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Abstract—Addressing stability and performance issues due to
communication delays in multilateral teleoperation systems, this
paper proposes a robust control strategy for synchronisation of
such systems. Multilateral teleoperation configurations usually
include more than two communication channels, and therefore,
face sever latencies and uncertainties in data transmission routes.
This study develops a sliding surface based on the synchroniza-
tion errors characterized between each ends of the considered
multilateral teleoperation system. Here, two slave robots receive
commands from the master system to cooperatively execute
the desired teleoperation task in the remote, shared workspace.
Lyapunov stability analysis approach guarantees the performance
of the proposed controller. Moreover, the effectiveness of the
controller is experimentally evaluated through a real-world
Internet-based double-slave teleoperation system.

Index Terms—Sliding mode, robust control, multi-robot, tele-
operation, time-varying delay.

I. INTRODUCTION

Multilateral teleoperation systems have critical applications,
from medical surgery [1]–[4] to space explorations [5]–[8].
In all of those applications, dealing with uncertainties and
disturbances in communication between the two main parts of
the teleoperation has been always challenging, as it threatens
the stability and performance of the teleoperation task in the
remote workspace [9]. Researchers have been investigating
several approaches to tackle this problem, specifically for mul-
tilateral teleoperation [10], [11], such as predictive simulator
[12] Petri-net [13], central control [14], adaptive nonlinear
methods [15]–[18], and learning techniques [19]–[22], to name
a few. However, some multi-robot-specific objectives, like
collision avoidance and kinematic synchronizations between
the cooperative robots, yet need further investigations.

On the other hand, these challenges will get much problem-
atic in the presence of random communication delays between
the master and slave sides of a teleoperation system. Time-
delays will disturb the signals being transferred between the
master-slave sites. Consequently, stability and performance of
the system is jeopardized, and therefore, more chance for
failure, damage, and collision.

Several studies have been conducted to tackle the afore-
mentioned issues. Synchronizing the slave robots based on
their common object tool motion is one of the famous ap-
proaches but with a limited applicability. The problem with
this approach is that it does not consider the internal forces
between the robots’ end-effectors. Leader-follower strategy
is another approach that takes one of the robots as the

leader subsystem and the other ones follow the commands
distributed by the leader. The leader is in communication with
the master side and receives the teleoperation task commands
from the system. This approach is appropriate for internal
force considerations, however, synchronizing the slave systems
locally is still challenging.

Some other research have proposed control solutions for
multilateral teleoperation systems, however, no uncertainty is
taken into account such as [23]. Developed a control method-
ology for a multi-slave teleoperation, [24] did not deal with
network uncertainties neither kinematic constraints between
the slave robots. Collision between any of slave systems, tools,
and objects in the remote environment is the main kinematic
constrain that should be critically considered in the control
design for such systems. [25]–[27] have considered with this
constraint in their studies, however, communication delays and
internal forces were not dealt with. Internal forces are dynamic
constraints between the slave robots that should be also taken
care of. These constraints do not interfere with the motions
in the remote workspace. [28]–[30] have developed control
strategies for this constraint, however, they some needed a
human operator to monitor the performance, or very accurate
information of the system which is not practically feasible.

These limitations are the main motivation that drives this
research. Hence, this article investigates and proposes a novel
robust solution. The main contributions of the paper are listed
as follows.

• a single-master dual-slave experimental teleoperation
setup is established over the real-world Internet-based
communication network. Considering the time-varying
delayed control command and haptic signals, dynamics
of the multilateral teleoperation system is fully described
in mathematical terms.

• Defining a sliding surface for synchronization errors, this
study proposes a robust control algorithm for the dual-
slave teleoperation system. The proposed control strategy
guarantees the stable performance of the collaborative
teleoperation process while tackling random delays and
disturbances through the communication network.

• Moreover, the proposed framework provides the human
operator with a haptic signal that indicates the bal-
anced/unbalanced positioning of the object being handled
by the slave robots in the remote workspace.

Additionally, effectiveness of the proposed solution is evalu-



ated on the real-world Internet-based multilateral teleoperation
system considered in this study.

The paper is organized as follows; after describing the
dynamical equations of motion of the system in Section II,
Section III proposes the robust synchronization algorithm and
explains its derivation. Section IV demonstrates the experi-
mental simulation results, followed by conclusion remarks and
future directions discussed in Section V.

II. MULTILATERAL TELEOPERATION SYSTEMS
DESCRIPTION

This section presents the mathematical model of dynamics
of the multilateral teleoperation system illustrated in Figure
1. Here, the considered multilateral teleoperation system con-
sists of one master device being controlled by the human
operator, an Internet-based communication network, and two
slave subsystems operating in the remote workspace (Figure
1a). The slave manipulators are supposed to shift the heavy
circular shape object shown in Figure 1 from the back end
of the work table to the front end. This process is further
explained in Section IV. The slave systems receive control
commands from the master device. The human operator should
be feeling the attachment and weight of the object while the
slave manipulators handling it. Figure 1b shows the master
console that the human operator commands the desired task
through the haptic device providing the force feedback.

A. Master Haptic System

The haptic device considered as the master system has
6 degrees of freedom in its Cartesian workspace ~xm =
[xm, ym, zm, αm, βm, γm]T ∈ R6×1. However, in it has only
three actuated joints [qm1, qm2, qm3]T ∈ R3×1 and three
passive gimbals joints [qm4, qm5, qm6]T ∈ R3×1, and in total
qm = [qm1, qm2, qm3, qm4, qm5, qm6]T ∈ R6×1. Equations of
motion of the master haptic device are:

Mmẍm+Cm(xm, ẋm)ẋm+gm(xm) = τm−[fTh 0 0 0]T (1)

where, Mm ∈ R6×6 is the inertia matrix, Cm(xm, ẋm) ∈
R6×6 is the Centripetal and Coriolis matrix, and gm(xm) ∈
R6×1 is the potential vector of the master device. τm ∈ R6×1

is the control signals commanded on the master device’s
actuators. Notably, the first three elements of τm are applied by
device’s actuators to provide the three dimensional Cartesian
force (haptic) elements on the human operator’s hand. These
haptic terms are in interaction with fh ∈ R3×1. While, the last
three elements of τm are imposed only by the human operator.

B. Dual-slave Subsystem

Every slave’s dynamics is similarly modelled as:{
Ms1ẍs1 + Cs1ẋs1 + gs1 = τs1 − fe1
Ms2ẍs2 + Cs2ẋs2 + gs2 = τs2 − fe2

(2)

where, fe1,2 ∈ R3×1 are the force vectors from each slave
robot interacting within the remote environment. It should
be noted that the matrix/vector coefficients Ms1,2 ∈ R3×3,
Cs1,2 ∈ R3×3, and gs1,2 ∈ R3×1 are all derived in the

(a) The slave robots in V-REP simulation [31].

(b) The master console.

Fig. 1. (a) Slave workspace of the considered dual-slave multilateral teleoper-
ation system. Two UR5 manipulators are considered as slave subsystems that
are desired to stably grasp and carry an object in a cooperative regime. (b)
Master console of the considered multilateral teleoperation system, including
a haptic device, master controller and visualization (a desktop computer).

Cartesian workspace since ẍs1,2 ∈ R3×1, ẋs1,2 ∈ R3×1, and
xs1,2 ∈ R3×1, are acceleration, velocity and position vectors
of the slave robots, respectively.

C. Communication Network

Communication protocol plays an important role in teleop-
eration systems; Command signals transmitted from master to
slave, and sensory information, in particular haptic signals, fed
back to the master side. However, the transmitted reference are
asymmetrically interrupted by forward and backward delays:

x∗s(t) = xm(t− df (t))

f∗h(t) = fe(t− db(t))
(3)

Latencies and uncertainties through the communication
medium have negative impacts on stability, quality, and perfor-
mance of the teleoperation process. Considering these factors
in our controller design, we make two assumptions on the
delay functions as below:

1) boundedness of the delay: lim
t→+∞

(
t− df,b(t)

)
= +∞

2) continuously differentiable with |ḋf,b(t)| < 1, ∀t > 0

These assumptions are not far from real-world occasions, as
most of the researchers have previously verified their validity



in the literature [9]. Moreover, we have also experienced and
presented the Internet-based communication quality in the next
sections that validates these assumptions in practice.

D. Teleoperation Workspace

Taking into account a dynamic behaviours of the remote
environment that the slave robots working in, we consider a
non-homogeneous mass-spring-damper model of an object that
the slave robots collaboratively interacting with. This model
is expressed as:

Meẍe +Deẋe + Sexe = fe + fE (4)

with Me ∈ R3×3, De ∈ R3×3, and Se ∈ R3×3 as the mass,
damping, and spring coefficients, respectively. ẍe, ẋe, and xe
are the acceleration, velocity, and position of the object in the
Cartesian workspace, respectively. fe is the non-homogeneous
term, while fE is the external force imposed by the slave
manipulators on the object. IT should be noted that the object’s
position xe is calculated on its centre of mass and is considered
as the remote centre of motion (RCM). To successful execution
of the teleoperation task, Cartesian position of the slave robots’
end-effector should always maintain the desired position and
velocity that satisfy the Jacobian relation:

ẋe = Je1ẋs1 = Je2ẋs2 (5)

where, Je1,2 are the Jacobian matrices translating Cartesian
velocity of each slave end-effector to RCM. This relation is
to maintain the relative positions and velocities between the
slaves’ end-effectors and RCM. To achieve this goal, a set of
kinematic constraints should be considered and met during the
task execution:

φTs1xs1 + φTs2xs2 + φTe xe = 0

ψT
s1ẋs1 + ψT

s2ẋs2 + ψT
e ẋe = 0

χT
s1ẍs1 + χT

s2ẍs2 + χT
e ẍe = 0

(6)

in which, the coefficient vectors φ{s1,s2,e}, ψ{s1,s2,e}, and
χ{s1,s2,e} are all non-zero. This means that Cartesian position,
velocity, and acceleration of the slaves’ end-effector and
RCM should have no null-space and cannot be singular with
respect to each other. Moreover, equation 6 indicates a linear
relationship between the corresponding Cartesian variables.

Additionally, This kinematic constraints introduce a re-
dundant relationship between the forces being applied by
the slave end-effectors. This redundancy is a very useful,
yet challenging feature in cooperative tasks, such as tension
and torsion between the robots and objects in the remote
workspace. To cope and utilize this feature the force imposed
on the every slave robot is considered as:

fE = J†eife + (I − J†eiJei)ζ , i = 1, 2 (7)

where ζ presents the null-space that additional cooperative
goals could be achieved in. To comply with (7) and being able
to accomplish some secondary tasks in ζ, the leader follower
strategy is suggested [32]. In other words,

ζ =
[
− 1

S − 1
Is1, . . . ,−

1

S − 1
IsS
]T
flead

I is the identity matrix and S is the total number of slave
robots, which, in our case is 2, and flead is the force of the
selected leader robot. Therefore,

ζ =
[
− Is1,−Is2

]T
flead (8)

We use this methodology to develop our controller and syn-
chronisation mechanism in the following section.

III. ROBUST COLLABORATION OF SINGLE-MASTER
DUAL-SLAVE TELEOPERATION SYSTEMS

This section derives a robust control algorithm for the
considered single-master dual-slave teleoperation configura-
tion. The control algorithm is according to the models and
assumptions made in the previous section. First of all, we
employ the filtering approach introduced in [16] to generate
smooth estimations of the perturbed reference signals in (3).
Therefore, the controllers at each side of the teleoperation
system will have a smoothed reference command signal. In
more details, the desired position of the slave robots which are
commanded to handle an object in the remote environment, for
example, will be smoothly approximated by:

slave#1:

{
˙̂xs1 = ξs1 + cs11cs12(x∗s1 − x̂s1)

ξ̇s1 = c2s11cs13(x∗s1 − x̂s1)

slave#2:

{
˙̂xs2 = ξs2 + cs21cs22(x∗s2 − x̂s2)

ξ̇s2 = c2s21cs23(x∗s2 − x̂s2)

(9)

for the slave robots, where, x̂s1 and x̂s2 are the smoothly
estimated positions for the first and second slave manipulators,
respectively. It should be noted that the reference desired
positions x∗s1 and x∗s2 are deterministically derived via some
mathematical manipulations according to the discussions on
RCM (5)-(6) in the previous section. Notably, that derivation
is not an objective in this study, and moreover, it has been
well-addressed in the literature (for instance, see [24], [25]).

On the other side, reference signals, mainly haptic (f∗h), for
the master device is also estimated by f̂h:{

˙̂
fh = ξm + cm1cm2(f∗h − f̂h)

ξ̇m = c2m1cm3(f∗h − f̂h)
(10)

in either (9) or (10), c(.)s are constant parameters to be
designed in later sections. These constants determine the
smoothness and effort of the estimating filters. Therefore,
they can be obtained by either trial and error or numerical
simulations. Although they might have effects on the stability
of the overall system, this matter could be simply addressed
by a proper selection of these parameters and it has been
extensively discussed in [16] and references therein. The main
consideration regarding these parameters is that they should be
chosen in a way to make the polynomial η2 + c(.)1η + c(.)2
Hurwitz with respect to η. The third one, c(.)3, only needs to
be positive.

Practical and precise model of a system under consideration
is a necessity to design an effective controller for the system.
However, it is not usually easy to derive such a model due



to non-linearities and complexities often exist in physical
systems. To overcome this difficulty we need to estimate
systems’ behaviours. Dynamics of the robotic systems have
a property called linear-in-parameters [24], which is generally
expressed as:

Mẍ+ C(x, ẋ)ẋ+ g(x) = Ψ(x, ẋ, ẍ)θ (11)

in which, θ is the parameters vector of the system, which intro-
duces major uncertainties to the system. Hence, developing a
parametrised structure Ψ(.)θ̂ similar to right hand side of (11)
in the controller can help in tackling parameter uncertainties
of the system and improving the stability and performance of
the desired task. This property of robotic systems is actually
a great tool in development of adaptive control algorithms
for such systems, especially teleoperation applications [9]. To
achieve this goal, the following theorem proposes a robust
synchronisation mechanism for the considered type of teleop-
eration systems.

a) Theorem: Having smooth reference signals x̂si and
f̂h (i = 1, 2 for the two slaves), provided by (9) and (10), the
controllers:

τsi = Msi

(
c2si1csi3(x∗si − x̂si) +Qsi( ˙̂xsi − ẋsi)

)
+ Csi

(
ξsi +Qsi(x̂si − xsi)

)
+ gsi

− Psi

(
ẋsi − ξsi +Qsi(x̂si − xsi)

)
−RsiSsi −Ksisat(Ssi) + Ψsiθ̂si + f̂E

(12)

with the sliding surface:

slaves:


x̃si = xsi − x̂si
˙̃xsi = ẋsi − ζsi
Ssi = ˙̃xsi + Psix̃si

(13)

for the slave systems, and

τm =f̂h + gm − xm − Pm(ẋm + xm) (14)

and
Sm = ẋm + Pmxm (15)

for the master system, where P(.), Q(.), R(.), and K(.) are
symmetric positive definite design matrices, and sat(.) is the
saturation function, guarantee the uniform stability of the
systems (1) and (2) with the smoothing filters (9)-(10), and
environmental dynamics (4).

b) Proof: First, we focus on the slave systems. Consider-
ing (11) and (13), substituting the τsi in (2) by (12), it results
in

MsiṠsi + (Csi +Qsi +Rsi)Ssi +Ksisat(Ssi) =

Ψsi(θsi − θ̂si)− (fE − f̂E)
(16)

in which, the estimation errors will be rewritten as f̃E =
fE − f̂E and θ̃si = θsi − θ̂si. The next step is to proposing a
Lyapunov candidate function:

Vsi =
1

2

(
ST
siMsiSsi + θ̃TsiΓsiθ̃si + f̃TEΛsif̃E

)
(17)

where νT Γsiν > 0 and νT Λsiν > 0, ∀ν ∈ Rn×1. The next
step is to differentiate the Lyapunov function alongside the
systems trajectories and verify its negativeness:

V̇si =− ST
si(Qsi +Rsi)Ssi − ST

siKsisat(Ssi)

+ (ST
siΨsi +

˙̃
θTsiΓsi)θ̃si − (ST

si −
˙̃
fTEΛsi)f̃E

(18)

It should be noted that ST
si(Ṁsi − 2Csi)Ssi = 0 due to

the skew-symmetry property of (11) [14] ˙̃
θsi and ˙̂

fE are the
estimation mechanisms that should be designed in a way to
make V̇si negative, which are proposed as:

˙̃
θsi = −Γ−1si ΨsiSsi ,

˙̃
fE = Λ−1si Ssi (19)

that will result in

V̇si = −ST
si(Qsi +Rsi)Ssi − ST

siKsisat(Ssi) (20)

which is negative by a proper selection of the function sat(.).
Knowing that Vsi is lower-bounded and V̇si is uniformly
continuous, it means that [14]:

lim
t→+∞

V̇si = 0

which also indicates the asymptotic stability of the slave
systems.

On the other hand, considering the following Lyapunov
candidate function for the master system:

Vm =
1

2

(
ST
mMmSm + xTmxm + f̃Th f̃h

)
(21)

then, differentiation along time:

V̇m =
1

2
ST
mṀmSm + ST

mMmṠm + xTmẋm + f̃Th
˙̃
fh (22)

which, by considering (1) and (15), the skew-symmetry prop-
erty, and then, substituting (14) results in

V̇m = −xTmPmxm + f̃Th (
˙̃
fh − Sm) (23)

which by proposing the adaptive law:

˙̃
fh = Sm = ẋm + Pmxm (24)

the remaining −xTmPmxm is negative and implies the uniform
stability of the master system, and this completes the proof.

c) Remark: It should be noted that the master device is
being controlled by the human operator and once it is settled
in a position commanded by the operator, xm = xhuman,
the system is asymptotically stable ẋm = 0. Moreover, The
adaptation law (24) also complies with the sliding surface
(15). In other words, the force tracking is simultaneously
achieved while the system is stably following the human
operator’s commands. Robustness and effectiveness of the
proposed synchronization algorithm is being demonstrated in
the next section.
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Fig. 2. Forward and backward delays through the wireless network between
the master and slave systems.
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Fig. 3. Positions of the master device and the object in the remote workspace.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this section, we evaluate and demonstrate the perfor-
mance of the proposed control methodology. The teleoperation
setup shown in Figure 1 is considered for the evaluation
purposes. The communication between the master and slave
sides are measured and reported in Figure 2. It should be
mentioned that the considered object weighs 5 kg which is
relatively heavy considering the maximum capacity of UR5
manipulators. On the other side, shape and size of the object
is quite large and difficult to balance. This is to purposefully
impose unbalanced loads on each slaves. As a result, asymmet-
rical forces are observed in force sensors, and consequently,
haptic signals.

Figure 3 shows the Cartesian position of the master device
handled by the human operator and the object in the remote
workspace. Orientations of the master and object are also
shown in Figure 4. Noticeably, these signals are not quite
similar as there is a scaling and transformation between the
systems due to differences in the corresponding workspaces.
However, these figures illustrating the robust and stable posi-
tion tracking of the slave systems. Moreover, Figure 5 depicts
the effective force reflection of the proposed control algorithm
that also provides the synchronisation of the two slave robots
while commanded from the master side for grasping, lifting,
moving, and placing the object in the remote environment.
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The main element in force reflection is along the vertical
(z) axis, which is against the gravity and indicates the weight
of the object to be carried by the slave robots. Comparison
between the three figures in Figure 5 implies the main ad-
vantage of the proposed synchronisation methodology that is
providing the human operator with the sense of the unbalanced
load in the remote workspace while controlling multiple slave



robots with only one haptic device. Figure 6 also shows the
control torques generated by the proposed approaches (12).
Insignificant difference between the two groups of signals τs1
and τs2 indicates the effort of each controller to compensate
for asynchronous motions and loads.

V. CONCLUSIONS AND FUTURE WORK

Single-master multiple-slave teleoperation systems are em-
ployed for more difficult tasks to be cooperatively executed
in a remote workspace. In addition to communication un-
certainties and latencies induced by the network, stable syn-
chronization of multiple slave systems is a challenge that
researchers have been working on for years. Utilizing smooth
filtering and sliding mode techniques, this paper proposed a
robust synchronization strategy for a single-master dual-slave
teleoperation system. The proposed approach has been theo-
retically analysed and experimentally verified. Furthermore, it
has also outperformed two highly cited previous solutions in
a comparative examination.

Future perspectives of this work can lead to a semi-
autonomous multilateral teleoperation configurations that can
accomplish more complicated tasks.
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