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Stable Teleoperation With Time-Domain Passivity Control

Jee-Hwan Ryu, Dong-Soo Kwon, and Blake Hannaford

Abstract—A new bilateral control scheme is proposed to ensure stable
teleoperation under a wide variety of environments and operating speeds.
System stability is analyzed in terms of the time-domain definition of pas-
sivity. A previously proposed energy-based method is extended to a 2-port
network, and the issues in implementing the “passivity observer” and “pas-
sivity controller” to teleoperation systems are studied. The method is tested
with our two-degrees-of-freedom master/slave teleoperation system. Stable
teleoperation is achieved under conditions such as hard wall contact (stiff-
ness > 150 kN/m) and hard surface following.

Index Terms—Passivity controller, passivity observer, teleoperation
system, time-domain passivity.

I. INTRODUCTION

The goal of teleoperation system control is to achieve transparency
while maintaining stability (i.e., such that the system does not exhibit
vibration or divergent behavior), under any operating conditions and
for any environments. To this end, several bilateral control architectures
have thus far been developed [7], [11], [13], [22], [23], [27].

In designing the bilateral controller, a classic engineering tradeoff
between transparency and stability has been an important issue, since
transparency must often be reduced in order to guarantee stable oper-
ation in the wide range of environment impedances (for example, in
terms of stiffness of “free space” and “hard contact”). This has neces-
sitated investigating methods to increase transparency without intro-
ducing instability. Several previous studies have sought out theoretical
design methods for control parameters, based on linear circuit theory
[1], [12] or linear robust control theory [4], [18], [26].

However, the teleoperation systems of our interest are nonlinear, and
the dynamic properties of a human operator are always involved. These
factors make it difficult to analyze teleoperation systems in terms of
known parameters and linear control theory. To cope with the nonlin-
earity and uncertain parameters of the teleoperation system, several re-
searchers have used nonlinear control laws, such as adaptive control,
to design the bilateral controller [10], [17], [21], [29]. However, this
approach requires, at the very least, system dynamic equations, and the
system uncertainty should be captured with a few unknown parameters.
Generally, it is very difficult to obtain an exact dynamic model of the
teleoperation system. Furthermore, the dynamic structure of a teleop-
eration system is too complicated to capture with just a few parameters.
Thus, it becomes very complicated to apply this model-based approach
when the teleoperation system has high degrees of freedom (DOFs).

One promising approach is the use of the idea of passivity to guar-
antee stable operation without exact knowledge of model information.
Anderson and Spong [3] and Neimeyer and Slotine [20] have used
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passivity concepts for stable teleoperation when a time delay exists.
Yokokohji et al. [28] have introduced an energy-monitoring method to
satisfy passivity under time-varying communication delay. Lozano et
al. [19] also presented an idea to solve the time-varying delay problem
based on passivity. Lee and Li [15], [16] proposed a method to make
the teleoperation system passive using fictitious energy storage. Col-
gate and Schenkel [5] have used passivity to derive fixed-parameter
virtual coupling (i.e., haptic interface controllers). Anderson [2] has
implemented the passive module idea to teleoperation systems. How-
ever, the use of the passivity for designing teleoperation systems has
resulted in an overly conservative controller, since they have analyzed
system passivity in the frequency domain, which could not avoid fixed
damping design. Thus, in many cases, performance can be poor, since
a fixed damping value is derived for guaranteeing passivity under all
operating conditions. Recently, Hannaford and Ryu [8] have proposed
a new energy-based method for stable haptic interaction, and proved
and experimentally tested stability with minimal performance loss for
1-port haptic interaction.

This paper extends the time-domain passivity control approach to
apply to teleoperation systems. The design method is extended to the
2-port network, and implementation issues are investigated.

II. NETWORK MODEL AND STABILITY CONDITION

Fig. 1 shows a network model of a teleoperation system, where
v, and v. denote the velocities at the interacting points of the
human/master and environment/slave, respectively, and f, and f.
represent the force that the operator applies to the master manipulator
and the slave manipulator applies to the environment, respectively.

To investigate the stability of the teleoperation system, we analyze
the network model based on the idea of passivity. If individual blocks
of the network model are passive, the overall system is passive, and it is
sufficient to make the system stable [6]. If we assume that the operator
and the environment are passive, the teleoperator 2-port must be pas-
sive to meet the sufficient condition for stability [3], [27]. Generally,
the environments are passive, and based on Hogan’s experiment [9],
we can assume that the human operator can be modeled as a passive
network. Thus, we only need to make the teleoperator 2-port passive to
satisfy the stability of the teleoperation system.

We then use the following widely known definitions of passivity for
a multiport network.

Definition 1: An M -port network with initial energy storage F(0),
is passive, if and only if

/ (fi (T)vr ()4 -+ Ffu (T)var (7))dr+E(0) >0, ¥Vt >0
' (D

for admissible forces (fi,..., far) and velocities (v1,...,var). The
sign convention for all forces and velocities is defined to make their
product positive when power enters the system port [Fig. 2(b)]. The
system is also assumed to have initial stored energy at t = 0 of E(0).
Equation (1) states that the energy supplied to a passive network must
be greater than negative E(0) for all time [24], [25].

III. REVIEW OF THE TIME-DOMAIN PASSIVITY CONTROL

This section reviews the “passivity observer” (PO) and “passivity
controller” (PC) (Hannaford and Ryu 2001), which have been applied
to a 1-port network for application to haptic interfaces. For a 1-port net-
work [Fig. 2(a)] with zero initial energy storage, if we can measure the
conjugate variables (f and v), which define power flow into a system,
and the sampling rate is substantially faster than the dynamics of the
system so that the change in force and velocity with each sample is
small, we can easily instrument one or more blocks in the system with
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Fig. 1. 2-port network representation of teleoperation systems. System blocks

are (left to right) human operator, teleoperator, and environment.
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Fig. 4. Series configurations of PC for 2-port networks. ox; and o, are
adjustable damping elements at each port. Choice of configuration depends on
input/output causality of model underlying each port.

the following PO to measure energy flow into the 1-port network in
real time

Eopev (n) = AT > f (k) v (k) €
k=0

where AT is the sampling period. If Epsv (1) > 0 for every n, this
means the system stores and/or dissipates energy. If there is an instance
where Eopey (n) < 0, this means the system generates energy and the
amount of generated energy is —Eobsv (n). Note that it is generally
possible to consider that the initial energy of a network system is zero,
since we start the operation with no initial deflection and errors for
haptic and teleoperation systems.

Consider a 1-port system which may be active. Depending on oper-
ating conditions and the specifics of the 1-port element’s dynamics, the
PO may or may not be negative at a particular time. However, if it is
negative at any time, we know that the 1-port may then be contributing
to instability. Moreover, we know the amount of generated energy and
we can design a time-varying element to dissipate only the required
amount of energy. We call this element a PC [8].
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Fig. 5. Block diagram of a complete teleoperation system. System blocks are (left to right) human operator, hardware part of master, bilateral controller including
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IV. TIME-DOMAIN PASSIVITY CONTROL FOR 2-PORT NETWORKS

This section extends the PO and PC to a 2-port network for guaran-
teeing the stability of a teleoperation system by making the teleoperator
2-port passive. Similar to the 1-port case, the PO can be designed for a
2-port network (Fig. 3)

Eopev (n):ATZ( Fi (k) vr (k) + f2 (k) va (k)= AT-W (n). (3)

k=0

For designing PC, unlike a 1-port network, two points should be
considered:

1) add the PC at each port;

2) activate the PC at active port.

If only one PC is placed at either port (let us assume first port),
there might be some instance E,pnsy (7) < 0, even though vy = 0
(or fi = 0). In that case, the generated energy at the other port cannot
be dissipated, since the only PC at the first port cannot be activated
with the zero-input signal. Consequently, another PC should be placed
at the other port to dissipate the active energy output.

In addition, we have to consider how to activate the PC at each port to
make the 2-port network passive. Mathematically, there are two ways
to make the 2-port network passive (the total sum of energy is greater
than zero):

» make the produced energy less than the absorbed energy: activate
the PC at the active port to cut the active energy output;

» make the absorbed energy greater than the produced energy: acti-
vating the PC at the passive port to absorb more energy to satisfy
this mathematical condition.

However, increasing the absorbed energy to make the network pas-
sive is not reasonable in a physical sense. For example, if the PC is
placed between the 2-port network and an infinite energy source (such
as effort or flow source), and the PC increases the absorbed energy to
make the 2-port network passive, the total system energy may not be
bounded. Thus, it is more feasible to make the produced energy less (b) Slave manipulator
than the absorbed energy by activating the PC only at the active port.  gjg 7. (a) Two-DOF master manipulator. (b) Two-DOF slave manipulator for
Note that it is possible to know which port is active or passive by mon-  teleoperation.
itoring the conjugate signal pair of each port in real time, such as

Active, iff-v <0 Based on the above, for a 2-port network with impedence causality at

status of a port = { Passive, if f-v > 0. each port, we can design two series PCs (Fig. 4) in real time, as follows:
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1) v1 (n) = vz (n) and vs (n) = v4 (n) are inputs;
2) f2(n) and f5 (n) are the outputs of the system;,
3)

n—1

Wn) =" (fr (k)vi (k) + fa (k) va ()
k=0

+fo(n)ve(n) 4+ fs(n)wvs (n)

is the PO;
4) two series PCs can be designed for several cases, as shown in the
table at the bottom of the page;
5) fi(n) = fa(n) 4+ ai(n)va(n) = output;
6) fa(n) = fs(n)+ az(n)vs(n) = output;
where each case is as follows.

Case 1: W (n) > 0. Inthis case, energy does not flow out. There
is no need to activate any PC.

Win) <0, fa(n)vz(n) <0, fa(n)vs(n) > 0.In
this case, energy flows out from the left port. We need
to activate only the left PC.

Wi(n) <0, fa(n)va(n) >0, fs(n)wvs(n) < 0.In
this case, energy flows out from the right port. We need
to activate only the right PC.

Win) < 0, fa(n)vz(n) < 0, fa(n)vs(n) < 0.
In this case, energy flows out from both ports. To cor-
rect this active behavior, the PC must supply dissipa-
tion equal to —W (n). For a impedance causality, we
must allocate this damping among the 2-ports such that
a1 (n) vy (n)? + s (n) ve (n)? = -Ww (n).

We will give an example in which we prefer to allocate

damping to the left port and the remainder to the right,
but many other strategies are possible. The first case is
when the produced energy from the right port is greater
than the previously dissipated energy, as shown next.
W(n —1)4 f3(n)vs(n) < 0.In this case, we only
have to dissipate the net generation energy of the right
port as the fifth column in Case 4. The second case is
when the produced energy from the right port is less than
the previously dissipated energy.
W(n —1)+4 fs(n)wvs (n) > 0. In this case, we do not
need to activate the right port PC, and also reduce the
conservatism of the left port PC as the sixth column in
Case 4.

We can demonstrate that the system computed by Case 4 is passive
in the following:

Case 2:
Case 3:

Case 4:

Case 4.1:

Case 4.2:

n

D (fr(kyvi (k) + fa(k)va(k))

k=0

=Y falkyoa(k) + Y fa(k)s(k)
k=0 k=0
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n n n—1
=3 Flk)ua(k)+ > fskvsk) + > ar(k)va(k)?
k=0 k=0 k=0

n—1
+ Z s (k)vs (k) + a1 (n)va(n)® + aa(n)vs(n)?
k=0
=W (n) + a1(n)va(n)® + az(n)us(n)’. 5)

Using Case 4, we can make the 2-port network passive under all
conditions, Yy _, (f1 (k) vy (k) + fa (k) va (k)) > 0 Vn.

The case of admittance causality can be similarly derived with a par-
allel PC. When the PC design is extended for a multiport network, the
cases are increased by 2™, where V is the number of ports. However,
the basic design rule is not changed. The PC is attached at each port
of the network, and the PC is activated when the network becomes ac-
tive and energy is produced at this port. One thing to determine is how
to distribute the damping, considering the previous energy dissipation,
when energy flows out through more than one port. One of the possi-
bilities is distributing the damping proportional to velocity (or force) at
the port. We are currently studying the optimal damping distribution.
Note that the damping at the active port, at most, reduces forces to zero
(not negative).

V. IMPLEMENTATION ISSUES OF TELEOPERATION SYSTEMS

This section addresses how to implement the developed 2-port
PO/PC to teleoperation systems. There are two issues to be considered
for implementing PO/PC.

A. Location of the PO/PC

First, to determine the place to locate the PO/PC, it is necessary to
check the real-time availability of the conjugate signal pair at each port.
In addition to the real-time availability, the conjugate output (which de-
pends on causality) should be changed to a desired value in real time
for implementing the PC. Since our goal is making the teleoperator
2-port passive, it seems reasonable to place the PO/PC at the teleop-
erator 2-port. If the forces (f1, f.) and the velocities (v, ve) can be
measured in real time at both ports, it is usually possible to construct
the PO [(3)]. However, these signals cannot be modified in real time,
since these are responses of a physical interaction between human/en-
vironment and the teleoperator.

In this case, we can exclude some passive blocks while constructing
an accessible conjugate pair without ruining the overall passivity. Phys-
ically, energy is transmitted to a physical system through the place
where an actuator is placed, and the physical energy which is trans-
mitted through the actuator can be calculated with the conjugate pair
which defines power flow from the actuator, such as force output from
the actuator and the velocity at the actuating position. Based on this
fact, we can divide the teleoperator into three parts: the mechanical part
of the master manipulator; master/slave controller and communication
channel; and the mechanical part of the slave manipulator. Fig. 5 shows
a complete network model of a teleoperation system which is repre-
senting actual physical energy flows. The bilateral controller exchanges

+ i: o (kv (k)% + i: as(k)vs (k)2 (4) energy with the mechanical parts of the master/slave manipulator, and
i—o i—o ‘ this energy flow can be measured with the conjugate pairs (f., v, and
Case 1 2 3 4.1 4.2
—W (n) —fa(n)ve (n) —W (n)
vi(n 0 — 0 EEEERSLY R el AR
a1(m) vy (n)” ] vg (n)” vy (n)”
as(n) 0 0 —W (712) —(W(n—-1)+ f3(n)vs(n)) 0
vz (n) vz (n)
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Fig. 8.

fs,vs). fm and f, are actuator driving forces of the mechanical part of
the master and slave manipulators, and v,,, and v, are velocities at the
actuating place. The mechanical parts of the master and slave manipu-
lator can be excluded, since these do not make the teleoperator active
due to their inherent dissipative elements. Thus, it is sufficient to make
the bilateral controller passive for making the teleoperator passive. To
make the bilateral controller passive, the PO is designed as

Eopey (0)=AT " (fin (k) v (k) + fo (k) vs (k) = AT - W (n)

k=0

and placed at the bilateral controller 2-port. As we intended, the con-
jugate pairs (fm, v, and fs, vs) can be accessible in real time. Note
that the PC is not included in the current PO iteration (n), since the PC
is calculated based on the current PO value (refer to Case 3 of the PC
algorithm).

B. Type of the PC

To determine the type of the passivity controller, it is required to de-
termine the causality of each port of the bilateral controller. Usually
motors are used for the actuator of the master and the slave manipula-
tors, and motors have admittance causality and the bilateral controller
has impedance causality at both ports. The inputs of the bilateral con-
troller could be the velocity of the master (v, ) and the slave (v;), and
the outputs of the bilateral controller are control inputs of the master

Experimental results: Hard contact with high velocity (about 120 mm/s). PC is inactive (bottom trace) and system exhibits sustained contact oscillations.

(fm) and the slave (f) at each port. Thus, the series type is the suitable
configuration of the PC to absorb the energy output from the bilateral
controller. Fig. 6 shows the teleoperation system with the PC. Note that
the series PC appears to be connected in parallel, but this is an artifact
of switching to block-diagram notation for the connections between the
master/slave, PC, and the bilateral controller.

VI. EXPERIMENTAL RESULTS

Based on the above studies, the PO and PC are implemented in a tele-
operation system that has a two-DOF master [Fig. 7(a)] and a two-DOF
slave manipulator [Fig. 7(b)]. Master and slave manipulators have a
five-bar mechanism, and can display 2 Nm for each joint axis. Each
joint axis of the master and slave senses position in 1.6716e-4 rad
and 1.6519e-4 rad increments, respectively. As a high-stiffness envi-
ronment, a steel wall is placed parallel to the Y axis. This system is
entirely synchronous at 1000 Hz.

To experimentally study the PO/PC, we used a traditional bilateral
control system (position-force), in which a position command is sent
from master to slave and a force command is returned from slave to
master. The slave robot has a proportional-derivative (PD) control law
for end-effector position. In such an architecture, transparency is re-
duced by the damping supplied by the D term in the slave controller.
For these experiments, we increased transparency beyond the normal
limit, causing frequent unstable operation. Then the PC was added to
provide transient stabilization when needed.
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Fig. 9. Experimental results: hard contact with the same velocity as in Fig. 8 with series PC operating. Oscillation is suppressed by brief pulses of force from PC

(bottom trace).

A. Contact With High Stiffness

In the first experiment, without the PC, the operator maneuvered
the master to make the slave contact with the hard wall (approximately
over 150 kN/m) with a relatively high velocity of about 120 mm/s.
This resulted in an oscillation observable as force and position pulses
[Fig. 8(a) and (b)]. The value of the PO was initially positive, but
became increasingly negative with each contact [Fig. 8(c)]. Note
that the initial bounce was passive, but from the second bounce, the
system became active. Only X -directional signals are plotted, since
the main interaction occurs on the X axis. The energy in Fig. 8(c)
(and the following figures with suffix “c”’) means net supplied energy
to the bilateral controller and the PC, and this energy equals to the
sum of the value of the PO and the dissipation amount of the PC
(E(,lm, (n) + a1 (n) v, (71)2 + az (n) vy (71)2) .

In the next experiment, with the PC turned on, the operator ap-
proached the contact point at the same velocity [Fig. 9(a)], but stable

contact was achieved with about seven bounces [Fig. 9(b)]. Again,
the first bounce behaved passively, but subsequent smaller bounces
were active [Fig. 9(c)]. On the second bounce, the PC at the master
port began to operate [Fig. 9(d)], and eliminated the oscillation by
modifying the master control force [Fig. 9(b)]. On the other hand, the
PC at the slave port only operated on the second bounce [Fig. 9(d)].
Note that, even though the PC changes the master control force, the
human can feel smoother force since the PC only operates very briefly
at the end of contact, the PC changes the force with exactly that
amount necessary to guarantee stability, and the force is filtered and
transmitted to the human operator through the master mechanism.

B. Behavior During Low Velocity

In this subsection, we studied the behavior of the PC during low
velocity. In this experiment, without the PC, the operator maneuvered
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Fig. 10. Experimental results: hard surface following after slow contact. PC is inactive (bottom trace) and system exhibits sustained oscillations during the

following.

the master to make the slave contact the hard wall at about 30 mm/s,
and followed a slanted wall in the Y direction. Since the operator
approached contact with relatively low velocity, stable contact and
surface following is achieved before + = 1.5 s. However, after
t = 1.5 s, the contact became unstable, resulting in an increasing
oscillation [Fig. 10(a) and (b)]; the value of the PO remained positive
before t = 1.5 s, but became increasingly negative with each contact.

In the next experiment, with the PC turned on, the operator maneu-
vered the teleoperator in the same way, but a stable surface following
[Fig. 11(a) and (b)] was achieved. The small force bounces before
t = 1.7 s can be seen to behave passively, but the following small
force bounces were active. After ¢ = 1.7 s, the PC at the master and
slave port began to operate [Fig. 11(d)], and eliminated the oscillation
by modifying the transmitted force to the operator [Fig. 11(b)].

We also tested the system in contact with soft, sponge material. As
expected, contact was stable in both cases. However, the value of the PO
crossed to negative values for some very brief intervals (100-200 ms).
Note that, although many applications of teleoperation involve hard
contact, surgery application often involves contact with soft materials.

VII. CONCLUSIONS AND FUTURE WORK

In this paper, the PO/PC was extended from one to two ports to en-
sure stable operation of the teleoperation system under a wide variety of

operating conditions. A general method for implementing the time-do-
main passivity-control scheme to teleoperation systems is proposed.
Any existing teleoperation system, having arbitrary bilateral control ar-
chitecture, can be stabilized with several additional lines of controller
code. Design options exist for how to distribute energy dissipation for
the case where energy is produced by two ports.

Since, to maintain stability, the PC only degrades performance
(through the added damping of the PC) when it is needed, and only in
the small amount needed, the performance can be maximized based
on the guaranteed stability. Note that the proposed controller is not
a method to increase performance (transparency), but a method to
preserve performance while guaranteeing stability of a high perfor-
mance system by adding the PO/PC to a conventional bilateral control
scheme. The PC is expected to be very useful in teleoperation, since a
known model or parameter estimation are not required.

There are several areas of future work that need to be pursued. The
first issue is the identification of an external dissipation amount, and
subsequently using it for the design of the PO/PC. In teleoperation sys-
tems, we need to estimate, in real time, the dissipation amount of the
human/environment and master/slave mechanism that may allow the
PC to operate with a different threshold, and thus, give even less con-
servatism.

In addition to the threshold problems, a method to apply the PO/PC
to teleoperation systems with communication time delay must also be
resolved. Due to the time delay, it is difficult to monitor the energy flow
in and out of the bilateral controller in real-time software.
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Experimental results: hard surface following with the same way as Fig. 10. Oscillation is suppressed with the series PC (bottom trace).
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