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Adaptive Control of Nonlinear Teleoperation Systems with Varying
Asymmetric Time Delays
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Abstract—In this paper, a new adaptive control design
method for nonlinear telerobotic systems with varying
asymmetric time delays is presented. Using the proposed
controller, it is possible to synchronize the state behavior
of the local and the remote robots. While prior art on
adaptive teleoperation has addressed stability in such
systems only for constant delays, we guarantee
asymptotic stability in the presence of delays that may be
time-varying and/or unequal in the forward and
backward directions. Using the proposed controller,
asymptotic stability of the bilateral teleoperation system
subject to any bounded varying delay with a bounded
rate of variation can be guaranteed. The proposed
controller also has the ability to cope with parameter
variations in the dynamics of the local and the remote
robots. To study the transparency of the closed-loop
teleoperation system, we prove that the position and
velocity errors between the local and the remote
manipulators converge to zero asymptotically. To show
the efficiency of the proposed controller, simulation
results on a pair of two-degree-of-freedom manipulators
with varying time delays in the communication channel
are presented.

1. INTRODUCTION

SING a telerobotic system, a human operator can carry
out tasks in a remote environment. Different
applications of telerobotic systems vary from tele-surgery to
space manipulation. Teleoperation performance is greatly
enhanced if haptic feedback about interaction occurring
between the remote robot and the remote environment is
provided to the human operator through the local robot [1].
Such systems are called “bilateral” because information
flows in two directions between the operator and the remote
environment [2]. On the other hand, in telerobotic
applications with a distance between local and remote
robots, there will be a time delay in the communication
channel of the system [3]. The time delay in the closed-loop
system can destabilize the telerobotic systems [3].
Control schemes have been developed to compensate for
the time delay, most of which are based on the passivity
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theory. Passivity based control schemes [4] are inspired
from energy interaction between interconnected systems [6].
To this end, Anderson and Spong [4] proposed scattering
schemes based on the passivity theory. Another prominent
passivity-based scheme is the wave variable formulation for
a two port networks proposed by Neimeyer and Slotine [9].
These passivity based approaches can guarantee the
passivity of bilateral teleoperation systems just for constant
time delay and cannot preserve the passivity for varying time

delays [7].
In most passivity based Dbilateral teleoperation
architectures, only velocity and force information is

transmitted between the local and the remote sides [8]. This
means that only force and velocity tracking can be ensured
in such architectures, leaving the possibility that any initial
position mismatch between the local and the remote robots
would lead to a position drift between the robots. To solve
this problem, [9] transmit position information along with
the wvelocity information through the communication
channel. The Scattering and the wave variable approaches
are the best known methods in the passivity approach, and
have been the subject of recent studies concerning
teleoperation under varying delays. An extension of the
scattering approach to the case of varying time delays is
reported in [5], in which a small positive gain is added in
communication channel to dissipate the extra energy
generated due to the distorted scattered signals caused by
varying time delay. The gain should be less than 1 —T,
where T is the instantaneous value of the varying time delay,
such that communication channel remains passive. Also, an
extended version of the wave variable approach with varying
time delay was reported in [10], in which besides the wave
variables, extra variables are transmitted in the
communication channel to preserve passivity. Another
interesting and recent method in passivity-based analysis of
telerobotic systems is the synchronization-based approach
[11]. Compared to the wave variable approach, in the
synchronization-based methods power signals continue to be
transmitted in the communication channel while the stability
(rather than the passivity) of the overall telerobotic system is
analyzed. The wave variable scheme, however, only
analyzes the passivity of the communication channel in
isolation, which is overly conservative, and in terms of
performance suffers from unwanted wave reflection effects
particularly for larger time delays. In synchronization-based
schemes, all states including positions and velocities of local
and remote robots act synchronously. The methods in
adaptive synchronization-based schemes reported so far can
only guarantee the stability for a constant time delay in the
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communication channel (this is not to be confused with
considerable amount of previous work on non-adaptive state
synchronization under varying time delay). In other words,
in the presence of varying time delays, stability of the
bilateral teleoperation systems cannot be preserved using the
methods available so far.

In this paper, a new controlling scheme is proposed to
guarantee stability of the bilateral teleoperation system and
to synchronize the behavior of the local and the remote
robots in the presence of varying time delays in
communication channel. This paper is organized as follows.
Section II concerns that telemanipulator dynamic model
while the controller design method is presented in Section
III. In Section IV, simulation results demonstrate the
efficiency of the proposed method followed by the
conclusion n presented in Section V.

II. TELE-MANIPULATOR DYNAMIC MODEL

The local and the remote manipulators can be modeled by

the following nonlinear equations:

M (q)q, + C(qu, q)q + 9(q) = 7. — 7

MT(qT)éiT + CT(qT' qr)‘?r + gr(Qr) =Tr—Te (1)
where q;, ¢; and §; for ie{r,[} are the joint positions,
velocities and accelerations of the local and the remote
robots, respectively. Also, M;(q;), C;(q;, q;) and g;(q;) are
the inertia matrix, the Coriolis and centrifugal term and the
gravitational force respectively, 7; and 1, are control torques
for the local and the remote robots, and th and t. are applied
torques from the human operator and the environment sides
respectively.

Some important properties of the above nonlinear
dynamic model are [12, 13]:

For a manipulator with revolute joints, the inertia matrix
M;(q;) is symmetric positive definite and has the following
upper and lower bounds:

0 < Ain(MDI < Mi(qi) < Ayax (M) < 0
I. For a manipulator, the relation between the
Coriolis/centrifugal and the inertia matrixes is as
follows:
Mi(q) = Ci(q,q) + G (91,90
II. For a manipulator with revolute joints, there exists a
positive number # bounding the Coriolis/centrifugal
term as follows:
1Ci(q0, 4)d:l < nd”
III. The nonlinear manipulator dynamics could be linearly

parameterized as follows [13]:

M;(q)q; + Ci(qi,4)q: + 9:(q)) = Yi(qi, Gi, Gi)O;
where Y; is a matrix of known functions of the generalized
coordinates and their higher derivatives and 6; is a vector of
the manipulator dynamic parameters.

III. CONTROL DESIGN

In this part, the proposed controller design method to cope
with varying time delays in a telerobotic system is presented.
It is assumed that the dynamics of the system is not exact.
So, the estimates of the robots’ dynamics are employed in

the controllers 7; and z,.. The controllers 7; and 7, in (1), are

defined as follows

7 = —M(q)ép — Ci(qu, 4 ey — Gi(q) + T

Tr = Mr(qr)épr + Cr(qr: C.Ir)epr + gl (ql) -7 (2)
where ” represents estimates of the remote and the local

manipulators parameters and T; for ie{l,r} are the new

control signals. Also, e, and e,., which are position errors in

local and remote sides, are defined as

epl = Qr(t - Tz(t)) - QI(t)

epr = q1 (t - Tl (t)) - qr(t) (3)

where T, (t) is the delay in the feedforward path and T, (t) is

the delay in the feedback path. The overall scheme of

teleoperation with varying time delay is shown in Figure 1.

We propose to define the new control signals, i.e., 7; and 7,,

as follows:
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Fig. 1. The closed-loop teleoperation system under varying time delays
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where K; for ie{l,r} is a positive definite matrix and || .||,

denotes Euclidean norm. Also, é,; is the time derivative of
position error ep;, and e,; (velocity error) and &; for ie{l, 7}
are defined as follows:
g 2 q;—ep; ie{l,r}
=] = Qr(t - Tz(t)) - QZ (5)
Evr = ‘h(t - Tl(t)) - Qr

Note that because of the variation of time delays, the
velocity error e,; and the derivative of the position error &,

are not the same. Combining (2) and (1), the closed-loop
system equations are found as

My (q)é; + C(qn )& = —Mi(q)éy,
—C(qu,q) ey — Gi(q) — T + 11
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Mr(qr)ér + Cr(qr' QT)ST = _Mr(qr)épr - Cr(qr' Qr)epr -
gr(qr) =T —Te (6)
where ~ represents the estimation error in the manipulator
parameters., e.g., M; = M; —M;, C;=C;—C;, and §; =
g; — 8; for ief], r}. Using the fact that the equations of robot
motions are linear in their parameters (Property 1V), let us
define the regressor matrix ¥; and the parameter vector 0
such that the nominal robot dynamics can be written as
M(q)ée +C(q,q)e +g(q) = —Y(q,q,e,€)0 (7
Equation (7) can be achieved from Property IV via
replacing ¢ with é and the exterior ¢ in C(q, ¢)g with e and
then negating Y. Using the above linearity property, we have
Yi(qi, i epis €5:)0; =
—M;(q)ép; — Ci(qi, ey — i(q) ,  iefl,r} ®)
where §; = 6; — 8; and the regressor Yi(qi, di» epi» e'pi) is a
matrix whose elements are known functions of the
generalized coordinates, derivatives of generalized
coordinates, position errors and velocity errors. It is possible
to find the following closed-loop dynamical equations from
the above.
M (q)é + Cz(qpfh)fz =
Yi(qu 4o epr ép1) 0y — T + T
M, (q-)é- + Cr(qr'gr)‘gr =
Y, (qr' r» €pr épr)er T, =T (€)
Now, we introduce the following adaptive update law for
manipulators parameter estimation to be used in conjunction
with the controllers (2):

0, =TY, ¢ ie{l,r} (10)
In the following, we analyze the stability of the system.
Theorem I In free motion (1, = 1, = 0), the bilateral tele-
manipulator (1) with the controller (2)-(5) is asymptotically
stable. Also, q; converges to a constant value, and the
position error e,; and the velocity error e,; converge to zero
for any bounded varying time delay with a bounded time

derivative. Here, ie{l, r}.
Proof: To study the asymptotic stability under varying time
delays in the communication channel, we use the following
Lyapunov-Krasovskii functional:

1 t . 1 t
V=—f q, qldt+—f

2 t=T4(£) 2 t=T(t)

1 T T 45 1

+3 Dietry [Ei Mig; +6; I'™°6; + ey epi] (1)

where I is a positive definite matrix. The time derivative of
Vis
V=2,

ie{r,l}

q," grdt

1 . ~ 1
[E SiTMSi + SiTMéi + BiTF_lei + EepiTépi:I

F2aOTa0 ~ 3 (1~ 1)t~ 1) dt - 1)

1 . T . 1 - . T .
+ Eqr(t) Qr(t) - E (1 - Tz)qr(t - Tz(t)) qr(t
— Ty(1)) _
Using equation (9), we can simplify V as
. 1 . ~ ~ -
V= [ES,:TMSL' + SiT{—CiSi + Ylgl - 1_','} + QL-TI"_19L-
ie{r,l}

1 g, 2n 1. cors
+oepi’ épil + 5010740

(12)

1 . 1
-5 (1= Tt - 1) @t - TO) + 560740

1 . .
=5 (1= T2)ar(t = T2(0) 4, (t = T2(0) (13)
Using the following skew-symmetry property, which is
equivalent to the property II,

x" (My(q) = 2Ci(q1,4))x =0 ¥ xeR" (14)
and after some simplifications, we get

1 . ~ ~ <

EEL'TM‘SL' + EL'T{—CL'Ei + YlOL - ’[_'l} + giT['—lgi
= giT {YiTSi + F_léi} - giTT_'i (15)

To simplify the right-hand side of (15), we introduce the
following adaptive rule

0;=-TY¢ (16)

With the assumption that the variation of unknown

parameters 6 is low, we get & = —0, and the above adaptive
rule for parameter updates becomes
0 =TYe (17)

which is same as (1). Using the above, it is possible to
simplify V, as follows:

1 1
Z [—fiT‘l_'i + EepiTépi] + EQl(t)TC?L(t)
ie{r,l}

1 . 1
—5 (1= 1)t = T:(0) @t = T(®) + 5474, ©)

1 .
_E(l - TZ)Qr(t — T2 ()7 4, (t = T2(t)) (18)

Using the definition of 7; in (4) and after some
manipulations, we get

V:

. 1. 1
V= [_fiTKifi + EeiTepi + ES,;TEV,;
ie{r,l}

1 1
+ Eegi(epi +ép —ey) + EepiTépi]
1 1 ,
+ E‘?l ®Tq,(®) - 3 (1 - T1)‘71(t —-T; (t))T"Zl(t - T1(t))
1 1 .
+ EQr(t)T‘?r(t) -3 (1=T)gr(t = T, 4t = T2 () (19)
Applying the following relationships
11 r
20" 0®) =56, (t = T2(©) :(t - o)
1 .
= _Eeglevl —q(®)ey
(20
1. . 1, T,
2G40 -4t - T®) at - T0)
1 .
= _;egrevr - -0 ey,
it is found that
1

. 1 .
V= [—€iTKi€i + EsiTepi + EsiTe,,i
ie{r,l}

21

1 . 1 . 1 .
+ Eegi(epi +ép — eyi) + EepiTepi] - Eegzevz —q(®)Tey

1. T, 1 .
+ Equl(t - Tl (t)) lh(f - Tl (t)) - Eez‘revr - qr(t)Tevr

1,4 . T,
+-T04-(t = T(0) 4, (¢ = T2(D) (22)
Considering the time derivatives of the position errors, é,,
and é,, as
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d(epr) _d
dt ~ dt

= <1 - %(mo)) q(t-T(®) - ¢,@®

(a(t - ®) - ()

d
=4t = Ti®) = ¢ () = = () au(t - T2 (®))
= Cyr — Tl 5Iz(t - Tl(t))

d d
(;f ) a(qr(t —T,(0) - q(®)

d
- <1 - E(Tz(t))) 4r(t = T2(0) = @:(®)

= 4:(t = T2(0)) = 4 (6) = = (T2(0) (£ = T(0)) = ey —
TZ QT(t - Tz (t))a
we get the following relationships between é,,; and e;:
épl =€y — TZ C'Ir(t - Tz(t))
(24)
épr =ey —T; ql(t - Tl(t)) (25)
Applying (24)-(25) to (22), V could be simplified as
becomes

(23)

. 1 1
V= Z [—EL‘TKL'EL' + E‘giTépi + EeiTem-
ie{r,1}
1r ; 11, 1r - (T
+Eevi(epi +épi — evi) + Eepi €pi — Eevievi —q;(t) eyil

+%ql(t - Tl (t))T(evr - épr)

| (26)
+ EQr(t - Tz(t))T(evl - épl)

Considering that
Ql(t - Tl(t)) = ey +4r

27
QT(t - Tz(t)) = eyt QI

(28)

V is further simplified to
. 1 1
V= Z [_SiTKiSi + ESiTe.pL' + ESiTeVi

ie{r,}

1 T 5 1 T, T . T
+§evi(epi +épi — evi) + Eepi €pi — Eevievi - Qi(t) €yi

1
t3 (eyi + 4" (evi — ép1)] (29

More simplification gives
. 1 1
V= Z [—&"Kie — Eez;ievi + E{si -q;(0) + epi}Tépi
ie{r,l}
. T
+%{5i — () + epi} el
(30)
Using the definition of & in (5),
definiteness of V is seen as
. 1
V==Yt [fiTKiSi + geviTeui] €2y
Integrating (31), it is easy to see that V(t) —V(0) =
t .- t 1 .
S,V =- (fo (siTKl-si + zem-Tem-)) <0, ie, V(t) <V(0).
Using the fact that V(t) > 0, V(t) < V(0) and V(t) < 0, it
is possible to say that V(t) is positive bounded decreasing

negative semi-

function. Thus, it is concluded that all terms in V(t) are
bounded. Now let us proceed to the analysis of transparency
of the system by proving lim,_q €,;(t) = lim._,e €,;(t)
= 0. We will also show that lim;_ q;(t) is bounded to
establish closed-loop stability. Previously, it is shown that
V(t) is bounded, so all terms in V(t) including €;, g; e; and
0;eL,, . Using V(t) =0 and integrating equation (31),
[ ETKE) +5 [ (ewTe,) =V(©O) —V(®) V() , it
follows that ¢;, e,;;eL,. It is easy to see from (5) that, since
gieLy,, we have e ;eL,. Combining these with (24)-(25)
and the assumption that T; is bounded, it is seen that €pi€lco.
All these bounded signals result in the boundedness of the
regressor matrix Y; , i.e., Y; €eL,. Using the boundedness of
&;, 0;, T; and Y; and Properties I and IIT in (9), it is seen that
&;eLy. Using Barbalat’s lemma, given that €;eL, and &;eL,,
, it is concluded that lim;_,,, &; = 0. Using & = §; — &y, , it
is determined that GeL,,. Invoking the time derivative of e,
e.g., €y = (1 - Tz)(jr(t —T,)— ¢, , it is concluded that
€,i€Ly . Therefore, using Barbalat's lemma again, since
eyi€L, and é, €L, , it is resulted that lim; e, =0.
Replacing e,; = qr(t -T, (t)) —q(t) in g =g, — e, and
using the fact that &, —0, stability of the system ¢,(t) +
q(t) = qr(t -T, (t)) can be analyzed with calculating the
response of q;(t) to the g, (t -T, (t)) . Homogenous
response of stable differential equation ¢;(t) + q;(t) =
¢, (t = T,@®) is q,(t) =e t[etq.(t—T,(t)) . Similar
result could be achieved for q,.(t) as q,(t) = e™* [efq,(t —
T (). If [ etq,(t — To(t)) is bounded then g, — 0, which
implies that ¢, — 0, ey, and e,; =0. If [ efq,.(t — T,(t)) be
unbounded then g;(t) would be indeterminate which could
be evaluated using Hopital's rule as lim;, q,(t) =
d

w = ql(t — Tl(t)) , i.e., ep. — 0. Similar

dat

results could be achieved for e,,; 0. Using the definition of
g, in (5) and using the fact that lim,,¢;(t) =0 and
lime,, e, (t) =0, it is easy to see from (5) that
lim;,, q;(t) =0 and, in other words, lim,, q;(t) =
Constant. Thus, it was proved that lim,_,, q;(t) =Constant
and lim,_,o, e,; = lim;,o, €,; = 0 i€{l, 7}
O
Thus, in free motion of the bilateral telemanipulation
system (1), state synchronization is satisfied under time
varying communication delays. Also, the closed-loop
telemanipulator is input-to-state stable from the human and
environment input forces to the local and remote
manipulator states.

IV. SIMULATION RESULTS

To verify the theoretical results of this paper, the local and
remote manipulators are considered to be a pair of two-
degree-of-freedom serial robots with revolute joints. The
local and remote manipulator dynamics (1) have the
following elements of inertia, Coriolis/centrifugal and
gravity matrixes:
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C.. G
,» Ci(qi,4) = [Cl,” Cln and

121 122

M.
M; (qz) = [M 1\/;12

l21 122
9:(q) = [gi:] where for ie{l,r} , M, =1m;,+

-Z(mi1 + miz) +21;, 1;,m;, cos (qlz) , My, =M, = 12 Smi, +
lllllzmlz cos (QLZ) Mlzz i — 2lllltzmi25m(qlz)qlza
Cllz = lllllszZSID(qlz)qiz > 6121 lllllszZSIH(qlz)Qil P Cizz =
0, gy= gllzmi2 cos(qi1 + qiz) + lll(ml1 + m,-z) cos(qil) S
9i, = gli,;m;, cos(q;, +q;,) . Here, q;, and gq;, are the
positions of the first and the second revolute joints, [;, and
l;, are the link lengths and m;, and m;, are the masses of the
first and the second links for each robot. For both
manipulators, we used the same linear parameterization (see
Property IV) asin [11]:

Y:

l mlza

Y; Y; Y;

i12 Yi13

. . i11 l1g l15 A
Yl(quq“ep“ epl) B Yi,, Y, Yo Vi, Yi ’ o=
[éi1 é\iz gis éio, éis]

where, Yl11 = _épi1 4 Yi12 = _Zépi1cos(qiz)_él7iz Cos(qiz) +
di,epi,sin(qi,) + 2ep;, dy,5in(q;,) 5 Vi, = _épiz > Y, =
—gcos(qi, +4i,) » Vi, =—gcos(qi,) , Y, =0 , Y,
_épi1cos(qiz) - quPHSin(qiz) > lea = 81”1 eplz 4 le4 =
—gcos(q;, + q;,), Y;,, = 0and 6; = Zmy, + 17 (M, +m;,),
912 llll miz , §L3 = lz 2, 0i4 = lizmiz , Gis = lil(mil

mi2, lelr.

Using the above definitions for the elements of the matrix
6;, it is possible to estimate matrixes M;, C; and g; based on
the elements of §; that will be estimated online. In
simulations, the physical parameters of the manipulators are
set tomy, =4 kg, m;, =0.5kg,l;, =50cm, [, =50cm,
m, =34kg, m, =025kg, l,, =50cm, l,, =50 cm
and the controller gain K; is set to 31. In the following, three
simulation scenarios are considered involving constant time
delays, random time delays and sinusoidal time delays
(scenarios A, B and C, respectively). A human torque, which
is shown in Figure 2, is applied to the local manipulator and
the tracking performance of the first and the second joints of
the local and remote manipulators are considered.

A) Simulation with constant time delays

In Figure 3, simulation results for a constant time delay
similar to that used in [11], 77=0.4 and 7,=0.4 seconds, in
terms of joint positions of the remote manipulator and
delayed joint positions of the local manipulator in the
presences of the exerted human torque are shown.
Comparing the results, it can be seen that the results of the
proposed method is exactly the same as that of the method in

[11]. This similarity is because of the fact that in this
simulation time delays are constant.
= s0r
%‘?0 !— ------------- -
= i | ‘
g 20r ! L 7"
= 10f N Tha
1
R £ L
0 5 10 15 20 25 30 35 10

Time (sec.)

Fig. 2. Exerted human torque

B) Simulation with random time delays

In this part, simulation results of the proposed method
compared with [11] for random time delays with Gaussian
distribution with mean 0.48 second and standard deviation
of 0.022, are shown. In this simulation, again the positions
of the first and the second joints of the remote manipulator
compared with delayed joint positions of the local
manipulator in the presences of exerted human torque are
shown. As it can be seen from Figure 4, the proposed
method has better tracking performance and less fluctuations

and setthng time than the method in [1 l]
0.4

-=q,, () method in [11]
-=-qy “'TL) our method

q“l:l) our method

L ; ; L
5 10 15 20 25 30 35 10
Time (sec.)

Fig. 3a. Positions of the first joints of the local and remote manipulator in
telemanipulation with constant time delay.

0.8 T T T = ———
—qNU_T] ) methed in [11]
0.6 P qWT(t) method in [11]
s ---qﬂ(t—Tl] our method
E g e Gy (1) oUr method

0 5 10 15 20 25 30 3 40
Time (sec.)
Fig. 3b. Positions of the second joints of the local and remote manipulator
in telemanipulation with constant time delay
0.4 : : ‘ T

0.2
PR
- 0 SESSSS————. SO S as——)
- v I'~.,A_l. i I
= -
F 02 \‘J 1= q (t-T (1)) method in[11] |
e .q”(llmeﬂmd in[11]
04+ —q,(+-T (1)) our method
— .q"(l_l our method
- — L L L L L B
O'GO 5 10 15 20 25 30 35 40

Time (sec)
Fig. 4a. Positions of the first joints of the local and remote manipulators in

telemanipulation with random time delay
1 : : :

[== q“H-T‘(IJ)m;IImd in[11]
..... q,,(t) method in [11]
a5k — (T (1)) our method
) ) ===, (t) our method
= o S e o i
&
0F
S
-05 L L I I L | L
o 5 10 15 20 25 30 35 40
Time (sec.)

Fig. 4b. Positions of the second joints of the local and remote manipulators
in telemanipulation with random time delay

C) Simulation with sinusoidal time delays

Let us verify the telemanipulator’s free motion tracking
performance under sinusoidal time varying delays. The
feedforward and feedback delays in the communication
channel are assumed to be changing as sinusoids with a
mean of 1 second and frequencies of 0.5027 and 0.4714
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rad/sec — see Figure 5. Joint positions of the local and the
remote manipulators in the presences of the exerted human
torque of Figure 2 are shown in Figure 6. It is remarkable
that state synchronization of the bilateral teleoperation
system is satisfied in the presence of the fast varying
communication delays. In Figure 7, tracking errors in the
first and the second joints of the local and remote
manipulators are shown, which are asymptotically
converging to zero as predicted by the theory.

0 5 10 15 20 25 30 35 0
Time (sec.)
Fig. 5. Time varying delays in communication channel
0.4 :
—q“(I'TW(m
- -=-q, (1)

L L L I L
5 10 15 20 25 30 35 10

Time (sec.)

-0.4
0

Fig. 6a. Positions of the first joints of the local and remote manipulators in

telemanipulation with sinusoidal time varying delay
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Fig. 6b. Positions of the second joints of the local and remote manipulators
in telemanipulation with sinusidal time varying delay
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Fig. 7. Tracking errors of the positions of the first and second joints
between the local and remote manipulators

V.CONCLUSION AND FUTURE WORKS

In this paper a new state synchronizing controller for
bilateral teleoperation systems with varying time delays in
the communication channel is proposed. Lyapunov stability
of the closed-loop system in the presence of time varying
delays is established. Besides, it is proved and also shown
via simulations that, using the proposed controller,
asymptotic synchronization between the local and the remote
robots occurs. The proposed controller entails an adaptive

tuning rule in the local and remote sides to estimate the
unknown/uncertain dynamic parameters of the manipulators.
Thus, in this paper, only the estimated values of the robots’
parameters are used in the controller, when providing the
asymptotic state synchronization between the local and the
remote robots under varying time delays. As future work,
state synchronization under varying time delays in with
hard-contact telemanipulation with consideration for force
tracking to obtain full transparency will be studied.
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