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Abstract— In this paper a modification of the time domain
passivity controller is presented to improve its pecformance
and transparency in case of multi degrees of freedom (dof}
haptic interaction. In malti-dof application the concept needs
to be extended by additional conditions to distribute the
adaptive damping appropriately among the degrees of free-
dom. This can be solved by using the geometrical information
coded in the output signals of the system. Experiments show
the validity of this concept.

I. INTRODUCTION

Haptic interaction with virtual reality (VR) and in tele-
operation signify an improvement for the operator working
with it. Through the multimodal interaction (vision, audio
and haptic) the human operator reaches a higher level
of immersion and is able to explore and manipulate
intuitively the virtual or remote environment {1].

There is a wide variety of applications, where haptic
interaction is necessary and demanded, such as robotic as-
sisted surgery and surgical training [2), virtual prototyping
(3] and teleservice in hazard environments (e.g. space} {4].

In the fields of interaction with virtual reality and tele-
operation the concept of networks and passivity is an often
used method to guaraniee stability of the haptic master
and of the overall master-slave system ([S].[61,[71,[81.[9D)-
The main idea is to separate the teleoperating (virtual
reality) system into different network elements, which can
be made passive.

However the passivity is mostly applied in the fre-
quency domain during the design process and is therefore
conservative, because the haptic display must behave
passively under all operating conditions. This means that
transparency is reduced, even if not necessary. Hannaford
and Ryu introduced the Time Domain Passivity Control
in [10], which nses these concepts in real-time. So the
amount of additional intervening dynamics (i.e. damping)
can be adapted to the actual demands of the system.

This new approach will be reviewed in section II. One
problem that occurs in this approach is that the damping
can be introduced in different ways in the multi degree
of freedom (dof) case. This paper derives one condition
to distribute the necessary intervening dynamics in a
transparent way for the human operator, This condition
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is presented in section III. In section IV the experimental
results are shown, followed by some conclusions in section
V.

I, REVIEW OF THE TIME DOMAIN
PASSIVITY CONTROL

In this section, a short review of the time domain
passivity control is given. In figure 1 an one-port network
element is shown and the positive directions of velocity
and force are given to define the sign of these values.
With this convention this network element is defined to
be passive, if and only if ,
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Hereby v means the velocities and f the corresponding
forces. E(0) is the energy initially stored in the network
element at ¢t = 0.

This means that the initial stored energy plus the net
supplied energy is always positive; a passive network
clement never gives more energy back to the network
than it has stored at t = 0 plus the energy received by
the network.

Hannaford and Ryw introduced a so-called Passivity
Observer (PO) that can measure the energy flow in real-
time, assuming that the sample time is much faster than
the dynamics of the system. For an one-port element the
PO in the discrete domain is defined as

E, (n)=AT S F(n(®), @
k=0

where AT is the sample time of the system. If the observed
energy £, ,(n} is positive, the network element s passive.
If the observed energy E,, _(n) is negative, the network
element is active. The amount of energy produced by
the observed network element is —E ,_(n). In the latter
case the observed amount of “active energy” needs to
be dissipated, which is done by an additional adaptive
element: the so-called Passivity Controller (PC). Two
different PCs were defined depending on the causality
of the network element. In figure 2 the two possible PC
configurations are shown.



Fig. 1. Definition of velocity and force direction at an one-port network
element

Series or velocity conserving parallel or force conserving

Impedance causality: Admittancé causality

Fig. 2. Configurations of the passivity controlier

For virtual environments often the impedance causality
is used, where the position/velocity is read from the haptic
device and the force computed by the haptic rendering al-
gorithm. In this case the control parameter & is calculated
as follows

_E m
aln) = A_m_”v{n) ifE, (n)<0 3
0 E,.(n)=0,

where £, (n) is the observed energy, v(n) the actual
velocity and AT is the sampling time. The damping
parameter o for the admittance causality is calculated
similar based on the actual force f(n).

For a more detailed description of the basic time domain
passivity control see [10], {11] and [12).

Recently, two modified versions of time domain pas-
sivity controllers have been proposed to improve the per-
formance of the PO/PC. The more accurate time domain
passivity observer is proposed by removing the constant
force or velocity assumption during one sampling time
[13], and a reference energy following method is intro-
duced by replacing the fixed zero energy threshold with
time varying reference energy behavior to avoid exciting
high frequency mode of a device [14]. These adaptations
are already used in this paper.

1. MuLTI-DOF EXTENSION OF THE PO/PC

Now the one-port is extended to a multi-port retwork
element, e.g. the two-port element in figure 3. Then the
total energy needs to be observed as a sum of all ports,

Fig. 3. Energy fiow in case of a two-port element (along the main axis
of the coordinate system}
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This can be extended easily for a n-port network element.

If the total energy is negative the network element
becomes active, see example in figure 7 without the PC
activation. The position of operator’s tool center point
contacting a virtual wall and the observed energy are
shown. The energy along the Y axis is positive; the amount
of energy that is generated by the contact simulation along
the X axis exceeds this energy consumiption and the total
simulation becomes active. The PC needs to operate for
dissipation of the active energy from the system. In this
case many possibilities exist to apply the PC to such a
system:

1) the PC can be applied only to the Y axis,

2) the PC can be applied only to the X axis (In
the shown example it would increase the energy
consumption of this axis to make the total energy
become positive again),

3) any distribution of the PC between the two axis can
be found.

The straight-forward calculation of the PO/PC wiil
bring the following equations:

Eu() = LR, )
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where « is the adaptive damping parameter within the PC
for impedance causality.



Fi g 4. Resulting forces when contacting an active surface with standard
PO/PC

This calculation leads to a force generated by the PC £,
as shown in figure 4. The force vector f,- is in the opposite
direction of the master’s velocity v and has no alignment
with the force produced by the virtual environment f,,,. So
the direction of the resulting force f,,, felt by the human
operator is deflected by the operators movement. Even if
the network now behaves passive this, for the operator
non-causal, force disturbs the transparency of the system.
For tactile exploration of objects the force direction play
the most important role, because it encodes the object’s
shape.

If friction is not modeled in the virtual environment,
the rendered force &, is exactly perpendicular to the
object’s surface. If friction is modeled, the direction of the
force encodes the relation between rigidness and friction
parameters of the virtual object. The additional damping
from the dissipative element PC should not disturb the
direction of the rendered forces, so that the impression of
the shape and structure of the object is maintained.

The idea to realize this is to apply the PO/PC parallel
and perpendicutar to the VR output force f,5. So one
port of the network element describes the epergy flow
associated with the virtual environment’s reaction and
the other port’s energy flow is zero, because no force is
associated with it. The direction of the resulting force is
not changed and transparent for the human operator,

Actually the coordinate system of the multi-port net-
work element is transformed such that all energy Hows
through only one port and the POs at the other ports have
a zero energy flow {work) at this instant, see figure 3.
The velocity v is separated into a velocity component v,
parallel to the force vector fy,, and a velocity component
v, orthogonal to it. The force f, associated with v, is zero
and so the observed energy at this post is zero too,

The projection of the velocity v to the force £, is done
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Fig. 5. Energy flow in case of a two-port element (projected to the VR
force)

Fig. 6. Resulting forces when contacting ap active surface with multi-
dof PQ/PC
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To compute the PO/PC the equations (5)-(7) are used by
replacing v with the projected velocity vp. The resulting
force vectors are shown in figure 6. It can be seen, that the
direction of the force generated by the virtual environment
is not deflected by the PO/PC. Only the length is adapted
due to passivity reasons.

The calculation of the energy flow is independent of the
choice of the coordinate system, as long as the coordinate
systemn is right-angled and right-handed. The coordinate
system can even be changed in each step without influence
of the energy flow, if the velocity and the forces are
described with in the same system at each step. With that
the stability conditions and proofs for the Time Domain
Passivty Controller hold also for the adaption in the multi-
dof case presented here.

Using this multi-dof PO/PC the stability of the system



is guaranteed and the transparency to the operator is
increased. In the next section some experimental results
are shown to illustrate the performance of the proposed
method.

IV. EXPERIMENTAL RESULTS

A 3 DoF PHANToM ([15]) connected to a simple
virtnal environment is used for the experiments. The
PHANToM is driven by a RT-Linux system at a sampling
rate of 2 kHz and the virtual environment consists of a
wall with a stiffness of 5000 N/m. In the first experiments
this virtual wall is planar for easier understanding of the
plots and in the last experiment the virtual wall is curved
to present a more general case,

First the setop is used without PC to observe the energy
flow. Figure 7 shows the path of the tool center point (with
the Jocation of the virtual wall) and the observed energies
for the different axes of the PHANToM. The interpretation
of the figure is given in section HIL
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Fig. 7. Contact response without the PC for two-DOF case
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Fig. 8. Force vectors for a point contact experiment with the PO/PC

To compare the results of the PO/PC without and with
the modification for the multi-dof case, first the force
vectors for a single contact are shown. The operator is
touching the virtual wall at one point and tries to keep in
contact at this point. The position may vary, but the forces
are expected to have the same direction (perpendicular to
the wall with different sizes). In figure 8(a) the result-
ing force vectors without the multi-dof adaptarion have
mostly the same directions perpendicular to the surface
of the wall, but there exist some variations. Based on the
proposed control method it can be seen in figure 8(b) that
the force vectors have all the same direction, but different
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length. So the force direction is only influenced by the
virtual environment and not by the PO/PC.
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(b) with multi-dof adaptation

Fig. 9. Force vectors for a surface following experiment with the PO/PC

Now a sliding movement along the surface is made to
evaluate a more dynamic interaction. Again in figure 9(a)
the resulting force vectors without the multi-dof adaptation
are shown. Here the amount of different force directions
is big. Though one can get an impression of the main
direction, signifying the surface normal, the operator feels
of a very rough wall. But this gives a wrong feedback of
the physical parameters of the simulated virtual wall and,
which is even worse, it makes an exact movement difficult.
With the multi-dof extension to the original PO/PC the
direction of the force vectors only affected from the virtual
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environment and not from the PO/PC, see figure 9(b). So
the human-felt orientation of the virtual wall is clear and
smooth. This gives the operator a transparent feeling of the
environment and the operator can make exact movements
and manipulation in the virtual environment,

Now the operator is exploring a curved wall. In figure
10 the path of the PHANToM’s tool center point is shown.
The operator is touching the wall and sliding diagonal
various times over the wall, The wall behaves passive,
if the PO/PC is activated. The difference in the force
directions using the PO/PC with and without the presented
modification for multi-dof contacts are shown in figure
11. In these plots the force vector tips are projected to
the tangent plane of the curved wall at the contact point.
Because there is no friction modeled in the simulation, the
force vector should be exactly perpendicular to the tangent
plane, i.e. the force vector tip is projected to the zero point
of the plane. In left plot of figure 11 the projected force
vector tips of the PO/PC without modification vary around
the zero point. In the right plot the force vector tips are
projected exactly to the zero point of the tangent plane,
i.e. all the force vectors are perpendicular to the surface
of the curved wall.
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Fig. 10. Surface following at curved wall with the multi-dof PO/PC
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In these results only three degrees of freedom are
shown, but the proposed extension to the original time
domain passivity control can be applied also to six degrees
of freedom.

V. CONCLUSION AND FUTURE WORKS

In this paper, time domain passivity control scheme is
extended for the application of the multi-dof interaction
with virtual environments. With the projection of the
damping force generated by the PC to the actual force
direction of the virtual environment (which encodes the
shape and the physical parameters of the touched object)
the transparency and stability of the interaction can be
improved. This approach is also valid, if additional non-
linear effects like friction are rendered in the virtual
environment, or if the haptic display is connected to a
remote robot with force sensors.

Next this adaptation will be applied to the DLR light-
weight robot as handcontroller. The multi-dof PO/PC
will be used to connect the handcontroller with different
haptic rendering algorithms. Acting as virtual coupling the
PO/PC should stabilize any haptic rendering algorithms.
The multi-def PO/PC will be used in complex virtual
environments as described in [3].

Also the combination of this approach with the intro-
duction of the reference energy behaviour in [14] will be a
research topic in the future. The reference encrgy will be
modified, such that the constraints decribed in this paper
will hoid.
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