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I would like to thank my colleagues in the software, electronic and hardware teams, who
lay the foundations on which all our research and publications are built. I was fortunate
that I had these wonderful colleagues who supported me promptly, when asked for help.
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robots ,! When we needed special hardware parts, Bertram Willberg, Harald Wagner,
Michael Dreer, Michael Heumos and Tran Van Thuan from the hardware workshop were
always happy to help us build them.

I was fortunate to work in multiple projects and teams, which not only supported my
research but was an important factor in my social life here. Special thanks to all the
colleagues associated with the Kontur 2,3 projects: Cornelia Riecke, Bernhard Weber,
Oxana Domsch, Jan Cremer, Michael Steinmetz, Rico Belder, Armin Wedler, Kristin
Bussman, Michael Panzirsch, Harsimran Singh and Marek Sierotowicz. Connie was not
just a co-project lead, she turned into a sister-like figure for me during all the work we did
together.
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A major part of my time was spent for teleoperation experiments, which would not
have happened without the support of the TP-Group members: Thomas, Michi, Simran,
Andre, Max, Nicolai, Neal and Aaron helped me with theory, software and hardware issues
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Thomas for the support he gave me with English-German translation throughout my stay
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Abstract

With the advent of high precision sensors, fast computers and artificial intelligence, au-
tonomous robots have been demonstrated to be capable of implementing highly intricate
and complicated tasks. Yet, complete autonomy is a goal that we have still not achieved.
When perception of the environment cannot be precise, human supervision is desired to
give both high level commands using supervised autonomy, as well as direct control using
teleoperation. Although teleoperation with haptic feedback has proven to be a useful so-
lution to interact with dangerous and remote environments through the robotic avatars,
performance degradation caused due to communication delays and large effort demanded
from the operators are seen as limitations of this approach. To combine the benefits of au-
tonomy and direct teleoperation in a synergistic manner, the paradigm of shared control

was developed and has been widely researched.
This thesis focuses on a special form of shared control, namely mixed-initiative, where

the final command to the robot is a weighted sum of the commands from the operator and
the autonomous controller. The weights (fixed or adaptive), called authority allocation
(AA) factors, decide who has more control authority over the robot. Different research
groups use different methods to adapt the AA factors online and the benefits of adaptive
mixed-initiative shared control have been well established in terms of task completion
success and operator usability. However, stability of the overall shared control framework,
with communication time-delays between the operator and the robot, is a field that has
not been examined extensively. This thesis looks at the system from a control perspective
and develops methods to improve performance and stability in shared control so that the
possibilities of its applications can be widened. Firstly, methods to improve the haptic
feedback performance of teleoperation are developed. A novel approach for stabilizing
arbitrary and user-defined feedback controllers in teleoperation with high and time-varying
communication delays is presented. Secondly, methods to stabilize online adaptation of
AA factors in multi-agent shared control systems are proposed. All these methods are
combined to develop a unified framework for shared control, which can be used in a wide
variety of domains by different research groups, focusing on different approaches for haptic
shared control and online adaptation of AA factors. The methods are validated on multiple
robotic systems and published in several peer-reviewed conferences and journals. To show
the real life applicability of the developed methods, they were availed in several projects,
both in space and terrestrial domains.
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CHAPTER 1

Introduction

“Synergy - the bonus that is achieved when things work together harmoniously.”

– Mark Twain

1.1 Motivation

We, as humans, have evolved to be great at using tools. Or, it could be the other way
around — we evolved because of our tool-using skills. Though the causality might not be
clear, it cannot be denied that, now, we are good at inventing tools and solutions. This
has played a crucial role in our long odyssey from the grasslands of Africa to beyond the
surface of our planet. However, what is humanly possible is limited by our knowledge,
physiology, psychology and of course, basic laws of physics. When it came to dull, distant,
dirty, demanding, distributed and, most importantly, dangerous tasks, we invented a new
tool— Robots! With the advent of high-tech sensors, actuators, computational capabilities
and artificial intelligence, we have been able to develop robots that help mankind when it
comes to the tasks that can take the aforementioned adjectives. Robots— the tools that
started as crude and mechanically controlled systems, are now one of mankind’s greatest
scientific marvels. Yet again, what is possible with robots has limits. Complete autonomy
in robots is a goal we are yet to achieve. For the time being, humans and robots working
harmoniously helps achieve the best bonus. The research conducted in this thesis tries to
extend and support this synergy.

Automatic control systems (ACS) in robots support humans with demanding and dull/
repetitive tasks, if the work objects and environments are well perceived or modeled.
Robots can even work round-the-clock getting tasks completed, which reduces the demand
from the shrinking manual workforce in many developed nations [For20]. When perception
of the environment cannot be precise, their human counterparts, who have better cognitive
and decision-making capabilities can support the robots. In supervised-autonomy, humans
give high level commands and the robots follow these instructions to the best of their
capabilities [CZ01]. If this also fails, the human takes direct control of the robot and this
leads us to a different paradigm called teleoperation.
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1 Introduction

Teleoperation

Figure 1.1: Bilateral teleoperation paradigm

Teleoperation was developed to carry out tasks that were mainly dangerous and as the
name suggests, distant or remote. A human operator, using an input device, controls
a remote robot and implements these tasks in the robot’s environment. If the forces of
interaction between the robot and its environment are sent back to the human operator,
it is called bilateral teleoperation or telepresence [HS06], and an input device that allows
this is called a haptic device. Through a communication channel, position signals are sent
from the haptic device to the remote robot and forces are sent back to the haptic device.
A simple bilateral teleoperation set-up is shown in Fig. 1.1. If the robot is distant, the
time-delays introduced by the communication channel can make this closed-loop control
system unstable and there are several methods developed to still ensure its stability [HS06].
However, ensuring stability comes with a cost— it reduces the system performance. Trans-
parency is a performance criterion in bilateral teleoperation, which measures how well the
operator perceives the interaction between the robot and its environment. With an ideally
transparent system, the operators feel that they directly interact with the environment or
that they are tele-present in the remote environment [YY94, Law93].

Yet, having human operators continuously doing remote work through their robotic
avatars demands high physical and mental effort from them [AMB12]. This is where
shared control paradigm comes into the picture. The basic idea of shared control is this:
let the ACS do whatever it is capable of doing safely and accurately. If and only when
the ACS fails, the operator comes in and makes corrective measures and actions [I+03].
Shared control has proven helpful in task completion and reduction in operator effort. The
shared control paradigm is broadly shown in Fig. 1.2.

tps

CC

Teleoperation

A
u
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n
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y

Shared Control

Flickr

Figure 1.2: Shared control paradigm
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1.1 Motivation

Shared control is also classified according to the approach used. In traded control, the
operator and robot do tasks in a serial manner (one after the other) and in a mixed-
initiative (also called mixed-input) shared control approach, they do it in parallel [Her16,
MH17b]. This thesis focuses on the latter, where the final control signal commanded to
the robot is a weighted sum of the control signals from the operator and the ACS. As in
teleoperation tasks [WAH+12], haptic feedback has been shown to improve performance
in shared control in several studies [MO04, VOAK+13]. Haptic feedback in shared control
allows the operator to feel additional forces acting on the remote robot. These additional
forces could be from virtual fixtures [Ros93] which restrict the operator from moving the
robot into certain areas in its workspace, or they could guide the operator along a specific
trajectory to support the robot in reaching a target location [GG05]. Surveys on different
shared control approaches can be found in [SCN+21, AMB12] and [LMBO18].

In mixed-initiative shared control, the weights called authority allocation (AA) factors,
decide who has more control authority over the robot [I+03, PR97] and the process of
control authority distribution is called arbitration [LMBO18]. The AA factors can be
fixed or adaptive during the task execution period. Fixed authority allocation (FAA)
enables simpler controller designs. Yet, they need to be tuned a priori based on several
factors (like, quality of ACS and operator, traditional human factor issues etc [AMB12]),
which makes the optimal choice of these gains really complicated. In some cases, fixed
AA gains can even affect the system performance negatively [LPO09], since the operator
might have to fight against the ACS and the robot might end-up in a local minima, where
the two inputs balance each other out. Adaptive authority allocation (AAA), enables
necessary online modification of these gains to suit the current requirements in the task
implementation phase [Abb06, GWS08, PdV+07]. The performance improvements using
AA adaptation in terms of task completion rate and reduced operator effort have been
well established [MO04, SCN+21, AMB12]. In [AMB12], based on a meta-analysis, four
guidelines were chosen for the design of haptic shared control systems, namely: The human

• G1: should always remain in control, but should be able to experience or initiate
smooth shifts between levels of authority,

• G2: should receive continuous feedback about the automation boundaries and func-
tionality,

• G3: should continuously interact with the automation, and

• G4: should benefit from increased performance and/or reduced workload.

Based on these guidelines, the main motivation for this thesis work is to develop a
control framework to support online adaptation of AA factors and give the operator a
better perception of the forces of interaction between the robot and its environment. At
the same time, transparent haptic guidance is also envisioned, which should allow the
operator to continuously interact with and get feedback from the ACS, and smoothly
shift control authority between the two agents (operator, and ACS) when necessary. In
the next section, the motivation and contributions are made more clear from a control
perspective in the context of the available work and the gaps in research where this thesis
could support shared control domain.
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1 Introduction

1.2 Related Work

Teleoperation is a field in robotics that has been in research for several decades. Enforcing
stability caused by the non-idealities in the teleoperation system (e.g. time-delay, package
loss etc ) while increasing the transparency has been analyzed in detail and several meth-
ods, both model-based and model-independent, have been developed over the years in these
contexts [HS06]. Model-based methods for stability and transparency ([LCS02, CS04]) al-
low for less conservative behavior compared to passivity-based model-independent methods
[HCFS]. On the other hand, passivity-based methods like wave variables [NS97], energy
tanks [FSM+11] and time domain passivity control [HR02] make it robust towards errors
in system modeling. Although this thesis presents ways to improve transparency while
maintaining stability, it should be seen as a means to achieving the main goal, which is
the transparent framework for adaptive shared control. Since several others (for example,
[Pan18], [Reb15] and [Art14]) cover the topic of transparency, it will not be covered in this
section. However, relevant related work will be mentioned in the chapters that present
the proposed methods for transparency enhancement.

The main literature surveyed here is for the field of shared control of robots and the
effects of AA factors. Fixed AA values have shown to improve performance in sub-task
controllers in teleoperated robots [SGFS19, LC11]. Fixed gains have also been applied with
demonstrated benefits in space robots [MBDSO21b] and surgical robots [FPBS15, MF16].
Multilateral control, a form of shared control between multiple operators have availed
benefits of fixed AA factors [PBA15, Pan18] and multilateral systems have been used in
expert-novice training [OGGL06, LPO09].

To make shared control systems more flexible, different research groups follow different
approaches to modify the AA factors online, both human-driven and system-driven. As the
name suggests, in human-driven systems, the operators in charge of the arbitration process
manually distribute the control authority as and when deemed appropriate for corrective
intervention. System-driven adaptation is when the system resolves authority allocation
between the two control agents, and its timing [Sce96]. Some of the adaptation methods
are based on human intention recognition [DS13, KSB12] and probabilistic approaches
[Tra15, PJTKLP10]. Closely related to a probabilistic system-driven approach addressed
in this thesis, [OGD15] uses the uncertainty of the autonomous controller with an a priori
noise model. In the field of assisted-driving, [AM10, AMVdH+11] use neuromuscular
signals of the driver to smoothly shift the control authority between the two agents and
have been shown to improve driving performance [GG05]. Adaptation of AA factors has
been used for learning and programming the robots by demonstration [AEK05, ZHC18],
and has been also availed in operator training [LHPO09].

Shared control is a field that is versatile due to the possibilities of combining different
forms of autonomy and arbitration. The aforementioned list of approaches and applica-
tions is not exhaustive and could be easily continued. So, what is the point of further
research in this field? The following section will reveal certain gaps in research that this
thesis addresses from a control perspective to enable the widened use of haptic shared
control in more challenging and real-life scenarios. Furthermore, the thesis covers multiple
aspects in haptic shared control and the related works in these aspects will be addressed
in the respective chapters.
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1.3 Research Gaps

1.3 Research Gaps

As reported in [SCN+21, AMB12, LMBO18], extensive work has been done in the field
of haptic shared control and most works present the benefits derived from their meth-
ods to support the operator [Rah20]. Even so, from a control perspective, stability of
haptic shared control is a field that has not been investigated thoroughly [WL12] and
very few publications address the stability issues. This is non-trivial since the dynamics
of the human as well as unknown environment characteristics [WL12, LTH14] can affect
the stability of the system, which becomes more critical when the AA factors are varied
online. This is aggravated by the closed haptic loop, mentioned earlier, which is sensitive
towards communication latencies. In [PBA15], we considered multilateral haptic control
with delay in the loop for fixed AA factors. But the passivity properties were not ana-
lyzed. Later, in [Pan18] and [RHVJ19] the passivity properties of multilateral controllers
for fixed AA factors with time-delay in the teleoperation channel were considered and sta-
bility was ensured. Energy tanks were applied to preserve passivity of the shared control
schemes in [SGFS19] and [SFF+18]. Model-based stability methods have been applied in
[LTH14, WL12, SRCG06, KHZ11, Nic20], but they do not consider the delay in the tele-
operation communication channel. It should be noted that when the distance between the
operator and the remote system is not so large (as in medical robots, driving assistance
etc), the effects of the communication delay could be neglected. But allowing for larger
time-delays in the teleoperation system within the shared control framework, can widen
the possibilities of using robotics in fields like on-orbit servicing, tele-surgery and telenavi-
gation of vehicles with haptic feedback. As an example, the AHEAD project spearheaded
by the United Nations - World Food Programme and DLR uses the Sherp system (see
Fig. 1.3 left) for the transport of humanitarian goods to rough-terrained, flood-prone and
dangerous locations, where the use of remote haptic shared control is envisioned to replace
human drivers [UWFP20].

Additionally, in spite of the communication delays, providing accurate feedback of forces
from both, the environment and the ACS, lets the operator safely implement the tasks,
which require high precision in robot positioning and force application. This will come
in handy in the fields of tele-surgery [ERER20, MF16] and in-orbit assembly of satellites
[WMPH+18]. Most of the works in haptic shared control do not focus on the how to
combine a transparent teleoperation system with the shared control framework in a stable
manner. In general, arbitration in shared control heuristically enforces the unity-sum rule
of the AA factors. This means the sum of AA factors is always ensured to be equal to 1,
so that when the authority of the ACS increases, the human operator has lower authority,
and vice-versa [SCN+21, MH17a]. Is this really a necessity? Can the haptic shared control
system be stable with arbitrary AA factors, which could make the system more versatile?

Sherp Telenavigation Tele-surgery On-Orbit Servicing

Figure 1.3: Applications of time-delayed haptic shared control
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1 Introduction

This topic has not been widely addressed in literature and is a major contribution of this
thesis among others, which are mentioned in detail in the next section.

To summarize: Extensive work has been done in the field of haptic shared control.
The implementation and benefits of haptic shared control in terms of operator usability
and task completion have been widely reported. However, to the best of the author’s
knowledge, there has been no work that ensures stability and transparency of the overall
shared control framework considering delays in the teleoperation system and allowing for
stable and arbitrary adaptation of AA factors.

1.4 Contribution and Overview

This thesis develops a control framework for mixed-initiative shared control that can be
used in a wide variety of domains by multiple research groups, focusing on different ap-
proaches for haptic shared control and online adaptation of AA factors in a stable man-
ner. The framework is developed from a control perspective based on the identified re-
search gaps and has the following features, which furthermore supports the guidelines from
[AMB12] mentioned in Section 1.1:

1. Transparency: The haptic feedback of the shared control framework provides the
operator with a good perception of the environment forces and also the forces gener-
ated by the ACS, in spite of the delays in the communication channel. This feature
supports and enables the guidelines G2,G3 and G4.

2. Adaptability: The AA factors are online-adaptable to distribute control authority
between the operator and the ACS. It supports any form of AA factor adaptation.
This feature in the framework mainly enables guideline G1 so that the human can
smoothly distribute the authority.

3. Modularity: Any form of haptic support (restrictive like virtual fixtures or support-
ive like trajectory generators) can be used in this framework. The forces from the
teleoperation system and the autonomous system must be weighted and commanded
to the robot.

4. Stability: The overall system maintains stability in spite of large and varying time-
delays between the operator and the robot, while accommodating fixed or online-
adaptable AA factors. The stability methods are robust towards system modeling
errors.

Fig. 1.4 shows a schematic of the thesis contribution, which consists of a novel haptic
shared control framework integrating teleoperation and autonomy in an adaptive man-
ner with improved transparency, while maintaining overall system stability. In terms of
teleoperation transparency, two new methods are presented and a novel stability ensuring
approach is developed to stabilize any user-defined feedback controllers in time-delayed
teleoperation. In terms of arbitration in shared control, the factors that might lead to
system instability are first analyzed and identified. Then, two methods are presented
which can remove the effects of these factors which are applicable in different forms of
multi-agent robot control. Both contributions, the teleoperation transparency enhance-
ment and adaptive multi-agent control stability, are developed and presented in ways so
that different groups working in these fields can avail them.
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A Stable and Transparent Framework for Adaptive Shared Control of Robots

Figure 1.4: Contribution of this thesis.

The research performed in this thesis has contributed to the theoretical field in addition
to being extensively used in practical scenarios and validated with hardware experiments.
The methods were applied in several projects and practical applications (like the European
Union H2020 project AEROARMS, Kontur-2 space mission for ISS-Ground teleoperation
etc).

The structure of the thesis is summarized in Fig. 1.5. Chapter 2 discusses the basic
theoretical tools, which this thesis employs. Firstly, the concept of finite-gain stability is
explained following which, passivity, a tool that has been extensively used in this work
to achieve finite-gain stability of a shared control system, is presented. Later, the widely
used definitions and performance indices of transparency are covered.

Chapter 3, then presents two methods to improve transparency of a teleoperation sys-
tem. To this end, non-linear local force feedback control and explicit force controllers
are used. To overcome the limitations imposed by trade-offs between stability and trans-
parency, a new and general stability method, namely, passive reference coupling (PCR),
which guarantees stability for any user-defined feedback controller is finally proposed. The
PCR approach can be used by different research groups working in teleoperation and it is
validated for a practical task that requires precision in both position following and force
application.

Chapter 4 addresses adaptive authority allocation in shared control. First, a system-
driven adaptive shared control is introduced. Unlike existing methods, this approach
smoothly concedes control authority to the human operator based on real sensor measure-
ment noise. The results of a user-study are presented for this approach. The next two
sections in this chapter present two methods for a general multi-agent robot control system
with varying authority using force and stiffness scaling. The factors that destroy passivity
while fixed scaling and adapting the AA factors are identified and then model-independent
methods are developed to ensure stability of the control system. Both these methods are
validated on real robotic hardware.

Chapter 5 consolidates all the methods from the two previous chapters, where the final
framework is presented. The transparent segment of the teleoperation is combined with
autonomous controllers in an adaptive shared control form, while maintaining the stability
of the entire system including haptic feedback of the forces produced by the ACS. The
framework is validated on real hardware, the performance of different methods presented
is compared and a discussion on the system behavior is given at the end of this chapter.
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1 Introduction

Chapter 6 presents the practical applications of the research, where the main projects in
space and terrestrial domains that used the methods developed during this thesis work
are summarized. Additionally, several secondary contributions were made by the author
in other domains of robot control, which resulted in many publications and were availed
in several projects. Some of the main secondary contributions are also summarized in this
chapter.

Chapter 7 concludes the thesis. The research led to several positive theoretical results
practically validated on real hardware and used by several projects. However, detailed
analysis helped identify some limitations of these methods which are clearly discussed and
presented in the previous chapters. These limitations and learned lessons could lead to
further extensions and are mentioned in this concluding chapter.

The research findings reported in this thesis resulted in ten conference and two journal
publications, and three patents. These main publications on which this thesis is based are
summarized in Table 1.1. Furthermore, seventeen conference and six journal publications
have been co-authored, which are related to the control topic but not integrated in this
thesis. These are listed in Table 1.2.

To summarize: The main contributions of this thesis are listed here:

1. Developed a unified framework for stable and transparent adaptive shared control
which is highly modular.

2. Two different approaches (non-linear local force feedback and explicit force control
in Chapter 3) are developed to improve force feedback transparency in teleoperation
and haptic shared control.

3. Developed a new method to ensure stability of time-delayed teleoperation systems
with arbitrary user-defined feedback controllers which can avail existing passivity
tools.

4. A novel system-driven method for arbitration is developed, which can be used not
only in robotics, but other domains of human-machine interaction.

5. Arbitration is formulated as both force and stiffness scaling problems, the analysis
of which would give the reader a better understanding of the system behavior.

6. The theoretical developments from the thesis are validated in multiple robotics sys-
tems and availed in several projects.

7. The work in this thesis was published in six conferences and one journal (and one
more submitted).

8. The work done during this thesis also supported other researchers, which resulted
in sixteen publications (four in journals and twelve on conferences and workshops)
as second author.

9. In addition to these first and second author works, twelve other publications were
co-authored in leading conferences and journals.

10. Three patents were submitted out of which one is already granted.
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Figure 1.5: Structure of the thesis
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Table 1.1: Main publications on which the thesis is based.

Reference Details

[BMP+21]
Conference

Balachandran, R., Mishra, H., Panzirsch, M., and Ott, C., A Finite-Gain
Stable Multi-Agent Robot Control Framework with Adaptive Authority Allo-
cation, International Conference on Robotics and Automation (ICRA), 2021.

[BPDS+21]
Journal

Balachandran, R., Panzirsch, M., De Stefano, M., Singh, H., Ott, C. and
Albu-Schaeffer, A., Stabilization of User-Defined Feedback Controllers in Tele-
operation With Passive Coupling Reference. IEEE Robotics and Automation
Letters, 2021.

[BMC+20]
Conference

Balachandran, R., Mishra, H., Cappelli, M., Weber, B., Secchi, C., Ott, C.
and Albu-Schaeffer, A., Adaptive Authority Allocation in Shared Control of
Robots Using Bayesian Filters. IEEE ICRA, 2020.

[BRJ+20]
Conference

Balachandran, R., Ryu, J.H., Jorda, M., Ott, C. and Albu-Schaeffer, A.,
Closing the force loop to enhance transparency in time-delayed teleoperation.
IEEE ICRA, 2020.

[BKOAS18]
Conference

Balachandran, R., Kozlova, N., Ott, C. and Albu-Schaeffer, A., Non-linear
local force feedback control for haptic interfaces. IFAC-PapersOnLine, 2018.

[BJA+17]
Conference

Balachandran, R., Jorda, M., Artigas, J., Ryu, J.H. and Khatib, O.,
Passivity-based stability in explicit force control of robots. IEEE ICRA, 2017.

[BAMR16]
Conference

Balachandran, R., Artigas, J., Mehmood, U. and Ryu, J.H., Performance
comparison of wave variable transformation and time domain passivity ap-
proaches for time-delayed teleoperation: Preliminary results. IEEE/RSJ IROS,
2016.

[BDSM+21]
Journal -
Submitted

Balachandran, R., De Stefano, M., Mishra, H., Ott, C. and Albu-Schaeffer,
A., Passive Arbitration in Adaptive Shared Control of Robots with Variable
Force and Stiffness Scaling, Mechatronics, 2021.

[LBS+20]
Conference

Lee, J., Balachandran, R., Sarkisov, Y.S., De Stefano, M., Coelho, A.,
Shinde, K., Kim, M.J., Triebel, R. and Kondak, K., Visual-inertial telepresence
for aerial manipulation. IEEE ICRA 2020

[ABR+16]
Conference

Artigas, J., Balachandran, R., Riecke, C., Stelzer, M., Weber, B., Ryu,
J.H. and Albu-Schaeffer, A., Kontur-2: force-feedback teleoperation from the
international space station. IEEE ICRA , 2016.

[ABDS+16]
Conference

Artigas, J., Balachandran, R., De Stefano, M., Panzirsch, M., Lampariello,
R., Albu-Schaeffer, A., Harder, J. and Letschnik, J., Teleoperation for on-orbit
servicing missions through the astra geostationary satellite. IEEE Aerospace
Conference, 2016.

[JBRK17]
Conference

Jorda, M., Balachandran, R., Ryu, J.H. and Khatib, O., Passivity-based
stability in explicit force control of robots. IEEE IROS, 2017.

[AB15]
Patent

Artigas, J. and Balachandran, R., Kontroll-Netzwerk mit einem haptischen
Eingabemittel: DE102014004115 B3, 2015.

[BM20]
Patent -
Submitted

Balachandran, R. and Mishra, H., Adaptive Authority Allocation in Shared
Control based on sensor measurement noise (Submitted), 2020.

[BP21]
Patent -
Submitted

Balachandran, R. and Panzirsch, M., Passive Coupling Reference Approach
for user-defined feedback stability in haptics and teleoperation (Submitted),
2021.
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Table 1.2: Publications of secondary contributions.

Reference Details

[MBDSO21a]
Journal

Mishra, H., Balachandran, R., De Stefano, M. and Ott, C., A Compliant
Partitioned Shared Control Strategy for an Orbital Robot, IEEE RA-L 2021.

[DSBS19]
Journal

De Stefano, M., Balachandran, R. and Secchi, C., A passivity-based ap-
proach for simulating satellite dynamics with robots: Discrete-time integration
and time-delay compensationIEEE Transactions on Robotics, 2019.

[PBW+18]
Journal

Panzirsch, M., Balachandran, R., Weber,. B, Ferre, M. and Artigas, J.,
Haptic augmentation for teleoperation through virtual grasping points. IEEE
Transactions on Haptics, 2018

[HBRG+18]
Journal

Henze, B., Balachandran, R., Roa-Garzon, M., Ott, C. and Albu-Schaeffer,
A., Passivity analysis and control of humanoid robots on movable ground, RA-
L 2018.

[DSMB+19]
Journal

De Stefano, M., Mishra, H., Balachandran, R., Lampariello, R., Ott, C.
and Secchi, C., Multi-rate tracking control for a space robot on a controlled
satellite: A passivity-based strategy IEEE RA-L, 2019.

[HPS+21]
Journal

Hulin, T., Panzirsch, M., Singh, H., Coelho, A., Balachandran, R., and
others, Model-Augmented Haptic Telemanipulation: Concept, Retrospective
Overview and Current Use-Cases, Frontiers in Robotics and AI, 2021

[OHF+18]
Journal

Ollero, A. et al The aeroarms project: Aerial robots with advanced manipula-
tion capabilities for inspection and maintenance, IEEE Robotics- Automation
Magazine, 2018

[PB19] Con-
ference

Panzirsch, M. and Balachandran, R., Time Domain Control for Passive Vari-
able Motion Scaling in Delayed Teleoperation IFAC-PapersOnLine, 2019.

[WBR+19]
Conference

Weber, B., Balachandran, R., Riecke, C., Stulp, F. and Stelzer, M., Tele-
operating robots from the international space station: Microgravity effects on
performance with force feedback, IEEE IROS 2019.

[KBDS+18]
Conference

Kim, M.,Balachandran, R., De Stefano, M., Kondak, K. and Ott, C., Passive
compliance control of aerial manipulators. IEEE IROS, 2018.

[PBA+17]
Conference

Panzirsch, M., Balachandran, R., Artigas, J., Riecke, C., Ferre, M. and
Albu-Schaeffer, A., Haptic intention augmentation for cooperative teleopera-
tion, IEEE ICRA 2017.

[DSBG+18]
Conference

De Stefano, M., Balachandran, R., Giordano, A. and Secchi, C., An energy-
based approach for the multi-rate control of a manipulator on an actuated base.
IEEE ICRA , 2018.

[ABDS+16]
Conference

De Stefano, M., Balachandran, R., Artigas, J. and Secchi, C.,Reproducing
physical dynamics with hardware-in-the-loop simulators: A passive and explicit
discrete integrator, IEEE ICRA 2017.

[SBE16]
Workshop

Schmidt, P., Balachandran, R. and Artigas, J., Shared control for robotic
on-orbit servicing. Robotics: Science and Systems Workshop, 2016.

[PBA15]
Conference

Panzirsch, M., Balachandran, R. and Artigas, J., Cartesian task allocation
for cooperative, multilateral teleoperation under time delay, IEEE ICRA 2015.

[CSL+21]
Conference

Coelho, A.,Sarkisov, Y.,Lee, J., Balachandran, R., Franchi, A., Kondak,
K. and Ott, C., Hierarchical Control of Redundant Aerial Manipulators with
Enhanced Field of View, IEEE International Conference on Unmanned Aircraft
Systems (ICUAS) 2021.

[KFG+20]
Conference

Krueger, T., Ferreira, E. and others, Designing and Testing a Robotic Avatar
for Space-to-Ground Teleoperation: the Developers Insights, International As-
tronautical Congress (IAC) 2020.
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Table 1.3: Publications of secondary contributions: Continued

Reference Details

[RWM+20]
Conference

Riecke, C., Weber, B., Maier, M., Stelzer, M., Balachandran, R., Kondratiev,
A. and others, Kontur-3: Human Machine Interfaces for Telenavigation and
Manipulation of Robots from ISS, IEEE Aerospace Conference 2020.

[WMPH+18]
Conference

Weber M., Pereira, A., Hulin, T., Ruf, O., Kugler, S., Giordano, A., Bal-

achandran, R. and others, Space Factory 4.0-New processes for the robotic
assembly of modular satellites on an in-orbit platform based on Industrie 4.0
approach, IAC 2018.

[CSM+18]
Conference

Coelho, A., Singh, H., Muskardin, T., Balachandran, R. and Kondak,
K., Smoother position-drift compensation for time domain passivity approach
based teleoperation, IEEE IROS 2018.

[RAB+16]
Conference

Riecke, C., Artigas, J., Balachandran, R. and Bayer, R., Beyer, A. and
others, Kontur-2 mission: the DLR force feedback joystick for space telema-
nipulation from the ISS, IEEE iSAIRAS International Symposium on Artificial
Intelligence, Robotics and Automation in Space 2016.

[WSR+16]
Conference

Weber, B., and Schaetzle, S., Riecke, C., Brunner, B., Tarassenko, S., and Ar-
tigas, J., Balachandran, R. and Albu-Schaeffer, A., Weight and weightless-
ness effects on sensorimotor performance during manual tracking, International
Conference on Human Haptic Sensing and Touch Enabled Computer Applica-
tions 2016.

[ARW+16]
Conference

Artigas, J., Riecke, C., Weber, B., Stelzer, M., Balachandran, R. and oth-
ers, Force-feedback teleoperation of on-ground robots from the international
space station in the frame of the Kontur-2 experiment, International Extreme
Robotics Conference 2016.

[SADS+15]
Conference

Schmidt, P., Artigas, J., De Stefano, M., Balachandran, R. and Ott, C.,
Increasing the Performance of Torque-based Visual Servoing by applying Time
Domain Passivity, IFAC-PapersOnLine 2015.
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CHAPTER 2

Fundamentals

Chapter 2 briefly reviews the basics that are required for the theoretical investigations
in this thesis. As explained in Section 1.1, two main criteria for a good teleoperation
system are stability and transparency. The concept of stability for an input-output system
is introduced in Section 2.1. To be more precise, the concept of finite-gain stability is
dealt with. Since, passivity of the input-output system is closely related to its finite-gain
stability, the concept of passivity is explained in Section 2.1.2 giving more emphasis on
output-strict passivity and its relation to finite-gain stability. This is followed by some
tools and methods used in this thesis to make control systems passive. Second part of
this chapter deals with the other performance criterion, transparency, which is introduced
in Section 2.2 along with existing measures to evaluate and compare transparency of
teleoperation systems.

2.1 Stability of Input-Output Systems

In a bilateral teleoperation system, the human operator applies a force to move the haptic
device, which in turn is coupled to the remote robot and moves it. The robot interacts
with its environment to complete the intended task. The forces produced by the robot-
environment interaction directly affect the motion of the robot. Additionally, the motion
of the haptic device is indirectly affected by the robot-environment interaction, due to the
feedback forces. Therefore, as shown in Fig. 2.1, the bilateral teleoperation system can be
formulated as an input-output system, with input as the forces from the operator and the
environment, and output as the motion of the haptic device and robot.

Bilateral

Teleoperation System

Forces

from operator

and environment

Motion

of haptic device

and robot

H

u y

Figure 2.1: Bilateral teleoperation system as an input-output system
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2 Fundamentals

A time-invariant input-output system H as shown on the right side of Fig. 2.1, is
represented with a non-linear state-space model as:

H ∶ {ẋ = f(x,u)
y = h(x,u) (2.1)

with input u ∈ Rm, output y ∈ Rm, and state x ∈ Rn. The function f ∶ Rn ×Rm → Rn is
locally Lipschitz, and h ∶ Rn×Rm → Rm is continuous, and f(0,0) = h(0,0) = 0. Note that
the system has the same number of inputs and outputs here [Kha02].

2.1.1 Input-Output Stability

Now a generally accepted form of stability in input-output systems, namely, finite-gain L2

stability [Def. 5.1][Kha02], is introduced1.

Definition 2.1. (L2 Stability) The dynamical system represented in (2.1) is finite-gain
L2 stable if there exist non-negative constants γ and β such that

∥yτ∥L2
≤ γ ∥uτ∥L2

+ β for all uτ ∈ Lm
2e and τ ∈ [0,∞). (2.2)

The term ●τ is a truncation of ●, that is:

●τ (t) = { ●(t), if 0 ≤ t ≤ τ,
0 if t ≥ τ. (2.3)

uτ ∈ Lm
2e means that the L2 norm of uτ is finite. The value γ is called the gain of the

system and β is the bias. In other words, the system is finite-gain L2 stable if the L2 norm
of the output is always bounded by a finite value times L2 norm of the input, for inputs
with bounded L2 norms.

Example of a finite-gain stable system:

Consider a mass M placed on a surface with viscous friction (damping) D as shown in
Fig. 2.2. Let the mass be pushed by a human with a force Fh, as a result of which it moves
with a velocity V .

Fh V

M

D
Mass

Figure 2.2: Example of a finite-gain stable system.

The equation of motion of the mass is given by:

MV̇ = Fh −DV. (2.4)

1Note that the definitions only give an overview of the concepts here. For rigorous mathematical descrip-
tions, readers are advised to refer [Kha02]
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2.1 Stability of Input-Output Systems

Here the input to the system is the force Fh and output is its velocity V . If the human
continues to apply the force, at some point V will grow so large that the damping force
DV will equal the force exerted on it by the human. At this point, the net force acting on
the mass becomes zero and the mass will stop accelerating. That is, Fh−DV = MV̇ = 0,
when Fh = DV . The velocity of the mass at this point is given by V = Fh

D
. This means

that for the bounded input force Fh, the velocity of the mass is bounded by the value Fh

D

and the system is finite-gain L2 stable with a gain 1
D
.

2.1.2 Passivity

In a teleoperation system, physical energy is exchanged between the different components.
The concept of passivity is linked to the dissipative properties of a system, which is closely
related to the physical energy [OPNSR13]. Thus passivity is a property that has been used
to analyze the energetic behavior of the components and to ensure finite-gain stability of
the closed-loop system. The definition of passivity is given in [Def. 6.3][Kha02] and is
reported here as follows:

Definition 2.2. (Passivity) The system represented in (2.1) is passive with respect to
input u and output y, if there exists a continuously differentiable, positive semi-definite
function S(x) (storage function), such that

Ṡ ≤ uT y⇔ S(x(t)) − S(x(0)) ≤ ∫ t

0
u(τ)T y(τ)dτ ∀ t > 0. (2.5)

If the storage function chosen is the total energy of the system, the passivity property
in (2.5), can be physically interpreted as:

S(x(t))´¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¶
Current energy

≤ S(x(0))´¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Initial energy

+∫ t

0
u(τ)T y(τ)dτ

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Energy input/output

. (2.6)

Therefore, if the energy stored in a system at any point of time is less than or equal
to the sum of the initial stored energy and the energy transferred to/from the system
via the input-output pair (u, y), it is passive. Now a special case of passivity, namely,
output-strict passivity is defined in the following.

Definition 2.3. (Output-strict passivity) The system represented in (2.1) is said to
be output-strict passive if there exists a continuously differentiable, positive semi-definite
function S(x) (storage function), such that for δ > 0

Ṡ ≤ uT y − δyT y⇔ S(x(t)) − S(x(0)) ≤ ∫ t

0
u(τ)T y(τ)dτ −∫ t

0
δy(τ)T y(τ)dτ. (2.7)

As in (2.6), the output-strict passivity (OSP) property in (2.7), can be physically inter-
preted as:

S(x(t))´¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¶
Current energy

≤ S(x(0))´¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Initial energy

+∫ t

0
u(τ)T y(τ)dτ

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Energy input/output

−∫ t

0
δy(τ)T y(τ)dτ

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Dissipated energy

, (2.8)

where the dissipated energy has to be a positive-definite function of the output of the
system. Now that the definitions for finite-gain stability and passivity are introduced, the
relation between the two concepts is presented in the next section.
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Passivity and Finite-Gain Stability

Lemma 1. If the system represented in (2.1) with f(0,0) = h(0,0) = 0, is output-strict
passive with Ṡ ≤ uT y− δyT y, for some δ > 0, then it is finite-gain L2 stable and its L2 gain
is less than or equal to 1

δ
.

The proof for Lemma 1 can be found in [Lemma 6.5][Kha02]. Here, the single mass
example from Fig. 2.2, which was shown to be finite-gain L2 stable, is used again to
illustrate that OSP is a sufficient condition for L2 stability. To analyze passivity of the
mass pushed by the human, consider its kinetic energy as the storage function, that is,
Sm = MV 2

2 . Taking the time derivative of Sm and using (2.4), we get:

Ṡm = VMV̇ = V (Fh −DV ) = V Fh −DV 2, (2.9)

which makes the system OSP for the input Fh, and output V . The presence of the damping
term D makes the mass (single dynamical system) both OSP and L2 stable.

Interconnection of Passive Systems

When it comes to multiple dynamical systems interacting energetically with each other,
the interconnection properties of passive systems can be used to prove overall passivity.
Consider two passive systems H1 and H2 as shown in Fig. 2.3.

Parallel Interconnection: When the systems are connected in parallel as in Fig. 2.3a,
the input u1 to H1 and u2 to H2 is the same common input u. The final output y is the
sum of the two outputs y1 and y2.

Feedback Interconnection: When the systems are connected with a negative feed-
back as in Fig. 2.3b, the input u1 to H1 is the difference between the original input e1 and
the output y2 of H2. Also, the input u2 to H2 is the sum of the original input e2 and the
output y1 of H1.

u1 y1

u

H1

u2 y2

y

H2

(a) Parallel

e1 y1u1
H1

e2y2 u2
H2

(b) Feedback

Figure 2.3: Interconnection of passive systems

The following lemmas2 are essential properties of passive systems, which are used ex-
tensively in this thesis.

Lemma 2. Parallel interconnection of passive systems results in a passive system.

Lemma 3. Feedback interconnection of passive systems results in a passive system.

2The proofs for Lemma 2 and Lemma 3 can be found in [Kha02].

28



2.1 Stability of Input-Output Systems

Finite-Gain Stability of Teleoperation System

To present the passivity tools in the following sections, the mechanical representation of the
simplest form of teleoperation— a two-mass, spring-damper coupling system is considered
as shown in Fig. 2.4.

F̃h Fh FcFc Fe

Vd Vr

Md Mr

Dd Dr

ZeZh

Kp

Kd

Human Haptic Device Robot EnvironmentCoupling

Figure 2.4: Physical representation of a teleoperation system.

A human operator moves a haptic/input device, represented by mass Md and physical
damping Dd applying a force Fh. The force Fh arises due to the exogenous force F̃h (say,
the force desired by the human’s muscles) and the interaction of human impedance Zh.
The haptic device moves with a velocity Vd and is physically connected to a robot, with
mass Mr and damping Dr, using a spring-damper coupling with stiffness Kp and damping
Kd. The robot moves with a velocity Vr due to the net force applied on it from the
coupling Fc and the interaction force Fe due to the environment impedance Ze. Xd and
Xr are the positions of the haptic device and robot, respectively. The input device also
receives feedback of the force Fc produced by the coupling. The equations of motion for
the masses are:

MdV̇d = Fh −Fc −DdVd,

MrV̇r = Fc −Fe −DrVr, (2.10)

and the coupling force Fc is given by:

Fc =Kp(Xd −Xr) +Kd(Vd − Vr). (2.11)

Since this single degree-of-freedom (DoF) representation of a teleoperation system is a
multi-body dynamical system, the passive interconnection property from Lemma 3 is used
here and the overall passivity of the teleoperation system is shown in Table 2.1. In the
first two rows of Table 2.1, passivity of the individual subsystems are shown. For this, the
storage functions for the haptic device and the robot are their kinetic energies, Sd and Sr,
respectively and for the coupling, the potential energy stored in the spring is chosen as
the storage function Sc. The time derivatives of these storage functions show their OSP
property as per Def. 2.3.

Since the teleoperation system is a feedback interconnection of these three subsystems,
the storage function St of the overall system is chosen to be the sum of the individual
storage functions as shown in the last row of Table 2.1. The time derivative of St shows
that the overall teleoperation is still OSP for the inputs (Fh,−Fe) and outputs (Vd, Vr),
and is therefore finite-gain L2 stable as per Lemma 1 and Lemma 3.
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Table 2.1: Teleoperation system as an interconnection of passive systems

Device:
u = (Fh,−Fc), y = (Vd, V d)

Coupling:
u = (Vd,−Vr), y = (Fc, F c)

Robot:
u = (Fc,−Fe), y = (Vr, Vr)

Sd = 1

2
MdV

2

d

Ṡd = VdMdV̇d,

= Vd(Fh −Fc −DdVd),
= VdFh − VdFc −DdV

2

d´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
OSP

Sc = 1

2
Kp(Xd −Xr)2

Ṡc =Kp(Xd −Xr)(Vd − Vr),
= [Fc −Kd(Vd − Vr)](Vd − Vr),
= VdFc − VrFc −Kd(Vd − Vr)2´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Passive

Sr = 1

2
MrV

2

r

Ṡr = VrMrV̇r,

= Vr(Fc − Fe −DrVr),
= VrFc − VrFe −DdV

2

r´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
OSP

Entire Teleoperation System: u = (Fh,−Fe), y = (Vd, Vr)
St = Sd + Sc + Sr

Ṡt = Ṡd + Ṡc + Ṡr,

= VdFh − VdFc −DdV
2

d + VdFc − VrFc −Kd(Vd − Vr)2 + VrFc − VrFe −DdV
2

r ,

= VdFh − VrFe −DdV
2

d −DrV
2

r −Kd(Vd − Vr)2´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
OSP

2.1.3 Passivity Tools and Methods

In this section, certain tools used to ensure passivity of components of dynamical systems
will be covered. These tools enable us later to apply the passivity properties from Lemma 1
and Lemma 3 on complex physical systems to finally ensure the finite-gain stability.

Power-Correlated Variables and Port-Networks

When dynamical systems interact with each other (as in the teleoperation system from
Fig. 2.4), the interactions can be seen as exchange of energy or power. A physical system
can be analyzed using a pair of power-correlated dual variables called, flow and effort.
These dual variables define a power port and their duality product is power [ARPH11].

Definition 2.4. (Power-Port): A power-port is represented by a pair of effort (e ∈ Rp)
and flow (f ∈ Rp) variables, whose product P = eT f is the power traversing the port.

Power-ports are very useful in analyzing the energetic behavior of interconnected sys-
tems. In a mechanical system, the effort variable is the force applied, and the flow variable
is its velocity. From ports connected with each other, the product of the effort and flow
variables (force and velocity, respectively) gives the mechanical power, whose integral over
time gives the physical energy exchanged between the ports. When multiple subsystems
are connected together, the overall system can be represented by combining 1-port, 2-port
or n-port into a port-network. Representation of a system in form of a port-network is
called a port-network model. Fig. 2.5 shows the representations of a 1-port and a 2-port.

For the 1-port network shown in Fig. 2.5a, the power flow P1(t) at any time t is computed
by P1(t) = e1(t)T f1(t). Then the total energy E1p(t) exchanged through the port at time
t is given by:

E1p(t) = ∫ t

0
e1(τ)T f1(τ)dτ. (2.12)

The 2-port network in Fig. 2.5b interacts with the rest of the system through two ports
with power correlated variables (e1, f1) and (e2, f2). A positive value of Pi (i = 1,2)
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f1

e1 1-port

(a)

f1

e1

f2

e22-port

(b)

Figure 2.5: 1-port and 2-port networks

implies that power flows into the port and negative value shows that power is drawn out
of the port.

P in
i = eTi fi, if eTi fi ≥ 0,

P out
i = −eTi fi, otherwise. (2.13)

Then, energy flow in and out of the port is E●i = ∫ t
0 P ●i (τ)dτ with (● = (in, out)). So, the

total energy exchange between the 2-port and rest of the system is:

E2p(t) = ∫ t

0
(e1(τ)T f1(τ) + e2(τ)T f2(τ))dτ,

= Ein
1 −Eout

1 +Ein
2 −Eout

2 . (2.14)

Since E1p and E2p are the energy exchanged with the rest of the system, passivity of
the 2-port can be defined here based on the definition of passivity from Def. 2.2 and the
energy-based interpretation in (2.6).

Definition 2.5. (Passivity of 2-port) The 2-port with power correlated variables (e1, f1)
and (e2, f2) is passive if for initial energy E(0) there exists a lower bounded energy function
E(t), such that

E(t) = E(0) +∫ t

0
(e1(τ)T f1(τ) + e2(τ)T f2(τ))dτ ≥ 0, ∀t > 0. (2.15)

This means that the energy stored in the 2-port has to be non-negative at all times,
which is the case with physical energy of a mechanical system. These principles can be
used to analyze the energetic behavior and passivity of a system, which will be shown later.
To derive the port-network of any interconnected system, a straight-forward method is to
use electrical circuits, which will be shown in the following section.

Electrical Circuits for deriving Port-Networks

The first step in the derivation of the port-network of a mechanical system is to convert
it into its electrical circuit, from which the effort and flow variables of the different ports
can be directly identified. In this thesis, the force-voltage mechanical-electrical analogy
is used to derive the electrical circuit, that is, force applied on/by each component is the
voltage in the electrical domain, and the velocity of each component is the current. The
variables in both domains for all the entities in the system are shown in Table 2.2.

. The teleoperation system from Fig. 2.4 is used as an example and each of its mechanical
components is converted into the electrical domain and is shown in Table 2.3. In a spring-
damper coupling, the final force produced Fc = Fs + Fd, where Fs and Fd are the forces
produced by the spring and damper, respectively.
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Table 2.2: Force-Voltage mechanical-electrical conversion table

Mechanical Domain Electrical Domain

Force Voltage

Velocity Current

Mass Inductance

Damping Resistance

Stiffness Elastance

Compliance Capacitance

Table 2.3: Mechanical, electrical and port-network of teleoperation subsystems

Human Device Spring Damping Env.

Mech.

F̃h Fh

Zh

Vd

Fh Fc

Vd

Md

Dd

Vd Vr

Fs FsKp

Vd Vr

Fd FdKd

Fe

Ze

Vr

Elect. F̃h Fh

Zh

Vd

Fh Fc

Yd

Vd Vd

Fs FsKp

VrVd

Fd FdKd

VrVd

Fe Ze

Vr

Ports FhHuman

Vd

Fh FcDevice

Vd Vd

Fs FsSpring

Vd Vr

Fd FdDamping

Vd Vr

Fe Env.

Vr

Note that the human and the environment are represented as 1-ports, since they start
and terminate the chain of interconnected subsystems. The other components are 2-ports.
Also, while converting the human operator, the exogenous force desired by the human
is represented in electrical domain as an independent voltage source. The impedances
(input: velocity, output: force) of the human and environment are represented by Zh

and Ze, respectively. The admittance (input: force, output: velocity) of the input device
is represented by Yd. Note that the representation of the robot, with admittance Yr, is
similar to that of the input device (with different flow and effort variables), and has not
been shown in the table. The dashed box containing the elements in the electrical circuit,
can now be converted directly in the ports with well defined effort and flow variables, as
shown in the last row of the table. Now, all components of the teleoperation system are
combined into an electrical circuit and later into its port-network as shown in Fig. 2.6.

Dependent sources

If the haptic device and the robot are not physically coupled, as is the case with remote
teleoperation, the velocity of the haptic device needs to be measured and transmitted to
the robot controller. Similarly for having haptic feedback, the forces from the robot side
need to be communicated to the haptic device. When a force or velocity in a dynamical
system needs to be measured and transmitted for control purposes, the electrical analogy
can avail the so called dependent sources. A dependent voltage source produces the desired
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F̃h

Fh

Fh

FcFc

FcFc

Fe

Fe

VdVd

VdVd

VrVr

VrVr

Yd Yr

Ze

Zh

Kp

Kd

Human Input Dev. Robot Env.Coupling

Figure 2.6: Electrical and port representation of the teleoperation system from Fig. 2.4.

voltage across it, irrespective of the current flow. Similarly, a dependent current source
can produce the desired current through it, independent of the voltage across it.

To see the practical application of dependent sources, consider the electrical and port
network of the teleoperation system in Fig. 2.6. To implement the teleoperation system
practically, we will need two systems. One at the operator side, where the input device
moves as a result of the human force Fh and the feedback force Fc. On the robot side,
the controller gets the transmitted velocity of the haptic device Vd as its desired input.
This is shown in Fig. 2.7, where the single electrical circuit in Fig. 2.6 is divided into
two circuits and two port-networks. The new port on the operator side ’Receive Fc’ uses
a dependent voltage source in its electrical analogy. Also, the Port ’Receive Vd’ on the
robot side uses a dependent current source to give input to the controller. Note that the
power on the outputs of the dependent sources are the same, namely FcVd. This means
that the separation of the single circuit to two circuits, in this particular case is power
preserving, and therefore maintains the passivity properties of the system. If such power
preservation and passivity properties cannot be maintained, we can use several methods
to enforce passivity, which will be covered in the next section.

Methods for Passivation

In this section, all the tools presented till now will be used to passivate components in
a dynamical systems. Three different approaches followed in the research community to
passivate systems are discussed here. First, an analytical method is presented to inject
damping into the system as soon as the passivity condition is violated. Based on its limi-
tations, the next two methods, namely, Wave Variable Transformation and Time Domain
Passivity Approach, will be described.

Method 1: Analytical Damping Injection

In this method, the passivity of the system is analytically checked for, and the terms
leading to a certain loss or indefinite guarantee of passivity are canceled off by adding
appropriate damping into the system. Consider the single mass example in Fig. 2.2. It
was shown in (2.9) that this system is output-strict passive due to the power dissipated
by the damping. This was true since the mass was constant. The same system with a
time-varying mass, on the other hand, might not be passive. The single DoF system with
time-varying mass M ′ is used as an example here. Again, the kinetic energy of the time-
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Figure 2.7: Separation of circuits using dependent sources

varying mass is taken as the storage function S′m to analyze passivity, that is S′m = M ′V 2

2 .
The time derivative gives:

Ṡ′m = VM ′V̇ + Ṁ ′V 2

2
= V Fh −DV 2 + Ṁ ′V 2

2´¹¹¹¹¹¹¸¹¹¹¹¹¹¶
sign-indefinite

, (2.16)

The additional sign-indefinite term appearing due to the time-varying nature of mass
violates the passivity condition at instances where Ṁ ′ is positive. But, if this term can be

observed and canceled by applying an additional damping term Dm = Ṁ ′

2 , the system can
be passivated again, given by:

Ṡ′m = V Fh − (D +Dm)V 2 + Ṁ ′V 2

2
= V Fh + (Ṁ ′

2
−Dm −D)V 2 = V Fh −DV 2, (2.17)

which is now output-strict passive for the input Fh and output V .
Limitations: This is an effective approach when the additional sign-indefinite terms

in the time-derivation of storage function can be measured or observed, which in many
cases is not possible. An example of such a system where the sign-indefinite terms are
not directly observable is a communication link with unknown/time-varying delays. In
teleoperation systems where the robot is located geographically remote from the human
operator, there will be delays in the signals transmitted between the device and the robot
and this is a limitation of this analytical method. The port-network of the teleoperation
system from Fig. 2.4, with additional delays in the Comm. port is shown in Fig. 2.8. (●′)
is the delayed value of (●).

Method 2: Wave Variable Transformation

Wave Variables Transformation (WVT) is based on scattering parameters and was applied
in time-delayed teleoperation in [NS97]. This approach uses a transformation of mechanical
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Fh FcFcF ′c Fe

VdVd V ′d VrVr

Human Input Dev. RobotComm. Env.Coupling

Figure 2.8: Port-network from Fig. 2.6 with communication port.

variables (forces and velocities) into wave variables (forward and backward waves), which
are then transmitted through the delayed communication channel. The port-network of
the time-delay teleoperation augmented with WVT is shown in Fig. 2.9.

Fh FcFcFp Fe

VdVd Vpul vr

vl

urur

ur

Human Input Dev. RobotComm. Env.CouplingWVTrWVTl

Figure 2.9: Port-network from Fig. 2.8 with WVT.

The new port WVTl uses the velocity of the haptic device and the approaching wave
vl to derive the forward traveling wave variable ul, and the passivated force feedback Fp.
The signal ul is delayed across the communication channel and reaches the robot side as
vr, which along with Fc is used by WVTr to compute the passivated velocity Vp and the
forward traveling wave ur. The transformation equations are:

ul = √2bVd − vl, Fp = bVd −
√
2bv, (2.18)

Vp = Fc +√2bvr
b

, ur =√2bVp − vr, (2.19)

where b is called the characteristic impedance of the wave. More details on the approach
can be found in [NS97].

Limitations: Although WVT is an effective and simple method to passivate teleopera-
tion systems with delays, there are certain limitations to this method [TN04]. The stability
of the system is dependent on the characteristic impedance value b. Also the method is
not straightforward when the communication channel has time-varying delays or package
losses, which are common scenarios in internet-based and space communications links.

Method 3: Time domain Passivity Approach

A method that can handle time-varying delays and package losses in the communication
channel is Time Domain Passivity Approach (TDPA). The method was developed for
haptic devices [HR02], and was extended to teleoperation [RAP10a]. It has also been
used in other fields like satellite dynamic simulation using robots [DSBS19] and humanoid
walking robots [HBRG+18], among many others. It uses a passivity observer (PO) which
keeps track of the energy flowing through a port. If and when the passivity condition is
violated, a passivity controller (PC) applies a time-varying damping to dissipate the extra
energy introduced by the port.

To present the approach for a general case, it is applied here for a non-passive 2-port
N on the left side in Fig. 2.10. As mentioned earlier, for a non-passive 2-port, TDPA
applies time-varying dampers to dissipate extra energy using the POPC concept. Let

35



2 Fundamentals

Ein
1

Eout
1 Ein

2

Eout
2

F2 F2F1 F1

V1 V1V ′1 V ′2V2 V2

F ′1 F ′2
TPDA

Dev.

N N POPC2POPC1

Ediss
2Ediss

1

Figure 2.10: Analysis of POPC and Comm. port.

these dampers be denoted by the ports POPC1 and POPC2, as shown on the right side
in Fig. 2.10 and let the energy dissipated by them be Ediss

1 and Ediss
2 , respectively. The

objective is to make the feedback interconnection of the three subsystems in the dashed
box passive.

The energy transferred to the dashed 2-port, with power correlated variables (V ′1 , F
′
1)

and (V ′2 , F
′
2) at all times is either dissipated by POPC1,2 or is stored in the port N .

Therefore, with zero initial energy, the available energy ED of the dashed port as per
(2.14) at the time-step k in discrete time is given by:

ED(k) = k

∑
0

(V ′1(k)F ′1(k) + V ′2(k)F ′2(k)) ,
= k

∑
0

(V1(k)F1(k) + V2(k)F2(k)) −Ediss
1 (k) −Ediss

2 (k),
= Ein

1 (k) −Eout
1 (k) +Ein

2 (k) −Eout
2 (k) −Ediss

1 (k) −Ediss
2 (k), (from (2.14))

= Ein
2 (k) −Eout

1 (k) −Ediss
1 (k)´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Eobs
1
(k)

+Ein
1 (k) −Eout

2 (k) −Ediss
2 (k)´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

Eobs
2
(k)

. (2.20)

The condition for passivity of a 2-port from (2.15) requires that ED(k) ≥ 0, ∀k > 0.
Therefore, if Eobs

1 and Eobs
2 in (2.20) are always positive, then the dashed 2-port can be

ensured to be passive. This is what the POs on both sides ensure, that is:

PO1 ⇒ Eobs
1 (k) = Ein

2 (k) −Eout
1 (k) −Ediss

1 (k) ≥ 0,
PO2 ⇒ Eobs

2 (k) = Ein
1 (k) −Eout

2 (k) −Ediss
2 (k) ≥ 0. (2.21)

In case one of the POs observes a violation of the condition in (2.21), the corresponding
PC applies a damping to compensate the negative Eobs value. With Ts being the discrete
sampling time, the formulae to implement these passivity checks are given in Table 2.4 for
impedance causality PC (which is used in this thesis) for POPC1. Based on the energy
of the 1-port in (2.12), the impedance causality PC equations are given in Table 2.5 for a
1-port.

Note that in Table 2.4 and Table 2.5, the dissipated energy for computing the ob-
served energies at time-step k are considered only till time-step (k − 1) to avoid algebraic
loops. More details on the theory and implementation for 2-port passivity can be found
in [RAP10a] along with the admittance causality PC.

Limitations: As mentioned in [RPHH05], energy accumulation in TDPA might lead
to short instances of unstable behavior. Also, the high frequency force modification of PC
can result in chattering behavior of the hardware.
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Table 2.4: Implementation of impedance PC for 2-port

Impedance type Elect. Network

PO Eobs
1 (k) = Ein

2 (k) −Eout
1 (k) −Ediss

1 (k − 1)
Ediss

1 (k) Ts∑k
n=0R

PC
1 (n)V1(n)2

F1 F2F ′1

V1 V2V ′1

N
RPC

1
PC RPC

1 (k) =
⎧⎪⎪⎨⎪⎪⎩
−Eobs

1
(k)

TV1(k)2
if Eobs

1 (k) < 0
0 else.

V ′1(k), F ′1(k) V1(k), F1(k) − V1(k) ×RPC
1 (k)

Table 2.5: Implementation of impedance PC for 1-port

Impedance type Elect. Network

PO Eobs
1 (k) = Ts∑k

n=0F1(n)V1(n) −Ediss
1 (k − 1)

Ediss
1 (k) Ts∑k

n=0R
PC
1 (n)V1(n)2

F1F ′1

V1V ′1

N
RPC

1PC RPC
1 (k) =

⎧⎪⎪⎨⎪⎪⎩
−Eobs

1
(k)

TV1(k)2
if Eobs

1 (k) < 0
0 else.

V ′1(k), F ′1(k) V1(k), F1(k) − V1(k) ×RPC
1 (k)

2.1.4 Passivity in Teleoperation of Manipulators

For practical applications of teleoperation, the haptic device and the robot are generally
multi-DoF systems. Consider the teleoperation described in Section 2.1.2 with spring-
damper coupling acting on both the haptic device and the robot. Here the multi-DoF
equivalent of the same system is considered.

For an m joint manipulator, a Cartesian task of c DoF leaves m−c redundant DoF (null-
space) unconstrained. Consequently, the additional null-space dynamics might affect the
primary Cartesian task. The control of such redundant manipulators was considered in
[Ott08, /S 4], where the joint dynamics was decomposed into Cartesian and null-space
dynamics. A key property of the resulting dynamics was that they were decoupled in
inertia, but not in the Coriolis-centrifugal terms. Hence, a feedforward term was used
therein to cancel Coriolis couplings and an additional null-space damping control was
applied to stabilize the null-space motion. As a consequence, the Cartesian dynamics can
be written in a way which aids its independent passivity analysis. In the following, for
both the haptic device and the robot, we consider the aforementioned decoupling and the
resultant Cartesian dynamics [Ott08, eq.433], which are written as:

Λd(qd)V̇ d +µd(qd, q̇d)V d +ΓdV d = F h −F c,

Λr(qr)V̇ r +µr(qr, q̇r)V r +ΓrV r = F c −F e, (2.22)

where for (● = d) for the haptic device and (● = r) for the robot, Λ●,µ●,Γ● ∈ Rc×m, c ≤m,
are the matrices of inertia, Coriolis/centrifugal terms and viscous damping3, respectively
with q● ∈ Rm and V ● ∈ Rc being the joint-space configuration and the Cartesian end-
effector velocity, respectively [Kha87]. The input wrench from the operator is F h ∈ Rc.

3Although viscous damping is not considered in the literature for manipulator dynamics, either inherent
viscous friction or additionally introduced viscous damping is considered here to be consistent with the
single-DoF analogies presented till now
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The external wrench (measured) at the robot’s end-effector is F e ∈ Rc, and F c ∈ Rc is the
coupling wrench given by:

F c =Kp∆X +Kd∆V , (2.23)

where, Kp ∈ Rc×c and Kd ∈ Rc×c are the constant positive-definite matrices of the
Cartesian stiffness and Cartesian damping of the coupling, respectively. ∆X ∈ Rc and
∆V ∈ Rc are the differences in Cartesian position and Cartesian velocities of the end-
effectors, respectively. Note that (2.22) is the multi-DOF equivalent of (2.10).

To analyze the passivity and finite-gain stability for this multi-DoF teleoperation system,
consider the storage function Sm, the total energy for the haptic device, the robot and the
coupling as the single-DoF St in Table 2.1,

Sm = 1

2
V T

dΛdV d + 1

2
V T

r ΛrV r + 1

2
∆XTKp∆X. (2.24)

Taking the time-derivative of Sm, and exploiting the passivity property of Euler-Lagrange
systems, i.e, V T

● (Λ̇● − 2µ●)V ● = 0 [SSVO10], we obtain the OSP condition, which is the
same as for the single-DoF case, as shown here:

Ṡm = V T
d (ΛdV̇ d − 1

2
Λ̇dV d) +V T

r (ΛrV̇ r − 1

2
Λ̇rV r) +∆V TKp∆X,

= V T
d (F h −F c −µdV d +ΓdV d − 1

2
Λ̇dV d)

+ V T
r (F c −F e −µrV r +ΓrV r − 1

2
Λ̇rV r)

+ ∆V T (F c −Kd∆V ),
= V T

dF h −V T
r F e −∆V TKd∆V −V T

dΓdV d −V T
r ΓrV r,

= c

∑
i=1

(VdiFhi − VriFei −Kdi∆Vi
2 − ΓdiV

2
d − ΓrV

2
ri) (2.25)

which makes the system OSP and finite-gain stable for inputs (F h,−F e) and outputs(V d,V r), and is equivalent to c single-DOF systems as in Table 2.1. Therefore, by ap-
plying the passivity ensuring conditions in every Cartesian DoF separately, the overall
passivity of the manipulator can be ensured, which is followed in the rest of the thesis.
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2.2 Transparency

After stability, transparency is an important performance criterion for a bilateral teleop-
eration system. Ideal transparency can be defined as: the operator feels as if he/she is
manipulating the remote environment directly, without feeling the coupled robotic sys-
tems. This section gives some basics about transparency, starting from requirements for
an ideally transparent system and existing measures to evaluate transparency based on
these requirements. Finally, a comparison of some widely used teleoperation architectures
is presented, which is necessary for the research done in this thesis.

2.2.1 Ideal Responses

Human Env.Teleoperation SystemFh Fe

Vd Vr

Figure 2.11: Human and environment interacting with teleoperation system

A reduced representation of the port network from Fig. 2.8 has been shown in Fig. 2.11.
Note that the 2-port named Teleoperation System encompasses the different subsystems,
namely, the haptic device, communication channels, the controller and the remote robot.
This simplification of the model shows the power correlated variables for the interaction of
the teleoperation system with the human operator, (Fh, Vd) and for the robot-environment
interaction, (Fe, Vr), which is consistent with Fig. 2.8. Note that the exogenous force input
given by the human operator F̃h is within the 1-port, Human. If the human operator
should perceive a feeling of directly interacting with the remote environment, naturally,
the controlled robot should duplicate the motion of the operator in a precise manner. Also
the operator should feel the exact forces of interactions between the robot and the environ-
ment. The following conditions, analytically describe and combine these two requirements,
[YY94, Law93].

• Ideal Response 1: The position responses Xd and Xr, by the operator’s exogenous
input F̃h are identical, whatever the environment object dynamics is. This means:

Xd =Xr. (2.26)

• Ideal Response 2: The force responses Fh and Fe, by the operator’s exogenous
input F̃h are identical, whatever the environment object dynamics is. This means:

Fh = Fe. (2.27)

• Ideal Response 3: Both the position responses Xd and Xr, and the force responses
Fh and Fe, by the operator’s exogenous input F̃h are identical, respectively, whatever
the environment object dynamics is. This means:

Xd = Xr,

Fh = Fe (2.28)
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• Ideal Response 4: [Law93] states that the impedance perceived by (or transmitted
to) the human and the environment are equal. This means:

Zt = Ze, that is:
Fh

Vd

= Fe

Vr

. (2.29)

2.2.2 Transparency Measures

The position tracking and force tracking performances can be quantitatively evaluated by
finding the errors, (Xd −Xr) and (Fh − Fe). All these variables can be directly measured
using position and force sensors in the hardware set-up. For comparing impedances,
a common approach is to evaluate the linearized model of the teleoperation system in
terms of transfer functions in the frequency domain. Some of the common performance
criteria in frequency domain are the performance index of maneuverability, [YY94] and
effective impedance [CSO14]. The mathematical equations of these performance indices
are mentioned here:

1. Position tracking ∣Xd −Xr ∣: This metric expresses how well the robot follows the
positions of the haptic device. The absolute value of the error between the positions
are computed for all times and can be represented in terms of the root mean square
value. Naturally, the error should be 0 for an ideally transparent system.

2. Force tracking ∣Fh −Fe∣: This metric expresses how well the forces from the robot-
environment interactions are conveyed back to the operator. The absolute value of
the error between the forces are computed at all times and can be represented in
terms of the root mean square value. Similar to the position tracking, the force
errors should be zero for an ideally transparent system.

3. Performance index of maneuverability Jp, Jf : In frequency domain, the fol-
lowing transfer functions are defined:

Gmp(s) = Xd(s)
F̃h(s) , Gsp(s) = Xr(s)

F̃h(s) , Gmf (s) = Fh(s)
F̃h(s) , Gsf(s) = Fe(s)

F̃h(s) . (2.30)

Then the indices Jp for position tracking and Jf for force tracking is evaluated for
all the frequencies as:

Jp = ∫ ωmax

0
∣Gmp(jω) −Gsp(jω)∣ ∣ 1

1 + jωT1
∣dω,

Jf = ∫ ωmax

0
∣Gmf(jω) −Gsf(jω)∣ ∣ 1

1 + jωT1
∣dω, (2.31)

where ωmax is the maximum frequency of the manipulation bandwidth of the opera-
tor and T1 is the time constant of first-order-lag which puts higher weight on the low
frequency region than the high frequency region. If Jp and Jf indices are smaller,
the system performance is better [YY94].

4. Effective Impedances Zeff : This index is also computed in the frequency domain
for some parameters that human operator can perceive mechanically. The forces Fh
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is measured using a force sensor at the interface between the operator and the haptic
device and the velocity Vd is measured using encoders in the haptic device. Over
the frequency range of operation, the effective (perceived) impedance Zeff(jω) is
identified as:

Zeff(jω) = Fh(jω)
Vd(jω) ,

Keff(ω) = ω Im−Zeff(jω), θ ∈ [−180○, 0○],
Deff(ω) = Re+Zeff(jω), θ ∈ [−90○, 90○],
Meff(ω) = ω−1 Im+Zeff(jω), θ ∈ [0○, 180○], (2.32)

whereKeff(ω),Deff (ω) andMeff(ω) are the components of the effective impedance
namely, effective stiffness, damping and mass respectively and θ = ∠Z(jω) and Im−,
Re+ and Im+ are the negated imaginary, real and imaginary parts of the complex
variable that is Zeff , respectively [CSO14].

2.2.3 Transparency Comparison

One of the major difficulties in evaluating the performance of force-feedback systems is
the fact that the human operator is part of the closed loop system. The forces sensed at
the task space are processed and transmitted to the operator, who in turn generates a re-
action that depends on his or her intentions. Although well defined, system transparency
remains as an abstract concept which mixes system performance with human perception,
i.e. a transparent system is not seen nor felt by the human, which is indeed, the definition
of an ideal transparent system [BAMR16]. It is therefore necessary to segment the various
aspects that intervene in this quality assessment of force-feedback systems in order to cre-
ate a proper metric. In this section, the most common architectures used in teleoperation
community are briefly presented. Later, a transparency comparison study is implemented
based on two underlying ideas:

1. To evaluate the performance of the force-feedback system in terms of elements that
the human brain can process (mechanical parameters) and how it varies with input
frequency, while

2. excluding the human operator from the analysis.

The perceived stiffnessKeff from (2.32) is evaluated for three different teleoperation archi-
tectures, which are stabilized using the two stability approaches: Wave Variables Transfor-
mations (from Section 2.1.3) and Time Domain Passivity Approach (from Section 2.1.3).
Basic description of teleoperation architectures and the results of the comparative study
are presented here. More details can be found in [BAMR16].

Bilateral Teleoperation Architectures

The architecture of a teleoperation system is defined by the physical variables conveyed
between the haptic device and the remote robot. For example, in a unilateral teleoperation
system, only the position from the haptic device is sent to the robot side. A position
controller locally on the robot side, commands forces to the robot to match its position to
the desired position of the haptic device. For a bilateral teleoperation system, forces are
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sent back to the haptic device from the robot side and the conceptual block diagrams of
commonly used architectures are shown in Fig. 2.12, which are:

1. 2-channel position-computed force (P − Fc) [NS97] in Fig. 2.12a,

2. 2-channel position-measured force (P − Fe) [PHA+16] in Fig. 2.12b,

3. 3-channel position-force (P − Fc, Fe) [TN05] in Fig. 2.12c,

4. 4-channel position, measured force-position, measured force (P,Fh − P,Fe) [Law93]
in Fig. 2.12d.

Xd

Fc

Operator
SideSide

Robot

(a) P − Fc

Xd

Fe

Operator
SideSide

Robot

(b) P −Fe

Xd

Fc

Fe

Operator
SideSide

Robot

(c) P − Fc, Fe

Xd

Xr

Fe

Fh

Operator
SideSide

Robot

(d) P,Fh −P,Fe

Figure 2.12: Common architectures in bilateral teleoperation

Comparative Study

For the transparency comparison study, five approaches are selected: 1) W2: 2-channel(P − Fc) stabilized by WVT, 2) T2: 2-channel (P − Fc) stabilized by TDPA, 3) W3: 3-
channel (P −Fc, Fe) stabilized by WVT, 4) T3: 3-channel (P −Fc, Fe) stabilized by TDPA
and 5) T4: 2-channel (P,Fh −P,Fe) stabilized by TDPA with the following error indices:

1. Effective Stiffness Error: The effective stiffness Keff from (2.32) is computed at
the haptic device side. The error index for effective stiffness ∆KE between Keff(ω)
and the real environment stiffness (Ke):

∆KE = ∫ ω2

ω1

βK(ω) ∣Ke −Keff(ω)∣ dω, (2.33)

where [ω1, ω2] is the range of frequency under consideration and βK(ω) is a fre-
quency dependent gain assigned to give more weight to desired frequencies of oper-
ation. Here, this weight was given a constant value of unity.

2. Position Tracking Error: The magnitude of the transfer function of the position
error and the input position is calculated as:

PE(s) = X̃d(s) −Xr(s)
Xd(s) , (2.34)

where X̃d, Xd, Xr are the delayed haptic device position, actual haptic device and
robot positions, respectively. The error index for tracking ∆PE, which is the devia-
tion of PE from the desired value of 0, in the same range of frequency is calculated
as:

∆PE = ∫ ω2

ω1

βP (ω) ∣PE(ω)∣ dω, (2.35)

where again, βP (ω) is a frequency dependent weight as explained in (2.33). A
constant value of unity has been assigned here in this study.
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Haptic Device

Robot

Figure 2.13: Experimental setup of the teleoperation system including the linear actuator
and the environmental impedance

3. Combined Error: new index, Normalized Error and Weighted (New) is proposed
and evaluated here which is calculated as the weighted sum of the normalized values
of the 2 previous error indices, that is:

New = αK∆K ′E +αP∆P ′E , (2.36)

where ∆K ′E and ∆P ′E are the unity-based normalized values of ∆KE and ∆PE and
the weights [αK , αP ] satisfy the condition αK+αP = 1 with αK , αP ≥ 0. The selection
of the [αK , αP ] is task specific. For example, if a teleoperation task requires more
precision for position tracking, αP > αK and vice-versa. An equal value of 0.5 has
been allocated to αP and αK in this study. The performance of the time-delayed
bilateral controller can be evaluated from the value of New index: the lower the
value, the better will be the performance and the ideal value is 0.

Experiments

Experiments were performed using two PHANToM Premium 1.5 devices, which run at a
sampling rate of 1 kHz, with communication delay being simulated in software. Fig. 2.13
shows the dual PHANToM teleoperation setup. As explained earlier, in order to remove
the human operator out of the loop and to ensure identical input to haptic device for all
the control architectures, a one-degree of freedom linear actuator with pre-programmed
trajectories was used. ATI Nano force-torque sensors were used as end effectors on device
and robot devices. In order to vary the environmental impedance, different masses and
varying number of elastic bands were attached to remote robot force sensor. In each of the
experiments, the haptic device was excited with a pre-programmed, white noise motion
input using the linear actuator for 90 seconds and all the system variables were logged.
The effective impedance at the device side was computed using the tfestimate() function
in Matlab which calculates the transfer function as the quotient of the cross power spectral
density of the input signal Vd and the output signal Fh, and the power spectral density of
Vd. Later the effective stiffness was calculated as shown in (2.32). The same method was
followed for the tracking error.
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Results of Transparency Comparison

Teleoperation experiments with all the aforementioned architectures were repeated for
5 values of round-trip delay: D0 = 0ms, D1 = 20ms, D2 = 40ms, D3 = 100ms and
D4 = 200ms. Five different environmental stiffnesses selected are K0 = 0 N/mm, K1 =
0.06 N/mm, K2 = 0.12 N/mm, K3 = 0.16 N/mm and K4 is the situation with robot
mechanically clamped. The methods with the least values in stiffness, position tracking
and combined error are shown in Fig. 2.14.

2.2.4 Discussion

As can be inferred from Fig. 2.14, TDPA produces least errors in most scenarios. Detailed
explanations for the behavior can be found in [BAMR16]. Based on the theory presented in
Section 2.1.3 and the results from the transparency comparison study, the thesis will start
with TDPA as the main tool for making the subsystems of the shared control framework
passive. This is mainly due to three reasons:

1. TDPA is a model-free method for ensuring passivity. This makes it robust against
modeling errors. All the variables required for the implementation of TDPA, namely
velocities and forces, can be measured in the system.

2. TDPA produced the least errors and therefore, the best performance in the compar-
ison study, the reasons for which are explained in detail [BAMR16].

3. TDPA can handle time-varying communication delays and package losses, which
are common in internet-based and space communication links, which are the most
practically relevant ones in this thesis.
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Figure 2.14: These matrices show the methods with the least errors for the 5 different
stiffnesses and the 5 different delays.
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2.3 Summary

The content in this chapter played two important roles for the description of the research
done during this thesis work.

First, it gave a short review of theoretical tools that will be used in this research, in
terms of stability and transparency. The relationship between passivity and stability is
crucial and passivity will be used to stabilize the frameworks developed later on. The
2-port networks will be used to present the shared control framework as a modular and
versatile system, applicable in many scenarios. TDPA and analytical damping injections
presented in Section 2.1.3 will be used to make the subsystems of the overall shared control
framework passive.

Second, the transparency comparison of the bilateral teleoperation architectures is used
for the selection of the passivity methods and architectures for the research in this thesis.
Time domain passivity approach will be the main passivity tool used for the transparency
enhancement methods presented in the next chapter.
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CHAPTER 3

Transparency Enhancement in Teleoperation

3.1 Introduction

As the first step towards the final goal of this thesis, namely, a stable and transparent
framework for adaptive shared control, this chapter presents two methods to improve the
transparency of the teleoperation part of the shared control framework. As mentioned in
Section 1.2, transparency enhancement in teleoperation, while maintaining system stability
is a field that has been researched for decades [HS06] and different haptic devices have been
developed, which inherently by design improve the operator’s haptic perception. Light-
weight haptic devices like sigma.7 [THH+11] from Force Dimension, Virtuose from Haption
and the Kontur space joystick (to mention a few) have been shown to provide excellent
haptic experience to the operator [Sag19]. Some of the light-weight haptic devices are
shown in Fig. 3.1.
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sigma. 7 Virtuose Kontur space joystick

Figure 3.1: Light-weight haptic devices

However, the limited workspace and force feedback range of these devices led to the de-
velopment of robotic manipulator-based haptic devices. They provide more natural human
arm workspace and much larger force feedback range. Two widely used, manipulator-based
devices are shown in Fig. 3.2. DLR-HUG in Fig. 3.2a is a bi-manual robotic facility com-
prised of KUKA Light Weight Robots (LWR) transformed as haptic devices and provides
intuitive telemanipulation capabilities to the operator [HHK+11]. On the other hand, due
to the massive structure and inherent physical damping, these devices demand higher phys-
ical effort from the operator, especially while telemanipulating similarly massive remote
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robots [Sag19]. The dynamics of these large haptic devices also affect the operator’s abil-
ity to differentiate between free motion and contact phases of the remote robot, reducing
transparency of the teleoperation system.

There are several methods to improve the position synchronization of the teleoperation
system[Sea20, CO14, PS21]. This chapter focuses mainly on enhancing the force trans-
parency while using these large haptic devices. However, the proposed methods are also
applicable to light-weight haptic devices like sigma.7 used in tele-surgery, where the fine
interactions between the surgical robot and the human tissue should be perceived by the
surgeon with best possible quality [THH+11].
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(b) Franka device[SSNK20]

Figure 3.2: Manipulator-based haptic devices

In Section 3.2, the first method is presented, where a non-linear gain is applied to the
feedforward forces at the operator side. Hardware experiments validate the improvements
in transparency promised by this method. The limitations are identified and discussed
which encourages the second method in Section 3.3, which is to apply an explicit force
controller at the operator side to match the forces felt by the operator to the interaction
forces measured at the robot’s end-effector. Both the proposed methods are local force
controllers, which play two vital roles:

1. reduce the perceived inertia to lower the total effort demanded from the operator
and

2. improve the quality of the feedback of the robot-environment interaction.

Stability of these controllers are ensured using passivity-based methods. Finally, a novel
stabilization method is described in Section 3.4 to ensure stability of any user-defined feed-
back controllers in teleoperation systems using existing passivity-based tools. Along with
the summary, the future scope of this thesis has been mentioned based on the limitations
of the final stabilization method. The logical flow of the chapter is presented in Fig. 3.3
to give an overview to the reader.

Introduction

Research GapResearch GapResearch Gap

Non-linear Local

Force Feedback

Explicit Force

Controller

Stability

with PCR

DiscussionDiscussionDiscussion

Summary

Future Scope

Section 3.2 Section 3.3 Section 3.4

Section 3.1
Section 3.5

Figure 3.3: Overview of Chapter 3
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3.2 Non-linear Local Force Feedback

In this section a time-varying gain for the local force feedback is proposed which shows
better performance compared to conventional methods that use only constant gains. The
gain is modified based on the measured forces from the remote robot-environment interac-
tion, which is a simple and heuristic approach to improve the transparency of the system.
Later, the stability of the system is ensured using two methods:

1. Model-based damping injection,

2. Model-independent damping injection using TDPA

Hardware experiments validate the benefits of this approach. This section is based on the
work published by the author in [BKOAS18].

3.2.1 Research Gap and Objectives

Related Work

Local force feedback control has been widely used in bilateral controllers to improve the
transparency of the haptic system and it was introduced in [HZS99], [HZS02] and [IK12].
In these works, it has been analytically and experimentally shown that ideal transparency
can be achieved only under negligible time-delays in the communication channel. Constant
force feedback gain has been used in [KTTK98] to improve the manipulation dexterity
while working in different scale worlds. The method in [Col93] alters the impedance of the
task and also changes the device dynamics as in [AS08]. A local force feedback scheme has
been used in [UB] to compensate gravitational forces. It has also been successfully applied
to decrease the perceived inertia of the device in [THH+11] and [GRS09]. In [GRS09], it is
shown that only low gains for local force feedback ensures stability of the system. All the
aforementioned works apply constant gains for local force feedback, which has limitations,
especially in teleoperation systems with large communication time-delays. The concept of
local force feedback gains and its limitations are presented in the following section.

Local force feedback control

The signal-flow diagram of a general 4-channel teleoperation system with local force feed-
back [HZS99] is shown in Fig. 3.4. The measured force of the operator-haptic device
interaction, Fh, is amplified with a gain αl and is applied to the haptic device as a feed-
back force. The amplified human force on the haptic side then becomes:

F̂h = Fh + αlFh. (3.37)

One of the conditions for perfect transparency for a non-delayed teleoperation system
with 4-channel architecture with local force feedback, as mentioned in [HZS99], states
that the force feedback gains should satisfy:

C2 = 1 + αl, (3.38)

where C2 is the feedback gain of the measured forces from the remote robot side. The
network representation of the reduced model of the haptic device interacting with the
human and the controller is shown in Fig. 3.5. The port named ’Gain’ introduces a gain
G = 1+αl to the human force Fh. The port ’Ctrl. Port’ is the entire teleoperation system,
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Figure 3.4: Signal-flow diagram of 4-channel bilateral controller.

which gives force feedback to the haptic device. The operator with the local force feedback
gain interacts with the haptic device through the power-port < F̂h, Vd > and the controller
port interacts with the haptic device with < F̃m, Vd >.

Fh F̂h

G

F̃m

Vd VdVd

Human Device
Port

Ctrl.
Gain

Figure 3.5: Teleoperation system with a local force feedback gain.

Problem Description

As it is pointed out in [HZS99], perfect transparency cannot be achieved and the sys-
tem gets unstable with high values of the measured remote robot force feedback gain
C2. Although the effects of time-delay can be removed using passivity-based tools like
wave-variables [NS91] or TDPA [ABR+16], the gain margins are limited as explained in
[PHA+16]. This is presented in the following experiments.

Teleoperation experiments with a 4-channel bilateral controller for the LWR-based hap-
tic device were conducted with local force feedback, with gains satisfying the condition
in (3.38) with and without time-delay. The haptic device is moved by a human opera-
tor trying to follow a desired trajectory (blue dashed line, Xh). The position and force
signals of the haptic device are commanded to a virtual mass of 2 Kg, which simulates
the remote robot and collides with a virtual wall of stiffness 1200 N/m. The local force
feedback gain for the haptic device is αl = 1.4 and the environmental force feedback
gain is 2.4 ( C2, which satisfies (3.38)). The corresponding positions Xh, Xd, Xr, being
the desired position trajectory given to the operator, position of the haptic device, and
virtual robot device, respectively and measured forces of the operator and remote robot
are shown in Fig. 3.6. It can be seen that the forces of the robot (red) while in contact
with the virtual wall (the black line denoted by Xw) are perceived by the human (blue)
with high transparency. The high level of transparency is indicated by the matching of
the measured forces from the robot’s end-effector and the haptic devices interaction point
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with the operator. This is in accordance with Ideal Response 2 for transparency presented
in Section 2.2.1.
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Figure 3.6: Positions and forces of the devices with local force feedback control, without
delay, αl=1.4 and C2=2.4. Note that positions Xm and Xs are almost identical
that it is hard to differentiate them.
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Figure 3.7: Positions and forces of the devices with local force feedback and with a round-
trip delay of 30 ms, αl=1.4 and C2=2.4. It can be seen that the contacts get
highly unstable.

However, it can be seen in Fig. 3.7 that the contact with the virtual wall makes the
system highly unstable with a round-trip delay of 30 ms for the same measured force
feedback gain C2 = 2.4. So, for teleoperation systems with time-delay, the feedback gain of
the environmental forces has to be reduced considerably (for example, C2 = 1.0), while αl

is still 1.4, thus violating (3.38). In the next experiment, the controller gains are tuned to
make teleoperation system stable using TDPA as explained in [ABR+16]. Fig. 3.8 shows
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the teleoperation system with 30 ms round-trip delay and without local force feedback.
It can be seen that although the human operator needs to apply high forces on the haptic
device during free motion of the remote robot, the contacts are perceived well at the
haptic side. Now compare this with Fig. 3.9, which shows the results of the same system
applying a local force feedback with constant gain. It can be seen that the human needs to
apply lower forces during free motion. But the force perceived by the operator is reduced
significantly when the remote robot makes contacts with the wall, which can be seen from
the low force values at the human side as compared to the remote robot forces.

0 5 10 15 20 25 30 35
−0.4

−0.2

0

0.2

 

 

0 5 10 15 20 25 30 35
−20

−10

0

10

20

 

 

Fh Fe

Xd Xm Xs Xw

P
os
it
io
n
s
(m

)
F
or
ce
s
(N

)

Time (s)

Figure 3.8: Positions and forces of the devices without local force feedback, a round-trip
delay of 30 ms, C2 =1.0. Note the high Fh values in free motion, but better
force tracking during contacts.

0 5 10 15 20 25 30 35
−0.4

−0.2

0

0.2

 

 

0 5 10 15 20 25 30 35

−20

−10

0

10

20

 

 

Fh Fe

Xd Xm Xs Xw

P
os
it
io
n
s
(m

)
F
or
ce
s
(N

)

Time (s)

Figure 3.9: Positions and forces of devices with constant local force feedback gain αl=1.4,
with round-trip delay of 30 ms and C2 =1.0

To summarize: With constant local force feedback gain for time-delayed teleoperation,
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the free motion transparency is increased. However, during contacts, when the feedback
force is felt by the human, the force sensor measures it and feeds it to the local feedback
controller, which supports the human to push against the wall. This consequently reduces
the contact force perception.

Objective

The goal of this section is to design a local force feedback controller at the haptic device
to increase the transparency of the teleoperation system with delays, such that the inertia
of the haptic device is reduced in free motion, and to improve the feedback quality of the
contact forces.

3.2.2 Proposed Method

The previous section presented the benefits of local force feedback controller with constant
gain during free motion and its limitations during contacts. Here, instead of having a
constant gain, a varying gain αl(t) is introduced to improve system transparency. If the
gain is reduced/removed when the robot makes a contact with its environment, the benefit
of local force feedback during free motion can be availed and also the limitation during
contact situations can be avoided. The proposed method is to reduce αl gain with respect
to the measured force of the robot-environment interaction.

Non-linear Gain Variation

In order to modify the gain of the local force feedback controller, the measured environ-
mental forces Fe are sent to the haptic device side and the gain αl(F ′e(t)), where F ′e is the
delayed measured force, is varied such that it has a high value during free motion (when
F ′e ≈ 0) and has a low value when the remote robot interacts with its environment. Any
gain variation function that results in high gain values during free remote robot motion
and low gain values when the remote robot interacts with the environment can be chosen
for this. Two such purely heuristic functions of F ′e are illustrated in Fig. 3.10. The left-side
plot shows a linear variation with αmax

l being the maximum value achieved by the gain
and Fmax

e is chosen to be the expected upper bound for ∣F ′e ∣, which could be the force
limited by the actuator capability, for example. The right-side plot shows logistic curve
where ks is the steepness of the curve, Fe0 is the ∣F ′e ∣ value of the sigmoid’s midpoint and
therefore, αmax

l is twice the gain when F ′e = Fe0. The modified network of the teleoperation
system with time varying local force feedback gain is shown in Fig. 3.11. In this work the
logistic variation of the local force feedback gain is considered and tested with hardware
experiments. So, the gain varies as follows:

αl(F ′e) = αmax
l

1 + eks(∣F ′e∣−Fe0)
. (3.39)

Passivity

In this section, the passivity properties of the system are discussed. The factors destroying
passivity are identified and two methods are presented to ensure passivity of the system,
namely, damping injection with energy-function and with TDPA. Both methods ensure
passivity of the system for any gain, independent of the variation function. The stability
issue related to time-delay has already been treated and the 4-channel bilateral controller
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Figure 3.10: Variation of the gain αl with the measured force signal F ′e. The left-side plot
shows a linear variation and the right-side plot shows a logistic variation.

Fh F̂h

G

F ′e

F̃m

Vd VdVd

Human Device
Port

Ctrl.
Gain

Figure 3.11: The reduced model of the teleoperation system with a varying local force
feedback gain. It should be noted that F ′e signal is shown here to represent
that the gain network is modified with respect to the delayed measured force
signal received from the remote robot side.

has been stabilized using time domain passivity approach explained in [ABR+16]. This
means that in Fig. 3.11, the 1-port network of ’Ctrl. Port’, which comprises of the com-
munication channel, haptic device, robot controller, remote robot and the environment
are already passivated.

Consider the port ’Gain’ in Fig. 3.11. The power input from the human side is FhVd

and the power output to the haptic device is F̂hVd, since only the force is amplified for
the same velocity value. Clearly, this is a purely active system (unlike a power-preserving
electrical transformer which amplifies voltage at its output and simultaneously reduces
the current and vice-versa). The active power Pactive can be calculated by:

Pactive = F̂hVd − FhVd = αlFhVd if FhVd > 0. (3.40)

The system can be made passive if at every point of time, this active power Pactive

can be dissipated. For this, a simple method is to add a virtual damping γ (as shown
in Fig. 3.12) in this port which dissipates the exact amount of power, namely, αlFhVd.
For the velocity Vd of the haptic device, the power dissipated by the damping γ is γV 2

d .
Therefore, the value of damping that is needed to dissipate the active power due to the
force amplification is:

γ = αlFhVd

V 2
d

= αlFh

Vd

if FhVd > 0. (3.41)
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Figure 3.12: The reduced model of the teleoperation system with a varying local force
feedback gain and a variable damping.

This method has a limitation. The benefit introduced by the local force feedback could
be canceled out by the additional damping. All haptic devices have some physical damping
or friction (although in some devices, it is very low). Because of the friction, the haptic
device considered alone is already a dissipative system as shown in Table 2.1. In this work,
this inherent dissipative nature of the haptic device is exploited to reduce the additional
damping γ needed to passivate the gain port. For this, the combined port of the haptic
device and the gain is considered to analyze passivity. This combined port is shown inside
the dotted rectangle in Fig. 3.12.

1. Passivity by Damping Injection: Model-Based Analysis

The equation of motion of a 1-DoF haptic device with inertia M , viscous friction D, local
force feedback gain αl and additional damping γ is:

MV̇d = F̂h − F̃m − (D + γ)Vd,

= (1 +αl)Fh − F̃m − (D + γ)Vd, (3.42)

with αl,D, γ,≥ 0. The term (1+αl) is now replaced by M

M̃
where M̃ is the apparent inertia

felt by the operator with the application of the force gain αl. So (3.42) can be rewritten
as:

M̃V̇d = Fh − M̃

M
F̃m − M̃

M
(D + γ)Vd, (3.43)

which means that when the operator applies a force Fh, the apparent inertia, viscous

friction, force feedback, and damping felt by the user are M̃ , M̃
M
D, M̃

M
F̃m, M̃

M
γ, respectively.

Let us now consider the total energy as the storage function Sl of the haptic device with
apparent inertia M̃ and the energy change (power) Ṡl is then calculated as:

S = 1

2
M̃V 2

d ,

Ṡl = VdM̃V̇d + 1

2
˙̃
MV 2

d ,

= Vd(Fh − M̃

M
F̃m − M̃

M
(D + γ)Vd) + 1

2
˙̃
MV 2

d ,

= VdFh − M̃

M
VdF̃m − (M̃

M
D + M̃

M
γ − 1

2
˙̃
M)V 2

d .
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So, the perceived 2-port of the apparent inertia with input (Fh,
M̃
M
F̃m) and output (Vd, Vd)

is passive if:

M̃

M
D + M̃

M
γ − 1

2
˙̃
M ≥ 0. (3.44)

Since M

M̃
= (1+αl), the additional damping required to passivate the port can be calculated

to be:

γ ≥ − Mα̇l

2(1 +αl) −D. (3.45)

With the additional damping γ computed as per (3.45), the system is passive as per
Def. 2.2. It has to be noted that during the reduction of αl, when the contact is made, α̇l

is negative and it does not destroy the passivity of the system. In this case, the damping of
the haptic device makes the system output-strict passive and therefore, finite-gain stable.
The limitation of the method happens during the increase in αl, when the contact is
removed. During this period, the additional damping injected into the system depends
on the physical damping of the haptic device. If the physical damping is not considered
to ensure OSP and finite-gain stability, too much damping has to be introduced, which
disturbs the motion produced by the operator.

In order to find the required value of γ to passivate the port, the exact values of the
inertia and friction have to be identified to apply (3.45). This means that the additional
damping γ required to passivate the port is subject to inaccuracies in the system modeling.

2. Passivity by Damping Injection: Model-independent TDPA

The issue with model dependency can be avoided if the actual power correlated variables
of the combined port of force gain block and the haptic device (the dotted box in Fig. 3.12)
can be measured. By doing this, we can passivate this port by using TDPA. In classical
TDPA, as presented in Section 2.1.3, the PO observes the energy of the system and the
PC is a time varying damping to dissipate energy if ever the PO observes an activity
[ABR+16]. Here, the damping value γ is modified with respect to the observed energy.
Although this method is very effective, the energy accumulation problem in TDPA is
widely accepted as a drawback in systems where there could be phases of passivity (which
happens in the system under consideration due to the physical friction) [KH01]. In order
to avoid the energy accumulation issue which could make the system unstable, in this
work, power-based TDPA is considered for the port. This port is passive at every time
step if the power leaving the port is always limited by the power entering it. The observed
power (difference between input and output power) is given by:

Pobs = FhVd − F̃mVd. (3.46)

This observed power has to be greater than 0 at all times. If not, it means that the power
output of the system is greater than input power, which leads to activity at that time
step. The power dissipated by a damping element γ in the system with velocity Vd is γV 2

d .
In order to satisfy passivity condition, an impedance-type PC (force modifying type) is
added, namely the damping γ if Pobs becomes negative at any point:

γ = { −Pobs/V 2
d if Pobs < 0

0 else.
(3.47)
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Note that, the power observed by the PO is affected by the velocity of the haptic device
Vd, which is in fact affected by the physical damping of the system. This method based on
TDPA gives benefit to the proposed method only if there is physical friction in the haptic
device. Similar to the model-based damping injection in method 1, the POPC method is
also limited by the available friction of the haptic device.

3.2.3 Experiments and Results

Similar experiments described in Section 3.2.1 were conducted on the LWR-based haptic
device equipped with a force torque sensor at the end-effector. For the time-varying gain
approach proposed in this work, the logistic variation of Fig. 3.10 with α = αmax

1+ek(∣F̃e∣−Fe0)

with αmax=1.4, k =1 and Fe0 = 10 N was selected. The desired trajectory has 3 parts:
a low frequency ( 0.36 Hz) free robot motion, a higher frequency (0.72 Hz) free robot
motion and a low frequency motion where the virtual robot hits the virtual wall. The test
was first done without passivity checks and then with damping injection using the two
proposed methods. The resulting positions and forces are shown in Fig. 3.13, Fig. 3.14
and Fig. 3.15, respectively.
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Figure 3.13: Proposed approach and without passivity checks.

3.2.4 Discussion

As desired, the proposed method reduces the perceived force during free motion and
also enhances transparency during contacts. This behavior can be seen in Fig. 3.14 and
Fig. 3.15, with the proposed methods. On the other hand, the unstable contacts without
the passivity checks presented in Section 3.2.2 can be clearly seen in Fig. 3.13.

In order to evaluate the performance improvement of the proposed methods, the root
mean square error (RMSE) between the measured environment force Fe and the force
felt by the operator, Fh is calculated for the different approaches and are displayed in
Fig. 3.16 in a normalized form. As it can be seen, without local force feedforward (NO
FF), the error during free motion is higher since the operator feels the high inertia and
damping of the haptic device. But during contacts, the error value is low since there is
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Figure 3.14: Proposed approach with model-based damping injection.

0 5 10 15 20 25 30 35
−0.4

−0.2

0

0.2

 

 

0 5 10 15 20 25 30 35
−20

−10

0

10

20

 

 

Fh Fe

Xh Xd Xr Xw

P
os
it
io
n
s
(m

)
F
or
ce
s
(N

)

Time (s)

Figure 3.15: Proposed approach passivated using TDPA.

no local feedforward and therefore, the operator perceives the remote robot environment
with higher transparency. As expected, with the introduction of a constant gain for the
local force feedforward, the perceived inertia and damping of the haptic device are highly
reduced and the RMSE value is lower. Since the constant gain reduces the environment
forces perceived by the human, the RMSE during contact motion is higher. The proposed
methods (with damping injection and TDPA) improve the performance of the system in
both free motion and during contacts as shown by low RMSE values. These plots validate
the effectiveness of the proposed methods and clearly show that the benefits of both the
earlier approaches (high transparency during contacts from ’No FF’ and low inertia and
damping during free motion from constant α) can be availed for a better teleoperation
performance. Still the proposed method has certain limitations, which are mentioned in
the following section.
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Figure 3.16: Bar plots of normalised root mean square errors of the forces Fe and Fh values
for values for all the methods.

Limitations

The limitations of each of the approaches are presented in numbered format in order to
refer them at later points in the thesis. The limitations of the methods proposed in this
section are:

Limitation 3.2.1:

Model-based damping injection method for stability is highly dependent on the identifi-
cation of the system parameters like inertia and damping.

Limitation 3.2.2:

TDPA-based approach introduces high frequency force modification (it is slightly seen in
Fig. 3.15), which can be disturbing to the operator. This effect can be removed by using
low-pass passive force filters [RAP10a], which are inherently passive and therefore, will
not disrupt the passivity of the system.

Limitation 3.2.3:

As mentioned in Section 3.2.2, the improvement brought to the force tracking performance
with both the approaches is limited by the physical damping present in the hardware of
the haptic device. This is a huge limitation. In the next section, it will be shown how
this limitation can be overcome using an explicit force controller instead of a feedforward
force at the haptic device side.

Objective Achievement

As the position and force plots in Section 3.2.3 and the bar plots in Fig. 3.16 clearly
indicate, the transparency of the time-delayed teleoperation system was enhanced during
free motion as well as contact situations. In spite of the aforementioned limitations, the
results show that the objective for this section presented in Section 3.2.1 has been achieved
with the proposed method.
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3.3 Explicit Force Control in Teleoperation

The benefits of the variable local force feedforward controller was explained in Section 3.2.
The improvement in force tracking was presented there, but it was limited by the physical
damping available in the hardware (limitation 3.2.3). Recently, explicit force control
approaches for robotic manipulators have been proposed in [BJA+17] and [JBRK17], which
were stabilized using TDPA. This chapter exploits the explicit force controller aiming to
improve the transparency of teleoperation systems. The main contributions of this section
can be summarized as follows:

1. Propose a new teleoperation architecture by formulating explicit force controller
locally at the haptic device side to reduce the effects of limitation 3.2.3.

2. Ensure passivity of the proposed teleoperation architecture using TDPA, in order to
avoid the effects of system modeling uncertainties (limitation 3.2.1).

First, the proposed concept is introduced with a signal flow diagram after which the
equivalent electrical circuit representation is presented. This is finally used to employ
TDPA to stabilize the system. To illustrate the performance enhancement, the proposed
approach is compared to the widely used 4-channel architecture [RS15, ABR+16] for time-
delays varying from 0 ms to 600 ms. The section is based on the work published by the
author in [BRJ+20]

3.3.1 Research Gap and Objectives

Related Work

Although there have been large number of works to improve the force tracking performance
in bilateral teleoperation, most of the bilateral control architectures send the forces at the
remote robot to the haptic device only as feedback without explicitly using this for control.
The reason for this could be traced back to the difficulty of ensuring stability of the ex-
plicit force control even in general robotic manipulators[SV12, ES86]. Therefore, applying
explicit force controllers in teleoperation systems has not been researched significantly. In
[ARS+15] and [PK06], remote robot forces are used to improve the system transparency
and in [TSMO18], disturbance observers were used to compensate time-delays. There has
been no work that uses TDPA to passivate the explicit force controllers used in teleoper-
ation systems. This makes the system passivity robust against model uncertainties.

Problem Description

To present the problem and the proposed method, the 2-channel bilateral controller with
position-measured force (P − Fe) architecture [ARPH11] is taken as an example, whose
signal flow diagram is shown in Fig. 3.17. Unlike in the 4-channel architecture introduced
in Fig. 3.4, only the velocity of the haptic device Vd is sent to the robot. The force of
interaction Fe, between the remote robot and the environment is measured using a force-
torque sensor (FTS) and is sent to the haptic device for force feedback. Note that V ′d and
F ′e are the delayed values of Vd and Fe, respectively.

The 2-channel teleoperation controller is applied on a system composed of an LWR-
based haptic device and LWR remote robot. The test is conducted with a round-trip
delay of 200 ms and the resulting positions and forces are shown in Fig. 3.18. On the top
plot, Xd and Xr are the positions of the haptic device and robot, respectively and the
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Figure 3.17: Signal flow diagram of the teleoperation system with 2-channel position-
measured force architecture.

robot makes contacts with a stiff wall at Xw. Forces measured at the human-haptic device
interface Fh and at the robot-environment interface Fe in the vertical direction are shown
on the bottom plot. Similar to Fig. 3.8 in Section 3.2.1, the problem is clearly outlined
in Fig. 3.18, namely, the operator has to apply significantly large forces even during free
motion of the remote robot. This is typically attributed to the large inertia and damping
of the LWR-based haptic device.
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Figure 3.18: Position and forces with the conventional 2-channel P −Fe bilateral controller.
Note that even in free motion, the operator feels high forces due to the in-
trinsic inertia and damping of the haptic device.

Now, an explicit force controller is introduced at the haptic device side, the signal flow
diagram of which is shown in Fig. 3.19. The force Fe measured at the robot side using the
FTS delayed by the communication block Tb becomes the desired value F ′e of the explicit
force controller Cf . At the interface between the operator and the haptic device, another
FTS measures the human force Fh and is the measured force for the force controller.
In order to generalize, the force controller can produce a PID action on the force error
Fer = F ′e − Fh such that the output force Fc is given by:

Fc(t) =Kif ∫
t

0
Fer(τ)dτ +Kdf Ḟer(t) +KpfFer(t), (3.48)
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with Kpf , Kif and Kdf being the proportional, integral and the derivative gains, respec-
tively of the force controller.

Fh Fr

Fc

Fe

Fe

F ′e

F ′e

V ′dVd Vr
Yd Yr ZeCv

Cf

Tf

Tb

Device Robot Env.Vel. Ctrl

FTSFTS

Figure 3.19: Signal flow diagram of the teleoperation system with explicit force controller.

Similar teleoperation experiments are conducted with the explicit force control architec-
ture and the results are presented in Fig. 3.20. If we compare the performance of P − Fe

architecture in Fig. 3.18 to the one in Fig. 3.20, we can see that during free motion, the
force controller significantly reduces the force perceived by the operator. But, during
contacts, the teleoperation system with explicit force controller becomes highly unstable.
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Figure 3.20: Positions and forces with EFC. It can be seen that the system goes unstable
during contacts with rigid environments.

To summarize: For time-delayed teleoperation, although explicit force controllers at the
haptic device side can improve the free motion force tracking, it might make the system
unstable during contacts in the presence of time-delays in the communication channel.

Objective

The goal of this work is to design a stable explicit force controller at the haptic device to
increase the transparency of the teleoperation system with delays, such that the inertia
of the haptic device is reduced in free motion, and to improve the feedback quality of the
contact forces. The stability of the explicit force controller should be independent of the
physical damping, which was Limitation 3.2.3 of the method proposed in Section 3.2. To
address Limitation 3.2.1, the stability method has to be model-independent.

62



3.3 Explicit Force Control in Teleoperation

3.3.2 Proposed Method

This section shows a method to ensure stability of the teleoperation system with explicit
force controller by employing TDPA. The most challenging aspect associated with the
design procedure is the representation of the overall system with electrical circuit for
clearly identifying the energy flow within the system. The controller design procedure is
explained sequentially in four steps.

Step 1: Electrical circuit from signal-flow diagram

F̃h

Fh Fh FrFd Fe

Fc Fc
F ′e

V ′d

Fr

Rcr

Ccr

VdVd VrVrVc VcYd Yr

Ze

Zh

Rc

Lc

Cc

Rr

Tf

Tb

Human Device Robot Env.

Explicit Force Controller Vel. Controller

Device Side Robot Side

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

Figure 3.21: Step 1: Network representation of the time-delayed teleoperation system with
explicit force controller at the haptic device side.

As a first step to apply TDPA, it is essential to convert the signal-flow diagram in
Fig. 3.19 into an electrical circuit representation. The electrical-mechanical analogy is
used here and the impedances of the human (Zh) and the environment (Ze) are repre-
sented as electrical impedances, admittance of the haptic device and robot are Yd and Yr,
respectively as shown in Fig. 3.21. Meshes 1-3 correspond to the haptic device side and
meshes 4-5 to the robot side of the teleoperation system. The velocity controller (Cv) at
the robot side is represented with the resistance Rcr and capacitance Ccr, corresponding
to the proportional and integral gains of the controller, respectively. The robot controller
Cv produces a voltage Fr to minimize the error between the currents V ′d , the delayed cur-
rent flowing through the haptic device impedance and Vr, the current through the robot
impedance. Fe is the voltage that is generated across the environment impedance due to
the robot current flowing through it.

At the haptic device side, to the explicit force controller (meshes 2-3 in the Blue dashed
box), the delayed measured voltage F ′e is commanded as the desired value. The voltage
measured across the human impedance Fh is made to match this desired value (F ′e) using
the PID explicit force controller. The current in the PID controller (mesh 3) Vc is the
sum of the currents flowing through the three parallel elements: Rc is the resistance
corresponding to the proportional gain, Lc is the inductance corresponding to the integral
gain, and Cc is the capacitance for the derivative gain presented in (3.48). This means, in
Laplace domain:

Vc(s) = (F ′e(s) −Fh(s))( 1
Rc
+ 1

Lcs
+ sCc). (3.49)

Mesh 2 is a trans-impedance network which converts current Vc to a voltage Fc across the
resistance Rr.

Fc(s) = RrVc(s) = (F ′e(s) − Fh(s))(Rr

Rc

+ Rr

Lcs
+ sCcRr). (3.50)
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In Laplace domain, force controller in (3.48) can be written as:

Fc(s) = Fer(s)(Kif

s
+ sKdf +Kpf). (3.51)

Comparing (3.50) with (3.51),

Kpf = Rr

Rc

, Kif = Rr

Lc
, Kdf = CcRr. (3.52)

Now, without any other voltage sources, the voltage Fd applied to the haptic device
impedance in mesh 1 (additional to the voltage from the human operator) is Fc. The
reason for deriving the electrical circuit of the teleoperation system, although not straight
forward, will be clarified in the following steps.

Step 2: Ensure Passivity of Explicit Force Controller

Network representation makes energy flow clear, and can be used to identify potentially
active components making the system unstable. The explicit force controller itself can be
potentially active. Moreover, the explicit force controller contains delayed effort source,
Fe, which makes it difficult to design the TDPA in parallel at the same layer. Therefore,
we need to design TDPA sequentially, first for explicit force controller and later for delayed
effort source. In our application, the one-port of the force controller is identified directly
from the circuit (blue dashed box in Fig. 3.21) and is isolated in Fig. 3.22.

F̃h Fh FhFd FeFc Fc

Vd VcVc VcYdZh

Rc

Lc

CcRr

Rpc

Explicit Force Controller

Figure 3.22: Step 2: Ensuring passivity of the explicit force controller (without delay)
using TDPA.

For a 1-port network with power conjugated variables Fc and Vd, and with zero initial
stored energy E(0) = 0, passivity condition, is given by:

∫
t

0
Fc(τ)Vd(τ)dτ ≥ 0,∀t ≥ 0. (3.53)

By designing a passivity observer (PO) and passivity controller (PC) and given in Ta-
ble 2.5, we can ensure the passivity of the explicit force controller. For the given explicit
force controller represented as the 1-port in Fig. 3.22, the energy observed by the PO is
given for the time-step k by:

Eobs(k) = Ts

k

∑
n=0

Fc(k)Vd(k) − Ts

k−1

∑
n=0

RPC(n)Vd(n)2, (3.54)

where Rpc is the time-varying resistance (the PC) introduced in the system if, at any time,
the Eobs becomes negative [HR02]. With Ts being the sampling time, Rpc is calculated by
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3.3 Explicit Force Control in Teleoperation

the following condition:

Rpc(k) = { −Eobs(k)/TsVd(k)2 if Eobs(k) < 0
0 else.

(3.55)

The force commanded to the haptic device from the explicit force controller is modified
as:

Fd(k) = Fc(k) − Vd(k)Rpc(k). (3.56)

The resulting resistance Rpc is marked in Red in the circuit as shown in Fig. 3.22.

Step 3: Augment the bilateral controller with the passive explicit force controller

Once the passivity of the explicit force controller is ensured with TDPA, we can augment
this with the rest of the 2-channel position-measured force bilateral controller [ARPH11].
To this end, the force Fd produced by the passivated explicit force controller is added with
the feedback of the measured force Fe and is commanded to the haptic device. The circuit
diagram of the resulting architecture is shown in Fig. 3.23. It should be noted that in
Fig. 3.23, only the haptic device side of the bilateral controller is shown since this is where
the explicit force controller, the object of interest in this work, is located. The remote
robot side of the system is passivated exactly as explained in [ARPH11]. High-frequency
force modification is widely accepted as a practical limitation of TDPA. To this end, a
mass-spring-damper (MSD) filter with sufficiently high damping (making it passive) is
introduced in the system as shown within the Green dashed box in Fig. 3.23. Note that,
now, the power conjugated variables for the one-port of the force controller are Fc and
Vf , where Vf is the velocity of the filter mass. This variable, Vf , should be used in (3.54),
(3.55) and (3.56) instead of Vd.

F̃h Fh

FhFd

Fe

FeFc Fc

Rpc

Vd VcVc VcYdZh

Vf

Vf

Rc

Lc

CcRr

MSD filter Explicit Force Controller

Mf

Sf

Df

Figure 3.23: Step 3: Operator side of the position-measured force architecture augmented
with the explicit force controller and the MSD filter.

Step 4: Make the augmented bilateral controller passive in presence of delays

The communication delays can be addressed by shifting the measured voltage sources
to their non-delayed locations and introducing the time-delay power networks (TDPN,
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3 Transparency Enhancement in Teleoperation

[ARPH11]) in the system as shown in Fig. 3.24. In short, TDPN is a 2-port that in-
troduces delay for the power-correlated variables of the ports on both sides and enables
POPC as applied on a normal 2-port as explained in Table 2.4. The 2-port TDPN and
the corresponding POPC combination compensate for the activity introduced by the com-
munication delays between the haptic device and remote robot sides by ensuring that the
energy coming out of the TDPN (for example, in TDPN1, Eout1 due to the non-delayed
force controller current Vc and the delayed measured voltage F ′e) is always less than or
equal to the energy entering the TDPN (Ein1 due to the non-delayed measured voltage Fe

delayed force controller velocity V ′c ). The PO for TDPN1 with power conjugated variables
(Fe, V

′
c ) on the remote robot side, and (F ′e, Vc) on the haptic device side is designed as:

Eobs1(k) = Ein1(k) −Eout1(k) − Ts

k

∑
n=0

Rpc1(n − 1)Vc(n − 1)2T, (3.57)

and later, Rpc1 is the PC introduced in the system if at any time, the Eobs1 value becomes
less than 0:

Rpc1(k) = { −Eobs1(k)/TsVc(k)2 if Eobs1(k) < 0
0 else.

(3.58)

The same procedure is followed for TDPN2 with the corresponding power conjugated
variable pairs : (Fe, V

′
f ) at the remote robot side port and (F ′e, Vf) at the haptic device

side port. More details on TDPNs and the corresponding PO+PCs can be found in
[ARPH11].
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Figure 3.24: Step 4: Electrical diagram of the position-measured force architecture with
time-delays, augmented with explicit force controller.

3.3.3 Experiments and Results

Teleoperation experiments similar to the ones presented in Section 3.3.1 were conducted
with the explicit force controller stabilized by the proposed method and the results are
presented in Fig. 3.25.

To compare the performance of the system with the explicit force controller and the
conventional 4-channel architecture, the teleoperation experiments with 10 rounds each of
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Figure 3.25: Positions and forces with EFC and 200 ms delay. It can be seen that the
system is stable during contacts with rigid environments.

free motions and contacts were conducted for 6 different time-delays for both the bilateral
controllers. The delay values chosen were 0 ms, 30 ms, 100 ms, 200 ms, 400 ms and
600 ms. Although the proposed method can handle time-varying communication delays,
only constant time-delay was used in order to identify the tendency of force error as the
time-delay increases. The root mean square errors (RMSE) between Fe and Fh were
calculated for all the delays whose normalized values are illustrated in Fig. 3.26. The
percentage reduction in RMSE due to the explicit force controller for each delay is shown
in the bar graphs.

3.3.4 Discussion

It can be seen in Fig. 3.25 that compared to Fig. 3.18 in Section 3.3.1, the force tracking has
significantly improved in both free motion, as well as during contacts with the proposed
force controller.

As evident from Fig. 3.26, during free motion, in all cases of delay, the force felt by
the operator was significantly reduced with the explicit force controller. This implies
that the force controller reduces the perceived inertia of the haptic device during free
motion and also increases the contact stiffness perception for the operator since the force
differences between free motion and contacts are more distinguishable. Also, the bar plots
in Fig. 3.26 clearly indicate that the transparency of the time-delayed teleoperation system
was enhanced during contact situations. As described in Section 3.3.2, the TDPA used
for passivating the force controller needs only measurable quantities in the system, which
makes it a model-independent method. Also, the force matching behavior of the force
controller is independent of the physical damping of the haptic device.
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Figure 3.26: Comparison with conventional 4-channel controller.

Limitations

The following limitations were identified during the development of the method and the
experiments:

Limitation 3.3.1:

During contact experiments, the error increased with and without the explicit force con-
troller. The reason for the increase in force errors, even with the explicit force controller,
is that the feedback gain for Fe (C2 as explained in Section 3.2) has to be reduced with
increasing delay since the PCs get highly noisy in order to remove the activity introduced
by the delay. This noise in the PC affects the force loop which could make the system
vibratory, if the delays are really high.

Limitation 3.3.2:

The energy-based TDPA used in this section leads to periods of instability because of the
energy-accumulation problem of 1-port TDPA as described in Step 1 of the passivation
procedure in Section 3.3.2. Due to this, the force controller gains had to be reduced.

Objective Achievement

Transparency of the time-delayed teleoperation system was enhanced during free motion
as well as contact situations. Since the stability ensuring method using TDPA was inde-
pendent of the haptic device’s friction, the effects of Limitation 3.2.3 was reduced. TDPA
is also a model-independent approach which takes care of Limitation 3.2.1.

However, due to the aforementioned limitations (reduction of force controller gains dur-
ing large delays and energy accumulation of TDPA), the objective of this section mentioned
in Section 3.3.1 is achieved only partially. A solution is presented in the next section
to solve the effects of these issues and also remove the limitations presented in these two
sections.
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3.4 Stability with Transparency Enhancement

3.4 Stability with Transparency Enhancement

The methods proposed in the previous sections significantly improved the force tracking
performance of the teleoperation system. Still the limitations identified in Section 3.3 were
pointed out as:

1. With the model-independent damping injection strategies using TDPA, feedback
gain for the robot force has to be reduced with increasing delay since the PCs get
highly noisy in order to remove the activity introduced by the delay. This noise
from the PC affects the force loop which could make the system vibratory. This was
mentioned in Limitation 3.3.1.

2. The energy accumulation problem in TDPA leads to short periods of instability as
mentioned in Limitation 3.3.2.

In order to reduce the effect of these limitations, a general method to stabilize any user-
defined feedback controller is presented in this section. The method is validated by tele-
operation experiments with severe communication and contact scenarios. The work was
published by the author in [BPDS+21]

3.4.1 Research Gap and Objectives

Related Work

The standard position-computed force P − Fc and position-position P − P architectures
have been modified and stabilized using multiple approaches. Some of the methods
are wave variables (WV) [NS97], scattering formalism [LCS02], energy-tank approach
[FSM+11], passive set-position modulation [LH10] and the time domain passivity approach
(TDPA, [RAP10b]). However, if the feedback controller is non-standard, ensuring stability
might be difficult, although not impossible. In this section, a passive coupling reference
approach (PCR) to stabilize non-standard and user-defined feedback controllers using
force limitation is presented. Related to this work, force limitation has been applied in
[KBR14, MCD17, LL09, PHA+16, HLL+18]. In [PHA+16] the feedback forces for only the
position-measured force architecture are limited to the passive coupling force. In contrast,
here a simple framework to stabilize any feedback control architecture is presented. [LL09]
and [HLL+18] are developed only for virtual environments and haptics. Unlike in [KBR14]
and [MCD17], the proposed method does not need identification of system parameters (for
example, friction).

Problem Description

To ensure stability for non-standard feedback controllers with model-based methods [CS04,
JSK+18], significant amounts of time might be required to find the right Lyapunov function
[NBO11, Li98, HL11]. For model-free methods like TDPA, which gained attention due to
its intrinsic robustness against variable delays and modularity [Pea13], finding the correct
port network might not be straightforward [BRJ+20].

To summarize: Proving stability for certain user-defined feedback controllers indepen-
dent of delay and environments is difficult, which limits the freedom of the controller
designer to extract the best performance of the available hardware.
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Objective

The objective of this section is to design a simple and effective framework to stabilize user-
defined feedback controllers in teleoperation systems (with high and time-varying delays)
in order to reduce the effects of (i) Limitation 3.2.1: modeling errors, (ii) Limitation 3.3.1:
PC noise issues and (iii) Limitation 3.3.2: energy accumulation of TDPA.

3.4.2 Proposed Method

Let us start with a very simple, single degree-of-freedom (DoF) representation of a tele-
operation system shown Section 2.1.2. To ease the reading and explanation, it is repeated
here with the physical representation of the teleoperation system in Fig. 2.4 . A human
operator moves a haptic device (represented by mass Md and physical damping Dd) ap-
plying a force Fh, which arises due to the exogenous force F̃h and the interaction of human
impedance Zh with the haptic device, which moves with a velocity Vd. The haptic device
is physically connected to a robot (with mass Mr and damping Dr) using a spring-damper
coupling (with stiffness Kp and damping Kd). The robot moves due to the net force
applied on it from the coupling Fc and the interaction force Fe due to the environment
impedance Ze. Xd and Xr are the positions of the device and robot, respectively.

F̃h Fh FcFc Fe

Vd Vr

Md Mr

Dd Dr

ZeZh

Kp

Kd

+ve direction

Human Input Dev. Robot Env.Coupling

Figure 3.27: Single DoF, physical representation of a teleoperation system.

If the operator pushes the haptic device to the right (positive direction as indicated),
the equations of motion for the masses are:

MdV̇d = Fh − Fc −DdVd, and MrV̇r = Fc − Fe −DrVr, (3.59)

and the coupling force Fc is computed as:

Fc =Kp(Xd −Xr) +Kd(Vd − Vr). (3.60)

Consider the sum of kinetic energies of the masses and the potential energy of the spring
as a storage function SFc given by:

SFc = 1

2
MdV

2
d + 1

2
MrV

2
r + 1

2
Kp(Xd −Xr)2. (3.61)

Taking the time derivative of the storage function SFc , and using (3.59) and (3.60) we get,

ṠFc = MdVdV̇d +MrVrV̇r +Kp(Xd −Xr)(Vd − Vr),
= Vd(Fh − Fc −DdVd) + Vr(Fc − Fe −DrVr)
+ (Fc −Kd(Vd − Vr))(Vd − Vr),
= VdFh − VrFe −DdV

2
d −DrV

2
r −Kd(Vd − Vr)2, (3.62)
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which is output strictly passive (OSP) for the inputs (Fh,−Fe) and outputs (Vd, Vr) and
is therefore finite-gain L2 stable as per Lemma 1, as already presented in Section 2.1.2.

As in Section 2.1.3, the electrical network representation (and the port representation)
of the teleoperation system from Fig. 3.27 is shown in Fig. 3.28, with force ≡ voltage
analogy. The mass and damping of the haptic device and robot have been represented
by admittances Yd and Yr, respectively. In the bottom diagram of Fig. 3.28, dependent
voltage (force) and current (velocity) sources represent the same system in the top diagram,
although there are two separate circuits. As explained in Section 2.1.3, the port (Fc, Vd)
on the haptic device and (Fc, Vd) on the robot side makes the circuit separation lossless,
and maintains the passivity of the overall system.
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Figure 3.28: Separated circuits with dependent force and velocity sources.
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Figure 3.29: Separated circuits with dependent force and velocity sources and feedback
circuit as a Gray-box.

Consider instead, that the force from the dependent source (the Gray-box in Fig. 3.29)
is Ff . The equation of motion of the haptic device in (3.59) has to be modified as:

MdV̇d = Fh −Ff −DdVd, (3.63)

71



3 Transparency Enhancement in Teleoperation

For a storage function SFf
similar to SFc as in (3.61), the time derivative will result in:

ṠFf
= MdVdV̇d +MrVrV̇r +Kp(Xd −Xr)(Vd − Vr),
= Vd(Fh −Ff −DdVd) + Vr(Fc − Fe −DrVr)
+ (Fc −Kd(Vd − Vr))(Vd − Vr),
= VdFh − VrFe −DdV

2
d −DrV

2
r −Kd(Vd − Vr)2

+ Vd(Fc −Ff). (3.64)

The system is still output strict passive if,

Vd(Fc −Ff) ≤ 0 (3.65)

Note that this condition was derived for the case when the operator is pushing the haptic
device to the right (positive direction), that is Fh > 0. The power exchanged between the
operator and the haptic device is FhVd. In order to evaluate the passivity condition in
(3.65) in terms of power interaction between the operator to the overall system, (3.65) is
multiplied with the positive value of Fh, which results in:

FhVd(Fc −Ff) ≤ 0. (3.66)

This leads to the conditions:

Fc ≤ Ff if FhVd > 0,
Fc ≥ Ff if FhVd < 0. (3.67)

If the operator pulls the haptic device to the left (negative direction), the equations of
motion of the masses and the coupling forces will be modified as:

MdV̇d = Ff−Fh−DdVd, MrV̇r = Fe−Fc−DrVr, and Fc = −Kp(Xd−Xr)−Kd(Vd−Vr), (3.68)
which lead to the same condition in (3.67). Let us evaluate these conditions physically.
Irrespective of the direction of force application, if the human force Fh and velocity Vd are
co-aligned, Ff can be greater than Fc. On the other hand, when they are not co-aligned,
if Ff is limited by the controller force Fc, the system is strictly output passive and again,
finite-gain L2 stable. The co-alignment of Fh and Vd is checked by the power (FhVd) flow
between the operator and the haptic device. In other words, if the human is driving the
system (power flow from operator to system), we can let Ff be greater than Fc. But we
do not let the system drive the haptic device (power flow to the human) with a force more
than Fc. Therefore, the passive coupling referenced output force Fpcr is given by:

Fpcr =
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Ff if Ff > Fc and FhVd > 0,
Fc if Fc > Ff and FhVd > 0,
Ff if Fc > Ff and FhVd < 0,
Fc if Fc ≤ Ff and FhVd < 0.

(3.69)

To implement (3.69), the forces at the operator-haptic device interaction need to be
measured using a FTS. In the absence of a sensor, these forces can either be observed as a
disturbance [DLM05] or the power flow from the haptic device to the teleoperation system
(FfVd, instead of FhVd) can be used to ensure passivity of the system with (3.69).
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Application to Feedback Architectures

The passive coupling reference method allows for the stabilization of any feedback con-
troller in the Gray-box in the Fig. 3.29 architecture. Let us now apply it in different
feedback architectures for bilateral controllers, starting with simple systems, without de-
lay which will lead to the explanation for the delayed case.

Position - Measured Force (P − Fe)

As the simplest example, let us consider a position-measured force architecture proposed
in [PHA+16] implemented with the PCR approach. Here, the dependent force (voltage)
source Fe is plugged into the Gray-box in Fig. 3.29 and is shown in Fig. 3.30. In this case,
the feedback force Ff = Fe is limited as in (3.69) which makes the system finite-gain L2

stable.
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Figure 3.30: Position-measured force feedback with PCR.

Non-linear Force Feedforward Gain: Section 3.2
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Figure 3.31: Non-linear force feedforward method from Section 3.2.

The non-linear gain for the local force feedback from Section 3.2 can be stabilized using
PCR. Along with the pure Fe force source in Fig. 3.30, the non-linear feedback of the Fh
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3 Transparency Enhancement in Teleoperation

is added in the feedback controller forces as shown in Fig. 3.31. Now, to implement PCR
and make the system stable, we have Ff = αl(Fe)Fh+Fe and can then apply the conditions
in (3.69).

Explicit Force Controller Feedback (P −EFC: Section 3.3)

As the last example, the explicit force controller from Section 3.3 is stabilized with PCR.
The electrical representation is shown in Fig. 3.32. The dashed box represents the EFC
and the feedback force Ff used for the PCR condition in (3.69). In this case, Ff = Ffc+Fe,
where

Ffc = Rr

Rc

(Fe − Fh) + ∫ Rr

Lc

(Fe − Fh)dt +CcRr(Ḟe − Ḟh) (3.70)

is the force produced by the force controller, with Rr

Rc
, Rr

Lc
and CcRr being the proportional,

integral and derivative terms of the EFC. Please refer [BRJ+20] for detailed explanations.

F̃h Fh Fc Fe

Fe

Fe
Ffc Ffc

Ff

Vd

Fc

Rc

Lc

CcRr

Vd Vd Vc Vc Yr

Ze

Zh +Zd

Human + Ctrl. +
Robot + Envt.Input Dev.

PCRFpcr

Figure 3.32: Explicit force controller feedback with PCR.

Teleoperation with Delays
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Fh Fr FeFf

Vd

Zd Zr

Ze

Zh

Vr

Tf

Tb

Bilateral controller RobotInput Dev.

Figure 3.33: Port representation of teleoperation system with delay.

Teleoperation system with delay will now be stabilized using PCR. As shown in Fig. 3.33,
the haptic device and the robot are coupled with a bilateral controller with delays Tf and
Tb in the forward and feedback channels respectively. It includes the velocity/position
controller which applies a force Fr to make the robot follow the haptic device, as well as
the force Ff , the feedback to the operator. It is represented as a Gray-box since there are
several bilateral controller architectures that use different stability approaches applied in
the research community.

The equations of motion for the haptic device and the robot are as in (3.63), with force
Fr commanded to the robot. Taking the kinetic energies of the haptic device and robot

74



3.4 Stability with Transparency Enhancement

as storage functions Sd = MdV
2

d

2 and Sr = MrV
2
r

2 , respectively, we get their time derivatives
as:

Ṡd = VdFh − VdFf −DdV
2
d ,

Ṡr = VrFr − VrFe −DrV
2
r . (3.71)

Eq. (3.71) proves that the device is output strict passive for inputs (Fh,−Ff ) and outputs
(Vd, Vd), and that the robot is output strict passive for inputs (Fr,−Fe) and outputs
(Vr, Vr). Note that the negative sign for Fe is because it is an opposing force (or a negative
feedback from the environment).

The inputs to the bilateral controller 2-port in Fig. 3.33 are the device and robot veloc-
ities Vd and −Vr, respectively and it produces the output Fr to move the robot and Ff as
the feedback to the haptic device. As long as the bilateral controller 2-port is passive with
respect to the input (Vd,−Vr) and output (Ff , Fr), we can prove the overall passivity of
the combined system. Any of the methods mentioned in Section 3.4.1 can be used to passi-
vate the bilateral controller, the examples of WV [NS97], TDPA-based P −P architecture
[ARP10], and TDPA-based P − Fc architecture [Pea19] are shown in Fig. 3.34.
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Figure 3.34: Passivating the bilateral controller using existing approaches.

In the block with the wave variable approach, the wave variable transformation (WVT)
on either side of the delays transform power conjugated variables (velocities and forces)
into wave variables, which are then transmitted between the haptic device and the robot
as explained in Section 2.1.3. The noisy behaviors of the wave variables are reduced
using filters with cut-off frequency λ which are the blocks containing λ

s+λ . On the other
hand, in the TDPA-ER method [Pea19], the gradient method [Sea19] reduces the effect of
passivity controllers dissipating excess energies which could make the P −Fc architecture
non-passive due to time-delays. For the P − P architecture, the velocities of the devices
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3 Transparency Enhancement in Teleoperation

are exchanged across the communication channels and are modified at each side by the
PCs before commanding them to the individual local controllers [ARP10].

If the feedback force of the Gray-box, Ff is limited by a passive force Fc, say, Fc = Fwv

if we use wave variables, Fc = Fpc with TDPA-based P − Fc or Fc = Fpp for TDPA-based
P − P , satisfying the conditions from (3.69), we can ensure the passivity of the bilateral
controller of the Gray-box with any arbitrary feedback controller. Let us assume that
one of these methods makes the 2-port system passive with inputs (Vd,−Vr) and outputs
(Fc, Fr). Then, there exists a storage function Sbc such that Ṡbc ≤ VdFc − VrFr.

Taking the storage function for the combined teleoperation system Stp = Sd + Sbc + Sr,
and using (3.71) and (3.65), we get,

˙Stp ≤ VdFh − VdFf + VdFc − VrFr + VrFr − VrFe

− DdV
2
d −DrV

2
r

≤ VdFh − VrFe −DdV
2
d −DrV

2
r , (3.72)

which is OSP for the input (Fh,−Fe) and output (Vd, Vr) and is thus L2 stable.
To illustrate an implementation example, the explicit force controller at the haptic

device in a teleoperation system with time-delay is stabilized with PCR using the TDPA-
ER method from [Pea19] as presented in Fig. 3.35. It has to be noted that V ′d and F ′e
are the delayed velocity and the measured environment force, respectively and the PCR
in (3.69) is applied with Ff = Ffc +F ′e and Fc = Fpc.
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Figure 3.35: Passivating the system with EFC using TDPA-ER from [Pea19].

Extension to Multi-DoF Manipulators

As explained in Section 2.1.4, for the multi-DoF LWR-based haptic device (with number
of joints m = 7 and Cartesian DoF c = 6, compensated for gravity), the Cartesian dynamics
and control equation is given by:

Λd(qd)V̇ d +µd(qd, q̇d)V d +ΓdV d = F h −F f ,

Λr(qr)V̇ r +µr(qr, q̇r)V r +ΓrV r = F r −F e,

where Λd,r ∈ R6×6, µd,r ∈ R6×6 and Γd,r ∈ R6×6 are the inertia, Coriolis/centrifugal and
viscous damping (of the manipulators) matrices, respectively with qd,r ∈ R7 and V d,r ∈ R6

being the joint space configuration and the end-effector velocity, respectively. These terms
are represented for the haptic device by (●d) and robot by (●r). F h ∈ R6 and F e ∈ R6 are
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3.4 Stability with Transparency Enhancement

the measured wrenches at the end effectors of the haptic device and robot, respectively.
F r ∈ R6, the forces commanded to the robot as well as the feedback forces to the haptic
device F f ∈ R6, are different for different architectures. We choose the storage function,

SF f
= 1

2
V T

dΛdV d + 1

2
V T

r ΛrV r + 1

2
∆XTKp∆X,

where Kp ∈ R6×6 is the constant positive matrix of Cartesian stiffness and ∆X being
the end-effectors’ position error. Finding the time derivative of SF f

, and with passivity

property of Euler-Lagrange systems, i.e, V T
d,r(Λ̇d,r − 2µd,r)V d,r = 0 [SSVO10], we come

to the output strict passivity conditions in (3.65), namely, V T
d (F c − F f) ≤ 0 due to the

physical damping considered. As explained in Section 2.1.4, component-wise pairing of
the wrenches and the velocities is implemented with V d,i(F c,i − F f,i) ≤ 0, where (●i) is
the ith component of (●), which is a sufficient condition for OSP [DSAS16].

3.4.3 Experiments and Results

Three different architectures (P − Fc, P − Fe and P − EFC), three different delays and
three different environment stiffnesses are considered for the LWR-LWR teleoperation
experiments as in Fig. 3.36. The position- computed force architecture method (P − Fc)
provides the force used for PCR force limitation.

Figure 3.36: Robot (center), USB task board (left) and increasing stiffnesses (Right)

Teleoperation experiments are conducted with each of these three architectures for three
different contact delays (0 ms, 200 ms and 600 ms) and for three different environment
stiffnesses (low, medium and high, see Fig. 3.36). For the controller, proportional gains of
Kpt = diag[300,300,300] N/m and Kpr = diag[20,20,20] Nm/rad were chosen for trans-
lations and rotations, respectively. The damping gains were Kdt = diag[20,20,20] Ns/m
and Kdr = diag[2,2,2] Nms/rad for translations and rotations, respectively.

Comparison Experiments: The position following of the robot and the force tracking at
the haptic device for the 200 ms delay, high stiffness are shown in Fig. 3.38. The RMSE
of the force errors for all the delays, stiffnesses and methods are summarized in Fig. 3.39a
and Fig. 3.39b

Validation Task: A standard USB insertion task which needs precision in both position
tracking and force application (see Fig. 3.36) was tested. The delay is varying with mean
delay 600 ms with 5 ms variance (to show feasibility in space teleoperation [ABDS+16]).
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3 Transparency Enhancement in Teleoperation

The results are shown in Fig. 3.39c which validates that, in spite of the high variation in
delay, the task was completed successfully.

3.4.4 Discussion

Stability: Stability of all feedback architectures has been ensured by PCR, for the consid-
ered delays and contact stiffnesses. Just as an example, compare Fig. 3.20, with Fig. 3.38c,
which was conducted for identical conditions (200 ms delay and highest stiffness) to see the
benefit of the method. The instability caused by the explicit force controller in Fig. 3.20
is completely removed by the PCR method.

Transparency: It has to be noted that PCR is only a stability tool. The improvement in
transparency is due to the particular feedback controller used in the teleoperation system,
for example the P − EFC which tries to match the forces felt by the operator with the
environment forces. The effect on free motion and contact transparency are discussed in
detail as follows and in Fig. 3.37.

Free motion transparency: As it can be seen from Fig. 3.38a, during free motion, P −Fc

architecture presents significant forces to the operator due to the high inertia of the haptic
device and its coupling with the robot. With P −Fe architecture, the forces are lower since
the coupling and robot inertia do not affect the feedback. The forces felt in this case are
only due to the inertia of the haptic device. With P −EFC architecture, the forces have
been significantly reduced. As it can be seen in Fig. 3.39a, this trend is displayed in all
cases. P −EFC with PCR increases the transparency during free motion.

Contact transparency: During contacts, PCR does not produce a significant improve-
ment in transparency. The transparency is almost the same as can be seen in Fig. 3.39b.
The reason for this can be observed in Fig. 3.37, where we focus on single contacts for
all the methods. During the motion into the wall (light Gray-box in all the plots), the
force tracking is good. But while coming out of the wall (dark Gray-box) both P −Fe and
P −EFC methods have a force profile almost similar to the P −Fc method since the forces
in all cases are limited by P − Fc architecture. Note that force feedback performance was
better with the TDPA-based approach from Section 3.3 as presented in Fig. 3.25. This is
a limitation of the PCR method. In spite of this limitation, as the operators make contact
with the environment, an important factor that affect their perception is the difference
between free motion forces and the contact forces. If the transition is larger, the better
is the perception [PHK+06]. Now, compare the Green boxes Fig. 3.37 in all cases. Just
before and after the contact, P − Fc method produces forces that are high so that the

Time (s)Time (s)Time (s)

353535

000

-15-15-15
000 555

P −Fc P −Fe P −EFC

F
or
ce
s
(N

)

Dev.
Rob.

Figure 3.37: Comparison of single contacts for all the methods for 200 ms delay and
medium stiffness.
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contact perception is lower. The performance is better for P − Fe. P − EFC with the
explicit force controller proposed in this thesis offers the best contact perception.

It should be noted that although we applied a P − Fc architecture passivated using
TDPA-ER (improved with the gradient method to reduce PC noise) in this section, the
proposed PCR approach is versatile so that any other method mentioned in Section 3.4.1
could be applied as well.

Limitations

The following limitation was identified during the experiments and evaluation of the re-
sults:

Limitation 3.4.1:

Although PCR ensure stability, the saturation of feedback controller force to the coupling
force, which as a result also reduces contact transparency, can be seen as a limitation of
the proposed method.

Objective Achievement

All the plots show stable behavior of the transparency enhancement method. Although
practical limitations were identified during experiments, this section presented a framework
to stabilize user-defined feedback controllers in teleoperation systems (with high and time-
varying delays) to reduce the effects of (i) modeling errors, (ii) energy accumulation and
(iii) PC noise issues of TDPA, which were mentioned as objectives in Section 3.4.1. The
TDPA-ER method chosen for the underlying passive P − Fc architecture is free of energy
accumulation issues. The versatility of the PCR algorithm makes it possible also to use
other methods like wave variables, which are also free of the energy accumulation issue.
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3 Transparency Enhancement in Teleoperation

3.5 Summary

This section introduced and explained two methods to improve the transparency of the
teleoperation part of the shared control framework. Section 3.2 presented a novel non-
linear gain for the force feedforward controller while Section 3.3 improved the transparency
by exploiting explicit force controllers locally at the haptic device. The two methods
were stabilized using model-based and model-independent passivity tools. The limitations
of the passivity tools used in these two sections were addressed in Section 3.4, where a
general framework to stabilize any user-defined feedback controllers using passive coupling
reference was developed. Hardware experiments with varying time-delays and contact
stiffnesses validated the benefits of the methods and led way to the discussions of their
limitations. Five of the limitations identified in Section 3.2 and Section 3.3 were addressed
within the chapter. The final section based on PCR introduced a new limitation based on
the experiment results. This is Limitation 3.4.1, which mentioned that the force feedback
performance of PCR during contacts is limited by the underlying passivity tool used. This
limitation could lead to future research like development of a stable method, which has
high feedback quality during contacts. The next chapter develops the second part of the
adaptive shared control framework, namely, stability in multi-agent robot control with
adaptive authority allocation.

80



3.5 Summary

5 10 15 20 25 30 35 40

-0.4

-0.2

0

0.2

0.4

5 10 15 20 25 30 35 40

-50

0

50

Time (s)

P
os
it
io
n
s
(m
)

F
or
ce
s
(N
)

Dev. Rob.

(a) P −Fc, High Stiffness

10 15 20 25 30 35

-0.4

-0.2

0

0.2

0.4

10 15 20 25 30 35

-50

0

50

Time (s)
Dev. Rob.

P
os
it
io
n
s
(m
)

F
or
ce
s
(N
)

(b) P −Fe, High Stiffness
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Figure 3.38: Positions and forces with 200 ms constant delay for high stiffness.
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Figure 3.39: RMSE of Forces during (a): free motion and (b): contacts. (c): Positions,
forces and time-varying delay for the USB task.
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CHAPTER 4

Multi-Agent Adaptive Shared Control

4.1 Introduction

In Chapter 3, a stable and transparent system was developed, which enabled versatile
and modular teleoperation architectures. This chapter will address the second part of the
shared control framework, namely, stability of a system, where multiple agents command
forces to the robot with varying authority allocation factors. In Section 4.2, the idea of
unity-sum arbitration is explained and a novel system-driven authority allocation method
is developed for the arbitration process. A user-study analyzes the benefits and limitations
of this approach. Later, an analytical method is presented in Section 4.3 to ensure passivity
of a multi-agent control framework with adaptive authority allocation. The arbitration is
implemented by applying scaling on the forces. Later, Section 4.4 presents a new method
for multi-agent adaptive control using varying stiffnesses. Section 4.5 summarizes the
chapter with some insights into future research developments enabled by this work. The
logical flow of the chapter is presented in Fig. 4.1 to give an overview to the reader.

Introduction

Research GapResearch GapResearch Gap

System-driven

Arbitration

Passivity of

Force Scaling

Passivity of

Stiffness Scaling

DiscussionDiscussionDiscussion

Summary

Future Scope

Section 4.2 Section 4.3 Section 4.4

Section 4.1
Section 4.5

Figure 4.1: Overview of Chapter 4
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4.2 System-Driven Adaptive Shared Control

As explained in Section 1.1, different research groups have developed several methods
to adapt the AA factors online for mixed-initiative shared control. Some of them are
human-driven, that is, the operator decides the arbitration process. On the other hand,
in a system-driven arbitration process, the system resolves AA between different control
agents and its timing [Sce96]. In this section, a novel system-driven approach is proposed,
which adaptively allocates authority. The results from a user-study evaluation validates
the benefits of the proposed method. This work is published by the author in [BMC+20].

4.2.1 Research Gap and Objectives

Related Work

In most system-driven arbitration approaches, the authority is distributed between the op-
erator and the ACS in pre-defined manner. It could be using human intention recognition
[DS13, KSB12] and probabilistic approaches [Tra15, PJTKLP10], with fixed process and
measurement noise models. In this section, a novel system-driven arbitration approach is
developed which modifies the AA factors based on real sensor measurement degradation.
In [OGD15], related to the method proposed in the section, the trajectory commanded to
the robot is a weighted sum of the trajectories generated by the ACS and commanded by
the human. However, AA is based on the uncertainty of the autonomous controller using
an a priori noise model.

Problem Description

A priori noise models are applicable only in the case where the noise characteristics of
the sensor remain consistent. However, for many robotics application, this assumption is
rarely guaranteed, for example, in vision-based perception. Using noise models defined a
priori might result in modeling errors in case of time-varying noise characteristics and the
robot will not react to the changes in the real environment adequately. For example, if the
camera measurements degrade significantly due to the robot’s ego motion (occlusions to
the top camera as shown in Fig. 4.2) or in close proximity of the target, the ACS will not
be able to complete the desired task. During such events, the system should allocate more
authority to the operator based on its low confidence of target pose estimation. There has
been no prior research work in the field of mixed-initiative shared control that addresses
system-driven adaptation which depends on real measurement noise.

Figure 4.2: Example of a high precision industrial task during which the camera view is
occluded by the robotic arm itself (right-most).
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Objective

In many of the works in mixed-initiative shared control, the AA factors αt and αa for tele-
operation and ACS, respectively, heuristically assume the unity-sum condition for arbitra-
tion [SCN+21, MH17a]. The following gives the mathematical definition of the unity-sum
arbitration process.

Definition 4.1. (Unity-sum Arbitration) A mixed-initiative shared control system
with authority allocation factors αt and αa for teleoperation and ACS, respectively, is said
to have unity-sum arbitration if

Fr = αtFt + αaFa, αt, αa ∈ [0,1] and αt +αa = 1, (4.73)

where Ft and Fa are the forces produced by the teleoperation system and ACS, respectively
and Fr is the final control force commanded to the robot .

The objective of this section is to decrease αa when measurement degradation occurs
and as a result of (4.73), increase αt = 1 − αa according to the unity-sum arbitration as
per Def. 4.1.

4.2.2 Proposed Method

The ACS is described in the beginning, followed by the limitations of vision-based ACS
and Kalman filters with fixed measurement noise model. To reduce these limitations,
Adaptive Extended Kalman filters are used to achieve the objective.

Automatic Control System

Consider a robot, represented by a mass Mr placed on a surface with viscous damping
Dr, as shown in Fig. 4.3a with reference frame {E} attached to it. The ACS is a spring-
damper coupling, which regulates the position Xr of the robot to a desired target frame{T} which is at a distance X, both measured from a fixed inertial frame {I}. The robot
moves with a velocity Vr due to the forces acting on it by the ACS Fa and damping, that
is:

MrVr = Fa −DrVr,

Fa = Kpa(X −Xr) −KdaVr, (4.74)

Fa Vr

Mr

X

X̃

Xr

{I} {T}

{E}
Dr

Kpa
Kda

ACS

(a) Single-DoF robot.

g

gr

{I}

{T }

{E}
γ(Kp,g,gr)

g̃

(b) Multi-DoF robot

Figure 4.3: Representations of controlled robots
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where Kpa and Kda are the stiffness and damping coefficients of the ACS. With a camera
placed at the inertial frame, a vision-based feedback system provides a noisy measure of
X, denoted as X̃ , which is dashed in Gray in Fig. 4.3a. The ACS force produced with
such a system is written as, Fa =Kpa(X̃ −Xr)−KdaVr. This shows that the stiffness term
gets affected by the degraded measurements and hence makes the ACS vulnerable to it.
This error term might lead to task failure, and more significantly, even increase likelihood
of collisions with the environment.

The concept is now expanded for a multi-DoF manipulator. For a multi-DoF, m-joint
(revolute) redundant manipulator arm, the task of the ACS is to regulate the end-effector
pose, gr ≡ (pr,θr) ∈ SE(3) where, pr ∈ R3 is the translational vector and θr ∈ Q is the
quaternion parameterization of the rotation, and Q ≡ {θ ∈ R4∣ ∣∣θ∣∣ = 1}. The regulation
is performed about a Cartesian setpoint g ≡ (p, θ) ∈ SE(3) as shown in Fig. 4.3b. The
end-effector pose, gr(qr), is the forward kinematics map of its joint configuration qr ∈ Rm,
whose time derivative is written as, V r = J(q)q̇ ∈ R6, where V r is the end-effector body
velocity and J(q) is the corresponding Jacobian map. A vision-based feedback system
provides a noisy measure of g as g̃ ≡ (p̃, θ̃), which is dashed in Fig. 4.3b. The ACS is
implemented as a passivity-based Cartesian PD controller. As presented in Section 2.1.4,
the Cartesian dynamics and control equations can be written as,

Λr(qr)V̇ r +µr(qr, q̇r)V r +Γr(qr, q̇r)V r = F a,

= Kp∆X +Kd∆V , (4.75)

where Λr, µ, Γ and F a refer to the matrices of Cartesian inertia and Coriolis/centrifugal
terms, viscous damping, and Cartesian control forces, respectively, and joint torques are
commanded to robot as, τ = J(q)TF a (see [Mur17, §5.4]). Kp and Kd are diagonal and
positive matrices for Cartesian stiffness and damping, respectively, and ∆X and ∆V are
Cartesian position and rotation errors between g̃ and gr.

Uncertainty in ACS

In this subsection, the dynamic model for a static setpoint frame {T } (see Fig. 4.3b) is
provided and the significance of an adaptive Bayesian filter [Sär13, ch. 2] is outlined. For
the sake of completeness, first a simple zero-acceleration stochastic process model for {T }
is described, whose state is, x = [pT vT θT ωT ]T ∈ R3 × R3 ×Q × R3. The dynamic
model and the output function are written as,

ẋ = f(x) =
⎡⎢⎢⎢⎢⎢⎢⎢⎣

v

νv
1

2
ω ⊗ θ

νω

⎤⎥⎥⎥⎥⎥⎥⎥⎦
, y = h(x) = [p̃

θ̃
], (4.76)

where the velocities v and ω are the inertial linear and body angular velocities respec-
tively, and ⊗ is the quaternion multiplication operator. The process noise in (4.76)

is ν = [νT
v νT

ω ]T ∈ R6 and Q = E(ννT ) is the process covariance, where E(●) is the
stochastic expectation of the argument. The measurement noise model is p̃ = p +µp and

θ̃ = [µθ

1
] ⊗ θ, µ = [µT

p µT
θ
]T ∈ R6, with measurement noise covariance R = E(µµT ).

For Bayesian filtering, (4.76) is used as the stochastic model to provide a filtered pose
ĝ ≡ (p̂, θ̂) corresponding to the state g.
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A full quaternion representation of θ is not admissible in the Bayesian filtering frame-
work due to the unity constraint and results in covariance degeneracy [LEM82]. As a
result, an unconstrained 3-parameter a ∈ R3 is used for the quaternion representation
such that E(a) = 03,1. So, simply by replacing θ with a, we obtain a modified state

X = [pT vT aT ωT ]T , using which we obtain a state error δX = (X − X̂), whose
state covariance is given by P = E(δX(x)δX(x)T ).

In the classical Bayesian pose estimation problem, a priori knowledge of uncertainties in
measurement noise (R) and process noise (Q) is assumed and if the assumption holds, the
automatic controller is fully capable of performing the task by simply using the filtered
pose ĝ. However, in some practical cases, while the physical model uncertainty (Q) is well
known, the measurement uncertainty (R) for a vision-based system, especially in cases
of occlusion and high contrast, is time-varying. This means that there is a time-varying
uncertainty in the setpoint pose (g) about which the ACS regulates. This negatively
affects ĝ and will cause ACS errors as pointed out in Section 4.2.2.

In the common class of Bayesian filters, for example, in the extended Kalman filter
(EKF), the time-evolution of P is independent of real measurements and hence the change
in state uncertainty due to such measurement degradation is not reflected. To address
this issue, adaptive filtering techniques [Meh70, SH13, SN17] are employed here, which
use measurement data (X̃t) to adapt the measurement noise uncertainty (R). Here, the
adaptation is performed using a similar method as in [SN17] for the time t as follows:

R(t) = ηR(t − Ts) + (1 − η)(ǫ(t)ǫ(t)T +HP −(t)H(t)T ), (4.77)

where η ∈ (0,1) is a forgetting factor and ǫ(t) = y − h(x̂) is the measurement residual
obtained after the measurement update [SN17]. H(t) is the Jacobian matrix of the mea-
surement function at time t. P − is the covariance matrix just before the measurement
update. Note that Ts is the sampling period.

By adapting R online in this way, the state covariance matrix P , which depends on
R, gives a reliable uncertainty metric of the regulation state x. Here, without any loss of
generality, the covariance matching adaptive EKF for state estimation is used for exper-
imental evaluation, although any of the other methods, including a particle filter [Sär13,
ch. 7], may be employed as well.

Proposed Arbitration with P (t)
The adaptive Bayesian filter is implemented to map its uncertainty measure to the time-
varying gain, αa, to scale down the ACS forces (in the case of measurement degradation)
and to transfer authority to the human operator who completes the task. To this end, the
authority of the human operator αt, is derived from the time-varying covariance P (t) of
the adaptive Bayesian filter as:

αt(t) =
⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

ξ(P (t))−ξ(P low)

ξ(Phigh)−ξ(P low)
if ξ(P low) ≤ ξ(P (t)) ≤ ξ(P high)

0 if ξ(P (t)) < ξ(P low)
1 if ξ(P (t)) > ξ(P high),

(4.78)

where ξ(●) = log (trace(●)). P low and P high correspond to the state covariance matrices
for good and consistently degraded measurements respectively, which are a priori identi-
fied for the estimation system in hand as follows. Before beginning the task execution, the
adaptive Bayesian filter is allowed to converge, which provides a reliable estimate of P low,

87



4 Multi-Agent Adaptive Shared Control

whereas an upper bound P high is obtained by performing the task using ACS and noting
P (t) when it fails due to consistently degraded measurements. With the unity-sum arbi-
tration law from (4.73), the gain for the ACS forces is then modified as αa(t) = 1 −αt(t).
In summary, when ACS gets degraded measurements, the value of αt increases and the
authority is accordingly shifted to the human operator.

Proposed Shared Control Architecture

For the teleoperation part of the proposed shared control framework, the conventional
4-channel architecture bilateral controller [Law93] is used as shown in Fig. 4.4.
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FcrFcdF̃d
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Tb
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C2

C3 αt αa

Vd Vr VT

P
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Human Device
Device Robot

Robot
ACS Vision

track.Ctrl.Ctrl.Ctrl.
Envm.

Figure 4.4: Signal-flow diagram of the proposed shared control framework.

The contribution (denoted in Blue and Red in Fig. 4.4)) of the work is the enhancement
of the aforementioned teleoperation system by adding the ACS which is based on visual
tracking to form the shared control system. VT is the velocity of the target commanded
to ACS (0 in this case since the target is fixed). P refers to the state covariance defined
in Section 4.2.2. As can be seen, the commanded force to the robot, Fr, is the weighted
sum of teleoperation force Ft and ACS force Fa as per (4.73).

4.2.3 Experiments and Results

A shared control station was set up to validate the feasibility of the proposed method. A
KUKA light-weight-robot (LWR) haptic device and an LWR remote robot were employed
to complete two tasks. The first task T1 was to insert the USB male port (fixed on the
remote robot end-effector) into a USB female port that was fixed on the work table as
shown in Fig. 4.5. Once T1 was complete (which was signaled by a Green LED bulb on
the work-object), the male USB port had to be ejected. The second task T2 was to move
to the other end of the work table and to insert the same USB male port at the remote
robot end-effector into the set-up with a larger insertion point (to simulate a tool changer).
Both tasks, T1 and T2, were executed sequentially with pure teleoperation (TO) and also
with the proposed shared control (SC). In both cases, a round-trip delay of 200ms was
simulated between the haptic device and the remote robot.

The operator station was composed of the haptic device, a monitor with webcam views
of the work environment of the remote robot, a graphical user interface (GUI) to visualize
the current AA factor αt. To further assist the operator, a vibro-tactile feedback was
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USB

male port

Task T1

Task T2

Figure 4.5: Experiment set-up with LWR and task board

provided whenever the authority (αt) crossed the 0.5 value. In SC, the pose of the USB
female port ({T }) was tracked by a vision-based tracker. The ACS moved the remote
robot from its initial position to T1 target point and the haptic device also followed the
remote robot (due to the position coupling of the 4-channel bilateral controller). As the
remote robot end-effector approached T1 target point, the view on the tracked target
was occluded by the remote robot itself (see Fig. 4.2). This led to the deterioration of
measurements from the tracking system, and resulted in a shift in authority from ACS to
the human operator due to the increase in αt, as explained in Section 4.2.2. The human
operator completed the final insertion of the USB male port and then moved towards T2

target point. As soon as the remote robot moved away and the occlusion was removed,
the vision-based tracker started providing good measurements and the covariance of the
adaptive EKF reduced and consequently, αt did so. As a result, the ACS regained control
and helped the human operator approach T2 target point.

In Fig. 4.6, the top plot represents the desired p = [px py pz]T and actual values

pr = [prx pry prz]T of the remote robot tool center point, which shows agreement be-
tween the two, and demonstrates convergence of SC. The second plot shows the position of
the target measured by the vision-based tracker. For clarity, only p̃x is shown, which high-
lights the measurement degradation between 11s − 27s The third plot shows the variation
in ξ(P (t)) with measurement degradation in the same period, which demonstrates the
effectiveness of the adaptive EKF. The fourth plot shows the consequent variation of αt

as per (4.78). It can be seen that when the measurements are degraded, αt increases and
when the measurements are nominal after (T1), αt decreases. This validates the adaptive
SC approach proposed in the section.

User study analysis

To verify the effectiveness of the proposed shared control approach (if it really assists a
human operator) in executing tasks that require high precision (USB insertion), a user
study was conducted.
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Method and Experimental Design

Sample N = 14 male employees of DLR with an average age of 27.93 years (SD= 5.6
years, Range: 22-43 years) participated in the present study after having signed an in-
formed consent form. All the participants had to complete T1, and then T2 as mentioned
in Section 4.2.3. A within-subject design was applied, namely, each subject completed
both TO and SC modes subsequently, with the order of modes counterbalanced across
the participants. There were two trials with both modes, resulting in two experimental
schemes: 1. TO-SC-TO-SC; 2. SC-TO-SC-TO. After having completed a demographic
questionnaire, the subjects were briefly introduced into the concepts of TO and SC. The
tasks described in Section 4.2.3 were explained to them and a training with duration of 5
minutes was conducted to complete the tasks both in the TO and SC modes. After the
training, the actual experimental trials started. After completing a task, subjects were ad-
ministered a brief questionnaire with one item measuring the overall workload (Please rate
your overall workload during the last task, adapted from the OWS scale [VT87], and one
item measuring physical demands (How physically demanding was the last task, adapted
from the NASA-TLX scale [HS88]. Both items were rated on a 20-point bipolar scale
ranging from very low to very high. After having finished the entire experiment, a final
questionnaire with several items on situation awareness during the SC mode was filled out
by participants ( in the 8-point Likert-like response format ranging from does not apply
at all to completely applies).

Data Analysis and Results

The repeated measure analysis of variance (rmANOVA) with Conditions (TO vs. SC) and
Trial (1 vs. 2) as within factors was conducted on completion time, mean forces, mean
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torques, the workload as well as physical demand ratings. Descriptive data (mean M and
standard deviation SD) were calculated for the ratings in the final query.

Based on the objective and subjective data analyzed during the study, the following
results were obtained:

Completion time : RmANOVA revealed a non-significant trend for Condition (F (1,13) =
2.9, p = 0.11), namely, completion times tended to be shorter with SC (M = 64.4s) com-
pared with TO (M = 77.3s). Furthermore, Trial reached significance (F (1,13) = 11.1, p <
0.01), indicating a learning effect from trials 1 to 2.

Mean forces and torques: Regarding mean forces, neither Control (F (1,13) = 0.03)
nor Trial (F (1,13) = 0.14) reached significance. Yet, a significant Control main effect was
found in rmANOVA on mean torques (F (1,13) = 10.7, p < .01), i.e. the average torques
were significantly lower with SC (M= 0.059) compared to TO (M = 0.072).

Subjective Ratings: RmANOVA yielded a significant Control (F (1,13) = 11.6, p <
0.01) and Trial main effect (F (1,13) = 6.57, p < 0.05) on overall workload ratings. Subject
ratings were significantly higher during TO (M= 9.43) compared with SC (M = 5.32) and
the workload was indicated to be lower in the 2. trial (trial 1: 8.25, trial 2: 6.50).
Regarding physical demand, only a Control main effect was evident (F (1,13) = 12.1, p <
0.01), with significantly lower ratings for SC (M = 4.96; TO: M= 9.04).

Situational awareness: Ratings of the final questionnaire on situation awareness (SA)
during SC indicated that subjects mainly felt to be aware of the positions and actions of
the robots (M = 6.43; SD =1.16), felt capable of anticipating robot actions (M =6.0; SD
=1.75), and were mainly aware of the degree of control they had (M =6.29; SD =1.94
). Moreover, they rated the vibro-tactile feedback as being helpful to maintain SA (M
=6.36; SD =2.13). Only the ratings whether the GUI was helpful with regard to SA
reached rather moderate approval (M =4.64; SD =1.99).

4.2.4 Discussion

The insertion of the USB port using TO with delay is a task that requires high accuracy
in both position, orientation and force application. The objective evaluation indicates
that the physical effort has been reduced while implementing the task in the SC mode.
The improvement has been mainly achieved in terms of the amount of torque input (18%
reduction with SC) from the operator since the ACS already places the end-effector USB
port in the right orientation before the human operator gets control. He needs to com-
plete only the final insertion, which is not the case in pure teleoperation where he has to
execute the task from beginning. The subjective evaluation shows significant reduction in
the physical (45.13%) and overall workload (43.58%) of the participants during the task
execution. This can be explained by the fact that in SC mode the participant was relieved
of most of the work and had to intervene only when the autonomous system could not
complete the task. Overall, despite the short training time, the results indicate a reduc-
tion in the completion time (16.7%), torque input from the participant and workload, both
physical and overall, with the SC approach.

Limitations

Limitation 4.2.1:

Although it was generally reported by the participants and was verified in the subjective
and objective analysis that the SC scheme reduced the overall workload of the operators, 3
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out of 14 participants mentioned that an option for human intervention was missing when
αt was very low, and they could not override the ACS commanded robot motion. This is
a limitation of the proposed system-driven adaptation method with unity-sum condition.

Limitation 4.2.2:

The stability for the shared control framework was not analyzed in this work.

In order to address Limitation 4.2.1 and to allow arbitrary modification of αt ∈ [0,1]
and αa ∈ [0,1], without satisfying the condition αt +αa = 1, the passivity properties of
the system will be analyzed in the next section, which also addresses Limitation 4.2.2. If
the arbitration process can be implemented without satisfying the unity-sum condition,
the AA factor for the human operator αt can be modified or even given a constant value
of 1, so that the operator can make corrective measured as and when required. This also
enables guideline G1 from [AMB12] mentioned in Section 1.1.

Objective Achievement

The objective to design a system-driven arbitration algorithm which modifies the AA
factors based on real sensor measurement degradation and satisfying unity-sum arbitra-
tion, has been achieved. The stability for a mixed-initiative shared control system will be
analyzed in the following sections for independent AA factor modification.
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4.3 Multi-Agent Adaptive Control: Force Scaling

Section 4.2 presented a novel method to allocate authority between the operator and the
ACS in the shared control framework. Still, the stability or passivity properties of the
system were not analyzed. Ensuring stability in a system, where forces are scaled without
appropriate scaling of velocity, is not trivial. Also, if the unity-sum condition for the AA
factors αt and αa, that is, αt, αa ∈ [0,1] and αt + αa = 1 is not enforced, there will be
more freedom for arbitration. This section presents an analytical method for guaranteeing
passivity of a mixed-initiative shared control system, which is generalized into a multi-
agent robot control framework with adaptive authority allocation without enforcing the
unity-sum condition. Later, in Chapter 5, the passive components will be combined to
ensure finite-gain stability of the overall system. The work in this section is published by
the author in [BMP+21].

4.3.1 Research Gap and Objectives

Related Work

In the robot control community, the idea of multi-agent control is implemented by ex-
ploiting the superposition of impedances [Hog85, BS98, PRW11] for a torque-controlled
robot. Specifically, the superposition principle guarantees that the combination of differ-
ent agents with impedance causality can be implemented by summing up the individual
control forces. The idea is largely applied to resolve redundancy in Degrees-of-Freedom
(DoF) of a robot through a hierarchy of prioritized tasks [DO20, PRW11].
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Controllers

for a Robot

Env.

Trajectory Gen.

Virtual Fix.

Teleoperation
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with

(Ctrl. 1...n)

Figure 4.7: A modular framework to interface multi-agent controllers with Adaptive Au-
thority Allocation (AAA) for a robot.

There is also growing interest for multi-agent control topology in the shared control
domain [LK07, EK09, BMC+20, LBS+20, WMPH+18] and multi-lateral control [PBA15,
LS13, PBA+17]. An example of multi-agent control is shown in Fig. 4.7, where the agents
are teleoperator, a trajectory generator and a virtual fixture. This represents an example
of mixed-initiative and where each agent provides a desired velocity to its controller and
allocation of authority needs to be designed in a stable manner.

A preliminary dynamics-based approach for a mixed-initiative system was proposed in
[EK09], wherein the AA factors alternatively modulated the commanded forces. However,
the conditions of stability were not analyzed. For time-delayed teleoperation with variable
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force and velocity scaling, passivity was ensured in [PB19] using TDPA, however, we
considered only a single controller.

Problem Description

Consider a physical system of a 1-DoF robot of mass M (on a surface with damping D)
representing a robot, being controlled by two impedance controllers (Ctrl. i, i = 1,2),
parameterized as (Kpi,Kdi), which are the spring and damping gains respectively. Note
that, the notion of superposition on impedances means that the net force is a sum of both
controllers as shown in Fig. 4.8. Vci is the desired velocity commanded to the Ctrl. i which
produces forces Fci. The mass moves with a velocity V due to the net forces from these
controllers and the force Fe due to its interaction with the environment with impedance
Ze. The same system in its port-network representation [VV65] is shown in Fig. 4.9.

Fe

V
M

D
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Fc1

Fc1

Fc2

Fc2Vc2

Vc1 Ctrl. 1

Ctrl. 2

Kp1

Kd1

Kp2

Kd2

Figure 4.8: Physical representation of a 1-DoF robot moved by two controllers.
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Figure 4.9: Port-network representation of a 1-DoF robot moved by two controllers.

The equations of motion of the robot and the controller forces are:

MV̇ = Fc1 +Fc2 −Fe −DV,

Fc1 = Kp1(Xc1 −X) +Kd1(Vc1 − V ),
Fc2 = Kp2(Xc2 −X) +Kd2(Vc2 − V ), (4.79)

where X is the position of the robot and Xci are the positions commanded to the two
controllers. To analyze the passivity of this system, consider the storage function,

Ss = 1

2
MV 2 + 1

2
Kp1(Xc1 −X)2 + 1

2
Kp2(Xc2 −X)2,
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which is its total physical energy. Taking the time derivative of the storage function Ss,
and using (4.79) we get,

Ṡs = VMV̇ +Kp1(Xc1 −X)(Vc1 − V ) +Kp2(Xc2 −X)(Vc2 − V )
= Vc1Fc1 + Vc2Fc2 − V Fe −DV 2

− Kd1(Vc1 − V )2 −Kd2(Vc2 − V )2, (4.80)

which is passive for the input u = (Vc1, Vc2,−Fe) and output y = (Fc1, Fc2, V ) with storage
function Ss (2.5).

F1

V2V1 = βV2

F2 = αF1

α

β

Figure 4.10: Power scaling represented as a 2-port network

Now, consider a scaling 2-port as shown in Fig. 4.10, where the force at the left port
F1 is scaled by a variable gain α(t) and is the output at the right port, i.e. F2 = αF1.
Similarly, the velocity V2 at the right port is scaled by a variable gain β(t) and is output
at the left port1, i.e. V1 = βV2. This scaling 2-port is added in the system in Fig. 4.9 for
each controller to enable a mixed-initiative control structure as shown in Fig. 4.11. The
final force Fm commanded to the robot is the weighted sum of the two controller forces,
i.e. Fm = α1Fc1+α2Fc2. At the same time, the velocities are scaled with the variable gains
β1 and β2 as shown in Fig. 4.11.
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Ctrl. 2
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Figure 4.11: Port-network representation of a 1-DoF robot moved by two controllers with
scaling.

The same approach as above is followed to analyze passivity of the system with scaling.
The modified equations of robot motion and the controller forces are now:

MV̇ = α1Fc1 + α2Fc2 − Fe −DV,

Fc1 = Kp1(Xc1 − β1X) +Kd1(Vc1 − β1V ),
Fc2 = Kp2(Xc2 − β2X) +Kd2(Vc2 − β2V ). (4.81)

1For ease of reading, time dependency of the gains will be not written explicitly from now on.
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Consider the new storage function SSC (total physical energy), where

Ssc = 1

2
MV 2 + 1

2
Kp1(Xc1 − β1X)2 + 1

2
Kp2(Xc2 − β2X)2.

Taking the time derivative of the storage function Ssc, and using (4.81) we get,

Ṡsc = Vc1Fc1 + Vc2Fc2 − V Fe −DV 2

− Kd1(Vc1 − β1V )2 −Kd2(Vc2 − β2V )2
+ (α1 − β1)Fc1V − β̇1XKp1(Xc1 − β1X)
+ (α2 − β2)Fc2V − β̇2XKp2(Xc2 − β2X), (4.82)

which is not passive due to the additional sign-indefinite terms appearing due to the scaling
terms (see (2.5)). Note that for constant gains with αi = βi, the scaling is equivalent to
an ideal electrical transformer or a mechanical gear/lever arm, both of them being passive
as shown in (4.80). This passive behavior is violated with the addition of scaling. A two-
agent controlled robot is simulated with and without scaling and the results are shown
in Fig. 4.12. The forces and velocities are not scaled in Fig. 4.12a. Xc1 and Xc2 are the
commanded positions from the two agents and X is the resulting position of the robot,
which makes contacts with a wall at Xw. The second plot shows the unity gains for the
forces and velocities, while the last plot shows the passive behavior with Ps ≤ 0, where
Ps = Ṡs−uT y from (4.80). With the addition of force scaling, the passivity of the system is
disrupted, which is shown by the positive values of Psc = Ṡsc−uT y in Fig. 4.12b highlighted
in the Red dashed box.

To summarize: Without scaling (in Fig. 4.9), the multi-agent controller robot is passive.
But when scaling is added in the system (constant or varying) as in Fig. 4.11, the passivity
condition is violated.

Objective

The objective of this section is to design a model-independent passive architecture for
multi-agent robot control with mixed-initiative approach. The AA factors should be
independently adaptable (without enforcing the unity-sum arbitration condition). The
approach has to be modular so that it can be applied to a variety of scenarios.

4.3.2 Proposed Method

An analytical method to inject damping to passivate the system is presented here. In
(4.82), the sign-indefinite terms (αi − βi)FciV − β̇iXKpi(Xdi − βiX) are independent of
the time derivative of the force scaling factors (α̇i) (for i = 1,2). In mixed-initiative shared
control, the robot is finally controlled by the weighted sum of the forces produced by the
different controllers based on the authorities allocated to them. So, only the variation of
the force gains αi are considered and the velocity scaling factors are given values βi = 1.
Passivity of a single controller with scaling

First, the scaling 2-port shown in Fig. 4.10 is added to a single-agent robot control as
shown in Fig. 4.13. with the scaling port and unity velocity scaling (β = 1), the equations
for the robot motion and the controller are:

MV̇ = αFc − Fe −DV,

Fc = Kp(Xc −X) +Kd(Vc − V ). (4.83)
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(a) α1 = α2 = β1 = β2 = 1. Passivity shown by Ps = Ṡs −
uT y ≤ 0
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(b) α1 = varying, α2 = 1 − α1, β1,2 = 1. Not passive as

Psc = Ṡs − uT y ≰ 0
Figure 4.12: Passivity and activity for different scaling. Xw is the position of the environ-

ment.

To evaluate passivity of this single-agent controlled robot, the total energy is taken as
the storage function Sos similar to (4.82) and the time derivative of the storage function
is calculated:

Sos = 1

2
MV 2 + 1

2
Kp(Xc −X)2,

Ṡos = VdFc − V Fe −DV 2 −Kd(Vc − V )2 + (α − 1)FcV.

This system is passive for the inputs (Vc,−Fe) and outputs (Fc, V ) if Ps = (α−1)FcV ≤ 0.
A new damping element Ds is added such that the additional power flowing from the robot
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Figure 4.13: Single-agent controlled robot with force scaling

to the controller is dissipated. The value of Ds is computed by:

1

Ds

= { Ps

F 2
c

if Ps > 0,
0 else,

(4.84)

The value of 1
Ds
= 0 in electrical representation means an open circuit and in mechanical

systems means a pure loss-less connection. This damping element is added to the system
and is presented in Fig. 4.14. Note that the velocity entering the controller, denoted as
Vn, has to be modified accordingly, and is given by,

Vn = V − Fc

Ds

. (4.85)

Therefore, with this additional damping, the controller does not see the real velocity of
the robot V . It sees only the modified velocity Vn as per (4.85). This will lead to position
drift and is a limitation of this method although the approach ensures system passivity.
A solution to reduce the effects of this limitation will be presented in the next section.

V

αFcFc Fc Fe

Vc Vn V V

Ds RobotController Scaling

Figure 4.14: Controlled robot with scaling and damping for passivity

Passivity of a multi-agent control with AAA

A multi-agent robot control architecture is now designed by combining n single-agent
systems (which are individually passive) from Fig. 4.14 and the weighted sum of the forces
from all the individual controllers, Faa = α1Fc1 + .. + αnFcn is commanded to the robot by
the adaptive authority allocation port (AAA) as shown in Fig. 4.15. The equation of
motion of the robot, as a result is:

MV̇ = Faa −Fe −DV. (4.86)
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Considering the velocity Vni for the controllers due to the additional damping Dsi, and
taking the total energy of this system Saa which is given by:

Saa = MV 2

2
+ n

∑
i=1

Kpi(Xci −Xni)2
2

, (4.87)

the time derivative of Saa can be finally derived to be:

Ṡaa = n

∑
i=1

VciFci − V Fe −DV 2, (4.88)

which is passive with inputs (Vc1..n,−Fe) and outputs (Fc1..n, V ). This can be seen in
the simulation result shown in Fig. 4.16, for similar conditions presented in Fig. 4.12 in
Section 4.3.1. As it can be seen in the bottom plot, the proposed method makes the two-
agent robot control with varying AA factors passive with Paa = Ṡaa −∑n

1 VciFci − V Fe ≤ 0.

Fc1Fc1

FcnFcn

Fe

V

V

Vc1

Vcn

Vn1

Vnn

V V
Ds1

Ds2

Robot

Ctrl. 1

Ctrl. n

α1Fc1 + .. + α2FcnAAA

Figure 4.15: Multi-agent robot control with varying AA factors ensured passive.

Extension to multiple-DoF manipulators

As described in (2.22), for a m-joint manipulator, the gravity-compensated Cartesian
dynamics is:

Λ(q)V̇ +µ(q, q̇)V +ΓV = F aa −F e,

where Λ,µ,Γ ∈ Rc×c, are the matrices of inertia, Coriolis/centrifugal terms and viscous
damping, respectively with q ∈ Rm and V ∈ Rc being the joint-space configuration and the
end-effector velocity, respectively. The external wrench (measured) at the manipulator’s
end-effector is F e ∈ Rc, and F aa ∈ Rc is the coupling wrench, which is the weighted sum of
the wrenches from different controllers. Note that the AA factors α can be scalar values,
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Figure 4.16: Simulation: Positions and power for the system in Fig. 4.15. α1 =
varying, α2 = 1 − α1, β1,2 = 1

which scale the magnitudes of the wrenches, respectively, or might be generalized as c × c
matrices for finer AA in each DoF. Choosing the storage function as the total energy as
in (4.87) for the robot and the n controllers,

SR = 1

2
V TΛV + n

∑
i=1

1

2
∆XT

i Kpi∆Xi,

where Kpi, ∈ Rc×c is the constant positive-definite matrix of the Cartesian stiffness and
∆Xi are the pose errors for the end-effector. Taking the time-derivative of SR, and
exploiting the passivity property of Euler-Lagrange systems, i.e, V T (Λ̇ − 2µ)V = 0, we
obtain the passivity conditions, which are the same as in (4.88) for the 1-DoF case as
explained in Section 2.1.4. Therefore, by ensuring passivity of the c Cartesian DoFs
separately, the passivity of the manipulator controlled by multiple agents can be ensured.

4.3.3 Experiments and Results

The multi-agent control framework was validated on an LWR and the results are presented
in Fig. 4.17. Two end-effector controllers were used to command the LWR to move on
circular trajectories in the Cartesian Y Z plane. The first controller had a desired circular
trajectory with 20 cm diameter and frequency 1 rad/s. The second controller had the
same diameter for the circle, but with a frequency of 2.7 rad/s. For the controllers, pro-
portional gains of Kpt = diag[1500,1500,1500] N/m and Kpr = diag[20,20,20] Nm/rad
were chosen for translations and rotations, respectively. The damping gains were Kdt =
diag[10,10,10] Ns/m and Kdr = diag[1,1,1] Nms/rad for translations and rotations,
respectively. The robot made contacts with a compliant physical wall placed at 10 cm.
The desired trajectories and the robot position are shown in the top row of Fig. 4.17. The
wrenches produced by the two controllers were summed up with varying gains α1 and α2

(middle row). The experimental validation of passivity is shown in the last row where it
can be seen that passivity is violated without the proposed method, that is, Paa ≰ 0. On
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Figure 4.17: Hardware experiments: Positions and power, α1 = varying, α2 = 1−α1, β1,2 = 1

the other hand, with the proposed method, passivity is ensured, as was also shown for
simulations in Fig. 4.16.

4.3.4 Discussion

The multi-agent controller with adaptive authority allocation was ensured to be passive
as shown by the simulation and hardware experiments. The multi-agent controlled robot
is represented as an n-port, which makes the system highly modular and more agents can
be added by adding new ports. This modularity of the multi-agent robot control system
enables it application in different robot control domains. This is very useful for this thesis
and this modularity will be used in the adaptive shared control framework in Chapter 5.
Another benefit derived from this section is that the generally used unity-sum condition
for the AA factors need not be enforced for a shared controlled system to be passive as
it was generalized in this section. This gives more freedom for arbitration, which allows
different research groups to apply their allocation algorithms within this framework. As
mentioned after (4.85), the additional damping required to ensure passivity of the scaling
port introduces position drifts in the system, which will affect the system behavior. There
exist methods to remove position drifts that arise due to additional damping developed
for admittance type POPC architectures [CSM+18]. Although these methods can be used
to reduce the effects the position drifts, this work mainly focuses on analyzing the pure
system behavior with force scaling (compared to stiffness scaling in the next chapter).
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Reducing position drifts due to scaling of forces will be considered in future work.

Limitations

Limitation 4.3.1:

The proposed method that uses a scaling port and additional damping to ensure its pas-
sivity introduces position drifts in the system.

Objective Achievement

The objective of ensuring passivity for a general multi-agent robot control system has been
achieved. The passivity conditions are valid for independent adaptation of AA factors,
which obviates the need for the unity-sum arbitration condition. The representation of the
multi-agent control system as an n-port network provides a modular nature that allows
different agents to be connected to the framework.

102



4.4 Multi-Agent Adaptive Control: Stiffness Scaling

4.4 Multi-Agent Adaptive Control: Stiffness Scaling

Although the analytical damping injection proposed in Section 4.3 for adaptive scaling of
forces of multiple controllers ensures passivity of the system, it leads to position drifts. In
this section a different view is taken on the same multi-agent control problem, whereby the
controller stiffness is modified, rather than using force scaling. The passivity properties
of such a system is analyzed and a gain-gradient limitation method is proposed to ensure
passivity. A comparison on the performance of both force scaling and stiffness scaling
approaches is performed using hardware experiments. Discussions present the benefits
and limitations of this method. Based on these passivity properties, Chapter 5 avails
these methods to form the adaptive shared control framework.

4.4.1 Research Gap and Objectives

Related Work

Adaptive controllers have been used since long to vary impedance and admittance of
robotic manipulators. The stability and passivity properties for human-robot interaction
with variable admittance was published in [FTLS+19]. In [CSG93], a Cartesian variable
impedance control was proposed and [FSF13] proposed a variable stiffness controller whose
passivity was ensured using energy tanks. Non-linear adaptive controllers for rehabilita-
tion tasks was proposed in [OP14]. This concept was extended to teleoperation systems,
where the stiffness of the controller was adapted online and proposed the concept of tele-
impedance [ATB12]. The gains of multiple tasks was varied in [MRP+21] and the stability
was ensured using energy tanks. Although the concept of varying stiffness has been ap-
plied in many robotics domains, to the best of the author’s knowledge, it has not been
applied in mixed-initiative shared control for adaptive authority allocation.

Problem Description

In Section 4.3, the adaptive multi-agent system was formulated using multiple controllers,
whose forces were scaled and added before commanding to the robot. The passivity
disruption caused due to force scaling without appropriate velocity scaling was solved by
introducing additional damping into the system, as summarized in Fig. 4.15. It is evident
that the controllers do not receive the real velocity of the robot V . Due to the additional
damping Dsn, there is a leakage of velocity and the controllers receive velocities Vnn. This
means that the controller integrates the velocity Vnn and produces forces Fcn to track
Vnn to the desired velocity Vcn. This will lead to a position drift and affect the system
performance if the force scaling of a controller is reduced to a very low value and then
increased to a higher value to give higher control authority to the controller.

The mechanical equivalent of the damping Dsn from Fig. 4.14 added in parallel to
the controller is shown in Fig. 4.18. As explained, the spring-damper coupling does not
perceive the real velocity V (and the position X) of the robot M , but the modified velocity
Vnn. This mechanical analogy will support the reader’s understanding of the proposed
solution.

The position drift caused due to the scaling of forces and the required damping injection
for a simulated single controller and robot is shown in Fig. 4.19. The desired position of
the controller is Xd and the robot position is X. The robot interacts with a wall at Xw.
The controller stiffness is 500 N/m and has a damping of 10 Ns/m. The forces from the
controller has been scaled by a fixed value α = 0.5.
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Figure 4.18: Mechanical equivalent of adding Dsn in parallel to the controller
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Figure 4.19: Single agent simulation of force scaling showing position drift

To summarize: Using additional damping in the system parallel to the controller and
force scaling for adaptive authority allocation leads to position drifts, which affects system
performance negatively.

Objectives

The aim of this section is to propose a general multi-agent robot control with adaptive
authority allocation without the use of force scaling. This is to reduce the position drifts
and at the same time, ensure passivity of the system.

4.4.2 Proposed Method

In this section, the adaptive authority allocation for multi-agent control is framed as
multiple adaptive-stiffness controller problem, which does not produce the aforementioned
position drifts. The passivity disruption factors, which arise as a result, are removed by
limiting the rate at which the AA factors change.

Adaptive Authority Allocation with Adaptive Controllers

When the authority for an agent on the robot has to be reduced, the forces produced
by the controller can be scaled down, as was shown in Section 4.3. Also, to increase the
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authority, the force scaling can be increased. Instead of scaling the forces, the same effect
can be produced by varying the stiffness and damping terms of the controllers accordingly.
Consider the robot controlled by two agents in Fig. 4.15. Instead of using the scaling 3-
port, the gains of the controller can be modified and the forces can be directly added and
commanded to the robot. Let the forces produced by the controllers with unity AA factors
be F ′c1 and F ′c2. With the AA factors α1 and α2 for each of the controllers, let the output
forces from the controllers be Fc1 and Fc2. That is:

F ′c1 = Kp1(Xd1 −X) +Kd1(Vd1 − V )
F ′c2 = Kp2(Xd2 −X) +Kd2(Vd2 − V )

Fc1 + Fc2 = α1Kp1(Xd1 −X) + α1Kd1(Vd1 − V )
+ α2Kp2(Xd2 −X) + α2Kd2(Vd2 − V )
= α1F

′
c1 +α2F

′
c2 (4.89)

This idea for multi-agent controller is presented in Fig. 4.20. Note that the final force
commanded to the robot is Fc1 + Fc2, which already incorporated the gain adaptation.

Fc1Fc1

Fc2Fc2

Fe

V

V

Vd1

Vd2

V V

Robot

Ctrl. 1

Ctrl. 2

Fc1 + Fc2

α1Kp1, α1Kd1

α2Kp2, α2Kd2

Sum

Figure 4.20: Adaptation of controller gains as in (4.89).

The mechanical equivalent of the adaptive gain controllers for a single-DoF system
corresponding to the scaling solution from Fig. 4.18 is shown in Fig. 4.21. Note that in
this case, the robot is connected directly to the adaptive spring-damper coupling which
does not lead to a velocity leak and corresponding position drift.
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Figure 4.21: Mechanical equivalent of adaptive gain coupling controller
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The same system as in Fig. 4.19 is now simulated with a stiffness of 250 N/m and a
damping of 5 Ns/m. The effect of α = 0.5 is reproduced by reducing the gains to half.
The results of the simulation are shown in Fig. 4.22. Note that the position drift has been
removed completely.
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Figure 4.22: Single agent simulation with adaptive gains produces no position drift

The simulations in Fig. 4.19 and Fig. 4.22 had fixed gain reduction. The desired shared
control system should enable varying authority allocation as shown in the multi-agent
control system proposed in Section 4.3. Now the passivity properties of the multi-agent
robot control with adaptive gains will be analyzed.

Passivity of multi-agent control with adaptive stiffness

Let the robot with mass M on a surface with damping D be controlled by n agents, who
provide the desired velocity Vci to the respective controller Ctrl. i and (i = 1,2, .., n). As a
result, the robot moves with a velocity V and interacts with the environment, to produce a
force Fe. To adapt the authority of each controller, the gains of the controllers are modified
with values αi(t), with {αi(t) ∈ R ∶ 0 ≤ αi(t) ≤ 1}. For brevity, the time dependency of
the gains αi will not be mentioned in the analysis. Note that for this analysis and the
following proposed method, only the stiffness is varied by the gain αi and the damping
coefficients are left unchanged. The reason for this will be explained later. The equations
of motion of the robot and the controller forces are:

MV̇ = n

∑
i=1

Fci −Fe −DV,

Fci = αiKpi(Xci −X) +Kdi(Vci − V ). (4.90)

To analyze the passivity of this system, consider the total energy of the system Sag:

Sag = 1

2
MV 2 + n

∑
i=1

1

2
αiKpi(Xci −X)2, (4.91)
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which is the sum of the kinetic energy of the robot and the potential energies stored in
the controllers. From (4.90) and (4.91), the time derivative of Sag can be derived as:

Ṡag = VMV̇ + n

∑
i=1

αiKpi(Xci −X)(Vci − V ) + n

∑
i=1

1

2
α̇iKpi(Xci −X)2,

= n

∑
i=1

FciVci − FeV − n

∑
i=1

Kdi(Vci − V )2 −DV 2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Passive

+ n

∑
i=1

1

2
α̇iKpi(Xci −X)2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
Sign-indefinite

, (4.92)

which makes the system non-passive according to Def. 2.2 due to the sign-indefinite terms
appearing from the change in αi. Note that with Kpi and (Xci − X)2 being positive,
the system violates the passivity property only when α̇i > 0. This means, only when the
control authority of an agent is increasing, the system becomes non-passive.

The violation of passivity for a single-agent controller with time-varying gains has been
shown in the following simulations. In Fig. 4.23, the stiffness gain is fixed at α1 = 0.5 as
in Fig. 4.22 and as a result, the system is still passive as seen with the negative value of
Ps = Ṡag −FcVc − FeV in the bottom plot.

The disruption of passivity for time-varying α1 gain is shown in Fig. 4.24. The gain for
the stiffness is varied in a linear manner going from 1 to 0 with a slope α̇1 = −1 and then
rising from 0 to 1 with a slope α̇1 = 1. In both cases, although there is no position drift,
the disruption of passivity is seen on the bottom plot with Ps = Ṡag −FcVc −FeV > 0 when
α̇1 > 0, as per (4.92).

To still ensure passivity of the system with varying controller gains, a novel method is
proposed here which limits the gradient of the gain based on the available damping in the
system.
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Figure 4.23: Single agent simulation with fixed stiffness produces no position drift and the
system is passive

107



4 Multi-Agent Adaptive Shared Control

0 2 4 6 8 10 12 14 16 18 20

-20

0

20

40

0 2 4 6 8 10 12 14 16 18 20

-1

0

1

2

3

0 2 4 6 8 10 12 14 16 18 20

-5000

0

5000

P
os
it
io
n
s
(m
)

Time (s)

Xc X Xw

α
1

P
s

Figure 4.24: Single agent simulation with adaptive gain α̇1 = 1

Gain-Gradient Limitation for Passivity

As derived in (4.92), the sign-indefinite power term Psi for each agent i, which violates
the passivity is given by:

Psi = 1

2
α̇iKpi(Xci −X)2, (4.93)

and it violates passivity only when α̇i > 0. The passivity preserving term Ppi from
damping in each controller i is given by:

Ppi =Kdi(Vci − V )2, (4.94)

which can dissipate a power Ppi = Kdi(Vci − V )2. So, if the sign-indefinite power Psi

is limited by this value when Psi is positive, then the system will still be passive. This
condition is given by:

1

2
α̇iKpi(Xci −X)2 ≤ Kdi(Vci − V )2,

α̇i ≤ 2Kdi(Vci − V )2
Kpi(Xci −X)2 (4.95)

So, the final gain gradient α̇i
′ that can be applied to ensure passivity, is given by:

α̇i
′ =
⎧⎪⎪⎨⎪⎪⎩

min(α̇i,
2Kdi(Vci−V )

2

Kpi(Xci−X)2
) if α̇i > 0,

α̇i else,
(4.96)

If the damping gain of the controller would also be scaled by the value αi, the condi-

tion for gain-gradient limitation would have been α̇i ≤ 2αiKdi(Vci−V )
2

Kpi(Xci−X)2
. This means that

once αi has become zero, it would be stuck there since the allowed increase would be
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2αiKdi(Vci−V )
2

Kpi(Xci−X)2
) = 0. This is the reason why only the stiffness gains of the controllers are

adapted.

The proposed method to limit the gradient of α1 for a single controller is shown in
Fig. 4.25. As in Fig. 4.24, the gain is commanded with a gradient of α̇1 = −1,+1, for the
same system. Note that during reduction of α1, the system is passive and therefore, its
value can be reduced as desired. But during the increasing phase, the gradient of this gain
is limited and as a result, the system remains passive.
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Figure 4.25: Single agent simulation with adaptive gain α̇1 = −1,+1. Gain-gradient limi-
tation makes the system passive.

Now, the simulation for multi-agent control will be considered. The same robot from
the previous simulations is controlled by two controllers with desired positions Xc1 and
Xc2. The stiffness of the two controllers are modified by the gains α1 and α2. Without
the proposed method of limiting the gain gradients, the system goes highly non-passive as
seen in Fig. 4.26.

The proposed method is applied individually on each of the controllers and the gain-
gradients are limited as per (4.96) and the results are presented in Fig. 4.27. Note that
now, with the proposed method, the system is always passive.

4.4.3 Experiments and Results

The proposed adaptive-stiffness multi-agent controller is applied on an LWR as shown in
Fig. 4.28, which is controlled by two agents and their controllers:

• Agent 1: An impedance controller which regulates the position of the robot’s end
effector to a desired set-point in the Cartesian space. The AA factor for agent 1 is
α1.

• Agent 2: An impedance tracking controller which commands the robot end-effector
to move on circular trajectories in the Cartesian X − Y plane with a diameter of 15
cm and frequency of 1 Hz. The AA factor for agent 2 is α2.
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Figure 4.26: Two-agent simulation with adaptive gains α̇1 = 1 and α̇2 = 2. System is non-
passive
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Figure 4.27: Two-agent simulation with adaptive gains α̇1 = 1/ms and α̇2 = 2/ms. System
is ensured passive by limiting the gain gradients.

For both controllers, initial proportional gains of Kpt = diag[500,500,500] N/m and
Kpr = diag[10,10,10] Nm/rad were chosen for translations and rotations, respectively.
The damping gains were Kdt = diag[10,10,10] Ns/m and Kdr = diag[1,1,1] Nms/rad
for translations and rotations, respectively. The gains α1 was modified in linear manner
from 1 to 0 and then, from 0 to 1. α2 was assigned a constant value of 1, to clearly identify
the performance improvement produced by the proposed method. The wrenches produced
by the two controllers were added and commanded to the robot. The desired trajectories
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Figure 4.28: Multi-agent end-effector control of LWR

and the robot position are shown in the top row of Fig. 4.29 to Fig. 4.32. The change
in the gain α1 is shown in all the figures in the middle plot, while in all the figures, the
last row shows the passivity condition. To show the benefit of the gain-gradient limitation
method proposed in this section compared to the damping injection from Section 4.3, the
motion of the robot end-effector in the Cartesian X −Y plane is presented in these figures
on the right corner. The Green ● shows the desired point for the first agent and the Red
circle shows the trajectory commanded by the second agent. Note that a position drift is
caused when the AA factor α1 of agent 1 is first reduced (when agent 2 moves the robot)
and then increased, but the robot does not pass through the desired ● of the first agent.
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Figure 4.29: Hardware experiment with force scaling from Section 4.3 and damping in-
jection deactivated, which disrupts passivity. The X − Y motion shows no
position drift due to the absence of damping
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Figure 4.30: Hardware experiment with force scaling from Section 4.3 and damping injec-
tion activated, which produces passive behavior. But the X−Y motion shows
position drift due to the damping to ensure passivity
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Figure 4.31: Hardware experiment with stiffness scaling from Section 4.4 and gain-gradient
limitation deactivated, which disrupts passivity. The X −Y motion shows no
position drift due to the adaptive stiffness approach
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Figure 4.32: Hardware experiment with stiffness scaling from Section 4.4 and gain-gradient
method activated, which produces passive behavior. The X−Y motion shows
no position drift due to the gain-gradient limitation method to ensure pas-
sivity. But the gain modification is slower than desired.

4.4.4 Discussion

The experimental validation of passivity is shown in the last row in figures Fig. 4.29 to
Fig. 4.32, where it can be seen that passivity is violated without the proposed methods,
that is, Ps ≰ 0 in Fig. 4.29 and Fig. 4.31. On the other hand, with the proposed methods,
passivity is ensured in Fig. 4.30 and Fig. 4.32. As shown in the X −Y motion plots, com-
pared to the damping injection method in Fig. 4.30, the proposed gain-gradient method
removes the position drift which was the main objective for this section.

However, the gain-gradient method that ensures passivity, limits the rate of increase in
AA factors, which might be problematic in case the control authority should be distributed
in a rapid manner. However, unlike in other application of variable stiffness controllers, the
increase in the values of AA factors for arbitration in shared might not be time-sensitive
in most cases.

On the other hand, the damping injection of the force scaling method from Section 4.3
does not have any limitation for the rate of increase in AA factors. So, the choice of the
method depends on the task at hand. If one of the agents is a human operator who gets
visual feedback and can compensate for the position drifts, the method from Section 4.3
might be a good solution. For autonomous control systems, which are more sensitive
against position drifts, the adaptive stiffness method from this section might be a possible
solution.

Limitations

Limitation 4.4.1:

The gain-gradient control for ensuring passivity of the adaptive stiffness method proposed
in this section limits the rate of increase of AA factors.
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Objective Achievement

In terms of removing the position drift caused by the damping injection from previous sec-
tion while maintaining passivity of the multi-agent robot control with adaptive authority
allocation, the objective has been achieved with the adaptive stiffness and gain-gradient
limitation methods.

4.5 Summary

Chapter 4 first introduced the concept of unity-sum arbitration and used it to allocate au-
thorities between a teleoperation system and ACS in a system-driven approach. The novel
system-driven authority allocation from Section 4.2 depends on real sensor measurement
quality, which had not been researched earlier. This method can be applied not only in
robotics, but also in other fields of shared control, for example, autonomous vehicles with
human intervention capabilities. The user-study analysis showed improved performance
for the USB insertion task with shared control, compared to pure teleoperation. The task
completion times, objective evaluation and subjective measurement of effort showed better
results. However, the unity-sum arbitration process resulted in operators not having the
freedom to intervene as and when desired. This posed a new question: Is the unity-sum
arbitration necessary? How is the passivity of the adaptive shared control system depen-
dent on the AA factors? To answer these questions and to ensure stability of the adaptive
shared control system, the passivity properties of a general multi-agent control with force
scaling was analyzed in Section 4.3. The passivity disrupting terms were identified and
compensated with damping injection, which resulted in position drifts. To reduce the
position drifts, the adaptive authority allocation problem was formulated as an adaptive
stiffness problem in Section 4.4. A novel gain-gradient limitation method ensured passivity
of the system. The benefits of the adaptive stiffness method compared to the force scaling
method were validated with simulations and hardware experiments. For the gain-gradient
passivity approach, the limitation is that the AA factors can be increased only at a limited
rate, which might not be a serious issue in shared control, where arbitration process is
not time sensitive in most cases. Combining the damping injection from Section 4.3 with
the gain-gradient method from Section 4.4 in task-specific optimized manner is a possible
future extension of this chapter. The main take-aways from this chapter are:

1. Unity-sum arbitration is not a necessity to ensure stability of adaptive shared control.
This gives more flexibility to modify the AA factors.

2. The system-driven adaptive shared control method can be applied not only in
robotics, but also in other fields of human-machine interaction.

3. With the multi-agent control system designed as a multi-port system with adaptive
AA factors, different kinds of agents (regulation, tracking, teleoperation) and any
form of arbitration method (system-driven or human-driven) can be incorporated
for shared control.

In the next chapter, the multi-agent framework from this chapter and the transparent
teleoperation system from Chapter 3 will be combined in a modular manner to produce
the final outcome of this thesis, namely, the stable and transparent framework for adaptive
shared control.
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CHAPTER 5

Stable and Transparent Shared Control Framework

5.1 Introduction

The goal of this thesis was to develop a stable and transparent framework for adaptive
shared control. To reach this goal, Chapter 3 developed methods to improve the trans-
parency of the teleoperation part of shared control, while maintaining system stability.
Chapter 4 presented the passive combination of multiple control agents whose authority
on the robot was adaptable. This chapter presents the culmination of all the research in
this thesis. As summarized in Fig. 5.1, the transparent teleoperation system will be com-
bined with ACS in a stable manner giving rise to the Stable and transparent framework
for adaptive shared control.

Research GapResearch GapResearch Gap

Research GapResearch GapResearch Gap

Chapter 3: Transparency Enhancement in Teleoperation

Chapter 4: Multi-Agent Adaptive Shared Control

Chapter 5:

Stable and Transparent Framework

Passive combination of components

Results

Non-linear Local

Force Feedback

Explicit Force

Controller

Stability with

PCR

System-driven

Arbitration

Passivity of

Force Scaling

Passivity of

Stiffness Scaling

LimitationsLimitationsLimitations

LimitationsLimitationsLimitations

Validation

Discussion

Section 3.2 Section 3.3 Section 3.4

Section 4.2 Section 4.3 Section 4.4

Figure 5.1: Overview of Chapter 5
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5 Stable and Transparent Shared Control Framework

5.2 Passivity of Components

This section presents individual components of the adaptive shared control framework and
their passivity properties. Finally the components will be combined together to ensure
finite-gain stability of the overall framework.

1. Transparent Teleoperation System

This part of the shared control includes the haptic device, the passivated feedback con-
troller for delayed communication channel and the position controller. The feedback con-
troller of the designer’s choice is made passive using PCR as presented in Section 3.4. The
haptic device is OSP due to the inherent, physical damping as presented in Table 2.1. The
concept is summarized in Fig. 5.2. As a reminder to the readers, the PCR concept for a
time-delayed teleoperation system, which is highlighted within the dashed box in Fig. 5.2
is from Fig. 3.34. The resulting, combined two-port named ’TP System’ is overall passive
since, it is a feedback interconnection of an OSP (haptic device) and a passive system
(feedback controller, communication channel and position controller), as per Lemma 3.
Note that in Section 3.4, the entire teleoperation system was proven to be OSP because it
also included the remote robot in the entire port-network, which also has inherent damp-
ing. Here, the port TP System is stopped after the position controller of the robot, which
makes the system only passive and not specifically OSP. The OSP of the entire framework
will be shown later.

p#$$%&n

FtFtFfFh FhFt

Fc

Fpcr

VdVdVdVd V ′d VrVr

PCRDevice TP
System

Feedback
Ctrl.Ctrl.

Vel.

Source

Pos.

Passivity Ctrl.
for delay

Fig. 3.34

OSP Passive

Figure 5.2: Passivity of the teleoperation system with PCR

2. Automatic Control System

The automatic control system (ACS) either regulates the position of the robot to a desired
set-point or tracks a desired trajectory. In case of regulation (for example, a virtual wall),
there is no external input to the ACS. The internal input is the velocity Vr of the robot
and the output is the force Fa produced to move the robot to the desired point, or limit
the robot to a region as in the case of virtual walls. The passivity of ACS for regulation
is shown in Fig. 5.3 on the left side.

However, in case of tracking, as described in Section 4.3, the ACS has an external input
like a desired velocity Vc or position Xc. Then, as shown on the right side of Fig. 5.3, there
is a power input to the system from outside, namely FaVc, which has to be considered for
the passivity analysis. In both cases, for an ACS implemented as spring-damper coupling
(with spring stiffness Kpa and damping Kda), the storage function Sa can be the potential
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5.2 Passivity of Components

energy stored in the ACS spring (stiffness term Kpa), that is, Sa = Kpa(Xc−Xr)2

2 with Xr

being the position of the robot. The passivity of the system is shown by calculating the
time-derivative of Sa,

Ṡa = Kp(Xc −Xr)(Vc − Vr),
= [Fa −Kda(Vc − Vr)](Vc − Vr),
= VcFa − VrFa −Kda(Vc − Vr)2, (5.97)

which is passive for input (Vc,−Vr) and output (Fa, Fa).

Fa Fa

Fa

Vr Vr

Vc

ACS ACS

Regulation Tracking

Passive with
Input: Vr

Output: Fa

Passive with
Input: Vr, Vc

Output: Fa

Figure 5.3: Passivity of ACS

Note that the ACS for tracking is a component in the overall shared control scheme which
gets input (Vc) from the outside world and produces an output Fa. The other components
that have energy exchange with the outside world are the haptic device (input Fh and
output Vd), and the remote robot (input −Fe and output Vr). The viscous damping in the
haptic device and the remote robot ensure OSP for these devices, which dissipates damping
powers DdV

2
d and DrV

2
r , respectively. In order to ensure OSP of the overall shared control

scheme, the last component which interacts with the outside world, namely, the ACS for
tracking should have a power dissipation proportional to its output Fa. This can be
achieved by adding a constant damping Dop parallel to the ACS at the output port of its
interaction with the outside world. This modification is shown in Fig. 5.4.

FaFa

Fa

Fa

VrVr

Vc

Vc V ′cDop

ACSACS

Tracking ACS - passive Tracking ACS - OSP

OSP with

Input: Vr, Vc

Output: Fa

Passive with

Input: Vr, Vc

Output: Fa

Figure 5.4: Passivity and OSP of ACS

Note that with the additional damping Dop, the velocity (and resulting position) com-
manded to ACS controller will be modified as V ′c = Vc − Fa

Dop
which results in a desired

position of X ′c. The time derivative of the storage function S′a = Kpa(X′c−Xr)2

2 for the ACS
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can be computed as:

Ṡ′a = Kp(X ′c −Xr)(V ′c − Vr),
= [Fa −Kda(V ′c − Vr)](V ′c − Vr),
= VcFa − VrFa − F 2

a

Dop

−Kda(V ′c − Vr)2, (5.98)

which makes the tracking ACS OSP with input (Vc,−Vr) and output (Fa, Fa). The addi-
tional damping Dop leads to position drifts and will affect the performance of the tracking
ACS. A solution to this issue is to introduce passive drift compensators in the system. An
example of such a drift compensator is presented by the author in [BMP+21].

3. Adaptive Authority Allocation

Now, the methods developed in Chapter 4 for combining the forces from the teleoperation
system and the ACS, which are both passive individually, will be applied to ensure that
the overall system is passive. The force scaling and damping injection from Section 4.3
and, the adaptive stiffness controllers and gain-gradient limitation from Section 4.4 are
separately evaluated.

3.a Damping Injection from Section 4.3

As presented in Section 4.3, in a mixed-initiative shared control system with force scaling,
the final forces commanded to move the robot is a weighted sum of the forces coming
from different agents. In the shared control framework presented here, the two agents
are the teleoperation system and the ACS with forces Ft and Fa, respectively as outputs.
To combine these two forces in a smooth and passive way, the damping injection method
presented in Section 4.3 is first used. The weights αt for the teleoperation force and αa

for the ACS force can be modified, by keeping the three port passive. The final force
commanded to the robot is Fr = αtFt +αaFa. Using the damping injection concept for the
scaling from Section 4.3, the final AAA three-port is passive and is shown in Fig. 5.5. As
mentioned in Section 4.3, the TP system and the ACS do not receive the actual velocity
of the robot Vr, but modified versions of them, Vrt and Vra, respectively. This leads to
positions drifts which was mentioned as a limitation of the damping injection method.

3.b Gain-Gradient Limitation from Section 4.4

The adaptive gains presented in Section 4.4 are now implemented for the shared control
system and is shown in Fig. 5.6. Here, the combination is straightforward since it directly
results in a parallel interconnection of passive subsystems, namely, the TP and ACS, which
are both made passive by the gain limitation method. Note that both controllers receive
the real velocity of the robot Vr and as a result, there will not be any position drift, as it
is confirmed by simulations and hardware experiments in Section 4.4.2 and Section 4.4.3,
respectively. In this case, the final force commanded to the robot is Fr = Ft + Fa.

4. Complete Framework

Now, all these passive components are combined to get the complete framework, which
is shown in Fig. 5.7. Note that the concepts of feedback and parallel interconnection of
passive systems from Lemma 3 and Lemma 2, respectively are availed here. The regulation
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Figure 5.5: Scaling and damping injection from Section 4.3
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Figure 5.6: Adaptive gains from Section 4.4

case for the ACS is in Black color and the tracking case is specifically given in Gray
color. The damping Dop is the additional term added to introduce a negative quadratic
term of the output Fa to ensure the OSP of the system, for the tracking scenario as
described in Section 5.2. Note that the velocity between the TP system (and also the
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ACS) and the AAA port is Vr if the adaptive gains from Section 4.4 are used, and the
final force commanded to the robot is Fr = Ft + Fa. In case the forces are scaled and the
damping injection method is used, the velocities from the AAA port will be Vrt and Vra

to the TP system and ACS, respectively and the force commanded to the robot will be
Fr = αtFt+αaFa. In both cases, with passivity proven for each of the subsystems as shown
in Fig. 5.7, the overall framework is OPS with inputs: Fh,−Fe and Vc, and outputs: Vd, Vr

and Fa and is therefore finite-gain stable.
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−F 2
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Dop

Passive

Fr = αtFt + αaFa

Figure 5.7: Stable and Transparent Framework for Adaptive Shared Control

5.3 Experiments and Results

The proposed shared control framework with the stability methods were implemented on
real hardware with LWR-LWR teleoperation and shared control. The ACS is implemented
as planar virtual wall, that is, an impedance controller which restricts the

motion of the robot-end effector on a X − Z plane in the Cartesian space as shown in
Fig. 5.8a. The system driven shared control method developed in Section 4.2 is availed
here and this time, the human operator always has unity authority, that is αt = 1∀t > 0.
This is opposed to the generally implemented unity-sum condition for AA factors as per
Def. 4.1. With this modification, the operators can, as per their desire, take corrective
measures whenever necessary. With the initial value of αa = 1, the AA factor for the virtual
wall, the operator can move the robot tool on this plane. Virtual forces are produced to
support the operator to move the robot in this plane that contains the target, which is a
USB female port. First the operator moves the robot tool, a USB male port in this plane
from the initial point towards the target. When the robot tool reaches the mid point of
the trajectory from the initial pose to the target USB port, a noise is introduced in the
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X

Y

Z

(a) Vertical X −Z plane on which robot is free to
move.

(b) Approach and final insertion

Figure 5.8: Experiment set-up and virtual wall in X −Z plane as ACS

measured target pose, to simulate a scenario similar to the one in Section 4.2. At this point
the AA factor of the ACS αa is reduced by the system-driven approach from Section 4.2.
Let this value be αas. The operator, who observes the reduction in αas due to the decrease
in confidence of the ACS target pose estimation, can now smoothly reduce the final αa

value used to scale the force from the ACS, Fa. The value of αa gain commanded by the
operator is αah. Based on the method used for arbitration, the final value of αa will be
chosen. With αa = 0 and αt = 1, the operator has complete authority over the robot to
move the robot to the final insertion point. Once the tool moves out the noise region, αa

value is increased by the system and the operator can now give more authority to the ACS
by manually increasing αa and the robot is once again limited to move in the Cartesian
X −Z plane. The variation in αa gain by the system-driven approach and by the operator
is shown in Fig. 5.9. With the support from the ACS as the tool is near the target USB
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port, the operator can complete the insertion.
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Figure 5.9: Variation of αa gain: αas by the system driven approach from Section 4.2 and

αah manually
.

Stability

This section presents the passivity and stability properties of the system during the USB
insertion task without and with the proposed methods. The final AA gain for the ACS
αa is modified manually as shown in Fig. 5.9. Fig. 5.10 to Fig. 5.13 show the position
in the Cartesian Z direction, the active (and deactivated) modification of αa using the
gain-gradient limitation method from Section 4.4 and the overall power Ps of the system
in the top, middle and bottom plots, respectively.
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Figure 5.10: Damping injection from Section 4.3 deactivated: Non-passive behavior
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Figure 5.11: Damping injection from Section 4.3 activated: Passive
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Figure 5.12: Gain-gradient method from Section 4.4 deactivated: Non-passive behavior

In order to demonstrate the position drift caused by the damping injection method from
Section 4.3 and its removal by the gain-gradient limitation method from Section 4.4, the
motion of the robot end-effector in the Cartesian X −Z plane is shown in Fig. 5.14a and
Fig. 5.14b.
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Figure 5.13: Gain-gradient method from Section 4.4 activated: Passive
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Figure 5.14: Robot motion in Cartesian Y −Z plane

Transparency

Similar to the hardware experiments performed in Section 3.4, the shared control frame-
work with the transparent teleoperation system is presented in Fig. 5.16 to Fig. 5.18 for
3 different delays: 0 ms, 200 ms and 600 ms, using three different teleoperation architec-
tures. The architectures selected in this chapter are the same as the ones from Section 3.4,
namely, position-computed force (P − Fc), position measured force P − Fe and with the
explicit force controller P − EFC. The top plots show the motion of the haptic device
(Xd) and the robot (Xr) in Cartesian Z and Y directions. The forces measured at the
operator side Fh, the robot side Fe and the virtual forces produces by the ACS Fa are
shown in the second plots. Note that the gains αa and αt for the ACS and teleoperation
are set to 1 for these experiments to show the transparency properties.
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5.3 Experiments and Results

Validation Experiment

The application of the developed shared control framework in a stable and transparent
manner with adaptive authority allocation is validated with a USB insertion task with
high and time-varying delays (600 ms and variance of 5 ms), and is presented in Fig. 5.19.
The adaptive stiffness and gain-gradient limitation method from Section 4.4 is used in
this experiment due to the reduced position drift, as shown in Fig. 5.14b. The top plot
shows the motion of the haptic device (Xd) and robot (Xr) in the Cartesian Z direction.
The second plot shows the forces measured at the operator side, robot side and the force
produced by the virtual wall. The third and fourth plots show the positions and forces in
the Cartesian Y direction. The fifth plot shows the variation of the AA gain for the ACS
passivated using the gain-gradient limitation method. The sixth plot demonstrates the
passivity of the system and the last plot shows the round-trip delay between the operator
and the robot.

Discussion

The stability and transparency properties for the adaptive shared control framework have
been validated with the hardware experiments. In Fig. 5.10, the passivity of the shared
control system is violated when the gain αa is reduced for force scaling, as seen from the
positive values of Ps between 12 and 15 s of the task execution. On the other hand, the
damping injection method from Section 4.3 was activated for the experiment in Fig. 5.11
and as a result, the system was passive. The adaptive stiffness method was implemented for
the experiment in Fig. 5.12 without gain-gradient limitation which violates passivity con-
dition when the gain αa is increased by the operator between 20-23 s. With gain-gradient
limitation activated in Fig. 5.13, the system is passive. The position drift introduced by
the damping injection method in Fig. 5.14a has been reduced by the adaptive stiffness
scaling and gain-gradient method in Fig. 5.14b even while ensuring passivity.

In terms of transparency, the P −EFC method produces lower forces during free motion
and also performs better when the robot interacts with the environment and the virtual
wall, compared to both P − Fc and P − Fe methods. This behavior is similar to the
experiments in Section 3.4 for all delays. The difference can be noted clearly for the 0 ms

delay case in Fig. 5.16. With the P −EFC architecture stabilized with the PCR algorithm,
the operator can perceive the forces produced by the environment contact, as well as the
virtual fixture, which act as haptic guidance. This is a major outcome of the thesis and
is presented specially here in Fig. 5.15.
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Figure 5.15: Forces in shared control with P −EFC teleoperation. The operator receives

transparent feedback of both, contact force Fe and the virtual wall force Fa.
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5.4 Summary

This chapter consolidated all the methods developed till now in this thesis. The passive
interconnection of the passive components developed in the previous chapters resulted in
the final stable and transparent framework for adaptive shared control. The transparent
teleoperation from Chapter 3 is combined with the ACS, which is already passive and
the authority allocation factors are adapted based on the system-driven method from
Section 4.2 for the validation experiments. The reduction of the confidence of the ACS
target pose estimation was presented to the operator, who smoothly modified the AA
factor of the ACS accordingly. The final AA factor adaptation was ensured to be passive
based on the damping injection method from Section 4.3 and gain-gradient limitation from
Section 4.4. The USB insertion task performed using the developed framework validated
the methods developed in this thesis even for large and time-varying delays. In the next
chapter, the different applications of the framework in practical scenarios will be presented.
The modular nature of the framework enables different teleoperation architectures and
different arbitration techniques.
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Figure 5.16: Position and forces for all the architectures with 0 delay
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Figure 5.17: Position and forces for all the architectures with 200 ms delay
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Figure 5.18: Position and forces for all the architectures with 600 ms delay
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Figure 5.19: USB insertion task with stable and transparent adaptive shared control
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CHAPTER 6

Applications

In this chapter, the different applications of the theoretical tools developed in this thesis are
presented. Since the work that led to the final shared control framework was incremental,
the application scenarios cover different parts of the overall shared control framework.
Each of them is highlighted in the final framework presented in the previous chapter.
The applications are divided into three sections. Section 6.1 covers the applications in
the space domain. Section 6.2 presents an application of the thesis work in terrestrial
domain. Finally, the author contributed to multiple other domains in robotics based
on the theoretical tools presented in this thesis and they are summarized as secondary
contributions in Section 6.3.

6.1 Applications in Space Domain

Robots are mainly conceived for implementing tasks that are dangerous/dull/dirty for
humans to perform. Space-exploration is an avenue which presents obvious dangers for
humans. Robotic teleoperation can be a fitting solution to tackle challenges in this field.
At the same time, the communication time-delays introduced by space communication
channels deteriorate the performance of the teleoperated robots. Therefore, shared control
comes in handy to let robots perform parts of the tasks possible with available autonomy,
while the human operator can intervene as and when the robot fails to complete them.

This section covers three space application scenarios, where the methods developed in
this thesis were used. The first one is the ISS-Earth teleoperation scenario which was
tested in the Kontur-2 space mission. The second one is of the on-orbit servicing scenario,
simulated with an on-ground, hardware-in-the-loop facility using communication links with
geo-stationary relay satellites. The third part covers the in-orbit manufacturing scenario
that was also part of the Space-Factory 4.0 project.
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6.1.1 ISS-Ground Teleoperation

For future space exploration missions, robots can be the forerunners to inspect new plan-
ets and build settlements for the humans that could follow later. Still, due to the existing
limitations in autonomous robots, the tasks that can be performed by them on the new
planet could be limited. Force feedback teleoperation, being the obvious solution is hin-
dered by the huge time-delays between Earth and the planet (20 minutes with Mars, 2-3
seconds with Moon). A safe solution to avoid this time-delay is to have humans closer
to the robots, but not being on the new planet to avoid the risks and costs associated
with landing and launching humans. The vision is to have humans orbit the planet and
teleoperate the robots on its surface from the spacecraft.

KONTUR-2 was a joint space mission between DLR, the Russian space corporation
(ROSKOSMOS), the Russian State Scientific Center for Robotics and Technical Cyber-
netics (RTC) and RSC Energia for the in-flight verification of force feedback and telepres-
ence technologies. The main objectives of the KONTUR-2 project were the development
of a space qualified 2-DoF force feedback joystick (developed by DLR and shown as haptic
device in Fig. 6.1), the implementation of telepresence technologies and the investigation
of the overall performance when telemanipulating robotic systems on Earth from space
with force feedback. The feasibility study of using teleoperation for future planetary ex-
plorations with robots on distant planets teleoperated by a human orbiting the planet in a
spacecraft (e.g. building habitats on Mars by teleoperated robots) was a desired outcome
of the mission. The force feedback joystick was installed in the Russian module of ISS in
August 2015 and was in operation until December 2016. In August 2015 the first experi-
ments were conducted successfully, two cosmonauts telemanipulated robots on ground at
DLR and RTC from the ISS. The remote robot used for testing the teleoperation perfor-
mance was the 2-DoF ROKVISS system ([HLR+05], shown as robot in Fig. 6.1). More
details on the mission can be found in [RAB+16].

ISS Earth

Human Haptic device Robot EnvironmentTeleoperation

Space-link

Figure 6.1: Overview of teleoperation system of Kontur-2

The overview of the Kontur-2 space mission is presented in Fig. 6.2. In KONTUR-2, two
scenarios had to be considered in the design of the bilateral controller: The operation on-
board the ISS and the on-ground cosmonaut training. The first is the nominal mission case,
where the cosmonaut controls the robot from the ISS through a S-band link. The second,
is a geographically distributed scenario for cosmonaut training purposes. Since the same
system needs to operate in both experiments, the requirements for the bilateral controller
are clearly strengthened as the two links are characterized by different communication
parameters, which are shown in Fig. 6.3.

The contribution to the Kontur-2 project from the author was the implementation of
the transparent bilateral controller using the theoretical tools presented in Chapter 2.
The conventional 4-channel bilateral controller was modified to a position + measured
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Figure 6.2: Overview of the Kontur-2 space mission
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Figure 6.3: Communication parameters for the two scenarios

human force (from haptic device to robot) and computed force + measured environment
force (from robot to the haptic device) 4-channel architecture (signal flow diagram in
Fig. 6.4) to reduce the spring effects of the feedback position channel [ABR+16]. The
robot was fully teleoperated and no autonomous controller was used. The parts of the
shared control framework from Fig. 5.7 relevant to the Kontur-2 mission are marked along
with the devices, employed bilateral controller (BC) and the communication link features
are presented in Table 6.1.

The signal flow diagram of the 4-channel architecture is shown in Fig. 6.4 and the port
network of the same is presented in Fig. 6.5. The gains G● scale the forces F●, so that the
system is stable, with optimum performance without delays.

TDPA presented in Chapter 2 was used to remove the destabilizing effects of the com-
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Inp. Device Space Joystick ACS Robot Task

BC [Vd, Fh − Fc, Fe] 4-channel − Rokviss Aiming

Delay 30, 70ms Tracking

Packet loss 0 %, 5 % Contacts

Part of shared control framework

FtFh FeFr

Vd VrVrVr

Human TP
System Robot

Env.

AAA

Fr = Ft

Table 6.1: Scheme of application in Kontur-2
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Figure 6.4: Signal flow diagram of the modified 4-channel architecture
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Figure 6.5: Port-network of the 4-channel architecture

munication delays. The basic implementation of the POPCs are shown in Fig. 6.6, where(●)p represents the passivated signal of (●) for the forces and velocity signals. Readers
can find more details of the bilateral controller in [ABR+16].
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Figure 6.6: Port-network of the 4-channel architecture passivated with POPC

Experiment Results

The ROKVISS robot was teleoperated to interact with a task board, represented as En-
vironment in Fig. 6.1. The cosmonaut had to perform several tasks like aiming, tracking,
spring pulling and making hard contacts with the task board. Here the results of the hard
contacts and free motions tasks are presented. The results of other tasks can be found in
[WSR+16].

The first set of experiments were conducted during the cosmonaut training before the
launch. The cosmonauts teleoperated the ROKVISS robot in Germany, from the training
center at Moscow, through normal internet link. In both cases, the proportional control
parameter was chosen to be Kp = 80 Nm/rad and the local damper of the haptic device
was Dd = 0.07 Nms/rad. The scaling factors had values of Ge = 0.006, Gc = 0.003 and
Gh = 40 respectively, to match the dynamics of both systems. Joystick and ROKVISS are
dynamically very different, with maximum torques of 0.2 Nm and 40 Nm respectively

As shown in Fig. 6.3, the round-trip was varying around 70 ms and there were packet
loss and jitter due to the UDP communication link. The position of the devices and the
forces measured are shown in Fig. 6.7, for both free motion and hard contacts.
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Figure 6.7: Position and forces during training

The real experiments happened during the mission, where the cosmonauts on-board the
ISS teleoperated the ROKVISS robot in Germany. The operation window was limited to
a maximum of 10 minutes (horizon to horizon passage of ISS) due to the direct S-Bank
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link employed. The round-trip delay varied between 20 ms and 30 ms and the packet
loss was almost absent. Fig. 6.8 shows the positions and forces of the devices during the
mission experiments.

30 35 40 45 50 55 60 65 TU
V10
V8
V6
V4
V2
0

2

30 35 40 45 50 55 60 65 TU
V0.15

V0.1

V0.05

0

Time (s)

T
or
q
u
es
(N

m
)

P
os
it
io
n
s
(de

g
)

Joystick

Joystick

Rokviss

Rokviss

(a) During contacts

85 WX WY 100 105 110 115 120 125 130 135
Z30
Z20
Z10
0

10

20

30

85 WX WY 100 105 110 115 120 125 130 135
Z0.05

0

0.05

Time (s)
T
or
q
u
es
(N

m
)

P
os
it
io
n
s
(de

g
)

Joystick

Joystick

Rokviss

Rokviss

(b) During free motion

Figure 6.8: Position and forces in real mission

Discussion

As seen the in plots, the position tracking and the force feedback showed high performance.
The cosmonauts reported that the tasks were easy to perform with the force feedback
joystick. Different telepresence approaches were compared in terms of system and operator
performance and the results from terrestrial and space sessions were compared to better
understand the effects of microgravity on sensorimotor performance when controlling a
telerobotic system. Preliminary analyses revealed that positional accuracy is degraded
in microgravity compared to terrestrial conditions [WSR+16]. Yet, these performance
losses can partially be compensated by adding extra damping at the joystick, allowing a
high telemanipulation performance despite microgravity. After the successful completion
of the experimental sessions, a media event was conducted where the two arms of the
humanoid robot, Space Justin were controlled in a multilateral way by a cosmonaut in
ISS and another operator from Russia, and is shown in Fig. 6.9. The setup availed the
same 4-channel architecture with additional haptic augmentation and was published in
[PBA+17].
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r[\[]Multilateral setup

Figure 6.9: ISS-Germany-Russia multilateral setup and robot used in the media event

6.1.2 On-Orbit Servicing

The next space application scenario considered is On-Orbit Servicing (OOS). Space robotic
solutions are already taking shape for mitigating the issues due to ever increasing space-
debris in the Low Earth Orbit (LEO) [WHS19]. Roughly, a space robot consist of one or
more manipulators mounted on a servicer spacecraft. The robot is capable of grasping
a free-floating target and docking it onto the servicer, either to de-orbit it or for OOS.
Compared to classical robotics, the use of space robots for OOS presents some unique
challenges that characterize its complexity and efficiency. Among the most remarkable
are: a) controlling the manipulator on a free-floating base, b) addressing impact dynamics,
c) reliability of visual sensors in space conditions and d) time-delay between servicer and
ground station.

Due to the limitations presented by the visual sensors for full autonomous robot control,
teleoperation could promise an imminent solution, in spite of the communication delays
between the human operator on ground and the orbital robot. The direct S-Band link
used in the Kontur-2 mission enabled transparent force feedback teleoperation due to the
very low latency in the communication link, as mentioned in Section 6.1.1. But still,
as mentioned in the same section, the available window of operation was limited to a
maximum of 10 minutes. This hinders the possibilities for tasks that require more precise
and slower execution, as required for OOS. On the other hand, the Ku-Band, which
could avail relay satellites in the Geostationary orbits (GEO), enables unlimited operation
windows, but increases the delay, packet-loss and jitter [ABDS+16]. To test and validate
the possibilities of teleoperation as a solution for OOS in spite of the aforementioned
challenges, the OOS-Simulation facility (OOS-Sim, [ADSR+15]) was exploited here. OOS-
Sim facility consists of two KUKA-120 industrial robots, on each of which the mock-ups of
the satellites are mounted. The mock-up of the servicer satellite is equipped with an LWR
used for servicing tasks. The haptic device is another LWR on a separate station. To
simulate the relay link through GEO satellites, communication data was recorded through
the ASTRA relay satellites and was artificially introduced between the haptic device and
the servicer manipulator. The set-up is presented in Fig. 6.10. The target scenario of
OOS on LEO satellites through GEO links and the implemented case with the OOS-Sim
are shown in Fig. 6.11.

The main questions that needed to be addressed are the following:

1. How are the free floating dynamics and time-delay affecting the control structure of
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Human and haptic device Orbital robot and client

ASTRA link

Figure 6.10: The teleoperation system in OOS facility

(a) Target scenario (b) Implemented scenario

Figure 6.11: Scenarios for On-Orbit Servicing through ASTRA satellite link

the system?

2. Can current space communication infrastructures support real time control require-
ments established by the bilateral controller (i.e. force-feedback teleoperation)?

3. Can a skilled human operator perform on-orbit servicing tasks through the teleop-
eration system, probably affected by high latencies and force-feedback distortions?

With the first and second questions answered in other works ([HLR+05] and [DSMB+19],
respectively), the focus of this work was on the third question. To this end, the 4-channel
controller used in the Kontur-2 mission and presented in Section 6.1.1 was availed for
dealing with the significantly deteriorated communication features, as compared to the
Kontur-2 mission.

Communication set-up for the implemented scenario

As shown in the target scenario in Fig. 6.11a, the vision is to teleoperate an orbital robot
in the LEO orbit using a GEO relay satellite. To simulate this with the OOS-Sim facility,
the signals from the haptic station at DLR were transmitted to LRT ground station in
Garching, Germany through normal UDP link, which were then transmitted to the ASTRA
relay satellite through Ku-band link. The signals from the ASTRA satellite were relayed
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back to LRT and then to the OOS-Sim facility through UDP link. The feedback forces
and the visual feedback signals from the facility were reflected back through the same,
ground station-ASTRA-Ground station-DLR path. The one-way link characteristics are
shown in Fig. 6.12. Note that the two-way link resulted in a delay of 540 ms.
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Figure 6.12: One-way communication link features of the relay satellite

Bilateral teleoperation of orbital robot

Since the focus of the research work is on the teleoperation part of the scenario, the
dynamics of the simulated satellite and the stability properties related to the control
of the free-floating systems will not be addressed here in this thesis. The readers can
find complete details of the satellite dynamics and control in the works [DSMB+19] and
[ABDS+16]. The bilateral control was the same as shown in Fig. 6.4, which was passivated
with TDPA as shown in Fig. 6.6. The teleoperation part in the overall shared control
framework is summarized in Table 6.2.

Experiment results

In this section, two experiments are presented that focus on the proof of feasibility of
teleoperative grasping and stabilization of a client satellite. In all experiments the ASTRA-
link between the haptic device and orbital robot devices are considered twice, which gives
a total round-trip delay of around 540 ms. All motions are presented in the inertial frame
and zero positions represent the initial positions of the devices. The simulated mass of
the client satellite was 280 Kg and it had 3 translational DoF. The mass simulated for
the servicer satellite was 740 Kg and its inertia is distributed on its principal axis with
components each of 900 Kgm2.
The first experiment (see Fig. 6.13) presents the 6 DoF position tracking performance
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Inp. Device LWR ACS Robot Task

BC [Vd, Fh − Fc, Fe] 4-channel − LWR on OOS-Sim Grasping

Delay 540ms of client

Packet loss 26 % satellite

Part of shared control framework

FtFh FeFr

Vd VrVrVr

Human TP
System Robot

Env.

AAA

Fr = Ft

Table 6.2: Scheme of application in OOS

of haptic device and the free-floating orbital robot during free motion without external
contacts.
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Figure 6.13: Experiment 1: Position and orientation of haptic device and orbital robot in
a free motion using the ASTRA-link

Experiment 2 in Fig. 6.14 presents the teleoperative grasping and stabilization procedure
with ASTRA-link communication. Both, servicer and client satellite motions are simulated
by the industrial robots. The desired final state is a steady coupled system of servicer and
client satellite. For the sake of easier interpretation, the motions of servicer manipulator
and client are visualized in the 3D plot in Fig. 6.15 (22 s−36 s). The dense points visualize
the position of the final state (almost zero relative motion of the satellites).
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Figure 6.14: Experiment 2: Tracking, grasp and stabilization of the client with force feed-
back using the ASTRA-link
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Figure 6.15: Experiment 2: 3D Plot of Grasping and Stabilization

Discussions

Considering that the average round-trip delay is 540 ms, the tracking performance is
satisfactory in Fig. 6.13. During time 0 s − 20 s the human operator at the haptic device
commands rotations around the Y -axis and vertical motions to the orbital robot. From
time 20 s − 25 s, a translational motion along the Y -axis and rotations around the X

and Z-axis is commanded. Despite minor overshoots, even fast motions (10 s − 12 s) are
executed by the orbital robot as demanded. In experiment 2, once the client is grasped,
the human operator can act as a damper through impedance matching in order to let
the relative motion of the satellite converge to almost zero. That means that the human
operator receives good feedback of the oscillatory motions despite the high round-trip
delay. Therefore, the operator is able to stabilize the satellites’ motion through impedance
matching. The haptic device and orbital robot position tracking is satisfactory in free
motion and during the stabilization phase. It can be noted that the forces measured at
the robot’s end-effector, trigger the motion of the client satellite and the operator feels
this force after an interval of the round-trip delay. In spite of the minor tracking errors in
the first experiment, the operator present in the loop enables proper corrective measures
and compensates for the positions drifts. This leads to a successful grasp as proved in
the grasping experiment, where the grip can be regarded as perfect since the positions of
client and orbital robot match very well as soon as the client is gripped. The results of
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the experiments carried out in the OOS-Sim facility verify the feasibility of approaching,
grasping and stabilizing of a free-floating satellite using teleoperation with force feedback
under large and varying time-delays using the implemented bilateral controller.

Future work planned in the on-orbit servicing scenario is to include adaptive shared
control developed in this thesis, for the approach and grasp phases. The ACS uses the
camera attached to the end-effector of the manipulator for a vision-based tracking system,
which works based on feature detection as shown in Fig. 6.16. When the end-effector
reaches close to the grasping point, the estimation of the client pose fails due to the
absence of detectable features and measurement degradation due to noise [SADS+15]. A
teleoperator can then take corrective measures or complete the task in pure teleoperation
mode by reducing the AA factor for the ACS as presented for the aerial scenario in
Section 6.2.1.

Figure 6.16: Vision-based ACS for on-orbit servicing
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6.1.3 In-Orbit Robotic Assembly

With fast-paced advancements in technology, robotic assembly need not be limited to
terrestrial applications. To reduce the cost and payload volume of satellites launches [Spa],
the assembly of satellites can now be realized in in-orbit factories. Although manufacturing
in the international space station (ISS) has been recently tested with 3D printing [MN17],
robotic assembly of satellites has not been done yet. Manufacturing in space brings several
benefits: structures need not be designed to withstand launch shocks and vibrations,
satellites can be repaired and re-purposed in space, and they can be produced on demand
[TMO+17], with highly customized production to be made profitable [Dor15]. However,
a large number of challenges arise with this concept of in-orbit robotic assembly. Since
satellite components are really sensitive, each step during manufacturing and assembly
must be tested to avoid inaccuracies [Ue18]. Although autonomous robots are capable
of implementing sensitive and complicated tasks [NSSB16, T+02, DSDLR+07], a human
supervision in the control loop is preferable to appropriately address unforeseen changes
in the environment or robot behavior (see [I+03, T. 8.1]).

To this end, Space Factory 4.0 [WMPH+18], aimed at developing a shared control system
which allows for teleoperation of the assembly robot by a human operator, providing force
feedback with the support of virtual fixtures (VF, [AHO03, Oka04]). The concept of
the Space Factory 4.0 project is presented in Fig. 6.17. A human operator on ground
teleoperates a robot in the LEO orbit, via a relay satellite in the GEO orbit, which leads
an unlimited window of operation as described in Section 6.1.2. The task for this feasibility
project is the assembly of a cube-sat, to be more precise, the insertion of circuit boards
with highly sensitive 50-pin connectors, as shown in Fig. 6.18.

in LEO

Relay
Satellite in GEO

CubeSat Factory

GEO-orbit

LEO-orbit

Figure 6.17: Concept of Space Factory 4.0.

Space Factory 4.0 was a joint venture from 2017 to 2019, with partners from a wide array
of expertise. The project was funded by the German Aerospace Center (DLR) and the
German Federal Ministry for Economic Affairs and Energy (BMWi) and was coordinated
by the Technische Universitaet Darmstadt. Robotics and Mechatronics institute of DLR
(DLR-RMC) was responsible for the shared control implementation. Other partners were
Technical University of Munich (TUM), the Zentrum fuer Telematik (ZfT), OHB Systems,
Von Hoerner and Sulger (VHS) and Telespazio VEGA.
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Circuit board A

Circuit board B

Figure 6.18: Circuit boards with 50-pin connectors

Shared control for Space Factory 4.0

Insertion of the circuit boards using robotic teleoperation is significantly challenging due
to its sensitivity and precision demanded. The male connector was on the circuit board
A, and the female connector was on circuit board B as shown in Fig. 6.18. The allowed
angular tolerance for a successful insertion was 2 degrees; the allowed position tolerance
was 0.7 mm; about 3 N of force in the direction of insertion was required to achieve
the connection. To enable the operator to complete the task, the shared control frame-
work used in Space Factory 4.0 project availed virtual fixtures for both translational and
rotational guidance. The experimental set-up used in the project is shown in Fig. 6.19.

Human and haptic device Robot and task board

Camera 1 view Camera 2 view

Virtual fixtures

Figure 6.19: The experiment set-up in the Space Factory 4.0 project.

The signal flow diagram of the shared control is presented in Fig. 6.20. The position of
the haptic device is commanded to the robot position controller, that produced force Ft.
The virtual fixtures guided the robot end-effector to the target pin with the force Fa. The
final force commanded to the robot was a weighted sum of the these two forces.

Fr = αtFt +αaFa, (6.99)

where αt and αa are the AA for the teleoperation force and virtual fixtures forces, respec-
tively. In this project, constant value of 0.5 was assigned to the two AA factors. Since the
aim of the project was the feasibility test for such robotic assembly, there was no delay
considered in the communication link between the operator and the robot. The feedback
controller availed the explicit force controller, which matched the measured human force
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Fh to the desired force Fe+Fa, that is, the sum of the interaction forces between the robot
with the environment, and with the virtual fixtures. The overall system was passivated
and stabilized as described in Section 3.3. The shared control framework used in this
project is summarized in Table 6.3.

Fh

Fh FeFt

Fcd

F̃d FaFr

Tb

Tb

Tf

αt αa

Vd Vr
V ′d

Human Device

Force

Robot
Robot

Virtual

FixturesCtrl.

Ctrl.

Envm.

Figure 6.20: Signal-flow diagram of the proposed shared control framework.

Inp. Device LWR ACS Robot Task

BC [Vd − Fa, Fe] 3-channel + EFC Virtual fixtures LWR Grasping

Delay 0ms and insertion

Packet loss 0 % of circuit board

Part of shared control framework

FtFh Fe

Fa

Fr

Vd Vr

Vr

VrVr

Human

ACS

TP
System Robot Env.AAA

Fr = αtFt + αaFa

Table 6.3: Shared control scheme for in-orbit assembly in Space Factory 4.0.

Experiment results

The positions and forces of the operator and robot during the task are shown in Fig. 6.21.
The two phases of the task, namely, grasping and insertion are separated in the plot. The
positions of the haptic device and the robot are represented by Xd and Xr, respectively.
The force perceived by the operator is represented by Fh and the forces sensed by the robot
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due to its interaction with the real environment and the virtual fixtures are represented
by Fea. It is important to note that the entire task was completed within 80 seconds.
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Figure 6.21: Positions and forces during the assembly task.

Discussion

The position controller at the robot side enabled high precision position tracking. This
led to accurate grasping and more importantly, the fine placement of the circuit board to
the insertion point. It has to be noted that the explicit force controller at the operator
side enabled the accurate force tracking of the desired force coming from the robot (very
low during free motion and accurate tracking during contacts with the real environment
or the virtual fixtures). Accurate feedback of the forces is a requirement in such sensitive
tasks, the absence of which could lead to the damage of the pin connectors.

Although communication delay was not considered in this project, the feasibility of the
circuit board insertion in the presence of delays looks positive in the light of the experi-
ments presented in Section 3.3 and Chapter 5 using the explicit force controller. If at all
the GEO link is used, which presents a delay of around 600 ms might hinder the successful
execution of such sensitive tasks, note that the grasping and insertion was completed in
less that 80 seconds. This promises that multiple insertions could be completed using
direct S-Bank link which provides an operation window of 10 minutes as described in
Section 6.1.1.

On-going work in the in-orbit assembly is to adapt the AA factors online with arti-
ficial intelligence and machine learning, using the stable and transparent shared control
framework developed in this thesis. This is the main focus of the current project AI-In-
Orbit-Factory [D+21].
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6.2 Applications in Terrestrial Domain

The teleoperation and shared control framework developed in this thesis are applicable
when the distance between the operator and the remote robot are large. Although space
is an apt domain for these methods, our research work also focus largely to solve several
problems on Earth. Application of robotics to support human workers in hazardous areas
is a main objective of our research. The work in this thesis has been applied in industrial
inspection and maintenance using aerial manipulators. The suspended aerial manipulator
(SAM) was used for this and will be briefly described in Section 6.2.1 followed by the
experiments in an industrial mock-up.

6.2.1 Aerial Inspection and Maintenance

The use of aerial manipulators for reaching locations that are dangerous or inaccessible
from the ground presents a crucial application scenario for robotics. Aerial manipulation
uses aerial robots equipped with arms with specific tools to perform tasks such as assembly
or contact inspection. An example of industrial environments is shown in Fig. 6.22, where
the pipelines are at high elevations from the ground. As in orbital robots, it is a challenging
problem, mainly because of aerodynamic influences and fast reactive dynamics of the aerial
vehicle [OHF+18].

Figure 6.22: Example of an hazardous industrial environment (Image source: [OHF+18]).

Due to the challenges associated with aerial manipulation in real-world scenarios, most
works in this field were limited to indoor experiments till recently [OTS+21]. Some of
these works presented cooperative transport and assembly using several aerial vehicles
[MFK11], force application [FNM+14] and drawer opening [KSK15]. The limited payload
capabilities allowed for only small and light robotic arms on these aerial systems. Opposed
to this, an LWR was attached on a helicopter in the European Union (EU) project ARCAS
allowed for much higher payloads and force applications with the environment [KKAS+13].
Although the large rotor blades of the helicopter allowed for these stronger functionalities,
the same large rotor size came as a limitation for accessing really narrow structures. So
in the EU Horizon 2020 project AEROARMS [OHF+18], a new platform was designed to
circumvent these limitations. The DLR’s suspended aerial manipulator (SAM), shown in
Fig. 6.23, is an octacopter equipped with an LWR [SKB+19]. Instead of attaching a robotic
manipulator directly to an aerial carrier, it is mounted on the active platform which is
suspended on the carrier by means of a cable. As a result, higher safety can be achieved
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because the aerial carrier can keep a distance from the obstacles. For self-stabilization,
the SAM is equipped with two actuation systems: winches and propulsion units with 8
rotors. The oscillation damping of the aerial base against winds and reactive dynamics are
presented in [SKC+20] and the whole body control and teleoperation is published in the
works [CSKO20, CYX+21]. This section only shortly covers the adaptive shared control
as an application of the framework developed in this thesis.

Figure 6.23: Suspended aerial manipulator (SAM) platform

Shared Control of SAM

For the outdoor experiments, two tasks were chosen, namely, peg-in-hole and opening of
a valve, while the platform self-stabilized the base. The tasks are shown in Fig. 6.24.
Both these tasks demanded high accuracy for successful completion. For the peg-in-hole
task, the square peg of side 4.5 cm had to be inserted into a square hole of 5.0 cm,
which resulted in a desired accuracy of 2.5 mm in translation and less than 7 degrees
in rotation for a vertical insertion. A newly designed tool for opening the valve reduced
the accuracy requirements to 10 mm in translation and less than 24 degrees in rotation
for a vertical insertion. These requirements are graphically presented in Fig. 6.25. The
additional challenge for the valve opening was the desired torque application of up to 2.0
Nm in the yaw axis.

The shared control methods developed in this thesis were applied and validated in
[LBS+20] for indoor experiments. The virtual fixtures used in the Space Factory from
Section 6.1.3 formed the vision-based ACS and produced wrench Fa to restrict the motion
of the arm within a cone which directed the tools to the desired targets with the correct
orientation. The teleoperation system produced a passive wrench Ft and the weighted
sum of wrenches from the two systems were finally commanded to the robot. Since the
accuracy of the autonomous controller was highly affected in the field experiments, the
authority allocation factor for the virtual fixtures was modified by the operator. When the
camera measurements were noisy and the virtual fixtures produced noisy commands, the
operator could reduce the virtual fixture AA αa and complete the task himself. On the
other hand, if the camera measurements were not noisy, the operator availed the support
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Figure 6.24: Peg-in-hole task (left) and valve opening task (right).

7○
50 mm

45 mm

2.5 mm

(a) Peg-in-hole

24○

10 mm

(b) Valve turning

Figure 6.25: Accuracy requirements for tasks

from the virtual fixtures by increasing αa, which reduced the physical and mental effort
demanded from the operator. The part of the shared control framework applied for aerial
inspection and maintenance is summarized in Table 6.4. Note that only the adaptive
shared control part of the entire control architecture is explained here. More details on
the the visual servoing and whole-body control of SAM can be found in [LBS+20] and
[CYX+21].

Experiment results

The operator used the Lambda device to teleoperate the SAM LWR and the Kontur-2
joystick presented in Section 6.1.1 to modify the AA factors. The view of the ground
control station is shown in Fig. 6.26. The operator screen provided him with the camera
views from the SAM platform and also the virtual reality views of the task board and the
tools along with the virtual fixtures as shown in Fig. 6.27. The wireless communication link
between the haptic device and the SAM platform had a round-trip delay of around 10 ms.
A position-computed 2-channel architecture from [CYX+21] was used for the teleoperation
controller.

1. Valve opening: During the approach phase, the operator got the support from
the virtual fixture to place the tool slot properly on the valve. Here the AA factor for
the virtual fixtures was αa = 1. Once the tool was placed exactly on the required spot,
the virtual fixture gains were reduced to αa = 0 so that the operator can rotate the
tool along the valve axis freely. Else, the torque commanded from the virtual fixtures
would act against the teleoperation torque, which would demand a lot of physical effort
from the operator. The change in αa during the different phases of the task is shown in
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Inp. Device Lambda ACS Robot Task

BC [Vd, Fc] 2-channel Virtual fixtures LWR Peg-in-hole and

Delay 10ms on SAM valve turning

Packet loss 0 %

Part of shared control framework

FtFh Fe

Fa

Fr

Vd Vr

Vr

VrVr

Human

ACS

TP
System Robot Env.AAA

Fr = αtFt +αaFa

Table 6.4: Shared control scheme for aerial inspection and maintenance

Screen
Operator

K2 Joystick

Lambda

Figure 6.26: View of the control station

Fig. 6.28 in the middle plot. The position of the end-effector and the torques measured
during valve opening are shown in Fig. 6.28. Note that on the top plot in Fig. 6.28,
the commanded and desired position of the yaw axis of the robot is shown. The robot
followed the commanded position, which enabled the successful task completion. The
middle plot shows the variation of αa from 1 to 0, which is done by the operator based on
his visual feedback. The bottom plot shows the torque measured at the last joint of the
robotic manipulator, which goes up to 2 Nm during the valve opening. To validate the
robustness of the adaptive shared controller, the valve opening was implemented 5 times
during the field experiments.

2. Peg-in-hole: The adaptation of AA factor of the ACS for the valve opening task was
implemented so that the operator can easily turn the valve without the opposing torques
from the virtual fixture. On the other hand, for the peg-in-hole task, the need for adaptive
shared control is motivated by degradation in camera measurements during real outdoor
experiments. When the peg was in the vicinity of the hole, a simulated noise was added
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Figure 6.27: View of the operator screen during aerial manipulation
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Figure 6.28: Position, torque and αa for single valve opening

to the camera measurements to reproduce similar noise behaviors for all the experiment
runs. Without the adaptation, the camera-based virtual fixtures produced highly noisy
forces which made the task execution impossible. When this happens, the operator could
reduce the αa gain for the virtual fixtures and complete the task with pure teleoperation.
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The noisy camera measurements and the change in αa gain are shown in Fig. 6.29.
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Figure 6.29: Noisy camera measurement and αa for peg-in-hole

To validate the robustness of the implemented shared control system in real world
scenarios, the peg-in-hole task was tested for a total of 24 times. This included 8 runs
of pure teleoperation (TP), 8 runs of fixed shared control (FSC, with fixed AA factors)
without adding extra noise, and 8 runs with adaptive shared control (ASC), in which
the operator reduced αa value for simulated noisy camera measurements. With all the
control approaches, the task was completed successfully in all runs. The runs are shown
in Fig. 6.30. The plots show the motion of the peg from a distance of 25 cm above the
hole to the point of its first successful insertion.

Discussions

To objectively measure the benefits of the shared control approaches with pure teleoper-
ation, time of completion of the task is used as a performance index. The time for the
robot tool to move from 25 cm above to hole to the first insertion was measured for all the
runs and their means were calculated for each of the approaches and are summarized in
Fig. 6.31. The mean time for fixed shared control was 37 % lower than that for pure tele-
operation. This was expected since the operator received support from the virtual fixtures
at all points of time. On the other hand, the adaptive shared control approach took 24
% more time, compared to pure teleoperation. This increase in time can be attributed to
the time elapsed for the operator to notice the degradation of camera measurements and
reduce the αa gain from 1 to 0. In spite of the larger times needed for the task completion
with adaptive shared control, the objective of the task was achieved, which was otherwise
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Figure 6.30: Position of tool end for peg-in-hole task

impossible without the possibility for reducing the AA factor of the ACS.
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Figure 6.31: Bar graph of mean times for peg-in-hole trials
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6.3 Applications of Secondary Contributions

In addition to the aforementioned primary contributions of this thesis, several other sec-
ondary contributions were made during the research period. Many of them were used
in multiple domains, in practical projects and led to second authorship of several publi-
cations. The main contributions in these domains (other than adaptive shared control,
which is the main focus of this thesis) are related to ensuring passivity and stability of
complex robotic systems using Time Domain Passivity Approach (TDPA). The author
would like to highlight some of these secondary contributions in this section.

Whole-body Control of Humanoid Robot

Humanoid robots are applied in a wide area of scenarios, where wheeled robots are not
equipped to navigate. The balancing of the whole body and using feet to navigate make it a
particularly challenging problem, especially on deformable grounds. One of the secondary
contributions made during the research done for this thesis focused on ensuring passivity
and stability of the torque-controlled humanoid robot TORO while navigating through
deformable grounds, as shown in Fig. 6.32. The author contributed to the derivation
of the electrical network representation of the humanoid robot and its interactions with
deformable grounds and the application of TDPA to stabilize these interactions. The work
was published in [HBRG+18] and also in the thesis [Hen20].

Figure 6.32: Humanoid robot walking

On-ground Simulation of Satellites

As explained in Section 6.1.2, the use of satellites equipped with robotic arms is a promis-
ing technology for On-Orbit Servicing (OOS) missions. In order to reduce the risks
during real missions, the control algorithms need to be tested on ground, prior to the
launch. The hardware-in-the-loop facility OOS-Sim, mentioned in Section 6.1.2 employs
two admittance-controlled industrial robots equipped with force-torque sensors to simu-
late model-based satellite dynamics, interaction dynamics and micro-gravity conditions
present in outer space as shown in Fig. 6.33. In such kind of facilities with robotic simu-
lators, delays in the control loop and discretisation effects can violate passivity conditions
which can lead to unstable behaviors of the simulated satellites. The author of this thesis
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contributed to the passivation techniques for considering delays and discretisation effects
for stable simulation of satellite dynamics and their interactions. TDPA was used in these
scenarios to ensure stability and this led its application in several projects and multiple
publications [DSBS19, DSBG+18].

Figure 6.33: On-ground simulation of satellite dynamics

Partitioned Shared Control for OOS

In addition to the secondary contribution in OOS related to on-ground satellite dynam-
ics simulation, the author also contributed to a partitioned shared control approach in
[MBDSO21a]. The developed partitioned shared control approach enabled separate con-
trollers for both, the base of the fully actuated satellite and the robotic manipulator
attached to it, as shown in Fig. 6.34. The end-effector of the manipulator was teleop-
erated with haptic feedback and the base of the satellite regulated itself within a safe
region to avoid collisions with the environment (for example, with the target satellites).
The method ensured passive and stable interaction with the environment, which enabled
prolonged and sliding contacts. The main contribution from the author in this work was
in the development and validation of the bilateral controller used for teleoperation.

Teleoperator

Contact point

Remote spacecraft

Figure 6.34: Partitioned shared control for OOS
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Compliance Control of Helicopter Manipulator

For the EU Project ARCAS, a helicopter equipped with LWR was used for aerial ma-
nipulation, as shown in Fig. 6.35. This enabled higher payloads compared to the then
existing aerial systems [KKAS+13]. In order to introduce compliance in the overall system
(helicopter and manipulator), passivity concepts were used to ensure stable interactions
of the manipulator with the environment. The author contributed to the identification
of the passivity violating controller terms using electrical network representation and the
resulting application of TDPA to ensure stable environment interactions. This work was
published in [KBDS+18].

Figure 6.35: Compliance Control of Helicopter Manipulator

Explicit Force Control of Robots

The final domain where the thesis research contributed is in the field of interaction control
of robotic manipulators. Explicit force controllers (EFC) in robot enables the application
of a desired force Fd on the environment by comparing it with the force Fe measured
using a force-torque sensor at the robot end-effector as shown in Fig. 6.36. Although EFC
enables precise and high bandwidth control, the system is more vulnerable to instabilities
caused by non-collocation in the sensing-actuating loop. A novel method for stabilizing
EFC using electrical network and TDPA was developed by the author in [BJA+17] and it
was later validated on a redundant manipulator in [JBRK17]. This idea was later used in
bilateral controllers with EFC presented in Section 3.3.
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Figure 6.36: Explicit Force Control of Robots with TPDA
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Summary

This chapter presented certain practical applications of the work developed during the
thesis research. Most of the applications were part of international projects and the meth-
ods were validated on real robotic hardware. Plans to extend the work and possibilities of
future applications are mentioned. In addition, the major secondary contributions from
the author in robotic domains that are not in the main focus of this thesis are shortly
summarized.

On-going project AI-In-Orbit-Factory, adapts the AA factors using artificial intelligence,
thanks to the modular and flexible framework developed during this thesis. Future work
includes the application of the adaptive shared control framework for grasping of client
satellites for on-orbit servicing, in case the camera-based ACS fails. This is a practical
solution for a practical problem which can act as a reliable fall-back approach for space-
projects.
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CHAPTER 7

Conclusions

In the current age, the scientific endeavors are aimed towards, among others, improvement
of human safety and reduction in manufacturing costs, for both terrestrial and interplan-
etary activities. This is evident in medical, nuclear, industrial and space domains, where
inter-alia, robotic technologies play a prominent role. In spite of the rapid progress in arti-
ficial intelligence, complete autonomy of robots is still to be achieved. Thus, human-robot
collaboration will continue to be of relevance in the foreseeable future.

With this idea in mind, my research improved the synergy between humans and robots
with the shared control paradigm. This combines human decision-making and benefits of
automatic control systems (like precision and repeatability), while using robots in remote
and dangerous environments. The work focused on a specific shared control approach,
namely mixed-initiative in which the human operator and autonomous system work to-
gether with adaptable control authorities. In past works, focus was laid on the methodolo-
gies for authority allocation (AA) and the benefits in terms of task completion time and
operator comfort. From a control perspective, the stability of AA and of teleoperation
were considered separately without focusing on transparency of the teleoperation system.
Like in pure teleoperation, a transparent haptic feedback in shared control has proven to
improve operator awareness and performance. There was no unified method to ensure
the stability of AA in haptic shared control while enhancing transparency of the stable
teleoperation system.

This thesis filled the identified research gaps from a control perspective and developed
a framework for adaptive authority allocation (AAA) in shared control ensuring stability
of the overall system while enhancing the teleoperation transparency. To this end, the
thesis was structured in an incremental flow of theoretical treatment, which was validated
by simulations and hardware experiments.

After describing the fundamental theoretical tools, Chapter 3 presented two methods
to enhance the transparency of teleoperation systems. The first method is a local force
feedback controller with non-linear gain modification, which reduces the perceived inertia
of the haptic device. Its model dependency was removed by an explicit force controller
stabilized with time domain passivity approach. Finally, the passive coupling reference
(PCR) approach was proposed to stabilize arbitrary user-defined feedback controllers in
time-delayed teleoperation using existing passivity-based tools.
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7 Conclusions
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Figure 7.1: Stable and Transparent Framework for Adaptive Shared Control: From vision
to completion.

A key challenge of a shared control system is ensuring stability, not just in the presence
of time-delays but also with the online adaptation of AA factors, which was addressed in
Chapter 4. Therein, a novel system-driven approach (patent-pending) for shared control
was proposed, which reduces the authority of the autonomous system when there is degra-
dation in sensor measurements in contrast to existing methods. A user-study validated
the benefits of this approach while using the commonly accepted unity-sum arbitration.
However the human-intervention capabilities were limited due to the unity-sum constraint.

To avoid this limitation, arbitrary AA factors were considered and two passivity-enforcing
methods were proposed for multi-agent control of robots. As a first approach, controller
forces were scaled while ensuring passivity with damping injection. The position drifts
caused by this damping were later solved by adaptively modulating the controller stiffness
and a gain-gradient limitation method was proposed to ensure system passivity. However,
gain-gradient limitation was shown to result in slow modification of the AA gains, which
is sufficient for time-insensitive tasks.
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Chapter 5 presented the unified framework, which combines the transparency enhanced
teleoperation from Chapter 3 with passive autonomous controllers in an adaptive man-
ner using the methods proposed in Chapter 4. Although the methods were extensively
validated through the analyses and experiments, I have also reported specific limitations
throughout the thesis where the proposed methods still have scope for improvement. In
particular, combination of PCR using new approaches with improved contact transparency
is a current research topic to avoid the force limitations during contacts [PS21]. For the
proposed AA adaptation, a task-specific optimization formulation could merge the benefits
of both gain-gradient and damping injection methods, by minimizing the position drifts
and the AA factor errors.

The overview of unified framework is shown in Fig. 7.1, where the top image recalls the
research vision as presented in the introduction of the thesis. This vision was materialized
through the unified framework developed in Chapter 5 and shown as the simplified port
diagram in Fig. 7.1 (bottom). This framework was validated in practical scenarios through
multiple projects in space and terrestrial domains as presented in Chapter 6.

The salient features of the proposed framework, which are of relevance to the robotic
community at large, are summarized below:

Transparency:

The teleoperation part of the framework stabilized with the patent-pending PCR algo-
rithm improves transparency and satisfies guidelines G2 and G3 reported in Section 1.1.
In other words, the operator receives continuous and transparent feedback, and has the
capability to continuously interact the automation. Hence, the PCR algorithm is a key ad-
vancement for multiple robotic domains like surgical, internet and space-based telerobotics,
where high degree of transparency is the next incremental step for fine manipulation.

Adaptability:

The framework can accommodate different methods of arbitration, which include fixed
or adaptive AA factors, and system- and/or human-driven arbitration. Multiple ap-
proaches were demonstrated throughout the thesis.

The unconstrained nature of AAA (without unity-sum arbitration) in the framework
satisfies guideline G1 and allows a flexible shift of the authority between the operator
and autonomous system. Even for the constrained case, the workload on the operator was
reduced, which was demonstrated through the user-study, hence satisfying guideline G4.

The adaptability of the framework is relevant not just in the robotics field, but also
in other disciplines with human-machine collaboration, like in autonomous vehicles and
auto-pilot systems with human-intervention capabilities.

Modularity:

Different forms of ACS and different teleoperation architectures can be integrated into
the proposed framework due to its multi-port formulation. This modular structure enables
the extension of the framework to multi-lateral robotic scenarios like dual user haptic
systems for surgical training. This extension can be implemented by adding new ports to
the proposed framework as shown in Fig. 7.1 with the dashed port connected to AAA.

Stability:

The framework was ensured to be stable in spite of large communication delays which
was demonstrated in Chapter 5 through the USB insertion task for a 600 ms varying
time-delay. This proves the effectiveness of the proposed framework for extremely remote
robotic tasks like servicing and assembly in orbit, even while improving transparency.
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7 Conclusions

The passivity tools and analyses that were pursued in this thesis serve as effective meth-
ods to stabilize other large-scale robotic systems, by considering their energetic behavior.
This was demonstrated through the secondary applications in Chapter 6.

The aforementioned features enable future extension of this research work in a platform-
independent way, which is already planned for several projects. Specifically, for the UN-
World Food Programme, haptic shared control for telenavigation of Sherp transport sys-
tem (Fig. 1.3) is envisioned. Other planned projects are surgeon-robot collaboration for
minimally invasive surgeries (to increase human-tissue perception) and shared control as
a fail-safe for on-orbit servicing and in-orbit assembly tasks.

With the aforementioned contributions, this thesis provides an overarching framework
to improve synergy between humans and robots. The flexibility of the framework allows in-
tegration of existent teleoperation and shared control approaches, which further promotes
synergy within the robotics community.
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B Rebele, and M Turk. Rokviss-robotics component verification on iss. In
Proc. 8th Int. Symp. Artif. Intell. Robot. Autom. Space (iSAIRAS)(Munich
2005) p. Session2B, 2005. (Cited on pages 132 and 138)

[Hog85] Neville Hogan. Impedance Control: An Approach to Manipulation: Part
Iâ€”Theory. Journal of Dynamic Systems, Measurement, and Control,
107(1):1–7, 03 1985. (Cited on page 93)

[HPS+21] Thomas Hulin, Michael Panzirsch, Harsimran Singh, Ribin Balachandran,
Andre Coelho, Aaron Pereira, Bernhard MWeber, Nicolai Bechtel, Cornelia
Riecke, Bernhard Brunner, et al. Model-augmented haptic telemanipula-
tion: Concept, retrospective overview and current use-cases. Frontiers in
Robotics and AI, 8:76, 2021. (Cited on page 23)

[HR02] Blake Hannaford and Jee-Hwan Ryu. Time-domain passivity control of hap-
tic interfaces. Robotics and Automation, IEEE Transactions on, 18(1):1–10,
2002. (Cited on pages 16, 35, and 64)

[HS88] Sandra G Hart and Lowell E Staveland. Development of nasa-tlx (task
load index): Results of empirical and theoretical research. Advances in
psychology, 52:139–183, 1988. (Cited on page 90)

[HS06] Peter F Hokayem and Mark W Spong. Bilateral teleoperation: An historical
survey. Automatica, 42(12):2035–2057, 2006. (Cited on pages 14, 16, and 47)

169



Bibliography

[HZS99] K Hastrudi-Zaad and SE Salcudean. On the use of local force feedback for
transparent teleoperation. In Robotics and Automation, 1999. Proceedings.
1999 IEEE International Conference on, volume 3, pages 1863–1869. IEEE,
1999. (Cited on pages 49 and 50)

[HZS02] Keyvan Hashtrudi-Zaad and Septimiu E Salcudean. Transparency in time-
delayed systems and the effect of local force feedback for transparent tele-
operation. IEEE Transactions on Robotics and Automation, 18(1):108–114,
2002. (Cited on page 49)

[I+03] Toshiyuki Inagaki et al. Adaptive automation: Sharing and trading of
control. Handbook of cognitive task design, 8:147–169, 2003. (Cited on
pages 14, 15, and 143)

[IK12] Takumi Ishii and Seiichiro Katsura. Bilateral control with local force feed-
back for delay-free teleoperation. In Advanced Motion Control (AMC), 2012
12th IEEE International Workshop on, pages 1–6. IEEE, 2012. (Cited on
page 49)

[JBRK17] Mikael Jorda, Ribin Balachandran, Jee-Hwan Ryu, and Oussama Khatib.
New passivity observers for improved robot force control. In Intelligent
Robots and Systems (IROS), 2017 IEEE/RSJ International Conference on,
pages 2177–2184. IEEE, 2017. (Cited on pages 22, 60, and 156)

[JSK+18] Aghil Jafari, Harsimran Singh, Harsha Karunanayaka, Jee-Hwan Ryu,
Jj Chong, and Appolinaire C Etoundi. Lyapunov observer/controller for
stable haptic interaction. In 2018 IEEE/ASME International Conference
on Advanced Intelligent Mechatronics (AIM), pages 1–6. IEEE, 2018. (Cited
on page 69)

[KBDS+18] Min Jun Kim, Ribin Balachandran, Marco De Stefano, Konstantin Kondak,
and Christian Ott. Passive compliance control of aerial manipulators. In
2018 IEEE/RSJ International Conference on Intelligent Robots and Sys-
tems (IROS), pages 4177–4184. IEEE, 2018. (Cited on pages 23 and 156)

[KBR14] Jong-Phil Kim, Sang-Yun Baek, and Jeha Ryu. A force bounding approach
for multi-degree-of-freedom haptic interaction. IEEE/ASME Transactions
on Mechatronics, 20(3):1193–1203, 2014. (Cited on page 69)

[KFG+20] Thomas Krueger, Edmundo Ferreira, Andrei Gherghescu, Lukas Hann,
Emiel den Exter, Frank PJ van der Hulst, Levin Gerdes, Aaron Pereira,
Harsimran Singh, Michael Panzirsch, et al. Designing and testing a robotic
avatar for space-to-ground teleoperation: the developers insights. In 71st
International Astronautical Congress. International Astronautical Federa-
tion, 2020. (Cited on page 23)

[KH01] Yoon Sang Kim and Blake Hannaford. Some practical issues in time domain
passivity control of haptic interfaces. In Intelligent Robots and Systems,
2001. Proceedings. 2001 IEEE/RSJ International Conference on, volume 3,
pages 1744–1750. IEEE, 2001. (Cited on page 56)

170



Bibliography

[Kha87] Oussama Khatib. A unified approach for motion and force control of
robot manipulators: The operational space formulation. IEEE Journal on
Robotics and Automation, 3(1):43–53, 1987. (Cited on page 37)

[Kha02] Hassan K Khalil. Nonlinear systems. Upper Saddle River, 2002. (Cited on
pages 26, 27, and 28)

[KHZ11] Behzad Khademian and Keyvan Hashtrudi-Zaad. Shared control architec-
tures for haptic training: Performance and coupled stability analysis. The
International Journal of Robotics Research, 30(13):1627–1642, 2011. (Cited
on page 17)

[KKAS+13] Konstantin Kondak, Kai Krieger, Alin Albu-Schaeffer, Marc Schwarzbach,
Maximilian Laiacker, Ivan Maza, Angel Rodriguez-Castano, and Anibal
Ollero. Closed-loop behavior of an autonomous helicopter equipped with
a robotic arm for aerial manipulation tasks. International Journal of Ad-
vanced Robotic Systems, 10(2):145, 2013. (Cited on pages 147 and 155)

[KSB12] Ayse Kucukyilmaz, Tevfik Metin Sezgin, and Cagatay Basdogan. Inten-
tion recognition for dynamic role exchange in haptic collaboration. IEEE
transactions on haptics, 6(1):58–68, 2012. (Cited on pages 16 and 84)

[KSK15] Suseong Kim, Hoseong Seo, and H Jin Kim. Operating an unknown drawer
using an aerial manipulator. In 2015 IEEE International Conference on
Robotics and Automation (ICRA), pages 5503–5508. IEEE, 2015. (Cited on
page 147)

[KTTK98] Kenji Kaneko, Hiroki Tokashiki, Kazuo Tanie, and Kiyoshi Komoriza.
Macro-micro bilateral teleoperation based on operational force feedforward.
IEEE Transactions on Robotics and Automation, pages 1761–1769, 1998.
(Cited on page 49)

[Law93] Dale A Lawrence. Stability and transparency in bilateral teleoperation.
Robotics and Automation, IEEE Transactions on, 9(5):624–637, 1993.
(Cited on pages 14, 39, 40, 42, and 88)

[LBS+20] Jongseok Lee, Ribin Balachandran, Yuri S Sarkisov, Marco De Stefano,
Andre Coelho, Kashmira Shinde, Min Jun Kim, Rudolph Triebel, and Kon-
stantin Kondak. Visual-inertial telepresence for aerial manipulation. In
2020 IEEE International Conference on Robotics and Automation (ICRA),
pages 1222–1229. IEEE, 2020. (Cited on pages 21, 22, 93, 148, and 149)

[LC11] Yen-Chen Liu and Nikhil Chopra. Semi-autonomous teleoperation in task
space with redundant slave robot under communication delays. In 2011
IEEE/RSJ International Conference on Intelligent Robots and Systems,
pages 679–684. IEEE, 2011. (Cited on page 16)

[LCS02] Regelio Lozano, Nikhil Chopra, and Mark W Spong. Passivation of force
reflecting bilateral teleoperators with time varying delay. In Proceedings
of the 8. Mechatronics Forum, pages 954–962. Citeseer, 2002. (Cited on
pages 16 and 69)

171



Bibliography

[LEM82] Markley F.L. Lefferts E.J. and Shuster M.D. Kalman Filtering for Space-
craft Attitude Estimation. 5(5):417–429, 1982. (Cited on page 87)

[LH10] Dongjun Lee and Ke Huang. Passive-set-position-modulation framework for
interactive robotic systems. Robotics, IEEE Transactions on, 26(2):354–369,
2010. (Cited on page 69)

[LHPO09] Yanfang Li, Joel C Huegel, Volkan Patoglu, and Marcia K O’Malley. Pro-
gressive shared control for training in virtual environments. In World Hap-
tics 2009-Third Joint EuroHaptics conference and Symposium on Haptic
Interfaces for Virtual Environment and Teleoperator Systems, pages 332–
337. IEEE, 2009. (Cited on page 16)

[Li98] Perry Y Li. Passive control of bilateral teleoperated manipulators. In Pro-
ceedings of the 1998 American Control Conference. ACC (IEEE Cat. No.
98CH36207), volume 6, pages 3838–3842. IEEE, 1998. (Cited on page 69)

[LK07] S. G. Loizou and V. Kumar. Mixed initiative control of autonomous vehi-
cles. In Proceedings 2007 IEEE International Conference on Robotics and
Automation, pages 1431–1436, 2007. (Cited on page 93)

[LL09] Kyungno Lee and Doo Yong Lee. Adjusting output-limiter for stable haptic
rendering in virtual environments. IEEE transactions on control systems
technology, 2009. (Cited on page 69)

[LMBO18] Dylan P Losey, Craig G McDonald, Edoardo Battaglia, and Marcia K
O’Malley. A review of intent detection, arbitration, and communication
aspects of shared control for physical human–robot interaction. Applied
Mechanics Reviews, 70(1), 2018. (Cited on pages 15 and 16)

[LPO09] Yanfang Li, Volkan Patoglu, and Marcia K O’Malley. Negative efficacy of
fixed gain error reducing shared control for training in virtual environments.
ACM Transactions on Applied Perception (TAP), 6(1):1–21, 2009. (Cited
on pages 15 and 16)

[LS13] Zhijun Li and Chun-Yi Su. Neural-adaptive control of single-master–
multiple-slaves teleoperation for coordinated multiple mobile manipulators
with time-varying communication delays and input uncertainties. IEEE
transactions on neural networks and learning systems, 24(9):1400–1413,
2013. (Cited on page 93)

[LTH14] Jian Li, Mahdi Tavakoli, and Qi Huang. Absolute stability of multi-dof
multilateral haptic systems. IEEE Transactions on Control Systems Tech-
nology, 22(6):2319–2328, 2014. (Cited on page 17)

[MBDSO21a] Hrishik Mishra, Ribin Balachandran, Marco De Stefano, and Christian Ott.
A compliant partitioned shared control strategy for an orbital robot. IEEE
Robotics and Automation Letters, 6(4):7317–7324, 2021. (Cited on pages 23
and 155)

[MBDSO21b] Hrishik Mishra, Ribin Balachandran, Marco De Stefano, and Christian Ott.
A partitioned shared control strategy for interaction-oriented end-effector
tasks using an orbital robot. 2021. (Cited on page 16)

172



Bibliography

[MCD17] Rebecca McWilliam, Daniela Constantinescu, and Daniela Damian. Passive
haptic deformation using force bounding. In The 5th International Confer-
ence on Control, Mechatronics and Automation, 2017. (Cited on page 69)

[Meh70] R. K. Mehra. Approaches to adaptive filtering. In 1970 IEEE Symposium
on Adaptive Processes (9th) Decision and Control, pages 141–141, Dec 1970.
(Cited on page 87)

[MF16] Adnan Munawar and Gregory Fischer. A surgical robot teleoperation frame-
work for providing haptic feedback incorporating virtual environment-based
guidance. Frontiers in Robotics and AI, 3:47, 2016. (Cited on pages 16
and 17)

[MFK11] Nathan Michael, Jonathan Fink, and Vijay Kumar. Cooperative manipula-
tion and transportation with aerial robots. Autonomous Robots, 30(1):73–
86, 2011. (Cited on page 147)
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