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Abstract

The possibility of operating in remote environments by means of telecontrolled systems has always been considered of
relevant interest in robotics. For this reason, in the literature a number of different control schemes has been proposed for
telemanipulation systems, based on several criteria such as passivity, compliance, predictive or adaptive control, etc. In each
scheme, major concerns have been on one hand thestability, which may constitute a problem especially in presence of time
delays in the communication channel, and on the other the so-calledtransparencyof the overall system. This article aims
to compare and evaluate the main features and properties of some of the most common control schemes proposed in the
literature, firstly presenting the criteria adopted for the comparative study and then illustrating and discussing the results of
the comparison. Moreover, some general criteria will be presented for the selection of the control parameters considering
that, due to time delay, a tradeoff between stability and performances has to be made in the selection of these parameters.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the last decades, different teleoperation sys-
tems have been developed to allow human operators
to execute tasks in remote or hazardous environments,
with a variety of applications ranging from space to
underwater, nuclear plants, and so on. For this reason,
several control schemes have been proposed in the lit-
erature for dealing with the specific problems arising
in this area of robotics. In general, main goal of these
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telemanipulation systems is to execute a task in a
remote environment, i.e. via the presence of a master
and a slave manipulator and regardless the presence
of time delay in the transmission channel between the
two manipulators. Besides the obvious requirements
of stability, a major concern has always been the
so-calledtransparencyof the teleoperation scheme,
i.e. the achievement of the ideal situation of direct
action of the operator on the remote environment, see
e.g. [1,2,5,7,11,12,14,17,22].

The control schemes proposed in the literature are
based on a number of different techniques, ranging
from passivity, compliance, predictive or adaptive
control, variable structure, and so on. Every scheme
has different aspects that should be considered when
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designing a telemanipulation system, since the choice
of the control algorithm may lead to rather different
performances.

This paper, after a review of the main concepts
and definitions typical of a telemanipulation system,
presents a comparative study of different control
techniques known in the literature. In particular, the
considered schemes are force reflection; position
error; shared compliance control; passivity based
force reflection; intrinsically passive controller; four
channels architecture; adaptive motion/force control;
sliding-mode controller; predictive control and pas-
sivity based predictive control, see [3,6,8–10,13,16,
19,20,23] for a detailed presentation. These control
schemes have been chosen since they represent a
wide range of techniques, and therefore cover a wide
variety of the telemanipulation controllers presented
in the literature. Therefore, the proposed compari-
son offers a general overview of the main features
and problems connected with the choice of control
schemes for telemanipulation.

The criteria considered in this paper for the
comparative study of the control schemes concern
both stability and performances, [11]. In particular,
performances are considered by analyzing the inertia
perceived by the operator, the tracking properties, the
correct perception of a structured environment and the
position drift between the master and slave manipula-
tors. Moreover, the choice of the control parameters in
each scheme is discussed with respect to these criteria,
suggesting a general method for their definition based
on a tradeoff between stability and performance.

The paper is organized as follows. Section 2 reports
the definitions and the descriptions of the considered
telemanipulation schemes, the master and slave ma-
nipulators, the different control systems, and of the

Fig. 1. A teleoperation control scheme.

information transmitted in the communication chan-
nel. Section 3 presents the criteria used to compare
the considered control schemes, and Section 4 reports
the results. In Section 5, comments and comparisons
of the control structures are given and, finally, Section
6 reports some final remarks.

2. Definitions

In this section, a description is given of a master/
slave telemanipulation system and of its most relevant
features useful for the following analysis. Moreover,
the control schemes considered for the comparative
study are briefly summarized.

A telemanipulation system may be generically des-
cribed by means of the block scheme shown in Fig. 1,
where the main components and the main variables of
relevance for the following considerations are shown.

In particular, the interaction with the human opera-
tor on one side and with the environment on the
other, the dynamics and the controllers of the master
and slave manipulators, and the communication
channel characterized by a transmission delayT are
schematically illustrated; these are the main compo-
nents of a telemanipulation systems. In general, the
exchanged variables among the blocks in Fig. 1 are
position/velocity and force, and each of these blocks
can be considered as a two-port dynamic system with
a power exchange with the others.

2.1. Dynamics of the master and
slave manipulators

The main goal of this paper is to compare in
a “standard” situation different control schemes in
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order to highlight their peculiar features. For this
reason, a simple dynamic model for the master and
slave systems has been considered. In particular, both
the master and slave manipulators are one degree-of-
freedom devices, their dynamics is considered lin-
ear (e.g. linearized with a proper local controller)
and identical systems at both sides have been taken
into account. Obviously, these are rather strong as-
sumptions on the dynamics of the master and slave
systems, that in general are multi-degrees-of-freedom
systems, with different dimensions and dynamic
properties. However, as already pointed out, the aim
here is to compare the controllers in a clear and
simple situation. Finally, a constant transmission
delayT in the communication channel is considered.
The dynamics of the manipulators can be described
by

Fm = (Mms
2 + Bms)xm,

Fs = (Mss
2 + Bss)xs,

(1)

whereMi and Bi are the manipulator’s inertia and
damping coefficients, whileFi and xi are the force
and the displacement (i = m, s indicates the master,
m, or slave, s, manipulator). For the sake of simplic-
ity, equal values for master and slave inertias and
dampers have been considered, i.e.Mm = Ms and
Bm = Bs have been assumed.

The forcesFm and Fs applied to the manipula-
tors depend both on the interaction with the operator/
environment and on the control action. In general,
these forces can be defined as

Fm = Fh − Fmc, Fs = Fe + Fsc, (2)

whereFh, Fe are the forces imposed by the human
operator and by the environment, respectively, while
Fmc, Fsc are the forces computed by the control
algorithms.

2.2. Force reflection (FR)

In the force reflection scheme, position information
is transmitted from master to slave and force infor-
mation flows in the opposite direction, see [6]. The
control equations are

Fmc = GcFsd, Fsc = Kc(xmd − xs), (3)

whereGc,Kc are proper control parameters. Subscript
d indicates a delayed variable related to the infor-
mation transmitted between the two sides

xmd = e−sTxm, Fsd = e−sTFsc, (4)

where e−sT represents the delayT on the transmission
channel.

2.3. Position error (PE)

In the position errorscheme, the forces applied to
the manipulators depend on the position difference
(error) between them. Moreover, in this scheme only
position information is exchanged in the transmission
channel from master to slave and vice versa [9]. The
control equations are

Fmc = GcKc(xm − xsd),

Fsc = Kc(xmd − xs),
(5)

whereGc,Kc are control parameters. The information
transmitted between the two sides is

xmd = e−sTxm, xsd = e−sTxs.

2.4. Shared compliance control (SCC)

In this scheme, a “compliance” term is inserted in
the slave controller in order to properly modify the
desired displacement received from the master side
accordingly to the interaction with the environment
[10]. The control equations become

Fmc = GcFsd,

Fsc = Kc(xmd − xs +Gf (s)Fe),
(6)

whereGc, Kc are control parameters andGf (s) =
Kf /(1 + τs) represents the transfer function of a
low-pass filter with parametersKf , τ . As in the FR
scheme, the information transmitted between the two
sides is

xmd = e−sTxm, Fsd = e−sTFsc.

2.5. Force reflection with passivity (FRP)

The FR scheme described by (3) can be modified
by a damping injection term in order to guarantee
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Fig. 2. Conceptual scheme of the master IPC: energy is exchanged through port 1 and port 2 with the robot (left) and the transmission
channel (right).

passivity, see e.g. [14]. The control equations become

Fmc = GcFsd + Bivm,

Fsc = Kc

(
vmd − Fsc/Bi

s
− xs

)
,

wherevm = sxm represents the velocity of the master
andKc, Gc, Bi are parameters of the control system.
The transmitted variables are

vmd = e−sTvm, Fsd = e−sTFsc.

2.6. Intrinsically passive controller (IPC)

This control scheme is based on passivity concepts
and in some implementations can be interpreted in
terms of passive physical components such as masses,
dampers and springs, see [3,19,20] for details. One of
these possible forms is the following

Fmc − Fmi = (Mmcs
2 + Bmcs)xmc,

Fmc = Kmc(xm − xmc),

Fmi = (Kmi + Bmis)
(
xmc − vmi

s

)
,

Fsi − Fsc = (Mscs
2 + Bscs)xsc,

Fsc = Ksc(xsc − xs),

Fsi = (Ksi + Bsis)
(vsi

s
− xsc

)
,

(7)

whereMmc, Bmc, Kmc, Kmi, Bmi, Msc, Bsc, Ksc,
Ksi, Bsi are parameters;xmc, xsc are the positions
of the virtual masses implemented in the controllers;
Fmi, vmi, Fsi, vsi are forces and velocities exchanged
between master and slave. A physical interpretation
of the control law (7) is shown in Fig. 2, at least for
the master manipulator.

Fig. 3. Scattering transformation at master and slave side.

In order to guarantee passivity, such forces and
velocities are transformed inscattering (or wave)
variables:

S+
m = Fmi + Bivmi√

2Bi
, S−

m = Fmi − Bivmi√
2Bi

,

S+
s = Fsi + Bivsi√

2Bi
, S−

s = Fsi − Bivsi√
2Bi

,

(8)

whereBi represents the impedance of the channel. As
transmitted variables are concerned, one obtains

S+
s = e−sTS+

m, S−
m = e−sTS−

s .

Then, by taking into account the causality require-
ments on the IPC and on the transmission line, one
can rewrite (8) to put in evidence the input and output
variables in the following manner:

S+
m =

√
2

Bi
Fmi − S−

m, vmi = Fmi

Bi
−
√

2

Bi
S−

m,

S−
s =

√
2

Bi
Fsi − S+

s , vsi = −Fsi

Bi
+
√

2

Bi
S+

s .

(9)

This definition of input/output variables for the scat-
tering transformation is shown in Fig. 3.

2.7. Four channels (4C)

This is a generic telemanipulation control scheme
in which both velocity and force information are
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exchanged between master and slave, see [11]. The
control is defined as

Fmc = −C6Fh + Cmvm + Fsd + vsd,

Fsc = C5Fe − Csvs + Fmd + vmd,
(10)

wherevm = sxm, vs = sxs are velocities;C5, C6 are
feedforward andCm, Cs feedback control parameters.
As concerns the transmitted information, one obtains
four different channels

vmd = C1 e−sTvm, Fmd = C3 e−sTFm,

Fsd = C2 e−sTFs, vsd = C4 e−sTvs,
(11)

whereC1, C2, C3, C4 are parameters.
In order to simplify the control scheme, one can

reduce the number of parameters by setting

C1=Mss+Bs+Cs, C4= − (Mms+Bm + Cm),

C5 = C3 − 1, C6 = C2 − 1,
(12)

where some of the parameters are defined as dynamic
systems in order to achieve perfect transparency, see
[8] for further details.

2.8. Adaptive motion/force control (AMFC)

This control scheme has been proposed in [23].
Each manipulator has its local adaptive position/force
controller and position/force tracking command are
exchanged in the communication channel between
master and slave. The controllers are defined as

Fmc = − AC

s + CGm(s)Fh

+
(
Cm(s)+ Λ

s
Gm(s)

)
vm − Fsd − vsd,

Fsc = AC

s + CGs(s)Fe

−
(
Cs(s)+ Λ

s
Gs(s)

)
vs + Fmd + vmd,

(13)

whereA, C, Λ are constant parameters;Gi(s) =
M̂is + B̂i + Ki + Ki1/s, Ci(s) = Ki + Ki1/s, with
i = m, s, are the feedforward and feedback controllers
(Ki , Ki1 are PI feedback gains).̂Mi , B̂i are the es-
timated values of the mass and damping parameters
of the manipulators (computed on-line). As concerns

the transmitted information there are four different
channels

vmd = C(s +Λ)
s(s + C) Gs(s)e

−sTvm,

Fmd = AC

s + CGs(s)e
−sTFh,

Fsd = AC

s + CGm(s)e
−sTFe,

vsd = C(s +Λ)
s(s + C) Gm(s)e

−sTvs.

2.9. Sliding-mode controller (SMC)

Sliding-mode control has been successfully applied
to telemanipulation schemes. It offers robustness
against uncertainties and, moreover, it can be used to
deal with time delay.

In [16], a SMC is defined at the slave side in order to
achieve a perfect tracking in finite time of the delayed
master position, while an impedance controller is used
at the master. The corresponding equations are

Fmc = Fh−Bmvm + Mm

Mc
(Bcvm+Kcxm − Fh − Fed),

Fsc = −Fe+Bsvs−Ms

Mc
(Bcvmd+Kcxmd−Fhd − Fedd)

−Msλė −Kg sat

(
S

Φ

)
,

whereMc, Bc, andKc are the impedance controller
parameters;λ andKg are the SMC parameters;e =
xs − xmd is the position error computed at the slave;
S = ė + λe is the sliding surface to be reached in
finite time; sat(·) represents the saturation function
and, finally, subscript d indicates delayed transmitted
variables. Four variables are sent from master to slave,
and one variable(Fe) is sent back in the opposite
direction on the communication channel

xmd = e−sTxm, vmd = e−sTvm,

Fhd = e−sTFh, Fedd = e−sTFed,

Fed = e−sTFe.

2.10. Predictive control (PC)

In the control methods described above, information
from the slave side is used as feedback to the master,
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but no a priori knowledge about the slave dynamics
is required in the design of the master controller. On
the other hand, it is possible to considers explicitly the
remote dynamics into the local controller in order to
predict the slave behaviour, see [14,17]. The following
algorithm for telemanipulation systems, in particular
is based on the well known Smith predictor scheme
[4,18].

Smith predictor is used at the master side in order
to anticipate computation of the delayed informa-
tion from the slave, whereas a simple PD controller
is implemented at the slave. This telemanipulation
scheme is very similar to the FR one, being the force
reflected at the master computed by means of both
the predictor and the force feedback from the slave.
The controllers are

Fmc = Gc

[
(Mss

2 + Bss)(Bcs +Kc)

Mss2 + (Bs + Bc)s +Kc
(1 − e−2sT)xm

+Fsd

]
,

Fsc = (Bcs +Kc)(xmd − xs).

(14)

The prediction term is evident in the first expression
(master control law).Gc, Bc andKc are control para-
meters. The transmitted information is the same as in
the FR scheme

xmd = e−sTxm, Fsd = e−sTFsc.

2.11. Predictive control with passivity (PCP)

Recently, a prediction method combined with wave
variables has been presented in the literature [13].
This method enhances the performances with a Smith
predictor and, at the same time, maintains passivity by
combining prediction and scattering variables.

Let Fmc, vm, Fsc, vsr be forces and velocities
exchanged between master and slave. In order to
guarantee passivity, these forces and velocities are
transformed inwave variables

Um = Fmc + Bivm√
2Bi

, Vm = Fmc − Bivm√
2Bi

,

Us = Fsc + Bivsr√
2Bi

, Vs = Fsc − Bivsr√
2Bi

,

whereBi represents the impedance of the channel.
Note that this transformation is the same as in (8). As
transmitted variables are concerned, one obtains

Us = e−sTUm, Va = e−sTVs,

where the signalVs from the slave becomes the input
Va of the Smith predictor at the master that computes
the wave variableVm as

Vm = Regulator[Gp(s)(1 − e−2sT)Um + Va ], (15)

Gp(s) = Vs/Us represents the transfer function of the
entire slave side,1 i.e. the slave manipulator, the PD
controller, and the wave transformation; theRegulator,
see [13] for details, is inserted in order to guarantee
passivity, in particular that the energy associated with
the returning waveVm is always not greater than the
energy associated with the outgoing waveUm.

The PD controller implemented at the slave is

Fsc = (Bcs +Kc)

(
vsr − vs

s

)
, (16)

whereBc andKc are parameters.

3. Comparison criteria

The telemanipulation control schemes reported in
Section 2 can be analyzed from different points of
view. In particular, five different aspects have been
considered for their comparison:

1. Stabilityof the telemanipulation scheme as a func-
tion of the time delayT .

2. Inertia and dampingperceived at the master side
by the human operator when no force is exerted on
the slave manipulator((xm/Fh)|−1

Fe=0).
3. Trackingat the slave side of the master manipulator

displacements during movements without interac-
tion (((xm − xs)/Fh)|Fe=0).

4. Stiffnessperceived at the master by the operator in
case of interaction with a structured environment
at the slave((xm/Fh)|−1

Fe=−(Bes+Ke)xs
).

1 The transfer function of the slave manipulator with the asso-
ciated PD controller isGs(s) = Fsc/vsr = ((Mss + Bs)(Bcs +
Kc))/(Mss

2 + (Bs +Bc)s +Kc) that, considering the wave trans-
formation, leads toGp(s) = Vs/Us = (Gs(s)−Bi)/(Gs(s)+Bi).
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5. Drift of position between master and slave in
case of interaction at the slave side(((xm − xs)/

Fh)|Fe=−(Bes+Ke)xs).

The ideal telemanipulator should be stable for any
value of T , present an inertia as low as possible
(∼= 0), achieve zero tracking error, display the same
stiffness at the master side as the one perceived in
the interaction at the slave side, present no position
drift.

4. Results

In this section, the results obtained considering the
above criteria for the different control schemes are
summarized.

4.1. Stability

As stability is concerned, one can enumerate two
distinct cases:

1. IS: Intrinsically stableschemes, i.e. schemes for
which stability is guaranteed independently of the
time delayT and of the choice of the parameters.

2. PS: Possibly stableschemes, i.e. schemes that are
stable for any time delayT for some choices of the
controller’s parameters, or stable forT � Tmax,
being Tmax dependent on the choice of para-
meters.

Table 1 shows the results concerning the stability
of the above control schemes. In particular, notice that
the scheme 4C is usually of PS type, but, by choos-
ing some of the control parameters as in (12), IS is
achieved with respect to the remaining parameters.
More details and explanations about stability of the
different telemanipulation schemes are given in the
following section. For a more detailed discussion con-
cerning the stability of some of the telemanipulation
schemes, see e.g. [5,12].

Table 1
Summary of the stability analysis

FR PE SCC FRP IPC 4C AMFC SMC PC PCP

IS • • •
PS • • • • • • •

4.2. Inertia and damping

The inertia and damping perceived by the operator
at the master side, when no interaction is present at
the slave side, can be evaluated with the following
transfer function:

G1(s) ≡
(
xm

Fh

∣∣∣∣
Fe=0

)−1

. (17)

One can rewrite (17) as

G1(s) = Meqs
2 + Beqs +G∗

1(s), (18)

where Meq, Beq represent the equivalent inertia
and damping perceived at the master andG∗

1(s)

contains negligible terms at low frequencies, i.e.
terms of the third-order and above, and satisfies
lims→0G

∗
1(s)/s

2 = 0.
Table 2 reports the expressions of the inertiaMeq

and dampingBeq “perceived” for the different con-
trol schemes. Note that, in the SMC scheme, also
a stiffness perception appears in the functionG1(s),
i.e. a constant termKc is present in (18) due to the
impedance controller.

4.3. Tracking

When no interaction is present, tracking at the slave
side of the movement imposed at the master side can
be measured by the following transfer function

G2(s) ≡ xm − xs

Fh

∣∣∣∣
Fe=0

.

In this case, one can put in evidence a main constant
term δ, that represents the steady-state error between
the master and slave positions as a consequence of a
unit step inFh:

G2(s) = δG∗
2(s),

whereG∗
2(s) satisfies lims→0G

∗
2(s) = 1.



56 P. Arcara, C. Melchiorri / Robotics and Autonomous Systems 38 (2002) 49–64

Table 2
Perceived inertia and damping

Scheme Inertia(Meq) Damping(Beq)

FR (1 +Gc)Mm −GcBm

(
Bm

Kc
+ 2T

)
(1 +Gc)Bm

PE 2(Mm − BmT −KcT
2)− B2

m

Kc
2(Bm +KcT )

SCC (1 +Gc)Mm −GcBm

(
Bm

Kc
+ 2T

)
(1 +Gc)Bm

FRP

(
1 + GcB

2
i

(Bm + Bi)2
)
Mm − 2GcBiBmT

Bm + Bi − GcB
2
i B

2
m

(Bm + Bi)2Kc
Bm + Bi + GcBiBm

Bm + Bi

IPC 2(Mm +Mmc)+ BiT − (Bm + Bmc)
2T

Bi
+ · · ·

−2B2
mc(2Kmi +Kmc)+ 2Bm(Kmi +Kmc)(Bm + 2Bmc)

KmiKmc

2(Bm + Bmc)

4C
2T (Bm + Cm)

C2 + C3
0

AMFC
2AKm1(1 + CT)+Λ(−1 − CT+ AKm1T )

2A2CKm1

Λ(1 + CT)

AC

SMC Mc Bc

PC (1 +Gc)Mm − GcB
2
m

Kc
(1 +Gc)Bm

PCP 2Mm − B2
m

Kc
2Bm

Table 3 reports the values ofδ. Note that, in the
FRP case, one obtains the velocity tracking errorδv =
Bm/(B

2
i +B2

m+BiBm(2+Gc)); therefore, the tracking
position error is limited only ifBm = 0, and its value
is δ = (Mm + BiT )/B2

i . Moreover, for the SMC, in
case the parameterKc is set to 0 (choice that improves
the perceived stiffness, as shown below) one obtains
δ = T/Bc.

4.4. Stiffness

The stiffness parameter represents the force percep-
tion at the master side when the slave interacts with
an environment. Although more complex models for
the interaction could be easily adopted, here the envi-
ronment has been considered modeled by a stiffness
Ke and a dampingBe. A measure of the stiffness per-
ceived at the master side can be given by means of the
following transfer function:

G3(s) ≡
(
xm

Fh

∣∣∣∣
Fe=−(Bes+Ke)xs

)−1

.

Table 3
Tracking capabilities

Scheme Tracking(δ)

FR
Bm +KcT

BmKc(1 +Gc)

PE
1

2GcKc

SCC
Bm +KcT

BmKc(1 +Gc)

FRP ∞

IPC
2Bi(Kmi +Kmc)+KmiKmcT

2BiKmiKmc

4C
C2 − C3

2(Bm + Cm)

AMFC 0
SMC 0

PC
Bm +KcT

BmKc(1 +Gc)

PCP
Bm +KcT

2BmKc
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Table 4
Stiffness and drift analysis results

Scheme Stiffness (Keq) Drift (∆)

FR
KeGcKc

Ke +Kc

1

GcKc

PE
KeGcKc

Ke +Kc

1

GcKc

SCC
KeGcKc

Ke +Kc +KeKfKc

1 +KfKc

GcKc

FRP 0 ∞

IPC
KeBiKmiKmc

Bi(KmiKmc + 2Ke(Kmi +Kmc))+KeKmiKmcT

2Bi(Kmi +Kmc)+KmiKmcT

BiKmiKmc

4C
Ke(C2 + C3)(Bm + Cm)

(C2 + C3)(Bm + Cm)+ 2KeC2C3T

2C2C3T

(C2 + C3)(Bm + Cm)

AMFC Ke 0

SMC Ke +Kc 0

PC
KeGcKc

Ke +Kc

1

GcKc

PCP
KeKc(Bi + Bm)

(Ke +Kc)(Bi + Bm)+ 2KeKcT

Bi + Bm + 2KcT

(Bi + Bm)Kc

Again, one can try to identify a main constant termKeq
which represents the stiffness perceived at the master:

G3(s) = KeqG
∗
3(s),

where G∗
3(s) satisfies lims→0G

∗
3(s) = 1. Table 4

reports the results. Note that in the FRP case one
perceives no stiffness(Keq = 0) and a damping term
with valueBi + Bm + BiGc.

4.5. Drift

Finally, the drift between master and slave has been
evaluated when an interaction is present with a remote
environment, with stiffnessKe and dampingBe. The
following transfer function has been defined to evalu-
ate the position drift:

G4(s) ≡ xm − xs

Fh

∣∣∣∣
Fe=−(Bes+Ke)xs

.

One can define a main constant term which represents
the position drift at low frequencies

G4(s) = ∆G∗
4(s),

where G∗
4(s) satisfies lims→0G

∗
4(s) = 1. Table 4

shows the different values∆ of the position drift. In

the FRP scheme one obtains the velocity tracking er-
ror δv = 1/(Bi+Bm +BiGc), that leads to an infinite
position drift.

5. Comparison and comments

As stability is concerned, one can observe that only
the schemes based on passivity guarantee intrinsic
stability. Regarding the other schemes, the FR, PE and
SCC can be made stable with a proper choice of the
control parameters provided thatT < Tmax, i.e. only
for limited values of time delay. Moreover, in general
the maximum admissible delayTmax increases from
FR to PE and SCC schemes, i.e. the SCC scheme
offers better robustness in terms of stability. Stability
of the AMFC and SMC schemes strongly depends
on the external environment. PC stability is mainly
related to a good knowledge of the remote slave ma-
nipulator and transmission delayT because of the use
of the Smith predictor.

5.1. Tuning of the parameters

5.1.1. Force reflection
From Tables 2–4, one may conclude that ideal val-

ues for the control parameters in (3) areKc � 0,
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Gc = 1. Note that this choice leads to: (1) values of
the inertia and damping perceived at the master dou-
ble with respect to the single manipulator case (for
T � 1); (2) a tracking errorδ = T/2Bm depending
on the delay; (3) a correct stiffness perception (almost
the same as the environment); (4) negligible position
drift. Obviously, as mentioned above, problems arise
when dealing with the stability of this scheme. As a
matter of fact, the maximum admissible delayTmax for
which stability is achieved decreases asKc increases.
Therefore,Kc has to be tuned as a tradeoff between
stability and performance requirements. This compro-
mise gives, in practical examples, results worse than
the ideal ones. In fact, the characteristic equation of
the FR scheme, obtained from (1)–(4) is

G(s, T ) = Mms
2 + Bms +Kc +GcKc e−2sT. (19)

In order to study the stability of the system described
by (19), one can apply, for example, the analytic sta-
bility test presented in [21], obtaining the following
equation

G̃(s, T̃ )=Kc +GcKc + (Bm + 2KcT̃ − 2GcKcT̃ )s

+ (Mm + 2BmT̃ +KcT̃
2 +GcKcT̃

2)s2

+ (2MmT̃ + BmT̃
2)s3 +MmT̃

2s4, (20)

where the maximum admissible delayTmax in the
communication channel, necessary to guarantee sta-
bility, is related to the values of the variablesω, T̃
associated with the imaginary rootss = jω of (20) via
the following equation

Tmax= min
ω0,T0>0

(
1

ω0
[ arg(1 + jω0T0)

− arg(1 − jω0T0)]

∣∣∣∣
G̃(jω0,T0)=0

)
,

whereω0 andT0 express the values of the solutions
of G̃(jω, T̃ ) = 0. In fact, one can consider that for
T̃ = 0 all the roots of (20) have negative real part and
assuming that aT0 exists such that one of the roots of
(20) becomes unstable (with positive real part), then
T0 can be determined by the Routh criterion check-
ing when an element of the associated column array
becomes negative. In this specific case, all the entries
of the Routh column array are positive with the ex-
ception of the fourth one that, after simple algebraic
manipulations, reduces to

Fig. 4. Maximum time delay allowed for the FR scheme in function
of the parameterKc.

R4(T̃ ) = 2(B3
mT̃

2 + 2B2
mT̃ (Mm + (1 −Gc)KcT̃

2)

− 4GcKcMmT̃ (Mm − (1 −Gc)KcT̃
2)

+Bm(M
2
m + 2(1 − 2Gc)KcMmT̃

2

+ (1 −G2
c)K

2
c T̃

4)).

Therefore, by testing the conditionR4(T̃ ) = 0 one
obtainsT0. Then, by using (20) again, one determines
the frequencyω0 of the corresponding imaginary
solution to be used in computingTmax.

As concern numerical values for the parameterKc,
settingGc = 1 and considering, as a benchmark in
this paper,Mm = Ms = 10 andBm = Bs = 1 in (1),
one obtains the following characteristic equation

G(s, T ) = 10s2 + s +Kc +Kc e−2sT (21)

By studying the stability of (21), one can obtain the
maximum admissible delayTmax in the communica-
tion channel, as a function of parameterKc, that guar-
antees the stability of the control scheme. The results
are presented in Fig. 4 and summarized in Table 5.
Note that these values forTmax have been obtained

Table 5
Maximum communication delays admissible for the FR scheme

Kc < 0.05 0.1 1 10 100
Tmax ∞ 7.854 0.517 0.050 0.005
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with Fe = 0, larger values could be obtained by con-
sidering interactions with an external passive environ-
ment (with proper parametersBe andKe).

If a low value of Kc is chosen, due to stability
problems, it could easily happen that the environment
stiffnessKe is larger thanKc. In this case, a bad per-
ception of the remote stiffness is obtained, sinceKeq =
(KeGcKc)/(Ke +Kc) �= Ke.

5.1.2. Position error
The parametersGc, Kc in (5) should be chosen in

the following manner:Gc = 1 for symmetry of the
master and slave controllers, andKc as large as possi-
ble (Kc � 0) according to the value ofT , for possi-
ble inertia and damping perception problems, in order
to obtain: (1) values of perceived inertia and damping
doubled with respect to the inertia and damping of the
master; (2) a low tracking error; (3) an almost correct
stiffness perception; (4) negligible position drift.

Also in this case a main problem is the stability,
since as the control parameters increase stability is no
more guaranteed. In fact, one can compute the max-
imum admissible delayTmax in the communication
channel in order to maintain the stability of the con-
trol scheme. For example, by choosingGc = 1 and
settingMm = Ms = 10 andBm = Bs = 1 in (1), one
obtains the following characteristic equation

G(s, T ) = (10s2 + s +Kc)
2 −K2

c e−2sT. (22)

Fig. 5. Stability (left) and position drift (right) properties of the PE scheme.

Table 6
Maximum communication delays admissible in the PE scheme

Kc < 0.05 0.1 1 10 100 1000
Tmax ∞ 15.708 1.035 0.100 0.010 0.001

By applying the previous stability test to (22), one
obtains the maximum admissible delayTmax reported
in Table 6 as function of the parameterKc. One can
observe that, also in this case, forKc < 0.05 the
system described by (22) is stable independently of
delayT .

Since, because of stability, low values ofKc have
to be selected, unacceptable results can be obtained
in terms of tracking, stiffness and drift. The following
figures show the tradeoff between stability and perfor-
mances. From Fig. 5, one can observe that the min-
imization of both 1/Tmax (left) and∆ (right) leads
to incompatible values ofKc. In fact, acceptable val-
ues for both transmission delay (Tmax> 200–300 ms)
and position drift (∆ < 1–10 mm) lead to disjoint
ranges forKc. Fig. 6 shows different stiffness percep-
tion (Keq), in the two casesKc = 5 (left) andKc =
100 (right), as a function of the environment properties
(i.e.Ke).

As stated above for the FR scheme, also in this case
the values of the admissible time delayTmax (com-
puted withFe = 0) are increased in case of interaction
with the external environment (Be andKe).
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Fig. 6. Stiffness perceptionKeq on varying the environment stiffnessKe for two values of parameter:Kc = 5 (left), Kc = 100 (right).
The ideal stiffness(Keq = Ke) is shown with dashed lines.

5.1.3. Shared compliance control
Parameters in (6) can be set as follows:Gc = 1,

Kc � 0, Kf = 0; note that using the local compli-
ance control the perceived stiffness is altered and a
position drift is introduced. The following values are
thus obtained: (1) perceived inertia and damping dou-
bled with respect to the master forT � 1; (2) tracking
error depending on the delayδ = T/2Bm; (3) correct
stiffness perception; (4) no position drift. In fact, by
choosingKf �= 0, a correct stiffness perception can-
not be obtained anymore, since the remote compliance
control modifies the perception of the environment.

As shown in [10], this scheme can improve stability
aspects in two possible manners: (1) the filterGf (s)

can be modeled in order to slightly increaseKc, with
a fixedTmax and with respect to the FR scheme, thus
increasing the tracking performances; (2)Gc can be
set to 0 (no force feedback to the operator), in order
to avoid instability, in the case that transmission delay
T is too high, maintaining good tracking (mainly due
to some kind of visual feedback for the operator) and
good interaction with the environment at the slave side
because of the compliance control.

5.1.4. Force reflection with passivity
This scheme guarantees passivity, and therefore sta-

bility, for any value of the parameters. Unfortunately,
it is not efficient in terms of performances. In fact,

due to the damping injectionBi , unavoidable position
tracking error and drift are introduced and stiffness
perception is not allowed with this telemanipulation
scheme.

5.1.5. Intrinsically passive controller
By choosing in (7) the parametersKmc = Ksc � 0,

Kmi = Ksi � 0 for symmetry andBmi = Bi to avoid
wave reflections, one obtains: (1) a double perceived
inertia increased by the virtual inertia of the controller
and analogous damping term forT � 1; (2) a tracking
error δ = T/2Bi depending on delay; (3) a stiffness
perception similar to the environment stiffness and
depending on delay; (4) a position drift∆ = T/Bi . In
this case, there are no problems connected with stabil-
ity issues, because of the passivity of the whole tele-
manipulation control scheme, so parameters can be set
without any constraint due to stability.

5.1.6. Four channels
By properly setting the parameters (considered

as dynamic systems), perfect transparency can be
obtained in the case the time delay is null, e.g.Cm =
Kc/s, see [11]. In this case, one can obtain: (1) zero
perceived inertia and zero damping at the master side;
(2) a zero tracking error; (3) a stiffness perception
equal to the environment stiffness; (4) no position
drift. Problems arise as time delay is involved. In fact,
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perfect transparency is no more guaranteed ifT �= 0,
and only a tradeoff between different performance re-
quirements can be achieved. For example, parameter
Cm should be limited or set to 0 due to the inertia
perception at the master side.

5.1.7. Adaptive motion/force control
This telemanipulation scheme achieves perfect

transparency as shown in [23], and one can obtain:
(1) small perceived inertia and damping at the master
side; (2) a zero tracking error; (3) a stiffness percep-
tion equal to the environment stiffness; (4) no position
drift. Problems arise when a time delayT �= 0 is
present. In fact, stability is not guaranteed a priori in
this case. In [23], it has been shown that stability is
always achieved in case of free motionFe = 0 and,
furthermore, that small values ofA and large values
of C in (13) maintain stability, for every time delay
T , for a certain range of the damping and stiffness
(Be,Ke) of the external environment. ParametersM̂i ,
B̂i , Ki , Ki1 should be set equal for the two manipu-
lators(i = m, s) for the symmetry of the scheme; in
addition an algorithm for on-line estimations of̂Mi ,
B̂i must be implemented in the controllers.

5.1.8. Sliding-mode controller
The parametersMc, Bc, andKc of the master con-

troller can be set to achieve the desired impedance.
By settingKc = 0 (i.e. the perceived stiffness is the
one of the environment) and tuningλ andΦ, choosing
the dynamics of the tracking error and the boundary
layer of the sliding mode, one obtains: (1) a desired
perceived inertiaMc and dampingBc; (2) a tracking
errorT/Bi , depending on delay; (3) a correct stiffness
perception; (4) a zero position drift.

In order to compare this scheme with the previous
ones, one can setMc = Mm, Bc = Bm, andKc = 0
at the master controller.

This SMC guarantees an ideal delayed tracking be-
tween master and slave positions, but in presence of
structured environments (Fe as a function ofxs, vs), it
easily turns out to be unstable. In fact, this scheme is
IS for Fe = 0, otherwise it becomes very similar to
the FR, with the following characteristic equation

G(s, T ) = Mcs
2 + Bcs +Kc + (Bes +Ke)e

−2sT.

Using the previous benchmark (Mc = Mm = 10,
Bc = Bm = 1 andKc = 0) this control leads to a

Table 7
Maximum admissible communication delays with the SMC scheme
(Be = 0.5)

Ke 1 10 100
Tmax 0.750 0.075 0.007

Table 8
Maximum admissible communication delays with the SMC scheme
(Ke = 1)

Be 0.01 0.1 1 10 100 1000
Tmax 0.513 0.558 0.969 0.785 0.079 0.008

master manipulator identical to the one considered in
both the FR and PE schemes. Moreover, ifTmax is
the maximum time delay to maintain stability, the fol-
lowing considerations hold: (1)Tmax decreases asKe
increases with a fixedBe; (2) Tmax initially increases
and then decreases asBe increases with a fixedKe.

Tables 7 and 8 show the values forTmaxas a function
of Ke andBe, with respectivelyBe constant andKe
constant. Fig. 7 showsTmax as a function of bothKe
andBe.

5.1.9. Predictive control
This control scheme is very similar to the FR one,

being the only difference, the fact that the Smith
predictor computes the force feedback in advance by
using the current master position. Ideal parameters in
(14) areKc � 0, Gc = 1, which lead to identical
results with respect to the FR scheme: (1) a double
perceived inertia and damping; (2) a tracking error
depending on delayT/2Bm; (3) a correct stiffness
perception (the same as the environment); (4) no
position drift.

As stability is concerned, two main problems are
given by: (1) the time delay error in the Smith pre-
dictor; (2) the external forces acting at the slave. In
fact,Gc � 1 is necessary to guarantee stability of the
closed loop function due to error in the knowledge of
the time delayT , see [15] for details, thus reducing
benefits of an highKc in correct stiffness perception
and position drift. Furthermore, the possible interac-
tion with the environment and the presence of the force
Fe, that depends onxs and vs, introduce a delayed
term in the closed loop function that cannot be com-
pensated by the Smith predictor, and this leads to a
limited time delayTmax in order to guarantee stability.
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Fig. 7. Stability properties of the SMC scheme as a function of parametersKe andBe.

For example, usingMm = 10, Bm = 1 as in the
previous schemes, andKc = 100,Bc = 10,Gc = 1
for the controller’s parameters and assuming perfect
knowledge of the time delayT , the results shown in
Fig. 8 are obtained. These results are given in func-
tion of the stiffnessKe and of the dampingBe in the

Fig. 8. Stability properties of the PC scheme as a function of parametersKe andBe.

external forceFe. Tables 9 and 10 summarize results
for Be constant andKe constant.

5.1.10. Predictive control with passivity
Ideal values for slave controller parameters in (16)

areKc � 0 to achieve good performance andBc = Bi
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Table 9
Maximum admissible communication delays in the PC scheme
(Be = 0.5)

Ke 1 10 100
Tmax 1.270 0.120 0.016

Table 10
Maximum admissible communication delays in the PC scheme
(Ke = 1)

Be 0.01 0.1 1 10 100 1000
Tmax 1.034 1.078 1.493 1.473 0.054 0.024

to avoid wave reflections. In this case, one obtains the
following results, very similar to the IPC scheme: (1)
a double perceived inertia and damping; (2) a tracking
error depending on delayT/2Bm; (3) a stiffness per-
ception also depending on delay; (4) a position drift
which tends to 2T/(Bi + Bm).

This scheme guarantees passivity, and thus stabil-
ity, because of the choice of transmitting the wave
variables on the communication channel. Main limit
of this control system is the impossibility to transmit
power from environment to the master manipulator,
via the slave. In fact, power transmission is only al-
lowed from the operator to the environment and not
vice versa, due to the particular regulator in (15).

5.2. Considerations

As described above, each telemanipulation scheme
has both positive and negative aspects, and therefore
it is hopefully possible to select the control scheme
more suitable for the application under consideration.
Here, the main aspects concerning the project/choice
of a teleoperation scheme are briefly recalled.

The first aspect to be considered is the informa-
tion available on the transmission delayT . In fact, the
delay could be very small (few milliseconds), medium
(some tenths of a second) or high (some seconds or
more). Moreover, it could be constant or variable (with
a certain distribution) and, furthermore, it could be
limited (Tmax) or not. This knowledge of the delay
permits to select some telemanipulation schemes and
not others because of stability aspects.

The second aspect to be taken into account is inher-
ent to the desired performances, in terms of tracking
properties at the slave manipulator and perception of
the environment (correct force feedback).

A third question is related to the aspects concerning
the implementation and the equipment available for
the development of the telemanipulation controller. In
fact, depending on the available resources (sensors,
computing power, transmission bandwidth, and so on)
it may be convenient the choice of a simple or a more
sophisticated control scheme.

Another important aspect is the knowledge of
the environment structure. In fact, the remote envi-
ronment could be dissipative with no possibility of
injecting power, could have certain damping or stiff-
ness properties, could have a maximum value for the
exerted external force or, e.g. an operator could even
be connected to the slave manipulator, exerting un-
predictable forces (fully symmetric telemanipulation
scheme).

Only by paying attention to all these aspects, one
can choose a telemanipulation scheme suitable for the
necessities at hand and, immediately, eliminate those
that cannot satisfy the general initial requirements.

6. Conclusion and future work

In this paper, a comparative study of several tele-
manipulation control schemes has been presented.
The study has been carried out considering different
points of view. Both stability and performances have
been analyzed, with specific attention in particular to
the perceived inertia, the tracking error, the perceived
stiffness and the position drift. Different parameters
of each telemanipulation scheme have been discussed
and defined and the overall performances have been
evaluated.

Future works will concern the study of multi-deg-
rees-of-freedom and nonlinear teleoperation systems,
the definition of further indexes of comparison for tele-
manipulation schemes, as well as specific considera-
tions about time-varying transmission delays.
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