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Haptic feedback systems are systems that exert a desired force, to be 
experienced by the user, to recreate a physical interaction. This type of 
systems can increase the realism  of the interaction with objects that are not 
in the direct area of influence of the user. The same applies to the interaction 
with virtual objects. The fundamental problem in the control of these systems 
is how to maximize the transparency of the system, and related to that the 
realism of the interaction as perceived by the user, while guaranteeing 
stability of the interaction under all possible operating conditions.

The analysis of the stability is made more difficult by the presence of a closed 
loop containing either one or two unknown, non-linear, and time-varying 
elements, the user and/or physical environment. Furthermore, the control 
algorithm is executed on a discrete medium which, depending on the 
algorithm, parameter settings, and remaining elements, can have a 
significant influence on the stability of the interaction.

In this thesis a solution is sought to all these factors by means of energy- and 
port-based reasoning. For both applications an algorithm is derived that is 
based on the energy exchange between the physical world and the system. 
By enforcing energy neutrality, in other words passivity, of this exchange 
stability of the interaction is guaranteed.  
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Samenvatting

Haptic feedback systemen zijn systemen die een gewenste kracht uitsturen, en door de
gebruiker ervaren wordt, om een fysieke interactie na te bootsen. Dit soort systemen
kunnen het realisme verhogen van de interactie met objecten die zich niet in het directe
invloedsgebied van de gebruiker bevinden. Hetzelfde geldt voor de interactie met virtuele
objecten. Het basis probleem in de aansturing van deze systemen is hoe de transparantie
van het systeem, en daarmee samenhangend het realisme van de interactie zoals ervaren
door de gebruiker, te maximaliseren terwijl de stabiliteit van de interactie altijd gegaran-
deerd blijft.

De analyse van de stabiliteit wordt bemoeilijkt door de aanwezigheid van een ges-
loten lus waarin meerdere onbekende, niet-lineaire en tijd-variërende elementen kunnen
voorkomen, te weten de gebruiker, een fysieke omgeving, en mogelijke tijdsvertragingen
in een communicatiekanaal. Tevens wordt het regel algoritme uitgevoerd op een discreet
medium wat afhankelijk van het algoritme, de instellingen en de overige elementen een
significante invloed kan hebben op de stabiliteit van de interactie.

In dit proefschrift wordt voor al deze factoren een oplossing gezocht door middel van
een energie- en poort-gebaseerde aanpak. Voor beide toepassingen wordt een algoritme
afgeleid dat gebaseerd is op de energie uitwisseling tussen de fysieke wereld met het
systeem. Door energie neutraliteit van deze uitwisseling, oftewel passiviteit, te handhaven
wordt stabiliteit van de interactie gegarandeerd.

Het algoritme voor de interactie met virtuele objecten voorziet in een passieve kop-
peling tussen de fysieke wereld en het discrete systeem. Het dynamisch gedrag van het
virtuele object wordt berekend met behulp van een energie gebaseerde integratiemeth-
ode. Iedere integratie-stap wordt de aanwezige energie in het systeem geëvalueerd. Een
nieuwe distributie van die energie over de energie opslag elementen wordt berekend op
basis van het model dat het dynamisch gedrag van het fysieke object beschrijft. Dit al-
goritme garandeert stabiliteit onafhankelijk van de executie-frequentie van het algoritme,
maar past het realisme van de interactie dusdanig aan zodat de passiviteit gehandhaafd
blijft.

Het tweede algoritme splitst de doelstellingen van een regel algoritme voor de passieve
interactie met fysieke objecten door middel van een telemanipulatie systeem op in twee
lagen die hierarchisch geordend zijn. De bovenste laag, de Transparantie-laag, bevat
een willekeurig regel algoritme dat de gewenste mate van transparantie kan bereiken.
De Passiviteits-laag bevat een algoritme dat passiviteit van de interactie garandeert en
waar nodig de gewenste krachten door de Transparantie-laag aanpast om passiviteit te
behouden. De implementatie van dit algoritme werk ook in de aanwezigheid van commu-
nicatie vertragingen, door bijvoorbeeld afstand, tussen de beide locaties die het systeem
verbindt, respectievelijk de gebruiker en de fysieke omgeving.
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Summary

Haptic feedback systems are systems that exert a desired force, to be experienced by the
user, to recreate a physical interaction. This type of systems can increase the realism of the
interaction with objects that are not in the direct area of influence of the user. The same
applies to the interaction with virtual objects. The fundamental problem in the control
of these systems is how to maximize the transparency of the system, and related to that
the realism of the interaction as perceived by the user, while guaranteeing stability of the
interaction under all possible operating conditions.

The stability analysis is complicated due to the presence of a closed loop, which can
contain multiple unknown, non-linear, and time-varying elements, e.g. the user, a phys-
ical environment, and time delays in a possible communication channel. Furthermore,
the control algorithm is executed on a discrete medium which, depending on the algo-
rithm, parameter settings, and remaining elements, can have a significant influence on the
stability of the interaction.

In this thesis a solution is sought to all these factors by means of energy- and port-
based reasoning. For both applications an algorithm is derived that is based on the energy
exchange between the physical world and the system. By enforcing energy neutrality, in
other words passivity, of this exchange a stable interaction is guaranteed.

The algorithm for the interaction with virtual environments provides a passive cou-
pling between the physical system and the discrete system. The dynamic behavior of the
virtual object is computed with an energy-based integration method. Each iteration the
algorithm evaluates the energy that is present in the system. A redistribution of that en-
ergy over the energy storing elements is computed based on the model that describes the
dynamic behavior of the physical object. This algorithm ensures stability independent of
the sample frequency of the algorithm, but adapts the realism of the interaction in such a
way that passivity is maintained.

The second algorithm divides the control objectives for the passive interaction with
physical objects in remote environments by means of a telemanipulation system into two
layers that are placed in a hierarchical order. The top layer, the Transparency-layer, con-
tains an arbitrary control algorithm that provides the desired measure of transparency.
The Passivity-layer contains an algorithm that guarantees passivity of the interaction and
when necessary adapts the desired forces computed by the Transparency-layer to maintain
passivity. The implementation of this algorithm also works in the presence of communi-
cation delays, by e.g. physical distance, between both locations that are connected by the
system, the user and remote environment, respectively.
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CHAPTER 1

Introduction

Human ingenuity has always been directed to improving our own capabilities in shaping
our environment. For centuries people have developed and applied tools to perform tasks
that would otherwise have been hard to accomplish at best, or even impossible. A simple
example is the introduction of the hammer which allows a blacksmith to shape red-hot
metal. Here the tool used, the hammer, is a simple extension of the blacksmith’s arm, but
it allows him to interact with materials that would have been dangerous to interact with
directly. Also the hammer can be shaped in such a way that the ability of the blacksmith
to shape the metal is beneficially influenced.

With modern technology an interesting extension to the above concept became pos-
sible. A new generation of ‘tools’ can be developed that allows the user to interact with
objects that are not in his/her direct area of influence. This is called Telemanipulation
where the greek Tele means at a distance. Distance does not necessarily have to relate
to a physical distance, but to a general ‘barrier’ preventing the user from directly manip-
ulating the object (Niemeyer et al., 2008). Telemanipulation systems can prove useful in
application area’s such as space, underwater, and surgical robotics.

A telemanipulation system is composed of a master system which is operated by the
user and a slave system that interacts with the remote environment. The coupling between
these two systems is established by means of a control algorithm and depending on the
application the communication between the master and slave system can occur through
a communication channel with time delays. As the coupling between the user and the
remote environment is no longer mechanical, a telemanipulation system can be designed
to improve the manipulation capabilities of a user even further.

When directly manipulating objects the human sensory system provides us with feed-
back on our interaction with the object. This sensory system is multi-modal in nature and
comprises the 5 senses:

• vision
• somatosensory - touch and proprioception
• auditory
• gustatory - taste
• olfactory - smell.

Not every sensory subsystem provides information which is relevant for the completion
of a certain task, e.g. the olfactory sense during the stacking of blocks. Even if a sensory
subsystem does provide information relevant to a task, it is not necessarily required for
the completion of the task, e.g. the sense of touch during the stacking of blocks. However,
the performance of the task might very well decrease when the information of that sensory
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subsystem is not present, e.g. the loss of proprioceptive feedback in humans imposes a
severe limitation on the manipulation capabilities of humans and only with intense train-
ing and concentration simple tasks can be executed on visual feedback alone (Abbott,
2006). Of course, this decrease in performance is dependent on the metric that is applied
to express performance of the task execution.

This thesis is related to restoring the sense of touch to users in applications were this
information is not directly present to be experienced by the user. The two situations that
are considered are the interaction with simulated and remote objects. In both situations
there is not a physical object for the human to touch directly. However, using sensors,
control algorithms, and haptic interfaces it is possible to mimic the direct interaction with
the physical object. Haptic interfaces are bidirectional devices that measure a position
and reflect a force based on the recorded motion, impedance-displays, or measure force
and impose a velocity based on the recorded force, admittance-displays.

Haptic is derived from the greek Haptikos, which means pertaining to the sense of
touch. Haptic feedback in this thesis is used to indicate direct haptic feedback by means
of impedance-displays (the application of a desired force to the user) and disregards meth-
ods for sensory substitution, e.g. the visual display of force levels (Okamura, 2004) or
mechanical tissue properties (Yamamoto et al., 2009). When a telemanipulation system
reflects haptic information about the remote interaction to the user it is called a bilateral
telemanipulation system.

Haptic feedback can be divided into kinesthetic and tactile feedback. Humans sense
kinesthetic feedback in e.g. ligaments, tendons, and muscles. When combined with the in-
formation about the related joint movements, kinesthetic feedback can be used to discrim-
inate object properties such as shape, weight, and stiffness. Tactile feedback is provided
by mechanoreceptive nerve endings. This information is used to detect object properties
such as surface roughness. Although tactile feedback can be a rich source of informa-
tion, it is not considered in this thesis. The word haptic from this point on refers only to
kinesthetic feedback.

There are two requirements for a haptic feedback system to be useful:

1. Guaranteed stability of the interaction under all possible operating conditions

2. The display of the desired behavior to the user.

For the first requirement well-defined analysis methods are available, e.g. Lyapunov
asymptotic stability, whereas the desired behavior has a more subjective nature. A hap-
tic feedback system reflects the interaction perfectly when the user perceives it as real.
As such the human perception, and the influence of multi-model feedback, play a crucial
role. If the system is capable of perfectly reflecting the impedance of the object, the user
will experience exactly the same feedback with respect to his motions whether the object
is touched directly, or through the system. Therefore, the cognitive perception process of
the human will have to perceive the interaction with the object through the system as real.

Lawrence (1993) defined the Transparency of a system as the difference between the
true impedance of the object and the impedance experienced by the user. He investigated
the obtainable transparency of a single bilateral control algorithm with respect to the con-
trol parameters based on the perceived impedance by the user. His analysis indicated
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that for regular bilateral controllers the two requirements, Transparency and Stability, are
conflicting objectives.

This statement by Lawrence (1993) is based on an analysis using linear systems the-
ory. The application of non-linear control systems can significantly reduce the conflictive
nature of stability and transparency. Transparency will still be subjected to the required
need for stability, but far less when compared to the application of linear control systems.
Transparency analyses and metrics based on port behavior of general non-linear systems
have been proposed by Stramigioli, Fasse and Willems (2002) and Secchi et al. (2008b).

The focus of this thesis lies on developing non-linear control methods that allow to
optimize the Transparency of a haptic feedback system given the boundary condition of
stability using energy-based concepts in the design of the control algorithm.

1.1 Problem Statement
This research is inspired from a practical application problem in medicine. We will first
elaborate on the problem statement in the application domain after which the technical
challenges will be treated.

1.1.1 Medical application
Medicine can be defined as The science relating to the prevention, cure, or alleviation of
disease. New developments in medicine are ultimately meant to increase the quality of
care for the patients. An indispensable treatment method for many diseases is surgery.
For surgical procedures it is generally accepted that an increased quality of care translates
into reducing the invasiveness of the procedure and the required procedure time while
maintaining the same (or an improved) outcome for the patient.

This reduction in invasiveness and completion time of the surgical procedure can be
established in three ways:

1. research into successful treatment methods other than surgery,
2. introduction of tools that allow the surgeon to perform the surgery less invasive and

more efficient,
3. training that allows the surgeon to improve his skills outside the operating room.

The engineering sciences can contribute to the last two factors by designing the required
surgical tools and training systems.

A major step in the reduction of the invasiveness of surgery was made in 1987 when
the first laparoscopic cholecystectomy was performed (Polychronidis et al., 2008). Chole-
cystectomy is the removal of the gallbladder and laparoscopic means that the procedure
is performed on the basis of a video stream recorded by a slender endoscope (camera sys-
tem) inserted through a small incision in the abdominal wall. The surgery is performed
with slender surgical instruments inserted through similar small incisions. Instead of a
single large incision (approximately 15 cm long), a number (usually 3 to 5) of smaller in-
cisions (approximately 1.3 cm long) are made. A sufficiently large working area is created
by inflating the abdomen with carbon dioxide gas.
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The general description for this type of surgery is Minimal Invasive Surgery (MIS),
and is these days a common method of performing various procedures in general, thoracic,
urologic, and gynecologic surgery. For procedures such as cholecystectomy it is even
established as the ‘Golden Standard’, although surgical outcomes still appear to be linked
to the expertise of the surgeon (Csikesz et al., 2010). There are several benefits that are
generally associated with the smaller incisions in MIS for the patient:

• the smaller wounds result in less post-operative pain,
• faster recovery due to faster healing of the smaller wounds,
• less exposure area to bacteria in the air due to the smaller incisions and positive

pressure difference resulting in a smaller chance of post-operative complications,
• improved cosmetic results due to the smaller scars.

However, these benefits for the patient come at a price of increased complexity for the
surgeon due to:

• misalignment of the optical surgeon-to-monitor and camera-to-target axis with re-
spect to the manipulation axis, e.g. (Hanna and Cuschieri, 1999) and (Patil et al.,
2004),

• reversed and scaled motions,
• loss of dexterity,
• reduced ergonomics.

The ergonomics for the surgeon are most notably reduced due to the limited space for
positioning of the instruments in combination with the length of the instruments, and the
positioning of the monitor used to present the surgeon with a view on the surgical site,
e.g. (Uhrich et al., 2002) and (van Det et al., 2009).

Laparoscopic Skills Training (LST) was introduced so that prospective MIS surgeons
could adjust their working style to this more complicated form of surgery outside the oper-
ating room, see e.g. (Villegas et al., 2003). The devices used in LST range from (simple)
mechanical constructions to train basic MIS skills to complete surgical simulators using
virtual anatomical models, or even a combination from physical objects and overlaid an-
imations (Botden et al., 2007). A recent development is an increased focus on objective
skill assessment during and following the LST, e.g. (Rosen et al., 2001a), (Rosen et al.,
2001b), and (Luursema, 2010).

A new development in MIS is Natural Orifice Transluminal Endoscopic Surgery (NOTES).
In NOTES procedures the entire surgical procedure takes place without any external inci-
sions. This type of surgery most often requires the use of steerable/flexible systems, i.e.
surgical endoscopes, as the operation site has to be reached through one of the natural
openings of the human body. This further complicates the execution of this type of pro-
cedures with respect to MIS. In 2007 Marescaux et al. (2007) performed the first NOTES
human cholecystectomy, Operation Anubis. Specialized tools for NOTES are being de-
veloped by e.g. (Karl Storz, 2011), (Olympus, 2011), and (USGI Medical, 2011).

Telemanipulation was recognized as a viable option to lessen the mental burden of
MIS for the surgeon and is thought to be essential for the viability of NOTES (Canes
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Figure 1.1: Da Vinci Surgical System by Intuitive Surgical, Inc. (2011): Depicted are
the user console, the surgical robot, and the vision system tower.

et al., 2009). In 1998 the Zeus system was introduced for use in MIS by Computer Mo-
tion, shortly followed by the introduction of the da Vinci Surgical System by Intuitive
Surgical, Inc. (2011) in 1999. At the moment the da Vinci system, Fig. 1.1, is the only
commercially available system for Robot Assisted Surgery (RAS) in MIS. Several fea-
tures make the da Vinci system a valuable asset for complex MIS procedures, e.g. motion
scaling and filtering, 3D imagery, improved dexterity inside the patients body, and im-
proved ergonomics. Since its introduction the da Vinci system has been successfully used
in various surgical procedures, see e.g. (Melfi et al., 2002), (Hashizume et al., 2002),
and (Ruurda et al., 2005), and more than 1600 systems have been installed in over 1500
hospitals worldwide as of 2011 (Intuitive Surgical, Inc., 2011).

With both the Zeus and the da Vinci system the surgeon is completely disconnected
from the patient. The only source of information about his interaction with the patient’s
organs is the visual feedback provided by the imagery system. The forces associated with
that interaction can only be estimated by the surgeon based on the visual deformation of
the object being manipulated in combination with a mental model of the biomechanical
tissue properties of the object. This lack of haptic feedback can negatively influence the
performance of the surgeon during surgery. Studies have shown that the lack of haptic
feedback during standard surgical tasks such as blunt dissection and tissue manipulation
lead to the application of increased forces. Experiments with in vivo tissue damage as-
sessment have shown that the application of increased forces attributes to collateral tissue
damage, e.g. (Wagner et al., 2002), (Tholey et al., 2005), (Wagner and Howe, 2007), (De
et al., 2007), (Famaey et al., 2010). This led Macefield et al. (1996) and King et al. (2009)
to conclude that tactile feedback of the grasping forces is more important than kinesthetic
feedback in surgery, although they only considered collateral tissue damage and not task
performance as a whole.

Most comparative studies (telemanipulation with/without haptic feedback) so far have
shown only a decrease in applied forces when haptic feedback was present and not a de-
crease in procedure time. Wagner and Howe (2007) state that this last effect might be
dependent on the experience the surgeons has with working with a telemanipulation sys-
tem. The ‘expert’ group in their experiments showed also to benefit from haptic feedback
with respect to required procedure time, whereas the required completion time actually
increased in the ‘novice’ group.
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The forces exerted by a surgeon on tissue during standard MIS can be used as an ob-
jective skill assessment criteria. As increased forces attribute to tissue necrosis, a skilled
MIS surgeon will minimize the applied forces applied to the tissue. When haptic feedback
is added to current surgical simulators, the applied forces can be registered and used in the
objective skill assessment. Haptic simulators have been developed for e.g. suturing tasks
by Webster et al. (2001), burring surgery by Tsai and Hsieh (2010), and bone surgery by
Morris et al. (2006). A collection of automatic skill assessment metrics are also proposed
in Morris et al. (2006). A multi-modal feedback (visual, haptic, and auditory) simulator
for dental treatment has been developed and commercialized by MOOG FCS (2009).

The problem statement from the application domain can be formulated as:

How should haptic feedback be incorporated in Robot Assisted Surgery and
Laparoscopic Skills Training to result in reduced invasiveness and completion time of

surgical procedures?

TeleFLEX project

The TeleFLEX project is a research project at the University of Twente in which several
research groups from different disciplines are working together with an industrial partner
and several medical partners. The main project partners involved are:

• Control Engineering,
Faculty of Electrical Engineering, Mathematics, and Computer Science

• Mechanical Automation and Mechatronics,
Faculty of Engineering Technology

• Design, Production, and Management,
Faculty of Engineering Technology

• Minimal Invasive Surgery and Robotics,
Faculty of Science and Technology

• Demcon

The project aims to increase the quality of surgical operations and the comfort of the
patient during and after surgeries. The research is directed towards a new generation of
surgical telemanipulation systems. One of the desired deliverables is a functional experi-
mental test setup centered around an Anubiscope (Karl Storz, 2011) suitable for NOTES
and Single Port Surgery (Canes et al., 2008), which can be regarded as a form of surgery
in between MIS and NOTES. The various fields that are being investigated are:

• Software architectures and real-time networks
• Haptic feedback, application driven and control design
• User interfaces
• Mechanism design
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1.1.2 Technical implementation
In order to fully address the problem statement from the application domain, haptic feed-
back systems are required with which application oriented research can be conducted in
the surgical community. However, some open technological challenges exist with respect
to the general introduction of haptic feedback systems. Some of these requirements are
domain specific, e.g. cost-effective design and manufacturing of components with respect
to sterilizability versus disposability. Other challenges persist with respect to the general
concept of haptic feedback systems.

The addition of haptic feedback to telemanipulation systems and the interaction with
virtual environments establishes a closed loop including all model components, Fig. 1.2.
These loops are prone to stability issues due to factors as the possible presence of (non-
neglible) time delays in the communication channel and the implemented control algo-
rithm in combination with the uncertain and time-varying impedance of the user and/or
remote environment. Furthermore, stability issues may arise due to system dynamics that
have not been taken into account in the controller design phase and even the discrete im-
plementation of the control algorithm can already result in stability problems. Classical
design approaches impose severe restrictions on the implementation of regular control
algorithms due to the large uncertainty and variation in the impedance of the user and/or
remote environment. These restrictions limit the achievable transparency of systems de-
signed with such approaches.

As stated in the introduction the stability of the interaction with a haptic feedback
system is a fundamental requirement. Initial research is undertaken to address the problem
statement in the application domain, but concessions are necessarily made due to the
stability requirement. With respect to the problem statement in the application domain it
is assumed that the obtainable transparency should be as high as possible. Therefore, the
technical problem statement that is treated in this thesis is formulated as:

How should control algorithms for haptic feedback in telemanipulation and the haptic
interaction with virtual environments be implemented such that the highest possible

transparency is obtained while guaranteeing stability of the interaction?

1.2 Related work
In this section we will review some of the advances that have been made in the field of
telemanipulation systems, with a focus on surgical telemanipulation systems, the influ-
ence of time delays in telemanipulation, and in the design of control algorithms for haptic
feedback systems. Thorough overviews of the development in these area’s have been
written by Sheridan (1989), Sheridan (1993), Hokayem and Spong (2006), and Niemeyer
et al. (2008). An overview of related work with respect to haptic interaction with virtual
environments is contained within Chapter 2.
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Figure 1.2: Generalized haptic feedback systems: F , V , and Z represent forces, veloc-
ities, and impedances, respectively. The subscripts H , M , S, and E represent the human,
the master system, the slave system, and the environment, respectively. F ∗

H represents
the exogeneous input by the user. The dashed elements are executed in discrete time.
Depending on the implemented bilateral control algorithm a specific closed loop is estab-
lished comprising all components. The closed loop established by haptic interaction with
virtual environments is fixed.

1.2.1 Telemanipulation systems
The initiation of the field of modern telemanipulation systems is accredited to R.C. Go-
ertz. In the 1940s and 1950 he build several telemanipulation systems at Argonne National
Lab for the handling of radioactive material. Up to then remote manipulators had been
controlled solely by means of arrays of switches (Goertz, 1952). The first setup consisted
of a system of mechanical linkages that allowed people to handle radioactive materials
from behind a shielded wall (Goertz, 1954b). This device established a mechanical con-
nection between the user and the materials to be handled. As such it was tiresome to
operate due to its weight and the mechanical friction. Furthermore, the distance between
the operator and the ‘remote’ environment was necessarily limited. A major breakthrough
came when Goertz (1954a) broke the mechanical linkage between the user and the envi-
ronment by the use of electromotors and an electrical linkage between the master and
slave system. This early system was also capable of providing haptic feedback from the
position servomechanism. In recent years, telemanipulation systems have been succes-
fully applied in amongst others:

• handling of radioactive materials, e.g. (David et al., 2005) and (Kim and Kim,
2010),

• control of unmanned underwater vehicles, e.g. (Sayers and Paul, 1994) and (Jun
et al., 2009),

• control of robotic systems in space, e.g. (Hirzinger et al., 1989), (Bejczy, 1994),
(Wright et al., 2005), and (Preusche et al., 2006),

• micro manipulation, e.g. (Tanikawa and Arai, 1999) and (Szemes et al., 2001),
• excavator control, e.g. (Salcudean et al., 1999) and (Kim et al., 2008),
• teleoperation of mobile robots, e.g. (Lim et al., 2003), and (Rentschler et al., 2008),

• teleoperation of aerial robots, e.g. (Guenard et al., 2006), and (Stramigioli et al.,
2010),
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• telesurgery, e.g. (Intuitive Surgical, Inc., 2011), (Hansen Medical, 2011), (Abbott,
Becke, Rothstein and Peine, 2007), and (van den Bedem et al., 2008).

Surgical telemanipulation

In the 1980s the Stanford Research Institute (SRI) began developing a telemanipulation
system suitable for hand surgery (Gourin and Terris, 2007). The results of this project led
to increased awareness of the possibilities of telemanipulation in surgery and increased
funding opportunities. One of the first robotic telemanipulation systems that has been
designed for use during MIS was the AESOP system by Sackier and Wang (1994). This
was a voice-controlled robotic endoscope holder introduced in 1994 by Computer Motion.
The AESOP system was intended to restore control of the imagery system to the surgeon
and removing the reliance on a surgical assistant. Prior to 1994 robotic systems were
already (experimentally) applied in neurosurgery, e.g. (Kwoh et al., 1988) and (Drake
et al., 1991), and orthopedic surgery, e.g. (Paul et al., 1992). In these applications a
fixed sequence of operations had to be carried out by the system in a highly controlled
environment, e.g. rigidly fixed and precisely known position of the patient’s head/knee.

In 1998 Computer Motion introduced the Zeus system, which was a surgical telema-
nipulation system for MIS based on the AESOP system. This was the introduction of
RAS and intended to lessen the mental and physical burden of MIS on the surgeon. The
da Vinci Surgical System was introduced by Intuitive Surgical, Inc. (2011) of which the
mechanical design was based on a research project carried out in collaboration with MIT
(Madhani, 1998) and several features of the earlier SRI system were incorporated in early
da Vinci prototypes (Intuitive Surgical, Inc., 2011).

The da Vinci system is currently the only commercially available surgical telemanip-
ulation system. Several other companies and institutions are developing prototypes and
commercial systems for MIS and other medical applications. Telemanipulation systems
for MIS are being developed by e.g. Titan Medical Inc. (2011) and van den Bedem (2010),
and for catheter-based electrophysiology procedures by e.g. Hansen Medical (2011) and
Stereotaxis (2011). The system by Hansen Medical (2011) also provides haptic feedback
based on their proprietary Intellisense Fine Force technology. A prototype telemanip-
ulation system for NOTES has been developed by Abbott, Becke, Rothstein and Peine
(2007).

Surgical telemanipulation has also already been applied over true physical distance.
Marescaux et al. (2001) performed the world’s first transatlantic cholecystectomies from
New York, United States on both pigs and a human patient in Strasbourg, France, named
Operation Lindbergh. The procedure was carried out using a modified Zeus system and
the maximum delay that was recorded was around 150ms (Butner and Ghodoussi, 2003).
Arata et al. (2006) performed a laparoscopic cholecystectomy between Japan-Korea on a
pig using a custom developed surgical system.

To further study the application of telemanipulation in surgery, the BioRobotics lab-
oratory of the University of Washington, Seattle, United States developed the Raven sys-
tem. The Raven system (Lum et al., 2006) is a fully functional surgical telemanipulation
system for non-sterile tasks, e.g. LST. It has been used in a variety of experiments to inves-
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tigate the applicability of telemanipulation in difficult circumstances. Lum et al. (2008)
performed experiments with the entire system in the desert, where the communication
between the master and slave system occurred through an unmanned aerial vehicle flying
over the desert. Lum et al. (2009a) also performed experiments with the slave system in
an underwater facility. Similar experiments have been carried out with the M7-system by
(Stanford Research Institute, 2011). King et al. (2010) discuss a telemanipulation exper-
iment where various different master and slave systems were connected over the internet
using a single communication protocol designed for interoperability.

1.2.2 Telemanipulation with Time Delays
With the advent of increased computing power and fast communication methods telema-
nipulation over large physical distance became a real possibility. Already in the early
1960’s research was conducted to come to a better understanding of how time delays ef-
fected the performance of users. Sheridan and Ferrell (1963) and Ferrell (1965) discuss
that increased time delays in telemanipulation, without haptic feedback, forces users to
adopt stop-and-wait policies in their manipulations and as such result in increased task
completion times. Ferrell (1966) demonstrated that time delays in the communication
channel connecting the master and slave system can have a destabilizing influence on
bilateral telemanipulation systems.

Thompson et al. (1999) investigated the influence of time delays on surgical pro-
cedures. In their study time delay was also found to degrade task performance, but
asynchronous feedback of visual and haptic information, with haptic feedback leading,
improved task completion time. Similar results were obtained by Onda et al. (2010).
This result can be of significant importance for time-delayed bilateral teleoperation. The
time to transmit visual feedback through a communication channel is usually significantly
higher compared to the control signals for the systems due to the required (de)coding pro-
cesses. The asymmetric time delays reported by Arata et al. (2006) were 6.5ms and
435.5ms for the control signals and video stream, respectively.

Several studies have focussed on the maximum latency with which surgeons could still
adequately perform tasks. Latency is defined as the total time delay between the action
of the user and the resulting (visual) feedback, which includes besides the round-trip time
delay, delays induced by (de)coding processes. The following studies only included visual
feedback and not haptic feedback. Fabrizio et al. (2000) state that with a latency of 700ms
surgeons are still capable of adequate task performance. Butner and Ghodoussi (2003)
performed several latency-performance test prior to Operation Lindbergh. Based on that
study a maximum latency of 330ms is recommended for surgical procedures. The latency
during Operation Lindbergh of approximately 150ms was found to be unproblematic.
Anvari et al. (2005) recommends a maximum latency of 500ms for surgical procedures.
Lum et al. (2009b) evaluated the time delay dependency of the performance during a
SAGES block transfer task, which is a basic task in LST. In their study latencies of 0ms,
250ms, and 500ms were implemented and a significant difference in mean block transfer
time and mean tool tip path length were shown, but a recommended maximum latency is
not indicated.
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If the latency further increases, direct control of the slave system eventually becomes
impossible. For these applications Supervisory-control has been developed (Ferrell and
Sheridan, 1967). With this control scheme the user only provides high-level commands
to be executed autonomously by the slave system, e.g. as applied by Wright et al. (2005)
in the interplanetary control of mobile robots.

1.2.3 Bilateral Control
The bilateral coupling between the user and the remote environment is established by
means of the implemented control algorithm. Various control algorithms have been pro-
posed with differing stability and transparency properties. Some common bilateral control
architectures are :

• Position-Position control:
The feedback force to the user is based on the position difference between the mas-
ter and slave system. Mahvash and Okamura (2007) improve the transparency prop-
erties of a Position-Position controller by means of friction compensation.

• Position-Force control:
The interaction force between the slave system and the environment is measured
and reflected to the user, e.g. (Fite et al., 2004). Sometimes the required force
sensing is avoided and instead the force exerted by the control algorithm at the
slave side is reflected to the user, e.g. (Artigas et al., 2010a).

• Four Channel control:
Lawrence (1993) showed that perfect transparency could be obtained when both the
velocities and forces were exchanged between the two systems. As two forces and
two velocities are exchanged through the communication channel this controller is
called the four channel controller. A similar scheme was derived by Yokokohji and
Yoshikawa (1994), which also explicitly required the accelerations of both devices.
Salcudean et al. (2000) applied the four channel control algorithm to systems under
rate control. Tavakoli et al. (2007) analyzes the stability properties of a discrete
implementation of the four channel controller and Naerum and Hannaford (2009)
analyzes the global transparency properties of all possible forms of this control ar-
chitecture. Hashtrudi-Zaad and Salcudean (1999) showed that perfect transparency
could also be obtained with three instead of four channels. Kim et al. (2005) showed
that even with only two channels (Position-Force or Force-Position architecture)
perfect transparency could be obtained using local feedback loops for the measured
forces. Christiansson (2007) proposed to include an additional channel in the con-
trol architecture, dubbed five channel controller, where a structural compliance in
the end-effector of the slave system was used to improve the stability properties of
the telemanipulation system.

• Adaptive Controllers
The impedances of the user and environment are usually time-varying and as such
the performance of bilateral controllers with fixed parameter settings will be time-
varying. A position controller that has been tuned for a certain performance during
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free-space motion will show reduced position tracking performance when in con-
tact with a physical object. Subsequently the transparency properties of the system
are affected. Adaptive controllers have been proposed that adapt the parameter
settings of the position controller of the slave device based on the identified pa-
rameters of the environment to improve the position tracking performance during
contact phases. Examples include the work of Ibeas and de la Sen (2006), Misra
and Okamura (2006), and Cortesao et al. (2006).

• Coupled Impedance Controllers
The telemanipulation system itself can be thought of to have an impedance. Us-
ing the bilateral control algorithm this impedance can be shaped in such a way to
beneficially influence the stability properties of the coupled system. The telemanip-
ulation system is not necessarily designed to be perfectly transparent, but rather to
mimic a tool with certain dynamic characteristics with which interaction with the
remote environment can take place. Examples of this approach include the work
of Lee and Li (2003), Lee and Li (2005), and Galambos et al. (2010). Also the
Shared Compliance Control as applied by Kim et al. (1992) can be categorized in
this category as the slave system is designed to have a certain internal compliance.

Classical control approaches have been used to analyze the parameter spaces of the
above controllers for which the coupled system is stable. Loop-shaping has been applied
to e.g. the Position-Force architecture by Speich et al. (2000), Fite et al. (2001), and Fite
et al. (2004). Feedback linearization was applied by Speich and Goldfarb (2005) to enable
the use of loop-shaping compensators, which increases the transparency bandwidth while
maintaining stability robustness, on a three degrees of freedom telemanipulation system.
H∞-methods have been applied by e.g. Kazerooni et al. (1993), Yan and Salcudean
(1996), and Shahdi and Sirouspour (2009b). Mu-analysis and synthesis have been applied
by Leung et al. (1995) to obtain a pre-specified stability margin with respect to time delays
and by Sirouspour (2005) in a multi-user/multi-slave scenario.

In order to apply these approaches a sufficiently accurate linear approximation, and/or
maximum deviation with respect to the approximation, of the impedances of the user and
environment is required. Given the large variation in these impedances, other approaches
that are independent of the impedance of the user and environment have been proposed.
Lyapunov-theory has been applied to design asymptotically stable bilateral telemanipula-
tion systems by e.g. Miyazaki et al. (1986), Lee and Li (2005), Nuno et al. (2008, 2009),
and Hua and Liu (2010).

Hannaford and Anderson (1988) analyzed the influence of the user grasp on the sta-
bility of a Position-Force controlled bilateral telemanipulation system during hard con-
tact phases. It was found that the user could stabilize the system by increasing his/her
impedance, i.e. applying a firmer grasp on the master device. Hasser and Cutkosky (2002)
show that with a firmer grasp applied by the user the damping added by the user to the
system predominantly increases. Based on this phenomena Kuchenbecker and Niemeyer
(2006) proposed a different view on the stability problem. The ‘problematic’ closed loop
is established as the force feedback to the user influences the motion of the master device,
which in turn influences the motion of the slave device. They named this effect Induced
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master motion and proposed the application of filtering techniques on the recorded master
position. Such filters should remove the Induced master motion from the motion signal
so that only the motion intended by the user is transmitted to the slave side. This should
effectively break the ‘problematic’ feedback loop.

An approach related to the Induced master motion-phenomena was proposed by Po-
lushin et al. (2007, 2008). They proposed a projection-based control of the feedback force
to the user. The projection of the feedback force is limited to the force actually applied by
the user. This scheme prevents the feedback force from inducing motions of the master
device. However, the transparency properties of this scheme have not yet been assessed
in practical applications.

The phenomena of Induced master motion is related to non-passive behavior of the
telemanipulation system. A passive system is a system from which the energy that can
be extracted is bounded by the energy that was previously injected and/or initially stored
(van der Schaft, 1999). With each motion of the master and slave device a certain cost of
energy is associated. An Induced master motion is not initiated by the user, but is rather
the result of the established closed loop in the system itself. This means that the energy
required to sustain that motion is not supplied by the user, but is generated within the
system itself and is therefore called “virtual” energy. This additional energy can poten-
tially destabilize the system. Using the concept of passivity it is possible to design and
implement bilateral controllers that guarantee passivity of the telemanipulation system.
The interaction between passive systems is guaranteed to be stable and both the user and
the environment can be assumed to be passive, or at least to interact with passive systems
in a stable manner (Hogan, 1989).

A well-known design approach based on the concept of passivity is Llewellyn’s crite-
rion for Absolute Stability (Llewellyn, 1952) as applied by Hashtrudi-Zaad and Salcudean
(2001). A passive system can never produce energy and the interaction between passive
systems is guaranteed to be stable (van der Schaft, 1999). As long as the impedances of
the user and environment are guaranteed to be passive, stability of the coupled system
is guaranteed. Willaert et al. (2010a) and Haddadi and Hashtrudi-Zaad (2010) both pro-
posed methods inspired by the Absolute Stability method that reduce its conservatism by
incorporating bounds on the impedances of the user and/or environment in the analysis.

A non-linear control scheme, Time Domain Passivity Control (TDPC), to guarantee
stability of a bilateral telemanipulation was proposed by Ryu et al. (2002, 2004b). In
this scheme a Passivity Observer (PO) and Passivity Controller (PC) are defined. The
PO monitors the physical energy exchange between the user/environment and the telema-
nipulation system online. The PC consists of modulated dampers that are employed to
maintain a positive value of the exchanged energy. This scheme enforces passivity and
thus stability of the system. Ryu et al. (2004a) show that the TDPC scheme can also be
generalized to other control applications.

The original implementation of the PC in the TDPC algorithm was found to excite
a high-frequent mode in the devices. Therefore, Ryu et al. (2005b) extended the TDPC
approach to include an energy reference following algorithm that smoothens the control
action of the PC. Ye et al. (2008, 2009, 2010) propose a power-based instead of an energy-
based TDPC approach. This simplified implementation of the TDPC does not contain an
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integral action and is therefore not susceptible to a possible and undesirable build up
effect as reported in the energy-based TDPC approach by Kim and Hannaford (2001),
Hannaford et al. (2002), and Artigas et al. (2006). However, the amount of energy ‘dis-
sipated’ in the control algorithm due to the power-based formulation will increase with
respect to the energy-based formulation. This in turn implies increased damping added
by the PC. Monfaredi et al. (2006) report that the energy-based TDPC approach is already
conservative as more damping is added by the TDPC approach than necessary to guaran-
tee stability. This conservatism increases when slave devices are used with higher internal
friction.

The TDPC was originally proposed by Hannaford and Ryu (2002) for haptic interac-
tion with virtual environments. The following extensions can also be applied to the TDPC
algorithm for bilateral telemanipulation. Preusche et al. (2003) discusses the distortion of
the force experienced by the user compared to the force computed by the virtual envi-
ronment that occurs with the TDPC algorithm for multiple degree of freedom devices. It
is proposed to project the force due to the PC along the direction of the force computed
by the virtual environment instead of simply directed against the movement on the axis
where energy was produced. Ryu et al. (2005a) discusses the noisy behavior of the PC
when the velocity of the device is near zero and proposes methods to improve the per-
formance. Hertkorn et al. (2010) generalizes the PC for devices with multiple degrees of
freedom so that weighting by the mass matrix of the device is possible. Related to the
work of Preusche et al. (2003), Hertkorn et al. (2010) indicates that is beneficial to imple-
ment a single multi degree of freedom TDPC structure in Cartesian coordinates instead of
multiple single degree of freedom TDPC structures for each joint.

Two other non-linear control schemes that are based on enforcing passivity of the
telemanipulation system are the Energy Bounding Algorithm (EBA) proposed by Kim
and Ryu (2010) and the Passive Set-Position Modulation (PSPM) framework proposed
by Lee and Huang (2008b, 2010). Like the TDPC, the EBA was originally developed to
implement passive interaction with virtual environments and applied to bilateral telema-
nipulation by e.g. Seo et al. (2008) and Park et al. (2010). The EBA limits the “virtual”
energy generated due to the sampling and zero-order-hold operation to the energy that is
dissipated due to the mechanical friction in the device, possibly extended with an estimate
of the damping added by the human arm touching the device. The non-linear operation
in the PSPM framework consist of bounds on the update of the set-position signal of
the PD-type controller based on the amount of energy that is available in a tank. That
tank is replenished by the energy that is dissipated due to the damping in the PD-type
controller. The PSPM framework was introduced as a previously proposed approach by
Lee and Spong (2006), employing fixed viscous dampers, was deemed too conservative.
The PSPM has also been applied to haptic interaction with virtual environments Lee and
Huang (2008a, 2009). A likely predecessor of the PSPM framework is the work reported
in Lee and Li (2002) where energy is stored in a fictitious flywheel by means of a damper.
The energy in the flywheel is used to power feedforward cancellation of disturbance forces
that limit position coordination of the master and slave system.

A breakthrough in the design of stable bilateral controllers in the presence of time de-
lays was the introduction of scattering variables by Anderson and Spong (1989). A thor-
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ough geometric interpretation of the scattering transformation was presented by Strami-
gioli et al. (2000). A conceptually simpler reformulation of scattering variables was pro-
posed by Niemeyer (1996) and Niemeyer and Slotine (1998, 2004) in the form of wave
variables. The coding scheme for the exchanged power variables (velocities and forces) in
the scattering/wave variables transformation implements a passive communication chan-
nel for any arbitrary constant time delay. However, if the delays are time-varying, pas-
sivity of the coding scheme is no longer guaranteed. Yokokohji et al. (1999) proposed a
compensation method to decrease the distortion of the wave variables due to time-varying
delays, but this approach was also not guaranteed to be passive. Yokokohji et al. (2000)
elaborated on this approach and extended it with a monitored energy balance to main-
tain passivity of the communication channel. Chopra et al. (2003) proposes to use time-
varying gains and position feedforward to increase the stability and transparency of the
teleoperation system in the presence of time-varying delays. The negative influence of
packet loss on wave variable based communication was considered by e.g. Niemeyer and
Slotine (1998), Hirche and Buss (2004), and Berestesky et al. (2004). Smith predictors
have been introduced to decrease the negative influence of time delays on the transparency
in wave variables based telemanipulation by e.g. Ganjefar et al. (2002), Munir and Book
(2002), Arioui et al. (2002), and Ching and Book (2006). A different method to improve
transparency was proposed by Tanner and Niemeyer (2006), where a secondary acceler-
ation feedback path was included to restore high-frequent information of the interaction
in the feedback force to the user. Passive position error correction algorithms have been
proposed by Secchi et al. (2006b, 2008a) and Villegas et al. (2003). A modified wave
variable scheme was proposed by Kawashima et al. (2008a, 2009), where an additional
occurrence of the wave impedance was included to reduce tracking errors in both the
position and force signals. However, this method is not guaranteed to be fully passive.
Christiansson (2008) compares the standard wave variable scheme, including some of
the discussed extensions, to the four channel controller proposed by Lawrence (1993).
Some practical limitations associated with wave variables are discussed by Tanner and
Niemeyer (2004).

Various implementations of the TDPC algorithm have been proposed for time-delayed
bilateral telemanipulation. Hou and Luecke (2005) treat the combination of communica-
tion channel, slave system, and environment as a single one-port system. The TDPC al-
gorithm is applied to this one-port system, similar to the original application of the TDPC
algorithm to the haptic interaction with virtual environments. Iqbal and Roth (2006a,b)
implement Kalman Filters to predict the energy at the slave side in order to deal with
time delays. Artigas et al. (2006, 2007) introduce Forward and Backward PO’s and PC’s
to enforce passivity of the communication channel. Artigas et al. (2008, 2009) extend
this approach with a passive coupling between the control algorithm and the physical
world. The Forward and Backward PO’s estimate the energy in the communication chan-
nel based on the power variables and the time delays. A conceptually simpler formulation
was proposed by Ryu and Preusche (2007) and elaborated on by Ryu (2007). Here the
incoming and outgoing energy flows to the communication channel were separated. The
PO’s and PC’s limit the outgoing energy flow at each side to the time-delayed incoming
energy flow at the other side. As the energy flows are made explicit the formulation of
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Ryu and Preusche (2007) is perfectly robust with respect to time-varying delays. It was
recognized that the approach by Artigas et al. (2006) and Ryu and Preusche (2007) con-
ceptually serve the same purpose and merged into a single unified approach detailed in
Ryu et al. (2010). This approach has been applied in Artigas et al. (2010a,b).

The PSPM framework by Lee and Huang (2010) is also designed to handle time delays
and the EBA has also reportedly been demonstrated to function in the presence of time
delays Seo et al. (2008). The Lyapunov-based damping injection methods proposed by
e.g. Lee and Li (2005), Nuno et al. (2008, 2009), and Hua and Liu (2010) derive param-
eter relations that sufficient damping to be present in the system to guarantee asymptotic
stability of the system up to a certain time delay.

Time delays in the communication channel will affect the transparency of the sys-
tem. In the control algorithms discussed so far, action (motion initiated by the user) and
reaction (the resulting interaction force between the slave system and the environment)
are separated at best by the round-trip time delay. Depending on the amount of time de-
lay and the motion of the user, this can severely limit the achievable transparency. For
schemes based on wave variables the use of Smith predictors has been proposed to reduce
this loss of transparency. Two types of control algorithms that aim to reduce this loss of
transparency are:

• Predictive control:
Algorithms have been proposed that predict the state of the other side and use this
prediction in the control of the telemanipulation system by e.g. Hirzinger et al.
(1989), Prokopiou et al. (1999), and Pan et al. (2006). A scheme that tries to
achieves delay free position and force tracking is proposed by Shahdi and Sirous-
pour (2009a,b,c), where the overall predictive bilateral controller is designed using
H∞-theory.

• Impedance Reflection:
This group of algorithms fits a model to the environment, of which the parameters
are estimated, and use this model to predict the future interaction force at the master
side. This means that not the interaction force is reflected to the user, but rather
the estimated impedance of the environment. Hannaford (1989) proposed such a
scheme for both sides, where also the impedance of the user was estimated and
reflected at the slave side. Control schemes based on this idea are discussed by
Love (1995) and Hashtrudi-Zaad and Salcudean (1996). Colgate (1993) proposed
to adapt the apparent impedance to the user to fit better to the user and the task
to be accomplished. Love and Book (2004) and Willaert et al. (2010b) discuss
algorithms were the stiffness of the environment is estimated and reflected to the
user. Mitra and Niemeyer (2008) discusses a scheme were adaptive local models for
haptic interaction are used. Kawashima et al. (2009) introduced a combination of an
Impedance Reflection algorithm with a TDPC algorithm. This algorithm requires
precise knowledge on the time delay that is present in the communication channel.

The performance of several of the above mentioned control algorithms with respect
to transparency and stability under different operating conditions have been compared in
studies such as performed by Lawn and Hannaford (1993), Arcara and Melchiorri (2002),
Aliaga et al. (2004), Aziminejad et al. (2008), and Rodriguez-Seda et al. (2009).
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1.3 Contributions of this thesis
Within the objectives of the TeleFLEX project, the research described in this thesis has
focussed on the analysis of the control problems associated with bilateral telemanipula-
tion systems and haptic interaction with virtual environments in general. New control
algorithms that ensure stability of the interaction under all possible operating conditions
are proposed as partial fulfillment to the successful introduction of haptic feedback tech-
nology in the desired applications in the medical domain. As the study focussed on the
generic control algorithm the results are suitable to apply to haptic feedback systems in
domains other than surgery.

The specific contributions can be formulated as follows:

• A revised implementation has been derived of a previously proposed framework
that now ensures stable haptic interaction with arbitrary virtual environments

• A novel two-layer algorithm has been proposed that allows any type of bilateral
control algorithm to be extended with a guaranteed stability property. The algo-
rithm has been designed such that it works with arbitrary (varying) time delays.

• Measures are proposed that reduce the conservatism of the proposed two-layer
framework and significantly increases the obtainable transparency. The proposed
measures are also applicable to other algorithms proposed in literature.

• Extensions with respect to the understanding of the use and application of energy-
based concepts in control algorithms for haptic interaction.

• Experimental validation of the proposed methods.

These contributions are solely coupled to the technical problem statement of Section 1.1.2.
Although these contributions do not provide a direct answer to the problem statement in
the application domain, this thesis is considered as a technical foundation on the basis of
which research in the application domain can be improved.

1.3.1 Scientific output
The following publications have been delivered during the conduction of this research of
which several form the basis of this thesis.

Journal papers
• Franken, M., Misra, S. and Stramigioli, S. (2011), ‘Passive implementation of sam-

pled virtual environments for haptic interaction’, IEEE Transactions on Haptics,
Under review.

• Franken, M., Misra, S. and Stramigioli, S. (2011), ‘Improved transparency in energy-
based bilateral telemanipulation’, Mechatronics, Under review.

• Franken, M., Stramigioli, S., Misra, S., Secchi, C. and Macchelli, A. (2011), ‘Bilat-
eral telemanipulation with time delays: a two-layer approach combining passivity
and transparency’, IEEE Transactions on Robotics, 2011, In press.
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Conference papers
• Franken, M., Misra, S. and Stramigioli, S. (2012), ‘Internet-based two-layered bi-

lateral telemanipulation: an experimental study’, IEEE International Conference
on Robotics and Automation, 2012, In preparation.

• Franken, M., Misra, S. and Stramigioli, S. (2011), ‘Stability of position-based bi-
lateral control systems by damping injection’, IEEE/RSJ International Conference
on Intelligent Robots and Systems, 2011, Under review.

• Franken, M., Willaert, B., Misra, S. and Stramigioli S. (2011), ‘Bilateral telema-
nipulation: improving the complimentarity of the frequency- and time-domain pas-
sivity approaches’, Proceedings of the IEEE International Conference on Robotics
and Automation, 2011, In Press.

• Willaert, B., Franken, M., Van Brussel, H. and Vander Poorten, E.B. (2011), ‘On
the use of shunt impedances versus Bounded Environment Passivity for teleopera-
tion systems’, Proceedings of the IEEE International Conference on Robotics and
Automation, 2011, In Press.

• Franken, M., Misra, S. and Stramigioli, S. (2010), ‘Friction compensation in energy-
based bilateral telemanipulation’, Proceedings of the IEEE/RSJ International Con-
ference on Intelligent Robots and Systems, 2010, pages 5264-5269.

• Reilink, R., de Bruin, G.H., Franken, M., Mariani, M.A., Misra, S. and Stramigioli,
S. (2010), ‘Endoscopic camera control by head movements for thoracic surgery’,
Proceedings of the Third IEEE RAS and EMBS International Conference on Biomed-
ical Robotics and Biomechatronics, 2010, pages 510-515.

• Franken, M., Reilink, R., Misra, S. and Stramigioli, S. (2010), ‘Multi-dimensional
passive sampled port-Hamiltonian systems’, Proceedings of the IEEE International
Conference on Robotics and Automation, 2010, pages 1320-1326.

• Franken, M. and Stramigioli, S. (2009), ‘Internal dissipation in passive sampled
haptic feedback systems’, Proceedings of the IEEE/RSJ International Conference
on Intelligent Robots and Systems, 2009, pages 1755-1760.

• Franken, M., Stramigioli, S., Reilink, R., Secchi, C. and Macchelli, A. (2009),
‘Bridging the gap between passivity and transparency’, Proceedings of Robotics:
Science and Systems, 2009, pages 1755-1760

1.4 Thesis outline
The chapters in this thesis are adaptations of individual papers that have been submitted
to international, peer-reviewed journals and/or conferences. The specific contribution of
each chapter is described below together with its relation to the other chapters and the
goals of the thesis as described above.

Chapter 2 contains a revised version of the Passive Sampled Port-Hamiltonian sys-
tems framework. This framework allows any virtual environment modeled as a port-
Hamiltonian system to be computed in a energy-consistent manner irrespective of the
implemented model properties and/or deterministic properties of the sampling operation.
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Chapter 3 introduces a novel two-layer framework for bilateral control algorithms.
This framework will enforce passivity of the system for any time delay that might exist in
the communication channel. A control algorithm is defined in each layer to specifically
address one of the stated requirements for a useful haptic feedback system.

Chapter 4 proposes an extension to the previously discussed two-layer framework that
reduces its conservatism. A model-based feedback loop is implemented to compensate
for physical friction in the slave device. This extension expands the boundaries between
which passivity is enforced to include part of the device dynamics.

Chapter 5 further analyzes the bounds between which passivity is enforced. Simi-
lar model-based extensions are used to increase the complimentarity between passivity-
based analysis/design methods in the frequency-domain and the enforcing of passivity in
the time-domain. The result is a combined approach that ensures a certain measure of
transparency for a considered set of operating conditions and stability for all operating
conditions.

Chapter 6 analyzes the influence a non-deterministic communication channel has on
the performance of the proposed two-layer framework and its extension. Experimental
data with real internet communication show that the two-layer framework is capable of
handling non-deterministic communication and the beneficial effects of the proposed ex-
tensions with respect to the performance of the system.

Chapter 7 compares the efficacy of two methods to implement stable position-based
bilateral controllers based on damping injection. It is shown that the proposed in Chapter
3 is less conservative with respect to the implemented damping for larger time-delays
when compared to fixed-damping approaches.
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CHAPTER 2

Passive Implementation of Sampled Virtual
Environments for Haptic Interaction

Franken, M., Misra, S. and Stramigioli, S.
Under review with IEEE Transactions on Haptics

Haptic feedback from virtual environments establishes a closed loop comprising the user,
the haptic interface, and the virtual environment. Due to the discrete nature of the virtual
environment this loop is prone to stability issues. The discrete execution of a continuous-
time environment model can generate “virtual” energy and this additional amount of
energy can lead to instability of the haptic interaction. In this paper the framework to im-
plement passive sampled port-Hamiltonian models proposed by Stramigioli et al. (2005)
is revisited. It is shown that the original formulation of the framework handled dissipative
elements in the virtual environment incorrectly. A reformulation is proposed that correctly
computes the dissipated energy. Furthermore this reformulation simplifies the computa-
tion of multi-dimensional models within the framework. Experimental results for different
environment models are provided to verify the validity of the proposed reformulation.
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2.1 Introduction
The addition of haptic feedback to the interaction with virtual environments can increase
the perceived realism of the virtual environment by the user. Intended applications are in
training, e.g. surgical simulators (Basdogan et al., 2001), virtual fixtures in telemanipu-
lation (Abbott, Marayong and Okamura, 2007), and various fabrication processes (Radi
et al., 2010). In this paper we will focus on kinesthetic (force feedback) and in the re-
mainder of the paper the term ‘haptic’ refers only to kinesthetic information.

The virtual environment computes an appropriate force to be fed back to the user.
This force is fed back to the user through the same device by which he/she manipulates
the environment through the recorded motions. A closed loop is created encompassing
the virtual environment, the haptic interface and the user, Fig. 2.1. This closed loop is
prone to stability issues due to the discrete implementation of the virtual environment.

Colgate et al. (1993) recognized that due to the discrete implementation of the continuous-
time environment model “virtual” energy can be generated in the interconnection of the
continuous and discrete domain. This additional energy can destabilize the system. Gille-
spie and Cutkosky (1996) introduced the term “energy-leaks” to indicate various sources
that generate “virtual” energy. Abbott and Okamura (2005) and Diolaiti et al. (2006)
further extended the number of factors that are taken into account in the analysis of the
control problem.

A solution to this problem can be found in passivity theory. An inherent property of
passive systems is that they cannot produce energy and are thus guaranteed to be stable
(van der Schaft, 1999). The combination of any number of passive systems will again be
passive and thus stable. As humans can be considered to be passive, or at the very least
to interact with passive systems in a stable manner (Hogan, 1989), guaranteeing passivity
of the haptic feedback system (virtual environment combined with the haptic interface)
guarantees stability of the interaction between the user and the virtual environment.

Colgate and Schenkel (1994) applied the concept of passivity in their analysis of the
model of Fig. 2.2a, a spring and damper in parallel. The derived condition ensures that
any generated “virtual” energy is dissipated by the physical friction in the haptic device.
Colgate et al. (1995) recognized that the apparent stiffness of the virtual environment at
the interaction point played a crucial role. They proposed the virtual coupling approach
where an additional spring-damper system is placed between the user and an arbitrary
virtual environment. This limits the apparent stiffness of the virtual environment at the
interaction point. Adams and Hannaford (1999) extended this approach to admittance-
type haptic interfaces using Llewellyn’s criterion for Absolute Stability (Llewellyn, 1952).

Passivity is however a sufficient condition for stable interaction and not a necessary
condition. Gil et al. (2004) applied the Routh-Hurwitz stability criterion to the model
of Fig. 2.2a and derived a less conservative parameter relation than Colgate and Schenkel
(1994). The resulting conditions of both Colgate and Schenkel (1994) and Gil et al. (2004)
can be further relaxed when the stabilizing influence of the user is included, e.g. (Hulin
et al., 2008).

These approaches all focus on the analysis of Linear Time Invariant (LTI) models in
the frequency-domain. As such they have to consider the worst case situation with respect
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Figure 2.1: Haptic Interaction: The user interacts with a virtual environment through
an interface of which the position is sampled. Based on the environment model and the
recorded motion q(k) a feedback force, FI(k) is computed in the discrete domain that is
fed back to the user through the same interface.

to the possible interaction of the user with the system leading to possible conservative
results. Furthermore, the reported conservatism of passive implementations is mostly
valid for the analysis of LTI-models. Most physical environments are actually passive
in continuous-time and thus a perfect realistic virtual implementation of the environment
would retain this passivity property.

To reduce the conservatism of the application of the concept of passivity, several non-
linear algorithms have been proposed in literature. The first non-linear algorithm that was
proposed to implement passive haptic interaction with virtual environments, was the Time
Domain Passivity Control (TDPC) algorithm proposed by Hannaford and Ryu (2002),
which was extended by Ryu et al. (2005b) with a reference energy algorithm. Kim and
Ryu (2010) proposed an Energy-Bounding Algorithm (EBA), where the energy generated
due to the ZOH operation was limited to the energy that was dissipated by the physical
viscous friction.

Lee and Huang (2008a) have proposed to employ a non-linear virtual coupling el-
ement, Passive Set Position Modulation (PSPM), to ensure passivity of the interaction
between the user and the virtual environment. They combine the PSPM element with a
non-iterative and variable-step numerical integration algorithm. This integration method
takes into account the discrete supply-rate (power) of the virtual environment and as such
provides an energy consistent integration of the entire virtual environment. However, a
limitation of this approach is that an extended form of the passivity condition proposed
by Colgate and Schenkel (1994) is required to guarantee passivity of the PSPM element
(Lee, 2009).

In this paper, the framework of passive sampled port-Hamiltonian (PSPH) systems
proposed by Stramigioli et al. (2005) is revisited. The benefit of this approach is that
the coupled system (virtual environment, haptic interface, and the user) is considered as
composed of elements exchanging energy. With the same algorithm a passive interaction
of the user with the environment is implemented as well as an energy-based computation
of the entire virtual environment. This framework was further elaborated on by Secchi
et al. (2006a) and Borghesan et al. (2010). However, it was demonstrated by Franken
and Stramigioli (2009) that the original formulation of the algorithm handled dissipative
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Figure 2.2: Environment models: These five models are used for the analysis of the
PSPH framework. FI(k) and q(k) indicate the sampled interaction port.

elements incorrectly. In this paper we will treat a revised implementation of the theory
of PSPH systems retaining the core concept of the approach. The extensions will be
discussed based on the models depicted in Fig. 2.2.

The paper is organized as follows: in Section 2.2 the control issues related to hap-
tic interaction with virtual environments will be briefly treated. Section 2.3 contains a
summary of the theory of port-Hamiltonian systems. Section 2.4 discusses the original
formulation of the framework for PSPH systems. The revised implementation of this
framework will be introduced in Section 2.5. Experimental data with different virtual en-
vironments is presented in Section 2.6. Section 2.7 discusses several issues related to the
applicability of the algorithm. The paper concludes in Section 2.8.

2.2 Control Issues in Haptics
Several control issues are related to the implementation of haptic interaction. In this
section we will briefly summarize the desired control goals of a haptic feedback system.

• Stability
The interaction with the system needs to be stable in the presence of possible time-
varying factors as e.g. the grasp and motion of the user, haptic interfaces with
different mechanical properties, varying virtual environment models, and adjustable
parameters within those models and of the virtual environment in general.

• Explicit integration
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The feedback force to the user needs to be computed in realtime based on the mo-
tions of the user. In order to meet this timing constraint an explicit integration
method is desirable as a guaranteed cost of computation is associated with such
methods. Explicit integration methods are non-iterative and as such the new state
only depends on the previous state and the value of the sensor signals.

• Realism
The user ideally cannot distinguish between interaction with the virtual environ-
ment and with the physical environment. However, this goal is subjected to the
required need of guaranteed stability, but the virtual model should be competent to
reflect the interaction with the physical environment as best as possible. Kuchen-
becker et al. (2006) remark on the limited realism of haptic interaction with regular
virtual environments due to the lack of higher-order dynamics. Therefore, a com-
petent virtual environment should include at least a notion of these higher order
dynamics.

2.3 Port-Hamiltonian Systems
Port-Hamiltonian modeling is centered around the conservation of energy and shares
many characteristics with bond graph theory (Paynter, 1961). Every physical system can
be described as a combination of energy converting, energy storing, and/or energy dis-
sipating elements which are connected by means of a power preserving structure. Each
element is connected to this structure by means of a power port through which energy
exchange can take place. This port is described by two variables, efforts e and flows f ,
whose product is power, e.g. forces and velocities in the mechanical domain, respec-
tively. The behavior of each element is described by a constitutive relation which relates
the value of the input power port variable to the value of the output power variable. The
causality of an element (which of the power port variables is an input to the element and
which acts as an output) is defined by the collection of elements present in the system
and the manner in which they are connected. A port-Hamiltonian system is composed
of a state manifold χ, an energy function H :χ → R which expresses the total energy
present in the system as function of the state x, and a state dependant network structure
D(x) which is lossless with respect to the energy exchange, called a Dirac structure. The
Dirac structure describes how the elements are connected, see Fig. 2.3. Energy converting
elements, e.g. transformers, are incorporated into the Dirac structure.

The dynamic behavior of a port-Hamiltonian system with internal dissipation and an
interaction port can be expressed as (Borghesan et al., 2010):

ẋ = [J(x)−R(x)]
∂H

∂x
+G(x)u

y = GT (x)
∂H

∂x
, (2.1)

where J(x) is an interconnection matrix and skew-symmetric, so J(x) = −J(x)T , R(x)
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Figure 2.3: Generic port-Hamiltonian system: The system is composed of energy stor-
ing, C, and dissipative, R, elements connected through the Dirac structure, D(x). Connec-
tion ports allow this system to be connected to other systems.

is the dissipation matrix, and G(x) is the input-state matrix, respectively. Naturally the
structure of these three matrices is determined by the Dirac structure D(x). The interac-
tion power port is formed by the pair (u,y). The change of stored energy in the system can
be expressed as (using the skew symmetry of J(x))

Ḣ(t) =
∂HT

∂x
ẋ = yTu− ∂HT

∂x
R(x)

∂H

∂x
, (2.2)

where ∂HT

∂x R(x)∂H∂x is the energy removed from the system by the dissipative elements
and yTu is the energy exchanged through the interaction power port, respectively. An
in-depth and thorough explanation of port-Hamiltonian modeling can be found in (Secchi
et al., 2006a).

2.4 Passive Sampled Port-Hamiltonian Systems

It is well known that a direct discrete implementation of the continuous domain descrip-
tion of models can lead to the generation of “virtual” energy (Colgate et al., 1993). This
is no different for port-Hamiltonian systems (Stramigioli et al., 2005) as it only a different
representation of the model compared to other modeling techniques. However, the port-
Hamiltonian framework is centered around energy exchange between model elements
through a passive network structure and thus makes the energy exchange in the model
explicit. In continuous time this energy exchange is regulated by computing the energy
flow (power) through the system. In a discrete model this continuous energy flow can be
replaced by a discrete energy flow that when properly implemented produces an energy
consistent redistribution of energy over the various elements in the model and establishes
a passive interaction with the physical world.

The energy exchange, ∆HI(k), during sample period k between the continuous and
discrete domain can be determined exactly a posteriori as (Stramigioli, Secchi, van der
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Schaft and Fantuzzi, 2002)1:

∆HI(k) =

� k∆T

(k−1)∆T
−FT

I (t)q̇(t)dt

= −FT
I (k)

� k∆T

(k−1)∆T
q̇(t)dt (2.3)

= −FT
I (k)∆q(k),

where FI(k) is the feedback force to the user computed by the virtual environment, q̇(t)
the velocity at which the haptic interface moves, and ∆q(k) the measured position differ-
ence of the haptic interface between sample instances k − 1 and k.

The approach is that at each sample instant the energy exchange between the contin-
uous and discrete domain is determined according to (2.3). This exchanged energy and
the previous state of the model combined with the Dirac structure can then be used to
determine the new energy distribution. From the redistributed energy a new state of the
virtual environment can be computed and this new state in combination with the model
structure finally determines the force balance for the next sample period. This entire pro-
cedure is executed at each sample instant. An interesting property is that this procedure
does not place any requirements on the sample frequency and/or deterministic properties
of the sampling procedure.

The key aspect to this approach is to regard a discrete domain port-Hamiltonian sys-
tem as a continuous domain port-Hamiltonian system in which the efforts, e.g. forces
for mechanical systems, are kept constant during the sample periods and a new energy
distribution is computed a posteriori. This corresponds to the causality of the impedance
type haptic interface. This PSPH framework was introduced by Stramigioli et al. (2005).

The continuous (the physical world) and the discrete (the virtual environment) do-
main are connected by means of an energy-based connection. Therefore the state of the
system on either side of this connection can differ. In fact this difference is mandatory as
otherwise the connection could not be implemented in a passive manner. The magnitude
of this difference will depend on the motions of the user, the sample frequency, and the
dynamic behavior of the virtual environment. At first glance it might be assumed that
contact between the user and the virtual environment can be lost if the discrete state jump
is not equal to the physical displacement of the user. However, in the PSPH framework
the state of the virtual environment relates not to a physical position, but to its energy
content. As long as energy is present in the virtual environment in the example above, the
connection is maintained.

The difference between the state at either side of the passive connection between the
continuous and discrete domain also holds important consequences for the realism of
the interaction. The dynamic behavior of the environment is adapted in such a way to
guarantee passivity of the entire system. As such the dynamic behavior of the virtual en-
vironment experienced by the user is not guaranteed to conform to the dynamic behavior

1Notation used in this paper: The index k is used to indicate instantaneous values at the sampling instant k
and the index k is used to indicate variables related to an interval between sampling instants k − 1 and k.
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that would be displayed by the physical environment. A very stiff spring simulated at a
low sample frequency will not be experienced as a stiff spring. However, the interaction
will be stable whereas the regular implementation would very likely result in an unstable
interaction. An example of this effect will be treated in Section 2.6.

2.4.1 Initial Implementation
A passive discrete implementation of the port-Hamiltonian system of (2.2) would be

∆H(k) = ∆HI(k)−∆HR(k), (2.4)

where ∆H(k) is the change of energy stored in the system at sample instant k, ∆HI(k) is
computed according to (2.3), and ∆HR(k) is the energy removed from the system by the
dissipative elements during sample period k evaluated at sample instant k. In the original
formulation of the framework by Stramigioli et al. (2005) the dissipated energy is defined
as:

∆HR(k) = BfR(k − 1)2∆T, (2.5)

where fR(k − 1) is the flow (velocity) associated with the dissipative element, with vis-
cous damping coefficient B, for which the dissipated energy is computed.

The distribution of energy over the storage elements, H(k + 1), in the model is then
compensated for this change of energy as:

H(k + 1) = H(k) +∆H(k). (2.6)

From H(k + 1) the new state of the virtual environment x(k + 1) is derived. Finally,
based on x(k + 1) the efforts (forces) that are exerted by the various elements in the
virtual environment are computed and the new force to be fed back to the user, FI(k + 1),
is computed by the virtual environment.

When the virtual environment is a multi-dimensional model, containing multiple en-
ergy storing elements, the computation of the new state x(k + 1) is not necessarily straight-
forward as more than one state can correspond to the same energy level HS(k + 1).
Stramigioli et al. (2005) stated that the new state x(k) should be ‘close’ in some sense
to the previous state x(k). In their work they assumed that when Euclidean coordinates
and connections are used to describe the model this process was relatively straightforward
as the new state could be chosen as the one with the minimum Euclidean distance to the
previous one. However, a detailed implementation and analysis of this process was out-
side the scope of that paper. Borghesan et al. (2010) continued on the work of Stramigioli
et al. (2005) and investigated amongst others the application of three update strategies for
the state of multi-dimensional models.

2.4.2 Issues
Franken and Stramigioli (2009) found that there was a problem with the way the energy
dissipated in the virtual environment is computed. (2.5) represents the energy ∆HR(k)
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which is dissipated during sample period k and computed at sample instant k. However,
∆HR(k) is computed based on the state of the virtual environment that was computed at
sample instant k−1. Therefore, the value of ∆HR(k) can already be computed a priori of
sample period k at sample instant k− 1, in fact as soon as fR(k − 1) has been computed.
Therefore, (2.5) implies that the energy dissipated during sample period k is independent
of any interaction that might occur during that sample period.

This formulation can have severe consequences for the interaction with the virtual
environment. Consider the simple spring-damper model of Fig. 2.2a. Assume that the
user makes contact with this model and starts to compress the virtual spring. The resulting
opposing force from the virtual environment is computed as

FI(k) = −KxS(k)−B
∆xS(k − 1)

∆T
, (2.7)

where xS and ∆xS are the state of the spring and the change of that state, respectively.
This opposing force is likely to slow down the motion of the user, but the user would still
be injecting a positive amount of energy into the virtual environment. Combining (2.3)
and (2.5) gives

∆H(k) = −FI(k)∆q(k)−B
∆x(k − 1)2

∆T
, (2.8)

where it was used that fR(k − 1) = ∆x(k−1)
∆T . We were considering that the user was

compressing the virtual spring, so FI < 0 and ∆q(k) > 0 for this model. Substituting
(2.7) into (2.8) indicates that if

∆q(k) <
B∆x(k − 1)2

Kx(k)∆T +B∆x(k − 1)
, (2.9)

the change of energy stored in the spring can actually be negative, even though FI < 0,
and ∆q(k) > 0.

A non-empty set of ‘problematic’ motions by the user is represented by (2.9), for a
non-trivial set of model parameters. Even though the user would actually be compressing
the spring, due to (2.5) the virtual spring decompresses. The system itself will remain
stable as no “virtual” energy is generated, but this problem will result in instabilities of
the virtual environment (switching effects in the feedback force experienced by the user)
as demonstrated by Franken and Stramigioli (2009).

This problem with the original implementation is visible in Fig. 2.4. A virtual wall,
using the unilateral spring-damper model of Fig. 2.2a, was implemented according to the
original formulation of Stramigioli et al. (2005). A radial stiffness of K = 3.75Nm/rad at
position qw = −0.2 rad was implemented, three different damping parameters were used
B = 0.00375Nm·s/rad, B = 0.0375Nm·s/rad, and B = 0.375Nm·s/rad. The sampling
frequency of the virtual environment was 1 kHz. Fig. 2.4 shows that for a high ratio
between the implemented stiffness and damping, the contact with the virtual environment
is stable. For a reduced ratio with B = 0.0375Nm·s/rad vibrations in the feedback force
to the user occur at the beginning and end of each contact phase. Finally, for a damping
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(c) B = 0.375Nm·s/rad

Figure 2.4: PSPH framework - original formulation Stramigioli et al. (2005): For all
experiments K = 3.75Nm/rad and ∆T = 0.001 s. These plots show that the original
formulation of the framework cannot properly handle arbitrary parameter settings of at
least the spring-damper model.

parameter of B = 0.375Nm·s/rad the interaction with the virtual environment is unstable
in the sense that it provides a high-frequent switching feedback force. Similar results with
the same ratios between the stiffness and damping parameter can be obtained when the
stiffness parameter is changed.

This problem was not encountered by Stramigioli et al. (2005), Secchi et al. (2006a),
and Borghesan et al. (2010) likely due to the implemented models, chosen parameter
settings, and/or used sample frequencies. The intended strength of the approach was that
the effectiveness of the PSPH framework had to be independent of such factors.

2.5 Passive Implementation Framework
In the previous section it was demonstrated that the way in which the dissipated energy
was computed in the original formulation of the PSPH framework could result in insta-
bilities of the virtual environment. The problem was due to the a priori fixation of the
dissipated energy during the coming sample period. In this section we will present an
adaptation of the approach that removes this problem. This reformulation also simplifies
the implementation of multi-dimensional models as will also be discussed.
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2.5.1 Energy Balance

The main idea behind the theory of the PSPH framework is that it regards sampled port-
Hamiltonian systems as continuous-time port-Hamiltonian systems in which the efforts
(forces) are kept constant during each sample period. At the end of the sample period the
exchanged energy with the physical world is computed and a discrete state-jump is to be
computed for each energy storage element to come to a consistent energy distribution.

In the ‘problem’ situation of the previous section the correct way to compute the new
energy distribution would be to compute the injected energy by the user and then compute
how this energy is divided over the spring (increase in energy stored in the spring) and
the damper (the amount of energy dissipated). The port-Hamiltonian description of the
spring-damper model, Fig. 2.2a, is




ẋS

fR

FI



 =




0 0 1
0 0 1
−1 −1 0








δH
δxS

eR

q̇



 . (2.10)

where eR and fR are again the effort and flow associated with the damper. The Hamil-
tonian H of this model is simply the storage function of the spring, H = 1

2KxS . The
spring and damper move at the same velocity and thus the discrete state jump of the
spring, ∆xS(k) will be equal to the ’distance’ that is traversed by the damper during the
sample period k. The force exerted by the damper during sample period k was computed
based on the state jump of the spring that occured at sample instant k − 1,

eR(k) = B
∆xS(k − 1)

∆T
, (2.11)

so that the energy that is dissipated by the damper during the motion in sample period k
is

∆HR(k) = eR(k)∆xS(k)

= B
∆xS(k − 1)

∆T
∆xS(k), (2.12)

which is in accordance with the stated general concept behind PSPH systems, a force is
computed at sample instant k − 1, held constant during sample period k, and the change
of energy is dependent on the computed state jump at sample instant k.

The change of energy stored in the spring, ∆HS(k), with stiffness K due to a state
jump ∆xS(k) is

∆HS(k) = HS(k + 1)−HS(k)

=
1

2
K(xS(k) +∆xS(k))

2 − 1

2
KxS(k)

2 (2.13)

=
1

2
K∆xS(k)

2 +KxS(k)∆xS(k).
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Both (2.12) and (2.13) are combined with ∆HI(k) computed according to (2.3) in the
energy balance (2.4). A quadratic energy balance is now obtained that can be solved for
the discrete state jump ∆x(k)

1

2
K∆xS(k)

2 +A∆xS(k)−∆HI(k) = 0, (2.14)

where
A = KxS(k) +B

∆xS(k − 1)

∆T
. (2.15)

From the two resulting possibilities for ∆xS(k) the one that is smallest in magnitude will
be the correct state jump. If the magnitude of both possibilities is equal but opposite
in sign the correct state jump can be chosen based on the state and the force balance.
If storage elements of a different magnitude other than order two are used additional
measures need to be implemented to compute the correct state jump.

The obtained quadratic energy balance, (2.14), is always solvable when the user is
injecting energy into the system. However, when the user extracts energy from the system
it can happen, depending on the motion by the user, that the energy balance is not solvable.
Solving the roots of (2.14) shows that when

∆HI <
KxS(k) +B∆xS(k−1)

∆T

2K
, (2.16)

there exists no real solution to the quadratic energy balance. Due to the discrete nature
of the virtual environment the feedback force to the user is kept constant during the sam-
ple period and as a result the user will have extracted a higher amount of energy from
the discrete system than he would have from the continuous-time system for the same
displacement (where the force exerted by the environment decreases immediately upon
energy extraction).

If the quadratic energy balance is not solvable, there can still be energy stored in the
spring. Dissipating this amount of energy and breaking the contact with the environment
will result in a noticeable switching-off effect of the haptic interaction as suddenly the
feedback force is set to zero. This will negatively influence the realism of the haptic
interaction. Therefore, in these situations we need to refer to the original formulation
of the algorithm where we compute the dissipated energy based on the previous state
information, (2.5), until the energy in the spring is depleted or that the quadratic energy
balance is again solvable (Franken and Stramigioli, 2009).

2.5.2 Components
In the previous section the energy balance of the spring-damper model of Fig. 2.2a was
introduced. This energy balance consisted of the energy exchange with the physical world
and the energy functions of a spring and a damper. Other models can be composed that
combine these components in a different manner or include other components, e.g. mass-
elements. In order to include other components in the model an appropriate energy func-
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tion needs to be derived that is associated with the dynamic behavior of that component.
In this section we will look into several components that are usually encountered in mod-
els.

The change in stored energy in a spring-element is given by (2.13). A change of
kinetic co-energy of a mass-element, ∆HM(k), with mass M can be similarly expressed
as

∆HM(k)= HM(k)−HM(k − 1) (2.17)

=
1

2
M(xM(k − 1) +∆xM(k))2 − 1

2
MxM(k − 1)2

=
1

2
M∆xM(k)2 +MxM(k − 1)∆xM(k),

where xM(k) indicates the state of the mass-element, which is its velocity in this repre-
sentation. This means that the kinetic co-energy is expressed as function of the average
velocity during a sample period. As the average velocity during sample period k can only
be computed a posteriori, the same necessarily holds for the change of kinetic co-energy.
∆xM(k) is the state jump computed at sample instant k and is therefore an instantaneous
change of velocity. This poses an issue for the simulation of infinitely stiff mass-elements
with impedance-type haptic interfaces, which will be discussed in Section 2.7.

In the previous section it was shown that for the spring-damper model of Fig. 2.2a the
dissipated energy had to be expressed as (2.12) instead of (2.5). However, as detailed by
Franken et al. (2010b), the energy function describing the correct dissipative behavior is
model dependent. Consider the Maxwell-model of Fig. 2.2b consisting of a spring and
damper in series 


ẋS

eR

FI



 =




0 −1 1
1 0 0
−1 0 0








δH
δxS

fR

q̇



 , (2.18)

and the application of (2.12). The ‘distance‘, ∆xR(k), that is transversed by the damper
during sample period k would be

∆xR(k) = ∆q(k)−∆xS(k). (2.19)

Using (2.12) the energy that is dissipated by the damper is

∆HR(k) = eR(k)∆xR(k). (2.20)

The energy balance that needs to be solved is thus

∆HS(k) = ∆HI(k)−∆HR(k) (2.21)
= −FI(k)∆q(k)− eR(k)∆xR(k). (2.22)
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As the model-elements are in series (2.18) the following holds

FI(k) = −eR(k) = − δH

δxS

= −KxS(k). (2.23)

Combining (2.19) and (2.23) with (2.21) results in

∆HS(k) = KxS(k)∆q(k)−KxS(k)(∆q(k)−∆xS(k))

= KxS(k)∆xS(k). (2.24)

Substituting (2.13) into (2.24) it follows that the energy balance of (2.24) has the trivial
solution

∆xS(k) = 0. (2.25)

By applying (2.12) the entire Maxwell-model is effectively removed as demonstrated by
(2.25). The source of this problem is that (2.12) does not adhere to the causality of the
damper in the model. (2.18) shows that the damper in the Maxwell model has an admit-
tance causality and not an impedance causality as in (2.10). This was basically already
known from (2.23) which stated that the spring was exerting a force on the damper. The
damper thus computes a displacement due to the applied force. As the applied force is
constant during the sample period k, the damper moves at a constant velocity of

fR(k) =
1

B

δH

δxS

(k) =
KxS(k)

B
, (2.26)

and the dissipated energy is thus actually described by

∆HR(k) = eR(k)fR(k)∆T =
K2xS(k)2∆T

B
(2.27)

instead of (2.12). It is interesting to note that (2.27) like the original formulation of (2.5)
can be computed prior to sample period k. This can be generalized to all elements present
in the port-Hamiltonian system. The response of model-elements, with an admittance
causality as seen from the Dirac-structure (except for the user interaction port), during
sample period k is fixed after the force balance in the system for sample period k is
computed at sample instant k − 1.

So far the energy functions for masses, springs, and viscous dampers have been
treated. However, the number of elements that can be implemented is not limited to
these elements. Any (non-)linear element for which a constitutive relation and associated
energy function can be derived are implementable in this framework. Transformers (and
gyrators) have been left out of consideration in this section as these are energy-neutral
elements and as such do not influence the energy balances of the system. Their influence
needs to be taken into account in connecting the various flows and efforts in the model
after all the energy balances have been evaluated.

From the treated collection of elements it is already possible to construct a model of
arbitrary complexity. How such complex models are handled in the framework is treated
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in the next section. A note with respect to ’suitable’ models that can be implemented in
this approach is given in Section 2.7

2.5.3 Multi-Dimensional Systems
Models of arbitrary size should be implementable in the framework. In Section 2.5.1 it
was shown that for the simple spring-damper model an energy balance has to solved for
the discrete state-jump. A port-Hamiltonian system of arbitrary size can be decomposed
into a number of smaller submodels which are interacting by means of an energy connec-
tion. Each submodel will have an energy balance composed of the elements inside that
submodel. Thus, implementing models of arbitrary size comes down to deriving a number
of energy balances and the correct order in which to evaluate them. This greatly simpli-
fies the computation of the correct state jump. In the original algorithm, for a system
containing n energy storing elements, an n-dimensional state jump had to be computed
directly, (Stramigioli et al., 2005) and (Borghesan et al., 2010). In the revised algorithm
proposed in this paper, the problem is reduced to solving at most n separate energy bal-
ances (the state jump of elements can be linked when the elements are part of the same
energy balance).

Components that share a common force or velocity belong to the same energy bal-
ance. Energies exchanged through connection ports, ∆HIc(k), between two submodels
is calculated as

∆HIc(k) = −FIc(k)∆xIc(k), (2.28)

where FIc(k) is the force exerted by one of the submodel, e.g. submodel A, and ∆x(k) is
the discrete displacement that occurs in the other submodel, e.g. submodel B. ∆HIc(k)
represent the energy that flows from submodel A into submodel B. With respect to the
mentioned order of evaluating the energy balances this shows that submodel B needs to
be evaluated prior to the evaluation of submodel A.

It could be thought that this hierarchy of evaluation poses a problem as it means that
certain models would not be solvable. The generic submodel structure of Fig. 2.5 for
instance is not solvable as the energy balance associated with each of the submodels is at
least dependent on the energy balance of one other submodel. This is a known problem
in bond graph theory and is referred to as the existence of causal/algebraic loops in the
model. In Fig. 2.5 the forces associated with the interconnection of the submodels, FIc1−
FIc4, form a causal loop encompassing all submodels and is not solvable. It should be
noted that such problems exist due to the implemented model and not so much due to the
chosen modeling technique. Reposing the same model in any other modeling technique
will result in computational problems. Furthermore such loops are usually due to an
incorrect causality assignment to the components in the model and/or excessive model
simplifications. For bond graphs, algorithms have been proposed to detect and fix such
causal loops, e.g. (Buisson et al., 2000), and implemented in simulation packages, e.g.
the program 20-sim (Controllab Products B.V., 2010). Here we will assume that a proper
causality analysis has been performed on the model and that it is free of such causal loops.

When multi-dimensional models are implemented care should be taken in the inter-
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Figure 2.5: Virtual environment model with causal loop: FI is the force fed back to
the user and FIc1-FIc4 are the forces associated with the interconnection of the various
submodels. Due to the causal loop in the model, encompassing all 4 submodels, the
energy balances cannot be evaluated.

connection of the states of the various model elements. Consider the mass-spring-damper
model of Fig. 2.2d with only internal dynamic behavior (no interaction with a user). There
are now two model elements that store energy, the spring and the mass. The energy bal-
ance to evaluate each sample instant is

∆HS(k) +∆HM(k) = −∆HR. (2.29)

Applying (2.13) and (2.17) to (2.29) indicates that the state jumps of the spring and the
mass need to be related to each other. The displacement made by both the spring and
the mass has to be equal and thus ∆xS(k). This means that the discrete velocity during
sample period k was ∆xS(k)

∆T . The state jump of the mass element indicates the change of
kinetic co-energy, which was expressed as function of the average velocity, during sample
period k with respect to k − 1. Therefore:

xM(k − 1) +∆xM(k) =
∆xS(k)

∆T
(2.30)

The complete energy-balance of the system (2.29) can thus be expressed as function of
∆xS(k), using (2.12), (2.13), (2.17), and (2.30), as

1

2
(K +

M

∆T 2
)∆xS(k)

2 +A∆xS(k)−HM(k − 1) = 0, (2.31)

where
A = KxS(k) +B

∆xS(k − 1)

∆T
, (2.32)

and the correct solution is the one that minimizes
�
∆xS(k)2 +∆xM(k)2.

Multi-dimensional models can also be composed with elements that are not directly
connected to each other. Such models will be composed of multiple energy-balances that
need to be solved in a certain order as discussed by Franken et al. (2010b). There might
also be more than one interaction port through which users can interact with the model.
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The subdivision into multiple energy balances greatly influences the implementation of
how models are handled with multiple interaction points. Both these factors will be illus-
trated with the floating mass model of Fig. 2.2e. The energy balances for this model can
be derived to be:

∆HS1
(k) = ∆HI1

(k)−∆HIc1
(k)−∆HB1(k) (2.33)

∆HM(k) = ∆HIc1
(k) +∆HIc2

(k)−∆HB3(k) (2.34)
∆HS2

(k) = ∆HI2
(k)−∆HIc2

(k)−∆HB2(k). (2.35)

This model contains three states, one in each energy balance. The hierarchy of these
balances is that first (2.34), which describes the motion of the mass within the global
virtual environment, needs to be evaluated after which (2.33) and (2.35) can be computed
in parallel, which describe the dynamic behavior of the contact model of the mass. In the
original algorithm the energy exchanged through all interaction ports with the physical
world was summed and added to the total energy stored in the system (2.3). (2.33)-
(2.35) show that multi-point interaction models are handled differently in the reformulated
algorithm. The exchanged energies with User 1 and User 2, ∆HI1

(k) and ∆HI2
(k), only

locally affect the energy distribution within (2.33) and (2.35) and are as such handled
separately from each other.

2.5.4 Deadlock Situations

The described framework for PSPH systems is centered around the measured energy ex-
change according to (2.3). The feedback force resulting from the virtual environment is
derived from the state of the system and is thus related to the energy stored in the system.
When no initial energy is present in the virtual environment and the system is at rest, the
feedback force resulting from the virtual environment will be zero. This means that the
user will not be able to inject energy into the virtual environment whatever motion he may
execute.

The method for resolving such deadlock situation has not changed since the original
formulation. The only way to start the energy exchange with the virtual environment is
to initially revert to a regular Euler-discretized description of the virtual environment and
generate an amount of “virtual” energy. When the system is in a deadlock situation the
displacement that occurred at the interaction point, ∆xI(k) is taken to be a fraction γ of
the physical displacement, ∆q(k). For virtual environments with which switching contact
is possible (e.g. a virtual wall), this is only performed when the user is in contact with the
virtual environment. Depending on the motion of the user and the sampling frequency a
value for γ is to be selected. As a rule, the lower the sampling frequency is the lower γ
has to be selected in order to prevent excessive jumps in the feedback force to the user.
Usually, for a sampling frequency of 1 kHz, γ can be selected as unity.

For the unilateral model of Fig. 2.2a this means that the amount of “virtual” energy
that is generated, ∆H+

BK(k), when contact with the unilateral spring-damper is estab-
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lished is
∆H+

BK(k) =
1

2
KS(q(k)− qw)

2, (2.36)

where qw is the position where the spring-damper is located. How this generated “virtual”
energy is handled is treated in the next section.

Another deadlock problem can arise in models with internal dynamic behavior. Con-
sider again the mass-spring-damper model of Fig. 2.2d which is pre-stretched, unre-
stricted, but initially at rest so that xS(0) = xS0 and xM(0) = 0. For these conditions the
energy balance describing the system initially reduces to

1

2
(K +

M

∆T 2
)∆xS(k)

2 +KxS0∆xS(k) = 0, (2.37)

of which one of the solutions is ∆xS(k) = 0, meaning that the system will remain in
its initial configuration indefinitely. The solution is to initially select the other solution
∆xS(k) = − KxS0

1
2 (K+ M

∆T2 )
to move the system out of this deadlock configuration, or to

apply a different integration procedure for the initial integration step. No “virtual” energy
is generated in this process, but adequate measures need to be implemented to detect and
handle such internal deadlock configurations in the model.

A final situation that needs to be handled is the case in which the state of the vir-
tual environment moves through a local minimum of the Hamiltonian. Consider a linear
spring and sssume that the user first compresses the spring after which the user switches
to pulling on the spring. More energy will be extracted from the virtual environment in
the transition between compressing and pulling than was stored due to the discretized
nature. How should the new state of the virtual environment be chosen in this situation?
The amount of energy stored in the virtual environment is clearly zero and therefore the
only logical choice for the new state is a dynamic deadlock situation corresponding to
this empty energy storage. The generated “virtual” is to be handled by the algorithm ex-
plained in the next section. The system is pulled out of such a dynamic deadlock situation
depending on the interaction of the user with the model as described above. In the original
formulation, Stramigioli et al. (2005) considered the dynamic deadlock situation undesir-
able and introduced the concept of ‘Energy Leap‘ to handle these situations. However,
the effectiveness of this approach was criticized by Babakhani (2008).

2.5.5 Passivity Control
The PSPH framework provides an energy-consistent computation of the virtual environ-
ment. However, it is unavoidable that small amounts of “virtual” energy are generated
and in order to come to a fully passive implementation these amounts of “virtual” energy
need to be dissipated. We differentiate between two types of “virtual” energy genera-
tion. Energy generation due to internal dynamic behavior and energy generation in the
interconnection between the continuous and discrete domain.

First we will treat the energy generation due to internal dynamic behavior. Consider
the model of Fig. 2.2b without interaction with a user. Assume that there is an initial
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amount of energy stored in the spring, HS(0). In Section 2.5.2 it was derived that for this
model the dissipated energy is given by (2.27). It is easily shown that when

B < 2K∆T, (2.38)

the energy dissipated due to (2.27) exceeds HS(0). When such a situation is detected the
corresponding storage element will be placed in a deadlock situation, e.g. HS(k = 1) = 0
and the computation can be adjusted for the amount of energy that was available in the
model, e.g. ∆xS(k = 1) = −xS0. These situations are always detectable and can be
handled appropriately although it might involve backward adjustment of the computed
state jumps.

The second location where “virtual” energy is generated is more problematic. In
this situation the “virtual” energy has been injected into the continuous domain and it
is not possible to adjust the state of the physical world to compensate for this excess
energy. As stated before the amount of generated “virtual” energy is precisely known
and can therefore be tracked by means of “bookkeeping”. The bookkeeping algorithm
not only needs to record the amount of “virtual” energy generated, but also needs to
compensate for it by physical energy injection by the user. Possible solutions proposed by
Stramigioli et al. (2005) are to deduct small amounts of energy from subsequent positive
energy injections by the user and/or from the energy stored in the system. When these
amounts are kept small their influence on the dynamic behavior of the virtual environment
will be limited.

With respect to the more general formulation of the generation of “virtual” energy
consider the breaking of contact phases. Both of the approaches mentioned above cannot
be applied in this situation. No energy is stored in the system after the contact has been
broken and there might be no immediate subsequent energy injections by the user. A
more functional solution can be found in the concept of the TDPC algorithm proposed by
Hannaford and Ryu (2002). In the TDPC approach additional energy is extracted from the
user to compensate for the generated “virtual” energy independent of the virtual environ-
ment. This is accomplished by activating a modulated damper, the Passivity Controller
(PC), to dissipate the generated “virtual” energy recorded by the Passivity Observer (PO).
In the PSPH framework these PO and PC elements can immediately be applied to the
value of the ‘bookkeeping’ algorithm HBK(k) as in fact the bookkeeping algorithm is a
PO. The additional force exerted by the modulated damper, the PC, is implemented as

FBK(k) = −BBK(k − 1)q̇(k − 1)

BBK(k − 1) =

�
αBKHBK(k) if HBK(k) > 0

0 otherwise
,

where αBK is a tuning parameter for the rate of dissipation of HBK . Please note that after
the completion of the energy-based algorithm for the virtual environment at sample instant
k − 1 the value of HBK(k) is known and can therefore be used to compute BBK(k − 1).
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Figure 2.6: Experimental setup: The setup is a custom made 1 d.o.f. lightweight de-
vice with low mechanical friction. For the multi-point interaction experiments a second
identical device is used

The force applied to the haptic interface, FH(k) is now

FH(k) = FI(k) + FBK(k), (2.39)

and the bookkeeping algorithm is finalized as

HBK(k + 1) = HBK(k) +∆H+
BK(k)−∆H−

BK(k), (2.40)

where ∆H+
BK(k) is the amount of generated “virtual” energy in the virtual environment

during sample period k, which is zero most of the time as explained before. ∆H−
BK(k) is

the amount of energy extracted from the user to compensate for HBK(k)

∆H−
BK(k) = −FBK(k)∆q(k). (2.41)

It should be noted that passivity of the virtual environment is mostly guaranteed in the
PSPH framework by the energy-based computation of the virtual environment. Therefore
the generated amounts of “virtual” energy will usually be extremely small. In most cir-
cumstances the generated “virtual” energy will not be sufficient to destabilize the system
as all energy dissipated by friction in the haptic interface is neglected.

It should be noted that passivity of the virtual environment is mostly guaranteed in the
PSPH framework by the energy-based computation of the virtual environment. Therefore
the generated amounts of “virtual” energy will usually be extremely small. In most cir-
cumstances the generated “virtual” energy will not be sufficient to destabilize the system
as all energy dissipated by friction in the haptic interface is neglected.
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2.6 Experiments
In this section we will treat several examples to indicate the validity of the reformu-
lated framework for PSPH systems. The experiments are performed with the custom
lightweight haptic interface with low mechanical friction depicted in Fig. 2.6. The haptic
interface is a one degree of freedom device powered by a DC motor without gearbox.
The maximum continuous torque that this motor can exert is 1.38Nm. A high-precision
encoder with 65 k pulses per rotation is used to record the position of the device. For the
floating mass experiment with dual interaction point a second similar device is used.

Both devices are controlled from the same embedded target running a real-time Linux
distribution. The virtual environment is implemented in the program 20-sim (Controllab
Products B.V., 2010) and real-time executable code specific for this setup is generated
directly from 20-sim and uploaded to the embedded target by means of the program 4C
(Controllab Products B.V., 2010). The sampling frequency at which the virtual environ-
ment is executed is 1 kHz unless otherwise specified. The devices are simple rotational
devices. Therefore, the models of Fig. 2.2 that are used in the experiments are also im-
plemented in the rotational domain, meaning that torques instead of forces are computed.

The parameters for the deadlock resolving and passivity control parts of the algorithm,
Section 2.5.4 and (2.39), were implemented as γ = 1 and αBK = 100 for all experiments.

2.6.1 Mass-Spring-Damper
Simulations have been performed with the model of Fig. 2.2d. For all simulations the
parameters were set as M = 1kg, K = 10N/m, B = 1Ns/m, and as initial condition
xS(0) = 1m. A continuous-time description of the model has been implemented and
simulated in continuous time and at sample frequencies of 1kHz and 500Hz. For a sample
frequency of 1kHz the system is already only marginally stable and at 500Hz the system
is unstable. The same model has been implemented using the PSPH framework. The
dynamic behavior is governed by (2.30). The system is stable at all sample frequencies
(25Hz does not pose a lower bound). Fig. 2.7d-f show that the dynamic behavior of the
model is adjusted with respect to the dynamic response of Fig. 2.7a. For this model, the
settling time of the system is much higher at a sample frequency of 25Hz. This adjustment
is required to guarantee the energy consistency of the model and the difference in dynamic
response increases with reduced sample frequencies.

2.6.2 Spring-Damper
The Spring-Damper model of Fig. 2.2a is implemented as described in Section 2.5 with
the energy balances as described in Section 2.5.1. The feedback force experienced by the
user is computed according to (2.7).

The same experiment as carried out in Section 2.4 is performed. The virtual wall
is located at position qw = 0 rad in the virtual environment. Fig. 2.8 shows the hap-
tic interaction for the various values of the dissipative element (B = 0.00375Nm·s/rad,
B = 0.0375Nm·s/rad, and B = 0.375Nm·s/rad with K = 3.75Nm/rad). Each figure
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Figure 2.7: Simulation of Mass-spring-damper model: With a discrete implementation
of the continuous-time model the system is marginally stable at a sample frequency of
1kHz. With the PSPH framework the system is stable and convergent for all sample
frequencies. The PSPH framework increasingly alters the dynamic behavior of the system
for lower sample frequencies, e.g. comparing (d) and (f) shows that the settling time of
the system is increased.

shows the position of the haptic interface, the feedback force to the user, and the energy
exchanged between the continuous and discrete domain for each combination of parame-
ters. Fig. 2.8 shows that with the reformulated PSPH framework the dissipative element
is handled correctly, more energy is dissipated for higher damping values. The instability
of the virtual environment at higher damping coefficients, visible in Fig. 2.4, is no longer
present. Fig. 2.8c also shows that for higher values of the viscous damper the so-called
’sticky-effect’ occurs when the contact with the virtual wall is broken, which is due to the
use of a regular viscous damper.

Another experiment is carried out with K = 3.75Nm/rad and B = 0.375Nm·s/rad at
different sample frequencies. Fig. 2.9 shows the interaction with this virtual environment
for sample frequencies of 1kHz, 100Hz, and 25Hz. The interaction at all three sample
frequencies is passive and indeed stable. However, comparing Fig. 2.9a and Fig. 2.9c
shows that the apparent stiffness of the virtual environment is reduced automatically by
the PSPH framework at lower sample frequencies to guarantee this passive interaction.
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(c) B = 0.375Nm·s/rad

Figure 2.8: Spring-damper model with revised PSPH framework: For all experiments
K = 3.75Nm/rad and ∆T = 0.001 s. These plots show that the revised formulation of
the framework correctly handles the dissipated energy inside the virtual environment.

2.6.3 Moveable Mass

The floating mass model of Fig. 2.2e is also implemented. The parameters of the model
were chosen as K1 = K2 = 4Nm/rad, B1 = B2 = 0.2Nm·s/rad, B3 = 0.1Nm·s/rad, and
M = 0.1 kg ·m2.

Fig. 2.10 shows that the stability of the virtual environment is not guaranteed when
implemented with a regular Euler-discretized integration method. The user establishes
contact and pushes the virtual mass away. However, due to the discrete nature of the
viscous damper the virtual mass first slows down, but then becomes unstable. This occurs
when pure viscous friction is implemented and the user is not in contact with the virtual
mass as otherwise its position would be dependent on the position of the haptic interface
where the user has a stabilizing influence.
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Figure 2.9: Spring-Damper model with revised PSPH framework for different sam-
pling frequencies: For all experiments K = 3.75Nm/rad and B = 0.375Nm·s/rad. The
interaction with the virtual environment is stable for all sample frequencies, but at the
lower frequencies the displayed dynamic behavior is altered to ensure passivity and thus
stability.

The implementation of this model in the PSPH framework will be briefly described.
The energy-balances of the system are listed in (2.33)-(2.35). The torques of the contact
models, τI1 and τI2 , respectively, are computed as:

τI1(k) = −K1xS1
(k)−B1

∆xS1
(k − 1)

∆T

τI2(k) = −K2xS2
(k)−B2

∆xS2
(k − 1)

∆T
. (2.42)
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Figure 2.10: Haptic interaction with moveable mass - Euler discretized model: Due
to the discrete nature of the viscous friction the virtual mass starts to display unstable
behavior.

The motion of the mass is governed by the forces exerted on it by the contact models as
described above and the viscous damper B3:

τM(k) = −τI1(k)− τI2(k)−B
∆xM(k − 1)

∆T
. (2.43)

This force results in a change of kinetic co-energy, ∆HM(k), according to (2.17) so that
the energy balance (2.34) becomes:

∆HM(k) = τM(k)∆xM(k), (2.44)

which can be solved for ∆xM(k). The energies exchanged between the contact models
and the mass-element are:

∆HIc1
(k) = −τI1(k)∆xM(k)

∆HIc2
(k) = −τI2(k)∆xM(k). (2.45)

Fig. 2.11 shows the same experiment as Fig. 2.10. With the PSPH framework im-
plementation the interaction with the virtual mass and the dynamic behavior of the vir-
tual mass in the global virtual environment is passive and thus guaranteed to be stable.
Fig. 2.11 also shows the energy injected by the user HI1

, the energy stored in the spring
of the contact model HCM , and the kinetic co-energy in the mass, HM . The user injects
energy into the contact model, from which energy flows into the mass-element which
starts to accelerate. The contact between the user and the virtual mass is broken when
there is no energy stored anymore in the contact model. Due to the viscous friction the
kinetic co-energy is dissipated and the virtual mass slows down. As the movement of the
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Figure 2.11: Haptic interaction with moveable mass - PSPH framework: The motion
of the mass is determined by the stored kinetic co-energy, which is gradually dissipated.
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Figure 2.12: Multi-point haptic interaction with moveable mass - PSPH framework:
Two users interact with the same virtual environment. The mass-element establishes an
energy connection between the interaction ports. In the first contact phase the energy
exchanged between User 2 and the virtual environment is negative, (a), as the user extracts
part of the energy injected by User 1.
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mass is governed by the stored energy, the mass remains perfectly stationary when no
kinetic energy is present anymore.

A multi-point interaction experiment with this virtual environment is depicted in Fig. 2.12.
User 1 pushes the virtual mass towards User 2. As soon as the virtual mass establishes
contact with User 2 any kinetic co-energy left in the mass is stored in the second contact
model, HCM2 upon which it is extracted by User 2. Fig. 2.12 shows that this causes the
interaction energy between the virtual environment and User 2 to become negative in the
first contact phase as User 2 is extracting part of the energy that was injected by User 1.
User 2 finally injects energy into the virtual mass through the contact model to push it
back to User 1, where the dip in HI of User 1 during the second contact phase indicates
that User 1 extracts part of the energy injected by User 2. Due to the energy-based de-
scription of the PSPH framework, passive and energy-consistent transportation of energy
between different interaction ports is established.

2.7 Discussion
In this section we will briefly treat the applicability of the presented framework to admittance-
type haptic interfaces and an issue related to the type of models that are implemented.

2.7.1 Admittance Causality Haptic Interfaces

The framework presented in this paper was based on impedance-type haptic interfaces.
This was done as the energy exchange between the continuous and discrete domain can
be determined according to (2.3). For admittance-type haptic interfaces, where a velocity
is commanded by the virtual environment based on a measured force applied by the user,
(2.3) does not hold.

Taking into account that the sampling frequency of the virtual environment will be
relatively high compared to the changes in applied force by the user, the exchanged energy
might be approximated using the trapezoidal rule

FU(k) =
FU(k) + FU(k − 1)

2
∆HI(k) = FU(k)q̇I(k)∆T, (2.46)

where FU is the measured force applied by the user, FU(k) an estimation of the average
force applied by the user during sample period k, and q̇I(k) the velocity commanded by
the virtual environment with which the haptic interface moves at the interaction point dur-
ing sample period k. As (2.46) is only a rough approximation of the physically exchanged
energy and is not guaranteed to be conservative with respect to that energy, passivity of
the virtual environment is not guaranteed.
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Figure 2.13: Modeling of a Mass-Spring-Damper system for impedance-type haptic
interfaces: without the contact model the mass-element will have a different causality
depending on if the user is interacting with the system or not.

2.7.2 ’Correct’ Models

In Section 2.3 it was stated that any system composed of energy exchanging elements
can be described as a port-Hamiltonian system. However, not every system is suitable to
implement as a virtual environment. This is related to the causality of the energy storing
components in relation to the causality of the haptic interface.

Consider as an example the mass-spring-damper of Fig. 2.13a. The intrinsic dynamic
behavior of this model can be described as the acceleration of the mass which occurs due
to the forces exerted on the mass by the spring and damper. When the user is interacting
with this system with an impedance-type haptic interface this dynamic relation inside the
model is changed. The user enforces a motion in the virtual environment and experiences
a force feedback. Therefore, the motion of the mass is determined by the motion of
the user and the constitutive relation of the mass element produces the force which was
required to achieve this change of motion. This differential causality of the mass-element
would require Dirac Impulse-like behavior of the virtual environment, which is physically
not realizable given the discrete implementation of the virtual environment. Similarly, the
interaction with a pure spring-element is problematic when an admittance-type haptic
interface is used.

Such differential causalities are always due to too severe simplifications applied to
the model describing the dynamic behavior of the physical system. In the mass-spring-
damper system of Fig. 2.13a, an infinitely rigid contact model is assumed, whereas in
reality the stiffness of every object is limited in some sense. A more accurate model
describing the mass-spring-damper model would be the one given in Fig. 2.13b, where a
spring-damper contact model, SC and BC , has been added to the model of Fig. 2.13a.
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2.8 Conclusions and Future Work
In this paper the framework for implementing passive sampled port-Hamiltonian systems
has been revisited. With respect to the original algorithm, a reformulation of how dissi-
pated energy is computed is proposed. For multi-dimensional systems, this reformulation
causes the entire port-Hamiltonian system to be broken down into several energy balances
that need to be computed in a hierarchical order. The applicability of the approach, taking
the proposed revisions into account, have been verified with various experiments.

The framework for PSPH systems offers a good compromise between the various
desired goals as discussed in Section 2.2. The realism of the interaction is determined
by the implemented model and the PSPH framework is capable of handling models of
arbitrary size and complexity. The realism of the interaction with the implemented model
is only decreased up to minimum level to maintain passivity of the interconnection of
the various components. Finally, the framework is an explicit integration method so it is
possible to derive an upper bound for the implementable sample frequency given the cost
of computation of the model and the available computing resources.

Future work will focus on three issues related to the proposed approach. In the first
place an extensive noise sensitivity analysis needs to be performed. Based on preliminary
experience, viscous damping elements connected directly to the user’s interaction point
appear to be susceptible to measurement noise. A second issue is related to the scalabil-
ity of the models. In the current implementation the number of calculations needed to
compute the new state of the virtual environment increases rapidly with increasing size of
the models. The third issue relates to the manner of implementing virtual environments.
Complex models are usually composed of a limited number of possible combinations of
a limited number of components. The resulting repetitive nature of the model structure is
very suitable for automatic code generation.
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CHAPTER 3

Bilateral Telemanipulation with Time Delays
A Two-Layer Approach combining Passivity and

Transparency

Franken, M., Stramigioli, S., Misra, S., Secchi, C. and Macchelli, A.
IEEE Transactions on Robotics

In this paper a two-layered approach is presented to guarantee a stable behavior of bilat-
eral telemanipulation systems in the presence of time-varying destabilizing factors such as
hard contacts, relaxed user grasps, stiff control settings, and/or communication delays.
The approach splits the control architecture in two separate layers. The hierarchically
top layer is used to implement a strategy that addresses the desired transparency and the
lower layer ensures that no “virtual” energy is generated. This means that any bilateral
controller can be implemented in a passive manner. Separate communication channels
connect the layers at the slave and master side so that information related to exchanged
energy is completely separated from information about the desired behavior. Further-
more, the proposed implementation does not depend on any type of assumptions about
the time delay in the communication channel. By completely separating the properties
of passivity and transparency each layer can accommodate any number of different im-
plementations allowing for almost independent optimization. Experimental results are
presented which highlight the benefit of the proposed framework.
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3.1 Introduction
A telemanipulation chain is composed of a user, a master system, a communication chan-
nel, a slave system, and a remote environment for the user to act upon. The master and
slave system both consist of a physical device and a controller (implemented on an em-
bedded system). Typical applications of these chains are the interaction with materials
in environments which are remote, difficult to reach, and/or dangerous for human beings.
Bilateral telemanipulation occurs when the user is presented with force information about
the interaction between the slave system and the remote environment, Fig. 3.1. Such
a force feedback is likely to increase the performance of the user with respect to effec-
tiveness, accuracy and safety in many practical applications, e.g. for robotic surgery as
discussed by Bethea et al. (2004).

Two important criteria in bilateral telemanipulation are transparency and stability.
Transparency is a performance measure of how well the complete system is able to con-
vey to the user the perception of directly interacting with the environment (Lawrence,
1993). Many different control algorithms have been proposed in literature which try to
obtain transparent bilateral teleoperation. Sheridan (1989, 1993) and Hokayem and Spong
(2006) have written extensive survey papers discussing various approaches to implement
bilateral telemanipulation.

Several factors can have a negative influence on the stability of bilateral controllers.
Some of these factors are:

• a relaxed grasp of the user,
• stiff position and force control settings,
• hard contacts in the remote environment,
• and time delays in the communication channel between the master and the slave.

An elegant solution to prevent these factors from destabilizing the system is found in
passivity theory. The interaction between passive systems is guaranteed to be stable and
any proper combination of passive systems will again be a passive system (van der Schaft,
1999). As the environment can be assumed to be passive and humans can interact very
well with passive systems (Hogan, 1989), guaranteeing passivity of the telemanipulation
system itself ensures stability of the interactions between the user/environment and the
telemanipulation system.

An interesting control problem is how to maintain passivity of the telemanipulation
chain in the presence of time delays in the communication channel. As the master and
slave system can be located at different sites, it is likely to assume that a certain amount of
time delay will be present in the communication channel. Time delays can also occur due
to various other processes other than physical distance, e.g. congestion of the network,
and the coding and decoding of the signals exchanged through this network between the
master and slave system. Passive control schemes that work in the presence of time de-
lays have been developed, e.g. the scattering and wave variable approaches described by
Anderson and Spong (1989) and Niemeyer and Slotine (2004). Arcara and Melchiorri
(2002) and Lawn and Hannaford (1993) have compared several passivity-based algo-
rithms to non-passive algorithms with respect to stability and the level of transparency
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Figure 3.1: Schematic overview of a bilateral telemanipulation chain. Both the mas-
ter and slave device are impedance-type displays. The information exchanged over the
communication channel depends on the implemented controller. τ∗ and q̇∗ represent
torques/forces and velocities, respectively. The subscript u, rm, rs, and e indicate the
interaction between the user and the device, the actuators of the master device, the actua-
tors of the slave device, and the interaction between the slave device and the environment,
respectively.

that could be achieved for a range of communication delays. Passivity-based approaches
are indeed found to be stable in the presence of even significant time delays, but the level
of transparency that could be obtained was criticized.

The problem with current passivity-based methods is that they are specifically de-
signed around a certain type of information exchange. This places strict limitations on
the rest of the controller. As we will discuss there are a multitude of control architectures
designed for transparency that do not fit within those passivity-based methods. Given the
benefits of passivity with respect to guaranteed stability, we want to design a framework in
which any controller can be implemented in a passive manner given arbitrary time delays.

In this paper we will present a new control framework for passive bilateral telemanip-
ulation. The framework is composed of two layers placed in a hierarchically structure.
Each layer is furthermore designed for a specific purpose, either to obtain transparency or
to maintain passivity. In the top layer, the Transparency Layer, a control structure can be
implemented to provide the best possible transparency of the telemanipulation chain, tak-
ing into account all available information about the system, the environment, and the task
which the user is executing. The commands which are computed in this layer are passed
to the bottom layer, the Passivity Layer. This layer contains an algorithm to maintain
passivity of the total system. The key element of this algorithm is to define two com-
municating energy storage tanks from which the motions of both the slave and master
are powered. The use of two control layers to combine passivity and transparency and
the working of the Passivity Layer, in which energy is treated in the most general sense
possible and completely free of any assumptions on the time delay in the communication
channel, are the main contributions of this paper.

In the rest of this paper an impedance causality for both the master and slave systems
(velocities as input and forces as output to the robotic devices) is assumed. For these
devices the energy exchanged with the outside world can be precisely determined, which
is a base assumption of the work presented in Section 3.4. The paper is organized as
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follows: Section 3.2 introduces the concepts of passivity and also related work will be
discussed. Section 3.3 further elaborates on the two-layered framework. Section 3.4
contains the theory of the Passivity Layer. Section 3.5 presents a full implementation and
experimental results which were obtained with the proposed framework and demonstrate
its effectiveness. A discussion about the proposed framework in relation to other proposed
methods is presented in Section 3.6. The paper concludes and provides directions for
future work in Section 3.7.

3.2 Passivity and Related Work

As mentioned in the previous section, a passive implementation of a bilateral controller
ensures stable behavior of the system even in the presence of factors that could otherwise
destabilize the system. We now provide a review of the important concepts pertaining to
passive telemanipulation systems, which are essential for the derivations presented later
in Section 3.4. Also four related approaches will be discussed. Each of these approaches
constitutes a contribution to the research field, but in order to facilitate the comparison of
those approaches with the framework proposed in this paper, we will indicate factors than
can be considered, in the opinion of the authors, as structural limitations.

A system is said to be passive if the energy which can be extracted from it is bounded
by the injected and initial stored energy. Any proper combination of passive systems will
again be passive (van der Schaft, 1999). Independent of anything else, including the goal
of the system, an energy balance of the telemanipulation system can be composed of the
energy present in all of its components. The total energy present in the control system at
instant t, HT (t), is

HT (t) = HM(t) +HC(t) +HS(t), (3.1)

where HM(t), HS(t), and HC(t) represents the energy present at the master side, at the
slave side, and in the communication channel, respectively. This is shown in Fig. 3.2.
Assuming zero initially stored energy the passivity condition of the system is

HT (t) ≥ 0 (3.2)

Physical energy exchange during operation is taking place between the user and the
master system, and between the slave system and the environment. The only require-
ment therefore necessary to ensure a passive interconnection of the entire system with the
physical world is

ḢT (t) ≤ PM(t) + PS(t), (3.3)

where PM(t) and PS(t) are respectively the power flowing from the master and slave
robot into the master and slave controller and ḢT (t) is the rate of change of the energy
balance of the system. (3.2) ensures passivity of the system and (3.3) ensures a passive
connection of the system with the physical world.
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Figure 3.2: Energy balance of the telemanipulation chain. The double lines indicate
an energetic connection.

3.2.1 Scattering/Wave Variable based approaches
It is well known that the direct exchange of power variables (velocities and forces) be-
tween the master and slave devices generates “virtual” energy in the presence of time
delays in the communication channel. The scattering and wave variables approaches de-
veloped by Anderson and Spong (1989) and Niemeyer and Slotine (2004) apply a coding
scheme to the power variables to turn the time delayed communication channel into a
passive element. When the controllers at both the master and slave side are furthermore
passive, the complete system is passive according to (3.3), such a complete approach is
described by Secchi et al. (2006a).

A wave variable contains both information related to the energy exchange occurring
at that side and the desired behavior to be displayed by the other device. Niemeyer (1996)
describes a wave variable as a general ”move/push” command to be interpreted by the re-
ceiving device and the returning wave describes the response of that device to the received
command. This means that the motion performed by the user and the resulting force feed-
back are separated in time by the round-trip time of the communication channel. Other
transparency related problems arise due to the nature of the (de)coding process and/or
non-idealities in the communication channel (time-varying delay and package loss), e.g.
position and force mismatch. Extensions to improve the performance include the use of
Smith Predictors, e.g. (Ching and Book, 2006), the transmission of wave integrals, e.g.
(Niemeyer and Slotine, 2004), and the combination of wave variables with the transmis-
sion of interaction measurements as discussed by Tanner and Niemeyer (2005)

3.2.2 Time Domain Passivity Control
A different solution to the passivity problem was proposed by Ryu et al. (2004b). There
the Time Domain Passivity Control (TDPC) algorithm, developed by Hannaford and Ryu
(2002) for passive interaction with virtual environments, was applied to bilateral telema-
nipulation. The TDPC approach introduces a Passivity Observer (PO) and a Passivity
Controller (PC). This algorithm enforces (3.3) with HC = 0 as no communication chan-
nel is considered. For this algorithm simultaneous information about the energy exchange
at the master and the slave side is required and is as such not applicable to systems with
time delays in the communication channel. Two extensions have been proposed to extend
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the TDPC approach to the time-delayed situation.
Artigas et al. (2007) incorporate an energy reference algorithm. Artigas et al. (2008)

further extended this approach to also include a passive coupling between the continuous
and discrete domain. The reference algorithm applies a forward and backward PO which
estimates the energy in the communication channel based on the locally transmitted and
received power variables and an estimate of the fixed transmission delay. At each side of
the communication channel a PC maintains passivity according to the PO at that side.

Ryu and Preusche (2007) split the energy interaction into an incoming and outgoing
energy flow, Ein and Eout. Each side transmits its Ein to the other side where passivity of
Eout with respect to the received value of Ein is maintained by a PC. As the transmitted
packets symbolize an amount of energy, the passivity of this approach is perfectly robust
against time-varying delays and even packet loss in the communication channel.

These approaches have merged into a single algorithm as proposed by Ryu et al.
(2010). However, these approaches are not suitable for the implementation of Impedance
Reflection (IR) algorithms, e.g. (Tzafestas et al., 2008), where the feedback force to the
user is predicted based on a local, possibly adaptive, model of the remote environment.
The work of Artigas et al. is centered around the transmission of power variables and can-
not accommodate the transmission of model parameters. In the algorithm of Ryu et al. the
problem is that with an IR algorithm the energy extracted by the user, Eout at the master
side, is likely to occur before Ein actually occurs at the slave side. This means that the PC
at the master side will prevent the computed feedback force to be applied to the user as it
would force the PO to become negative. A first approach to use a TDPC algorithm with
an IR algorithm was proposed by Kawashima et al. (2008b). A TDPC structure is used
to adapt the locally computed feedback force based on the actual measured, but delayed
interaction force to make the system passive. This approach requires exact knowledge
about the time delay that is present in the communication channel.

3.2.3 Energy Bounding Algorithm

Another approach originating from research towards passive interaction with virtual en-
vironments is the Energy Bounding Algorithm (EBA) proposed by Kim and Ryu (2010).
Seo et al. (2008) have applied the EBA to time-delayed bilateral telemanipulation. The
EBA limits the generated “virtual” energy to the dissipated energy by friction at the master
and slave side. For this it uses models of viscous friction in the devices, possibly extended
with assumptions about the viscous friction in the user’s arm and/or environment.

Deviations from the physical friction with respect to the modeled friction can jeopar-
dize stability of the system for which reason a conservative lower bound of the friction
needs to be selected. Due to the nature of the derived update rule, as indicated by the au-
thors in (Kim and Ryu, 2010), the force applied by the control system cannot be adjusted
when the devices are perfectly stationary. Finally, it appears, based on (Seo et al., 2008)
that in the bilateral telemanipulation application it can only work when the force exerted
by the slave device is used as feedback force to the user instead of the measured interac-
tion force between the slave device and the remote environment. This can severely limit
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the achievable transparency in the presence of time delays and limits the implementable
bilateral controller to that specific implementation.

3.2.4 Passive Set-Position Modulation

A recent approach to deal with bilateral telemanipulation is the Passive Set-Position Mod-
ulation (PSPM) framework proposed by Lee and Huang (2008b, 2010). This approach
is centered around a spring-damper controller. The energy dissipated by the “virtual”
damper is stored in an energy tank. The jump in spring potential due to the discrete jump
of the set-position by the control algorithm is limited to the available energy in the tank
(a negative jump adds energy to the tank). In the bilateral telemanipulation application
excess energy in the tank is transmitted to the other side, or dissipated.

There are several issues related to the working of the PSPM. Most notably, the under-
lying assumption is that part of the control system can be regarded as continuous-time.
The set-position signal is a discrete signal, but the position of the device, as used in the
servo control loop, is considered as a continuous signal. However, the control system
is always sampled even though the update rate for the set-position might be much lower
than the fundamental sampling rate of the servo control loop. It is well known that the de-
scription of a passive element in continuous-time can generate energy when implemented
on a discrete medium. Therefore, an extended form of the passivity condition by Colgate
et al. (1993) relating the parameters of the controller, the sample frequency, and the device
friction is necessary to guarantee passivity of the system. Assuming a constant sampling
time, ∆TS , the condition described by Lee and Huang (2010) becomes:

Bdev ≥ 2BC +
KC∆TS

2
(3.4)

where Bdev , BC , and KC indicate the physical viscous device friction, and the imple-
mented viscous damping and stiffness in the PSPM-element, respectively. (3.4) states
that the required physical viscous damping has to be at least twice as large as the imple-
mented virtual damping for the system to be guaranteed to be passive.

The input to the controller is a set-position for the spring. This means that bilateral
control algorithms that compute a desired force to be applied to the device(s) require
intermediate data processing. This data processing transforms a desired control force
into the required set-position. This appears elaborate, noise sensitive due to the inherent
presence of the velocity estimate, and also requires the set-position signal to be updated
at the same frequency as the velocity estimate. This last factor degrades the validity of
the assumption that the servo control loop can be considered to be in continuous-time.

Finally, the PSPM relies on the use of a constant viscous damper to extract energy into
the energy tanks. This means that the response will already always be damped even when
there is enough energy in the tank. The excess extracted energy is artificially dissipated
by thresholding the level of the energy tank. This constant damping also needs to be taken
into account in any higher level control architecture that is connected through intermediate
data processing to prevent an over-damped response of the system. With the PSPM it is
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therefore difficult to separate the design of the controller to display the desired behavior
and the manner in which passivity is maintained.

3.3 Proposed Two-Layer Framework
In the previous section several passivity-based control structures were discussed. Without
making any assumptions about the type of controllers implemented we can formulate the
control goals of a passive bilateral telemanipulation system as follows:
The slave device needs to display the behavior desired by the user, and the master device
needs to accurately provide force feedback about the interaction between the slave device
and the remote environment, unless this behavior violates the passivity condition of the
telemanipulation system

This shows that a natural layering in control objectives arises. First a desired control
action needs to be computed so that the master and slave device display the desired be-
havior/information. Then a “check” is to be performed of how this desired action will
influence the energy balance of the system. If passivity will not be violated it can directly
be applied to the physical system, but if passivity is expected to be lost due to the de-
sired control action it should be modified before application to the physical system. Such
an approach allows for the highest possible transparency given that passivity needs to be
preserved.

This natural layering can also be directly transformed into a control structure. An
algorithm that combines transparency and passivity in the discussed manner would be
a two-layer structure as shown in Fig. 3.3. The Transparency Layer contains a control
algorithm to display the desired behavior and obtain transparency. Ideally, this could be
any type of bilateral control algorithm. The only requirement the framework presented in
this paper places on the implemented controller is that it computes forces to be applied
to the master and slave devices. In order to compute the desired control action, τTL∗(k),
access is required to a specific part of the measured interaction data, e.g. forces, positions,
and/or velocities, where m and s instead of ∗ indicate the master and slave, respectively.
The Passivity Layer on the other hand monitors and enforces the energy balance of the
system according to the algorithm discussed in Section 3.4.

The benefit of the strict separation into layers is that the optimization of the strategy
used to ensure optimal transparency does not depend on the strategy used to ensure passiv-
ity and vice versa. As passivity does not have to be considered in the design of the Trans-
parency Layer, the whole range of control techniques which are non-passive, e.g. most
filtering techniques, can be applied without problems. Also due to this strict separation
into layers two two-way communication channels between the master and slave system
can be defined. One channel is used to communicate energy exchange related informa-
tion between the Passivity Layers and the second channel to communicate information
related to the desired behavior to be displayed by the devices between the Transparency
Layers. This means that no (de)coding process is required as with Wave Variable based
approaches. Furthermore, no restrictions are necessary on the information exchanged
between the Transparency Layers.
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Figure 3.3: Two layer algorithm for bilateral telemanipulation. The double connec-
tions indicate an energetic interaction.

It should be noted that of the passivity-based control structures listed in the previous
section the time-delayed TDPC approach by Ryu and Preusche (2007) and Ryu et al.
(2010) and the PSPM framework by Lee and Huang (2010) can also be represented as a
two-layered framework as depicted in Fig. 3.3. However, as mentioned in the previous
section the implementation of the time-delayed TDPC approach restricts the types of bi-
lateral controllers that can be implemented (no impedance reflection algorithms) and fur-
thermore only acts upon a loss of passivity and was not intended to shape the interaction
to prevent a loss of passivity. The time delayed TDPC approach is centered on the energy
exchange that occurs in the communication channel. Any augmentation of the force feed-
back to the user in order to improve his performance during the execution of a task, e.g.
by incorporating virtual fixtures as described by Abbott, Marayong and Okamura (2007),
needs to be separately implemented with additional measures to ensure stability (Col-
gate et al., 1993). The PSPM approach can accommodate these features by means of the
intermediate data processing capabilities, but requires an additional hardware-controller
settings condition to be satisfied. Furthermore, although the intermediate data processing
capability is there, its implementation might not be straightforward. In the next section
we will introduce an implementation of the Passivity Layer that is in the opinion of the
authors free of such limitations.

3.4 Passivity Layer
In this section we will discuss how the Passivity Layer, which was introduced in the
previous section, works1. The only thing that is needed to know about the Transparency
Layer is that it generates desired torques to be applied to the master and slave devices.

Assume that the slave device is operating under position control of the master device.
Every movement the slave device makes will have an associated energetic cost. In order
for the system to be passive this amount of energy will have to be present at the slave side

1The index k is used to indicate instantaneous values at the sampling instant k and the index k is used to
indicate variables related to an interval between sampling instants k − 1 and k.
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at the moment the movement is executed. The passivity condition of (3.2), applied to the
energy balance of the system (3.1), also requires that that same amount of energy will have
had to be injected previously by the user at the master side and to be transported to the
slave side through the communication channel. Depending on the implemented bilateral
control algorithm the same can apply in reverse to energy extraction at the master side.
This clearly requires the transport of energy between the master and the slave system.

Due to the time delays separating the master and slave system, it is not possible to
simultaneously monitor the energy exchange at both interaction ports. This means that
when the user commands a motion to be executed by the slave, it is not known a priori
(exactly) how much energy is required by the slave device to execute that motion. To this
end, the concept of a lossless energy tank is introduced in the Passivity Layer at both the
master and the slave side, which can exchange energy. The level of these tanks can be
interpreted as a tight energy budget from which controlled movements can be powered
and which are being replenished by the user at the master side when necessary, or if
possible/desired also at the slave side. If the energy level in the tanks is low, the controlled
movements the system can make are restricted. An extreme situation occurs when the tank
is completely empty in which situation the system cannot make a controlled movement
at all. Passivity will always be maintained as all the energy present in the system has
been injected by the user and each system cannot use more energy than is available in its
energy tank.

Adjustments made by the Passivity Layer to the commands of the bilateral controller,
implemented in the Transparency Layer, can have a negative influence on the achievable
transparency by the telemanipulation system. This decrease however is minimized to the
point where passivity is maintained and thus stable behavior guaranteed.

In the following sub-sections the four components of the Passivity Layer at each side
are discussed. As these operations are implemented at both sides in the same manner,
subscripts indicating the master and slave have been omitted for now. In order to illustrate
the working of the Passivity Layer, a flow chart of all the steps in the Passivity Layer for
either side of the telemanipulation system is presented in Fig. 3.6 at the end of this section.

3.4.1 Monitoring energy flows
At both the master and the slave side, the following three energy flows can be identified:

• an energy exchange with the physical world,
• an energy flow to the other system, and
• an energy flow from the other system.

We will now show how each of these flows can be monitored and regulated in order to
maintain passivity according to (3.2) and (3.3).

On the master and slave side the controllers will have to control two robots which will
interact with the user and the environment. As the controller is implemented on some sort
of embedded processing unit there is a connection between the continuous and discrete
domain. Let q̇(t) represent the velocity vector of the actuators at time t and q(k) the
sampled position vector of the actuators at sample instant k. Consider the sample period
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k. The torques exerted by the actuators on the robot during sample period k is given
by τr(k), which is held constant during the sample interval. Thus, the energy exchange
between the discrete time controller and the physical world, ∆HI(k), during the sample
interval between the time instants, k − 1 and k is

∆HI(k) =

� k∆TS

(k−1)∆TS

τr(k)q̇(t)dt

= τr(k)(q(k)− q(k − 1)) (3.5)
= τr(k)∆q(k),

where ∆TS is the length of the sample period and ∆q(k) the computed position difference
at sample instant k that occurred during sample period k. Therefore, only a position
measurement is required to determine the energy exchange, which was introduced by
Stramigioli et al. (2005). The computation of (3.5) assumes a perfect servo-loop and
noise-free position measurement. If bounds can be derived for the inaccuracies in both the
servo-loop and the measurement, (3.5) can be adjusted to account for these imperfections.
As (3.5) only holds for impedance type systems (force out causality) we require the entire
control structure, and thus the Transparency Layer, to adhere to this causality.

As far as energy exchange between the master and slave is concerned, we can consider
the possibility to send energy quanta from the master to the slave when energy is available
in the energy tank at the master side and vice versa. These quanta can be transmitted in the
form of packets containing the amount of energy send. Several possible communication
protocols for this energy transfer will be discussed in Section 3.4.3. Both master and slave
can implement completely asynchronously the following operations (3.6)-(3.8). When
such an energy packet arrives at the other side it is stored in a receiving queue.

H+(k) =
�

i∈Q(k)

H̄(i), (3.6)

where Q(k) represents the set of all energy packets present in the receiving queue of the
master at sample instant k, H̄(i) represents the ith energy packet. Therefore, H+(k)
represents the total amount of energy which is present in the receiving queue at that time
instant. At each sample instant k the receiving queue is emptied, meaning that the energy
present in the receiving queue, H+(k) is added to the level of the energy tank. The
exchanged energy with the physical world during the previous sample period is computed
according to (3.5) and subtracted from the level of the energy tank. The energy level of
the tank after these operations, H(k) is

H(k) = H(k) +H+(k)−∆HI(k), (3.7)

where H(k) is the energy level of the tank before the operations at sampling instant k.
Based on the chosen energy transport protocol an energy quantum, H−(k), is determined
to transmit to the other side. This energy quantum is at least limited to H(k) to preserve
passivity. The amount of energy that is transmitted is extracted from the energy tank. The
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Figure 3.4: Processing energy flows: The energy received out of the communication
channel is added to the level of the energy tank and the energy exchanged with the physical
world is subtracted from the the energy level (1st step). An energy packet is transmitted
to the other system (2nd step). The double arrow indicates that the energy exchange with
the physical world can both be positive and negative.

energy which is left in the tank after these operations and thus available during the next
sampling period, H(k + 1) is

H(k + 1) = H(k)−H−(k). (3.8)

With this algorithm we are therefore able to compute the exact energy balance at each
instant of time when sampling occurs and passivity according to (3.1), (3.2), and (3.3) is
guaranteed. The level of the energy tanks is the total energy present on the master and
slave side, HM and HS respectively. The sum of all the energy packets in the commu-
nication channel gives the total energy present in the communication channel, HC . A
graphical representation of (3.5) through (3.8) is given in Fig. 3.4 indicating the two steps
of the energy flow computation.

As each packet represents an amount of energy, the passivity of the communication
channel is unaffected by any non-deterministic time delay, similar to Ryu et al. (2010) and
Lee and Huang (2010). The change of energy in the communication channel at sample
instant k, ∆HC(k), can be expressed as

∆HC(k) = H−M(k)−H+M(k) +H−S(k)−H+S(k), (3.9)

where H−M(k) and H+M(k) are the energy flow into and from the communication chan-
nel at the master side and H−S(k) and H+S(k) the energy flows at the slave side. The
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total energy in the communication channel, HC(k), is

HC(k) =
k�

i=1

∆HC(k) (3.10)

=
k�

i=0

H−M(i)−H+M(i) +H−S(i)−H+S(i),

Due to the time delay in the communication channel

H−S(i) = H+M(i+ dSM(i))

H−M(i) = H+S(i+ dMS(i)), (3.11)

where dSM(i) ≥ 0 and dMS(i) ≥ 0 represent the, possibly non-deterministic, time delays
in the communication channel, including possible package loss. Therefore

k�

i=0

H−M(i) ≥
k�

i=0

H+S(k)

k�

i=0

H−S(i) ≥
k�

i=0

H+M(k), (3.12)

so that
HC(k) ≥ 0 ∀k, (3.13)

which means that the communication channel can never produce energy as long as packet
duplication is prevented. Duplicated packets can easily be handled by including a times-
tamp in each packet.

3.4.2 Energy tanks
In the previous section we have shown that there exist three energy flows at both the
master and the slave side. The desired control actions determined by the Transparency
Layer will influence the energy exchange with the physical world and thus how much
energy is flowing into or out of the total system. In order to completely separate the
Passivity Layer from the Transparency Layer a method is required to regulate the energy
level independent of what the Transparency Layer is commanding.

To this end a Tank Level Controller (TLC) is defined in the Passivity Layer at the
master side. The function of this TLC is to monitor the energy level of the local tank,
HM(k + 1), with respect to a desired level HD. Whenever HM(k + 1) is lower than HD

at sampling instant k, the TLC is to extract a small additional amount of energy from the
user during the next sampling period k + 1 to replenish the tank. Using such a TLC will
enable the control architecture to always recover from a deadlock situation in a passive
manner when all the energy stored in the system is depleted.
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Several TLC implementations are possible. In this paper, the TLC is a modulated
viscous damper, which applies a small opposing torque, τTLC(k) to the user’s movement
to extract energy from the user into the energy tank

τTLC(k) = −d(k)q̇m(k) (3.14)

d(k) =

�
α(HD −HM(k + 1)) if HM(k + 1) < HD

0 otherwise
,

where α is a parameter that can be used to tune the rate at which energy is extracted from
the user and α > 0. If α is set to a high value and/or the user moves very fast an overshoot
of the energy level in the system with respect to the desired energy level can occur. The
value to be set for α and HD is highly dependent on the device characteristics.

It is important to note that although this strategy might appear similar at first glance
to the TDPC strategy by Ryu et al. (2004b), its purpose is in fact very different. The PC
element in the TDPC algorithm is used to dissipate virtually generated energy whereas in
this application the modulated damper is primarily activated to make energy available in
the system. It should also be noted that the presented strategy is only one way to extract
energy from the user and that the framework can accommodate many alternatives.

3.4.3 Energy transport
The TLC will make energy available at the master side, but energy is required at the slave
device for it to be able to perform its task. In this section various protocols are discussed
that can be implemented to regulate the distribution of energy through the system, ranging
from simple open loop protocols to more complex protocols.

Simple Energy Transfer Protocol

Energy can be distributed through the system using the Simple Energy Transfer Protocol
(SETP). Both the master and slave system transmit a fixed fraction, β, of its energy level
(when energy is available) to the other system. This will cause the total energy in the
system to be distributed over the master and slave system and the communication channel.
As this is a bilateral transfer protocol it is not dependent on where the energy is entering
the system. This is illustrated in Fig. 3.5, where the energy tanks are depicted as water
barrels, each packet as a glass, and the energy quanta of each packet as the water level
inside the glass.

When the system can be described as a discrete Linear Time Invariant (LTI) system it
can be proven mathematically that the energy levels in the two tanks will converge to the
same value when there is no interaction with the physical world, irrespective of the initial
energy distribution. The LTI model, Σ1, of the system is

Σ1 : x(k + 1) =

�
1− β 0
0 1− β

�
x(k) +

�
0 β
β 0

�
x(k − d), (3.15)
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H = Hd

Master Slave

Hd

H

Master Slave

Hs

Hs

Figure 3.5: Illustration of level synchronization between energy tanks: The modulated
damper extracts energy from the master and the implemented energy transport protocol
forces the energy level in the master and slave tank to synchronize.

where x =

�
HM

HS

�
and d indicates the constant communication delay, respectively. From

Σ1 a new state, Hdif is derived that describes the dynamics of the difference between the
tank levels

Hdif (k + 1) = HM(k + 1)−HS(k + 1) (3.16)
= (1− β)Hdif (k)− βHdif (k − d).

The characteristic polynomial, P (z), describing the dynamic behavior of just this new
state is described as Ren et al. (2003)

P (z) = zd+1 − (1− β)zd + β. (3.17)

Investigating the stability of this system, without explicitly computing the roots of the
polynomial, can be performed using the Jury Stability Criterion Jonckheere and Ma
(1989). This criterion states that if certain terms, that are computed from the coefficients
of the polynomial, are positive the system is asymptotically stable. Application of this
criterion to P (z) indicates the following terms have to be positive

4β(1− β)

dβ + 1
> 0 (3.18)

−rβ2 + (r − 1)β + 1

(r − 1)β + 1
> 0 ∀r ∈ [0..d− 1].

For 0 < β < 1 and any d all the terms of (3.18) are positive. This indicates the tank
level difference using the SETP is asymptotically stable and will converge to zero in the
absence of external inputs, albeit that the settling time can be extremely large for large d
and/or β. If the time in which the TLC extracts the energy to fill the master tank is small
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compared to the settling time of the SETP an overshoot of the energy level of the tanks
with respect to HD can occur.

This derivation of asymptotic stability also holds for systems, Σ2, with asynchronous
delays as long as the total number of delay states, n, is even. Such a system has the same
characteristic polynomial, P1(z) as Σ1, given that n = 2d,

P1(z) = zn+2 − 2(1− β)zn+1 + (1− β)2zn − β2. (3.19)

Asymptotic stability of Σ1 implies asymptotic stability of Σ2.

Advanced Energy Transfer Protocols

The SETP implies that energy quanta are continuously being exchanged between the
master and slave system. This indicates that the user besides filling both tanks with energy
will also have to saturate the communication channel with energy packets. For Σ1 there
are 2d energy packets in the communication channel. Assume that the TLC has extracted
precisely enough energy to let the energy level in both tanks converge to HD and this
convergence has taken place. In that situation each energy packet in the communication
channel has the same value βHd. So in this situation the total amount of energy in the
communication channel, HC , is:

HC = 2dβHD. (3.20)

The total amount of energy in the communication channel can therefore become quite
large for larger time delays and/or β.

More complex transfer protocols can be implemented, each with its own specific ben-
efits and drawbacks. A transfer protocol that is still simple, but does not have constant
energy exchange between master and system, is to change the positive energy quanta be-
ing sent from the slave to the master into energy requests. The transfer protocol at the
master side will then send an initial amount of energy to the slave side to fill the tank and
the slave will only send energy requests to the master when the level in the tank drops
below that desired level due to energetic interaction with the physical world. The master
side records the total energy request by the slave and will send a percentage of its avail-
able energy towards the slave until the energy request is satisfied. A drawback of this
protocol is that the energy request and the subsequent delivery are separated in time by
the round-trip time of the communication channel. This will have to be taken into account
when selecting the desired energy level of both tanks.

Now assume that an IR algorithm is implemented in the Transparency Layer. As the
interaction forces are now predicted at the master side, it is possible to record the energy
exchange and transmit this energy directly to the slave side. The energy tanks are then
solely used to deal with model inaccuracies and the delays in the communication channel.

The above shows that although the Transparency Layer and Passivity Layer are com-
pletely separated and can be tuned independently, the energy transfer protocols that can
be implemented in the Passivity Layer are restricted by the chosen implementation of the
Transparency Layer.
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3.4.4 Saturation of controlled torque
The Transparency Layer computes a controlled torque, τTL(k) at each side, to be applied
to the master and slave device during sampling period k + 1 to display the desired be-
havior. At both sides, the Passivity Layer enforces limits on this desired torque in order
to maintain passivity. The resulting limited torque, τPL(k), will be applied to the actu-
ators during sample period k + 1. It should be noted that although H(k + 1) indicates
the energy level in the tank during the sample period k + 1 its value is known after the
procedure of Section 3.4.1 has been performed at sample instant k. This procedure is
performed before τPL(k) is computed so the value of H(k + 1) can be used to compute
τPL(k).

The fundamental limit which the Passivity Layer enforces is that when no energy is
available at a side, the controlled torque that can be applied at that side during the coming
sampling period is zero

τmax1(k) =

�
0 if H(k + 1) ≤ 0

τTL(k) otherwise
. (3.21)

Between two sample instants there is no way to detect, act upon, and therefore prevent
a possible loss of passivity. It is however possible to minimize the chance of such a loss
by implementing additional saturation functions. We know that the interval before a next
sample will last ∆TS seconds and suppose the device is moving with velocity q̇(k). If the
force applied during sample period k + 1 were to have a relatively small influence on the
velocity with which the device is moving, an initial estimate of the energy exchange that
will occur would be:

∆HI(k + 1) = τ(k + 1)q̇(k)∆TS (3.22)

so an upper bound for τ(k + 1) to limit this energy exchange to the available energy
would be

τmax2(k) =
H(k + 1)

q̇(k)∆TS

(3.23)

The applied force during k + 1 however will most often influence the velocity with which
the device is moving. This influence might be approximated based on a competent dy-
namic model of the system so that the worst case velocity of the system can be expressed
as function of the applied force, the current velocity, and the duration of the sample period
q̇max(τPL(k + 1), q̇(k),∆TS). q̇max can then be used in (3.23) to derive τmax2(k). This
still neglects the influence the user and environment will have on the motion of each de-
vice. Therefore it is still possible that more energy is extracted at either side than is stored
in the tank. If that were to happen, (3.21) shuts off the commands from the Transparency
Layer and thus prevents the system from becoming unstable.

The above two saturation functions ensure that the system will remain passive, or at
least minimize the chance of a momentary loss of passivity from occurring. Additional
saturation methods can be thought of that not only maintain passivity, but shape the in-
teraction in a beneficial way depending on the amount of energy available in the system.
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An additional saturation method that can be useful is for instance to define a mapping,
g(H(k + 1)), from the current available energy in the tank to the maximum torque that
can be applied. Meaning:

τmax3(k) = g(H(k + 1)). (3.24)

This mapping can be designed in such a way that a safe interaction in complex situations
is guaranteed. What a safe interaction is, depends on the task, the environment, and the
circumstances under which the task has to be executed in the environment. Therefore no
general implementations of (3.24) can be provided. Two examples where (3.24) might
be useful will now be sketched. Assume that an impedance reflection algorithm has been
implemented in the Transparency Layer and that the environment has not yet been prop-
erly identified. In such a situation the position controller in the Transparency Layer at
the slave side could exert excessive forces on the environment to track the motions of
the master. This is likely to damage the objects that are encountered in the environment.
However, in such situations the amount of energy in the system is very limited (the user
is not yet interacting with the virtual model) and so (3.24) could be designed to prevent
excessive forces from being applied to the objects in the environment.

A second example where (3.24) could be useful is discussed by Franken et al. (2009).
There a mapping is used in combination with the SETP to gently release objects which
the slave is grasping when a communication blackout should occur.

The maximum allowable torque, τmax(k), is the lower bound of all the various limit-
ing/saturation functions

τmax(k) = min(τmax1(k), τmax2(k), τmax3(k), ...), (3.25)

where ... indicate other limiting/saturation functions that can be implemented. These
additional functions for instance could be beneficial for a specific device, environment,
and/or task to be executed. Note that all limiting functions except τmax1 are optional,
although the exclusion of τmax2 and/or τmax3 can result in unwanted switching behavior
of the Passivity Layer. It should also be noted that the limiting/saturation functions in the
Passivity Layer at the master and slave side do not necessarily have to be identical.

The torque, τPL(k), which is the bounded version of the torque, τTL(k), requested by
the Transparency Layer is computed as

τPL(k) = sgn(τTL(k))min(|τTL(k)|, τmax(k)). (3.26)

The final torques to be applied to the master and slave devices during the sample
period k + 1, τrm(k + 1) and τrs(k + 1), respectively, are

τrm(k + 1) = τPLm(k) + τTLC(k)

τrs(k + 1) = τPLs(k), (3.27)

where τPLm(k) and τPLs(k) are the torques computed by the Passivity Layer at the master
and slave side, respectively. At the master side τTLC(k), which results from the TLC of
(3.14), is superimposed on τPLm(k) before application to the device.
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Compute energy exchange

Compute Energy Tank level

Energy Transfer Protocol
Does the system send an amount of

energy to the other side?

H(k) = H(k) +H+(k)−∆HI(k)

∆HI(k) = τ(k)∆q(k)

Sum received energy

H+(k) =
�

i∈Q(k)

H(i)

System sends an energy packet

Energy Tank level changes

H−(k)

System sends an energy request

Energy Tank level is unaltered

H−(k)

H(k+ 1) = H(k)

NoYes

Limit 3Limit 2Limit 1

Based on available energy

compute maximum allowable torque
τmax(k)

H(k+ 1)

...

Optional

Limit Transparency Layer torque

H(k+ 1) = 0 ⇒ τmax1(k) = 0 τmax2(k) =
H(k+ 1)

∆Tsq̇max(k+ 1)
τmax3(k) = g(H(k+ 1))

TLC inactive

Tank Level Controller
Energy Tank level too low

H(k+ 1) < Hd

NoYes

Activate TLC

Only for master device

Set actuator torque for next sample period

τTLC(k) = 0
d(k) = α(Hd −H(k+ 1)

τTLC(k) = −d(k)q̇(k)

k+ 1

Start

τPL(k) = sgn(τTL(k))min(|τTL(k)|, τmax1(k), τmax2(k), τmax3(k), ...)

τr(k+ 1) = τPL(k) + τTLC(k)

H(k+ 1) = H(k)−H−(k)

Figure 3.6: Workflow of the complete Passivity Layer at either side of the telemanip-
ulation system: This workflow assumes that τTL(k) has already been computed. First,
the incoming energy flows are evaluated. Afterwards the energy flow towards the other
system is computed and handled. Finally, the limiting values for the torque originating
from the Transparency Layer are computed. For the master system the Tank Level Con-
troller is activated if necessary. The limited Transparency Layer torque and TLC torque
combined form the feedback force to the user for the next sampling period.

3.5 Experimental Results

In this section we will provide experimental results that were obtained with the setup
depicted in Fig. 3.7. The setup consists of two identical one degree of freedom devices
powered by a DC motor without gearbox. A high-precision encoder with 65 k pulses per
rotation is used to record the position of each device. The mechanical arm of each device
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Master Slave

Force Sensor

Powder Brake

Environment

Figure 3.7: Experimental setup: The setup consists of two identical one degree of free-
dom devices powered by an electromotor without gearbox. The position of each motor is
recorded with a high-precision incremental encoder and the mechanical arm consists of a
linear force sensor to record the interaction force between the user/environment and the
devices.

contains a linear force sensor to record the interaction force between the user/environment
and the devices. Both devices are controlled from the same embedded controller running
a real-time Linux distribution. The controllers are implemented in the program 20-sim
(Controllab Products B.V., 2010) and real-time executable code specific for this setup is
generated directly from 20-sim and uploaded to the embedded controller by means of the
program 4C (Controllab Products B.V., 2010). The sampling frequency of the control
loop is 1 kHz. As environment a mechanical spring with a stiffness of approximately
1500N/m is used. The recorded position of this spring in the environment varies slightly
between experiments as incremental position encoders are used and the initial position of
the slave device is not perfectly equal for each experiment.

Two different bilateral controllers were implemented to show the benefits and flexibil-
ity of the Two-Layer approach. A regular Position-Force (PF) controller is implemented
in a situation without and with time delay. In the second experiment the time delay is
still present and the PF controller is replaced with an IR algorithm. The time delay im-
plemented in the artificial communication channel between the master and slave device is
1 s, constant, and without package loss. Both of the experiments are carried out using the
same implementation of the Passivity Layer. Experimental results are shown both with
the Passivity Layer turned on and off and for grasps of the user switching between hard,
relaxed, and soft.

First the implementation of the Passivity Layer will be discussed and afterwards the
implementations of the two different controllers combined with the experimental results.
It should be noted that with the change from the PF controller to the IR algorithm only
the implementation of the Transparency Layer changes and no adjustments to the Pas-
sivity Layer are required. There are even no changes needed to the Passivity Layer when
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introducing the time delay in the communication channel.
The force sensors record the force at the interaction points between the user/

environment and the device. Therefore it is chosen to have the Transparency Layer com-
pute a force to be exerted at the interaction point and not directly a torque to be applied
by the motor. In the Passivity Layer the saturation functions are applied to this force after
which it is transformed into a torque to be applied by the actuator using the length of the
mechanical arm r of each device. For both devices r = 0.15m. The TLC in the Passivity
Layer at the master side also computes a torque.

3.5.1 Implementation Passivity Layer
The Passivity Layer is implemented as discussed in Section 3.4. As energy transfer proto-
col the SETP of Section 3.4.3 is chosen. The values for the various parameters are listed
in Table 3.1. As saturation functions (3.21) and (3.24) and the maximum force that can be
delivered by the actuators have been implemented. The mapping of (3.24) is implemented
only at the slave side and in the form of a linear spring with stiffness Ks, so

|Fmax2(k)| =
�
2HS(k + 1)KS (3.28)

and
|Fmax3(k)| = 11.5N (3.29)

3.5.2 Position-Force Controller
As first implementation of the Transparency Layer a regular PF controller is implemented.
Such a controller is characterized by a poor transparency as the proportional gain of the
position controller acts as a spring with limited stiffness between the master and slave
position. Although accurate force reflection can be achieved, the position tracking per-
formance of the slave device will be limited during contact phases with the environment.
However, the added benefit of the Passivity Layer with respect to the stability of the sys-
tem can clearly be demonstrated. The PF controller is implemented as:

FTLm(k) = Fe(k)

FTLs(k) = −Kp(qm(k)− qs(k))−Kdq̇s(k) (3.30)

where Fe is the measured interaction force between the slave device and the environment.
Kp and Kd are the gains of the position controller.

Table 3.1: Parameter values of the Passivity Layer

Parameter Value Parameter Value
HD 0.075 J β 0.01
α 70Nm·s/rad·J KS 500N2/J
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Figure 3.8: Non-passive Position-Force Controller: The contact between the slave de-
vice and the environment becomes unstable for more relaxed grasps by the user.

Several experiments have been carried out with the controller settings as given in Table
3.2. Each figure shows the position of the master and slave device, the force recorded
by the force sensors in the master and slave device, the difference between the force
computed by the PF controller and the force applied by the Passivity Layer at the master
side (Fdif ), and the level of the energy tanks at the master and slave side, respectively.

Fig. 3.8 shows the response when the Passivity Layer is not active. As long as the
user has a strong grasp on the device the response is stable and the interaction forces are
accurately reflected. However, when the user relaxes his grasp oscillations start to occur
in the system response when contact is made with the environment. Finally for a soft
grasp the contact is unstable and the slave system is bouncing on the environment. The
system is producing “virtual” energy as indicated by the negative and decreasing tank
level of both the master and slave system. The energy tank levels also shows that in this
situation “virtual” energy is mostly generated at the master side as the level of that tank is
decreasing much faster than the level of at the slave side.

Fig. 3.9 shows the same experiment but with the Passivity Layer activated. The initial
extraction phase is indicated in which both energy tanks are filled. For all three grasps
the system response is stable and the user is experiencing force feedback. The relative

Table 3.2: Parameter values of the Transparency Layer

Parameter Value Parameter Value
Kp 25N/rad Kv 0.75Ns/rad
γ 0.01 βe 0.99
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Figure 3.9: Passive Position-Force Controller: The contact between the slave device
and the environment remains stable for all grasps by the user. The relative adjustment by
the Passivity Layer is increasing for more relaxed grasps.
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Figure 3.10: Passive Position-Force Controller with 1 s Time Delay: The transparency
of the telemanipulation system is extremely low due to the time delay, but remains stable
for even relaxed grasps by the user. Without the Passivity Layer violent jerks appear in
the feedback force which require a strong grasp by the user to keep the system stable.
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influence of the Passivity Layer on the feedback force to the user is increasing with more
relaxed grasps by the user.

Fig. 3.10 shows the response of the system when a 1 s delay is introduced in the
communication channel. In this case the transparency of the system is extremely low as
action and reaction at the user side are separated in time by a round trip delay of 2 s.
Without the Passivity Layer a strong grasp is needed in order to keep the system stable as
violent jerks frequently occur. Fig. 3.10 shows that with the Passivity Layer activated the
system remains stable even with a relaxed grasp by the user.

3.5.3 Impedance Reflection
As second implementation of the Passivity Layer an IR algorithm has been implemented
based on the scheme proposed by Tzafestas et al. (2008) and similar to the one used by
Franken et al. (2009). A schematic drawing of this implementation of the Transparency
Layer is depicted in Fig. 3.11. In the following four subsections the implementation of
each element of Fig. 3.11 is discussed.

Virtual Environment

The virtual environment is implemented as a simple discretized linear spring model:

FTLm(k) = −K̂e(k)(qm(k)− x̂e(k))/r (3.31)

where K̂e(k) and x̂e(k) are the estimated stiffness and position of the object in the en-
vironment. Due to the identification algorithm the mechanical spring in the environment
is identified as a torsional spring. Therefore the length of the mechanical arm is used to
transform the resulting torque into the desired force at the interaction point.

Adjustment

A simple smoothing function is implemented that limits the change in parameters to a
percentage of the difference between the currently used and identified parameters:

∆pm(k) = γ(pI(k)− pm(k − 1)) (3.32)

where pI and pm indicate the received identified parameters and the current parameters
used at the master side, respectively.

Behavior Controller

The same position controller for the slave device as used in Section 3.5.2 is implemented.
So:

FTLs(k) = −Kp(qm(k)− qs(k))−Kdq̇s(k) (3.33)

The series spring of the position controller is removed from the feedback force to the
user, but is still present in the position response of the slave device. This means that the
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Transparency Layer Transparency Layer

Figure 3.11: Impedance Reflection algorithm based on Tzafestas et al. (2008) Feed-
back force to the user is based on a local model of the remote environment of which the
parameters are estimated online.

transparency of the system will still be limited as the position responses of the master and
slave device can greatly differ when interacting with the environment. A solution to this
problem could be to implement either an adaptive or robust control structure. Misra and
Okamura (2006) for instance use the identified parameters of the environment to modify
the position control gains.

Identification

The identification algorithm implemented here is a linear regression algorithm based on
(Diolaiti et al., 2005). The estimator tries to minimize the cost function:

VN (K̂e) =
1

N

N�

k=1

�(k)2 (3.34)

�(k) = rFe(k)− (K̂(k)(qs(k)− x̂e)

and is implemented by computing the following recursive equations during the estimation
process:

K̂e(k) = K̂e(k − 1) +Q(k)�(k)

Q(k) = R(k − 1)(x̂s(k))(βe + (x̂s(k))
2R(k − 1))−1

R(k) =
1

βe
(1−Q(k)x̂s(k))R(k − 1)

x̂s(k) = qs(k)− x̂e(k) (3.35)

where βe is a forgetting factor to limit the estimation to more recent measurements. R is
initialized as 1 and no prior information about the parameters is assumed. x̂e is determined
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Figure 3.12: Non-passive Impedance Reflection: The interaction force is now predicted
based on the local model which increases the transparency of the system with respect to
the PF controller. The initial contact between the slave and environment is a very hard
collision and only limited due to the saturation of the motor amplifiers. For a relaxed
grasp of the user the contact with the virtual model is unstable.

as the position of the slave device where a certain force threshold is exceeded. This is
done to prevent the dynamics of the force sensor with the slave device moving in free
space to activate the activation algorithm. x̂e is therefore a rough approximation of xe.
This results in an unwanted effect that the estimated stiffness drops to zero when the
environment force decreases. Therefore (3.35) is only executed when the environment
force is increasing. This rough approximation of xe can also results in the stiffness of the
environment to be overestimated.

Experimental results

This scheme improves the transparency of the system with respect to the PF controller
in the presence of time delays in the communication channel as the feedback force to
the user is predicted based on a local virtual model of the environment. However, the
transparency is still limited due to the fixed position controller, as indicated in Section
3.5.3, and visualized in Fig. 3.12 and Fig. 3.13 by the large position difference between
the master and slave device.

The settings for the IR algorithm are listed in Table 3.2. The time delay in the com-
munication channel is again 1 s. Each figure shows the position of the master and slave
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Figure 3.13: Passive Impedance Reflection: The increase in transparency with respect
to the PF controller remains. With respect to the non-passive implementation the initial
contact can be shaped by means of the saturation functions in the Passivity Layer. Due to
the added damping by the Passivity Layer the contact with the virtual model is stable also
for a relaxed grasp of the user.

device, the force recorded by the force sensor in each device, the estimated stiffness by
the identification algorithm of Section 3.5.3 expressed as radial stiffness, and the level of
the energy tanks at the master and slave side, respectively.

Fig. 3.12 shows the system response when the Passivity Layer is not activated. While
the slave device is interacting with the environment the identification algorithm is estimat-
ing the stiffness of the environment. The user is subsequently presented with a predictive
force feedback based on the implemented model and identified parameters. The initial
force exerted by the slave device on the environment is 12N. This force is only limited
due to the limitations of the motor amplifiers and would have been much higher. It should
be noted that the force computed by the local model, for the identified stiffness, in the
Transparency Layer is saturating the motor amplifiers. This means that the environment
can only be accurately reflected within a certain position range of the master device. When
the user relaxes his grasp on the device the interaction with the local virtual model is no
longer stable and large oscillations in the feedback force occur. This means the system
is generating energy as is visible from the negative and rapidly decreasing tank level of
the master device. This oscillatory behavior is subsequently also exhibited by the slave
device.

Fig. 3.13 shows the response with the Passivity Layer activated. Two major differ-
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ences are visible with respect to Fig. 3.12. The initial impact force between the slave
device and the environment is limited due to the saturation functions in the Passivity
Layer. The impact force in Fig. 3.13 is about 7N whereas it is 12N in Fig. 3.12. When
the user is interacting with the properly identified local model he is injecting energy into
the system, which allows the Passivity Layer at the slave system to exert higher forces on
the remote environment as the user clearly intends to exert these forces on the object. The
second difference is the absence of the vibrations when the user is relaxing his grasp. The
interaction with the virtual environment is kept stable due to the added damping in the
Passivity Layer to keep the system passive.

It should be noted that there exists a lower bound of the user’s grasp for this latter
effect. The Passivity Layer only adds enough damping to maintain passivity of the sys-
tem. As the virtual environment is a pure undamped spring it will exhibit an oscillatory
response when there is no damping added by the user’s grasp. This oscillatory behavior is
simply stable, it does not grow in magnitude, as the Passivity Layer will enforce passivity
of the system. In the absence of the Passivity Layer the system will be unstable for the
same soft grasp by the user.

3.6 Discussion
With respect to each of the passivity-based control structures treated in Section 3.2 the
proposed Two-Layer Framework with the implementation of the Passivity Layer treated
in Section 3.4 has at least some of the following benefits:

• Hardware independent: No additional relation between the implementation of the
controller and the hardware parameters is needed to ensure stable behavior.

• Wide variety of bilateral controllers: The only restriction placed on the imple-
mented bilateral controller is that it computes a force to be applied to each device.

• Almost independent optimization of each layer: The manner in which the Passiv-
ity Layer is implemented monitors the energy exchange and only intervenes when
necessary. This means that if the bilateral controller in the Transparency Layer is
displaying passive behavior, the Passivity Layer does nothing. This allows almost
independent optimization of each layer. The only dependency between the layers
is that the Energy Transfer Protocols that can be implemented are restricted by the
chosen implementation of the Transparency Layer.

• Flexibility: The Passivity Layer is centered around the communicating energy
tanks and the monitoring of the energy exchange with the physical world. Any
number of saturation functions can be designed, implemented and optimized inde-
pendently of each other to shape that physical interaction based on the available
energy in the tank.

As has been pointed out in Section 3.4 it is possible for the system to be momentarily
active. This is inherent to the fact that the energy exchange during the sample period
cannot be monitored and its value can only be computed a posteriori. All Time Do-
main Passivity structures that are centered around monitoring the energy exchange share
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this effect. However, in this framework the active behavior of the system is limited to
a single sample period, because the Passivity Layer will shut off the commands of the
Transparency Layer until passivity of the system is restored. Other approaches like the
EBA and PSPM can prevent energy from being generated at all times, but only as long as
the models of the hardware that are being used are accurate lower bounds.

3.7 Conclusions and Future Work
In this paper a new framework for bilateral telemanipulation was presented. The two-
layered approach allows the combination of passivity and transparency in a very intuitive
manner. Using this framework any control architecture with an impedance causality can
be implemented in a passive manner. Furthermore the framework allows many of its fea-
tures to be tuned for specific devices and/or tasks. Especially the energy transfer protocol
and saturation functions can be designed and optimized for a specific device, environment,
and/or task. The presented experimental results show the benefits of the two-layered im-
plementation. A single implementation of the Passivity Layer was able to maintain sta-
bility of two different implementations of the Transparency Layer even in the presence of
large time delays, hard contacts, and a variety of user grasps. The transparency properties
of the bilateral controllers, implemented in the Transparency Layer, were maintained and
their commands were only adjusted by the minimum to maintain passivity of the system.

Future work will focus on the systematic implementation of the various design op-
tions and tuning of the parameters in the Passivity layer. Also the implementation of the
framework on systems with multiple degrees of freedom will be analyzed.

The passivity layer presented in this paper makes the system passive with respect to
the actuators at both the master and slave side. All the energy spent by the actuators at the
slave side is extracted from the user. This means that transparency is adversely influenced
by friction in the slave device. Therefore future research will also be directed to friction
compensation techniques to extend this approach to manipulators with high internal fric-
tion. Preliminary results of such a friction compensation technique were presented by
Franken et al. (2010a).
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Improved Transparency in Energy-Based Bilateral
Telemanipulation

Franken, M., Misra, S. and Stramigioli, S.
Under review with Mechatronics

In bilateral telemanipulation algorithms based on enforcing time-domain passivity, inter-
nal friction in the devices poses an additional energy drain. This can severely decrease the
obtainable transparency of these algorithms when high amounts of friction are present in
the slave device. Based on a model of the friction, the dissipated energy can be estimated
and reclaimed inside the energy balance of the control algorithm. Extending the energy
balance which is monitored, decreases the net passivity of the telemanipulation system
enforced by the control algorithm, which usually enforces passivity of just the bilateral
controller. Experimental results are provided that demonstrate the effectiveness of the
proposed approach in increasing the obtainable transparency. As long as the physically
dissipated energy is underestimated, the telemanipulation system as a whole will remain
passive. Thus the guaranteed stability property of the time-domain passivity algorithm is
maintained.
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4.1 Introduction
A bilateral telemanipulation system presents the user with haptic feedback about the inter-
action between the slave device and the remote environment. The transparency of the tele-
manipulation system is defined as the degree to which it is able to convey to the user the
perception of direct interaction with the environment (Lawrence, 1993). One of the factors
that determine the achievable transparency is the implemented bilateral control algorithm.
Various control algorithms for bilateral telemanipulation have been proposed/applied with
different stability and transparency properties, amongst others Position-Force controllers
e.g. (Kim et al., 2005), Four Channel control (Lawrence, 1993), Impedance Reflection
algorithms e.g. (Goethals et al., 2007), and Coupled Impedance controllers, e.g. (Lee and
Li, 2005). A recent overview can be found in (Hokayem and Spong, 2006).

Stability issues can arise in bilateral telemanipulation systems due to e.g. hard con-
tacts in the environment and time delays in the communication channel connecting the
master and slave system. The concept of passivity is often used in the design of bilat-
eral telemanipulation systems as the interaction between passive systems is guaranteed to
be stable. Both the user and the environment can be assumed to be passive, or to inter-
act at least with passive systems in a stable manner (Hogan, 1989). Thus guaranteeing
passivity of the telemanipulation system ensures stability of the interaction between the
user/environment and the telemanipulation system.

Non-linear control architectures have been proposed in literature that can be com-
bined with regular bilateral control algorithms to ensure passivity of the system. These
algorithms adapt the commanded forces computed by the bilateral control algorithm to
ensure that the telemanipulation system remains passive. Due to the adaptation of the
command signals the interaction with this system is guaranteed to be stable, even though
the bilateral control algorithm itself would result in unstable behavior of the system. Ex-
amples include the work of Ryu et al. (2004b), Ryu et al. (2010), Kim and Ryu (2010),
Lee and Huang (2010), and Franken et al. (2009). Of these approaches we will focus on
Time Domain Passivity (TDP) algorithms, e.g. (Ryu et al., 2004b), (Ryu et al., 2010),
and (Franken et al., 2009). In TDP algorithms an energy balance of the system is moni-
tored. This balance is based based on the energy exchange between the physical world and
the bilateral control algorithm. Passivity of that interaction is enforced with modulated
dampers.

Perfect transparency means that the user should not be able to discern the dynamic
behavior of the mechanical master and slave device, and the bilateral control algorithm
during operation. When left uncompensated, mechanical friction at both the master and
slave side can decrease the obtained transparency (De Gersem and Van Brussel, 2004). In
this paper we will consider bilateral telemanipulation systems that consist of impedance-
type displays (force output causality). For such devices mechanical friction can decrease
the tracking performance with respect to the desired position at the slave side and the
desired force at the master side. At the master side the mechanical friction will distort the
force feedback experienced by the user, which is most apparent during free space motion.

Extensive research has been performed with respect to friction compensation in mo-
tion and force control. Methods have been proposed that use observer-based compen-
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sators, e.g. (Friedland and Park, 1992) and (Vedagarbha et al., 1999), adaptive controllers,
e.g. (Feemster et al., 1999) and (Tomei, 2000) force feedback control, e.g. (Kwon and
Woo, 2000) and (Bernstein et al., 2005), and model-based feedforward compensation, e.g.
Ando et al. (2002), (Liu et al., 2004), (Mahvash and Okamura, 2007), and (Khayati et al.,
2009). Overviews of various sources of friction, applicable models and various compen-
sation methods applied to systems with friction are published by Armstrong-Helouvry
et al. (1994) and Bona and Indri (2005).

Examples of friction compensation specifically applied to bilateral telemanipulation
systems and haptic feedback devices include the work of Kwon and Woo (2000), Bern-
stein et al. (2005), Bi et al. (2004), and Mahvash and Okamura (2007). Mahvash and
Okamura (2007) discuss that not every compensation method is suitable to be applied in
bilateral telemanipulation systems depending on the chosen bilateral control algorithm
and available sensors.

So far the effect of physical friction on the performance of TDP algorithms has been
mostly neglected. Monfaredi et al. (2006) recognized that TDP algorithms provide better
results when applied to lightweight devices with low internal friction. Increased amounts
of internal friction in the slave device were found to reduce the obtainable transparency
with the telemanipulation system. Therefore they proposed to apply a stiffness observer
to the interaction with the environment and make the damping applied at the user side
dependent on the identified stiffness instead of the energy balance when slave devices
with higher internal friction are used. In their approach the energy balance is no longer
monitored, making the approach similar to the one proposed by Love and Book (2004).
However, the required amount of damping to enforce passive behavior of the system is
not solely dependent on the stiffness of the environment, e.g. the influence of the grasp
of the user, the parameters of the bilateral controller, the device impedances, and the
type of motion is neglected. Furthermore, the stability properties of the system become
dependent on the convergence of the applied stiffness identification algorithm. Although
an interesting approach, it fails to address the underlying problem of TDP algorithms.

In this paper, the influence of friction on TDP algorithms is analyzed. The analysis
is performed based on the two-layer framework introduced by Franken et al. (2009). It
will be shown that friction influences the system in two distinct ways, which can each be
separately handled in one of the layers. In the Transparency Layer one of the aforemen-
tioned compensation methods can be applied to increase the performance with respect to
motion and force tracking. In the Passivity Layer an energy-based compensation method
is proposed. The focus of the paper lies on this last compensation method. Furthermore,
the proposed approach is applicable in any TDP algorithm, e.g. (Ryu et al., 2004b) and
(Ryu et al., 2010). The contribution of this paper are the proposed friction compensation
technique in the monitored energy balance of the TDP algorithm and its experimental
validation.

The paper is organized as follows: Section 4.2 introduces the two-layer approach
to bilateral telemanipulation. Section 4.3 discusses the influence of friction within the
two-layer framework and the proposed compensation strategy. Section 4.4 describes an
implementation of such a friction compensation technique in the two-layer framework.
Experimental results with this implementation showing the obtainable increase in trans-
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parency are presented in Section 4.5. A discussion on the proposed approach is contained
in Section 4.6. The paper concludes and provides direction for future work in Section 4.7.

4.2 Energy-based Bilateral Telemanipulation

In this section we will summarize the working of the two-layered framework proposed
by Franken et al. (2009)1. Two layers are defined that each address a distinct goal. The
Transparency Layer contains the bilateral control algorithm that makes the system display
the desired behavior, whereas the Passivity Layer enforces passivity of the system, see Fig.
4.1.

The Transparency Layer can contain any control algorithm that delivers the desired
transparency, as long as it results in a desired torque/force to be applied to the devices at
both sides, e.g. (Lawrence, 1993), (Kim et al., 2005), (Goethals et al., 2007), and (Lee
and Li, 2005). The generalized forces to be applied at the master and slave side are τTLm

and τTLs, respectively. These desired forces are the inputs to the Passivity Layer of which
the working is summarized below.

A system is passive when the energy that can be extracted from the system is bounded
by the energy that was injected into the system and the energy initially stored in the
system, E(0): � t1

t0

−τI(t)q̇I(t)dt ≥ −E(0), (4.1)

where τI and q̇I are the force and velocity associated with the interaction point of the
system. E(0) is assumed to be zero. Non-passive systems are said to generate “virtual”
energy and it is this additional energy that can potentially destabilize the system.

For impedance-type systems (force output causality) the energy exchange between the
control system and the physical world during sample period k, ∆HI , (k) can exactly be
determined a posteriori as:

∆HI(k) =

� k∆T

(k−1)∆T
−τI(t)q̇I(t)dt

= −τI(k)

� k∆T

(k−1)∆T
q̇I(t)dt (4.2)

= −τI(k)∆qI(k),

where ∆qI(k) is the position difference of the interaction point that occurred during sam-
ple period k. Using (4.1) and (4.2) an energy balance, HT , of the bilateral controller can

1With respect to the mathematical notation used in this paper we would like to point out the following. The
index k is used to indicate instantaneous values at the sampling instant k and the index k is used to indicate
variables related to an interval between sampling instants k − 1 and k. The symbol τ is used to indicate a
generalized force vector which can contain both forces and torques.
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Figure 4.1: Two-layer framework for bilateral telemanipulation. The double connec-
tions indicate an energy exchange interaction. Franken et al. (2009)

be composed as

HT (k) =

� t1

t0

−τPLm(t)q̇M(t)− τPLs(t)q̇S(t)dt

=

(k−1)∆T�

i=0

∆HIm(i) +∆HIs(i), (4.3)

where τPLm and τPLs are the forces exerted by the Passivity Layer on the master and
slave device, respectively. Under the assumption of rigid body dynamics for the master
and slave device, q̇M and q̇S are the velocities of the master and slave device, respectively.
∆HIm(k) and ∆HIs(k) are computed according to (4.2) and represent the energy ex-
changed between the physical world and the control system, operating in discrete time, at
the master and slave side, respectively. (4.3) represent the amount of energy ‘stored’ in the
bilateral control algorithm. If (4.3) is enforced to be positive always, the telemanipulation
system is passive and thus stability will be guaranteed.

To account for time delays in the communication channel the Passivity Layer splits
(4.3) into three parts:

HT (k) = HM(k) +HC(k) +HS(k), (4.4)

where HM , HC , and HS represent the energy at the master side, in the communication
channel, and at the slave side. The energy at the master and slave side, HM and HS ,
are stored in energy tanks. The energy levels in these tank can be regarded as energy
budgets from which controlled movements can be powered. An energy transfer protocol is
required to make energy available in the system where needed. An example is the Simple
Energy Transfer Protocol (SETP), where each side transmits each iteration a fraction, β,
of its energy level to the other side. This guarantees HC ≥ 0 for arbitrary time delays and
ensures asymptotic stability of the difference of the tank levels for arbitrary constant time
delays. The proof of the latter is obtained by a straightforward application of the Jury



86 Chapter 4

Stability Criterion to the linear time invariant description of the tank level difference.
With the SETP there are three energy flows connected to each energy tank, the energy

exchange that occurs with the physical world and both an incoming and outgoing energy
flow from the communication channel. The energy tank levels are given as

HM(k) =

(k−1)∆T�

i=0

∆HIm(k) +∆HSM+(k)−∆HMS−(k)

HS(k) =

(k−1)∆T�

i=0

∆HIs(k) +∆HMS+(k)−∆HSM−(k), (4.5)

where ∆HMS− and ∆HMS− are the energy packets send each iteration into the commu-
nication channel at the master and slave side. ∆HMS+ and ∆HSM+ are the amounts of
energy received at each side out of the communication channel. The energy flow out of
the communication channel at each side is the time-delayed energy flow into the commu-
nication channel at the other side. A thorough treatment of the two-layer framework is
contained in Franken et al. (2011b).

When the energy level at either the master or slave side is low, the force that can be
exerted by the bilateral control algorithm at that side is restricted to maintain passivity.
Saturation functions can be implemented that guarantee

HM(k) ≥ 0

HS(k) ≥ 0. (4.6)

Examples of such saturation functions are discussed in (Franken et al., 2009). The vari-
ous saturation functions that are implemented compute maximum torques, τMmax(k) and
τSmax(k) that can be applied at the master and slave side by the Passivity Layer during
sample period k + 1 so that passivity will be maintained. The forces applied by the Pas-
sivity Layer are computed as

τPLm(k + 1) = sgn(τTLm(k))min(|τTLm(k)|, τMmax(k)) + τTLC(k)

τPLs(k + 1) = sgn(τTLs(k))min(|τTLs(k)|, τSmax(k)), (4.7)

where τTLC is the force exerted by the Tank Level Controller (TLC). The TLC is defined
at the master side to regulate the energy level in the system independent of the bilateral
control algorithm in the Transparency Layer. The TLC is activated in order to extract
an initial amount of energy, and further additionally required energy, from the user to
maintain a desired energy level in the system. The TLC is implemented as a modulated
viscous damper:

τTLC(k) = −d(k)q̇M(k) (4.8)

d(k) =

�
α(HD −HM(k + 1)) if HM(k + 1) < HD

0 otherwise
,
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where HD is the desired energy level of the tank and d(k) is the modulated viscous damp-
ing coefficient and α is a tuning parameter for the rate at which the user will replenish
the energy tank given a certain motion. The selection of HD and α dependents on the
device characteristics, the implemented energy transfer protocol, and the properties of the
communication channel (Franken et al., 2011b). Systematic tuning of the parameters in
the Passivity Layer is the topic of ongoing research.

The algorithm implemented in the Passivity Layer maintains the energy balance:

HT (k) =
k−1�

i=0

∆HIm(i) +∆HIs(i) ≥ 0, (4.9)

which guarantees passivity of the bilateral control algorithm and thus of the telemanipu-
lation system as a whole.

4.3 Friction
In the previous section the two-layer approach to bilateral telemanipulation was described.
In this section the influence of friction on the performance of each layer will be analyzed.
It will be shown that in each layer compensation methods of a different nature need to
be implemented to achieve the highest possible level of transparency while guaranteeing
stability.

4.3.1 Transparency Layer
The bilateral control algorithm in the Transparency Layer is intended to provide the user
with the desired level of transparency. For most bilateral control algorithms this translates
into the following goals:

• accurate reflection of the environment force to the user,
• accurate position tracking by the slave device with respect to the motion of the

master device.
Mechanical friction in the master and slave device can reduce the performance of the
system with respect to these two goals. The rigid-body dynamic equations of the master
and slave system are:

τPLm(t) + τH(t) + τRm(t) = MM(qM)q̈M(t)

τPLs(t) + τE(t) + τRs(t) = MS(qS)q̈S(t), (4.10)

where τH and τE are the forces exerted by the user and the environment, respectively.
τRm and τRs are the non-linear mechanical friction forces in the master and slave device
and MM and MS are the configuration dependent inertia matrices of the master and slave
device, respectively.

In order to achieve the desired goals τTLm and τTLs need to be designed such that the
negative influence of friction, τRm and τRs, with respect to the desired goal is removed.
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If force/torque sensors are available force feedback control can be applied at the master
side, e.g. (Kwon and Woo, 2000). If a sufficiently accurate model of the friction can be
derived, model-based feedforward control can be applied, e..g. (Ando et al., 2002). Bern-
stein et al. (2005) conclude that a hybrid implementation of these two approaches offers
superior performance when compared to the performance of the separate approaches. At
the slave side, an adaptive position controller can be used to change the parameter gains
to achieve a desired measure of position tracking, e.g. (Tomei, 2000), or model-based
feedforward control can be applied to obtain the same goal, e.g. (Mahvash and Okamura,
2007). Mahvash and Okamura (2007) discuss that for a position-position control architec-
ture, adaptive techniques based on a pure position tracking error cannot be applied as the
tracking error is also influenced by the interaction with the environment. Force-feedback
control cannot be applied as the slave device can also be operating in free space.

4.3.2 Passivity Layer

The algorithm described in Section 4.2 guarantees stability of the telemanipulation system
by enforcing passivity of the bilateral control algorithm, (4.9). The rigid-body dynamic
equations of (4.10) can be transformed into energy balances as:
� k∆T

(k−1)∆T
−τPLm(t)q̇M(t)dt =

� k∆T

(k−1)∆T
(τH(t) + τRm(t)−MM(qM)q̈M(t))q̇M(t)dt

∆HIm(k) = −∆HH(k)−∆HRm(k)−∆HKm(k), (4.11)

where ∆HH(k), ∆HKm(k) and ∆HRm(k) are the amount of energy exchanged between
the master system and the user, the change of kinetic energy in the master device, and the
energy dissipated due to friction in the master device during sample period k. Similarly
for the slave device:

∆HIs(k) = −∆HE(k)−∆HRs(k)−∆HKs(k), (4.12)

where ∆HE(k), ∆HKs(k) and ∆HRs(k) are the amount of energy exchanged between
the slave system and the environment, the change of kinetic energy in the slave device,
and the energy dissipated due to friction in the slave device during sample period k. The
signs in (4.11) and (4.12) are due to the definition of the positive energy flow direction
according to (4.10).

It immediately follows from (4.12) that physical friction in the slave device not only
influences the position tracking performance of the slave device, but also the energy bal-
ance as enforced by the Passivity Layer. This influence is independent of possible friction
compensation methods implemented in the Transparency Layer to achieve proper position
and force tracking. Consider the situation where the slave device is moving at a constant
velocity in free space (∆HE(k) = 0 and ∆HKs(k) = 0). The energy balance of (4.12)
reduces to:

∆HIs(k) = −∆HRs(k). (4.13)
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This means that due to (4.9) the energy dissipated in the slave device will have to be
injected by the user. As the slave device is moving in free space it is likely to assume
that the commanded torque/force by the control algorithm in the Transparency Layer at
the master side is zero, τTLm(k) = 0. Therefore, the TLC will be activated so that the
user injects energy into the system to compensate for ∆HRs. Subsequently, due to the
activation of the TLC the user will not experience free space motion as such.

Similar arguments can be applied to the master system. Consider the situation where
the user is moving at a constant velocity and that at the slave side ∆HIs(k) = 0. Assume
that the user needs to experience free space motion (∆HH(k) = 0) and that adequate
friction compensation techniques have been applied in the Transparency Layer to achieve
that free space motion sensation. From (4.11) it follows that

∆HIm(k) = −∆HRm(k), (4.14)

which means that without additional measures in the Passivity Layer the TLC will again
be activated. It can also be argued that without friction compensation in the Transparency
Layer the user is injecting energy into the system to overcome the friction in the master
device, ∆HRm, which can be used as partial fulfillment of the energy that would need to
be extracted by the TLC.

A sufficient condition for stability of the telemanipulation system is that no energy
can be extracted from the system as a whole, meaning that

� t1

t0

τH(t)q̇M(t) + τE(t)q̇S(t)dt ≥ 0. (4.15)

By implementing the Passivity Layer as described in Section 4.2, passivity of the bilateral
controller is enforced. This means that (4.15) becomes

� t1

t0

τH(t)q̇M(t) + τE(t)q̇S(t)dt ≥ HRm(t1) +HRs(t1), (4.16)

where HRm(t1) and HRs(t1) are the energy dissipated by friction in the master and slave
device between t0 to t1, respectively. (4.16) indicates net passivity, which can be quite
significant based on the amount of physical friction present in the master and slave device.
This leads to the conclusion that the implementation of the Passivity Layer of Section 4.2
and TDP approaches in general are conservative as more friction is added to the system
than strictly necessary to guarantee passivity of the telemanipulation system as a whole.

A solution to this conservatism in the Passivity Layer is to account for the dissipated
energy in the monitored energy balance. Assume that a model of the friction in the master
and slave device is available. Based on the implemented models and the position mea-
surements, the amount of energy dissipated by friction during each sample period in the
devices can be estimated. This would yield ∆H̃Rm(k) and ∆H̃Rs(k) at the master and
slave side. Any model that is suitable to describe the friction can be implemented, see e.g.
(Armstrong-Helouvry et al., 1994) for an overview of various models.
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Figure 4.2: Dissipated energy compensation at the slave side in the Passivity Layer:
For clarity only the energy flows are depicted in the Passivity Layer, ∆HMS(k) represents
the energy exchange between the master and slave system through the communication
network.

In the Passivity Layer the estimated amounts of energy are subsequently added to the
energy tanks. This is sketched in Fig. 4.2 for the slave side. The energy balance that is
enforced by the two-layer framework becomes:

HT (k) =
k−1�

i=0

∆HIm(i) +∆H̃Rm(i) +∆HIs(i) +∆H̃Rm(i) ≥ 0. (4.17)

This prevents the TLC from being activated to compensate for the energy dissipated in-
ternally in the master and slave device, which would result in net passivity of the system.
Stability is still guaranteed as the telemanipulation system as a whole remains passive
according to (4.15). The only requirement to achieve (4.15) is

k�

i=0

∆H̃Rm(i) +∆H̃Rs(i) ≤
� k∆T

t=0
−τRm(t)q̇M(t)− τRs(t)q̇S(t), (4.18)

which simply means that the estimate of the dissipated energy should be smaller than the
physically dissipated energy so that a small amount of net passivity remains in (4.15).

An important difference with the friction compensation method in the Transparency
Layer is that friction compensation in the Passivity Layer does not directly result in a force
to be applied to the physical device. Assume that a model-based feedforward compensa-
tion method is implemented in the Transparency Layer. The computed feedforward force
is physically applied to the device and will as such influence the motion of the device di-
rectly. The performance of friction compensation methods in the Transparency Layer can
be reduced due to e.g. ignored non-linear effects such as stiction, the Stribeck effect, stick-
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slip, measurement noise, and phase-lag due to possible filtering operations. These factors
can significantly reduce the performance of the friction compensation method when the
devices are moving at low velocities, especially near zero-crossings (Bi et al., 2004). A
possible consequence of such neglected effects is chattering of the device. By using more
advanced compensation methods this can be mitigated, e.g. Suraneni et al. (2005) ap-
ply online identification and adaptation and Mahvash and Okamura (2007) implement a
passive compensation method.

With respect to the friction compensation method in the Passivity Layer the only re-
quirements are (4.18) and a certain smoothness of ∆H̃Rm and ∆H̃Rs. Non-smoothness
of ∆H̃Rm and ∆HRs can cause non-smoothness in the TLC, which can be experienced
by the user as disturbing. This means that the requirements on the competence of the
model are much less strict in the Passivity Layer compared to the Transparency Layer.
The inclusion of any friction model that adheres to these two conditions will reduce the
net passivity of the telemanipulation system as enforced by the Passivity Layer. Thus the
obtainable transparency will be increased by any such friction model.

A final aspect with respect to the proposed model-based friction compensation in
the Passivity Layer that needs to be taken into account is the possible occurrence of a
build up effect in the energy tanks. Consider the situation where the slave system is
moving in free space, no friction compensation has been applied in the Transparency
Layer at the master side, and perfect friction models are implemented in the Passivity
Layer. Continuous compensation of the dissipated energy in the master device in the
Passivity Layer will cause a build up effect. Energy is continuously added to the tank at
the master side, ∆H̃Rm(k) ≥ 0, whereas no energy is spend from the tank at the slave
side, ∆HIs(k)+∆H̃Rs(k) = 0. This build up effect will prevent the Passivity Layer from
adequately suppressing unstable behavior of the telemanipulation system. The build up
of energy will first have to dissipated by generated “virtual” energy that is associated with
non-passive behavior of the bilateral control algorithm in the Transparency Layer before
the Passivity Layer can stabilize the system. This means that the system can temporarily
display unstable behavior due to this build up effect. This problem due to energy build
up is associated with TDP algorithms in general and ad-hoc resetting schemes have been
proposed for the TDPC approach by e.g. Hannaford et al. (2002) and Artigas et al. (2006).
It should be noted that the mentioned unstable behavior is actually potentially unstable
behavior, as non-passive behavior (generation of “virtual” energy) is a required, but not
sufficient condition for instability.

In the situation described above the build up effect in the Passivity Layer is caused by
the continuous inclusion of the dissipated energy at the master side. For the compensation
algorithm the circumstances need to be identified under which the dissipated energy can
be safely compensated. Two possible methods are:

1. Always include ∆H̃Rs(k) and only include ∆H̃Rm(k) when HM(k) < HD.

2. Only include ∆H̃Rs(k) when HS(k) < HD and only include ∆HRm(k) when
HM(k) < HD.

where HM , HS , and HD are again the energy levels of the tank at the master and slave
side and the desired energy level for the tanks, respectively. The first approach is less
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Master Slave

Force Sensor

Powder Brake

Environment

Figure 4.3: Experimental setup: The setup consists of two one degree of freedom
devices powered by an electromotor without gearbox. The position of each motor is
recorded with a high-precision incremental encoder and the mechanical arm consists of a
linear force sensor to record the interaction force between the user/environment and the
devices. A powder brake is attached to the motor axis of the slave device which allows
the amount of friction in the slave device to be controlled.

conservative as more of the dissipated energy due to physical friction in the slave device
is reclaimed in the energy balance enforced by the Passivity Layer. This approach is
suitable to be applied under a forward energy-flow assumption, where motions can only
be initiated by the user. If motions can be initiated from the environment a build up of
energy in the Passivity Layer is still possible. The second strategy never leads to a build up
of energy, but will result in a higher net passivity of the system to be enforced by the TDP
algorithm due to the higher amount of neglected energy. Depending on the assumptions
made about the environment one of these strategies should be selected.

4.4 Implementation
In this section the test setup used in the experiments will be introduced. A specific imple-
mentation of the two-layer framework will be presented along with an implementation of
the proposed friction compensation method specific for the used test setup.

4.4.1 Test setup
The setup, Fig. 4.3, consists of two one degree of freedom devices powered by a DC
motor without gearbox. The maximum continuous torque that these motors can exert is
1.38Nm. A high-precision encoder with 65 k pulses per rotation is used to record the
position of each device. The mechanical arms of the devices rotate in the plane parallel
to the base plate. The mechanical arms contain a linear force sensor to record the force
which is applied at the interaction point perpendicular to the arm in the plane of motion.
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The interaction point between the user/environment and the devices is at the end of each
mechanical arm.

Both devices are controlled from the same controller running on a real-time Linux dis-
tribution. The controllers are implemented in the program 20-sim (Controllab Products
B.V., 2010) and real-time executable code specific for this setup is generated directly from
20-sim and uploaded to the controller by means of the program 4C (Controllab Products
B.V., 2010). The sampling frequency of the control loop is 1 kHz. As environment a me-
chanical spring with a stiffness of approximately 1500N/m is used. The recorded position
of this spring in the environment varies slightly between experiments as only incremental
position encoders are used and the initial position of the slave device is not perfectly equal
for each experiment.

In order to demonstrate the effectiveness of the approach of Section 4.3 the level of
friction in the slave device needs to be adjustable. To this end a powder brake (Merobel
FAT 20) is incorporated in the slave device. A powder brake is essentially a bearing with
a coil integrated in the component. When a current runs through the coil, the resulting
electromagnetic field attracts ferromagnetic powder in between the running surfaces of
the bearing creating coulomb friction. The amount of coulomb friction is approximately
linearly dependend on the applied current.

4.4.2 Two-Layer Framework
In the Transparency Layer a regular Position-Force controller is implemented as given
by:

τTLm(k) = rFe(k)

τTLs(k) = Kp(qM(k)− qS(k))−Kdq̇S(k) (4.19)

where Fe is the measured interaction force between the slave device and the environment,
r = 0.15m is the length of the mechanical arm of each device, and Kp and Kd are the
proportional and derivative gain of the PD-type position controller, respectively.

The focus of this paper is the effect of friction compensation with respect to the ob-
tainable transparency in the two-layer framework. The proposed approach of Section 4.3
consists of local procedures at the master and slave side. Due to this locality their perfor-
mance is not dependent on possible time delays in the communication channel. Therefore,
in this paper a non-delayed implementation is considered. In this non-delayed implemen-
tation the energy tanks in the Passivity Layer at the master and slave side, HM and HS ,
are merged into a single energy tank HT . Furthermore, to show the effectiveness of the
friction compensation no additional saturation functions have been implemented. This
implementation of the two-layer framework is comparable to the standard TDPC algo-
rithm as proposed by Ryu et al. (2004b) with a non-zero positive value to be maintained
in the energy balance.

The TLC is implemented as (4.8). Both the tuning parameter of the TLC and the tank
level are chosen such that the energy tank is never depleted during normal operation for
the various operating conditions of all experiments.
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The parameters used for all elements of the control structure are listed in Table 4.1.

4.4.3 Friction Compensation

Device identification experiments showed that the mechanical friction in the slave de-
vice can be approximated by coulomb friction and that the amount of viscous friction is
neglible. The coefficient for the coulomb friction, B̃C of the slave device was determined
to be approximately 0.06Nm, of which most is due to the residual torque of the pow-
der brake. Actuation of the powder brake will increase the amount of coulomb friction
in the slave device. Three different levels of friction added by the powder brake have
been used. The estimated levels of coulomb friction in the slave device were low friction
(B̃C = 0.06Nm), medium friction (B̃C = 0.4Nm), and high friction (B̃C = 1Nm). The
amount of friction in the master device is negligible.

It is chosen not to include friction compensation in the Transparency Layer. Due to
mechanical play in the slave device, feedforward friction compensation based on a simple
coulomb friction model, Fig. 4.4, causes chattering. The use of adaptive position con-
trollers has also been neglected as the focus of this paper lies on the friction compensation
applied in the Passivity Layer. This means that the position tracking performance of the
slave device with respect to the master device will decrease when the amount of friction
in the slave device is increased.

It is assumed that no movements can be initiated from the environment, so that con-
tinuous friction compensation in the Passivity Layer of ∆H̃Rs at the slave side can be
implemented. As the friction in the master device is negligible no friction compensation
is included in the Passivity Layer at the master side.

The coulomb friction model, Fig. 4.4, is given by

τ̃Rs(t) = −B̃C sgn(q̇S(t)). (4.20)

The energy dissipated, ∆H̃Rs(k), during a sample period, k, can be computed a posteriori
at sample instant k. The input for this computation is the displacement of the slave device
that has occurred during the sample period, k. As this computed energy is added to the
energy tank in the Passivity layer overestimation of the physically dissipated energy needs
to be prevented. This not only concerns the used model parameters, but also the presence
of possible measurement noise needs to be taken into account. Franken et al. Franken
et al. (2010a) show how the energy function described below can be adjusted based on
the stochastic characteristics of the measurement noise.

Table 4.1: Control structure parameter values

Parameter Value Parameter Value
Kp 3.75Nm/rad Kd 0.11Nm·s/rad
HD 1 J α 50Nm·s/rad·J



Improved Transparency in Energy-Based Bilateral Telemanipulation 95

Velocity

τ̃Rs

B̃C

− B̃C

Figure 4.4: Friction model: The used friction model consists purely of coulomb friction.
The friction compensation technique can accommodate any type of friction model that
(partially) describes the physical friction in the device.

The estimated power, P̃C(t), dissipated due to coulomb friction is

P̃C(t) = B̃C |q̇S(t)| (4.21)

The integral of (4.21) during a sample period gives the estimated dissipated energy. How-
ever, it is not possible to detect a change of direction during a sample period. Therefore
the estimated energy dissipated by the coulomb friction, ∆H̃Rs(k), directly from the mea-
sured displacement, ∆qS(k), as

∆H̃Rs(k) = B̃C |∆qS(k)|

≤
� kT

(k−1)T
BC |q̇S(t)|dt (4.22)

which is a lower-bound of the physically dissipated energy as long as B̃C < BC , where
BC is the physical coulomb friction coefficient.

4.5 Experiments
In this section we will demonstrate that the compensation method of Section 4.3 increases
the transparency obtainable with TDP algorithms. The stability properties of the TDP
algorithm are unaffected as long as the used friction model underestimates the physical
friction.

Three different levels of friction added by the powder brake were used. The estimated
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levels of coulomb friction in the slave device were low friction (B̃C = 0.06Nm), medium
friction (B̃C = 0.4Nm), and high friction (B̃C = 1Nm). These friction coefficients are
conservative enough so that the physically dissipated energy is not overestimated. The
position controller at the slave device is not optimized to cope with increased amounts
of friction in the slave device. This means that the position tracking performance will
decrease when the friction is increased.

For all friction levels three different implementations of the Passivity Layer were
tested:

• Passivity Layer switched off,
• regular Passivity Layer,
• extended Passivity Layer with friction compensation at the slave side.

During each experiment a repetitive motion pattern was carried out (movement in free
space, 2 contact phases with a stiff user grasp, movement in free space, and finally 2
contact phases with a soft user grasp). During the stiff user grasp phase the user is firmly
holding the device, whereas during the soft grasp phase the fingertips of the user are
lightly touching the device. For each experiment the positions of the master and slave
device are plotted together with the interaction forces between the user and the master
device Fh and between the slave device and the environment Fe, and the level of the
energy tank HT in the Passivity Layer. Contact phases and free space motion are depicted
by C and F , respectively.

Fig. 4.5 show the obtained results for the situation when the Passivity Layer is turned
off. For all three friction levels excellent free space behavior is obtained, only the inertial
effects of the force sensor are discernible in the feedback force to the user. The magnitude
of these inertial effects increases for higher friction levels added by the powder brake due
to stick-slip effects and the presence of a small amount of mechanical play in the slave
device. Fig. 4.5 shows that the contact with the environment is unstable for a relaxed user
grasp irrespective of the friction at the slave side.

When the standard Passivity Layer is activated, Fig. 4.6, these contact instabilities are
prevented. However, a significant decrease in transparency is visible when the friction
level in the slave device is increased. Already for the situation without additional friction
supplied by the powder brake, Fig. 4.6a, an additional force is computed by the TLC
in the Passivity Layer at the master side to maintain passivity of the monitored energy
balance. This force is noticeable and the user does not experience free space motion
as such. Finally, for higher amounts of friction the interaction force between the slave
device and the environment is completely masked by the force added by the TLC. In this
situation the user is not able to discriminate between contact phases and free space motion
phases while moving the device. Only in static situations the user accurately experiences
the interaction force between the slave device and the remote environment.

Fig. 4.7 shows the improvement in free space behavior when the standard Passivity
Layer is extended with the friction compensation technique proposed in Section 4.3 and
detailed in Section 4.4.3. The energy dissipated by the friction in the slave device is now
estimated based on the identified coulomb friction model and added to the energy tank in
the Passivity Layer. This means that the bilateral control algorithm is allowed to generate
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Figure 4.5: Experimental results with Passivity Layer switched off: F and C indicate
free space motion and contact phases, respectively. For all three friction levels excellent
free space behavior is obtained, only inertial effects of the force sensor in the slave device
are discernible in the feedback force to the user. However, this non-passive implementa-
tion results in an unstable interaction with the remote environment when the user applies
a soft grasp.
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Figure 4.6: Experimental results with standard Passivity Layer: F and C indicate
free space motion and contact phases, respectively. The passivity condition which is
enforced prevents instability of the interaction with the remote environment even when
the user applies a soft grasp. However, for increasing friction levels in the slave device
the transparency of the telemanipulation decreases due to the continuous activation of the
Passivity Layer.
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Figure 4.7: Experimental results with extended Passivity Layer: F and C indicate free
space motion and contact phases, respectively. Extending the energy balance in the Pas-
sivity Layer to incorporate the device friction reduces the conservatism of the algorithm.
The user experiences free space motion even for high friction levels and stability of the
interaction is still guaranteed even for a soft grasp by the user.
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Figure 4.8: Effect of overestimating dissipated energy: F and C indicate free space
motion and contact phases, respectively. During free space motion “virtual” energy is
generated in the model-based feedback loop which results in a rising level of the energy
tank. This build up of energy prevents the Passivity Layer from acting immediately on
non-passive behavior of the system, which can result in temporary unstable behavior.

the energy that is needed to overcome the device friction. Non-passive behavior that
could potentially destabilize the system is still suppressed by the Passivity Layer. This is
demonstrated by the stability of the contact phases for both grasps by the user.

Fig. 4.7 shows that the extension to the Passivity Layer proposed in Section 4.3 can
increase the transparency of the TDPC algorithm. This effect is especially noticeable
during free space motion and is obtained by incorporating a model-based feedback loop
in the Passivity Layer. However, the use of a model means that the energy balance is
no longer solely based on measured energy exchanges, but also on an estimated quantity
(the dissipated energy). When this model overestimates the physically dissipated energy,
the TDP algorithm no longer guarantees passivity as “virtual” energy is generated in the
established feedback loop. This is demonstrated in Fig. 4.8 where the friction coefficient
used in the model, B̃C = 0.24Nm is chosen four times larger as physically present,
BC ≈ 0.06Nm. A build up of energy occurs during free space motion. This excess
energy in the energy-balance prevents the Passivity Layer from acting immediately on
non-passive behavior of the bilateral controller in the Transparency Layer and results in
momentary unstable behavior when the user applies a soft grasp. The Passivity Layer
stabilizes the interaction as soon as the “virtual” energy generated by the non-passive
behavior of the Transparency Layer has
dissipated the “virtual” energy generated in the model-based feedback loop. This shows
that a transparency versus stability trade-off is present in TDP algorithms. The trans-
parency of the approach can be increased by incorporating more knowledge about the
physical devices, but at the cost of robustness against modeling errors.
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4.6 Discussion
In Section 4.3 it was discussed that in order to obtain the highest possible transparency
friction compensation has to be included in both the Transparency- and Passivity Layer.
It could be argued that this can be circumvented by compensating for friction outside
the two-layer framework. In Section 4.3.1 force feedback control and model-based feed-
forward control were indicated as possible friction compensation techniques suitable for
application at the master side. Either of these approaches, or a hybrid implementation as
by Bernstein et al. (2005), could indeed be implemented outside the two-layer framework
and would effectively compensate for the friction at the master side.

At the slave side however, only model-based feedforward control can be implemented
adequately outside the two-layer framework. A sufficiently accurate model might not
be derivable to implement in a feedforward controller. However, if the derived model
underestimates the physical friction, it can still be used in the Passivity Layer to reduce the
net passivity of the system that is enforced by the TDP algorithm. This will not increase
the position tracking performance of the slave device, but will prevent the force reflection
to the user to be adversely influenced by the TDP algorithm. Possible adaptive position
control techniques that could be applied are necessarily implemented in the Transparency
Layer. Thus friction compensation should also be implemented in the Passivity Layer.

4.7 Conclusions and Future Work
In this paper a method is proposed and experimentally validated to improve the trans-
parency obtainable with TDP algorithms when applied to devices with non-negligible
mechanical friction. The friction in the slave device was recognized as a major limiting
factor in the obtainable transparency with TDP algorithms as it forms a continuous drain
of energy that needs to be compensated by the user. Extending the energy balance moni-
tored by the TDP algorithm to incorporate the device friction decreases the net passivity
enforced by the TDP algorithm of the telemanipulation system. This decreases the influ-
ence that the TDP algorithm exerts on the commands computed by the bilateral control
algorithm in the Transparency Layer. Thus the obtainable transparency with the telema-
nipulation system as a whole is increased. The desired stability properties of the TDP
algorithm are maintained as long as the implemented friction model underestimates the
physical friction. The results in this paper were specific to the two-layer framework, but
the approach is applicable to any TDP algorithm, e.g. Ryu et al. (2004b, 2010).

Future work will focus on further validation of the proposed approach. Experiments
with devices containing multiple degrees of freedom and friction effects other than mere
coulomb friction have to be conducted. The use of online friction identification methods,
e.g. observer-based and delineated feature identification methods, will be explored.

Imperfections in the test setup (mechanical play and measurement noise) thus far pre-
vented the use of a friction compensation method in the Transparency Layer. Compensa-
tion methods that are robust with respect to these imperfections will be investigated and/or
mechanical parts of the setup itself will be redesigned and fabricated.
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The practical significance of the proposed friction compensation technique also needs
to be demonstrated. To that end human subject studies will need to be performed focusing
on the performance with respect to tasks such as stiffness discrimination. A performance
increase with respect to this task is expected when the proposed friction compensation is
implemented.

Extending the energy balance in the TDP algorithm can also be used to increase
the complimentarity of TDP algorithms with passivity based design approaches in the
frequency domain, e.g. Absolute Stability (Hashtrudi-Zaad and Salcudean, 2001) and
Bounded Environment Passivity (Willaert et al., 2010a). Preliminary results with a com-
bination of both types of approaches are reported by Franken et al. (2011).
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Bilateral Telemanipulation: Improving the
Complementarity of the Frequency- and Time-Domain

Passivity Approaches

Franken, M., Willaert, B., Misra, S. and Stramigioli, S.
Proceedings of the IEEE International Conference on Robotics and Automation 2011

Passivity of bilateral telemanipulation systems ensures stability of the interaction with
such systems. In the frequency domain, passivity of a linear time invariant approximation
of the system can be designed for a considered set of operating conditions. Non-linear
control structures have been proposed that enforce passivity of the system in the time
domain. In this paper, extensions are proposed that increase the complimentarity of the
frequency- and time-domain approaches. The combination of both approaches allows a
guaranteed measure of transparency to be designed in the frequency domain for a desired
set of operating conditions. For operating conditions outside the desired set, stable inter-
action is guaranteed by the non-linear passivity enforcing control structure. Simulation
results of the combined approach are presented that show that the stability properties of
the bilateral controller designed in the frequency domain are improved and the trans-
parency properties are improved with respect to those of the standard passivity-enforcing
algorithm in the time-domain.
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5.1 Introduction
Bilateral telemanipulation systems reflect force information about the remote interaction
between the slave system and the environment to the user. This bidirectional coupling
between the user and the environment comprises a closed chain with multiple possible
unknown and time-varying components, e.g. the user and environment impedance. A
major research topic is therefore how to optimize transparency, (Lawrence, 1993), while
guaranteeing stability of the coupled system under all operating conditions. With respect
to the stability issue various passivity-based approaches have been introduced in literature.
A passive system cannot generate energy and the interconnection of a passive system
with any other passive system is guaranteed to be stable (van der Schaft, 1999). As the
environment can be assumed to be passive and humans can interact very well with passive
systems (Hogan, 1989), a passivity-based approach is an elegant solution to the stability
problem.

We identify two major categories in the control of bilateral telemanipulation systems
which are centered around the concept of passivity of the system:

1. Approaches that design bilateral controllers in the frequency domain, based on Lin-
ear Time Invariant (LTI) models of the system, e.g. (Lawrence, 1993), (Haddadi
and Hashtrudi-Zaad, 2010), (Hashtrudi-Zaad and Salcudean, 2001), and (Willaert
et al., 2010a)

2. Approaches that implement non-linear control structures that enforce passivity of
the bilateral controller in the time domain, e.g. (Ryu et al., 2004b), (Artigas et al.,
2008), (Franken et al., 2009), and (Lee and Huang, 2010).

Naturally, each approach has its benefits and drawbacks, making it more or less suited
to deal with specific problems. For instance, the frequency domain approaches result in
linear controllers of which the stability and transparency properties are easier to com-
pute. Whereas the time domain approaches can better deal with all kinds of non-linear
and time-varying effects, e.g. non-linear device dynamics, time-varying communication
delays including package loss, and can accommodate a wide range of bilateral controllers
(Franken et al., 2009), of which the passivity-properties can not necessarily be analyzed
in the frequency domain.

In this paper we want to show that both approaches can be complimentary to a large
extent when considering LTI systems. In the frequency domain design phase normally all
possible operating conditions need to be taken into account, which results in restrictions
on the control parameters of the system and thus limits the achievable transparency. The
combination with a passivity enforcing control structure in the time domain alleviates this
restriction as it guarantees stability and allows a restricted set of operating conditions to be
taken into account in the frequency domain design phase. In reverse the combination with
a frequency domain design phase allows to better quantify the transparency properties
of the time domain algorithm as it will provide insight in the operating conditions that
activate the time domain algorithm.

The paper is organized as follows: The model of the system which we will use for the
analysis and numerical simulations is introduced in Section 5.2. The concept of passivity
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will be discussed in Section 5.3 and also recent work on frequency domain and time
domain passivity-based approaches will be discussed. Section 5.4 describes the desired
complimentary effect of the two passivity-based approaches of Section 5.3. Section 5.5
introduces the extensions to the time domain passivity-based approach needed to establish
that complimentary effect. An example in which the frequency domain and time domain
approaches are combined will be discussed in Section 5.6. In Section 5.7, trade-offs
between transparency and stability that persist are indicated. The paper concludes in
Section 5.8.

5.2 System description
In this section, we will present the description of the telemanipulation chain that we will
use throughout the paper. For our analysis we will assume that both the master and the
slave system are one degree of freedom rigid bodies with mass M and subjected to viscous
friction B:

Fh(t) + Fm(t) = Mmq̈m(t) +Bmq̇m(t)

Fe(t) + Fs(t) = Msq̈s(t) +Bsq̇s(t) (5.1)

where F and q represent forces and positions, respectively. The subscripts h, m, s, and
e indicate the human operator, the master device, the slave device, and the environment,
respectively.

The implemented bilateral controller is a Position-Force (P-F) controller. A perfect
communication network is assumed (no time delay and losses). This choice is made
as the frequency domain passivity analysis of this controller can still be relatively easy
performed analytically. However, the results presented in this paper can be established
for any LTI bilateral controller. The P-F controller is:

Fm(t) = λFe(t)

Fs(t) = Kp(µqm(t)− qs(t))−Kv q̇s(t) (5.2)

where Kp, Kv are the parameters of the position controller at the slave side and µ, λ the
scaling factors applied to the position and force commands.

5.3 Passivity
The underlying condition for passivity is that the energy that can be extracted from the
system at any time is bounded by the energy that was injected into the system and the
energy that was initially stored in the system (van der Schaft, 1999):

� t

0
−F (t)T q̇(t)dt ≥ −E(0), (5.3)
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where F (t) and q̇(t) are the forces and velocities at the interaction points, respectively.
E(0) is the energy initially stored in the system and assumed to be zero. The telemanip-
ulation system is a two-port system so (5.3) can be written as:

� t

0
Fh(t)

T q̇m(t) + Fe(t)
T q̇s(t)dt ≥ 0. (5.4)

where the sign change is due to the use of Fh(t) and Fe(t) according to (5.1). If a sys-
tem is non-passive it is said to generate “virtual” energy and this energy can potentially
destabilize the system.

5.3.1 Frequency Domain Passivity-Based Design
Passivity of a two-port LTI-system can be checked in the frequency domain using Rais-
beck’s passivity criterion (Haykin, 1970). However, for many LTI bilateral controllers
the range of allowed parameter settings based on this criterion is extremely limited if at
all existing. For the system of Section 5.2 Willaert et al. (2010a) proof that it can never
comply with Raisbeck’s passivity criterion. Consequently, two-port passivity of telema-
nipulation systems is not very useful as a design tool in the frequency domain due to too
restrictive sufficient conditions given by the used criterion.

However, the guaranteed stability due to passivity remains an attractive property for
bilateral systems. This inspired researchers, e.g. Hashtrudi-Zaad and Salcudean (2001),
Haddadi and Hashtrudi-Zaad (2010), and Willaert et al. (2010a), to incorporate more
information about the application of the system in the design phase and apply passivity-
based designs on these extended models.

The operating conditions of a telemanipulation system specify everything that is re-
lated to the interaction between the telemanipulation system and the user/
environment, e.g. control parameters, device impedances, time-variant impedances of the
user/environment. A set of operating conditions, e.g. the range of impedances of the envi-
ronment, can be composed of all operating conditions that can/will occur. The frequency
domain approaches discussed below analyze the passivity of part of the telemanipula-
tion system for a considered set of operating conditions. Transparency of the system is
optimized given the boundary condition of passivity.

The Absolute Stability approach, based on the work of Llewellyn (1952), derives
control parameters that result in a passive one-port system when the telemanipulation
system is terminated by any passive impedance at either side. Such a system is guaranteed
to be stable as long as there is no direct interaction between the user and the environment.
Willaert et al. (2010a) calculated that the system of Section 5.2 is absolute stable if the
hardware and control parameters comply with the following two conditions:

µλ ≤ 4Bm

Bs +Kv

µλ ≤ Bm(Bs +Kv)

MsKp
(5.5)
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The Absolute Stability approach alleviates the restrictions on the control parameters
with respect to the two-port LTI passivity condition. This is possible as it assumes the
absence of a secondary interaction path between the user and the environment and is an
example of a restricted set of operating conditions for the design phase. However, the Ab-
solute Stability approach still considers an infinite range for the impedance of the human
operator as well as for the environment. In real applications, the range of impedances
that can/will be encountered will always be restricted/bounded in some way. Recent work
has focussed on including such bounds in the design phase, e.g. (Cho and Park, 2005),
(Haddadi and Hashtrudi-Zaad, 2010), and (Willaert et al., 2010a).

The Bounded Environment Passivity approach (Willaert et al., 2010a) can be used
to compute control parameters for which the one-port system composed of the telema-
nipulation system and environment is passive. In the analysis a class of impedances is
considered and bounds can be incorporated on the magnitude of each element. For the
system of Section 5.2, the following bounds (Willaert et al., 2010a) can be derived for en-
vironments characterizable as a pure spring model by considering the maximum stiffness,
Kmax

e , of the environment:

Blim = min[
�
2(Kp +Kmax

e )Ms, 2
�
KpMs]

0 ≤ (Bs +Kv) ≤ Blim ⇒ µλ ≤ Bm(Bs +Kv)

MsKp
[1 +

Kp

Kmax
e

− (Bs +Kv)2

4Kmax
e Ms

]

(Bs +Kv) ≥ Blim and Kmax
e ≤ Kp ⇒ µλ ≤ Bm(Kp +Kmax

e )2

(Bs +Kv)KpKmax
e

(5.6)

(Bs +Kv) ≥ Blim and Kmax
e > Kp ⇒ µλ ≤ 4Bm

(Bs +Kv)

where the ratio between the viscous friction Bs+Kv in the slave system and Blim and the
ratio between Kp and Kmax

e are used to select a boundary condition for µλ. As detailed
by Willaert et al. (2010a), comparing (5.6) with (5.5) shows that assuming a maximum
stiffness of the environment can have a relaxing effect on the allowed parameter settings
of the bilateral controller.

However, a system designed using these approaches is only passive when all physical
environments that can be encountered during operation comply with the assumed classes
and/or bounds. When other environments can be encountered, the system is not guaran-
teed to be passive, e.g. when interacting with stiffnesses higher than the assumed Kmax

e ,
and is thus potentially unstable.

5.3.2 Time Domain Passivity Control
A different approach to ensure passivity of a telemanipulation system would be to apply a
non-linear control algorithm that prevents non-passive behavior of the bilateral controller.
The class of possible solutions we focus on here are based on Time Domain Passivity
Control (TDPC) by damping injection. This was initially proposed by Ryu et al. (2004b)
and extended/different implementations have been proposed to extend the application of
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Stiffness of the environment Kmax
e

Passive behavior guaranteed
by frequency domain design

Passive behavior enforced 
by TDPC

Figure 5.1: Complimentarity of Bounded Environment Passivity and Time Domain
Passivity Control: Up to environment stiffness Kmax

e the bilateral system displays pas-
sive behavior guaranteed by the design in the frequency-domain. For stiffnesses higher
than Kmax

e the Time Domain Passivity Control algorithm enforces passive behavior of
the bilateral system.

this approach by e.g. Artigas et al. (2008) and Franken et al. (2009).
The basic concept of this class of TDPC is to monitor an appropriate energy balance

for the system controlled by a bilateral controller. Non-passive behavior of the system
is detected by the monitored balance becoming negative and a modulated damper at the
master side is activated to modify the commands of the bilateral controller to maintain a
neutral energy balance.

This class of TDPC algorithms is highly applicable to impedance type displays (veloc-
ity input, force output causality). For this class of systems, the energy exchange between
the bilateral control algorithm and the master and slave devices can be exactly computed
as (Stramigioli et al., 2005):

∆HI(k) = −Fa(k)∆qa(k) (5.7)

where ∆HI(k) is the energy exchanged between the control algorithm and the physical
device during sample period k, Fa(k) is the force applied by the actuators during the
sample period, and ∆qa(k) is the measured change in position of the actuators.

The energy balance, H , which is then enforced is implemented as

H =
n�

k=1

∆HIm(k) +∆HIs(k) ≥ 0 (5.8)

where ∆HIm(k) and ∆HIs(k) are the exchanged amounts of energy at the master and
slave side during sample period k, respectively. (5.8) is a discrete version of (5.3) with
the interaction points chosen as the actuators of the master and slave device. Enforcing
(5.8) guarantees (5.4).
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5.4 Complimentarity
The aim of each of the two approaches discussed in the previous section is complimen-
tary with respect to the aim of the other. The TDPC algorithm enforces passivity of the
bilateral controller under all possible operating conditions. In the design phase the trans-
parency of the system is optimized for a set of operating conditions given the boundary
condition of passive behavior. The complimentary effect that we wish to establish is to
have minimal interference of the TDPC algorithm as long as the operating conditions of
the system are within the considered set in the frequency domain design phase. However,
when the operating conditions are outside that considered set, the TDPC algorithm should
enforce passivity and therefore guarantee stability although the bilateral controller itself
is potentially unstable according to the frequency domain-analysis.

This allows optimization of the bilateral controller for a specific set of desired op-
erating conditions. For example in robotic surgery interaction can occur with both soft
and hard materials, e.g. tissue and bone, respectively. When the TDPC algorithm is not
implemented these hard contacts need to be taken into account in the design phase in the
frequency domain. This can impose severe restrictions on the allowable parameter set-
tings and limit the transparency of the system. If a properly matched TDPC algorithm is
applied, the considered set of operating conditions in the design phase can be limited to
the interaction with soft materials. The stability during hard contacts is then guaranteed
by the TDPC algorithm.

In reverse, the application of a TDPC algorithm will by its nature guarantee stable
behavior. It does not however convey information about the set of operating conditions
that will trigger the TDPC algorithm. To estimate the set of environments that can be
accurately displayed by the system without interference, a frequency domain-analysis
can be performed.

An example of this desired complimentarity of the two approaches is sketched in Fig.
5.1. Up to stiffness Kmax

e passivity of the telemanipulation system is guaranteed by
the design of the controller in the frequency domain. For contact stiffnesses higher than
Kmax

e the telemanipulation system as designed in the frequency domain is potentially
unstable, but passivity of the system is enforced by the non-linear TDPC algorithm.

5.5 Time Domain Passivity Control Extension
The complimentary effect described in the previous section is not possible with the stan-
dard TDPC algorithm. An immediate difference between the approaches of Sections 5.3.1
and 5.3.2 is that in the frequency domain the device dynamics are incorporated whereas
these are neglected in the standard TDPC algorithm. This means that the boundaries of
the system between which passivity is designed in the frequency domain differ from those
between which passivity is enforced in the time domain, Fig. 5.2. (5.8) is a more restric-
tive condition than (5.4) which means that (5.8) can indicate that the system is supposedly
non-passive, although the system as a whole is still passive.

The TDPC algorithm needs to be adapted to reduce its conservatism. The energy



110 Chapter 5

Bilateral
ControllerUser Master Device EnvironmentSlave Device

∆HIu(k) ∆HIe(k)

∆HIm(k) ∆HIs(k)

TDPC according to (8)

TDPC according to (7)

Figure 5.2: Schematic overview of energy exchange: Standard TDPC algorithms ne-
glect the device dynamics, whereas these are taken into account in the design phase in the
frequency domain.

balance which is monitored by the TDPC algorithm could be adapted to correspond with
(5.4) as

n�

k=1

∆HIh(k) +∆HIe(k) ≥ 0 (5.9)

where ∆HIh and ∆HIe are the energies exchanged between the user and the master
device and between the slave device and the environment, respectively. However, this
energy balance when implemented in a TDPC-algorithm will not produce the desired
result, which is guaranteed stability of the interaction with the system. An important
difference is that in the frequency domain design phase the passivity of the system is
checked when interacting with each considered environment independently. In the time
domain on the other hand the passivity of the system is monitored online and thus for
the interaction with a number of environments and users (e.g. different grasps and/or
motions) in series. The history of the interaction can influence the performance of the
TDPC algorithm.

The passivity condition of (5.9) is an inequality, which means that a net amount of
energy can be stored in the system when interacting with certain environments. This net
injected energy leads to a build-up of energy in (5.9). When the system starts to interact
with an environment for which the frequency domain-analysis showed that the system
is non-passive, and thus potentially unstable, this might not be detectable by the TDPC
algorithm due to e.g. the prior interaction with other environments. The TDPC algorithm
will not be activated until the generated “virtual” energy, due to the non-passivity of the
system, has fully compensated the build-up of energy in (5.9). Therefore, the interaction
with the system could temporarily be unstable. The duration of this temporary potential
instability depends on the size of the build up of energy and can be quite significant. An
example will be treated in Section 5.6.

Fig. 5.3 shows the value for three types of energy balances for a sinusoidal motion
with the slave device moving in free space. Fig. 5.3 shows that the standard TDPC
algorithm, based on (5.8), will be activated even with the slave device moving in free
space. However, for a TDPC algorithm based on (5.9) indeed a build up of energy will
occur, which is undesirable with respect to the guaranteed stability of the system. In the
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Figure 5.3: Three energy balances of the same system moving in free space: without
dynamic compensation (5.8), with full compensation of the device dynamics (5.9), and
the energy exchange at the motors with partial compensation of the device dynamics.

following subsections, three extensions to the standard TDPC algorithm will be discussed
that will enable the TDPC algorithm to immediately detect non-passive behavior of the
system while minimizing its influence when the system itself is passive according to the
frequency domain-analysis. The value of this adapted energy balance is also depicted in
Fig. 5.3.

A first extension of the TDPC algorithm was proposed by Franken et al. (2010a) which
incorporate the device friction of the slave device to improve the performance of a TDPC
algorithm when applied to telemanipulation systems with significant internal friction at
the slave side.

5.5.1 Extending the Energy Balance

The energy balance monitored by the TDPC algorithm can be extended based on the LTI
model of the hardware of the telemanipulation system that is used in the frequency domain
design phase. An energy function of each element, e.g. masses, springs, and dampers,
can be formulated based on their LTI model. The amount of energy absorbed/dissipated
by that element is then a function of the measured displacement. By extending the en-
ergy balance of (5.8) with these additional energy functions the boundaries of the system
between which passivity is enforced can be shifted.

In the system given in Section 5.2 the master and slave device are both considered to
be perfectly rigid arms with a certain mass M and internal friction B. This means that the
energy exchange of (5.7) is seperated from the energy exchange between the master and
slave device and the slave device and environment as

∆HIm(k) = ∆HIh(k)−∆HKm(k)−∆HRm(k)

∆HIs(k) = ∆HIe(k)−∆HKs(k)−∆HRs(k) (5.10)
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where ∆HKm(k) and ∆HKs(k) indicate the change in kinetic co-energy of the master
and slave device, respectively. ∆HRm(k) and ∆HRs(k) indicate the dissipated energy
due to viscous friction in the master and slave device, respectively. These energy functions
can be derived from the LTI model. A change in kinetic co-energy, ∆HK(k), can be
computed as:

HK(k) =
1

2
Mq̇(k)2

∆HK(k) = HK(k)−HK(k − 1) (5.11)

where HK(k) is the kinetic co-energy of the system at sample instant k. With the as-
sumption of constant velocity during the sample period, the energy dissipated by viscous
friction, ∆HR(k), becomes

∆HR(k) =
B∆q(k)2

∆T
(5.12)

where ∆T indicates the duration of the sample period. (5.12) is a conservative estimate
of the physically dissipated energy as can be shown using the Cauchy-Schwarz inequality
(Franken et al., 2010a).

It should be noted that although this process improves performance (transparent be-
havior without interference over a larger set of operating conditions), the robustness
against modeling inaccuracies is decreased. Underestimating the physical parameters will
prevent “virtual” energy from being generated.

5.5.2 Energy Build-up
Fig. 5.3 shows that when the device dynamics are fully compensated according to the
previous section, a build up can occur in the monitored energy balance. This is due to the
full compensation of the dissipative elements in the system.

As we are extending the energy balance to incorporate the device dynamics, we can
choose to not always compensate for the dissipated energy to prevent a build-up. For the
compensation algorithm the circumstances need to be identified under which the dissi-
pated energy can be safely compensated. Two methods have been considered, of which
one is susceptible to build up under a specific circumstance:

1. Always compensate ∆HRs(k) and only include ∆HRm(k) when H(k) < 0.

2. Compensate ∆HRs(k) and ∆HRm(k) only when H(k) < 0.

where H(k) is the value of the energy balance, and ∆HRm(k), and ∆HRs(k) are the
dissipated energies in the master and slave device, respectively. The first approach is
less conservative as more of the dissipated energy due to physical friction is reclaimed
in the energy balance. The first approach works fine for passive environments, but can
lead to a build up of energy when motions can be initiated from the environment. The
second strategy never leads to a build up, but will cause the TDPC algorithm from being
activated more frequently due to the higher amount of neglected energy. Depending on
the assumptions made about the environment one of these strategies should be selected.



Bilateral Telemanipulation: Improving the Complimentarity
of the Frequency- and Time-Domain Passivity Approaches 113

5.5.3 Energy Scaling
The telemanipulation system is used to interact with the remote environment. It can be
beneficial to not display the forces/velocities in a one-to-one ratio at the master and slave
side. Motion scaling can be used to enable high precision micro manipulation capabilities
in the remote environment. Motion and force scaling can also be used to design passive
behavior of the system, e.g. the use of µλ in (5.6) and (5.5).

When motion and/or force scaling is included in the design of the bilateral controller,
the ideal behavior of (5.1) can be expressed as

q̇s(t) = µq̇m(t)

Fh(t) = −λFe(t) (5.13)

This scaling of the power port variables will also effect the energy balance of the system.
Taking the scaling values into account the energy balance of the ideal behavior (5.13) of
the two-port system becomes

� t1

t=0
−λFe(t)q̇m(t) + µFe(t)q̇m(t)dt ≥ 0 (5.14)

This shows that unless µ = λ an energy mismatch between the two interaction ports
arises. This can either lead to a build up effect as discussed earlier, or cause the modulated
damper of the TDPC algorithm to be activated continuously even though the system would
be demonstrating the ideal energy behavior.

The solution to this problem is to not enforce two-port passive behavior on the energy
balance of the system given by (5.14). The system does not display two-port passive
behavior when scaling is present, but the behavior is passive with respect to a storage
function and therefore still mimics a dissipative system, which are thoroughly treated by
Willems (1972). That storage function is a transformed energy balance that takes the
scaling into account (5.15). Passivity is being enforced by a modulated damper at the
master side, so the energy exchange is normalized with respect to the master side

� t1

t=0
Fh(t)q̇m(t) +

λ

µ
Fe(t)q̇s(t)dt ≥ 0 (5.15)

Naturally this energy balance needs to be adjusted for the build up effect as described
earlier. Secchi et al. (2005) have similarly applied scaling to haptic interfaces and in a
scattering-based telemanipulation algorithm.

5.6 Example
In the previous section we have discussed three required extensions to the TDPC algo-
rithm in order to establish complimentarity with the design of the bilateral controller in
the frequency domain. To demonstrate the increase of performance of the combined ap-
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Figure 5.4: Position-Force control without TDPC: Stable interaction is not guaranteed
with all environments.

proach several simulations have been performed using the program 20-sim (Controllab
Products B.V., 2010).

The system model of Section 5.2 is used with the parameters listed in Table 5.1, which
are based on the setup described by Willaert et al. (2010a). The environment consists of
a material characterized by a simple spring model with stiffnesses Ke located at position
qw = −0.2m. The user is modeled as a spring-damper controller with parameters Kp =
20N/m and Kv = 4Ns/m with as set-point a sinusoidal motion with an amplitude of
0.4m and frequency of 0.16Hz.

The modulated damper is implemented as:

Fpas(k) = −d(k)q̇m(k) (5.16)

d(k) =

�
−αH(k) if H(k) < 0

0 otherwise

Table 5.1: Parameter values of physical setup

Parameter Value Parameter Value
Mm 0.64 kg Ms 0.61 kg
Bm 3.4 Ns/m Bs 11 Ns/m
Kp 4000 N/m Kv 80 Ns/m
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Figure 5.5: Position-Force control with standard TDPC: Stability is always guaranteed,
but TDPC is also active when stability is already guaranteed by the design of the bilateral
controller.

where Fpas, d(k), and α are the additional force applied to the user to restore passivity,
the value of the modulated damper, and α is a tuning parameter for the rate at which the
additional required energy is extracted from the user, respectively. α is set to 1000 for
these simulations to produce a stable contact phase. The sample frequency at which the
discrete control loop is computed is 1kHz.

Suppose that based on the task and the particular environment the maximum stiffness
that we wish to accurately reflect is 500N/m. In that case, using the device parameters
in Table 5.1 and (5.6), a maximum value holds of µλ = 0.38. We select µ = 0.75
and λ = 0.5 for good transparency of the telemanipulation system for stiffnesses up to
Ke = 500N/m. However, assume that the hardest contact in the environment has a stiff-
ness of 2000N/m. Based on the Bounded Environment Passivity approach a maximum
value of µλ = 0.17 holds for this worst case stiffness. With the selected settings the
telemanipulation system is potentially unstable for certain contacts that can occur during
operation.

Several simulations have been performed. In each simulation during the first contact
phase the environment stiffness is Ke = 450N/m and during the second contact phase
the stiffness is Ke = 2000N/m. Each plot shows the positions of the master and slave
device, the force applied to the user Fm by the controller and the interaction force at the
environment side Fe. For clarity the level of the monitored energy balance, H , and the
force exerted by the modulated damper of the TDPC, Fpas, are also plotted separately.

Fig. 5.4 shows the response of the system when only the designed P-F controller



116 Chapter 5

−0.2

0

0.2

0.4

P
o

s
it

io
n

 (
m

)

 

 Master

Slave

−5

0

5

10

15

F
o

rc
e

s
 (

N
)

 

 Fm

Fe

0

2

4

H
 (

J
)

0 5 10 15
−6

−4

−2

0

2

4

F
p

a
s

 (
N

)

Time(s)

Ke = 450N/m Ke = 2000N/m

Figure 5.6: Position-Force control with incorrect Extended TDPC: Due to an energy
build up the algorithm fails to suppress contact instabilities due to active behavior of the
bilateral controller.

is implemented. The plot demonstrates that for stiffnesses above Kmax
e stability of the

contact between the slave and the environment is not guaranteed by the bilateral controller
and the slave device bounces on the surface of the material.

In the second simulation, Fig. 5.5, the bilateral controller is combined with the stan-
dard TDPC algorithm of Section 5.3.2. Fig. 5.5 shows that the contact stability is im-
proved for Ke > Kmax

e , the slave does not bounce on the surface of the material. How-
ever, the modulated damper is also highly active during the free space motion and the
first contact phase for which stability of the interaction is guaranteed by the frequency
domain design phase. This unnecessary additional damping limits the transparency of the
telemanipulation system.

In the third simulation the extended TDPC algorithm is used. Fig. 5.6 shows the
system response when the dissipated energy in both the master and slave device is contin-
uously compensated. When the system starts to display non-passive behavior during the
second contact phase the modulated damper is not activated due to the positive value of
the monitored energy balance. During this period where the bilateral controller generates
“virtual” energy the energy balance is decreasing (from t ≈ 10s), but remains positive.

Fig. 5.7 finally shows the response of the system with the extended TDPC algorithm
as proposed in Section 5.5. As no movements can be initiated from the environment, the
dissipated energy in the slave device is continuously compensated, see Section 5.5.2. The
dissipated energy in the master device is only used when the energy balance is negative.
Comparing Fig. 5.7 with Fig. 5.4 shows that also with the extended TDPC algorithm
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Figure 5.7: Position-Force control with correct Extended TDPC: Stability is always
guaranteed and the influence of TDPC is minimized when stability is guaranteed by the
design of the bilateral controller.

the contact stability is guaranteed for environments with Ke > Kmax
e . Comparing Fig.

5.7 with Fig. 5.5 shows that the influence of the extended TDPC algorithm is minimal
compared to the standard TDPC algorithm during the free space motion and first con-
tact phase, where Ke < Kmax

e . This indicates an increase in the transparency of the
telemanipulation system when the extended TDPC algorithm is used.

5.7 Discussion
In the previous section simulation results were presented that show that a better compli-
mentarity between the design of the bilateral controller in the frequency domain and an
extended TDPC algorithm can be achieved. However, a perfect complimentarity cannot
be established. This is visible in Fig. 5.6. Even though Ke < Kmax

e , the extended TDPC
algorithm is active, albeit very lightly.

An important cause for the TDPC algorithm to be activated before the theoretical
boundary of Kmax

e , is the neglecting of dissipated energy. This is done to prevent the
build up effect. A second cause can be found in the inherent difference between the fre-
quency domain-analysis and time domain-implementation. In the frequency domain, a
continuous time model of the controller is used, whereas this controller is actually im-
plemented in discrete-time. It is well known that a continuous-time passive model can
become non-passive when discretized (Colgate et al., 1993). However, this effect, given
a high enough sample frequency, will only be a minor cause with the used bilateral con-
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troller.
Besides the above two causes, which are inherent to the method, a third cause is in

this particular example due to the nature of the Bounded Environment Passivity approach.
This approach focuses on one-port passive behavior of the interaction between the user
and the master device. For light grasps of the user an internal damped resonance mode
exists that when excited cause the telemanipulation system to be momentarily two-port
non-passive. In that situation the interaction between the user and the master device can
remain one-port passive. This difference can be circumvented by applying a frequency
domain design method that analyzes passive behavior of both interaction ports, e.g. ex-
tending the Bounded Environment Passivity approach with a Bounded Operator approach
(Willaert et al., 2010a), a similar approach using a different analysis method was proposed
by Haddadi and Hashtrudi-Zaad (2010).

Time-delays in the communication channel have not been considered in this paper.
Physical, varying time-delays cannot be taken into account in the frequency domain and
even constant time-delays turn any LTI-model into an infinite-dimensional system. The
negative influence time-delays have on the stability of bilateral controllers designed for
a no-delay situation can be handled effectively by a TDPC algorithm, see e.g. (Franken
et al., 2009), (Artigas et al., 2008), and (Ryu et al., 2010). The transparency properties
of the system will be lower compared to the no-delay situation, but stable interaction will
still be guaranteed.

5.8 Conclusions
In this paper it was shown that it is possible to improve the complimentary effect between
passivity-based approaches for the design of bilateral controllers in the frequency domain
and the enforcing of passive behavior in the time domain by means of a TDPC algorithm.
Several required extensions to the TDPC algorithm were the addition of the device dy-
namics to the monitored energy balance, methods for the prevention of an energy build
up, and the inclusion of energy scaling. Using these extensions the influence of the TDPC
algorithm can be minimized for the set of operating conditions that were considered in the
frequency domain design phase. For operating conditions outside this set, and which can
potentially destabilize the system, passivity and thus stability is enforced by the TDPC
algorithm. Future work will focus on establishing this complimentary effect in physical
experiments.
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Internet-Based Two-Layered Bilateral Telemanipulation:
An Experimental Study
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Enforcing passive behavior of a telemanipulation system guarantees stability of the in-
teraction between the user/environment and the system. Stability is guaranteed even in
the presence of factors that could otherwise destabilize the system, e.g. time delays and
hard contacts in the environment. In this paper the two-layer framework for bilateral
telemanipulation introduced by Franken et al. (2009) is applied in a series of bilateral
telemanipulation experiments conducted over the internet. These experiments validate
the ability of the approach to guarantee stable behavior of the system in the presence
of time-varying delays and package loss. Two extensions to the two-layer framework
are discussed that increase the transparency properties of the approach. The increase in
transparency that can be obtained is demonstrated by experimental data.
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6.1 Introduction
A fundamental requirement for bilateral telemanipulation is the guaranteed stability of the
system under all possible circumstances. Therefore, passivity-based arguments are often
applied in the design of bilateral control algorithms. A passive system is a system that
cannot generate energy by itself. The interaction between passive systems is guaranteed
to be stable and any proper combination of passive systems will again be a passive system
(van der Schaft, 1999). Both the operator and the environment can be assumed to be
passive, or at least to interact in a stable manner with passive systems. Thus ensuring
passivity of the telemanipulation system itself, ensures stability of the interaction between
the user/environment and the telemanipulation system.

Many different approaches have been proposed on how the concept of passivity can
be applied to telemanipulation systems, see e.g. (Hokayem and Spong, 2006). In this
paper we will focus on a class of algorithms that enforce passivity of the telemanipulation
system by monitoring an energy balance of the system, Time Domain Passivity (TDP)
algorithms. The first example of a TDP algorithm was proposed by Ryu et al. (2004b),
Time Domain Passivity Control (TDPC). They applied a Passivity Observer (PO) and Pas-
sivity Controller (PC) algorithm to bilateral telemanipulation. This scheme was originally
introduced by Hannaford and Ryu (2002) to guarantee stable interaction with virtual envi-
ronments. The energy exchange between the user/environment and the telemanipulation
system is monitored and when necessary a modulated damper is activated to dissipate any
generated “virtual” energy.

A telemanipulation system allows the user to project his presence at a remote site.
Therefore it is likely that there will exist time delays in the communication channel con-
necting the master and slave system. An interesting control problem is how to ensure
passivity of the telemanipulation system in the presence of time-delays as the energy ex-
change at both interaction points can no longer be monitored simultaneously, which is an
underlying assumption of the standard TDPC algorithm.

Extended implementations of the TDPC algorithm to allow for time delays were pro-
posed by Ryu and Preusche (2007), Ryu et al. (2010), and Artigas et al. (2007, 2010a).
Other approaches that maintain passive behavior of time-delayed telemanipulation sys-
tems in the time domain were introduced by Lee and Huang (2010) and Franken et al.
(2009). Lee and Huang (2010) proposed the Passive Set Position Modulation framework,
while Franken et al. (2009) introduced a two-layer framework in which the passivity prop-
erties and transparency properties were separated into different hierarchical control prob-
lems.

In this paper we will demonstrate the effectiveness of the two-layer approach in a
series of internet-based telemanipulation experiments. Furthermore we will discuss two
extensions that will improve the transparency properties of any control approach that is
based on monitoring the physical energy exchange with the system. One of these exten-
sions has been proposed by Franken et al. (2010a).

The paper is organized as follows: Section 6.2 discusses the two-layer framework
for bilateral telemanipulation. The influence of a non-perfect communication channel is
discussed in Section 6.3. In Section 6.4 the two transparency-enhancing extensions are
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Figure 6.1: Schematic overview of a bilateral telemanipulation chain: τ∗ and q̇∗ repre-
sent torques/forces and velocities, respectively. The subscript u, rm, rs, and e indicate the
interaction between the user and the master device, the actuators of the master and slave
device, and the interaction between the slave device and the environment, respectively.

discussed. Experimental results are presented in Section 6.5. The paper concludes and
provides directions for future work in Section 6.6.

6.2 Two-Layer Bilateral Telemanipulation
In this section we will treat the working of the two-layer framework for (time-delayed) bi-
lateral telemanipulation first introduced by Franken et al. (2009). The framework consists
of two control layers in a hierarchical structure, the Transparency Layer and the Passivity
Layer, see Fig. 6.2.

6.2.1 Transparency Layer
The Transparency Layer can contain any control algorithm that delivers the desired trans-
parency, as long as it results in a desired torque/force to be applied to the devices at
both sides. In Section 6.5 experimental results will be shown with a Position-Force con-
troller implemented in the Transparency Layer, while simulation results with a simple
Impedance Reflection algorithm have been shown in Franken et al. (2009). The desired
torques computed by the Transparency Layer are the inputs to the Passivity Layer.

6.2.2 Passivity Layer
This layer enforces passivity of the bilateral telemanipulation system 1. When necessary
the commands originating from the Transparency Layer are adjusted to maintain passiv-
ity. The Passivity Layer is centered around two communicating energy tanks. A tank is
defined at both the master and slave side, and there are three energy flows connected to
each tank:

1Notation used in this paper: The index k is used to indicate instantaneous values at the sampling instant k
and the index k is used to indicate variables related to an interval between sampling instants k − 1 and k.
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Figure 6.2: Two-layer algorithm for bilateral telemanipulation. The double connec-
tions indicate physical energy exchange.

• Energy exchanged with the physical world, ∆HIm and ∆HIs

• Energy received from the communication channel, ∆HSM+(k) and ∆HMS+(k)

• Energy send into the communication channel, ∆HMS−(k) and ∆HSM−(k)

where the subscript Im, SM+, and MS− are related to the master side and Is, MS+, and
SM− to the slave side, respectively. The energy flow received from the communication
channel at the master side, ∆HSM+, is the time-delayed energy flow send into the com-
munication channel at the slave side, ∆HSM−, and vice versa. The level of the energy
tank at each side is corrected each sampling instant with respect to these three energy
flows, which means that the change of the energy level in each tank is given as

∆HM(k) = ∆HIm(k) +∆HSM+(k)−∆HMS−(k)

∆HS(k) = ∆HIs(k) +∆HMS+(k)−∆HSM−(k) (6.1)

where ∆HM(k) and ∆HS(k) are the change of the energy levels in both tanks, and thus

HM(k + 1) = HM(k) +∆HM(k)

HS(k + 1) = HS(k) +∆HS(k) (6.2)

where HM and HS are the levels of the energy tank at the master and slave side, respec-
tively.

The first of these flows can be exactly quantified a posteriori according to (Stramigioli
et al., 2005):

∆HI(k) =

� k∆TS

(k−1)∆TS

τr(k)q̇(t)dt

= τr(k)∆q(k) (6.3)

where τr and q̇ are the force and velocity associated with the interaction point between
the physical world and the controller in discrete time. (6.3) represents the energy which
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is supplied by the actuators at that side.

The energy exchange between the two tanks is determined by the implemented Energy
Transfer Protocol. Depending on the implementation of the Transparency Layer and the
application of the system various protocols are possible. In this paper we will use the
Simple Energy Transfer Protocol (SETP) in which each side transmits each iteration a
fraction, β, of its available energy to the other side. The properties and implications of
the SETP will be analyzed in Section 6.3.

A Tank Level Controller (TLC) is defined at the master side to regulate the energy
level in the system. It is activated in order to extract an initial amount of energy, and
further additionally required energy, from the user to maintain passivity. The TLC is
located at the master side as the user has to inject energy into the system for the slave
device to be able to execute the commanded task. The TLC is implemented as a modulated
viscous damper, that is activated when the energy level in the tank available during sample
period k + 1, Hm(k + 1), drops below the desired level of the tank, Hd. The additional
force, τTLC , exerted by this modulated damper will extract additional energy from the
user during sample period k + 1 to replenish the energy tank, and is given by:

τTLC(k) = −d(k)q̇m(k) (6.4)

d(k) =

�
α(Hd −Hm(k + 1)) if Hm(k + 1) < Hd

0 otherwise

where d(k) is the modulated viscous damping coefficient, q̇m(k) is the velocity of the
master device at sample instant k and α is a tuning parameter for the rate at which the
additional required energy is extracted from the user.

The energy tanks in this scheme can be regarded as energy budgets from which con-
trolled motions of the devices can be powered. When the available energy is low, the
forces that can be exerted by the devices are restricted. The manner in which the forces
are restricted when the available energy is low can be designed to suit a specific device,
environment, and/or task.

At each side passivity is enforced with respect to the energy tank at that side, which
means

HM(k) ≥ 0 ∀k
HS(k) ≥ 0 ∀k (6.5)

This means that passivity of the entire telemanipulation system is enforced, independent
of the time delay, as the amount of energy in the communication channel, HC , due to the
SETP can only be positive and thus

HT (k) = HM(k) +HC(k) +HS(k) ≥ 0 (6.6)
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where (assuming zero initial energy in the communication channel)

HC(k) =
k−1�

i=0

∆HMS−(i) +∆HSM−(i)

−∆HSM+(i)−∆HMS+(i) ≥ 0

(6.7)

6.3 Non-Ideal Communication Networks

In this section we will analyze the influence a non-ideal communication network (vary-
ing time-delay and packet loss) has on the Passivity Layer of the two-layer framework.
Problems can occur in the Transparency Layer when time-dependent operations, e.g. dif-
ferentiations, are applied to the received signals, or incremental data is transmitted. Both
these problems can be handled by a proper choice of communication protocol and trans-
mission data.

6.3.1 Constant Time-Delay

When the time-delay in the communication channel is constant the SETP will force the
levels of the two tanks to converge to the same level when no energy exchange occurs
with the physical world. The LTI model, Σ1, of the system is

Σ1 : x(k + 1) =

�
1− β 0
0 1− β

�
x(k) +

�
0 β
β 0

�
x(k − d) (6.8)

where x =

�
HM

HS

�
and d indicates the constant communication delay, respectively. From

Σ1 a new state, Hdif is derived that describes the difference between the tank levels

Hdif (k + 1) = HM(k + 1)−HS(k + 1)

= (1− β)Hdif (k)− βHdif (k − d) (6.9)

The characteristic polynomial, P (z), describing the dynamic behavior of just this new
state is described as (Ren et al., 2003)

P (z) = zd+1 − (1− β)zd + β (6.10)

Investigating the stability of this system, without explicitly computing the roots of the
polynomial, can be performed using the Jury Stability Criterium (Jonckheere and Ma,
1989). This criterium states that if certain terms, that are computed from the coefficients
of the polynomial, are positive the system is asymptotically stable. Application of this
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criterium to P (z) indicates the following terms have to be positive

4β(1− β)

dβ + 1
> 0 (6.11)

−rβ2 + (r − 1)β + 1

(r − 1)β + 1
> 0 ∀r ∈ [0..d− 1]

For 0 < β < 1 and any d all the terms of (6.11) are positive. This indicates the tank level
difference is asymptotically stable and will converge to zero in the absence of external
inputs, albeit that the settling time can be large for large d and/or β.

During normal operation energy exchange with the physical world will take place. In
that case the performance of the SETP is determined by the selection of the desired tank
level, Hd, the transmitted fraction of the energy level, β, and the rate at which additional
energy is extracted from the user by the TLC, α. The tuning of these parameters depends
on the characteristics of the devices, the environment, and the executed motion.

6.3.2 Varying Time-Delay
When varying time-delays are present in the communication channel the performance of
the SETP will worsen. The levels of the two tanks will not converge even when there is
no energy exchange with the physical world, but will be subject to ripple. Theoretically
this means that due to the presence of the TLC the amount of energy in the system could
keep on increasing when the slave system is stationary. In practice this will not occur as
energy will flow out of the system due to movements of the slave device and the variation
of the time delay is assumed to be relatively small.

A more disturbing influence of a varying time-delay is thought to be the varying acti-
vation of the TLC that is likely to happen due to the ripple on the tank level. Assume that
for a number of samples no energy arrives at the master side from the slave system due to
varying delays. Each iteration energy will be send to the slave system causing the energy
level of the tank to decrease, which in turn activates the TLC to extract energy from the
user. When energy does arrive from the slave system, the energy level in the tank will
show a discrete jump due to the received energy packet(s). When this jump causes the
level of the tank to rise above the desired level, the TLC will be deactivated. This effect
will occur more frequently for larger variations in the delay. Should this effect become
noticeable it might be necessary to include a decaying function to the TLC which would
prevent the TLC from switching off abruptly even when the desired amount of energy is
present in the tank. Any energy extracted by such a decaying function would have to be
dissipated in order to prevent a build-up of energy in the Passivity Layer.

6.3.3 Packet loss
Depending on the chosen implementation of the communication protocol packet loss
might arise in the communication between master and slave device, e.g. communication
based on UDP Kurose and Ross (2006). The SETP transmits quanta of energy through the
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Figure 6.3: SETP with packet loss in the communication channel: Transmitting the
sum of the energy prevents dissipative behavior due to packet loss in the communication
channel.

communication channel. If a packet is lost, the energy is dissipated. The communication
channel will be strictly passive as less energy can be extracted from it than was injected.

This dissipation of energy will affect two processes in the Passivity Layer. First the
TLC will be activated more frequently to extract additional energy from the user to com-
pensate for the energy lost in the communication channel. Secondly, the lower amount
of energy present in the energy tank due to dissipation in the communication channel can
trigger any implemented saturation function. This will adversely influence the tracking
behavior of the slave device and the force reflection to the user.

The solution to this problem is to not send energy quanta directly, but rather the sum-
mation of all send packets over time. As each packet represents a positive (possibly
zero) amount of energy, the summation over time can only remain constant or increase.
Subtracting two subsequent received sums therefore gives exactly the amount of energy
that was transmitted in the period between their transmissions irrespective of how many
packets in between were lost. Out of order packages are immediately discarded as their
information is fully contained in the received sum that was transmitted latest.

This effect is demonstrated in Fig. 6.3 were the master and slave are connected by
means of a communication channel without time delay, but with an artificial packet loss
of 20%. The TLC is activated in order to extract enough energy to fill the tanks. With the
standard SETP the energy tanks are soon depleted as soon as the user stops moving due to
the dissipative behavior of the communication channel. However, with the transmission
of the sum of transmitted energy this problem is circumvented. As the energy of lost
packets is now added to the tank later, the level of the energy tanks will be subject to
some disturbance.
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6.4 Improved Transparency
In the previous sections the basic principle of the two-layer framework has been ex-
plained. In this section we will discuss two extensions that when implemented can sig-
nificantly decrease the adjustments made by the Passivity Layer to the desired torques
originating from the Transparency Layer. As will be demonstrated in Section 6.5 this
increases the obtainable transparency of the telemanipulation system while maintaining
the stability properties of the basic approach.

The extensions when implemented only affect the energy tank at the side where they
are implemented. As such their performance is unaffected by the time delay in the com-
munication channel.

6.4.1 Friction compensation
The Passivity Layer monitors the energy exchange through the actuators between the
physical world and the control algorithm executed in the discrete domain. As such two-
port passive behavior of the bilateral control algorithm is enforced. This guarantees sta-
bility, but is overly conservative. Energy is dissipated in both the master and slave device
due to mechanical friction. The actuators need to exert forces and thus spend energy to
move the slave device, even when it is moving in free space. Due to the two-port passivity
condition this energy needs to be injected by the user. With the slave device moving in
free space the Transparency Layer will likely not command any force to be applied and as
such the TLC will be activated to extract the required energy from the user. The user will
therefore not experience free space motion. This degradation of the transparency depends
on the amount of mechanical friction present in the slave device.

Franken et al. (2010a) proposed to compensate for this effect by constructing a model-
based feedback loop for dissipated energy due to friction. Based on a model of the fric-
tion the amount of dissipated energy in the slave device is estimated and added to the
energy tank at the slave side, Fig. 6.4. This process allows the control system to generate
an amount of “virtual” energy to overcome the physical friction, which means that the
boundaries between which passivity is enforced are extended to include the mechanical
friction. The conservatism of the two-port passivity condition is reduced and the obtain-
able transparency of the complete system will be increased. As long as the model (and
thus the estimate of the dissipated energy) is conservative with respect to the physical
friction, stability of the total telemanipulation system is still guaranteed.

6.4.2 Energy scaling
The standard Passivity Layer will enforce two-port passive behavior of the bilateral con-
trol algorithm irrespective of the implementation of the Transparency Layer. However,
certain applications of the telemanipulation system will involve scaling in the Trans-
parency Layer, e.g. scaling down the motions of the user or increasing the interaction
forces. These scaling properties do influence the energy exchange that is occuring. As-
suming µ and λ represent the possible scaling factors for the motions and forces, we have
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for a perfectly transparent system:

q̇S = µq̇M

τTLm = λτe (6.12)

This means that in the ideal case the exchanged energy at the master side will be:
� t1

t0

τTLmq̇Mdt =

� t1

t0

λτe
1

µ
q̇Sdt =

λ

µ

� t1

t0

τeq̇Sdt (6.13)

With λ �= µ the ideal system is no longer two-port passive, but still a dissipative
system. Dissipative systems theory was introduced by Willems (1972) and showed that
passive systems are a special class of dissipative systems. Dissipative systems are passive
with respect to a supply function and thus also guaranteed to be stable. However, the
difference is that the supply function is not necessarily physical energy.

Therefore in order for the Passivity Layer to produce the best results this scaling needs
to be taken into account. We propose to scale the energy exchanged at the slave side as:

∆H ∗Is (k) =
λ

µ
HIs(k) (6.14)

so that the system is two-port passive with respect to the supply function

∆H∗T = ∆HIm +∆H∗Is (6.15)
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Figure 6.5: Experimental setup: The setup consists of two identical 1 d.o.f. devices.

6.5 Experiments
In this section experimental results obtained with the described two-layer control algo-
rithm are presented. First the used test setup will be introduced with the specific imple-
mentation of the internet communication and control algorithms.

6.5.1 Test setup
The setup, Fig. 6.5, consists of two identical one degree of freedom devices powered by a
DC motor without gearbox. The maximum continuous torque that these motors can exert
is 1.38Nm. A high-precision encoder with 65 k pulses per rotation is used to record the
position of each device. The mechanical arm of each device contains a linear force sensor
to record the interaction force between the user/environment and the devices.

Both devices are controlled from the same embedded controller running a real-time
Linux distribution. The controllers are implemented in the program 20-sim (Controllab
Products B.V., 2010) and real-time executable code specific for this setup is generated
directly from 20-sim and uploaded to the embedded controller by means of the program
4C (Controllab Products B.V., 2010). The sampling frequency of the control loop is
1 kHz. As environment a mechanical spring with a stiffness of approximately 1500N/m
is used.

In order to demonstrate the effectiveness of the approach of Section 6.4 the level of
friction in the slave device needs to be adjustable. To this end a powder brake (Merobel
FAT 20) is incorporated in the slave device. A powder brake is essentially a bearing with
a coil integrated in the component. When a current runs through the coil, the resulting
electromagnetic field attracts ferromagnetic powder in between the running surfaces of
the bearing, creating coulomb friction.
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Figure 6.6: Communication setup for the time delay experiments: All communica-
tion between the control algorithms for the master and slave device takes place over the
internet.

6.5.2 Internet Connection

For the time-delay experiments an internet connection has been established with two
echo-servers. The first server is located in Italy and the second server in Australia. The
data to be exchanged between master and slave device was transmitted from the Nether-
lands to either Italy or Australia, Fig. 6.6. Upon reception from the echoed package the
data was used in the control algorithm of the intended system.

The code generation process of 4C has been extended to establish socket communica-
tion over the internet by means of the TCP/IP or UDP communication protocols (Kurose
and Ross, 2006). For the time-delay experiments UDP is chosen as communication proto-
col as the obtainable transmission rate with TCP/IP was found to be insufficient for proper
haptic feedback. Fig. 6.7 shows typical time-delays that were encountered during these
experiments. It should be noted that these time-delays are one-way delays and occur both
in the communication between master and slave, and vice versa, during the experiments.

Specifications of these connections representative for the connections during the ex-
periments is given in Table 6.1. Each sampling instant the packet in the receiving buffer
that was transmitted the latest was used and other packages were discarded. A package
loss of 27% was recorded in the communication with Australia. According to Section 6.3
this would require the transmission of the sum of transmitted energy by the SETP as other-
wise the communication channel would become extremely dissipative due to the package
loss. However, in the Passivity Layer no packages are discarded and the information of all
received packages is used. For the standard SETP this means that the energy content of

Table 6.1: Specification of internet connections

Connection Mean
Delay

Std Delay Package
Loss

Italy 40ms 1ms 0.04%
Australia 351ms 5ms 27%
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Figure 6.7: Typical communication delay during experiments: The delay time is the
recorded Round Trip Time.
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Figure 6.8: Cumulative and Packet Energy Transfer: In this experiment (communica-
tion with Australia) the energy transfer is not hampered due to packet loss.

all received packages is summed. Fig. 6.8 shows the received energy at the slave side for
a typical experiment with both types of transmission. Even though the recorded package
loss was 27% the number of packages actually dropped in the communication channel is
extremely low. This is indicated by the very small difference between the two approaches.
Even with UDP as transmission protocol this particular connection at 1 kHz was reliable
in the sense that almost all data did arrive, however due to the varying time-delays mul-
tiple packages arrived between consecutive sampling instants instead of a single package
per sampling instant.
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6.5.3 Experimental Data
As implementation of the Transparency Layer a regular Position-Force Controller is im-
plemented:

τTLm(k) = rFe(k)

τTLs(k) = Kp(qm(k)− qs(k))−Kdq̇s(k) (6.16)

where r = 0.15m is the length of the mechanical arm of each device and Kp and Kd are
the proportional and derivative gain of the PD-type position controller, respectively.

In the Passivity Layer the cumulative version of the SETP is implemented. As sat-
uration functions the maximum force that can be delivered by the actuators has been
implemented and a mapping of the available energy to a maximum force is implemented
only at the slave side and in the form of a linear spring with stiffness Ks, so

τmax1(k) =

�
0 if H(k + 1) ≤ 0

τTL(k) otherwise
,

|τmax2(k)| = 1.38Nm (6.17)

|τmax3(k)| =
�
2Hs(k + 1)KS

The value of each parameter in the control algorithm is listed in Table 6.2.
In the first experiment there is no significant amount of friction in the slave device

and/or mapping in the Transparency Layer. In the second set of experiments the powder
brake is actuated to deliver an additional amount of coulomb friction of approximately
0.3Nm and a position mapping of µ = 2 is applied in the Transparency Layer. The
actuators are not powerful enough to effectively apply an increased force mapping. Each
experiment is carried out for each of the three time delays (no delay, communication
through Italy, and communication through Australia).

Fig. 6.9 shows the performance of the system with the Passivity Layer deactivated.
For a strong grasp by the user the system is stable for all three time delays. However,
when the user applies a relaxed grasp contact instabilities occur immediately. These con-
tact instabilities becomes more violent for larger time delays. The transparency of the
Position-Force controller, even for a stiff grasp by the user, is extremely poor in the high-
delay case as the mean of the RTT is 702ms, which is too large for the link between
intended motion and resulting force to be cognitively perceivable by the user. This is an
inherent property of this particular implementation of the Transparency Layer.

Fig. 6.10 shows that with the Passivity Layer activated the system remains stable

Table 6.2: Control structure parameter values

Parameter Value Parameter Value
Kp 3.75Nmrad Kd 0.11Nmsrad
Hd 0.3 J α 70
β 0.01 KS 16.8Nm2/J
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Figure 6.9: Non Passive Position-Force Control: Contact instabilities (oscillations) oc-
cur when the user applies a relaxed grasp.

both for all time delays and all grasps applied by the user. In free-space motion a small
residual feedback force to the user is already visible to compensate for the mechanical
friction in the slave device. The transparency of the system is acceptable for the no- and
low-delay cases. In the high-delay case the Passivity Layer needs to performs large ad-
justments to the commands of the Position-Force controller in order to maintain passivity.
For this high-delay the transparency of the system remains extremely poor as the Passiv-
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Figure 6.10: Passive Position-Force Control: Stable interaction with the remote envi-
ronment is established for all user grasps.

ity Layer does not improve the inherent transparency properties of the controller in the
Transparency Layer, but only ensures stability. Fig. 6.10c shows that a high-frequent vi-
bration starts to appear on the feedback force to the user due to the ripple in the tank level,
which is caused by the varying time-delay in the communication channel. This vibration
was not yet of such a magnitude that it was experienced by the user.

Fig. 6.11 shows the performance when the regular Passivity Layer is applied when
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Figure 6.11: Passive Position-Force Control with additional friction and motion scal-
ing: The transparency of the system is greatly reduced and becomes worse for increasing
time delays.

both additional coulomb friction (0.3Nm) is present in the slave device and a position
mapping in the Transparency Layer (µ = 2). The tracking performance of the slave sys-
tem will decrease as the position-controller in the Transparency Layer is not optimized
with respect to the increased mechanical friction. Already in the no-delay situation the
transparency of the system is extremely low due to the continuous activation of the TLC.
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Figure 6.12: Extended Passivity Layer Position-Force Control with additional friction
and motion scaling: Transparency of the system is greatly increased by compensating
for the mechanical friction and motion scaling.

For the high-delay case the position tracking of the slave device has degraded significantly
due to the low amount of energy available in the tank in combination with (6.17). Fur-
thermore, in the high-delay case switching effects are visible in the feedback force to the
user. This is caused by the depletion of the energy tank at the master side, which causes
the commands of the Transparency Layer to be switched off according to (6.17). These
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effects could be mitigated by increasing the desired tank level, the amount of energy trans-
mitted, the rate of extraction and the inclusion of saturation functions at the master side,
but would significantly increase the damping force experienced by the user which would
also diminish the transparency of the system.

Fig. 6.12 shows the performance when the measures proposed in Section 6.4 are im-
plemented. A significant reduction in the activation of the TLC is visible in the feedback
force to the user and the position tracking of the slave system is improved for the high-
delay case. The transparency improvement is especially noticeable when comparing the
force feedback during free-space motions for the no- and low-delay case in Fig. 6.11 and
Fig. 6.12. The transparency properties are at the same level as in Fig. 6.10 and stability is
still guaranteed for all time-delays and grasps of the user.

6.6 Conclusion
In this paper experimental results obtained with the two-layer framework for time-delayed
bilateral telemanipulation were presented. The efficacy of the framework applied to bilat-
eral telemanipulation over the internet was demonstrated. Two extensions were discussed
and experimentally validated to improve the performance of the framework when applied
to slave devices with high amounts of internal friction and/or scaling factors in the control
algorithm in the Transparency Layer. These extensions significantly improve the trans-
parency of the system while maintaining the guaranteed stability properties of the original
formulation.

Future work will focus on the investigation of other implementations of the Trans-
parency Layer to improve the performance of the system in the presence of extreme
time-delays as encountered in the time-delay experiments between the Netherlands and
Australia.
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Stability of Position-Based Bilateral Telemanipulation
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Intelligent Robots and Systems 2011

In this paper two different approaches to guarantee stability of position-based bilateral
telemanipulation systems based on the concept of passivity are discussed. Both ap-
proaches inject damping into the system to guarantee passivity of the interaction with the
device in the presence of time delays in the communication channel. The first approach
derives tuning rules for a fixed viscous damper, whereas the second approach employs
modulated dampers based upon the measured energy exchange with the device and en-
force passivity in the time domain. A theoretical minimum damping injection scheme
is sketched that shows that the fixed damping approach is inherently conservative with
respect to guaranteeing stability. Experimental results show that both the theoretical
minimum damping scheme and a time domain passivity algorithm are successful in stabi-
lizing the telemanipulation system for large time delays with lower gains of the damping
elements than derived by the fixed damping injection approach. However, as damping is
inherently present in the system the tuning rules derived from the fixed damping injection
approach can be used to identify if a time domain passivity algorithm is needed given
boundary conditions on the actual time delays.
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7.1 Introduction
Bilateral telemanipulation systems allow users to interact with remote environments and
experience some notion of the interaction forces (haptic feedback). The realism of this
reflected interaction is called the transparency of the system (Lawrence, 1993). The ob-
tainable transparency is amongst others determined by the implemented bilateral control
algorithm. A fundamental requirement for a useful telemanipulation system is that it is
guaranteed to be stable given all possible circumstances that can be encountered during
operation.

There are many different bilateral control algorithms proposed in literature, see e.g.
(Hokayem and Spong, 2006) for a recent overview. Each control algorithm is character-
ized by different transparency and stability properties. In this paper we will compare two
methods to ensure stability of a position-position (P-P) bilateral controller, Fig. 7.1.

When no time delays are present in the communication channel the P-P controller of
Fig. 7.1 is guaranteed to be passive (Lee and Spong, 2006) (neglecting the destabilizing
influence of sampling (Colgate et al., 1993)). The passivity of the bilateral controller is an
attractive property as the interaction between passive systems is guaranteed to be stable.
The user and the environment can both be assumed to be passive, or to interact at least in
a stable manner with passive systems (Hogan, 1989). It is well-known that time delays
can transform passive bilateral controllers that exchange power variables (e.g. velocities
and/or forces) into controllers that generate “virtual” energy. This “virtual” energy can
in turn potentially destabilize the system. For the P-P controller this has been shown by
Artigas et al. (2010b).

Preventing this “virtual” energy from being generated, or to ensure that it is properly
dissipated, ensures the passivity of the total telemanipulation system. A major break-
through in time-delayed bilateral telemanipulation has been the introduction of the
scattering/wave-variables technique by Anderson and Spong (1989) and Niemeyer and
Slotine (2004). Applying this coding scheme to the exchanged power variables turns the
communication channel itself into a passive element for any constant time delay. How-
ever, the inherent nature of the coding operation implies that information is mixed and/or
lost and consequently the transparency of the system is reduced (Lawn and Hannaford,
1993).

A different approach that is being applied more often is to ensure the stability of
bilateral controllers by means of appropriate damping injection. We distinguish two ma-
jor groups of approaches. The first group applies Lyapunov theory to derive the fixed
amount of viscous damping required in the control algorithm to ensure passivity of the
bilateral controller under all circumstances, e.g. (Lee and Spong, 2006), (Nuno et al.,
2009), and (Hua and Liu, 2010). The other group applies damping elements which are
modulated based on a monitored energy balance of the system. These approaches only
add additional damping to the system to maintain passivity according to the energy bal-
ance, Time-Domain Passivity (TDP) algorithms e.g. (Ryu et al., 2010) and (Franken et al.,
2009). The applicability of these two approaches to the guaranteed stable interaction with
the telemanipulation system will be compared in this paper. For that reason a theoretical
Minimal Damping Injection (MDI) scheme is derived.
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qM(t) qS(t)

MSMM

KC

BS∗BM∗

User Environment

Figure 7.1: Position-based bilateral control: in the non-delayed situation a single spring
is connecting the master and slave device.

The paper is organized as follows; Section 7.2 introduces the system model. Examples
of the fixed damping approach are treated in Section 7.3.1. The MDI scheme is derived in
Section 7.3.2 and a particular implementation of a TDP algorithm is discussed in Section
7.4. Section 7.5 contains experimental results obtained with the three approaches. A
discussion on the applicability of each approach is contained in Section 7.6. Finally,
conclusions are drawn in Section 7.7.

7.2 System model
In this paper we will examine two 1 degree of freedom (DOF) devices that are coupled by
means of a P-P bilateral controller. Each device consists of a mass, M , and has internal
viscous friction, B:

FU(t) + FCm(t) = MM q̈M(t) +BM q̇M(t)

FE(t) + FCs(t) = MS q̈S(t) +BS q̇S(t), (7.1)

where q(t) and q̇(t) indicate a position and velocity and the subscripts M and S indicate the
master and slave device, respectively. FU(t) and FE indicate the force exerted by the user
and the environment on the devices, respectively. Finally, FCm(t) and FCs(t) indicate the
forces exerted by the P-P bilateral controller and are defined as:

FCm(t) = −KCm(qM(t)− qS(t))−BCmq̇M(t)

FCs(t) = KCs(qM(t)− qS(t))−BCsq̇S(t), (7.2)

where KC , BCm, and BCs are the proportional and derivative gains of the applied posi-
tion controllers, respectively. This system is depicted in Fig. 7.1, where for brevity the
viscous damping in the devices and the controllers have been combined into B∗

M and B∗
S ,

respectively.
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7.3 Stabilization by Damping Injection

The system introduced in the previous section is guaranteed to be stable when no time
delays are present in the communication between the master and slave system (Lee and
Spong, 2006). The destabilizing influence of time delays can be removed by including an
appropriate amount of damping in the system.

The amount of additional damping which is apparent to the user has a large influence
on the experienced transparency of the system. De Gersem et al. (2005) have already
shown that damping experienced by the user significantly reduces the transparency of
the telemanipulation system. In order to obtain the highest amount of transparency, the
amount of damping added to stabilize the system should be as low as possible. In order
to compare both of the approaches mentioned in Section 7.1, the theoretical minimum
amount of damping required for passivity of the system is derived in this section.

7.3.1 Fixed Damping Injection

Various people have looked into how to stabilize bilateral controllers by means of fixed
damping injection. Using a Lyapunov analysis tuning conditions are derived. These con-
ditions link the required damping to the implemented stiffness of the position-controllers
and the time delay in the communication channel. Some conditions that have been pub-
lished in literature are discussed below.

Lee and Spong (2006) considered the situation in which the implemented stiffness,
KC , and damping, BC , in the position-controllers and the time delays, T , in the commu-
nication channel are constant and symmetric. They derived that the bilateral controller
would be guaranteed stable when the following condition was satisfied

BC ≥ 2TKC . (7.3)

Nuno et al. (2008, 2009) presented a different derivation that removed the necessity of
certain assumptions in the work of Lee and Li (2005) and relaxed the parameter condition.
In their work the following bound was derived:

4BCmBCs > (T
2
MS + T

2
SM)KCmKCs, (7.4)

where TMS and T SM are the upper bounds for the time delays in the communication from
the master to the slave and vice versa, respectively.

Hua and Liu (2010) also incorporated asymmetric varying time delays and derived the
following linear matrix inequalities:

−2BCmI + TMSZ + T SMK2
CmS

−1 < 0

−KCmBCs

KCs

I + T SMS + TMSK
2
CmZ

−1 < 0, (7.5)
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where S and Z are positive-definite matrices and I the identity matrix, respectively. For
a one DOF system (7.5) can be simply rewritten in the form of (7.4) as

2BCmBCs > (TMS + T SM)2KCmKCs, (7.6)

by first isolating BCm and BCs in (7.5) and multiplying those expressions. Evaluating
the derivative of the obtained inequality with respect to SZ and taking into account the
positive definiteness of both S and Z it follows that the inequality is minimized for SZ =
K2

Cm resulting in (7.6). It follows immediately from (7.4) and (7.6) that in this case the
result obtained by Hua and Liu (2010) is more restrictive than that obtained by Nuno et al.
(2008, 2009).

7.3.2 Minimal Damping Injection

In the previous section several parameter conditions have been discussed that stabilize the
P-P controller of Fig. 7.1 in the presence of time delays. In the Lyapunov-based analysis
the motions of the master and slave device are considered to be independent and arbitrary.
Furthermore, the resulting parameter conditions only consider the time delays and the
parameters of the control algorithm.

In this section, the amount of damping theoretically needed to implement a passive
P-P controller, in the presence of arbitrary time delays in the communication channel,
will be investigated. For this derivation a P-P controller with symmetric stiffness term is
considered, KCm = KCs = KC in (7.2).

The time delays in the communication channel separate the master and slave system.
Instead of a single spring connecting the master and slave system, we obtain two springs,
Fig. 7.2. One spring connects the master device to the time-delayed position of the slave
system and the other spring connects the slave device to the time-delayed position of the
master system. Due to the time delays the energy content of these two springs

HCm(t) =
1

2
KC(qM(t)− qS(t− TSM))2 (7.7)

HCs(t) =
1

2
KC(qM(t− TMS)− qS(t))

2, (7.8)

can differ with respect to the energy content of the single spring that would connect the
master and slave system in the situation without time delays

HC(t) =
1

2
KC(qM(t)− qS(t))

2. (7.9)

We will consider the difference of (7.7) and (7.8) with (7.9) as “virtual” energy which is
generated by the time delays.

This difference in energy content will affect the force exerted by the bilateral con-
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Figure 7.2: Position-based bilateral control with time delay: Due to the time delay two
springs are present (one at each side) of which the energy content differs.

troller

FCm(t) = −KC(qM(t)− qS(t− TSM)−BCmq̇M(t)

FCs(t) = KC(qM(t− TMS)− qS(t))−BCsq̇S(t). (7.10)

The time-delayed position signals can be expressed as the true positions with time-varying
difference terms

qM(t− TSM) = qM(t) +∆qM(t)

qS(t− TMS) = qS(t) +∆qS(t). (7.11)

Thus, using (7.11), (7.10) can be written as

FCm(t) = −FC(t) +KC∆qS(t)−BCmq̇M(t)

FCs(t) = FC(t) +KC∆qM(t)−BCmq̇S(t), (7.12)

where
FC = KC(qM(t)− qS(t)), (7.13)

is the force exerted by the single spring in the no-delay case. Comparing (7.2) and (7.10)
shows that the influence of the time delays can be represented as an additional compo-
nent in the force exerted by the bilateral controller on both the master and slave device,
KC∆qS(t) and KC∆qM(t), respectively.

It is now important to note that the “virtual” energy present in each spring can either
be positive or negative depending on the particular motions of the master and slave de-
vice and the time delay in the communication channel. If both systems are stationary the
“virtual” energy in each spring will eventually become zero (as soon as the value of the
stationary position has passed through the communication channel). Only when the “vir-
tual” energy is positive in a spring and energy is injected by that spring into the physical
world (the user/environment), “virtual” energy is leaking into the physical world which
might destabilize the system.
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Positive “virtual” energy is present when:

1

2
KC(qM(t)− qS(t))

2 <

�
1
2KC(qM(t)− qS(t− TSM))2

1
2KC(qM(t− TMS)− qS(t))2

, (7.14)

which can be expressed in the following two conditions:

∆qS(t)(qS(t)− qM(t)) +
1

2
∆qS(t)

2 > 0 (7.15)

∆qM(t)(qM(t)− qS(t)) +
1

2
∆qM(t)2 > 0, (7.16)

which indicates that additional damping is needed when one or both devices are moving
towards and approaching the position of the other device. The proximity that the devices
need to obtain with respect to each other in order to generate positive “virtual” energy
depends on the velocity of the devices and the time delay.

Dissipating the amount of “virtual” energy that would be leaking into the physi-
cal world by an additional dissipative element, ensures passive behavior of the spring-
coupling between the master and slave under all possible circumstances. From (7.12) it
follows that the dissipative force to achieve this is the force that compensates the additive
term due to the time delay. Furthermore, based on the reasoning above, this dissipative
term should only be added when “virtual” energy is injected into the physical world by
the spring, so

FRm(t) =

�
−KC∆qS(t) if (7.15) and −FCm(t)q̇M (t)<0

0 otherwise
(7.17)

FRs(t) =

�
−KC∆qM(t) if (7.16) and −FCs(t)q̇S(t)<0

0 otherwise.

The corresponding damping coefficients, BRm and BRs, of the corresponding modulated
dampers are

BRm ≤ KC∆qS(t)

q̇M(t)
and BRs ≤

KC∆qM(t)

q̇S(t)
, (7.18)

where ≤ indicates that the required additional damping can be zero (7.17).
Adding the additional damping force of (7.17) to (7.10) enforces passivity of the

spring-elements in the controller. Pure spring-elements are passive, but marginally sta-
ble and will therefore exhibit an oscillatory response. Asymptotic stability of the system
is obtained due to additional viscous damping present in the system (non-zero BM , BCm,
BS , and BCs) as the system will be strictly passive. If desired, part of that additional
viscous damping could be used as partial fulfillment of (7.18).

Naturally this is a purely theoretical result as it is impossible to obtain ∆qM(t) and
∆qS(t) in a realistic time-delayed telemanipulation application. It does however show that
the minimal required damping is not only dependent on the stiffness and the time delays,
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but also on the relative motions of the devices. In the fixed damping injection approaches
arbitrary motions of each device are assumed. However, in reality the motions of the
devices are influenced by the user, the environment and the device characteristics. As this
influence is neglected in the analysis the resulting tuning rules of Section 7.3.1 must hold
for all possible combinations of impedances and are therefore restrictive by nature as they
have to consider the worst case situation of the relative motion of the devices.

The impedances of the user and the environment are non-linear, time-varying, and
difficult to model at the least. For that reason they are often assumed to be unknown.
However, their influence is present in the interaction with the devices, which can be mea-
sured. In the next section we will treat a TDP algorithm that uses this measured interaction
data in order to determine a required amount of damping.

7.4 Time Domain Passivity
A different approach to stabilizing the system of Section 7.2 is presented by monitoring
the energy balance of the system and applying damping only when required by the energy
balance. The first of such approaches was the Time-Domain Passivity Control (TDPC)
algorithm by Ryu et al. (2004b).

The energy balance of the system, H , is composed of the physical energy exchange at
the master and slave side, HIm and HIs, respectively1:

H(k) = HIm(k) +HIs(k). (7.19)

The physical energy exchange during a sample period can be computed exactly a poste-
riori of the sample period for impedance-type displays as (Stramigioli et al., 2005):

∆HI(k) =

� k∆T

(k−1)∆T
−FA(k)q̇(t)dt

= −FA(k)∆q(k), (7.20)

where FA and q̇ are the force and velocity associated with the interaction point between
the physical world and the controller in discrete time, e.g. the forces exerted by the control
algorithm. (7.20) represent the energy which is supplied by the actuators at that side. so
that

H(k) =
k−1�

i=1

∆HIm(i) +∆HIs(i), (7.21)

where ∆HIm(i) and ∆HIs(i) are the energy exchange at the master and slave side during
sample period i, respectively. Both ∆HIm(i) and ∆HIs(i) are computed as (7.20).

If (7.21) becomes negative “virtual” energy is generated according to the TDPC algo-
rithm. A modulated damper is activated to dissipate the generated “virtual” energy and

1Notation used in this paper: The index k is used to indicate instantaneous values at the sampling instant k
and the index k is used to indicate variables related to an interval between sampling instants k − 1 and k.
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Figure 7.3: Two-layer algorithm for bilateral telemanipulation. The double connec-
tions indicate physical energy exchange.

restore passivity of the system. This implementation requires instantaneous knowledge of
∆HIm(k) and ∆HIs(k). As such it cannot be applied in time-delayed telemanipulation
systems. A time-delayed formulation of the TDPC algorithm has been proposed by Ryu
et al. (2010) and applied by Artigas et al. (2010b) to the P-P controller in the presence of
time delay.

In this paper we will implement the two-layer framework as proposed by Franken
et al. (2009), which is a different TDP algorithm. The framework consists of two control
layers in a hierarchical structure, the Transparency Layer and the Passivity Layer, see
Fig. 7.3. First the working of the Passivity Layer will be discussed. In (Franken et al.,
2009) it was stated that any bilateral controller could be implemented in the Transparency
Layer given their implementation of the Passivity Layer. However, with a P-P controller
implemented in the Transparency Layer a modification in the Passivity Layer is required.
This modification will be discussed in Section 7.4.2.

7.4.1 Passivity Layer
This layer enforces passivity of the bilateral telemanipulation system. When necessary the
commands originating from the Transparency Layer are adjusted to maintain passivity.
In the two-layer framework the energy balance of the system (7.21) is split into three
components

H(k) = HM(k) +HC(k) +HS(k), (7.22)

where HM , HC , and HS represent the energy present at the master side, the energy in the
communication channel, and the energy at the slave side, respectively.

The energy at the master and slave side is stored in energy tanks and these tanks
can exchange energy through the communication channel. There are three energy flows
connected to each tank:

• Energy exchanged with the physical world, ∆HIm and ∆HIs,

• Energy received from the communication channel, ∆HSM+(k) and ∆HMS+(k),
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• Energy send into the communication channel, ∆HMS−(k) and ∆HSM−(k).

The energy flow received from the communication channel at the master side, ∆HSM+,
is the time-delayed energy flow sent into the communication channel at the slave side,
∆HSM−, and vice versa. The level of the energy tank at each side is corrected each
sampling instant with respect to these three energy flows. The change of the energy level
in the master and slave tank, ∆HM and ∆HS , respectively, is given as

∆HM(k)=∆HIm(k) +∆HSM+(k)−∆HMS−(k)

∆HS(k)=∆HIs(k) +∆HMS+(k)−∆HSM−(k), (7.23)

and thus

HM(k + 1) = HM(k) +∆HM(k)

HS(k + 1) = HS(k) +∆HS(k). (7.24)

The energy exchange between the two tanks is determined by the implemented Energy
Transfer Protocol. In this paper we will use the Simple Energy Transfer Protocol (SETP)
in which each side transmits each iteration a fraction, β, of its available energy to the
other side:

∆HMS−(k) =

�
βHM(k − 1) if HM(k − 1) > 0

0 otherwise,
(7.25)

and (7.25) is likewise defined at the slave side to compute ∆HSM−(k). This means that
∆HMS−(k) ≥ 0 and ∆HSM−(k) ≥ 0. The stability properties of the SETP have been
analyzed in Franken et al. (2012). The SETP ensures passivity of the communication
channel as (assuming zero initial energy in the communication channel):

HC(k) =
k−1�

i=0

∆HMS−(i) +∆HSM−(i)

−∆HSM+(i)−∆HMS+(i) ≥ 0.

(7.26)

A Tank Level Controller (TLC) is defined at the master side to regulate the energy
level in the system. The TLC is located at the master side as the user has to inject energy
into the system for the slave device to be able to execute the commanded task. The TLC is
implemented as a modulated viscous damper, that is activated when the energy level in the
tank available during sample period k + 1, HM(k + 1), drops below the desired level of
the tank, HD. The additional force, FTLC , exerted by this modulated damper will extract
additional energy from the user during sample period k + 1 to replenish the energy tank,
and is given by

FTLC(k) = −BTLC(k)q̇M(k) (7.27)

BTLC(k) =

�
α(HD −HM(k + 1)) if HM(k + 1) < HD

0 otherwise,
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where d(k) is the modulated viscous damping coefficient, q̇m(k) is the velocity of the
master device at sample instant k and α is a tuning parameter for the rate at which the
additional required energy is extracted from the user.

The energy tanks in this scheme can be regarded as energy budgets from which con-
trolled motions of the devices can be powered. When the available energy is low, the
forces that can be exerted by the devices are restricted. The manner in which the forces
are restricted when the available energy is low can be designed to suit a specific device,
environment, and/or task, (Franken et al., 2009).

At each side passivity is enforced with respect to the energy tank at that side, which
means

HM(k) ≥ 0 ∀k
HS(k) ≥ 0 ∀k. (7.28)

This means that passivity of the entire telemanipulation system, (7.19), is guaranteed,
independent of the time delay, as the amount of energy in the communication channel,
HC , due to the SETP can only be positive (7.26).

7.4.2 Modification
The Passivity Layer, as described in the previous section, enforces passivity of the bi-
lateral system. However, with a P-P controller implemented in the Transparency Layer
this implementation of the Passivity Layer is susceptible to a build-up effect. When the
user executes a motion the energy that is injected into the system far exceeds the energy
required at the slave side to execute the same motion. This is due to the inherent phase
lag in the position response of the slave which influences the feedback force to the user.
This mismatch in energy produces a build-up in the energy balance, which hinders the
Passivity Layer from effectively stabilizing the system.

The user injects more energy into the system than is required at the slave side. This
excess energy can be removed by an additional dissipation action is included in the Pas-
sivity Layer at the master side. If the tank level exceeds the desired tank level, the excess
energy is dissipated:

HM(k + 1) > HD ⇒ HM(k + 1) = HD. (7.29)

7.5 Experiments
In this section experimental results will be presented for the approaches discussed in Sec-
tion 7.3.2 and Section 7.4. The experiments are carried out with the setup in Fig. 7.4. The
setup consists of two identical one DOF lightweight devices with low internal friction
powered by a DC motor without gearbox. The continuous torque that these motors can
exert is 1.38Nm. A high-precision encoder with 65 k pulses per rotation is used to record
the position of each device.
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Master Slave
Force Sensor

Position Encoder

Figure 7.4: Experimental setup: The setup consists of two identical 1 d.o.f. lightweight
devices.

Both devices are controlled from the same embedded controller running a real-time
Linux distribution. The controllers are implemented in the program 20-sim (Controllab
Products B.V., 2010) and real-time executable code specific for this setup is generated
directly from 20-sim and uploaded to the embedded controller by means of the program
4C (Controllab Products B.V., 2010). The sampling frequency of the control loop is
1 kHz.

The P-P controller is implemented as (7.10). A symmetric constant time delay is
implemented in the communication channel, chosen as 20ms round-trip time delay (RTT)
and 400ms RTT. All parameters used in the control algorithm are listed in Table 7.1.
Experimental results will be demonstrated with the P-P controller extended with either
the MDI approach or the TDP algorithm of Section 7.3.2 and Section 7.4, respectively.

The implemented TDP algorithm adds additional damping only at the master side.
For comparison purposes we compute the required damping according to the least con-
servative approach of Section 7.3.1. The required damping at the master side according
to (7.4) for a delay of 400ms RTT is:

BCm > 4.69Nms/rad. (7.30)

It should be noted that this results from the condition BCmBCs > 0.28 and that therefore
the damping could be distributed over the master and slave system. In reverse, the param-

Table 7.1: Parameter values in control algorithm

Parameter Value Parameter Value
KC 3.75Nm/rad BC 0.06Nm·s/rad
HD 0.2 J α 50Nm·s/rad·J
β 0.01
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Figure 7.5: Two-layer implementation with 20ms RTT : A small amount of damping is
added at the end of a contact phase, (a).

eters listed in Table 7.1 according to (7.4) guarantee asymptotic stability of the system for
T < 22.6ms.

Each experimental plot shows the position of both the master and slave device, the
environment force and the force experienced by the user, and the additional damping
applied by either the MDI or TDP algorithm, respectively. Phase 1 indicates free space
motion, in phase 2 contact with a spring of 1500N/m is made twice, and in phase 3 the
master device is released by the user during a motion.

In the first experiment, Fig. 7.5, the TDP algorithm is used in the presence of a com-
munication delay of 20ms RTT. Fig. 7.5 shows that the influence of the TDP algorithm is
minimal during phase 1. In phase 2 damping is added at the end of each contact phase.
Therefore, the implemented modification presented in Section 7.4.2 is slightly conserva-
tive as this damping is not required. The P-P controller itself is ensured to be passive
according to (7.4), T = 10ms < 22.6ms. Finally, during phase 3 the positions of both
devices converge.

For the remainder of the experiments the communication delay is increased to 400ms
RTT. For this delay the regular bilateral controller becomes unstable when the user does
not apply a firm grasp on the device (added damping). It should be noted that for this
amount of time delay the transparency of the system is very low and only during phases
where both devices are stationary accurate force reflection occurs.

Fig. 7.6 shows the system response when the regular controller is extended with the
MDI algorithm of Section 7.3.2. The MDI ensures that the system is strictly passive
and thus that the position of both devices synchronize when the user releases the master
device. Fig. 7.6 shows that the gains of the modulated dampers, resulting from the MDI
algorithm, can be extremely large. However, the magnitude of the applied force by the
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Figure 7.6: MDI implementation with 400ms RTT: The MDI stabilizes the system, but
is susceptible to switching effects, (b).
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Figure 7.7: Two-layer implementation with 400ms RTT: Small amounts of additional
damping are added when the user reverses motion.

MDI algorithm is always limited, but such a force is also applied when the velocity of
the devices is very low and thus the resulting gain becomes very high. Fig. 7.6 also
shows that the MDI algorithm is subject to switching effects which severely decrease
the transparency of the system. Therefore, the performance of the MDI with respect to
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Figure 7.8: Influence of relative motion in the two-layer implementation at 400ms
RTT: The additional damping is dependent on the relative motion.

transparency is limited, but it does stabilize the system during phase 3.
The TDP algorithm of Section 7.4 also computes a varying damping gain and is suc-

cessful in guaranteeing stability of the system during all phases. Fig. 7.7 shows that the
magnitude of the damping gain is very limited compared to (7.30). Furthermore, Fig. 7.7
shows that the additional damping is only applied when the user reverses the motion of the
master device so that both devices are moving towards each other. This is in accordance
with the analysis of when damping has to be applied of Section 7.3.2.

In the last experiment the influence of the motion initiated by the user relative to
the time delay on the TDP algorithm is investigated. Fig. 7.8 shows that the damping
computed by the TDP algorithm is dependent on the relative motion of the devices and
the time delay. When the user moves very slowly almost no additional damping is applied.
For faster movements of the master system the additional damping by the TDP algorithm
increases. This is also in accordance with the analysis of Section 7.3.2.

7.6 Discussion
In the previous section it was shown that both the MDI scheme and the TDP algorithm
were capable of stabilizing the system in the presence of time delays with minimum
amounts of additional damping. As the amount of apparent damping for the user should
be minimized to provide the best possible transparency it can be postulated that a TDP
algorithm is better suited, compared to the fixed damping approach, to stabilize a telema-
nipulation system in the presence of time delays.

However, the conditions listed in Section 7.3.1 can be used to compute an upper bound
for the time delay based on the device damping and control parameters. If it can be
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guaranteed that the time delay will be below the computed bound, the system is already
guaranteed to be stable by the damping present and no additional measures are needed. If
the time delay exceeds the computed upper bound a TDP algorithm could be implemented
to guarantee stability of the system while minimizing the added damping. The conditions
of Section 7.3.1 serve the purpose of design checks on when the added complexity of a
TDP algorithm is justified.

A critical note on the above reasoning is that P-P controllers are ill-suited to deal with
time delays from a transparency point of view. Therefore, the implication of the above
reasoning on the design of practical telemanipulation systems can be debated as this type
of controller is unlikely to be applied in an application with severe time delays.

7.7 Conclusions
In this paper three methods to stabilize a position-based bilateral controller in the presence
of arbitrary time delays were analyzed. It was found that the fixed damping approaches
neglect the influence of important factors on the amount of damping required to stabi-
lize the system. Therefore, the resulting conditions can be regarded as conservative. The
application of a TDP algorithm results in the addition of smaller amounts of damping
which benefits the obtainable transparency. The derived parameter relations can be used
as a design check on when the time delay justifies the added complexity of a TDP algo-
rithm. Future work will focus on deriving a modification of the Passivity Layer that is less
conservative than (7.29).
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Conclusions and Recommendations

In this section we will summarize the conclusions of the various contributions described
in this thesis and provide directions for future research.

8.1 Conclusions
The research question for this thesis was formulated in Chapter 1 as:
How should control algorithms for haptic feedback in telemanipulation and the haptic in-
teraction with virtual environments be implemented such that the highest possible trans-
parency is obtained while guaranteeing stability of the interaction?

8.1.1 Haptic interaction with virtual environments
In Chapter 2 the framework for PSPH systems has been revised. In the original imple-
mentation of the framework the dissipated energy was computed a priori, which could
lead to contact instabilities with the virtual environment. A reformulation was proposed
that computes the dissipated energy a posteriori. It was also shown the causality of the
dissipative element determines the energy function that needs to be included in the en-
ergy balance. For multi-dimensional systems, this reformulation of the PSPH framework
causes the entire port-Hamiltonian system to be broken down into several energy balances
that need to be computed in a hierarchical order. As long as the model only contains ele-
ments with storage functions up to order 2 there will always exist a unique update for the
state of the system. The applicability of the approach, taking the proposed revisions into
account, have been verified with various experiments.

With respect to the stated control issues in Section 2.2 it can be concluded that the
framework for PSPH systems offers a good compromise between the various desired
goals. The realism of the interaction is determined by the implemented model and the
PSPH framework is capable of handling models of arbitrary size and complexity. The
realism of the interaction with the implemented model is only decreased up to minimum
level to guarantee passivity and thus stability of the interaction for all possible operating
conditions. Finally, the framework is an explicit integration method so it is possible to
derive an upper bound for the implementable sample frequency given the cost of compu-
tation of the model and the available computing resources.

155
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8.1.2 Bilateral telemanipulation

A new framework to guarantee stability of (time-delayed) bilateral telemanipulation sys-
tems was presented in Chapter 3. The two-layered approach allows the combination of
passivity and transparency in a very intuitive manner. Using this framework any con-
trol architecture with an impedance causality can be implemented in a passive manner.
A bilateral control algorithm to obtain a desired level of transparency is implemented
in the Transparency Layer. The energy exchange between the control system and the
physical world is monitored online in the Passivity Layer. If necessary the commands
of the Transparency Layer are adapted to maintain passivity of the interaction with the
system. Furthermore the framework allows many of its features to be tuned for specific
devices and/or tasks. Especially the energy transfer protocol and saturation functions can
be designed and optimized for a specific device, environment, and/or task. The presented
experimental results show the benefits of the two-layered implementation. A single im-
plementation of the Passivity Layer was shown to maintain stability of two different im-
plementations of the Transparency Layer even in the presence of large time delays and
hard contacts. The transparency properties of the bilateral controllers, implemented in
the Transparency Layer, were maintained and their commands were only adjusted by the
minimum to maintain passivity of the system.

In Chapter 4 the influence of mechanical friction in the devices on the obtainable
transparency with the two-layered approach proposed in Chapter 3 is analyzed. Espe-
cially friction in the slave device was shown to have a negative effect in the Passivity
Layer as it forms a continuous drain of energy that needs to be compensated by the user.
As compensation method for this effect a model-based compensation method was pro-
posed. This model is used to estimate the amount of dissipated energy each sample pe-
riod, which is added to the energy tank in the Passivity Layer. This effectively extends the
energy balance monitored by the Passivity Layer to include the device friction at the slave
side. Passivity of the new energy balance, composed of the bilateral controller and the
modeled device friction in the slave device, is enforced. The desired stability properties
of the Passivity Layer are maintained as long as the implemented friction model under-
estimates the physically dissipated energy. The inclusion of any such friction model will
increase the obtainable transparency with the telemanipulation system. The application
of this extension is not limited to the two-layered approach, but will increase the ob-
tainable transparency of any TDP algorithm when applied to devices with non-negligible
mechanical friction, e.g. the TDPC approach by Ryu et al. (2004b, 2010).

The two-layered approach enforces passivity in the time domain based on the mon-
itored energy exchange. The concept of passivity is also often used in the design of
bilateral controllers in the frequency domain. In Chapter 5 it was shown that it is possible
to improve the complimentary effect between passivity-based approaches for the design
of bilateral controllers in the frequency domain and the enforcing of passive behavior in
the time domain by means of a TDP algorithm. Several required extensions to the TDP
algorithm were the model-based addition of the device dynamics to the monitored energy
balance, methods for the prevention of an energy build up, and the inclusion of energy
scaling. Using these extensions the influence of the TDP algorithm can be minimized
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for the set of operating conditions that were considered in the frequency domain design
phase. For operating conditions outside this set, and which can potentially destabilize the
system, passivity and thus stability is enforced by the TDP algorithm. In Chapter 5 an
implementation of the standard TDPC algorithm by Ryu et al. (2004b) was used, but the
same results could also be obtained using the two-layered approach.

In Chapter 6 experimental results obtained with the two-layer framework for time-
delayed bilateral telemanipulation were presented. The efficacy of the framework applied
to bilateral telemanipulation over the internet was demonstrated. Two of the extensions
proposed in Chapter 4 and Chapter 5, friction compensation and energy scaling, were
discussed and experimentally validated. These extensions significantly improve the trans-
parency of the system while maintaining the guaranteed stability properties of the two-
layered approach.

The two-layered approach employs a modulated damper to maintain a desired energy
level in the system. A different approach that has been proposed in literature is to ana-
lyze the amount of viscous damping needed using Lyapunov theory to guarantee asymp-
totic stability under all operating conditions. Chapter 7 analyzes the minimum amount
of damping needed to ensure stability of a Position-Position controller in the presence of
time-delays. It was found that the fixed damping approaches neglect the influence of im-
portant factors on the amount of damping required to stabilize the system. Therefore, the
resulting parameter relations can be regarded as conservative. For the Position-Position
controller the two-layered approach was found to be susceptible to the build-up effect
and a simple additional dissipative action was included in the Passivity Layer. Due to
this dissipative action the two-layered approach adds slightly more damping to the sys-
tem compared to the considered Lyapunov-based approach when small time delays are
present. For increased time delays the application of the two-layered approach results in
the addition of far smaller amounts of damping. The Lyapunov-based approaches can
be used as a design check on when the time delay justifies the added complexity of a
TDP-algorithm like the two-layered approach.

8.2 Recommendations
The work described in this thesis provides several directions for further research. In this
section we will treat remaining and newly established research questions organized by
topic.

Framework for Passive Sampled Port-Hamiltonian Systems

• Noise-sensitivity analysis - A noise sensitivity analysis should be performed to in-
dicate model structures where measurement noise can be problematic. Based on
preliminary experience, viscous damping elements connected directly to the user’s
interaction point appear to be susceptible to measurement noise.

• Scalability of models - The models analyzed in Chapter 2 are still relatively simple
models. If this framework is to be used in realistic applications the scalability of
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the models needs to be analyzed. The applicability of the approach to large-scale
finite element models of for instance deformable objects need to be investigated.
This is required to make the approach suitable to be applied in surgical simula-
tors, e.g. (Cotin et al., 2000), where the interaction with soft viscoelastic organs in
combination with stiffer materials such as bone need to be reflected.

• Automatic code generation - Models of arbitrary size and complexity are usually
composed of a discrete set of simple elements, e.g. masses, dampers, and springs.
Manual coding of larger models is time-consuming and prone to small implementa-
tion errors. The framework does not differentiate between large and smaller models,
only the number of energy balances that need to be evaluated will increase. Larger
models will contain more submodels and each submodel has its own energy bal-
ance. As such it is suitable for automatic code generation where the designer only
has to define the structure and components of the model and possible boundary
conditions. The input method for the designer can then even be graphically as e.g.
a bond graph or ideal physical model.

• Benchmarking - It is recognized that the computational burden of the framework
is higher compared to other approaches. Therefore it is required to compare the
performance of the framework with other existing methods taking the stability,
realism, and the computational efficiency into account in the performance metric
during benchmark tests representative of realistic applications.

Two-layer framework for bilateral telemanipulation

• Systematic tuning - The Passivity-layer has several parameters that influence the
performance of the two-layer framework. Each parameter is related to a specific
function and as such independent of other parameters. Although this simplifies
tuning it is recommended to derive a systematic tuning scheme for the parameters
of the TLC and the energy transfer protocol, and the desired level of the energy
tank.

• Saturation functions - In Chapter 3 the concept of saturation functions is introduced
to prevent a loss of passivity and to shape the interaction with the remote environ-
ment. So far only simple saturation functions have been sketched and implemented
and no general design criteria have been provided. Specific saturation functions to
handle problematic situations in realistic applications should be designed, imple-
mented, and evaluated to investigate the added benefit of such saturation functions.

• Build-up effect in Passivity-Layer - In Chapter 7 it was shown that for a Position-
Position control architecture a build-up effect occurs in the Passivity Layer as de-
fined in Chapter 3. This build-up effect might occur for other control architectures
also, e.g. the class of Coupled Impedance Controllers. It was shown in Chapter
7 that this problem can be adequately resolved by including additional dissipa-
tion in the Passivity Layer. However, it was also shown that this can increase the
conservatism of the approach as the TLC can be unnecessarily activated. Other
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formulations of the additional dissipation procedure might be possible that are less
conservative.

• Multiple degrees of freedom - In this thesis only single degree of freedom devices
have been used. With a transition to multiple degree of freedom devices several im-
plementation options have to be analyzed. All degrees of freedom could be treated
independently so that an n-degree of freedom device is treated as n 1-degree of
freedom systems. However, from an energy point of view this does not make sense
as energy is a single quantity and not coupled to a specific direction. Implementing
the Passivity-layer using a single energy tank will also facilitate the implementation
of the friction compensation technique of Chapter 4. For robotic systems composed
of serial linkages, a friction model is easier to derive in joint space. With a single
energy tank there is no longer a difference between joint- and cartesian-space. The
possible coupling of degrees of freedom where the energy to sustain an undesired
oscillation in one direction is extracted from another direction should be investi-
gated on a physical system.

• Friction compensation - The proposed friction compensation technique in Chapter 4
should be further validated. Experiments with multiple degrees of freedom devices
and friction effects other than mere coulomb friction have to be conducted. The use
of online friction identification methods, e.g. observer-based and delineated feature
identification methods, needs to be explored.

• Complimentarity of frequency- and time-domain passivity approaches - Experi-
ments need to be conducted to demonstrate this complimentarity on a physical
setup. A restriction here is that in the frequency-domain only viscous friction can
be considered, whereas the experimental setup used in this thesis contains mostly
coulomb friction. In Chapter 5 it was proposed to extend the balance monitored by
the TDPC algorithm with energy functions for all components of the setup. Based
on the simulation results presented in Chapter 5 it can be argued that the inclusion of
kinetic (co-)energy of the devices appears not be strictly necessary. Further investi-
gation should look into this effect and the applicability of the proposed extensions
in the TDP algorithm to devices with structural compliance.

Haptic feedback systems in medical applications

• Force-sensing - For haptic feedback to be applied in surgical robotic systems an
estimate of the interaction forces between the surgical tools and the tissue is needed.
Many control algorithms perform the best when a direct force sensing at/near the
interaction point is available. For surgical systems this poses a challenge as it means
that at least part of the sensor system has to pass through the trocar. The diameter of
a trocar is limited (usually 12mm or smaller) which imposes a very restrictive form
factor for the sensor system. Furthermore the sensors need to be either disposable
with a low cost-price, or sterilizable. So far several interesting prototypes have
been developed by e.g. Seibold et al. (2008) and Peirs et al. (2004), but a truly
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applicable force sensor (taking into account the desired low-cost price) has not yet
been developed to the author’s knowledge.

• Task-enhancing transparency - Haptic feedback can be added to a system for var-
ious reasons. When the intended goal of the haptic feedback is to improve the
manipulation capabilities of the user in the remote environment, the standard def-
inition of transparency does not cover the desired goal. In such applications we
should only be interested in the haptic feedback that actually improves the perfor-
mance of the user. This requires a deep understanding of how haptic information is
incorporated in the human manipulation process. Such psychophysical studies are
complicated due to the subjective nature of the comparison. The standard definition
of transparency is conceptually more simple as objective comparison metrics can
be applied on the basis of measured quantities (force and position/velocity). When
the haptic feedback system is capable of perfectly reflecting the physical interaction
the human cognition process will have to perceive it as a real and the manipulation
performance should approximate the performance when the user is directly execut-
ing the task. This assumes sufficient dexterity of the telemanipulation system, so
the system itself does not restrict the motions of the user.
However, in order to obtain transparency stringent requirements will have to be
placed on the various components of the system (e.g. sensors, mechanical structure
of the system, actuators, and/or control algorithm). These stringent requirements
might be unnecessary for a given application. A task-specific bound usually ex-
ists above which improved performance of the device, with respect to the obtained
transparency, no longer results in improved performance of the task by the user
(Christiansson, 2007). This is recognized by several researchers and interesting
studies have already been performed towards task-enhancing transparency. Exam-
ples include the work of De Gersem et al. (2005) and Malysz and Sirouspour (2009)
where mappings are investigated to improve the user’s perception of e.g. stiffness
differences in organic material and transparency itself is no longer the desired goal.
Also interesting studies are performed with Shared Control Systems (SCS) as ana-
lyzed by e.g. Abbink (2006) for car following tasks. Reilink et al. (2011) applied
SCS to enhance the performance during endoscopic navigation tasks by means of
haptic cues. In this last category the haptic feedback does not reflect the physical
interaction, but conveys information of a different type, e.g. proximity or naviga-
tion cues. Virtual fixtures as described by Abbott, Marayong and Okamura (2007)
and Marayong et al. (2002) are also a type of SCS.
The author believes that the manner in which haptic information is incorporated
in the human manipulation process is highly dependent on the task to be executed
and the background/training of the person executing the task. This means that a
good understanding of the user and the task itself is required to determine if and
how the feedback of haptic information can in fact increase the task performance.
Therefore, it is recommended to involve more students from studies such as Tech-
nical Medicine in the research towards haptic feedback systems in medical appli-
cations. Technical Medicine is an interdisciplinary programme at the University
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of Twente, linking science and technology with the clinical practice of medicine.
The extended knowledge/understanding of these students of the application domain
combined with basic technological skills can result in interesting, valuable, and as
of yet unexplored applications.
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Ook al is het doel van een promotie onderzoek Het tentoonstellen van het vermogen om
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Haptic feedback systems are systems that exert a desired force, to be 
experienced by the user, to recreate a physical interaction. This type of 
systems can increase the realism  of the interaction with objects that are not 
in the direct area of influence of the user. The same applies to the interaction 
with virtual objects. The fundamental problem in the control of these systems 
is how to maximize the transparency of the system, and related to that the 
realism of the interaction as perceived by the user, while guaranteeing 
stability of the interaction under all possible operating conditions.

The analysis of the stability is made more difficult by the presence of a closed 
loop containing either one or two unknown, non-linear, and time-varying 
elements, the user and/or physical environment. Furthermore, the control 
algorithm is executed on a discrete medium which, depending on the 
algorithm, parameter settings, and remaining elements, can have a 
significant influence on the stability of the interaction.

In this thesis a solution is sought to all these factors by means of energy- and 
port-based reasoning. For both applications an algorithm is derived that is 
based on the energy exchange between the physical world and the system. 
By enforcing energy neutrality, in other words passivity, of this exchange 
stability of the interaction is guaranteed.  
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