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Abstract— The problem of forward and backward time
delays is significantly important for both control and feedback
loop of networked control systems. These time delays give rise to
latency in performance and thereby may destabilize the system.
Therefore numerous methods have been proposed about time
delay identification/estimation and compensation for networked
control systems, especially for bilateral teleoperation systems.
However, most compensation methods have been accomplished
by considering offline time delay estimation for linear/nonlinear
time delay control systems.
In this work, we propose an observer based estimation
algorithm for round trip delay which is the sum of forward
and backward time delays for a 1 degree-of-freedom nonlinear
bilateral teleoperation system. Via Lyapunov based stability
analysis, global boundedness of the observer errors along with
their ultimate convergence and the convergence of the round
trip delay estimator to the vicinity of its real value can be
guaranteed in the closed–loop system. Finally, simulation and
experimental studies are carried out utilizing the last link of a
PHANToM Omni Haptic device moving like a one–link robot
in the vertical plane.

I. I NTRODUCTION
With the development of internet and global network,
networked control systems have been attracting a lot of interest. Network based bilateral teleoperation can be considered
as a subclass of networked control systems if it requires
networked communication to close the loop between the
local master and remote slave [1]. As a classical example
of a bilateral teleoperation system, Figure 1 shows that a
master robot handled by a human operator in a local station
sends control inputs to a slave robot in a remote station and
receives feedback from the remote site. These information
are transmitted through a communication channel from the
master robot to the slave robot and vice versa. Bilateral
teleoperation systems have been applied in various areas such
as mobile robots handling hazardous materials, telesurgery,
underwater or space exploration [2]. Depending on the
telerobotic application and the distance between master and
slave robots, the use of communication media may cause
loss of transparency, latency and instability [3]. In networked
control systems, TCP/IP based communication is the most
widespread architecture for a broad range of telerobotic
applications. While TCP/IP architecture guarantees packet
delivery with reliable transmission [4], [5], one of the most
a K. Cetin is with the Department of Electrical & Electronics Engineering,
Gediz University, Izmir, Turkey.
b A. Bayrak is with the Department of Electrical & Electronics Engineering, Abant Izzet Baysal University, Golkoy, Bolu, 14280 Turkey.
c E. Tatlicioglu is with the Department of Electrical & Electronics
Engineering, Izmir Institute of Technology, Urla, Izmir, 35430 Turkey.
? To whom all the correspondence should be addressed.

978-1-5090-2591-6 ©2016 EUCA

important problems in bilateral teleoperation systems with
TCP/IP based communication channel is the existence of
time delay. Depending on how signals are transmitted between the sources in bilateral teleoperation, time delay can be
extensively classified into forward delay and backward delay.
While the forward delay occurs in the slave robot when the
control input delivered by the master robot, the backward
delay occurs in the master robot when the measurement
signal is fedback from the slave robot.
Numerous researchers have designed compensation methods for time delay in bilateral teleoperation over the last
decades. In an early research [6], Anderson et al. developed
passivity based scattering variables theory under constant
time delay. Niemeyer et al. later extended the study by
proposing a wave variables theory in [7]. In [8], Garcia et
al. developed a Smith predictor based compensation method,
then, in [9], extended the method by estimating the time
delay online. However, these studies did not consider timevarying delays.
Time-varying delay compensation method was introduced
by adopting the wave integrals structure in [10] and [11].
Considering the communication delay as a disturbance, in
[12], [13] and [14], the authors proposed a time-varying delay compensation approach based on a network disturbance
and a communication disturbance observer. Using a linear
matrix inequality approach in [15], Chai et al. presented a
memory observer based controller with adaptation to time
delays. In [16] and [17], the authors developed a sliding
mode observer to estimate the slave position on the master
side and an extended Kalman Filter observer to estimate
load torque and parameter variations on the slave side. In
[18] and [19], the authors developed a predictor type sliding
mode observer to use in conjunction with a disturbance
observer. Delgado and Barreiro presented the stability of
linear teleoperation systems with time–varying delay in [20].
Although the above mentioned methods compensate for time
delay in bilateral teleoperation considering the communication delay as a disturbance, only a few of them focus on the
identification of time delay. However, they focused on linear
bilateral teleoperation systems with time delay.
Some other part of past research has proposed methods for
nonlinear bilateral teleoperation systems with time delay. Liu
and Chopra presented a set–point controller to compensate
for time-varying delay for robotic manipulators [21] and [22],
and developed further improvements considering the compensation of the gravitational torque in [23]. A sliding mode
impedance controller was proposed for nonlinear bilateral
teleoperation but under constant time delay in [24] and [25].
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Fig. 1.

The architecture of the networked bilateral teleoperation system

Review of the relevant past research highlights the fact that
most of the works considered known communication induced
delays when designing controllers. While there are some past
works that aimed identification/estimation of communication
induced delays, almost all of them were offline (i.e., the
identification scheme was run after the experimental data was
collected). In a novel departure from the existing past works
on teleoperation systems, in this work, we propose an online
round trip delay estimation method for networked control
systems which includes a bilateral teleoperation application.
First, the model of the overall system is given where the
model of a one degree of freedom (dof) robot was utilized.
Next, by treating the round trip delay as a nonlinear–like
parameter, the estimation scheme is presented. The boundedness of the closed–loop system signals are demonstrated
via Lyapunov arguments, while the convergence of the time
delay estimator is also achieved. Simulation and experiments
were conducted by considering the last link of a PHANToM
Omni robot arm in the vertical plane.
The rest of the paper is organized as follows. In Section II,
the dynamic model and state space form are described for one
degree of freedom robot manipulator and the round trip delay
is represented. In Section III, design of the round trip delay
estimator is presented. Section IV introduces the Lyapunov
based stability analysis. Simulation and experimental verifications are performed in Section V, and concluding remarks
are given in Section VI.
II. N ETWORKED C ONTROL S YSTEM M ODEL
The dynamic model of a remotely located one degree of
freedom robot has the following form [26]



ml2 θ̄¨ (t) + mgl sin θ̄ (t) + f sgn θ̄˙ (t) = u (t − τf ) (1)
where θ̄ (t), θ̄˙ (t), θ̄¨ (t) ∈ R are angular position, velocity
and acceleration, respectively, m ∈ R is the mass of the link,
l ∈ R is the length of the link, g ∈ R is the gravitational
acceleration, f ∈ R is the friction constant, sgn(·) ∈ R is the
standard signum function, and u (t − τf ) ∈ R is the control
input torque that is delayed due to the communication line
by an amount of τf seconds (i.e., forward delay).
As illustrated in Figure 1, it is considered that angular
position and velocity of the one link robot are transmitted
back and are subject to delays in the communication line in
the sense that θ̄ (t − τb ) and θ̄˙ (t − τb ) are received where τb
is the backward time delay.
We now re–define the received angular position and velocity as
(2)
θ (t) , θ̄ (t − τ ) , θ̇ (t) , θ̄˙ (t − τ ) .
b

b

In view of (1), θ (t) and θ̇ (t) are generated from


ml2 θ̈ (t) + mgl sin (θ (t)) + f sgn θ̇ (t) = u (t − τf − τb ) .
(3)
The round trip delay, denoted by τr , is defined to be equal
to the sum of τf and τb . It should be highlighted that
forward and backward delays are uncertain. We assumed that
they are approximately equal since TCP/IP based round trip
communication was used [27], [28]. The uncertain round trip
time delay τr is bounded in the sense that τr ∈ Rτ with the
region is defined as Rτ = [τmin , τmax ] where τmin and τmax
are known lower and upper bounds, respectively.
Given the dynamic model in (3), the research problem
attacked in this work is to estimate the uncertain round trip
delay τr provided that model parameters are known, θ (t)
and θ̇ (t) are available along with u (t) and its past values
being also available.
The model in (3) can alternatively be rewritten in state
space form after defining x1 (t) , θ (t) and x2 (t) , θ̇ (t) in
the following form
ẋ1

=

x2

(4)

ẋ2

=

h (x1 , x2 , t, τr )

(5)

where h (x1 , x2 , t, τr ) ∈ R is defined as
f
1
g
sgn (x2 (t)) +
u (t − τr ) .
h , − sin (x1 (t)) −
l
ml2
ml2
(6)
The nonlinear function h is assumed to be either concave or
convex in a region Rh = [τ , τ ] of τr that includes Rτ (i.e.,
0 < τ ≤ τmin ≤ τr ≤ τmax ≤ τ ).
T
Assumption 1: The state vector x , [x1 , x2 ] ∈ R2 is
continuous, bounded, and Lipschitz in time in the following
sense
kx (t1 ) − x (t2 )k ≤ L1 |t1 − t2 |

∀t1 , t2 ∈ R+

(7)

where L1 ∈ R is a positive Lipschitz constant, and t1 and
t2 are time instants. The nonlinear function h is assumed to
be Lipschitz with respect to its arguments in the following
manner
|h (t1 ) − h (t2 )| ≤ L2 (kx (t1 ) − x (t2 )k+|τ0 (t1 ) − τ0 (t2 )|)
(8)
for some time–varying function τ0 where L2 ∈ R is a
positive Lipschitz constant.
III. D ESIGN OF ROUND T RIP D ELAY E STIMATOR
The subsequent delay estimation algorithm will be designed by using position and velocity observer signals,
denoted by x̂1 (t), x̂2 (t) ∈ R, respectively, and are updated
according to
x̂˙ 1
x̂˙ 2

=
=

−kx̃1 + x̂2
−αx̃2 + (αε − a∗ ) sat

(9)


1
x̃2
ε


+ ĥ

(10)

where k, α ∈ R are constant positive observer gains, ε ∈ R is
the desired precision of the subsequently designed round trip
delay estimation algorithm, a∗ (t) ∈ R is the tuning function
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that is yet to be designed, ĥ , h(x1 , x2 , t, τ̂r ) with τ̂r (t)
being the subsequently designed estimate of the uncertain
round trip delay τr , and x̃1 (t), x̃2 (t) ∈ R are observer errors
defined as
x̃1 , x̂1 − x1

(11)

x̃2 , x̂2 − x2

(12)

and sat(·) is the standard saturation function defined as

sgn(z) , |z| ≥ 1
sat(z) =
(13)
z
, 1 > |z| .
The dynamics of the observer errors in (11) and (12) are
obtained as
x̃˙ 1
x̃˙ 2

= −kx̃1 + x̃2

(14)
∗

= −αx̃2 + (αε − a ) sat



1
x̃2
ε


+ ĥ − h (15)

where (4), (9) and (12) were utilized to obtain the first
expression and (5) and (10) were utilized to obtain the second
expression.
The adaptive estimation rule for the round trip delay is
designed as
τ̂˙r = −γ x̃ε φ∗
(16)
where γ is a positive constant gain, φ∗ (t) is a sensitivity
function that is yet to be designed, and x̃ε (t) ∈ R is an
auxiliary error defined as
1
x̃ε , x̃2 − εsat( x̃2 ).
ε

(17)

While the adaptive time delay estimation rule is proposed
as in (16), τ̂r (t) is required to remain on a known bounded
set, to ensure this, the estimation rule is to be utilized with
a projection algorithm that may be of the following form

 τmax if τ̂r > τmax
τ̂r
if τmax ≥ τ̂r ≥ τmin
(18)
τ̂r =

τmin if τmin > τ̂r .
As noted in [29], an adaptive law with a projection algorithm
defined on a convex set retains the properties of the adaptive
law without the projection algorithm.
The tuning function a∗ (t) introduced in (10) and the
sensitivity function φ∗ (t) introduced in (16) are found from
the solutions of the following min–max optimization problem
[30]


1
a∗ = min max sat( x̃)[ĥ − h − γ τ̃r φ]
(19)
φ τ ∈Rh
ε


1
φ∗ = arg min max sat( x̃)[ĥ − h − γ τ̃r φ] (20)
φ τ ∈Rh
ε
where τ̃r (t) ∈ R is the round trip delay estimation error
τ̃r , τ̂r − τr .

(21)

The solutions of the optimization problem in (19) and (20)
for a∗ (t) and φ∗ (t) are obtained for two sub–cases as [30],

[31]. In case 1, for x̃2 (t) ≥ 0,

a1 if h is concave on Rh
∗
a =
0 if h is convex on Rh

φ1
if h is concave on Rh
φ∗ =
∂h
|
if
h is convex on Rh
∂τr τr =τ̂r
and in case 2, for 0 > x̃2 (t),

0 if h is
∗
a =
a1 if h is
 ∂h
∂τr |τr =τ̂r
φ∗ =
φ1

concave on Rh
convex on Rh
if h is concave on Rh
if h is convex on Rh

(22)
(23)

(24)
(25)

where a1 and φ1 are scalar time–varying functions obtained
from




ĥ − h (τ̂r − τ̄ ) − ĥ − h̄ (τ̂r − τ )
(26)
a1 =
β (τ̄ − τ )
φ1 =

h̄ − h
γ (τ̄ − τ )

(27)

where h , h(x1 , x2 , t, τ ), h , h(x1 , x2 , t, τ ), and β ∈ R is
defined as follows

1
if h is convex on Rh
β=
(28)
−1 if h is concave on Rh .
IV. S TABILITY A NALYSIS
In this section, stability of observers and round trip delay
estimation algorithm are analyzed in two sub–parts. In the
first part, we ensure global boundedness of the observer
errors along with their convergence. While, in the second
part, convergence of the round trip delay estimator is to be
analyzed.
Theorem 1: The observers in (9) and (10) and the round
trip delay update law in (16) guarantee stability of the
observer errors and the global boundedness of the overall
system.
Proof: The subsequent Lyapunov type stability analysis
will be done on the velocity observation error x̃2 and the
time delay estimation error τ̃r . From the structure of (15),
if the difference between h and its estimate ĥ can be made
small via the design of the round trip delay estimator in (16),
then the velocity observer error (i.e., x̃2 ) could also be made
small. And from the structure of (14), when the velocity
observer error is made small, then the position observer error
(i.e., x̃1 ) can be made small (that can be adjusted arbitrarily
small by adjusting observer gain k).
Let V (x̃ε , τ̃r ) be the following nonnegative function
1 2 1 2
x̃ + τ̃ .
(29)
2 ε 2 r
The time derivative of the Lyapunov function in (29) is found
as

(30)
V̇ = x̃ε x̃˙ ε − γ τ̃r φ∗
V ,

where (16) was utilized. Two cases
 on x̃2 will be considered.
When |x̃2 | < ε, since sat 1ε x̃2 = 1ε x̃2 , from its definition
in (17), x̃ε = 0 and thus V̇ = 0. When |x̃2 | ≥ ε, since
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εsat 1ε x̃2 = εsgn (x̃2 ), then from the time derivative of
(17), x̃˙ ε = x̃˙ 2 . Utilizing (15), along with (30) yields




1
2
∗
∗
V̇ = −αx̃ε + x̃ε −a sat
x̃2 + ĥ − h − γ τ̃r φ
(31)
ε

where (17) was utilized. For this case, sat 1ε x̃2
=
sgn (x̃2 ) = sgn (x̃ε ) is valid. In view of this, (31) can be
rewritten as
= −αx̃2ε
(32)
 




1
1
∗
∗
ĥ − h − γ τ̃r φ − a .
x̃2 sat
x̃2
+ x̃ε sat
ε
ε

Since x̃ε sat 1ε x̃2 = |x̃ε |, when



1
∗
a > sat
x̃2
ĥ − h − γ τ̃r φ∗
(33)
ε
V̇

V. N UMERICAL S TUDIES
The performance of the proposed round trip delay estimator was evaluated by numerical studies where PHANToM Omni haptic device was used. The PHANToM Omni
haptic device, as shown in Figure 2, can give position in
6 degrees-of-freedom consisting of three translational and
three rotational directions. The device has two links, three
active joints and three passive wrist joints connected to the
end of the second link. Since only the first three joints of the
device are actuated, it generates haptic force feedback on the
translational directions. In the simulation and experimental
studies, considering a remotely controlled one degree of
freedom robot model in the vertical plane, we apply the
torque control input only to the last link of the the device
in the vertical plane by releasing the first two links at their
own positions.

is satisfied then
V̇ ≤ −αx̃2ε .
Therefore, a∗ is to be maximized in the sense that

 

1
∗
∗
x̃2
ĥ − h − γ τ̃r φ
a = max sat
τ ∈Rh
ε

(34)

(35)

for any φ∗ . But, since usually lower gains are preferred,
finding φ∗ that minimizes (35) yields
 


1
a∗ = min max sat
x̃2
ĥ − h − γ τ̃r φ∗
. (36)
φ τ ∈Rh
ε
From (29) and (34), it is clear that V (x̃ε , τ̃r ) ∈ L∞ and
thus x̃ε , τ̃r ∈ L∞ . From its definition in (17), it is easy
to obtain that x̃2 ∈ L∞ , and from (14), it is easy to see
that x̃1 , x̃˙ 1 ∈ L∞ . From (16), boundedness of τ̂˙r is also
ensured. It is then easy to show that all the signals on the
right hand side of (15) remain bounded (i.e., x̃˙ 2 ∈ L∞ ),
and from the time derivative of (17), one can prove that
x̃˙ ε ∈ L∞ . Standard signal chasing arguments can then be
utilized to prove global boundedness of all the signals under
the closed–loop operation. Furthermore, after integrating (34)
in time from the initial time to infinity, one can demonstrate
x̃ε ∈ L2 . Since x̃ε , x̃˙ ε ∈ L∞ , Barbalat’s Lemma in [32] can
be utilized to demonstrate that |x̃ε | → 0. From its definition
in (17), it is easy to see that when |x̃ε | → 0 then |x̃2 | remains
less than ε, and after solving the linear differential inequality
in (14), one can find that |x̃1 | remains less than kε .
Theorem 2: The round trip delay estimation error τ̃r (t)
is ensured to remain in a known bound which can be
made arbitrarily small provided that the following nonlinear
persistency of excitation like term
β(t2 )[h(x1 (t2 ), x2 (t2 ), t2 , τ̂r (t1 )) − h(x1 (t2 ), x2 (t2 ), t2 , τr )
(37)
is greater than εu |τ̂r (t1 )−τr | where εu is a positive constant
with t2 > t1 > t0 .
Proof: After ensuring the boundedness of all the signals
under the closed–loop operation, the convergence of the
round trip delay estimator is investigated via detailed analysis. The reader is referred to [30] for a similar convergence
proof.

Fig. 2.

PHANToM Omni haptic device

A. Simulation Results
The proposed round trip delay estimator was simulated
on PHANToM Omni haptic device by considering the last
link in the vertical plane as in (3) where the link length is
l = 0.135m, the link mass is m = 0.265kg, the friction
constant is f = 0.065N m, and the acceleration of gravity is
g = 9.81m/s2 were experimentally obtained.
During the simulation studies, the applied torque input
from the master site to the one dof robot link in the slave
site is 0.3 sin(2πt). Simulation studies run on MATLAB
Simulink with variable step size.
The simulation was run for 100sec. The update rule for
time delay estimation in (16) was utilized with the gains
ε = 1e − 6, α = 50 and γ = 0.008. The upper and
lower bounds of time delay was chosen as 0 and 2 seconds,
respectively. The actual forward and backward time delays in
communication line were determined as equal and 0.953sec.
for the simulation.
The simulation result is given in Figure 3. It should be
highlighted that the communication delays are bilateral, so
the delays get double. Figure 3 shows that the proposed
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estimator computes the round trip delay around 1.9sec. which
is very close to the actual round trip delay 1.906sec. From
Figures 3, it is clear that successive estimation result was
achieved for the proposed online round trip delay estimator.
B. Experimental Results
During the experimental studies, for the communication
interface, LAN (local area network) port is used between the
device and a computer, and OpenHaptics ToolKit allows realtime applications on the computer. Experimental studies run
on MATLAB Simulink with a data rate of 1000Hz. In realtime experimental application, we utilized Phantom Toolbox
in MATLAB Simulink Quarc Library to transmit torques
in the joint–space to the Phantom device, and to receive
the joint angles of the device. Communication between the
master and slave sites was done using TCP/IP sockets.
Therefore, TCP/IP might result in packet delay but not packet
loss [4].
The system was run for 100sec. for the experiment. The
applied torque input from the master site to the last link of
the device in the slave site is 0.3 sin(2π0.1t). The update
rule for time delay estimation in (16) was utilized with the
gains ε = 1e − 9, α = 400 and γ = 0.1. The upper
and lower bounds of time delay was chosen as 0 and 3.5
seconds. The actual forward and backward time delays in
communication line were measured as, approximately, equal
and 0.953sec. for this experiment. Since the communication
delays are bilateral, so the actual round trip delay becomes
1.906sec.
The experimental result is given in Figure 4. Figure 4
shows that the proposed estimator computes the round trip
delay around 1.9sec. which is very close to the actual round
trip delay after the 40th sec. As can be seen from the Figure 4,
successive estimation result was achieved in the experimental
study.
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mation method for networked control systems. First, we
designed the position and velocity observer signals from
the dynamic models of the nonlinear bilateral teleoperation
system. The estimation algorithm for the round trip delay
was then proposed utilizing the dynamics of the observer
errors. According to the proposed methodology, when the
slave site transmitted back the position and velocity signals
with the backward time delay, the master site generates the
control input estimating online round trip delay. The stability
analysis was performed to ensure global boundedness of
the observer errors along with their convergence and the
convergence of the round trip delay estimator. The validity
of the proposed method was verified by simulation and
experimental studies utilizing the last link of the PHANToM
Omni haptic device moving in the vertical plane.
In the future work, the proposed method will be applied
into nonlinear control techniques to compensate the time
delay in bilateral teleoperation applications.
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VI. C ONCLUSIONS
In this work, our main contribution is the development
and numerical evaluation of online round trip delay esti1011
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