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Abstract— Considering communication delays in networked
multi-robot teleoperation systems, this paper proposes a new
control strategy for synchronisation and stability purposes.
A single-master and multi-slave (SMMS) networked robotic
teleoperation system is considered. Based on a sliding surface
combined with a smooth filtering and estimation methodol-
ogy, a robust adaptive control is developed to guarantee the
synchronisation and stability of the system in the presence
of network-induced time-varying delays. Extensive simulation
studies demonstrate the effectiveness of the developed control
scheme.
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I. INTRODUCTION

Providing the human beings with the ability to simulta-
neously command several tasks in separate locations, net-
worked systems became one of the major achievements
in automation science and engineering. Among the variety
of utilisations, robotic teleoperation systems have relatively
more interesting applications, like space-exploration and
medical operations [1], [2].

A teleoperation system, generally consists of two main
subsystems, including the master and the slave systems.
From a scientific and technical perspective, there are a
number of difficulties in control design for teleoperation
systems; position-force synchronisation in dissimilar-slaves
applications, maintaining stability of the system under com-
munication disturbances, and performance deterioration due
to uncertainties in the remote environment, for instance.
Moreover, in cooperative applications utilising two or more
robots in either sides of a teleoperation system, the analysis
and design of a practical control methodology is more
complicated. In the literature, several control solutions have
been proposed for various types of cooperative multi-robot
teleoperation systems [3]–[5], including predictive simulator
[6], Petri-net techniques [7], central control methodology
[8], adaptive nonlinear controls [9], [10], and discretisation
methods [11]. However, there are some challenges, such
as collision and kinematic uncertainties between the slave

1 The authors are with the Institute for Intelligent Systems Research and
Innovations (IISRI), Deakin University, Waurn Ponds 3216 VIC, Australia
(e-mail: kebria@deakin.edu.au).

2 F. Bello is with the Centre for Engagement and Simulation Sci-
ence, Imperial College London, London SW10 9NH, UK (e-mail:
f.bello@imperial.ac.uk).

3 S. Krishnan is with Royal Adelaide Hospital and the University of
Adelaide, Adelaide, SA 5005, and the Institute for Intelligent Systems
Research and Innovations (IISRI), Deakin University, VIC 3216, Australia
(e-mail: suren@krishnanmedical.com.au).

robots, that still needs more attention. Especially, when the
communication network between different master and slave
sites is faulty and introduces time-varying delays to the
system.

Amongst the investigated control methods, those based
on tool motion are interesting, but not applicable enough
due to missing internal forces. The other appealing control
technique is based on the leader-follower topology, in which
one of the systems is chosen as a leader and communicates
with the master system. Meanwhile, the other systems in
slave site will follow the commands received from the leader
system. This strategy is proper in terms of internal forces,
however, causes off-balance control mechanism between the
slave systems and thence, failure in tool positioning. Further-
more, researchers have dealt with the collaboration issues in
multi-master teleoperation systems, but no uncertainty has
been considered [12], [13]. A control strategy proposed in
[14] for SMMS teleoperation systems does not cope with nei-
ther network uncertainties, nor kinematic constraints in the
remote workspace. One of the major kinematic constraints
that should be a mindset in control design for multi-slave
systems, is to avoid possible collisions, either between the
slave systems or the tools and environmental objects. This
concern has been taken into account in [15]–[18], however,
they did not consider time-delays and internal forces. Internal
forces are dynamic constraints in multi-slave systems and do
not affect the total motion in the remote environment. The
predictive control method in [19], [20] to meet these dynamic
constraints requires the human operator to have a vision from
the remote environment, and the accurate information about
the robots, environment, and the operator, which are diffi-
cult, and in some cases impossible to acquire. The control
approach in [21] pairs every slave robot with a specified task.
Dealing with time-varying delays and actuators uncertainties,
the neural adaptive control developed in [22] assumes that
the slave robots moving in a singularity-free regime, and a
detachable configuration between the slave end-effectors and
the remote object, which reduces the manipulability of the
slave robots.

In this paper, first we describe the dynamic model of
the studied SMMS teleoperation system in a general form.
The slave robots are considered identical and are expressed
in a uniform equation. Then, regarding the aforementioned
challenges in the system, we develop a control strategy based
on an adaptive algorithm to tackle the synchronisation and
stability issues of the system in the presence of commu-
nication uncertainties and latencies. Finally, we examined



the proposed controller by extensive simulations executed
on precise model of an industrial robotic manipulator UR10.

The rest of this paper is organised as follows. Section II
provides a full description of the SMMS teleoperation system
in terms of dynamic models and properties. Introducing
the developed adaptive control strategy for the considered
teleoperation system, Section III presents the main result of
this study. Simulation results are illustrated in Section IV,
followed by conclusion remarks in Section V.

II. SMMS TELEOPERATION SYSTEM DESCRIPTIONS

In this section, we explain the dynamic model of the
SMMS robotic teleoperation system in two separate parts:
master subsystem and slave subsystem. The slave subsystem
itself includes a number of robotic systems cooperating in a
remote workspace.

A. Master Subsystem

Dynamics of the m-DOF master device handled by a
human operator is expressed as [23], [24]:

Mm(qm)q̈m +Cm(qm, q̇m)q̇m +gm(qm) = τm− JT
m fh (1)

where, qm ∈Rm is the mater’s joint variables, Mm ∈Rm×m is
the symmetric positive-definite inertia matrix, Cm(qm, q̇m) ∈
Rm×m is the Centripetal and Coriolis matrix, and gm(qm) ∈
Rm is the gradient of potential energy of the master device.
τm ∈ Rm is the controlled torque input, and fh ∈ R6 is the
Cartesian force imposed by the human operator, which is
translated into joint-space by the master Jacobian matrix Jm ∈
R6×m. Furthermore, the kinematics of the master device is
presented by

xm = Pm(qm)

ẋm =
∂Pm

∂qm
q̇m = Jmq̇m

ẍm = Jmq̈m + J̇mq̇m

(2)

and Pm(qm) is the forward kinematics of the master. Having
said that, the inverse kinematics of the master is not always
straightforward, and would be derived by pseudo-inverse of
the Jacobian matrix Jm:

q̇m = (JT
mJm)

−1JT
m ẋm = J†

mẋm

q̈m = J†
m(ẍm− J̇mq̇m)

(3)

Hence, the master dynamic equations in Cartesian space
could be expressed as

Mmẍm +Cmẋm +gm = um− fh (4)

in which,

Mm = J†T
m MmJ†

m

Cm = J†T
m (C−MmJ†

mJ̇)J†
m

gm = J†T
m gm

um = J†T
m τm

(5)

B. Slave Subsystem

A similar approach and definitions (1) to (5) apply for K
slave systems with the subscripts si, i ∈ {1,2, . . . ,K} for the
ith slave system, i.e.

Ms1ẍs1 +Cs1ẋs1 +gs1 = us1− fe1

Ms2ẍs2 +Cs2ẋs2 +gs2 = us2− fe2

...
MsK ẍsK +CsK ẋsK +gsK = usK− feK

(6)

while fei, i ∈ {1,2, . . . ,K} is the environmental force sensed
on end-effector of the ith slave system.

We express the slave subsystems in one equation by:

MSẍS +CSẋS +gS = uS− fES (7)

in which,

xS = [xT
s1,x

T
s2, . . . ,x

T
sK ]

T

MS = diag[Ms1,Ms2, . . . ,MsK ]

CS = diag[Cs1,Cs2, . . . ,CsK ]

gS = [gT
s1,g

T
s2, . . . ,g

T
sK ]

T

uS = [uT
s1,u

T
s2, . . . ,u

T
sK ]

T

fES = [fT
e1, f

T
e2, . . . , f

T
eK ]

T

(8)

C. Remote Workspace

We also consider a dynamical model of the remote
workspace in which the slave robots cooperating. Regarding
the tool(s) and contacts that slave systems interact with, this
model is in a similar form to (1), but in the Cartesian space:

Me(xe)ẍe +Ce(xe, ẋe)ẋe +gm(xe) = fe + fES (9)

where the subscript e is for the remote object that the slave
robots commonly cooperating on. xe is the motion in the
remote Cartesian workspace, and fe is the force profile from
the environment. For synchronisation purpose, a Jacobian
relation exists between every slave robot and the cooperative
object:

ẋe = Jeiẋsi, i = 1,2, . . . ,K (10)

This Jacobian expression results in a kinematic constraint
(chain) in the remote workspace defined as follow:

αs1xs1 +αs2xs2 + · · ·+αsKxsK +αexe = 0
βs1ẋs1 +βs2ẋs2 + · · ·+βsK ẋsK +βeẋe = 0
γs1ẍs1 + γs2ẍs2 + · · ·+ γsK ẍsK + γeẍe = 0

(11)

in which, all the coefficients α{si,e}, β{si,e} and γ{si,e} are non-
zero constants. In other words, these kinematic constraint
implies that the position, velocity and acceleration of the
slave end-effectors and the cooperative object should satisfy
the linear dependencies (11).

Furthermore, from the equation (9) and the Jacobian
relation (10) it is realised that the total force from the remote
task space fe is in a redundant relation with the slaves’ end-
effector forces fES, i.e.

fES = J†
ei fe +(I− J†

eiJei)ε (12)



that presents the internal forces of the slave systems ε , which
do not affect the desired motion in the remote task environ-
ment. These forces are utilised to control extra features of
the cooperative task, such as tension, torsion, etc. To achieve
this goal, the leader follower strategy is applied so that the
follower systems produce the same force as that the leader
receives from the master operator. Like [25]:

ε = [− 1
K−1

Is1,−
1

K−1
Is2, . . . ,−

1
K−1

IsK ]
T fleader (13)

in which, Isi is the identity matrix with the proper dimension,
and fleader is the end-effector force of the leader slave
system.

D. Communication network

Motion of the master device is the desired trajectory for the
slave systems, while the contact force sensed at the slaves’
end-effector should be felt by the human operator, simul-
taneously. The position and force information is transferred
between the master site and the remote workspace through
an Internet-based communication network. Consequently,
latency and interruptions are unavoidable, which negatively
affect the stability and performance of the system. The
delayed signals are defined as:

x∗S = xm(t−d f (t))

f ∗h = fe(t−db(t))
(14)

where d f (t) and db(t) are the time-varying delays through
the forward and backward communication channels, respec-
tively. Without loss of generality, these delay functions are
assumed to satisfy the features bellow:

1) lim
t→+∞

(
t−d{ f ,b}(t)

)
=+∞,

2) differentiable with respect to time and |ḋ{ f ,b}(t)| ≤ 1
for all t > 0.

Shown in Figure 1, the time-varying delay between the
master and slave sites has been implemented according to
an experimentally measured network delay.

Fig. 1. The delay profile implemented in the simulation study, between
each slave robot and the master system.

III. ADAPTIVE CONTROL FOR SMMS TELEOPERATION
SYSTEMS

This section details the developed adaptive control algo-
rithm for the prescribed SMMS teleoperation system. The

structure of the control methodology is based on the hybrid
adaptive sliding approach proposed in [26]. Combining with
the estimation filter proposed in [27], we have developed an
adaptive control strategy to deal with the time-delay conse-
quences moreover than unstructured uncertainties degrading
the teleoperation system stability and performance. To this
end, we have profited the linear parametrisability of the
equations (1) and (9) [28], i.e.

Miẍi +Ciẋi +gi = Ψi(ẍi, ẋi, q̇i,qi)Θi , i ∈ {m,S} (15)

where Ψi is the parameters regressor, and Θi is the corre-
sponding parameters vector.

A. Delay Compensation

To face the problem of delayed signals, we apply the
smoothing filters (15) and (16) on both sides of the tele-
operation system:
• on the master side:

ṡm1 = sm2 +mmnm1( f ∗h − sm1)

ṡm2 = m2
mnm2( f ∗h − sm1)

(16)

• on the slave side:

ṡS1 = sS2 +mSnS1(x∗S− sS1)

ṡS2 = m2
SnS2(x∗S− sS1)

(17)

in which, m{m,S} are positive constants, and n{i1,i2}, i ∈
{m,S} are positive coefficients so that making the polynomial
s2 +ni1s+ni2 Hurwitz.

B. Robust Adaptive Control Scheme

The procedure is identical for either sides of the teleop-
eration system. Hence, we only present the slave control
development because of space reasons.

Theorem: Regarding the equations (17), the sliding mode
variable and the sliding surface given below:

x̃S = xS− sS1

˙̃xS = ẋS− sS2

S = ˙̃xS +PSx̃S

(18)

the controller

uS = MS

(
m2

s nS2(x∗S− sS1)+QS(ṡS1− ẋS)
)

+CS
(
sS2 +QS(sS1− xS)

)
+gS

−PS
(
ẋS− sS2 +QS(sS1− xS)

)
−KSS−HSsat(S)+ΨSΘ̂S + f̂ES

(19)

with the symmetric positive-definite constant matrices PS,
QS, KS, and HS, and the saturation function sat(.), guarantees
the convergence and stability of the SMMS teleoperation
system (1)-(7).

Proof : Considering (15) and (18), and applying the con-
troller (19) results in:

MSṠ+CSS+(QS +KS)S+HSsat(S) = ΨSΘ̃S− f̃ES (20)



where ˜ indicates the parameter estimation error. Now by
defining the Lyapunov function

VS =
1
2

(
ST MSS+ Θ̃

T
S ΓSΘ̃S + f̃ T

ESΛS f̃ES

)
(21)

with symmetric positive-definite and constant matrices ΓS
and ΛS, and then differentiating along time by applying the
skew-symmetry property of ṀS−2CS [28],

V̇S =−ST (QS +KS)S−ST HSsat(S)

+(ST
ΨS +

˙̃
Θ

T
S ΓS)Θ̃S

− (ST − ˙̃f T
ESΛS) f̃ES

(22)

it is concluded that the first term in (22) is negative-definite,
the second term is always negative, and the third and fourth
terms determine the adaptation laws:

˙̂
ΘS =−Γ

−1
S ΨSS

˙̂fES = Λ
−1
S S

(23)

Having said that, V̇S is negative semi-definite implying all the
system states and errors are stable and bounded. To examine
the asymptotic convergence of the errors we shall apply the
Barbalat Lemma [28]. As it comes from (20) to (23), VS is
lower-bounded, and V̇S is uniformly continuous, thence

lim
t→+∞

V̇S = 0

and the proof is accomplished. �

IV. SIMULATION STUDY

This section evaluates the performance of the developed
adaptive controller for SMMS teleoperation systems. We car-
ried out an extensive simulation on a single-master double-
slave teleoperation system, consisting of one haptic model for
the master, and two UR10 robotic manipulators modelled in
SimMechanics and MATLAB SIMULINK for the slave sys-
tems. Shown in the figure 2, the considered slave workspace
in the simulation environment consists of an object to be
identically welded on both sides. In other words, the slave
robots have to track the same circular trajectory on either
sides of the object. The desired path is commanded by a
human operator on the master site, which has been artificially
simulated. For the UR10 manipulator models we used the
manufacturer’s simulation software and documentations to
achieve more accuracy in our simulations.

The simulation includes two parts; set-point positioning
and task motion. First, we move the robots from their initial
configuration to a set-point close to the object location. In
this position, the slave robots come to a proper coordination
to start the desired task on the object. In fact, the human
operator keeps the master handle in a position until the
slave robots reach that position in the task workspace.
Then, the desired task, circular welding in this simulation
example, begins. Notably, the desired set-point position for
this example is depicted in the figure 2.

Figures 3 to 7 illustrate the Cartesian position, joints’
angle, and input control torque of the slave robots for the
first part of the simulation.

Fig. 2. Simulation model of the two UR10 robots cooperatively welding
through a circular trajectory on an object.

Fig. 3. Cartesian position of the slave 1 in set-point simulation.

In the second part of the simulation, the human operator
starts to command the circular trajectory for welding task on
both sides of the object. Figures 8 to 14 present the position
and force information corresponding to the circular welding
task in second part of the simulation.

Moreover, the controller gains Ki, Qi, Pi, Hi, and Γi have
been selected by trial and errors. Therefore, more practical
gains could be obtained by more accurate tunings.

V. CONCLUSIONS

In this paper, we studied an SMMS teleoperation system,
and developed an adaptive control strategy to cope with
the stability and synchronisation problem under time-varying
delays induced by communication networks. Based on a
sliding surface combined with a smooth filtering method-
ology, a robust adaptive control algorithm is developed
to guarantee the performance and stability of the SMMS
teleoperation systems in the presence of network latencies.
The leader-follower technique is applied for the slave robots,
and simulation studies demonstrated the effectiveness of the
developed control scheme.



Fig. 4. Cartesian position of the slave 2 in set-point simulation.

Fig. 5. Joints’ angle of the slave 1 in set-point simulation.
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