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Abstract— 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 interaction
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 transparency properties are improved with respect to
those of the standard passivity-enforcing algorithm in the time-
domain.

I. INTRODUCTION

Bilateral telemanipulation systems reflect force informa-
tion 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 com-
ponents, e.g. the user and environment impedance. A major
research topic is therefore how to optimize transparency, [1],
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 [2]. As the environment
can be assumed to be passive and humans can interact very
well with passive systems [3], 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 fre-
quency domain (FD), based on Linear Time Invariant
(LTI models of the system, e.g. [1], [4]-[6]

2) Approaches that implement non-linear control struc-
tures that enforce passivity of the bilateral controller
in the time domain (TD), e.g. [7]-[10]
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Naturally, each approach has its benefits and drawbacks,
making it more or less suited to deal with specific problems.
For instance, the FD approaches result in linear controllers of
which the stability and transparency properties are easier to
compute. Whereas the TD 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 [8], of which the passivity-properties
can not necessarily be analyzed in the FD.

In this paper we want to show that both approaches can be
complimentary to a large extent when considering LTI sys-
tems. In the FD 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 TD alleviates this
restriction as it guarantees stability and allows a restricted set
of operating conditions to be taken into account in the FD
design phase. In reverse the combination with a FD design
phase allows to better quantify the transparency properties of
the TD algorithm as it will provide insight in the operating
conditions that activate the TD 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 II. The concept of
passivity will be discussed in Section III and also recent work
on FD and TD passivity-based approaches will be discussed.
Section IV describes the desired complimentary effect of
the two passivity-based approaches of Section III. Section V
introduces the extensions to the TD passivity-based approach
needed to establish that complimentary effect. An example
in which the FD and TD approaches are combined will be
discussed in Section VI. In Section VII, trade-offs between
transparency and stability that persist are indicated. The
paper concludes in Section VIII.

II. 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) = ]\/[mq.m(t) + qu.m(t)
Fe(t) + Fy(t) MGs(t) + Bsds(t) (D

where F' and ¢ represent forces and positions, respectively.
The subscripts h, m, s, and e indicate the human operator,
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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 as-
sumed (no time delay and losses). This choice is made
as the FD 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) = )\Fe(t)
Fo(t) = Kp(pgm(t) — qs(t)) — Kuqs(t) 2

where K, K, are the parameters of the position controller
at the slave side and p, A the scaling factors applied to the
position and force commands.

III. 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 [2]:

/ t —Ft)"q(t)dt > —E(0), 3)
0

where F'(t) and ¢(t) are the forces and velocities at the inter-
action points, respectively. E(0) is the energy initially stored
in the system and assumed to be zero. The telemanipulation
system is a two-port system so (3) can be written as:

/t Fu(6)" g (1) + Fe(t)" g5 (t)dt > 0. (4)
0

where the sign change is due to the use of Fj(t) and F,(t)
according to (1). If a system is non-passive it is said to
generate “virtual” energy and this energy can potentially
destabilize the system.

A. Frequency Domain Passivity-Based Design

Passivity of a two-port LTI-system can be checked in the
FD using Raisbeck’s passivity criterion [11]. 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 II Willaert et al. [6] proof
that it can never comply with Raisbeck’s passivity criterion.
Consequently, two-port passivity of telemanipulation systems
is not very useful as a design tool in the FD 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. [4]-[6], 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 related to the interaction be-
tween the telemanipulation system and the user/environment,
e.g. control parameters, device impedances, time-variant
impedances of the user/environment. A set of operating con-
ditions, e.g. the range of impedances of the environment, can

be composed of all operating conditions that can/will occur.
The FD approaches discussed below analyze the passivity
of part of the telemanipulation 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 [12], 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. [6] calculated that the system of Section II is absolute
stable if the hardware and control parameters comply with
the following two conditions:

< _4Bm
A= BTK,
Bpn(B, + K,)
A —m\=s ' “rv) 5
pA = MK, ©)

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 Absolute
Stability approach still considers an infinite range for the
impedance of the human operator as well as for the envi-
ronment. 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. [4], [6], [13]

The Bounded Environment Passivity approach [6] can be
used to compute control parameters for which the one-port
system composed of the telemanipulation system and envi-
ronment 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 II, the following
bounds [6] can be derived for environments characterizable
as a pure spring model by considering the maximum stiff-
ness, K", of the environment:

BY™ = min\/2(K, + K7%) My, 2+/K, M,]

. ) : K . 32
0S(BstKy)<SBY™ = pA< BoBe i) (14 s — (et

e

B (Kp+ KT0T)2
ms @R R (0)

4B
HAS (B T1y)

(Bo+Ky)>BU™ and KM9 <K, =

(Bs+K,)>B"™ and K"**>K, =

where the ratio between the viscous friction B, + K, in
the slave system and B'"™ and the ratio between K, and
K['** are used to select a boundary condition for pA. As
detailed by Willaert et al. [6], comparing (6) with (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
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encountered, the system is not guaranteed to be passive, e.g.
when interacting with stiffnesses higher than the assumed
K'%*, and is thus potentially unstable.

B. Time Domain Passivity Control

A different approach to ensure passivity of a telemanipula-
tion 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. [10] and
extended/different implementations have been proposed to
extend the application of this approach by e.g. Artigas et al.
[7] and Franken et al. [8].

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 (velocity input, force output causal-
ity). For this class of systems, the energy exchange between
the bilateral control algorithm and the master and slave
devices can be exactly computed as [14]:

AHI(k) = _Fa(k)Aqa(k) (7N
where AH (k) is the energy exchanged between the control
algorithm and the physical device during sample period k,
F, (k) is the force applied by the actuators during the sample
period, and Ag, (k) is the measured change in position of the
actuators.

The energy balance, H, which is then enforced is imple-
mented as

n
H=> AHp,(k)+ AH (k) >0 (8)

k=1
where AHj,, (k) and AH (k) are the exchanged amounts
of energy at the master and slave side during sample period
k, respectively. (8) is a discrete version of (3) with the
interaction points chosen as the actuators of the master and

slave device. Enforcing (8) guarantees (4).

IV. COMPLIMENTARITY

The aim of each of the two approaches discussed in the
previous section is complimentary 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 transparency 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 al-
gorithm as long as the operating conditions of the system are
within the considered set in the FD design phase. However,
when the operating conditions are outside that considered set,
the TDPC algorithm should enforce passivity and therefore

Passive behavior enforced
by TDPC

Passive behavior guaranteed
by frequency domain design

max
K]

Stiffness of the environment

—>
Fig. 1. Desired combination of Bounded Environment Passivity and Time
Domain Passivity Control

guarantee stability although the bilateral controller itself is
potentially unstable according to the FD-analysis.

This allows optimization of the bilateral controller for a
specific set of desired operating 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 FD. This
can impose severe restrictions on the allowable parameter
settings 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 FD-analysis can be performed.

An example of this desired complimentarity of the two
approaches is sketched in Fig. 1. Up to stiffness K'**
passivity of the telemanipulation system is guaranteed by
the design of the controller in the FD. For contact stiffnesses
higher than K["** the telemanipulation system as designed
in the FD is potentially unstable, but passivity of the system
is enforced by the non-linear TDPC algorithm.

V. TIME DOMAIN PASSIVITY CONTROL EXTENSION

The complimentary effect described in the previous section
is not possible with the standard TDPC algorithm. An
immediate difference between the approaches of Sections
III-A and III-B is that in the FD 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 FD differ
from those between which passivity is enforced in the TD,
Fig. 2. (8) is a more restrictive condition than (4) which
means that (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 balance which is monitored by the
TDPC algorithm could be adapted to correspond with (4) as

> AHp (k) + AHpe(k) > 0 ©)
k=1
where AHj;, and AHj, are the energies exchanged between

the user and the master device and between the slave device
and the environment, respectively. However, this energy
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i TDPC accordingto (8) |
'

Bilateral

User Master Device Controller

Slave Device Environment

Fig. 2. Schematic overview of energy exchange: Standard TDPC
algorithms neglect the device dynamics, whereas these are taken into
account in the design phase in the frequency domain.

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 FD design phase the passivity of the system is
checked when interacting with each considered environment
independently. In the TD 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 interac-
tion can influence the performance of the TDPC algorithm.

The passivity condition of (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 (9).
When the system starts to interact with an environment for
which the FD-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 (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 VI.

Fig. 3 shows the value for three types of energy balances
for a sinusoidal motion with the slave device moving in free
space. Fig. 3 shows that the standard TDPC algorithm, based
on (8), will be activated even with the slave device moving
in free space. However, for a TDPC algorithm based on (9)
indeed a build up of energy will occur, which is undesirable
with respect to the guaranteed stability of the system. In
the 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 FD-analysis. The value of this
adapted energy balance is also depicted in Fig. 3.

A first extension of the TDPC algorithm was proposed
by Franken et al. [15] 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.

A. 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 FD design phase.

“[—No dynamic compensation
—— Partial dynamic compensation
- Full dynamic compensation

H()

) 5 10 15

Fig. 3. Three energy balances :;Ee(tsile same system moving in free
space: without dynamic compensation (8), with full compensation of the
device dynamics (9), and the energy exchange at the motors with partial
compensation of the device dynamics.

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
energy balance of (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 II 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 (7) is seperated from the energy
exchange between the master and slave device and the slave

device and environment as

AHpp (k) = AHpp (k) — AH g (k) — AH gy (k)
AHp (k) = AH (k) — AHgco(k) — AHpy(k)  (10)

where AHgp,(k) and AHgs(k) indicate the change in
kinetic co-energy of the master and slave device, respectively.
AHp, (k) and AHps(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, AHk (k), can be
computed as:

Hi(k) =
AHg(k) =

1. . 9
§M(I(k)

Hic (k) — Hy(k — 1) (11)

where Hg (k) is the kinetic co-energy of the system at
sample instant k. With the assumption of constant velocity
during the sample period, the energy dissipated by viscous
friction, AHR(k), becomes

_ BAg(k)?
AT
where AT indicates the duration of the sample period. (12)
is a conservative estimate of the physically dissipated energy
as can be shown using the Cauchy-Schwarz inequality [15].
It should be noted that although this process improves
performance (transparent behavior 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

AHRg(k) (12)
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generated.

B. Energy Build-up

Fig. 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 com-
pensate for the dissipated energy to prevent a build-up. For
the compensation algorithm the circumstances need to be
identified under which the dissipated 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 AHgs(k) and only include
AHpgy, (k) when H(k) < 0.
2) Compensate AHpgg (k) and AHg,, (k) only when
H(k) <0.
where H(k) is the value of the energy balance, and
AHpy(k), and AHps(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.

C. 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 puA in (6) and (5).

When motion and/or force scaling is included in the design
of the bilateral controller, the ideal behavior of (1) can be
expressed as

(1)
—AF,(t)

Gs(t)

Fu(t) = 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 (13) of the
two-port system becomes

ty

/ AF (i (t) + pF(Oim(dt =0 (14)
t=0

This shows that unless ;4 = A 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

TABLE I
PARAMETER VALUES OF PHYSICAL SETUP

Parameter | Value Parameter | Value
M,, 0.64 kg My 0.61 kg
B, 34 Ns/m By 11 Ns/m
K, 4000 N/m || K, 80 Ns/m

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 (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
[16]. That storage function is a transformed energy balance
that takes the scaling into account (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

ty \
| Bt + 2E@d0d =0 a9
t=0 K
Naturally this energy balance needs to be adjusted for
the build up effect as described earlier. Secchi et al. [17]
have similarly applied scaling to haptic interfaces and in a
scattering-based telemanipulation algorithm.

VI. EXAMPLE

In the previous section we have discussed three required
extensions to the TDPC algorithm in order to establish
complimentarity with the design of the bilateral controller in
the FD. To demonstrate the increase of performance of the
combined approach several simulations have been performed
using the program 20-sim [18].

The system model of Section II is used with the parameters
listed in Table I, which are based on the setup described in
[6]. The environment consists of a material characterized by
a simple spring model with stiffnesses K. located at position
¢w = —0.2m. The user is modeled as a spring-damper
controller with parameters K, = 20N/m and K,, = 4Ns/m
with as set-point a sinusoidal motion with an amplitude of
0.4m and frequency of 0.16H z.

The modulated damper is implemented as:

Fpas(k) = —d(k)gm (k)

—aH(k) if Hk) <0
0 otherwise

(16)

k) =

where Fjqs, d(k), and « are the additional force applied
to the user to restore passivity, the value of the modulated
damper, and « is a tuning parameter for the rate at which
the additional required energy is extracted from the user,
respectively. a 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 1kH z.

Suppose that based on the task and the particular envi-
ronment the maximum stiffness that we wish to accurately
reflect is 500N /m. In that case, using the device parameters
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Fig. 4. Position-Force control without TDPC: Stable interaction is not
guaranteed with all environments.
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Fig. 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.

in Table I and (6), a maximum value holds of uA = 0.38.
We select ¢ = 0.75 and A = 0.5 for good transparency
of the telemanipulation system for stiffnesses up to K, =
500N/m. However, assume that the hardest contact in the
environment has a stiffness of 2000N/m. Based on the
Bounded Environment Passivity approach a maximum value
of uA = 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 simula-
tion during the first contact phase the environment stiffness
is K. = 450N/m and during the second contact phase the
stiffness is K. = 2000N/m. Each plot shows the positions
of the master and slave device, the force applied to the
user F,, by the controller and the interaction force at the
environment side F,. For clarity the level of the monitored
energy balance, H, and the force exerted by the modulated
damper of the TDPC, F'pas, are also plotted separately.

Fig. 4 shows the response of the system when only the
designed P-F controller is implemented. The plot demon-
strates that for stiffnesses above K" 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, the bilateral controller

Ke = 2000N/m |— Master
! ! ——Slave

Position (m)

Forces (N)

Time(s)
Fig. 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.

K. = 450N/m K, = 2000N /m | Master
| | | 1 |~ —Slave
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c 0.2 ' !
S ] !
3 0 ! |
£ -02 S ‘\1 ‘
_ 157 i i :% i —Fm
Z10r i i i i ——Fe
g s I T
5 0 = !
e 90 T ‘o
5 | |
0.05 0 '
' |

-

-6

H()
o T 2, 1
m % I

=)
-
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Time(s)
Fig. 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.

is combined with the standard TDPC algorithm of Section
III-B. Fig. 5 shows that the contact stability is improved for
K. > K]'*, the slave does not bounce on the surface of
the material. However, 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 FD
design phase. This unnecessary additional damping limits the
transparency of the telemanipulation system.

In the third simulation the extended TDPC algorithm is
used. Fig. 6 shows the system response when the dissipated
energy in both the master and slave device is continuously
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 ¢ ~ 10s), but remains positive.

Fig. 7 finally shows the response of the system with
the extended TDPC algorithm as proposed in Section V.
As no movements can be initiated from the environment,
the dissipated energy in the slave device is continuously
compensated, see Section V-B. The dissipated energy in
the master device is only used when the energy balance
is negative. Comparing Fig. 7 with Fig. 4 shows that also
with the extended TDPC algorithm the contact stability is
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guaranteed for environments with K. > K7"**. Comparing
Fig. 7 with Fig. 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 contact
phase, where K. < K['**. This indicates an increase in
the transparency of the telemanipulation system when the
extended TDPC algorithm is used.

VII. DISCUSSION

In the previous section simulation results were presented
that show that a better complimentarity between the design
of the bilateral controller in the FD and an extended TDPC
algorithm can be achieved. However, a perfect complimen-
tarity cannot be established. This is visible in Fig. 6. Even
though K, < K***, the extended TDPC algorithm is active,
albeit very lightly.

An important cause for the TDPC algorithm to be activated
before the theoretical boundary of K[, 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 FD-analysis and TD-implementation. In the FD,
a continuous time model of the controller is used, whereas
this controller is actually implemented in discrete-time. It
is well known that a continuous-time passive model can
become non-passive when discretized [19]. However, this
effect, given a high enough sample frequency, will only be
a minor cause with the used bilateral controller.

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 FD design method that analyzes passive be-
havior of both interaction ports, e.g. extending the Bounded
Environment Passivity approach with a Bounded Operator
approach [6], a similar approach using a different analysis
method was proposed by Haddadi et al. [4].

Time-delays in the communication channel have not been
considered in this paper. Physical, varying time-delays can-
not be taken into account in the FD and even constant time-
delays turn any LTI-model into an infinite-dimensional sys-
tem. 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. [7],
[8]. The transparency properties of the system will be lower
compared to the no-delay situation, but stable interaction will
still be guaranteed.

VIII. 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 FD and the

enforcing of passive behavior in the TD by means of a
TDPC algorithm. Several required extensions to the TDPC
algorithm were the 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 TDPC algorithm can
be minimized for the set of operating conditions that were
considered in the FD 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 com-
plimentary effect in physical experiments.
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