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Abstract

A four-channel data transmission structure has been
suggested in the literature to achieve “transparency” for
master-slave teleoperator systems under position control.
In this paper, the result is generalized to include teleop-
erator systems that are under rate control or more gen-

Contact information is helpful to the operator in reduc-
ing contact forces, and therefore reducing damage to the
manipulated object. It also helps an operator in probing an
uncertain environment, and reduces task completion time
[6]. Although this information can be provided by a vi-
sual display, the haptic channel is faster and more natural

eral master-slave kinematic correspondence laws, such as When multiaxial operation is involved. When the contact

a mixed position/rate mode. A one degree-of-freedom ex-
ample is given to outline the design and analysis of such
a system for transparency and stability.

1 Introduction

From its early use in the remote manipulation of ra-
dioactive materials, the meaning of teleoperation has ex-
panded to include manipulation at a different scale and in
virtual worlds [1, 2, 3]. Teleoperation systems have the
potential to play an important role in future remote or haz-

force is reflected via the master actuator to the operator’s
hand, the teleoperator system is said to be bilateral or
force-reflecting.

Two fundamental requirements on bilateral teleoperator
systems are stability and transparency. The need for
stability is obvious. By “transparency”, it is meant that
the master should feel to the operator as if the task were
being manipulated directly. Appropriate meanings for
“transparency” have been pursued in [7]. In general, the
requirement has been that the position/force responses of

ardous operations such as space and undersea exploratiorihe teleoperator master and slave be identical. Clearly,

and servicing, forestry and mining, as well as in delicate
operations such as microsurgery and microassembly.
Most of the early teleoperation system designs had
kinematically similar master and slave because of the
simplicity of the required controller. Corresponding joint

this definition only applies to those teleoperator systems
in which the slaves are controlled to follow the motion of
the masters faithfully. In many applications, the position
mapping between the master and slave needs to be scaled
either down or up, or rate control needs to be used,

servos between the master and the slave were tied together®SPecially if the master has a limited workspace. For

through electrical means. As a result, only position control

in which the position of the master is interpreted as a

position command to the slave could be used. Later, multi-
degree-of-freedom joysticks were used as input devices
to command the slave manipulators [4]. Joysticks can
be used universally, take little space by comparison to
kinematically equivalent masters, and are less tiresome to
use. Rate control, in which the position of the master

is interpreted as a velocity command to the slave, can
be used to position the slave in resolved-motion mode.
Conventional resolved-motion position control can also be
implemented over a limited motion range. For example,

the space shuttle remote manipulator system is provided
with both position and rate control modes [5].

such situations, transparency is better quantified in terms
of the match between the mechanical impedance of the
environment encountered by the slave and the mechanical
impedance transmitted to or “felt” by the operator at the
master [8], [9].

Lawrence has analyzed the position-controlled bi-
lateral teleoperators in [9], showing that none of the
conventional control “architectures” (position-position,
position-force, etc.) leads to transparency as defined by
impedance matching between the environment and trans-
mitted impedance. Instead, a “four-channel” architecture
using the sensed master and slave forces and positions
is required. Trade-offs between teleoperator transparency
and stability robustness have also been examined in [9].



In this paper, the formalism from [9] is used to
show that perfect transparency, defined as matched By, hii(L+ hooZ.) — horhi2Z.

i g i i i == (2.4)
environment-transmitted impedance, can be achieved by v, 1+ hont,

teleoperator systems that are not necessarily controlled 1,5 we have the following necessary and sufficient con-
in position mode. In particular, systems that operate in gition for transparency [11]:

we can express the impedance “felt” by the operator as
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rate control mode (the slave velocity tracks the master
position), a combination of rate and position mode, or a
general frequency weighted master-slave kinematic cor-
respondence law, can still transmit an impedance to the

master that perfectly matches the environment impedance
The paper is structured as

encountered by the slave.
follows: Section 2 reviews the network equivalent repre-
sentation of teleoperators, Section 3 reviews the formalism

presented in [9], Section 4 describes the design and anal-

ysis of a transparent four-channel architecture for position
control, Section 5 gives conditions for transparency in rate
mode or other kinematic correspondence modes and Sec
tion 6 presents some simulation results. Finally, Section
7 draws conclusions and suggests future work.

2 Network Representation of
Teleoperator Systems

In network theory, am-port is characterized by the
relationship between effortf (force, voltage) and flow,
v (velocity, current). For a linear time-invariant (LTI)
lumped one port network, this relationship is specified by
its impedanceZ(s), according to

2.1)

whereF'(s) andV (s) are the Laplace transforms ¢fand
v respectively. An LTI lumped two-port network can be
represented by its hybrid matrix which is defined as
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A suggested network representation of a master and
slave telemanipulation system is a two-port connected

= = (2.2)

between two one-ports, the operator and the environment

[10, 11], as shown in Figure 1.
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of teleoperator system
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(2.3)

hip =hyy =0
h12h21 =-1
3 General Teleoperator Structure

In a conventional position control teleoperator system,
either the contact force or the slave position is fed back
to the master to provide force reflection. The first is
called direct force feedback method, and the second is
called coordinating force method. From the network point
of view, there are no specific reasons for not using the
position and force information bilaterally. Such a “four-
“channel” communication scheme gives more freedom to
achieve the hybrid matrix desired for transparency. The
formalism presented in the earlier work by Lawrence [9]
is adopted here. A block diagram of a general teleoperator
structure is shown in Figure 2. We can see the position-
position and position-force structures are two special cases
of this general structure.

(2.5)

Task

Slave

Communication
Channel

Master

* Operator

Fig. 2 General teleoperator
structure: After Lawrence, 1992

Motivated by [12], the models for the master and
slave dynamics are approximated by simple masses. The
symbols in Figure 2 are defined as follows:

L = M, s
Com = B + K /s
Zs = Mgs

3.6
C,=B,+K,/s (3.6)

75 = the impedance of the operator's hand
7., = the impedance of the environment



where M,,, and M, are the masses of the master and the
slave respectively(;,, andC are the transfer functions
of the local controllers, and} and F; are exogenous
forces, hand and environment, respectively.

The transmitted impedance felt by the operator can be
derived in terms of the block transfer functions as

[(Zm + Co)(Zs + Cs) + C1Chl + Ze(Zm + O + C102)

Z
' (Zs + Cs — C304) + Ze(1 — C5Cn)

(3.7
with the difference ofZ; and 7. being interpreted as a
measure of transparency.
Stability of the closed-loop system can be checked by
applying the Nyquist criterion to its loop gains. Assuming
the task is just a passive impedance, the block diagram

of the general teleoperator system can be reorganized as

shown in Figure 3.
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Fig. 3 Closed-loop stability analysis

4 Transparency Under Position Control

For position control, it can be easily shown from (3.7)
that a fully transparent teleoperator system, i.e.,

7y = 7, for any 7, (4.8)
can be achieved if we set

Cy =272, +C;

€= (4.9)

Cy3=1

Co=—(Zp +C)

Although not mentioned in [9], it is interesting to note
that the end point impedance of the system viewed from
the slave side equals:

Fe

Zend = _Ve

Zh (4.10)
which is the impedance of the human hand. In robotics
control, the goal of impedance control of a manipula-
tor is to create a desired impedance at its end-effector.
However, in practice, it is not very clear what the best
impedance for the manipulator to contact its tasks is. Ex-
perience shows that human hands offer adjustable imped-
ances, which makes them ideal for manipulating almost

any object without encountering stability problems. Thus,
from the impedance control point of view, the above fully
transparent teleoperator structure provides a way to re-
construct the human impedance at the manipulator end-
effector.

From

Fh - Fe = (Zm +Cm)(‘/h - ‘/«D)

4.11
Fh_Fe:(Zs'i'Cs)(Ve_Vh) ) ( )

the position error dynamics can be formed as
$(Zp +Com + Zs + Cs) (2, —2.) =0 (4.12)

wherez;, andz, are the positions of the master and slave
respectively. With?,,,, Z,, C,,, andC as defined in (3.6),
the slave tracks the master position asymptotically.

However, the above teleoperator control strategy re-
quires acceleration measurement in order to implement
Cy and C4. Furthermore, it needs accurate knowledge
of the mass of master and slave in order to completely
compensate for their dynamics. This makes it difficult to
implement in practice. On the other hand, complete trans-
parency might not be desirable since an infinitely stiff and
weightless mechanical bar would drift around if it is not
connected to a load and an operator. As suggested in [13],
a small centering force is desirable to “fix” the master and
slave system to prevent drifting. This, in fact, can be in-
terpreted as an intervenient impedance [7]. Consequently,
a small force is always needed to move the telemanipula-
tor even without payload. As we shall see, the addition of
intervenient impedance makes it unnecessary to measure
accelerations.

With low-gain PD Control, the master and slave sub-
systems become

Zm = Mms + Bmc + I{mc/s

4.13
Zs :M95+Bsc+[(sc/5 ( )
and set the block transfer function as
Cl == Cs
04 = _Cm

If we have identical master and slave subsystem, that is
Zm = Zg, the transmitted impedance becomes

2y = Z + Z. (4.15)

Thus the operator indeed feels the object’s impedance and
an intervenient impedance, as expected. The end point
impedance of the system viewed from the slave side equals

Fe
Zend =——= Zm, +Zh g

m (4.16)



which is the impedance of the human hand plus an inter- where¢ is a transfer function, the transmitted impedance

venient impedance. is
Since Zi =L + 2, (5.22)
Fh—F. = Zy Vi + Co (Vi — V2) @17 and the tele_operat(_)r system is transparent.
Fo—F. = 2.V, + C(V. = Vh) | . The hybrid matrix of the master-slave system can be
computed as
in the case of identical master and slave, that,js= Z,, /A
the position error dynamics can be formed as H= [_l 0] (5.23)
(€]
$(Zpy + Co + C)(zp, —2.) =0 (4.18) The transfer function between the master and slave veloc-
ities can be derived as
thus the slave tracks the master’s position asymptotically. v, 1
The stability can be checked starting from the inner Vi -G (5.24)

loop with characteristic equation
P d We see that the transfer functign defines the kinematic

(Zs + Cs + Con )(Z1, + Zn) correspondence between the master and the slave.

(Zm + Cm + Zn)(Z, + C5) =0 (419 Stability can be checked as before, using the loop

) _ _ transfer functions. Witt?,,, = 7, we have the following
thus the inner loop is stable. For the outer loop, if we ~naracteristic equations

assume the master and slave subsystems are identical

LG1+1I

7 = 7., then 1G 41 Em )24 G+ Cn) g o0
_ h + m + e m + m + s)
Mt s A 27+ Ot C) 1G4 1= Gm HCn + CI+ Zn + Z0) _
(4.20) (Zm + Zn)(Zs + Cs + Cn) (5.26)

therefore the outer loop is stable. )
Therefore, if the operator's hand can be modeled as a

However, the above stability analysis is based on the . .
. . constant mass, spring and damper system, the inner and
assumption that the master subsystem is exactly the same
outer loops are stable.

as the slave subsystem, and the force feedback and feed- ) -
It is clear the transparent position control structure pre-

forward is accurate. Depending on the hand and environ- 1ol _
ment impedances, [12] reports that errors of only 5% in viously addressed is just a special case where the transfer
function GG is set to be unity. Position scale down or up

the force feed forward could drive the system unstable. - - ] '
can be achieved easily by usirig = & wherek is the

In addition, time delays are always a destabilizing factor ; i

in the system. The robust implementation of the above scale factor. Other type of kinematic correspondence be-

scheme needs further study. tween the master and slave can be realized by setting the
proper transfer functiorZ under the condition that the

5 Transparency Under General system is stable. We give the following as an example in
Master-Slave Kinematic Correspondence which a transparent rate control can be achieved.
. _ A perfect rate control of teleoperator system requires
The position-force structure does not provide trans- that
parency, nor does the rate-force structure. As discussed E 1 (5.27)
before, for position control, the bilateral communication Vi, K,s )

of force information is important to achieve transparency. where , is a scale factor. Based on previous results, in

Here we extend the previous result to include a more qrder to achieve transparency with perfect rate control, an
general kinematic correspondence between the master andimproper transfer function must be implemented since

slave. We assume identical master and slave throughout.

If we select the control laws Cy =G =Kys (5.28)

C, Instead, a first order filter can be used to achieve rate
G =— control with reasonable accuracy, that i

G y, that is
Cy =G K,s

5.21 = v .
o1 (5.21) i (5.29)
PTG

where 7" is a small time constant which sets the useful
Ca==GCp frequency range.



6 Simulation Results
Dynamic simulations using Simulitk were carried

out to test the response of the transparent teleoperator |
system addressed above. As an example, we assume the
operator's hand to be a constant mass, spring and damper

system which has impedance:

2000
Zy =055+ 704+ —— . (6.30)
S

Both the master and slave are assumed to be the University

of British Columbia (UBC) magnetically levitated wrists
[14] which , under nominal controllers, have impedances

I =72, =0.625+0.1 (6.31)
The local controllers”,,, andC, are chosen as
0.1
C,=C, =10+ - - (6.32)

The first set of simulations were used to test the free 7

motion behavior of the position control system with

G=1 (6.33)
and the rate control system with
S
“= 100 (6.34)

The operator’'s hand forcé; is a square wave for both
cases. Plots of the time domain responses are shown
in Figure 4. Figure 5 illustrates cases similar to the

previous ones, except that a soft environment impedance 7

was connected to the slave, given by

2
Z =105+ 100+ 22 . (6.35)
S

2
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Fig. 4 Transparent teleoperation: slave
in free motion. (a) and (b): position
control; (c) and (d): rate control.
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Fig. 5 Transparent teleoperation: slave in
contact of soft environment. (a) and (b):
position control; (c) and (d): rate control.
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Fig. 6 Transparent teleoperation: slave is in free
motion for the first 1 second, and then makes
hard contact for the last 3 seconds. (a) and (b):
position control; (c) and (d): rate control.

The third simulation was performed to show the hard
contact behavior of position and rate control, shown in
Figure 6. The slave is in free motion for the first second,



then makes hard contact for the last 3 seconds. The stiffer [2]
task impedance has the following value:

2
Z, = 1000s + 10000 + 00000

(6.36)
(3]

These results clearly demonstrate excellent position
(for position control) and rate (for rate control) tracking
capacity of the proposed transparent teleoperator system. [41
In both cases, the position response of the master is
simply a second order mass, spring and damper system 5
as expected. [6]

7 Conclusions

The performance of a teleoperator system can be
greatly improved by feeding the operator applied force to
the slave. With four-channel data transmission, the task
impedance can be faithfully reconstructed at the slave
side to make the system transparent. The kinematic cor- [8]
respondence between the master and slave could be more
general other than a simple position to position corre-
spondence. In addition, if impedance scaling is desired, 9]
a local force feedback at the slave side can be used. As
two special cases, the design and analysis are given in
this paper to achieve teleoperation transparency for both [10]
position and rate control.

However, the transparency/stability robustness trade-
offs have not yet been treated here. Neither has the effect [11]
of time delay in the system been considered. These issues
still need investigation.

[7]

[12]
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