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Abstract: This paper describes a new method for the
control of force-feedback teleoperation in the presence of
communication time-delay. The proposed scheme sat-
isfies better than current approaches the two conflicting
requirements of robust system stability and good opera-
tor perception. The paper first summarizes two of the
main approaches for stable and transparent force feed-
back teleoperation, and then proposes a simple lead-leg
scheme for teleoperation control. This scheme ensures
stability in the presence of communication time delay
without affecting position and force feedback to the op-
erator. We analyse this approach by computing trans-
mission matriz and system stability, and we show sys-
tem performance by computer simulation.

1 Introduction and Past Work

Force reflection is the feature of teleoperation sys-
tems that allows operators to feel the dynamic interac-
tion between the remote slave robot and its surround-
ing environment by means of a local master device. In
force reflection teleoperation systems, the main control
loop is closed through the operator, who acts as the
system controller, and whose dynamics affects the per-
formance of the complete system. When the operator
is far away from the slave robot data communication
between the master device and the slave robot adds
a delay to the control loop affecting the stability and
perception in forcefeedback teleoperation. Time delay
causes the reduction of stability margins and the pos-
sible insurgence of instability. Furthermore, time delay
implicitly reduces the operator perception of a remote
environment because control schemes used to compen-
sate time delay slow down the operator’s motion and
change the perceived properties of the remote environ-
ment.

Compensation methods for time delay can be di-
vided approximately in three main groups: predic-
tive displays, teleprogramming and direct compensa-
tion. Predictive, graphic and/or haptic, displays rely
on some knowledge of the manipulator and of the re-
mote environment to display in real time the expected
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response of the remote robot [4], but contact with the
environment may be difficult to control because of un-
known surface properties. To overcome this problem,
the approach proposed in [6] continuously updates the
remote site model using feedback data. The approach
works well when the environment can be modeled accu-
rately, as in [13], but may requires command backtrack-
ing to retrace the operator actions in case of errors.

Direct compensation of communication time delay
has been proposed by a number of authors, most no-
tably [2] and [10]. In [1] the authors use passivity the-
ory to develop a control scheme that guarantees stabil-
ity for all time delays. In [2] this approach is extended
to show the asymptotic stability of the teleoperator.
However, in [3] the authors point out that stability is
guaranteed at the expenses of reducing system perfor-
mance, requiring higher levels of operator’s force. In [§]
a new algorithm is proposed in which force and veloc-
ities can be freely scaled, thus overcoming some of the
earlier limitations of the passivity approach. In [11]
the authors use the concept of wave variable to ensure
passivity, and therefore stability, to a teleoperation ar-
chitecture in the presence of time delay. In [12] the
wave variable approach is extended to the case of vari-
able time delay showing that the proposed architecture
is stable under all time delay conditions. In [5] an archi-
tecture based on lead-lag filters is proposed to stabilize
a teleoperator when high force gain or long time delays
are required.

Similarly, teleoperation performance analysis has
been the subject of extensive research. In [15] the au-
thors give a definition of distance from the ideal tele-
operation performance, using a linear approximation
of the teleoperation system based on two-port models
[7]. In [14] the new architecture is analyzed and its
stability is verified. In [16] the ideal system response is
defined and a new architecture satisfying the definition
is proposed. In [9] the general definition of transparent
system is proposed as an extension of the impedance
concept.

In spite of the emphasis given to stability and per-



ception, these two research areas have been mostly ad-
dressed independently of each other. In particular, the
architecture presented in [1] is robust to all time delays,
but perception of remote environment degrades rapidly
with increasing communication time delay. Similarly,
the transparent architecture described in [14] not ro-
bust to the presence of transmission time delay. This
paper presents a simple control scheme that achieves a
compromise between the above two needs by compen-
sating communication time delay with a filter satistying
stability and transparency constraints.

The paper is organized as follows. Section 2 reviews
the passivity approach for stable teleoperation control.
Section 3 reviews the theory and definitions of trans-
parent teleoperation. Section 4 shows the limitations
of the approaches presented in Section 2 and Section 3.
In Section 5 we introduce the control scheme satisfying
stability and perception requirements, and in Section 6
we show a few significant simulation results. Finally
Section 7 concludes the paper.

2 Stable Time Delay Teleoperation

A teleoperation system can be modeled with a linear
approximation consisting of a series of two-port circuits
each representing one of the elements in the system, as
shown in Figure 1. Each two-port circuit has a math-
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Figure 1: Two-port representation of a teleoperator.
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ematical representation derived from electrical circuit
theory using flow variables, i.e. velocities and currents,
and effort variables, i.e. forces and voltages. The rela-
tions among input and output variables in a two-port
circuit can be written using hybrid matrices as:

{ Fy = hyvi + hasFs

—vs = ha1v1 + haaFh

where hy; represents the impedance of the free slave;
hy9 is the force gain between master and slave when the
master is blocked (v; = 0); hsy represents the velocity
gain when the slave can move freely; has is the slave
admittance when the master is blocked (v; = 0). The
model can be simplified by reducing the teleoperator to
a single two-port circuit and by representing operator
and environment by two impedances Z; and Zs.

The presence of a time delay between controller and
process due to the communication channel may make
the complete system unstable. To overcome this prob-
lem, Anderson and Spong [2, 1] developed a control

(1)
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architecture based on passivity theory, representing a
teleoperation system with the following set of equa-
tions:

Mupbm = Ep+my (2)
Moy, = —-F.+71, (3)
The control law used in [1] is as follows:
Tm —Bmvy — Fna (4)
Ts = —DBgpu,+ F;— afFe (5)
where F; is the coordination torque given by:
F, =K, /(vsd — vg)dt + By (vsg — vs) (6)

Using scattering theory, in [2] the authors show that the
proposed configuration is passive, and therefore stable,
for all time delays. Furthermore, the teleoperator is
also lossless. The transmission line is lossless for any
value of the time delay T. When T = 0 the control
law yields Fp,q(1T) = Fy(t) and vsg = vpm. Since the
control law requires the sum of forces and velocities,
a scaling factor is introduced in the equations, thus
yielding is [1]:

Fy(t = T) + n®(—vealt — T) + v (£)) (7)
vmlt—T) + n—ﬂ(—Fs(z) + Foalt = TYR)

Fna (t}

Usd (t)

3 Transparent Teleoperation

The two-port circuits master, slave and Line of Fig-
ure 1 can be grouped into a single element that can be

modeled by:

Lol ][] -

where v; is the velocity commanded by the operator,
I is the force reflected to the operator, vs is the slave
velocity and F5 is the force applied by the slave to the
environment, and the matrix elements are:
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Using these relations, Strassberg, Goldenberg and
Millsgive the following definitions of transparency [14]:

1. Slave velocity depends only on master’s velocity,
times a scaling factor a: vs = awy

2. Force reflection to the operator depends only on
slave’s force times a scaling factor §: Iy = S8F)



From these considerations, one can define a ideal hybrid
matriz as:

18 g%
H= [ a 0 ] (11)
For «« = # = I it becomes:
0 I
H = [ I 0 ] (12)

It must be noted that the sign of this matrix is op-
posite to the one defined in [1], and the two matrices
are related by:

1 0
0 -1 ]HSLrassberg,G’oidenberg,MﬁlIs
(13)
To implement the ideal transparency, in [14] the au-
thors propose an architecture that measures the oper-
ator force and the force applied by the robot to the
environment with sensors. This architecture satisfies
the transparency condition by using the force error
Ferror = Fiyn — GgFayp as a velocity command for the
master v, = GaFerror, and by using the master’s ve-
locity as a command for the slave ve. = Gs1m. The

resulting hybrid matrix is:

HAndersan,Spﬂﬂg = [

G;l Gs

B=1 66, —(@yG0) T

(14)

It approximates the ideal matrix if Gy, G+ and G5 are
high enough and G;'Gs = Gg = I.

4 Limitations of Current Architectures

The transfer matrix of the element connecting mas-
ter and slave in the architecture described in Section2
tanh (s7')

This matrix is different from the ideal matrix when
T # 0, whereas for T = 0 we have:

N

apart from the different signs due to two-port repre-
sentation. Thus, this architecture is only transparent
when T' = 0, and it is not transparent when T > 0. To
show this more clearly, one can consider that the ef-
fect of v; on £} depends on the value of the parameter
K = n? In particular by computing F; with Fy = 0
we have:

sech(sT)

tanh (sT) o)

0
-1

1

0 (16)

| Kuy(1— e2T)
- 1+ e—2sT

showing that K determines the apparent viscosity per-
ceived by the operator and the stability margin of the

3 (17)
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system. Therefore, when time delay increases, K must
follow to keep stability, and this increases master’s ap-
parent viscosity.

The stability of the architecture [14] implementing
the ideal hybrid matrix, is analyzed by including time
delay T, represented by e=*7 term, in the transfer func-
tion of the communication line. The resulting transfer
matrix is:

o= G;l GGE_ST _ 0 e—sT
T GG T (GaG)TYIT | T e T 0
(18)

Applying Anderson and Spong convention for two-port
circuits, we can transform it into

which represents a non-passive two-port circuit since
its scattering operator is ||.5]| — oo.

From this brief discussion, it follows that Anderson
and Spong model, stable for all time delays, is increas-
ingly non-transparent as time delay increases. Simi-
larly, Strassberg, Goldenberg and Mills architecture,
implementing the ideal hybrid matrix for a teleoper-
ation system, is unstable for any time delay. In the
following Section we will present a simple control that
satisfies both stability and transparency within a useful
frequency range.

e—sT
0

0
76_

(19)

H:|: sT

5 Stable, Transparent Time-delay Tele-
operation

To solve the problem of simultaneous stability and
transparency, we use the two-port model and compen-
sate the potential instability of the communication line
with two additional elements, as shown in Figure 3. If
we represent the two-port elements 4, Line and B with
the following matrices:

a b

ao= (o)) (20)
O e—sT
HL:ine — ( "‘C_ST 0 ) (21)
_ f g

He (h k (22)
o— o L o— 0

A Line B
o—| o - O0— -

Figure 3: Two-port series with the Line element.
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Figure 2: Complete block diagram of the teleoperation system.

the resulting series of the three elements is:

_f hun hia
Heg = ( ho1  has ) (23)
where:

_ _ bcfeﬁ’r .
hll = a 1+fde—23'1' 24)
—sT _ _bdfge”*™

1+ fde—2s4

—aT

(
hia = bge (25)
ha1 = Ty (26)
(

T T fdem =T

dghe™*T

h‘_‘.i! = k— T+fde—2°T

By assigning proper values to the coefficients of A and
B, the resulting matrix Hey can be made passive and
transparent. The design conditions are:

hin=0

hizs =m

hoy =1

s (28)
Re(hiz) 2 0

2Re(hizhzr) = ||highar|| + Re(hizhay)

This system does not have a unique solution, but by
adding the following constraints:

a= 1, b=m (29)

c= LBl oG-t (30)
14 =27

f= L, 9= — =7 (31)

he 1 Be=i (32)

the matrix of the equivalent two-port model becomes:
0 m
Ha=( % ) 33)
m
This matrix is equal to the ideal hybrid matrix, except
for the sign, due to the different velocity convention.

Furthermore, the three-element series, A—Line—B,
does not modify its input when communication time
delay changes. in fact, the norm of the scattering op-
erator of H,, is:

s = (3 0] (2% m)=(

RIEE=]
o 3
o U

(34)
whose eigenvalues are:
sup(A¥(S” (jw)S (jw))) = 1 (35)
Further simplifications lead to the final form of the ma-
trix: -
e[S e

Unfortunately, the control scheme implementing this
matrix is not realizable, and in the next Section we
will introduce a suitable approximation.

5.1 Feasibility of the proposed controller

The proposed controller contains exponential terms
e*T which would imply a forward time shift and there-
fore cannot be physically realizable. However, within
a limited bandwidth lead filters provide an acceptable
approximation to the desired transfer function. The
typical transfer function of a lead filter is:

1+aTs

Gl =Bl i

(37)
with @ > 1. This transfer function induces a positive
phase change in the input signal and therefore it com-
pensates the negative phase change due to time delay.

To select the upper frequency limit for the filter,
we consider the perception limit of human operators
and fix the cutoff frequency of the filter at 300 Hz.
Obviously this limit will affect the quality with which
remote environments are displayed to the operator. We



plan to study the implications of this design choice in
the continuation of this research.

The delay T is represented by a Padé approximation
of the third order. The complete model of the teleoper-
ation system with the compensator implemented by a
lead filter is shown in Figure 2. The root locus for this
architecture is shown in Figure 4, showing system sta-
bility characteristics. The lead filter increases the sta-
bility margin by an order of magnitude with respect to
the case without filter. Stability of the lead filter com-
pensation is satisfactory, whereas trasnparency is only
guaranteed within the chosen frequency range. Un-
certainty in parameters and time delay estimation are
compensated by the good stability margins provided
by this control scheme.

6 Simulation Results

To verify system performance, we simulate an im-
pact of the slave robot with a rigid obstacle, in the
presence of a time delay of T = 150 ms. In the simu-
lations, we assume that the operator intends to move
the master to Tqser = 15 rad. The remote environ-
ment is characterized by a rigid obstacle positioned at
Tstave = 10 rad. The overall length of the simulation
is 60 s. Figure 5 shows the oscillations due the impact
with the obstacle, but master position follows quite
accurately the slave’s. At about ¢ = 5 s there is an
inflexion point due to the decrease of the slave’s speed,
as shown more clearly in 6. Figure 7 shows force pro-
files at slave and master sides. Master force is reflected
from the remote site, whereas slave force depends on
the position error between master and slave. The in-
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Figure 4: Root locus with lead flter, free slave and
100 ms delay.

flexion point in the position plot corresponds to the
insurgence of force at the slave side.

7 Conclusion

The paper presents a simple control architecture
which guarantees stability and accurate response in a
force feedback teleoperation system, in the presence of
communication time delay. This research is motivated
by the observation that two leading methods for time
delay compensation and transparent teleoperation do
not satisfy each other’s criteria. Thus the need for the
compromise solution presented in this paper. The pro-
posed control scheme relies on the addition of lead com-
pensators to the teleoperation system, thus increasing
the stability margin without affecting the mechanical
impedance perceived by the operator. The analytical
derivation of this model is presented together with sta-
bility analysis of the control scheme and computation
of its transparency properties. Simulation results verify
the analytical derivation and show the effectiveness of
the proposed approach. We are currently in the process
of performing experimental validation of this method,
and to extend it to teleoperation via Internet.
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