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Time-Varying Delayed Bilateral Teleoperation
Without Force/Velocity Measurements

Alejandro Gutierrez-Giles™~, Alejandro Rodriguez-Angeles™, Philipp Schleer,
and Marco A. Arteaga™, Member, IEEE

Abstract— A bilateral teleoperation control scheme is proposed
for the case of time-varying delays in the communication channel.
The proposed scheme relies only on joint position measurements
to estimate both velocities and external forces by using an
extended-state high-gain observer. The estimated signals are in
turn employed in a decentralized controller in a master—slave
configuration. The control design is based on: 1) local force
compensation, which improves the system stability; 2) direct
force reflection, which increases the telepresence; and 3) only
local damping injection, to deal with the instability problems
arising from the time-varying delays in the communication
while employing a simple three-channel architecture. A formal
mathematical analysis is developed to guarantee the ultimate
boundedness of estimation and tracking errors to an arbi-
trarily small region around zero. To test the validity of the
proposed approach, experimental results are presented, including
a comparison with an approach reported in the literature and
a real-case communication over a long distance through the
Internet.

Index Terms— Disturbance observer (DOB), extended state,
observer design, time-delayed teleoperation.

I. INTRODUCTION

OBOTIC teleoperation has been a very active area in

the research community since the decade of 1960s
with the seminal work of Goertz [1]. A major step was given in
the late 1980s and the early 1990s with the works of Anderson
and Spong [2] and Niemeyer and Slotine [3]. Several important
results have been developed since then, as summarized in [4]
up to 2022. The research efforts have been focused on different
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problems arising from robotic teleoperation. One of the most
studied problems is varying time delays in the communication
channel. In this context, several interesting results obtained
by the passivity-based control technique were developed in
the late 2000s, as summarized in [5]. The work presented
in [6] improves these ideas by introducing several schemes
that preserve passivity under both constant and variable time
delays. Namnabat et al. [7] exploited the passivity assumption
on the human and environment to propose a force-sensorless
algorithm based on the generalized momentum estimator.
The discrete-time case of passivity preservation for delayed
systems is studied in [8]. Another interesting research direction
is taken in [9], where a visual aid in the form of onomatopoeia
is used for enhancing the performance of passivity-based
teleoperation systems under time delays.

Concerning the problem of time delays in the communi-
cation channel, in [10], a robust controller, which cancels
the dynamics of the manipulator by means of an adaptation
law, is employed to enhance the transparency of the system.
In [11], an impedance model reference adaptive controller is
designed in a position-force teleoperation scheme. In [12],
an extended-state observer (ESO) is used to estimate the
lumped disturbances arising when achieving synchronization
of the manipulators’ positions. This is carried out by a
sliding mode controller. However, a drawback of this work
is that the controller relies on acceleration measurements.
The same drawback is present in [13], where an adaptive
controller with local force compensation at the slave side is
proposed, and in [14], where a sliding mode controller with a
disturbance observer (DOB) is utilized to achieve position-to-
position tracking. In [15], a cascade linear observer is used
to estimate and compensate time delays. In [16], a DOB
is employed in a four-channel architecture to enhance the
transparency of the system. In the same context, in [17],
a scaled four-channel architecture in combination with a DOB
is proposed to preserve the passivity of the closed-loop system.
A simple algebraic criterium for stability is investigated by de
Lima et al. [18], where they establish an algebraic formulation
to determine the controller gains given the bounds on the
delays and vice versa. In [19], an experimental study of a
method that considers an explicit force control is presented
for both nondelayed and delayed cases. A finite-time tracking
controller for bilateral teleoperation without velocity measure-
ments is proposed by Dao et al. [20], in which they consider
nonpassive and bounded external forces. A neural network
approach is proposed in [21] for the case of constant time
delays, where frictions and external disturbances are estimated
by an adaptive observer. Another work that proposes a neural

1063-6536 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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network to estimate the upper bound of the time delay was
presented recently in [22].

Force reflection is a very important feature that must be
present in a teleoperation system because it is the fundamental
contributor of telepresence, i.e., the sensation for the user
to be manipulating the objects/environment at the remote
side [23]. The works mentioned in the previous paragraph
indirectly achieve a certain degree of force reflection, but this
is not explicitly designed in the control law or guaranteed
in the analysis. In this sense, in [24], a high-gain impedance
adaptive controller is designed to reflect the contact force
provided that a nonlinear model of the surface is available.
In [25], a two-channel architecture (position force) is proposed
to achieve enhanced transparency in an impedance controller
scheme. In turn, in [26], the transparency in a four-channel
architecture is investigated by using the passivity approach.
A model predictive control approach is proposed in [27]
for safe interaction with the environment while preserving
transparency. Transparency for multilateral teleoperation with
time delays is investigated by Tumerdem and Yilmaz [28],
where they propose L;-stability-based criteria to achieve ideal
transparency in such systems.

Another important research direction is the design of
observers to estimate some of the involved variables such
as velocity and force. There are many advantages obtained
when replacing sensors by observers, e.g., weight and size
reduction, costs, and maintenance. In this context, many works
regarding the estimation of the robot velocities have been
published. Though for position control of Lagrangian systems,
observers are not strictly necessary, as stated in [29], there
are still some advantages in estimating the internal states,
such as velocities, e.g., for tuning. For example, in [30],
an invariance and immersion (I&I) observer is employed in
a position-to-position teleoperation scheme without explicit
force reflection. Later, in [31], a linear velocity observer along
with a proportional derivative (PD) controller is used to deal
with the consensus problem of a network of robots. In a
more recent paper [32], the same authors propose a nonlinear
observer in conjunction with a nonlinear PD controller to
provide robustness against disturbances and a good degree
of transparency. In [33], a position-to-position robust adaptive
controller is employed along with a linear observer to avoid
velocity measurements.

On the other hand, force estimation has been a less
addressed problem in the past but has gained focus in the
last years. For example, in [34], a sliding mode observer
and a sliding mode controller are proposed to simultaneously
estimate the contact force and the velocities of both robots
in an impedance-based teleoperation scheme. Later, in [35],
an ESO is proposed based on a Kalman filter-like design
over a linearized model. However, the conditions for stability
required by the proposed controller and observer are difficult to
check. Azimifar et al. [36], [37] proposed a force estimation
algorithm plus a PD controller with local force compensation,
which nevertheless relies on velocity and acceleration mea-
surements. Next, in [38], a linear observer is designed to deal
with the peaking phenomena, which is a well-known problem
in high-gain observers applications. The estimated force is fed
back to the operator in a linear controller scheme. In [39],

a force estimation algorithm through a simple spring model is
developed along with an admittance type controller for the
case of no delays in the communication channel. In [40],
a dynamic-gain extended-state force observer is employed in a
four-channel architecture for the case of time-varying delays.
In turn, in [41], a momentum observer is proposed to estimate
both the environment and the operator forces. However, these
two last schemes still need velocity measurements. A nonlinear
observer is proposed in [42] to estimate external forces.
In the same context, an adaptive observer in combination
with a terminal sliding modes controller is proposed in [43].
Nevertheless, in both works, the estimated forces are not used
for force reflection in the controller design.

In this work, we propose an observer-based three-channel
teleoperation scheme. An extended-state high-gain observer is
designed to simultaneously estimate the contact and the human
operator forces, and the robot joint velocities. These signals
are then employed in a three-channel position-force controller,
with both local force compensation and force reflection. This
is carried out by employing only joint position measurements.
The ultimate boundedness of the estimated signals is guaran-
teed by a formal mathematical analysis.

The contributions of this work are listed as follows.

1) A force reflection is achieved by employing only
position measurements while estimating velocities and
forces.

2) Improved stability by local force compensation at the
slave side and local damping injection at both sides.

3) The designed algorithm is easy to implement, it is
computationally efficient, and it does not require a very
fast sampling time.

The rest of this article is organized as follows. In Section II,

a mathematical model of the teleoperation system along
with some of its properties is presented, as well as some
key assumptions. In Section III, the main result of this
work is developed, i.e., the controller—observer design and
mathematical analysis of the closed-loop dynamics. Then,
in Section IV, some experimental results are presented to
validate the proposed scheme, including a comparison study
and a real scenario of intercontinental teleoperation through
the Internet. Finally, in Section V, some concluding remarks
and directions for future work are given.

Notation: Throughout the rest of this article, the subindex

k means that the referred quantity is defined for both master
and slave robots in the same way, i.e., k = {m, s}.

II. MATHEMATICAL PRELIMINARIES

Consider the model of a master—slave teleoperation robotic
system represented by the equations

Hm(ql m)qZ m + Cm(ql m> 42 m)qZ m + gm(ql m) =Tm + Th
(1)

HS (ql x)q.z s T CS (ql 5292 s)qZ s + 8 (ql s) =T _(.55‘

where, for k = m and s, q,, £ ¢, stand for the manipulators
joint positions, g,, = ¢y are the joint velocities, Hy(q; ;) €
R™" is the inertia matrix, Ci(q; . q> 1)qg> x € R" is the
vector of Coriolis and centrifugal torques, g.(q; ;) € R" is
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Th Te
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Master Master | 1™ Dela Qi (t=Tin) Slave Slave
Robot |q,,, Observer Y Controller Robot
qis
dom Qs
q,.(t-T5) % Te
, Master 7o (t=T5) Delayl<’ Slave
= Controller Y Observer
Fig. 1. Block diagram of the observer-based three-channel teleoperation

scheme.

the gravity torque, and t,, T, € R" are the control inputs.
The torque imposed by the human operator over the master
robot is T, € R", while the external torque exerted by
the slave robot over a remote environment' is written as
T, € R”. This model satisfies the following standard properties
[45, Sec. 3.4].

Property 1: The inertia matrices Hy(q,,) are symmet-
ric and positive definite and satisfy M\,(q.)lx|> <
x"Hi(q,)x < Mu(q)lx|? for all x € R" and scalar
functions 0 < M(q) < Au(qy) < o00. Moreover,
if the manipulators have only revolute joints, these func-
tions are independent of the configuration, i.e., A\;|x|> <
xTH(q,,)x < Mgllx]]? for 0 < A\, < Ay < o0, O

Property 2: By employing the Christoffel symbols of the
first kind to compute Ci(q,;.qo). the matrix Hy(q,) —

2C(q 1k, 92) 1s skew-symmetric. (I
Property 3: Forq,x,y € R", the vector C,(q, x)y satisfies
Ci(qg.x)y = Ci(q. y)x. 3)

O

The following assumption is made to simplify the analysis
of Section III.

Assumption 1: The master and slave manipulators have
only revolute joints. |

To design the subsequent controllers and state estimators,
we write down the dynamics (1) and (2) in a state-space form
as

Gk = gy 4)
g = H;1(41k) (Tk - Ck(qlks q2k)q2k - g(qlk)) + 2
4)
where z;; € R” represents the external forces terms defined
by
= H.,' (g1 )T (6)
—H'(q, ,)z.. (7)
To estimate the external forces and joint velocities, the
following assumptions are made.

Assumption 2: Each vector z;; can be expressed as a time
polynomial of degree p — 1 plus a residual term, i.e.,

21 m

(1>

2l s

p—1
zlk:Zaikti‘i‘rk(t) ®)

i=1

'For the sake of simplicity, it is considered that the external forces are
directly the torques at the robot joints, which implies that the manipulators
must be kinematically similar. This assumption can be easily removed by
working directly in Cartesian coordinates and by mapping the external forces
via the well-known relationship 7, = JT(q] ) F. [44, Sec. 3.8].

where each a;x € R” is a vector of constant coefficients and

ri(t) € R" is the residual vector. O
Assumption 3: At least the first p time derivatives (p > 1)
of z1,, and z;, are bounded. O

After the last two assumptions, the internal model for the
extended state can be written as

Zik = 2ok &)

2ok = T3k (10

Y

When there are delays in the communication channel, the
necessary signals to synchronize the trajectories of the robots
as well as to provide an accurate sensation of the remote
environment to the human operator through force feedback
are not instantly available, but only after the time delay,
as shown in Fig. 1. Thus, the master position and velocity
signals, which are the references for the slave manipulator are
delayed by a time 7,,, whereas the signals that are transmitted
back to the master manipulator side are delayed by a time
T;. In this work, the control objective is twofold: position
tracking and force feedback. In the first case, it is intended
for the slave robot to follow the master movements, though
after the delay imposed by the communication channel, i.e.,
the position control objective is to drive ¢, — ¢q,, as close to
zero as possible in steady state. On the other hand, the force
feedback objective can be translated for the human operator
to feel the force exerted by the slave robot over the remote
environment, though transmitted by the manipulators’ torque,
i.e., to drive T, — 7.(t — T(¢)) close to zero also in steady
state.

Remark 1: While transparency is an established concept
for nondelayed teleoperation through impedance matching or
kinematic correspondence, for time-varying delayed teleoper-
ation, there is not a universally accepted criterium to establish
transparency. Following the definitions of [46], which are fur-
ther investigated in [32] for time-delayed systems, there can be
defined three ideal responses: 1) a kinematic unilateral delayed
correspondence, i.e., ¢, — ¢q,,(t —T,,(¢)); 2) a unilateral force
delayed correspondence, i.e., t,, — T,(t — T,,(¢)); and 3) a
combination of 1) and 2). Although ideal case 3) is the best
option, it is difficult to establish for the proposed scheme since
we are not transmitting velocities through the communication
channel. Thus, in this work, we aim at obtaining the force
delayed correspondence 2) in steady state. (]

The following assumption is made concerning the
time-varying delays in the communication channel.

Assumption 4: The time-varying delays 7, (¢) and T,(¢) are
bounded, i.e., rtngx T,.(t) < ctm and rtn>a}x T,(t) < crs, for some

0 —lo

: (p)
Zpk = rkp (t)

known constants ¢y, c¢1s > 0.

III. CONTROLLER AND OBSERVER DESIGN

The main contribution of this work is the use of estimated
signals instead of measured ones. There are several advantages
to doing so, such as diminution of weight/volume, cost reduc-
tion, and less additional equipment. Specifically, the contact
force and the joint velocities required for the teleoperation

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on March 13,2025 at 12:45:33 UTC from |IEEE Xplore. Restrictions apply.
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algorithm are estimated based on joint position measurements
and input torques. To estimate these signals, we employ the
extended-state high-gain observer taken from [47]

t?lk =qu + Apr1q 1k (12)
G =H' (qy) (ti — Ci(qus G2) G2k — £(q10))
‘ + 2+ Apq ik (13)
%uc =2+ Apo1q ik (14)
Zok = 2z + A p2q ik (15)
Zok = Mo 1k (16)
where ¢ £ q1x — Gk is the observation error and
qu é42k—¢}2k o))
ijézjk—ﬁjk, j=1...,p. (18)

Moreover, the phase state of the observation error can be
grouped into the vector

~(P+1)]T_ (19)

a [~ :
Xok = [mk qic - 4y
From these observers, it is possible to obtain an estimate of
the joint velocities §. The estimation of the external forces
can be obtained as well since, from (6) to (7), it is

~>

(20)
2L

h — Hm(ql m)‘%l m
fe - _Hs(ql 5)2] S

Therefore, the observer-based control laws for both master
and slave manipulators proposed in this work are

Ty =—Kngom— Kpm(ql m—q1 s — Ts(t)))

— 2t = T,() + & (a1 n) (22)
Ty = _KVSéz s Kps(ql s — 41 m(t - Tm(t)))
+ 2.+ 8(q, ) (23)

where Ky, Kpm, Kys, Ky € R"*" are positive definite matri-
ces of constant gains.

A. Stability Analysis

By combining the state-space model (4) and (5), the internal
model (9)—(11), and the proposed observer (12)—(16), one can
obtain the observation error dynamics

qu = qu — Apr1qu (24)
9o = fo T2 = Apquk (25)
Zik = 2ok — Ap—1G 1k (26)
Zoe =17 (0) — Mok 27)

with

Sfe £ Hk_] (‘11k) (Ck(qlk’ ‘?Zk)‘?zk - Ck(qlka qZk)qZk)
= H;I(qlk) (C(q i G26) @2 — 2C(q 11> G 1) G k)
(28)

where the last equality is obtained by repeatedly applying
Property 3. On the other hand, the closed-loop dynamics of
model (4) and (5) under the action of the control laws (22)
and (23) is
42 m = Hr;l(ql m)[_Cm (ql m» 42 m)qZ m KvméZm
- Kpm(q1 m q1 ‘y(t - Ts(t)))
+Tn = Tt — Tv(t))]
qz s = H:1 (ql s)[_CS(ql s 42 s)qZ s KVSQZ s
- Kps(ql s — 41 m(t - Tm(t))) + %e]
(30)

(29)

where 7, £ 1, — 7,.

For the subsequent development, let us lump together the
states that define both the observation errors and the motion
dynamics into a vector x € R¥+2(P+2) g

92m 925 Xom xOS]T (3D

where e = q, ,,—q, ,- The next assumption is made regarding
the state initial condition for time-delayed systems.

Assumption 5: The initial state prior to the maximum bound
on the master and slave time delays is zero, i.e.,

x £ e

x(ty+0)=0 Vo €[—cmm, 0] (32)

where ¢ty = max{ctm, Cts} - O

Although this assumption is made to simplify the analysis,
it is not restrictive from the practical point of view since the
robots can be initialized in a known position and wait for a
time ¢t > cry before starting the task.

The next lemma states that boundedness on this vector
implies boundedness of all signals of interest.

Lemma 1: Consider the region B, {x €
R3+2(+2):| x| < Xmax} and suppose that Assumptions 1-3
are satisfied. If x(¢) € B,, then every signal of interest (i.e.,

A

. (p) ~ ~ ~(p) (p)
9o 4ok, - Qo > G- Goks -G s foo Fas--s fo
5 ~ L S 2(p) A A ~(p)
21 ky @l ko o221 ks 21 ks @1 kr-+22) j» ThsThy---, T, , and
$osZor.., T for k = m, s) is bounded.

Proof: From (24), one has directly §2 ,q2 s € Lo
In fact, for k = m, s, by taking the first p time derivatives
of (24), one obtains qzk,q%,...,qéi) € Lo. After the
observation error definition (17), g € L. Now, since
Seo = fe,@ix> 42 1> q21) in (28) is a continuous function in
B,, it must be* f, € Lo, and thus, it must be Zy; in (25).
From definition (18) and Assumption 3, Z1; € L4 and so are
Th, T, in (20) and (21). Since, for j = 1,2 [49, p. 80]

t

gt = Ti(0) = g, (1) —/

=T;(t)

qy (0)do (33)

the closed-loop equations (29) and (30) can be rewritten as’

q2 m = Hn_ll(ql m)(_ Cm(ql m> 42 m)qZ m KquZm
- Kpme + KvméZ m+Th— i’e(t - Ts)

ZNote that even if g, is not bounded, the function f ¢, remains bounded
since ¢, enters the matrix Ci(q;,y) through sinusoidal functions for
manipulators with only revolute joints [48].

3For simplicity’s sake, from now on we write 7,, and T instead of T}, (¢)
and T;(¢).
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t

+ Kpm (34)

q, S(U)dG)
g2 5= Hs_1(41 A)( - Cs(‘Il s> 42 s)‘Iz s — Kyusqos + Kise

t
+Kvs625+%e+Kps/ q> m(O‘)dO‘)
t—="Tn
(35

Since ¢, ,, and g, , are bounded in B,, by the mean value
theorem, j;[_quz n(0)do < Xxpaxcrm and ft’_quz J(o)do <
XmaxCTs- AS a consequence, ¢, s € Lo, Which in turn implies
that ¢, s € Lo, as g2 5 € L. By taking the time derivative
of (25) and (28) for k = s, it follows Z;; € L and, after
Assumption 3, it is Z1;. Therefore, §3 » € Loo in (34).

From this point, an iterative procedure can be followed.

By denotmg by ()(’) the ith time derivative, it fol-
lows that q2 m,q € Lo implies qg)m,qg)s € Lo
through (17), and also, fffk) € Lo, since the ith time
derivative of f,, fe @42 k,...,q;')k,q%,...,qz )

in (28). Next, by taking the ith time derivative of (25),
it implies that 2(1’,() € L. Now, by considering Assump-

tion 3 and the ith time derivative of (18), (20), and (21),
~(1)

7)€ L. implies that %, 2 9 e L. This also
implies, after (34) and (35), that q(lH) € L, and the
iteration starts agam The iteration stops at i = p. There-
fore, {IszIzk, . -"CIzk > lIZk,lIZk, ~-wq2k > fck» fck, .. f(p)
Zl k,_Zl k,...,Z(, ])(, 71 k,zl k,...,zi ,)(, Th,‘l'h,...,"f;lp), and
20, Tor. .., 2 are bounded. ]

Remark 2. Care should be taken when using Lemma 1.
It barely claims that, should the state x(z) be bounded, then
any other signal or variable of interest must be bounded as
well. This, however, does not mean that the state x(z) is
assumed to be bounded. Its boundedness has to be proven
and even enforced by gain choosing. As it will be shown
later, Lemma 1 helps to achieve this goal because it allows
showing that finite control/observer gains can always be found
to keep x(¢) € B,, Vt > ty for some x(fy) € S C B, (but not
necessarily for all x(t)) € B,). This, of course, means that
the stability analysis is only local and valid for the region of
interest 3,. Finally, note that Assumption 3 could be dropped
by the more relaxed assumption that the first p derivatives of
Z1m and zj, exist, but this is at the cost of making the proof
of Lemma 1 by far more complex. See [50] for details. [

By combining the equations of the observation error dynam-
ics (24)—(27), it is straightforward to obtain the differential
equation

~(17+2) ~(17+l)

+ Ap1q 1

which shows that éﬁ':rz) € L. Moreover, from the theory of

linear systems under bounded inputs, (36) shows that ¢, and
its first p + 2 time derivatives can be made arbitrarily small
by choosing the diagonal gain matrices A; such that the vector
polynomial

A Mg =r 0+ £ (36)

(p+1) 4+ ...

s 4 Ap+18 +Xs =0 (37)

is Hurwitz with roots located as far as possible on the left half
of the complex plane [51, p. 21]. Furthermore, this also means
that ¢, and its first p time derivatives can be made arbitrarily

small as well, which in turn implies that f_, fck, o S ()
can also be made arbitrarily small, regardless of any
other parameters or gains different than the observer gains
in (12)—(16).

By considering the vector definition of the observation error
phase state (19), the dynamics (36) for k = m and s can be
written as

xok = Aokxok + Bok”rﬂ( (38)
with

o I o0 --- 0

o o I --- 0
Aok = : ., : (39)

o o o0 --- 1

A —A —Xh —Ap+1

Byu=[0 0 o 1] (40)
ug = r () + f0. A1)

As mentioned in Remark 2, the stability analysis is intended
to be only local and valid for the region ,. Therefore, for
that case there exists a scalar ¢y such that ||u.x|| < ¢p1 in B,.
Once again, care should be taken because the bound c;; loses
its validity in case x leaves ,, but as it will be shown later,
a region of attraction can always be found so that this never
happens. On the other hand, it is well known from a basic
result of linear systems [52, p. 136] that since the unforced
part of (38) is asymptotically stable, it satisfies the Lyapunov
equation

AZkPok + PoAgk = — on (42)

where Pk, Q. € RPT2X(PH2) are symmetric positive definite
matrices. Now, consider the positive definite functions

Vok = X1 PoxXok. (43)

The derivative of these functions along the trajectories of (38)
is given by

Vok = _xgk onxok + 2kaP0kBokurfk
< —llxoll ()\min(on) okl — 2)\max(Pok)||Bok”Chl)
(44)

where Apin(+) and A« (+) represent the minimum and the max-
imum eigenvalue of their arguments, respectively. Therefore,

)\max(Pok)
>\min ( on)

Remark 3: As shown in [47], the factor
Amax (Pok)/Amin(Q.) can be made arbitrarily small with
proper tuning of the observer gains in (12)—(16). This in turn
implies that the observation errors can be made arbitrarily
small, which prevents leaving B, . ]

Now, we state the main result of this work.

Proposition 1: Consider the master—slave teleoperation sys-
tem described by (1) and (2) in closed loop with the
observers (12)—(16), for both master and slave robots, and
the control laws (22) and (23). Assume that the manipulators
satisfy Assumption 1 and the external forces T, and 7, satisfy
Assumptions 2 and 3. Then, there exists a constant d, > 0 such

Vok <0, if [lxokll =2 [ Bokllcpr- (45)
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that if |x(7%)] < d,, the following conditions hold: 1) a
combination of controllers and observers gains can always be
found such that the state (31) is ultimately bounded and 2) the
manipulators’ velocities ¢,, and ¢, can be ultimately bounded
by an arbitrarily small disk around zero.
Proof: We will split the proof in two parts, as follows:
1) For simplicity’s sake, take Kpm = kpml, Kys = kpsl,
K., = kynI, and K3 = kyI in (22) and (23). Let us
decompose the dynamics given by (34), (35), and (38)
into two parts, i.e.,

x=f,+fs (46)
where f, denotes the unforced part of the dynam-
ics, given by f, 2 [@2m —42) Fuzm fuz s Fuo] s
with

Furm=H,"(a1 ) (—km@2 — kpme
-Cy (ql m> 42 m)q2 m) 47
furs = H;I(ql s)(_kvsqz s T kpse
—Ci(q1 .92 )92,)  (48)
Suok = AokXok (49)
with Ag defined in (39). In turn, f, represents

the forced part of the closed-loop dynamics, which
is bounded in B, after Lemma 1, and is given by

ff £ [0 ff2 m ff2 K ffok]T’ where
ff2 m = H_l(ql m)

m
X (KvméZ m T Th— Te(t - Tc) + %e(t - Tv)

t

+ Kpm q, S(O‘)dO’) (50)
1—=T;

ff2 s = Hs_l(ql s)(KvséZ s+ Te

t

+ K 9> m(G)dG) (G

t_Tm
S ok = BokUss. (52)
Now, consider the positive definite function
k k
V= %qgmHm(ql m)qZ m + %q;YHY(qI S)q2 N
kpmkps

e'e+x! PonXom + X[ PoXos. (53)

The derivative of this function along the trajectories of
the unforced system (f, = 0) is given by

V= kpsqu m(_kvm42 m kpme)
+ kpmq3 (—kvsq2 s + kpse)
+ kpmkpseT(% m— 42 s)
+ xgm(AZmpom + POmAOm)xom
+ xgs (Agspos + PosAos)xos (54)
where Property 2 has been employed. By simplifying
terms, one has
V= _kPSkVI’ﬂqZquZ m kpmkvsqgsqz s

- x({m Qomxom - xgs QosxOS S 0 (55)

2)

785

By applying LaSalle’s invariance lemma, it is not dif-
ficult to see that the unforced system is asymptotically
stable. A Lyapunov converse theorem [53, Th. 24, Ch.
5] can be applied, by considering Assumption 5, to show
that there exist a C* function V, and class K functions
a1—o3 such that

ar(flxl) = Va(x) < aa(llxl)

vVt >ty Vx € B, (56)
Vi) < —as(lxl) Yt =1 VxeB, (57)
aV,
sup (x) < 0. (58)
xeB,

Now, in [52, Lemma 9.2], the state x in (31) is
ultimately bounded if the perturbation term, i.e., the
forced part of the system, satisfies the uniform bound

Oos (a5 ' (1 (Xmax)))
Ol4(xmax)

for some positive constants § > 0 and 0 < 6 < 1. From
the definition of f > it can be seen that these perturbation
terms shrink when the external forces 7, and 7, and the
time delays T7,,(¢) and T;(¢) are small. Thus, the result
is valid only for sufficiently small external forces and
time delays, meaning that the ultimate boundedness of
the state is not satisfied for any bounded perturbation
in the end despite its magnitude. This is because the
unforced part of the system has been shown to be only
asymptotically (but not exponentially) stable since V
in (53) is not a strict Lyapunov function for the unforced
part of the system.

By taking into account Assumption 3, T, and T, are
bounded, so that as long as x stays in B, = {x €
RY20H):x(1)]| < Xmax), by Lemma 1, g, . 45 o,
42 m>q2 s> Te, Urts, and u,g;, are bounded as well. Recall
that just as mentioned at the end of item 1) of the proof,
Xmax cannot be chosen freely. Let us denote the bounds in
By, cr £ maxlig, , I, and ¢,3 = maxiq, . By taking

TAETE 59)

the derivative of V along the trajecrtories of (46), it is
obtained that

V = _kpsq;m(kvmq2 m kvmqZ m— Th+ Te(t - Tv)
t
- T, —T) — kpm/ q, s(o')do')
=T

- kpmq; s(kVqu s kvqu s — Te

1
_kpS / 9> m (G)da)
t—Tn

T
~ Xom Qomxom

T T
— Xos Qosxos + zxomPOInBomurfm

+ 2x0 P o Bosttrsy (60)
= —kpsliqoml
X (ko | @2 | = Ko | G2
—lTn = Telt = Tl = || = kpmessers)
= lom g2
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[ze1)

X (kvs ”‘sz ” — kys ”623 H - kpstZCTm -
- Amin(Qom)onm”

Amax (P om)
X xomll — 27— llttsfm|
( )\min(Qom) " )

Amax (P os)
- /\min(Qos) ”xos”(”xos” 22— ”urfs”)

Amin(Qos)
(61)
Consequently, vV <0if
~ C1
g2l = [ Gon] + (62)
vm
. c
2,1l = (o] + = (63)
Amax (Pom)
1% omll > 2522 || (64)
)\min(Qom)
/\max(Pos)
Xos|| = 22— 65
|| OS” - )\min(QOS) ||urfs|| ( )
where
=t — Tl + H T, “ + kpmcb3cTs (66)
C) = H'L:e H + kpstQCTm. (67)
Of all the right-hand side terms, |Gomll, G2l

and [|T.||, and the ratios Amax(Pom)/Amin(Q,y,) and
Amax (Pos)/Amin (@) can be made arbitrarily small by
tuning the observer gains properly. In turn, the terms
c; and ¢, depend on external forces and time delays.
From the above analysis, it is stated that e must be
bounded in B,. Thus, the only possibility is that gq,,,
and ¢,, tend to a region bounded by |1g,,, Il < lIGam| +
Cl/kvm and ||q2s ” = ”éZs ||+02/kvs- As explained l~)ef0re,
all the estimation error quantities, denoted by (-), can
be made arbitrarily small as well by properly tuning the
observer gains in (12)-(16), see Remark 3. Finally, the
gains kyn, and ks can be tuned large to reduce the effects
of ¢; and ¢, defined in (66) and (67).

|

The following remarks are useful to gain insight into the
implementation of the proposed scheme.

Remark 4: While there is no problem in setting the observer
gains very large, the controller derivative gains kyy, and ks are
limited by the bandwidth of the system. Moreover, if these
gains are large, the overall system could be stiff to the human
operator. However, for the special case of no external forces,
i.e., Ty, = 1, = 0, the ultimate bound for the velocities can be
shrunk, as can be seen in (62) and (63), by setting the ratios
kpm/ kvm and kps/ kys small. O

Remark 5: In this work, we have chosen not to include the
other robot velocity (nor its estimate) in their corresponding
control laws, i.e., T, does not depend on §,; and vice
versa. Although the inclusion of such velocities is of great
help when developing the stability proof, in practice, these
terms are counterproductive and they are frequently dominated
by including an extra term of local damping. By including
only local damping, we have the additional advantage that

ialliptilator:

Remofe
m

Fig. 2. Setup employed for the laboratory experiment.

fewer signals are transmitted through the communication chan-
nel (only the two positions and the estimated environmental
force). U

IV. EXPERIMENTAL RESULTS

The experimental setup consists of two 3D Systems Touch
manipulators, as shown in Fig. 2. One of the robots is con-
nected to the PC via Ethernet, while the other one is connected
via USB. Both robots have similar mechanical characteristics,
with a workspace resolution of approximately 0.055 mm
and a maximum exertable force of 3.3 N. The robots were
programmed by employing the OpenHaptics HDAPI running
under Windows 10. Both robots are programmed in C++
language with Visual Studio C/C++4-. The sample time for the
entire system is 2 ms, which is possible by implementing the
Windows Multimedia Timers. As a part of the experimental
data, a time vector is obtained, from which the sample time
can be verified to have a mean of 2 ms. Thus, the sampling
time and the quantization errors are not a problem for the
implementation of the continuous controllers and observers
designed in Section III. For experimental platforms with
slower sampling times or large quantization errors, sufficient
conditions for preserving the continuous system stability can
be found in [54].

For all the experiments presented next, both manipulators
are first driven to a home position by a standard PD controller,
and then, the user switches to teleoperation mode. Only the
first three joints of both manipulators are employed, while the
remaining three are mechanically blocked. The dynamic model
for the three degrees of freedom configuration of the Phantom
Touch manipulator can be found in [45, Ch. 14], along with a
linear parametrization, which was used to identify a new set
of parameters due to the addition of the force sensor to the
tip of the slave manipulator. The master robot is manipulated
directly by the human operator, whereas the slave interacts
with the remote surface. Two different scenarios were tested:
in the first experiment, a rigid book is employed, whereas in
the second experiment, a soft surface consisting of a softball
used for yoga training serves as the remote surface.

A. Laboratory Experiment

In the following experiments, the user is intended to interact
with the remote objects, i.e., a rigid book and a softball. Asym-
metrical artificially created time-varying delays are included in
both directions, i.e., a delay from master to slave signals 7,
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taking random values in the interval [0.25, 0.35] s and a delay
from slave to master signals 7 taking random values in the
interval [0.2, 0.3] s.

1) Book Experiment: In this experiment, both robots start
in free motion, while the user approaches the book. Once in
contact with it, the operator exerts a force over it and intends
to draw a circle over the book’s surface. After three circles,
the user enters again in free motion, and then, he tries to rotate
the book by exerting a force over one of its corners. Finally, the
user exerts force over another corner to rotate the book in the
opposite direction.

2) Ball Experiment: In this experiment, both robots start in
free motion again, and the user approaches the ball. Once in
contact with it, the operator pushes it and tries to move the
ball in circles, first in one direction and then in the opposite
one.
A video of these two experiments is available
at https://youtu.be/I-auZqvtdlc.

Tuning Procedure:

1) The observer gains in (12)—(16) can be set by choosing
the roots of the polynomials in (37) as far in the left-hand
side of the complex plane as allowed by the system
bandwidth.

2) The controller gains K, and K.y, for the master con-
troller (22), and K, and K for the slave controller (23)
can be set by standard PD tuning methods. If better
performance is wanted, some techniques for PD tuning
can be applied by taking advantage of the dynamic
model knowledge (e.g., [48, p. 213]).

3) To deal with noise effects, first-order filters can be used
to obtain the velocity and force signals employed in the
control laws (22) and (23).

For both observers, the degree of the polynomial (37), p =
2 is chosen. The observer gains in (12)—(16) were set to A, =
Xos = 1 x 1081, A\, = Ay =4 x 1081, Ny = Apy = 6 X
10*I, and A3, = A3, = 4001, i.e., the observer poles were
located at p;y = p» = p3 = ps = —100 for both robots.
The controller gains for the master manipulator in (22) are
chosen as Ky, = 0.0011 and K,,, = 0.0011, whereas the
gains for the slave controller (23) are Ky = 2.0 and K =
0.021. First-order filters with a cutoff frequency of 10 Hz were
used for the velocity and force signals employed in the control
laws (22) and (23).

Although all the controllers and observers were imple-
mented in joint coordinates, the results are presented in
Cartesian coordinates, obtained from direct kinematics, i.e.,
[xk Yk zk]T = fpk(q)- Similarly, the contact forces are
expressed in the Cartesian base frame by using the well-known
relationship T = J(¢)" F, where J(q) is the manipulator
Jacobian.

Remark 6: If a peaking phenomenon, which commonly
arises when employing high-gain observers, is presented,
a suitable clutch can be implemented at the start of the robot
motion, as explained in [47]. U

The time evolution of the Cartesian coordinates for both
master and slave robots for the book experiment is shown in
Fig. 3. The estimated Cartesian velocities for both robots are
shown in Fig. 4. The Cartesian forces measured at the slave

0 10 20 30 40 50 60
o ‘ ‘ ‘ ‘ ‘
‘“.:-()Alf
£ _ -
02 ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60
tfs]
Fig. 3. Book experiment, the proposed scheme: time evolution of the

Cartesian coordinates of master (—) and slave (- - -) robots.
@ 0.1f
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Fig. 4. Book experiment, the proposed scheme: estimated Cartesian velocities
of master (—) and slave (- - -) robots.
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Fig. 5. Book experiment, the proposed scheme: Cartesian forces measured
at the slave side (—), estimated at the slave side (- - -), and estimated at the
master side (- - -).

side, along with the estimated forces at the master and the
slave sides, are shown in Fig. 5.

B. Comparative Experiment

In this section, a comparison of the proposed scheme with
one relatively recent result published in [40] is presented,
namely, the dynamic-gain ESO (DGESO). This scheme was
chosen because of the similar design considerations shared
with the proposed scheme: 1) only position is measured;
2) forces and velocities are estimated; and 3) time-varying
delays are considered in the communication channel.

The DGESO was tuned by considering the constraints
mentioned in the cited paper. Notice that the DGESO also
requires a dynamic model of the manipulators. Although it
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30
t[s]

Fig. 6. Book experiment, DGESO: time evolution of the Cartesian coordi-
nates of master (—) and slave (- - -) robots.

includes an adaptation algorithm, the performance is better if
the parameters are initialized with those obtained by an offline
identification.

For the observer part of the DGESO, the same gains
of the original article were employed, i.e., parameters
Bi1 = diag{60, 60, 60}, B;» = diag{440, 440,440}, Bz =
diag{900, 900, 900}, o = 200, Amax(P;) = 1.5, pi(®) =
(0.6 —0.01)e > +0.01, §;, = 8;x =2, and ¥; = 0.011. Such
an election was possible due to the independence of these
parameters on the robot dynamics. For tuning the controller
parameters, we have proceeded as follows: first, we have
set the wave transformation variables by = b, = 2 as in
the original paper and tuning A\; = A\, = 3, by trial and
error until obtaining satisfactory performance. The parameters
¢&m = & = 0.2 were chosen as in the original version. The
parameter y; = 0.01 is related to local damping and therefore
was chosen as half of K,s of the proposed approach. The
parameters k,,; = ks = 1 were set to satisfy [40, Remark 5,
egs. (65) and (66)]. The y», = 0.15 parameter is related to the
position error and was set by trial and error. Finally, the «; and
«, parameters must satisfy [40, eq. (64)] and were originally
set to oy = ap = 0.7 for the maximum delay of 0.35 s
considered in the experiment. However, this setting leads to
very stiff behavior and poor performance. Since conditions
[40, eq. (64)] are very conservative and by looking at control
laws [40, eqgs. (58) and (59)], one can see that these gains
are directly related to damping addition. Therefore, we have
decided to reduce these gains to improve the performance at
the expense of not satisfying conditions [40, eq. (64)], leading
to oy = ap = 0.02. Notice that this is the only nonsatisfied
condition given in [40], and this election could explain why
with the same tuning it is not possible to deal with larger
delays, as will be seen in Section IV-C.

The time evolution of the Cartesian coordinates for the
DGESO approach, for both the master and the slave manipu-
lators, is shown in Fig. 6. In turn, the estimated forces at the
master and the slave sides, along with the measured force at
the slave side are shown in Fig. 7.

The two experiments described in Section IV-A were con-
sidered for the comparison. Note that, since there is a human
operator in the loop, the exact experiment cannot be repeated
for each scheme exactly. To make the comparison study more
reliable, each experiment was repeated ten times for each
scheme, alternating between them.

Fx[N]

Fey[N]

0 10 20 30 40 50 60

0 10 20 30 40 50 60

Fig. 7. Book experiment, DGESO: Cartesian forces measured at the slave
side (—), estimated at the slave side (- - -), and estimated at the master
side (- - -).

TABLE I
BOOK EXPERIMENT: AVERAGE RMSE OF TEN EXPERIMENTS
Average RMSE  Proposed DGESO
Tm — Ts [mm)] 9.2 223
Ym — Ys [mm] 2.9 15.6
Zm — 2s [mm)] 8.1 14.1
Fex — Fex [N]  0.1884  0.2038
Foy — Foy [N] 01175 0.1463
Fey — For [N] 0.3060 0.2445
Fhy — Fox [N] 00748 0.1627
Fuy — Fey [N] 00388 0.1142
Fy,, — Fey [N] 0.0828 0.1594
TABLE II
BALL EXPERIMENT: AVERAGE RMSE OF TEN EXPERIMENTS
Average RMSE  Proposed DGESO
Tm — Ts [mm)] 7.6 15.6
Ym — Ys [mm] 2.7 24.1
Zm — Zs [mm)] 15.2 20.2
Fex — For [N] 01426 0.4686
Fey — Fuy [N] 01048 0.0839
Fo,—F,[N] 01321 0.1877
Frx — Fox [N] 00713 0.3825
Fy — Fey [N] 0.0362 0.0531
By, — F [N] 00372 0.1249

To obtain an objective comparison, a quantitative analysis
of the data is presented in Tables I and II. In Tables I and II,
the average of the root-mean-square errors (RMSEs) of all
ten experiment data signals both for the book and the ball
experiments, for each scheme, is presented. The RMSE is
defined as

N
D xi2

RMSE(x) = =

(63)
where N; is the sample size of each signal. An interpretation
of the results of Tables I and II will be given in Section I'V-E.

C. Effect of the Time Delay on the Performance

To obtain a measure of the effects of the time-delay mag-
nitude on the performance of the above schemes, another
experiment was carried out. This experiment consisted in
increasing the time delay while preserving the same tuning
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TABLE III

PROPOSED SCHEME: AVERAGE RMSE AS INCREASING THE
TIME DELAY FOR THE BOOK EXPERIMENT

Time-delays 20 ms 80 160 320 640 1280 2560
Tm — 2s [mm] 66 78 89 95 98 119
Ym — Ys [mm] 24 27 33 29 33 3.1
Zm — zs [mm)] 5.8 7.4 8.6 8.9 11.2 11.1
Fox — Fox [N] 0.19 021 024 026 034 026
Foy — Foy [N] 0.10 0.3 0.14 014 027 026
Foy — Fey [N] 027 041 052 056 098 079
Fix — Fox [N] 005 009 008 013 027 029
Fyy — Fey [N] 0.03 006 005 008 016 020
Fhy, — Fey [N] 007 013 011 011 011  0.08

TABLE IV
DGESO: AVERAGE RMSE AS INCREASING THE TIME
DELAY FOR THE BOOK EXPERIMENT

Time-delay £20ms 80 160 320 640 1280 2560
Tm — Ts [mm] 156 185 21.8 - - -
Ym — Ys [mm)] 202 249 31.0 - - -
Zm — 2s [mm)] 8.0 86 92 - - -
Fox — Fex [N] 022 026 033 - - -
Foy — Fuy [N] 013 011 010 - - -
Fe, — Fey [N] 019 024 027 - - -
Fix — Fex [N] 011 017 029 - - -
Fiy — Foy [N] 0.08 008 009 - - -
Fhy, — Foy [N] 013 015 015 - - -

Measure distance
. | Total distance: 9,352.02 km (5,811.08 mi) ' -

s
copna

Fig. 8. Teleoperation through the Internet: location of the connection points.
Approximate distance: 9352 km.

as in the experiments above. The user is asked to perform the
experiment with the rigid book, without a time limit, as long as
the manipulators remain stable and he feels comfortable with
the task. The time delays for this experiment were symmetric,
ie., T,(t) = T,(t) with increasing magnitude and the same
variation of 220 ms. The results of this experiment are shown
in Table III for the proposed approach and in Table IV for the
DGESO. For the latter, the last three columns contain no data
due to the instability of the approach with the same tuning.

D. Teleoperation Through the Internet

To test the performance of the proposed approach for
time-varying delays under more realistic conditions, we carried
out an experiment at two geographically distant points through
the Internet. One robot was located at the Chair of Medical
Engineering, Helmholtz Institute for Biomedical Engineering,
RWTH Aachen University, Aachen, Germany, and the other
one at the Mechatronics Section, Cinvestav, Mexico City,

RTTs)

0 L L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100 110

tls]
Fig. 9. Teleoperation through the Internet: RTT delay measured from the
master side RTT,, (top) and the slave side RTT; (bottom).

Fig. 10. Teleoperation through the Internet: 3-D trajectories of master (—)
and slave (—) robots.
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Fig. 11. Teleoperation through the Internet: time evolution of the Cartesian
coordinates of master (—) and slave (—).

Mexico. The distance between these two locations is approxi-
mately 9352 km, as shown in Fig. 8. We employed Windows
Sockets under the TCP/IP protocol to transfer the data. In this
case, the sample time is incremented to 7 = 3 ms for both
robots. Moreover, since the control system is decentralized,
there is no necessity to transmit all signals, but only the
positions ¢;,, and ¢, and estimated torques 7, and 7.. The
round trip time (RTT) communication delays measured from
the data saved at the master and the slave sides are shown
in Fig. 9. The RTT measured from the master side has a
mean of 0.355 s, a standard deviation of 0.070 s, and a
maximum value of 0.840 s. In turn, the RTT measured from
the slave side has a mean of 0.356 s, a standard deviation
of 0.061 s, and a maximum value of 0.969 s. As discussed
recently in [55], the RTT is one of the most reliable parameters
in evaluating bilateral teleoperation performance under time-
varying delays. As a result of a practical limitation, for this
case, downsampling of 1/50 is implemented on the transmitted
signals to prevent any blocking or buffer saturations. All the
observers and controller gains are the same as in the laboratory
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Fig. 12. Teleoperation through the Internet: time-adjusted Cartesian errors
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Fig. 13.  Teleoperation through the Internet: estimated Cartesian forces of

the human F; (—) and the environment F, (—).
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Fig. 14. Teleoperation through the Internet: the difference between estimated
Cartesian forces at the master and slave sides.

experiment. For the experiments of this section, no force
sensor validation is presented, due to the lack of a force sensor
at the slave side. Nevertheless, we rely on the good results of
Sections IV-A and IV-B to assume that the estimated forces
are close to the real ones.

For the first experiment, the user intends to follow a circular
trajectory over a flat surface while exerting a force on it. A 3-D
plot of the trajectories in Cartesian coordinates for both robots
is shown in Fig. 10. The time evolution of these coordinates is
presented in Fig. 11, with their time-adjusted differences, i.e.,
X1, —x ", shown in Fig. 12, where x,Tl'Z £ x1m(t — Tpn). Next,
the estimation of the external forces F; and F, is shown in
Fig. 13, whereas their time-adjusted differences, F n— F eT*,
are shown in Fig. 14, where F eT £ IA"g(t — Ty). This time
adjustment is carried out by saving a file on each side, which

Fig. 15.  Setup at the master and slave sides for the second Internet
experiment.
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Fig. 16. Teleoperation through the Internet: time evolution of the Cartesian
coordinates of master (—) and slave (—) robots.
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Fig. 17. Teleoperation through the Internet: time-adjusted Cartesian errors
X1y — X1t — Tm)-

contains local and remote signals. Thus, at the slave side, one
has x,(¢t) and x,,(t — T,,), and at the master side, one has
F,(t) and F,(t — T).

In the second experiment, the operator is asked to move a
small cardboard filled with a load weight of approximately
0.2 kg as the one shown in Fig. 15. The time evolution of the
Cartesian coordinates is shown in Fig. 16, whereas their time
adjusted errors, Xy — x]T;"n, are shown iAn Fig. 17. Finally, the
estimated human F; and environment F, forces are shown in
Fig. 18, along with their time adjusted differences, F n— F ZT,
shown in Fig. 19.

E. Discussion

In the laboratory experiment of Section IV-A, the artificially
created time delay makes it difficult for the user to carry
out the intended task. Nevertheless, the position errors remain
close to zero and below 20 mm in each coordinate during the
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Fig. 18.  Teleoperation through the Internet: estimated Cartesian forces of
the human Fj; (—) and the environment F, (—).
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Fig. 19. Teleoperation through the Internet: time-adjusted differences

between estimated forces at the master and slave sides.

whole experiment. In this experiment, it can be seen that the
estimated and measured forces on the slave side are close to
each other. As the velocities are estimated and employed only
locally by the controllers, i.e., they are not transmitted through
the communication channel, a good performance is expected,
as shown in Fig. 4.

The comparison study presented in Section IV-B illustrates
the performance of the proposed approach with respect to a
relatively recent scheme taken from the literature (DGESO).
Since the execution of the task involves a human operator,
the experiment was repeated alternately ten times for each
experiment and each of the schemes to make the comparison
more reliable. The mean value of the RMSE indexes corre-
sponding to all the experiments was then obtained as a measure
of performance. These results are shown in Tables I and II.
The results presented in Tables I and II show that though the
force estimation performance is similar for both approaches,
the proposed in this work outperforms the ESO in position
tracking and force reflection, which are the main goals for
a transparent teleoperation scheme. Moreover, the proposed
approach is easier to implement than DGESO.

In the experiments of Section I'V-D, we tested the validity of
the assumptions on a real-case scenario, i.e., communication
over a long distance by a common Internet protocol. The posi-
tion tracking errors, although centered at zero, are not as good
as in the first experiment. This is due to the necessity of the
implementation of downsampling on the transmitted signals
by 1/50, which is necessary to prevent buffer saturations and
blocking in the sockets employed to make the communication.
Another practical limitation is the visual feedback. In the

laboratory experiment, with a similar time delay, the visual
feedback to the user is not delayed and he/she is able to correct
or even, after some trials, develop a strategy to better perform
the task. In contrast, for the real-case scenario, the visual
feedback is delayed even more than the transmitted position
and force signals. Although the performance is not as good as
in the first experiment, the position errors also remain close to
zero. In the same form, the difference between the estimated
torques is always close to zero.

V. CONCLUSION

This work proposes an observer-based controller for robotic
teleoperation by using only joint position measurements. The
proposed controller—observer is designed to be easy to imple-
ment. A formal mathematical analysis carried out in this article
guarantees the convergence to an arbitrarily small ultimate
bound of the observation error signals and robot velocities. The
proposed scheme also provides an arbitrarily close estimation
of the human and environmental forces. Moreover, the human
and environmental forces difference is arbitrarily small, which
can be transferred to the telepresence of the human operator.
The experiments presented in this work validate the good
performance of the proposed approach, both when compared
with an already available scheme in the literature and in a
real scenario in an intercontinental teleoperation experiment
through the Internet. In all the experiments, the proposed
scheme shows good position tracking, force reflection, and
force estimation.

In future work, practical limitations, such as buffer satura-
tions and efficiency of the communication protocols, will be
investigated to improve the controller—observer design. From
a theoretical point of view, stronger stability conditions will
be pursued either by finding a strict Lyapunov function for the
closed-loop analysis presented in this work or by exploring an
alternative way to perform the stability proof. In addition, the
analysis and design of a controller—observer for time-delayed
teleoperation in the Hamiltonian framework will be studied.
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