-
tine in [14], was a passivity-based architecture using scattering concept, which is
considered a milestone in teleoperation control. It assured robust stability against
constant time delay. However, due to feeding back only the velocity (but not the
position information), if initial condition mismatch is present, position drift between
the master and the slave may occur. Thus, it only assured robust velocity tracking,
but position tracking was not guaranteed.

In order to improve the aforementioned approach, schemes were developed by Chopra
et al. [15], Lee and Spong [16] and Niemeyer and Slotine [17]; where both position
and velocity information were fed back through the system.

In the work of Chopra et al.[15] and Lee and Spong[16], coupling gains were delay
dependent. Moreover, Chopra et al. used a single DOF manipulator and a constant-
time delay network, and designed a scattering-wave-based controller with additional

7
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proportional controllers, which used the delayed position data as a reference signal.
A Lyapunov-based analysis was used to determine the allowable range of the delay
[15].

In contrast, Lee and Spong used a passive framework undergoing constant com-
munication delay for a multi-DOF system, without using the scattering transform
and with explicit position feedback. Instead, a proportional-derivative (PD) control
framework was used to enforce energetic passivity of the closed-loop system. This
was done by utilizing the controller passivity concept, Lyapunov-Krasovskii theory
for delayed systems, and Parseval’s identity. Position tracking was achieved, but
force tracking was influenced by the delay, resulting in a delay-dependent force peak
in the transient period, and the design was only suitable for low-frequency region.

Returning briefly to Niemeyer and Slotine’s paper [17], where they considered the
case of time-varying delays, and showed that stability can be satisfied through de-
signing wave-variable filters (energy conserving filters). Both wave integral and
wave energy were transmitted across the channel, where position information was
encoded, and then reconstructed using the filter. However, using scattering transfor-
mation can degrade the performance of the system by leading to wave reflections [18].

Therefore, synchronization-based approaches have been adopted. Agents are said
to be synchronizing if their outputs (position error and velocity error) converge
asymptotically to the origin. Those approaches were developed by Chopra and
Spong [18, 19], and Rodriguez-Angeles and Nijmeijer [20].

The focus of Chopra and Spong [18] was to introduce a novel passivity dependent
approach, which guaranteed position and force tracking, and was robust against ini-
tial conditions offset and packet loss. Without using the scattering transform, delay
independent exponential stability was guaranteed (for both position and velocity
tracking errors). Only simulations were performed using a manipulator with only
single DOF. Chopra and Spong reported that environmental forces were accurately
transmitted to the master. However, it should be noted that only constant-time
delays were considered, and convergence of velocities was not illustrated.

The cornerstone of this thesis is the extended passivity architecture developed by
Chopra et al. [21], in order to guarantee state synchronization. Their work han-
dled the synchronization of both position and velocity, without using the scattering
transform. The type of controller used was an adaptive architecture with state feed-
back, defining new passive outputs to state synchronize master and the slave robots
in free motion. Furthermore, in contact with a passive rigid environment, the pro-
posed architecture also guaranteed state synchronization and ultimate boundedness
of master-slave trajectories.

A medical application, done by Sherman et. al. [22], should be mentioned here.
The authors used a haptic devices through comparing three teleoperator controller
architectures with respect to their capability of detecting the changes a compli-
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1. Introduction

ant environment (such as soft tissue). The three methods differ in their feedback
mechanism, whether it is a position-error-based force feedback, a kinesthetic force
feedback, or a hybrid controller of position and force feedback. The task was to
mimic palpation of soft tissue. It was found that the latter method had the best
performance in comparison to the other two [22].

Since the comparative experiments were conducted in the laboratories of the Insti-
tute of Robotics and Mechatronics, at the German Aerospace Center (DLR); some of
DLR teleoperation experiments should be mentioned here. One of the implemented
approaches is the symmetric position-position teleoperation architecture [23]. The
method used was the Time Domain Passivity Control Approach (TDPA) in order to
passify the communication channel in time-domain. In this control method, passiv-
ity was established as a system property and not as a design constraint (in order to
avoid forcing conservative rules). The energy of the delayed communication channel
could be modulated by using passivity observers (PO), which monitor energy flow in
the time domain, and passivity controllers (PC) which dissipate the active observed
energy by PO through by acting like a damper; such that the network is always
passive.

It has been found that an offset between the current and desired position may occur,
due to using a position-position architecture. The forward and backward PC mod-
ify the velocity to produce the dissipation effect. This velocity is then integrated
to obtain the desired position. The position offset outputs as force/torque, which
may result in force accumulation that can be felt by the user if the delay is large [23].

1.3 Objectives

The main objective of this Master’s thesis work is to study the stability of bilateral
teleoperation in surgical robotics, when delays are present in the communication
channel. A passivity-based adaptive controller is implemented, simulated and ex-
perimented onto a 3-DOF manipulator, in order to fulfill the following objectives:

• Synchronize and transmit position and velocity signals between a master and
slave manipulators through a communication channel, while providing a force
feedback at the master’s side.

• Ensure and analyze stability, transparency and accuracy conditions through-
out the teleoperation process.

1.4 Thesis layout

• Chapter 1: Is devoted to the introduction to haptics and teleoperation types,
with literature review and objectives layout.

9



1. Introduction

• Chapter 2: The dynamic model and equation of motion of the manipulator
are derived (in joint space). Furthermore, modeling of human forces and en-
vironmental forces is discussed.

• Chapter 3: The controller to solve the problem stated in chapter 2 is analyzed
and discussed.

• Chapter 4: The simulations and experiments are performed and reported, with
a discussion on the outcomes.

• Chapter 5: The results and discussion of the comparative experiment, which
is conducted using the same controller and implemented on a single-DOF ma-
nipulator, are illustrated in this chapter.

• Chapter 6: General discussions, concluding remarks and recommendations for
future work.
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2
Modelling and Problem

Formulation

In this chapter, the mathematical model of the manipulator used to carry out the
results of this thesis will be laid out. It starts with a short description of the me-
chanical structure of the manipulator. Then, a discussion about modelling human
and environmental forces will be demonstrated.

2.1 Manipulator modelling
In this thesis, the 3D Systems Geomagic® TouchTM Haptic Device (also called
OmniTM Bundle, and formerly referred to as Sensable Phantom Omni) was used.
This device can be used for many applications, including simulation, rehabilitation
and robotic control. It has the ability to provide a 6-DOF position sensing (x,y and
z axes via digital encoders, with pitch, roll and yaw) and a 3-DOF force feedback
(x,y and z axes) to the user. It also has a J45 compliant on-board Ethernet Port or
USB Port interface [24].

Figure 2.1 shows the 3D Systems Geomagic® TouchTM Haptic Device. It can be seen
that the system has 3 independently moving rotational joints: J1, J2 and J3. It was
assumed that joints 1 and 2 are connected to a point, such that the whole system
is connected via 2 links: L1 and L2. Therefore, the system has 3-DOF, since each
joint can move independently from the other two. There are neither redundancy nor
motion constraints, only physical constraints due to mechanical construction, which
limits the task space of the manipulator (e.g. joint locking). Figure 2.2 shows the
coordinate frames of the manipulator, defined using the Denavit–Hartenberg (DH)
convention.
Hence, the generalized coordinates in the joint space for the system are the three
angles, q1, q2 and q3.

q =

q1
q2
q3

 (2.1)
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2. Modelling and Problem Formulation

Figure 2.1: the 3D Systems Geomagic® TouchTM Haptic Device [3]

Figure 2.2: Manipulator coordinate frames[3]
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2. Modelling and Problem Formulation

In order to simulate the motion and design control algorithms, deriving the dynamic
model is a crucial step. The dynamic model relates the torques acting on the joints
to the resulting motion of the whole structure. One of the methods to derive the
equation of motion of a manipulator -in joint space- is the Lagrangian formulation,
which is considered to be simple, elegant and methodical.

The Lagrangian of the mechanical system is defined as a function of the generalized
coordinates, and using the energy equations of the system, as follows:

L(q, q̇) = T (q, q̇)− U(q) (2.2)
where L denotes the Lagrangian, T denotes the total kinetic energy of the system,
and U is the total potential energy.

The Euler-Lagrangian equation is given by:

d

dt
(∂L
∂q̇i

)− ∂L
∂qi

= ξi ; i = 1, 2, 3 (2.3)

where ξi is the generalized force associated to the generalized coordinate qi, while i
refers to the corresponding joint of the manipulator system under consideration.

Figure 2.3: System’s geometric structure[3]

Figure 2.3 illustrates the geometry of the system, used to derive the model and the
inverse kinematics; where triangle -Zdk is in the vertical (x-z) plane, and triangle
YXd is in the horizontal (x-y) plane.

The final form of the equation of motion for the system under study is as follows:

B(q)q̈ + C(q, q̇)q̇ + g(q) = ξ

B(q)q̈ + C(q, q̇)q̇ + g(q) + Fv q̇ + Fs sgn (q̇) = τ − τe
= τ − JT(q) he

(2.4)
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2. Modelling and Problem Formulation

where B(q) is the inertia forces matrix, C(q, q̇) is the Coriolis and centrifugal forces
matrix, g(q) is the gravitational forces vector. Also, the generalized forces, referred
to as ξ, include input forces, dissipative forces (such as friction) and constraint-
induced forces. These include non-conservative forces acting on the manipulator
such as the motors actuating torques (τ), the viscous friction torques (i.e. Fv q̇),
and Coulomb friction (i.e. Fs sgn(q̇)). Frictions Fv and Fs are both (n×n) diagonal
matrices of friction coefficients, and sgn(q̇) is a (n × 1) vector of sign function of
joints velocities. Furthermore, if the end-effector is in contact with an environment,
the balancing torques (due to the external contact forces) are referred to as τe, which
is given by the product of the geometric Jacobian (i.e. J) and the vector of forces
and moments exerted on the environment by the end-effector (i.e. he).

There are three important properties of equation 2.4 (due to its Lagrangian dynam-
ics) which should be demonstrated:

1. Positive definiteness: The inertia matrix B(q) is symmetric positive defi-
nite.

2. Linearity in the Dynamic Parameters: The dynamics equation (2.4) is
linearly parameterizable with respect to the uncertain dynamics (e.g. mass
and inertia). Assuming the simplest case where there are neither contact
forces (i.e. he = 0) nor frictions (i.e. Fv = Fs = 0), one gets:

B(q)q̈ + n(q, q̇) + g(q) = Y (q, q̇, q̈) π = τ (2.5)

where Y (q, q̇, q̈) is a ∈ Rn×p matrix, as a function of the generalized coordi-
nates and their derivatives, containing all the known terms in the dynamic
equation, while π ∈ Rp×1 is a constant vector of the uncertain dynamic pa-
rameters (e.g. moments of inertia and link masses).

3. Skew-Symmetry: If, for the matrix n(q, q̇) = C(q, q̇)q̇, the matrix C(q, q̇)
was properly defined, the matrix:

N(q, q̇) = Ḃ − 2C(q, q̇)

is skew-symmetric. Thus: q̇TN(q, q̇) q̇ = 0.

2.2 Modelling human and environmental forces
A teleoperator consists of five subsystems: the human operator, the master, the
communication block, the slave and the environment. In this thesis, as it will be
discussed later in chapter 3, the master and slave manipulators are connected via an
adaptive controller, which incorporates synchronizing position and velocity. Figure
2.4 shows the block diagram of the system.
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2. Modelling and Problem Formulation

Figure 2.4: Bilateral teleoperation System

Generally, a human operator can be modelled as a mass-spring-damper system, rep-
resenting the arm mechanics (including muscle and skin); while the environment
can be modelled in a similar manner, using a spring stiffness to represent the type
of the constraint (e.g. rigid vs. compliant wall). The communication channel can
also be modelled as a PD system [2].

Two scenarios have been simulated and implemented in the study at hand, which are
classified according to the way of interaction between the manipulator and the hu-
man operator, and between the manipulator and the environment. Therefore, there
are many ways to simulate the human and environmental forces. Human forces
can be differentiated according to whether the operator is considering or ignoring
the manipulator’s planned trajectory. While the environment modelling depends on
whether the motion of the slave manipulator is free or constrained, keeping in mind
the different nature of constraints (compliant vs. rigid).
It should be noted that throughout this thesis report, the subscripts m and s rep-
resent the master and slave sides, respectively.

2.2.1 Human forces
In this study, forces are simulated as a non-passive PD system, using the model:

Fh(t) = −Ch ẋm(t)−Kh (x̃h(t))
= −Ch ẋm(t)−Kh (xm(t)− xhd(t))

(2.6)

where Kh and Ch are constant positive definite matrices representing the stiffness
and damping coefficients, respectively, while x̃h(t) = xm(t) − xhd(t) is the error
between master’s trajectory and human’s desired trajectory (xhd(t)), given in oper-
ational space. In some cases, where the desired human position (xhd) is a constant
position rather than a trajectory, a bounded constant force can be added to the
relation (2.6).
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2. Modelling and Problem Formulation

The values of impedance parameters vary according to the intended task. For in-
stance, a writing task or a surgical procedure requires high precision, low velocity
and small movements. Therefore, high values of the stiffness and damping parame-
ters are needed. In contrast, high velocity and big movement require low parameter
values [25].

2.2.2 Environmental Forces
Turning attention to the environment, the slave is either allowed to move freely, and
in this case there are no environmental forces, or the slave motion in constrained.

The only type of constraints implemented here is a rigid wall constraint (e.g. Alu-
minum wall). In this case, forces are represented in a similar way to equation (2.6):

Fe(t) = −Ce ẋs(t)−Ke (x̃e(t))
= −Ce ẋs(t)−Ke (xs(t)− xe(t))

(2.7)

Similarly, Ke and Ce are constant positive definite matrices representing the stiffness
and damping coefficients of the environment, respectively. Also, the error between
slave trajectory (xs(t)) and the location of the constraint in the environment (xe(t)),
in operational space, is given by x̃e(t).

In both cases of the human and environmental end-effector forces, a Jacobian matrix
must be used to transform external forces at the end-effector into joint torques. As
mentioned previously in equation (2.4), this is performed using the relation:

τe = JT(q)he (2.8)

The Jacobian was found using the forward kinematice, and by assuming that there
is no alteration in the orientation of the end-effector, thus:

ẋe = ṗe = Jp q̇ (2.9)

where Jp is the part of the Jacobian related to the linear velocity of the end-effector
and ṗe is the end-effector velocity. More details on the direct kinematics and how
to acquire the vector pe are in appendix A.
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3
Controller Design

In this chapter, the controller used to perform the intended task is illustrated and
explained, using the manipulator described in chapter 2. The focus of this controller
design is to extend the one designed by Chopra et al. in [21] and to perform further
testing on a 3-DOF manipulator, in order to ensure stability against network delay
in a bilateral teleoperation setting. Here, an adaptive controller was used for state
(position and velocity) synchronization through the communication channel.

Recalling from chapter 2 and from equation (2.4), and taking into consideration
the viscous friction (i.e. Fv q̇) while ignoring the Coulomb friction, the following
equation of motion is obtained (for both master and slave sides):

B(q)q̈ + C(q, q̇)q̇ + g(q) + Fv q̇ = τ − τe (3.1)
The symbols were explained in chapter 2.

Since there are two identical manipulators in the system understudy (i.e. a master
and a slave), and by putting the human operator and the environmental forces in
the loop, we get the following dynamic equation:

Bm(qm)q̈m + Cm(qm, q̇m)q̇m + gm(qm) + Fvm q̇m = Fh(t) + τm(t)
Bs(qs)q̈s + Cs(qs, q̇s)q̇s + gs(qs) + Fvs q̇s = τs(t)− Fe(t)

(3.2)

where Fh is the force exerted by the human operator and Fe is the force reflected
from the environment. The terms Fvm and Fvs denote the viscous friction torques
for the master and slave side, respectively. For simplicity, throughout the following
equations, Fh and Fe are assumed to be zero (i.e. complete free motion).
Recalling the property of linearity in the dynamic parameters; equation (3.2) can be
written as:

Bm(qm)q̈m + Cm(qm, q̇m)q̇m + gm(qm) + Fvm q̇m = Ym(qm, q̇m, q̈m)πm
Bs(qs)q̈s + Cs(qs, q̇s)q̇s + gs(qs) + Fvs q̇s = Ys(qs, q̇s, q̈s) πs

(3.3)

where πm and πs are column vectors of the uncertain dynamic parameters (shown
in appendix A), and Ym and Ys are the remaining terms in equation (3.2) after ex-
tracting the π vector. It is worth mentioning that the terms (Yi(qi, q̇i, q̈i) πi) include
the product of viscous friction and joint velocity (Fvi q̇i), as in equation (A.9). The
numerical values and exact terms of the vectors/matrices in relation (3.3) are elab-
orated in appendix A.2.
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3. Controller Design

In case of using an adaptive controller to synchronize the motion of a master and
a slave manipulators, a "sliding surface" for each manipulator is defined, referred
to as σm and σs. Those surfaces are defined as a combination of the velocity and
scaled position of the corresponding manipulator. The control objective is to impose
synchronization by matching the two sliding surfaces of both manipulators, which
are given by:

σm(t) = q̇m(t) + Λqm(t) Master
σs(t) = q̇s(t) + Λqs(t) Slave

(3.4)

where Λ is a constant positive definite matrix. Two bilateral teleoperators are said
to be state synchronized if the following was satisfied:

lim
t→∞
||qm(t− T )− qs(t)|| = lim

t→∞
||qs(t− T )− qm(t)|| = 0

lim
t→∞
||q̇m(t− T )− q̇s(t)|| = lim

t→∞
||q̇s(t− T )− q̇m(t)|| = 0

(3.5)

where T is the delay time, and ||.|| is the Euclidean norm. The terms inside the
norms are coordination errors of the master and slave along with their derivatives,
defined as:

em(t) = qm(t− T )− qs(t); Master position error
es(t) = qs(t− T )− qm(t); Slave position error

(3.6)

Hence, the master and slave manipulators are said to be state-synchronized if their
position and velocity errors asymptotically converge to the origin [21].

To state-synchronize the two manipulators, coordinating torques are required:

τ̄m(t) = K(σs(t− T )− σm(t)) +Kp es(t); Master side
τ̄s(t) = K(σm(t− T )− σs(t)) +Kp em(t); Slave side

(3.7)

It can be noticed that the master side uses the delayed slave signals, and vice versa.
The coordinating torques incorporate a PD term (since σi includes position and
velocity information), in addition to a position control term (i.e. Kp ei(t)), for finer
position control, where K,Kp ∈ Rn×n are constant positive-definite matrices.

Defining the dynamic equation of the estimated dynamic parameters as:

B̂m(qm) Λq̇m(t) + Ĉm(qm, q̇m) Λqm(t)− ĝm(qm)− F̂ vm q̇m = Ym(qm, q̇m) π̂m
B̂s(qs) Λq̇s(t) + Ĉs(qs, q̇s) Λqs(t)− ĝs(qs)− F̂ vs q̇s = Ys(qs, q̇s) π̂s

(3.8)

such that B̂i(qi), Ĉi(qi, q̇i), ĝi(qi), F̂ vi and π̂i(t) are the estimations of the corre-
sponding matrices at each run, where i = m, s.

In order to achieve the ultimate boundedness of master/slave trajectories, the input
torques are chosen as [21]:
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τm(t) = τ̄m(t)− B̂m(qm) Λq̇m(t)− Ĉm(qm, q̇m) Λqm(t) + ĝm(qm) + F̂ vm q̇m

= τ̄m(t)− Ym(qm, q̇m) π̂m

τs(t) = τ̄s(t)− B̂s(qs) Λq̇s(t)− Ĉs(qs, q̇s) Λqs(t) + ĝs(qs) + F̂ vs q̇s

= τ̄s(t)− Ys(qs, q̇s) π̂s

(3.9)

By plugging (3.9) in (3.2), we get:

Bm(qm)q̈m + Cm(qm, q̇m)q̇m + gm(qm) + Fvm q̇m = τ̄m(t)− B̂m(qm) Λq̇m(t)− Ĉm(qm, q̇m) Λqm(t)
+ ĝm(qm) + F̂ vm q̇m

Bs(qs)q̈s + Cs(qs, q̇s)q̇s + gs(qs) + Fvs q̇s = τ̄s(t)− B̂s(qs) Λq̇s(t)− Ĉs(qs, q̇s) Λqs(t)
+ ĝs(qs) + F̂ vs q̇s

(3.10)

Recalling, from equation (3.4), that q̇i(t) = σi(t)− Λqi(t) and its derivative q̈i(t) =
σ̇i(t)− Λq̇i(t), and then substituting these into the equation above, one gets:

Bm(qm)σ̇m(t) + Cm(qm, q̇m)σm(t) = τ̄m(t) + (Bm(qm)− B̂m(qm)) Λq̇m(t)
+ (Cm(qm, q̇m)− Ĉm(qm, q̇m)) Λ qm(t)
− (gm(qm)− ĝm(qm))− (Fvm − F̂ vm)q̇m(t)

Bs(qs)σ̇s(t) + Cs(qs, q̇s)σs(t) = τ̄s(t) + (Bs(qs)− B̂s(qs)) Λq̇s(t)
+ (Cs(qs, q̇s)− Ĉs(qs, q̇s)) Λ qs(t)
− (gs(qs)− ĝs(qs))− (Fvs − F̂ vs)q̇s(t)

(3.11)

The error between the real value and the estimated value, for each of the terms in
relation (3.8), is given by:

B̃ = Bi − B̂i; C̃ = Ci − Ĉi; g̃ = gi − ĝi;
F̃ vi = Fvi − F̂ vi; π̃i(t) = πi − π̂i(t)

(3.12)

In a similar manner as before, the matrix Yi(qi, σi) is obtained, yielding:

Bm(qm)σ̇m(t) + Cm(qm, q̇m)σm(t) = τ̄m(t) + Ym(qm, σm) π̃m(t)
Bs(qs)σ̇s(t) + Cs(qs, q̇s)σs(t) = τ̄s(t) + Ys(qs, σs) π̃s(t)

(3.13)

Furthermore, the update law of the time-varying estimates is given by:

˙̂πm(t) = Γ Y T
m (qm, σm) σm(t);

˙̂πs(t) = Φ Y T
s (qs, σs) σs(t)

(3.14)
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where Γ,Φ ∈ R p×p are constant positive definite matrices.

It worth mentioning that the initial constant values of the parameter vector πi are
given in appendix (A.8). These constant values were acquired through system iden-
tification, and were then used as initial values for the integrator in building the
adaptive controller at hand, as it is described by the update law.
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4
Simulations and Experiments

In this chapter, the simulation and experimental results are illustrated and discussed.
In the simulation, tuning the control parameters was a relatively simple task. How-
ever, this task was challenging in the experiment. Therefore, after implementing the
controller onto the 3-DOF manipulator and setting the controller gains, the same
values were used again in the simulation in order to obtain more comparable results.

It is wroth mentioning that what determines which of the two manipulators is the
master and which is the slave depends on which side is held by the operator. There-
fore, in the case of total free motion, it might occasionally seem that the slave is
leading the master. This is due to the fact that both sides are trying to synchronize
without the master side being constrained by the operator’s hand.

4.1 Simulation
Different scenarios were considered here. Mainly, simulations were divided into two
categories, one is free motion (i.e. neither human influence nor constraints to the
environment), while the other case was subject to human and environmental forces.
In the following subsections, simulation results of both cases will be illustrated and
discussed.

4.1.1 Free motion
For this category, the values of the human and environmental forces were Fh =
Fe = 0. Two cases have been considered, with regards to time delay, symmetric
and asymmetric constant communication delays. Following the remarks of Chopra
et al. in [21], the synchronization conditions are satisfied even if the forward and
backward delays are not equal. Delays in Simulink environment were represented
by the Transport Delay block.

4.1.1.1 Symmetric constant time delay

First, the performance in the case of no communication delay is illustrated (i.e.
T = 0 sec). Results are in figures 4.1, 4.2 and 4.3, while table 4.1 shows the mean
errors of positions and velocities. It can be seen that in general, the manipulators
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could perfectly synchronize.
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Figure 4.1: Joints positions during free motion with no communication delay
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Figure 4.2: Joints velocities during free motion with no communication delay
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Figure 4.3: Input torque during free motion with no communication delay

Category Mean error
Joint 1 position 0
Joint 2 position 0.0077
Joint 3 position 0
Joint 1 velocity 0
Joint 2 velocity 0
Joint 3 velocity 0

Table 4.1: Mean error of positions and velocities in the case of no communication
delay

Then, a constant time delay of T = 1 sec was applied for both forward and backward
communication delays. Table 4.2 shows the mean error of the position and velocity
synchronization, between the master and the slave. Moreover, figures 4.4, 4.5, 4.6
and 4.7 show the simulation results of the symmetric constant communication delay.
Both positions and velocities could be synchronized within approximately 15 sec.

Category Mean error
Joint 1 position 0
Joint 2 position 0.0071
Joint 3 position -0.0005
Joint 1 velocity 0
Joint 2 velocity 0
Joint 3 velocity 0

Table 4.2: Mean error of positions and velocities during symmetric time delay of
1 sec
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Figure 4.4: Joints positions during free motion with symmetric communication
delay

0 5 10 15

0

0.5

1

J
o
in

t 
1
 v

e
lo

c
it
y

(r
a
d
/s

e
c
) Master

Slave

0 5 10 15

-0.5

0

0.5

1

1.5

J
o
in

t 
2
 v

e
lo

c
it
y

(r
a
d
/s

e
c
) Master

Slave

0 5 10 15

Time(sec)

-6

-4

-2

0

J
o
in

t 
3
 v

e
lo

c
it
y

(r
a
d
/s

e
c
)

Master

Slave

Figure 4.5: Joints velocities during free motion with symmetric communication
delay
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4.1.1.2 Asymmetric constant time delay

In this case, a forward delay of 1 second and a backward delay of 1.2 seconds were
applied. Mean errors are in table 4.3, while results are in figures 4.8, 4.9 and 4.10.
One can notice that regardless of the asymmetric delay, synchronization could be
guaranteed, within around 20 seconds.

For all delay cases, the tuned PD parameters λ and K, and the position error gain
Kp had the values below. It should be noted that the highest weights were assigned
to the heaviest joint (i.e. joint 1).

λ =

1.3 0 0
0 0.9 0
0 0 0.9

 ; K =

1.3 0 0
0 0.8 0
0 0 0.7

 ; Kp =

1.3 0 0
0 0.9 0
0 0 0.9



Category Mean error
Joint 1 position 0.0001
Joint 2 position 0.0073
Joint 3 position -0.0011
Joint 1 velocity 0.0001
Joint 2 velocity 0
Joint 3 velocity 0

Table 4.3: Mean error of positions and velocities during asymmetric constant
time delay
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Figure 4.9: Joints velocities during free motion with asymmetric communication
delay
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Figure 4.10: Input torque during free motion with asymmetric communication
delay
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4.1.2 Human operator and constrained motion
For simulating the controller behaviour with a human operator in the control loop,
a desired trajectory has been generated to represent the human operator’s intention,
which was modelled as explained in chapter 2. To represent the task of cutting a
soft tissue in a surgery, the end-effector was commanded to move back and forth
between 2 points (in this case points 1 and 5 - figure 4.11). Figures 4.12a and 4.12b
show the position and velocity of the human-generated trajectory. As discussed in
chapter 2, the values of stiffness and damping parameters should be high since the
intended task requires slower and finer motion.

Figure 4.11: Human trajectory for the simulation task (the blue line represents
the motion of the end-effector)

Two scenarios were considered, human control while the slave experiences free mo-
tion, and while its motion is constrained by a rigid wall. Both simulations were run
while there is symmetric delay of T = 1 sec in the communication channel.
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Figure 4.12: Position and velocity of the human trajectory
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4.1.2.1 Human operating on a free environment

As mentioned in chapter 2, the human operator was modelled as a PD system. Since
the motion is only on the xy-plane (figure 4.11), the stiffness and damping generated
forces were applied only to the xy-direction. Following the recommendations of Lee
and Spong in [16], the values of the stiffness and damping parameters were chosen
as follows:

Ch =

50 0 0
0 50 0
0 0 0

 ; Kh =

75 0 0
0 75 0
0 0 0

 (4.1)

The results are in figures 4.13, 4.14, 4.15 and 4.16 below, while the synchronizations
mean errors are in table 4.4. Approximately, synchronization was achieved by the
first 15 seconds.

Category Mean error
Joint 1 position -0.0154
Joint 2 position 0.0060
Joint 3 position -0.0001
Joint 1 velocity -0.0012
Joint 2 velocity -0.0002
Joint 3 velocity -0.0003

Table 4.4: Mean error of positions and velocities when simulating a human
operating on a free environment
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Figure 4.13: Joints positions with human operating on a free environment
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Figure 4.14: Joints velocities with human operating on a free environment
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Figure 4.15: Human generated forces
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Figure 4.16: Input torques to the master and the slave when a human is
operating on a free environment

4.1.2.2 Human operating on a constrained environment

In the case of constrained environment, only a rigid wall constraint was simulated
and experimented. The wall was located on point 5 on the manipulator’s board
(figure 4.11), constraining the movement of the end-effector in the x-direction. Sub-
sequently, the stiffness and damping parameters were set as follows [16]:

Ce =

0.1 0 0
0 0 0
0 0 0

 ; Ke =

500 0 0
0 0 0
0 0 0

 (4.2)

The constraint was applied during the simulation time of (25-29) seconds. Figures
4.17, 4.18, 4.19, 4.20 and 4.21 below show the simulation results. The update of
the dynamic parameters estimation is shown in figure 4.22, with the final values
in relation (4.3), and the initial values in appendix A, relation (A.8). Also, the
synchronizations mean errors are in table 4.5.
It can be seen that when hitting the constraint, a position and velocity mismatch
occurred, with a slight increase in the human generated forces. However, the master
and slave could synchronize again within approximately 10 seconds, although it took
longer for joint 2 position. By observing the real experiment in the following section,
one can notice the same performance for the position of joint 2. Hence, it can be
attributed to the mechanical structure and motion of joint 2.
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Category Mean error
Joint 1 position -0.0116
Joint 2 position 0.4914
Joint 3 position -0.0401
Joint 1 velocity 0.0005
Joint 2 velocity 0.0009
Joint 3 velocity 0.0003

Table 4.5: Mean error of positions and velocities when simulating a human
operating on a constrained environment

0 10 20 30 40 50 60 70 80 90 100
-1

-0.5

0

0.5

J
o
in

t 
1
 p

o
s
it
io

n

(r
a
d
)

Master

Slave

0 10 20 30 40 50 60 70 80 90 100
-3

-2

-1

0

1

J
o
in

t 
2
 p

o
s
it
io

n

(r
a
d
)

Master

Slave

0 10 20 30 40 50 60 70 80 90 100

Time(sec)

-2

0

2

4

J
o
in

t 
3
 p

o
s
it
io

n

(r
a
d
)

Master

Slave

Figure 4.17: Joints positions with human operating on constrained environment
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Figure 4.18: Joints velocities with human operating on constrained environment
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Figure 4.19: Human generated forces
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Figure 4.20: Environment reflected forces
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Figure 4.21: Input torques with human operating on constrained environment
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Figure 4.22: Evolution of dynamic parameters estimation during constrained
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The final values of the estimated dynamic parameters (on the master side) were:

π̂m =



IL1x
IL1y
l21m2
IL2x
IL2y
Ispy
l1m3
IL2z
IL1z
l2m3
m3
l22m3
F1
F2
F3



=



0.0029
0.0299
0.0027
0.0360
0.0015
0.0047
0.0047
0.0056
0.0379
0.0759
0.0562
0.0137
0.0057
−0.6887
−0.1640



(4.3)

4.2 Experiments
For the experiments, two 3D Systems Geomagic® TouchTM manipulators were used
to represent the master and slave teleoperation system. The master side was con-
trolled by a human operator, while the slave side was constrained by a rigid alu-
minum wall. The teleoperators were connected using User Datagram Protocol
(UDP). The detailed practical steps on how to establish such connection are docu-
mented in appendix B. The controller designed in chapter 3 was implemented and
experimented. The round trip delay was around 0.32 seconds. This delay was
measured by sending an impulse signal from the master manipulator to the slave
manipulator, and measuring the delay time necessary for the master to receive the
reflected impulse from the slave side.

4.2.1 Free motion
First task to be tested was the synchronization of position and velocity when the
slave is experiencing free-motion. Figures 4.23 and 4.24 show the synchronization
results. It can be seen that the master and slave could synchronize with reasonable
mean errors, which are shown in table 4.6.
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Category Mean error
Joint 1 position 0.0006
Joint 2 position -0.0156
Joint 3 position -0.0271
Joint 1 velocity -0.0007
Joint 2 velocity 0.0064
Joint 3 velocity -0.0977

Table 4.6: Mean error of positions and velocities during free-motion experiment
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Figure 4.23: Synchronization of joints positions during free motion
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Figure 4.24: Synchronization of joints velocities during free motion
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4.2.2 Constrained motion
In this subsection, synchronization of position and velocity and boundedness of the
tracking error were investigated, whilst the slave is experiencing a rigid aluminum
wall, located along points 2, 5 and 8 (figure 4.11).

During the experiment, it was noticed that the reflected forces of hitting a rigid
wall were too small. In order to have forces large enough for the user to feel, Kp,
in equation (3.7), was set to be scaled by a factor whenever the position error be-
tween the two manipulators exceeds a predefined threshold. Since the constraint is
located at the x-direction, the position error of joint 1 is the main reference point
for the scaled stiffness values, and subsequently the direction of the reflected torque
experienced by the operator when the slave hits a wall is the x-direction.

Figures 4.25 and 4.26 illustrate the position and velocity synchronization during
constrained motion. The contact with the wall was during the time between (35-45)
and (47-50) seconds. It can be seen that after hitting the wall, the two manipulators
were able to re-synchronize their position and velocity, with small fluctuations. The
master and slave torques during constrained motion are in figures 4.27 and 4.28.
One can notice the increase in input torques to the master when hitting the wall in
the remote environment, which is physically translated to forces felt by the user.

The position and velocity errors throughout the trajectory, including the free and
constrained motion parts, are illustrated in figures 4.29 and 4.30.
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Figure 4.25: Synchronization of joints positions during constrained motion
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Figure 4.26: Synchronization of joints velocities during constrained motion
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Figure 4.27: Master input torque during constrained motion
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Figure 4.28: Slave input torque during constrained motion
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Figure 4.29: Position error during constrained motion
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Figure 4.30: Velocity error during constrained motion

4.3 Understanding the delay
Teleoperation over the Internet is always subjected to random time-varying delays,
which is sometimes associated with packet loss. Delays can jeopardize the stabil-
ity of the teleoperated system and deteriorate its performance. When transmitting
a discrete-time information, the data packets experience time-varying forward and
backwards delays (i.e. Tin and Tout). Taking the OSI (Open System Interconnec-
tion) 7-layer model as a reference model, after passing data through the Network
Layer, it gets to the Transport Layer, which is responsible for transmitting data
between hosts or systems. Subsequently, a decision should be made, either to use
TCP (Transmission Control Protocol) or UDP (User Datagram Protocol) [26].

During transmission, packets can be duplicated, dropped, delayed or arrive out of
order. The majority of Internet applications use TCP. It provides reliable commu-
nication since it performs error detection and correction, controlling the speed of
transmission, detection of congestion in the transmission network, and flow control.
However, these features mean that delays in TCP are inevitable, whenever an error
occurs or a packet is needed to be retransmitted. Therefore, this attribute can be
disadvantageous in real-time applications such as teleoperation. In contrast, UDP
provides neither congestion control nor flow control. It only focuses on the fast trans-
mission of data to the receiving end, which makes it more suitable for teleoperated
systems. Therefore, UDP was used to connect the master and slave teleoperators in
this experiment.
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5
Comparative Experiments

In order to compare and evaluate the performance of this controller on other manip-
ulator systems, it has been implemented to a single-link manipulator (i.e. 1-DOF).
The system used was the SensoDrive Master-Slave-System (SD-MS1), shown in fig-
ure 5.1. It consists of two force-feedback devices, each has motors (optimized for
haptic applications) and high-precision position sensor. Adding a torque sensor is
optional [4]. For the bilateral communication, a LINUX system with QNX (real-
time operating system), was used. The communication was running through a single
computer.

In order to test the response of the system, three cases were considered. The first is
constrained motion without introducing any time delays. The other two are free mo-
tion and constrained motion, both in the case of 0.32 seconds communication delay
(as symmetrical round trip delay). It should be clarified that the term "delay-free"
actually means a "quasi-delay-free". When there is no delay block introduced to the
Simulink model, the system delay is one sample time (i.e. 1ms for this experiment).

Those experiments were carried out at the German Aerospace Center (DLR), Ger-
many, in the Institute of Robotics and Mechatronics, using the lab facilities of the
Telemanipulation Group, under Department of Analysis and Control of Advanced
Robotic Systems.

Figure 5.1: SensoDrive Master-Slave System[4]
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5.1 Synchronization without time delay
In this part, the synchronization of the master and slave was carried out indepen-
dent of the communication delays, while the environment is constrained by a rigid
wall. As previously mentioned, without introducing a delay block to the Simulink
model, the system delay is about 1ms. The purpose of this experiment is to test
the synchronization and force feedback in a minimal delay setting.
In figure 5.2, a rigid aluminum wall was hit by the slave manipulator between sec
(1-2.7), (3.6-5.5) and (6.6-7.4). The position and velocity synchronization errors
are shown in figure 5.3, having mean error of −0.0044 rad for position, and 0.0001
rad/sec for velocity.

In order to evaluate system stability, i.e. neither oscillations nor divergence, the
master link was pushed and then let free in order to test whether the system will
reach stability and synchronize or not, and how long would it take for it to synchro-
nize. In the case of no delays, this was done between (7.8-10.4) sec of figure 5.2.
The system was found to be stable.
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Figure 5.2: Synchronization results for position, velocity and torque without
communication delay
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Figure 5.3: Synchronization error for position and velocity without
communication delay

5.2 Synchronization with time delay
To evaluate the controller in this setting, a time delay of 0.16 sec was implemented
in both directions (i.e. 0.32 sec round trip delay). The delay was introduced using
the Transport Delay block in Simulink.

5.2.1 Free motion
To test system stability while time delay is implemented, the master arm was ran-
domly pushed - and then waited for the slave to synchronize with it. As it is visible
in figure 5.4, the master push was recorded at sec 6.4, and it was noticed that the
slave was stable and converging to the position and velocity of the master, and con-
tinued to approach the synchronization point, until reaching it after about 7 sec.
The mean error for the position was (−0.9410 × 10−3) rad, and for the velocity
(0.1267 × 10−3) rad/sec. The synchronization error over time is illustrated in fig-
ure 5.5. In comparison to the performance without delays, it could be noticed that
the system felt more damped with increasing delay time, while maintaining stability.
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Figure 5.4: Synchronization results for position, velocity and torque with
communication delay - free motion
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Figure 5.5: Synchronization error for position and velocity with communication
delay - free motion
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5.2.2 Constrained motion
As seen in figure 5.6, the slave manipulator was constrained by a rigid aluminum
wall between seconds (3.4-6.8) and (14-17.7). The system was stable, but in order
to improve transparency, the value of Kp (equation (3.7)) needed to be increased.
The system had a mean error of 0.0103 rad for position and 0 rad/sec for velocity.
The evolution of error through time is in figure 5.7.

Figure 5.6: Synchronization results for position, velocity and torque with
communication delay - constrained motion
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Figure 5.7: Synchronization error for position and velocity with communication
delay - constrained motion

5.3 Performance evaluation
In practice, it has been noticed that the motion was smooth when the system was
free from communication delays, in comparison to the performance in presence of
delays. Then, the system was more damped, although the values of the controlling
parameters were the same in both cases (i.e. with and without delays). The system
was stable in all cases.

With regards to transparency, the higher the values of Kp the more it was clear to
feel the reflected environmental forces. A similar approach of scaling the value of Kp

(when the position error exceeds a certain threshold) can be applied here (section
4.2.2).
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6
Discussion, Conclusion and Future

Work

6.1 Discussion: performance and stability analy-
sis

The main goal of the current study was to determine performance and stability con-
ditions of the designed adaptive controller. In this section, the previously reported
results will be interpreted and analyzed.

To start, referring to the coordinating torques in equation (3.7), the terms Kpes(t)
and Kpem(t) are extra terms, in comparison to the terms represented by Chopra et.
al. in [21]. If one only considered the master side, breaking down equation (3.7)
yields:

τ̄m(t) = K((q̇s(t− T ) + Λqs(t− T ))− (q̇m(t) + Λqm(t))) +Kp (qs(t− T )− qm(t))
= K(q̇s(t− T )− q̇m(t)) +K Λ(qs(t− T )− qm(t)) +Kp (qs(t− T )− qm(t))
= K ės(t) +K Λ es(t) +Kp es(t)

(6.1)

Therefore, the value of Kp can be compensated by KΛ. The reason of using this
additional Kp term is to facilitate the tuning task. With this controller architecture,
tuning can be tedious, since the number of parameters to be tuned increases greatly
with increasing degrees of freedom. This also makes it harder to distinguish the ef-
fect of each parameter on the performance of the system. In both experiments (the
three and single DOF), increasing Kp to increase system transparency and position
tracking was very beneficial and straight forward. During the experiments reported
in chapter 4, it has been found that larger values if Kp decreases the position drift
between the master and the slave.

An attempt has been made, using the single-arm manipulator, to remove Kp and
use only KΛ. However, the performance was unstable, represented in uncontrolled
oscillations and lack of motion tracking. Therefore, more tuning needs to be carried
out.

Furthermore, due to the architecture of the approach (i.e. the coordinating torques
terms), a transparency issue arises. As shown in figure 5.6, there is high velocity
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damping on the master side, which affects user’s experience of transparency, as the
rigid constraint could be felt but with some compliance. It can be noticed in figure
5.6 that only part of the constrained motion plot has this damping effect. This is
due to the researcher’s hand motion, where the motion was stopped when hitting
the wall, resulting in zero velocity during transition motion.

For a position-position controller, velocity damping is a common issue, and with
increasing delays the system becomes more damped. This makes it hard to differ-
entiate between free motion and constrained motion. The damping also increases
with increasing values of Kp and so does transparency. Ideally, during free motion
the user should have zero damping at the slave side. Therefore, a trade-off should
be made between small values of Kp and maintaining good transparency.

For the aforementioned issues, some solutions and experiments can be recommended.
One recommendation is to keep the slave controller tightly tuned (i.e. with higher
coordinating gains) and the master controller loosely tuned.
Further recommended experiments include neglecting the computed master torque,
and directly feeding the computed torque from the slave side to the master (i.e.
position-force architecture). However, unless the reflected force to the master is sig-
nificantly attenuated, this architecture could be hard to stabilize, since it is a static
approach (i.e. not considering slave dynamics) [6].

6.2 Conclusion

In this thesis work, a passivity-based adaptive controller was implemented into a
bilateral teleoperation setting, in order to synchronize the position and velocity of
a master and slave manipulators, while maintaining system transparency and sta-
bility. The controller was first implemented to a 3-DOF system, and later on a
1-DOF system as a comparison study. In general, it has been found that the system
was able to synchronize with tolerable mean tracking errors while being stable with
acceptable transparency.

In comparison to other bilateral teleoperation approaches, a drawback of using the
controller presented in this thesis is that it is a plant-dependent controller architec-
ture. This means that every time one needs to implement this controller to a new
manipulator, a dynamic model of the manipulator needs to be derived in order to
build the controller. This can be time-consuming and troublesome especially when
using a manipulator with higher degrees of freedom. The process of parameter tun-
ing would also be challenging with more complicated manipulators designs.
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6.3 Future Work
This controller can be improved by adding robustness. However, as it may improve
the performance, it might induce chattering, which should be mitigated.

Furthermore, performance evaluation on a higher degrees-of-freedom manipulator
should be carried out. In addition, the rigid wall on the slave side can be replaced
by a compliant surface, in order to evaluate the stability and transparency of the
system for different constraints.

Moreover, since there are no mounted force sensors, force estimation techniques can
also be implemented, which can improve the transparency of the system.

The presence of delay is the main constraint in the face of bilateral teleoperation
through the Internet, which affects performance. One of the proposed solutions is
to implement, in the server close to the slave, a mechanism for decision-making (in
acute situations), independent of the master side. This can be informed by incorpo-
rating the Internet-of-things (IoT) technology and cloud-based platforms to robotic
teleoperation [27].
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A
Derivation of Equation of Motion

As seen in chapter 2, formulating the Lagrange equation is the first step towards
deriving the equation of motion.

A.1 Lagrange Formulation
As mentioned in chapter 2, the Lagrangian of the mechanical system is defined as
a function of the generalized coordinates, and using the energy equations of the
system, as in relation A.2. For the system under study, there are 3-DOF. Hence, the
generalized coordinates in the joint space are the three angles, q1, q2 and q3, as in A.1.

q =
[
q1 q2 q3

]T
(A.1)

L(q, q̇) = T (q, q̇)− U(q) (A.2)

where L denotes the Lagrangian, T denotes the total kinetic energy of the system,
and U is the total potential energy. Next step is to compute system’s energy.

A.1.1 Kinetic Energy
For a manipulator with n rigid links, the total kinetic energy is given by sum of
contributions from moving joints and moving links, that is:

T =
n∑
i=1

(Tli + Tmi
)

= (Tm1) + (Tl1 + Tm2) + (Tl2 + Tm3)
(A.3)

where Tli is the kinetic energy of link i, and Tmi
is the kinetic energy of the motor

actuating joint i. It should be noted that since link 0 is fixed, its kinetic energy
contribution is 0.
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A. Derivation of Equation of Motion

Link’s kinetic energy is a result of the contribution of both translational and rota-
tional link movements. Therefore, Tli should be:

Tli = 1
2 mli ṗ

T
li
ṗli + 1

2 ω
T
i Ri I

i
li
RT
i ωi

= 1
2 mli q̇

T J
(li)T
P J

(li)
P q̇ + 1

2 q̇
T J

(li)T
O Ri I

i
li
RT
i J

(li)
O q̇

(A.4)

where mli is the link mass, pli is its translational velocity, ωi is its angular velocity,
Ri is the rotation matrix from link i frame to the base frame and I ili is the inertia
tensor referred to link frame. The Geometric Jacobian [JP JO]T are related to the
end-effector linear and angular velocities (ṗe and ωe) by:

[
ṗe
ωe

]
=

[
JP
JO

]
q̇ (A.5)

In a similar fashion:

Tmi
= 1

2 mmi
ṗT
mi
ṗmi

+ 1
2 ω

T
mi Imi

ωmi

= 1
2 mmi

q̇T J
(mi)T
P J

(mi)
P q̇ + 1

2 q̇
T J

(mi)T
O Rmi I

mi
mi
RT
mi J

(mi)
O q̇

(A.6)

where mmi
is the rotor mass (stator mass assumed to be included in the link), and

pmi
and ωmi are the translational and angular velocities at rotor’s center of mass,

respectively. While I imi
is the inertia tensor of the rotor relative to its center of mass.

It should be noted that for joint 1, the contribution is only from rotational motion,
therefore the linear motion part for joint 1 is zero. Furthermore, rotors at joints and
links are assumed to have a symmetric mass distribution about their rotation axis,
and hence they have diagonal inertia tensors.
The reader is referred to Chapter 7 in [28] for more details about computing Ja-
cobains and rotational matrices.

A.1.2 Potential Energy
Manipulator’s potential energy is given by the contributions from links and rotors.
This is given by A.7:

U =
n∑
i=1

(Uli + Umi
)

= −
n∑
i=1

(mlig
T
0 pli) + (mmig

T
0 pmi)

(A.7)

where the gravity acclerelation vector in the base fram is g0 = [0 0 − g]T. This
is under the assumption of rigid links, therefore there are no effects due to elastic
forces, only gravitational forces. Joint 1 is assumed to be the reference point (i.e.
height for joint 1: pm1 = 0).
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A.2 Resulting equations
Utilizing the previously mentioned equations, and figures 2.2 and 2.3, the equation
of motion has been derived.

Some of the specifications of the manipulator’s structure were given by the manu-
facturer, which are shown in table A.1 below.

Table A.1: Manipulator’s structure specifications[3]

Structure Specifications
L1 (Length of link 1) 0.132 m
L2 (Length of link 2) 0.132 m
r1 (Radius of joint 1) 0.03 m

Using system identification, the values of the vector π (given that Fv 6= 0) have been
identified as:

π =



Il1x

Il1y

l21m2
Il2x

Il2y

Im1y

l1m3
Il2z

Il1z

l2m3
m3
l22m3
Fv1
Fv2
Fv3



=



0.0022
0.0023
0.0005
0.0010
0.0009
0.0031
0.0056
0.0011
0.0022
0.0096
0.0800
0.0012
0.0089
0.0170
0.0058



(A.8)

where Ilij is the inertia of link i in direction j, li is the distance of center of mass of
link i from its tip, Im1j

is the inertia of the sphere (i.e. joint 1) in direction j, mi is
the mass of link i and Fvi is the viscous friction of joint i, given that i = 1, 2, 3 and
j = x, y, z.
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A. Derivation of Equation of Motion

Thus, equation 2.5 will have the form:

τ1
τ2
τ3

 =

 q̇1 0 0
Y(q, q̇, q̈) 0 q̇2 0

0 0 q̇3





π1
π2
...
π15
Fv1
Fv2
Fv3


(A.9)

Eventually, the final form of the dynamic equation of the system under study is as
follows:

B(q)q̈ + n(q, q̇) + g(q) + Fv q̇ = τ (A.10)

B(1, 1) = 1
2(Il1x + Il1y + Il2x + Il2y + 2Im1y + l21m2 + (L2

1 + l22)m3+

(−Il1x + Il1y + l21m2 + L2
1m3) cos(2q2) + (Il2x − Il2y − l22m3) cos(2(q2 + q3))+

4 L1 l2 m3 cos(q2) sin(q2 + q3))
B(1, 2) = B(2, 1) = B(1, 3) = B(3, 1) = 0
B(2, 2) = Il1z + Il2z + l21m2 + L2

1m3 + l22m3 + 2L1 l2 m3 sin(q3)
B(2, 3) = B(3, 2) = Il2z + l22m3 + L1 l2 m3 sin(q3)
B(3, 3) = Il2z + l22m3

(A.11)

n(1, 1) = q̇1(2q̇3 cos(q2 + q3) (L1 l2 m3 cos(q2) + (−Il2x + Il2y + l22 m3) sin(q2 + q3))+
− q̇2 (−2 L1 l2 m3 cos(2q2 + q3) + (−Il1x + Il1y + l21m2 + L2

1m3) sin(2q2)+
(Il2x − Il2y − l22m3) sin(2(q2 + q3))))

n(2, 2) = 1
2(2 L1 l2 m3 q̇3 (2q̇2 + q̇3) cos(q3) + q̇2

1 (−2 L1 l2 m3 cos(2q2 + q3)+

(−Il1x + Il1y + l21m2 + L2
1m3) sin(2q2) + (Il2x − Il2y − l22m3) sin(2(q2 + q3))))

n(3, 3) = − L1 l2 m3 q̇
2
2 cos(q3)− q̇2

1 cos(q2 + q3)(L1l2m3 cos(q2) + (−Il2x + Il2y + l22m3)
sin(q2 + q3)))

(A.12)

g(1, 1) = 0
g(2, 2) = g (−l1m2 cos(q2)− L1 m3 cos(q2)− l2 m3 sin(q2 + q3))
g(3, 3) = −g l2 m3 sin(q2 + q3)

(A.13)

Fv =

Fv1 0 0
0 Fv2 0
0 0 Fv3

 (A.14)
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A. Derivation of Equation of Motion

A.3 Direct and Inverse Kinematics

A.3.1 Direct Kinematics
Used for converting from Configuration space to Task space, i.e.:

q =

q1
q2
q3

 −→ xe =
[
pe
φe

]

Where pe is the end-effector position vector, computed of the origin of the end-
effector frame with respect to the base frame, and φe is the orientation of the end-
effector, represented by unit vectors of the end-effector frame.

Utilizing figure 2.2, the DH-parameters were extracted, as follows:

Table A.2: DH-parameters

Link αi θi ai di
1 −π

2 q1 0 0
2 0 q2 L1 0
3 0 q3 − π

2 L2 0

Subsequently, the Homogeneous Transformation matrix (T be (q)) is computed out of
parameters in table A.2, and then used to form the Task space matrix.

T be (q) =
[
nbe(q) sbe(q) abe(q) pbe(q)

0 0 0 1

]

=


c1c3s2 + c1c2s3 c1c2c3 − c1s2s3 −s1 L1c1c2 + L2c1c3s2 + L2c1c2s3
c3s1s2 + c2s1s3 c2c3s1 − s1s2s3 c1 L1c2s1 + L2c3s1s2 + L2c2s1s3
c2c3 − s2s3 −c3s2 − c2s3 0 L2c2c3 − L1s2 − L2s2s3

0 0 0 1


where Rb

e =
[
nbe(q) sbe(q) abe(q)

]
, pe = pbe(q), and c and s referes to the trigonomet-

ric functions of ’cos’ and ’sin’, respectively, where the subscript corresponds to the
joint’s angle. Note that the unit vectors: ae is in the approach direction, se is the
sliding and normal to ae, and ne is normal to the other two.

A.3.2 Inverse Kinematics
Used to convert from Task space to Configuration space:

xe =
[
pe
φe

]
−→ q =

q1
q2
q3


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A. Derivation of Equation of Motion

Utilizing figure 2.3, Inverse Kinematics were computed as follows:

q1 = arctan Y

X

q2 = arctan −Z√
X2 + Y 2

− arccos K
2 + L2

1 − L2
2

2L1K

q3 = − arccos −K
2 + L2

1 + L2
2

2L1L2
+ (3π

2 )

where : k =
√
Z2 +X2 + Y 2

(A.15)

The reader is directed to go through Chapter 2 in [28] to know on how to formulate
the Homogeneous Transformation matrix, and for more information on Direct and
Inverse kinematics.
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B
Establishing a teleoperation
connection between two

manipulators

This appendix is intended to be a detailed document on how to work with the
3D Systems Geomagic® TouchTM manipulator as a teleoperator haptic device (i.e.
master and slave setting) in a Matlab/Simulink R2014a environment.

B.1 Stream server/client: establishing a connec-
tion

First, in order to establish a connection between two manipulators, one have to turn
off the Windows firewall in both of the PCs intended to be used.

QUARC stream blocks can be used to send/receive data through a Transmission
Control Protocol/Internet Protocol (TCPIP) or User Datagram Protocol (UDP)
connection. However, for this to happen, one need to configure the PCs (both PCs
need to have QUARC) so they can communicate between each other. Some exam-
ples can be found, which uses stream block in the QUARC demo library. To access
these demos, one can type qc_show_demos in Matlab command window. These
demos are located in the communication section.

In order to get to the documentation on how to use/interpret the Stream Server
or Stream Client blocks and signals, the necessary documentation can be found
by typing qc_show_demos in Matlab command window, choosing QUARC Basic
Communications Demo under Communications block will, then Basic Communi-
cations. One can choose either Stream Client or Stream Server to have access to
the relevant block documentation.

To establish a connection in the server model, the Universal Resource Identifier
(URI) parameter should be configured with the Client PC IP address. Whereas in
the client model, the URI parameter should be configured with the Server PC IP
address. Either UDP or TCPIP can be used.

In order to send multidimensional data, zeros (elements) should be added in the
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B. Establishing a teleoperation connection between two manipulators

Default output value parameter, in both the client and server stream blocks. For
example, for sending/receiving 3 elements, one should enter

[
0 0 0

]
, to get a 1×3

vector.

B.2 Implementation notes
For implementation, there are some notes to be aware of while using Simulink:

• It is possible to use more that one Stream Client block (i.e. multiple clients).
However, only single server can be used for transmission. Therefore, in order
to send both position and velocity, information form both can be combined
as single input for Stream Server or Stream Client block, i.e. using only 1
server and 1 client.

• To combine server/client inputs, a multiplexer can be used. It should be noted
that the multiplexer generally combines the signals in column vector. Thus,
for the case within hand, each sampling time, the position is a (3 × 1) vec-
tor, and so is the velocity vector. The multiplexer will combine these as a
(6× 1) vector. In this case, the Default output value parameter will be set to[
0; 0; 0; 0; 0; 0;

]
.

• To split the received position and velocity information at the output of the
server/client, a submatrix block can be used.
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