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Controlled synchronization of nonlinear
teleoperation in task-space with time-varying delays
Amir Zakerimanesh, Farzad Hashemzadeh*, Ali Torabi and Mahdi Tavakoli

Abstract—This paper introduces a novel control framework for
bilateral teleoperation system with the redundant remote robot
to ensure the end-effectors’ position tracking while satisfying a
sub-task control such as obstacle avoidance in the presence of
the nonlinear dynamics for the manipulators and bounded timevarying delays in the communication channels. The asymptotic
stability of the closed-loop dynamics is studied using a LyapunovKrasovskii functional under conditions on the controller parameters and the maximum values of time-varying delays. Simulation
and experimental results are provided to validate the theoretical
findings.
Index Terms—Asymptotic stability, redundant robot, semiautonomous system, synchronization, time-varying delay

I. I NTRODUCTION
The principle idea of synchronization is to design control
algorithms such that a group of agents can reach certain coordination. In literature, synchronization has been studied in various disciplines. In [1], using memristive neural networks, an
exponential synchronization of coupled stochastic memristorbased neural networks with probabilistic time-varying delay
coupling and time-varying impulsive delay is discussed. Synchronization of complex dynamical networks with impulsive
coupling is presented in [2] in which a unified synchronization
criterion is derived for directed impulsive dynamical networks.
In [3], using a fixed communication topology, pinning synchronization of a class of complex dynamical networks has
been investigated. Since Euler-Lagrange models can be used
to model a large class of physical systems of practical interests,
the synchronization of networked Euler-Lagrange systems is
of paramount importance, and synchronization problem of
teleoperation systems is an example of this area where local
and remote robots are modeled as Euler-Lagrange systems that
is the work of this study.
A bilateral teleoperation system is composed of local and
remote robots where various signals are exchanged between
them via a communication channel. A human operator manipulates the local robot, and the controlled coupling between
robots makes it possible for carrying out tasks through the
remote robot. The capability of remotely doing tasks is a
privilege for the teleoperation system and provides a stable
interaction with risky environments. Teleoperation systems
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have broad application domain in areas like outer-space manipulation, navigating a nuclear reactor station, defusing a
bomb, undersea exploration, remote medical operation, telerehabilitation, haptics-assisted training, etc. [4]. The physical
distance between robots poses inevitable time delays in their
communications which can destabilize the telerobotic system
[5]. In practice, the communication delay can be time-varying
and asymmetric in the forward and backward paths between
the operator and the remote environment [6], [7]. There are
a number of control schemes for time-varying delay compensation in the literature [8]–[11]. In literature, there have been
significant developments to control the bilateral teleoperated
systems [4], [12].
In practice, most of the bilateral teleoperation systems are
geared up such as to make it possible for the local operators to
control the remote robot’s end-effector, and therefore the study
of teleoperation in task-space is of great practical importance.
In [13], scaled synchronization has been proposed for bilateral
teleoperators with different configurations, but the local and
remote robots were assumed to be kinematically identical
and non-redundant manipulators. In [14], a nonlinear robust
adaptive bilateral impedance controller is proposed to provide
the absolute stability of multi-DoF teleoperation systems with
communication delays. An adaptive switching-based control
framework with asymmetric time-varying delays is investigated for task-space performance in teleoperation system [15].
A kinematically redundant remote robot generally provides
greater manipulability for the human operator to perform
complex tasks. Teleoperation of redundant manipulators was
studied in [16] where the robots are assumed to track the
desired trajectory in task-space. However, the teleoperation
system was developed without considering communication
delays, and the local and remote robots were required to
have the same degrees of freedom. Synchronization of heterogeneous robotic manipulators following a desired trajectory
in the task-space has been presented in [17]. Even though
heterogeneity of the robotic manipulators and communication
delays were considered, the controller required all agents to
have knowledge of a common trajectory, which may not be
practical for all teleoperation systems. In [18], task-space
teleoperation with a redundant remote robot has been studied
in which control theoretic framework was used to guarantee
the position and velocity tracking between the local and remote
robots in the presence of constant delays. In [19], the system
utilizes dual local robots to control different frames assigned
to the remote robot. Even though the local and remote robots

were considered to be non-identical, the remote robot required
complete control from the human operator. Moreover, the issue
of communication delays was not considered.
As far as the remote robot’s surroundings are concerned,
overlooking unforeseen limitations of the remote site can
restrict the performance of the teleoperation system [20]. To
cope with these circumstances, the semi-autonomous teleoperation framework with a redundant remote robot is proposed in
[21] in which the redundancy of the remote robot is utilized for
achieving an autonomous sub-task control, such as singularity
or obstacle avoidance. In [22], a control algorithm is proposed
to guarantee the stability and task-space position tracking
when teleoperation systems are subject to time-varying delay.
In [23], adaptive control of semi-autonomous teleoperation is
developed to address the task-space bilateral teleoperation system with asymmetric time-varying delays for heterogeneous
local and remote robots to guarantee stability and tracking
performance.
In this paper, a novel nP+D like controller that incorporates
gravity compensation is proposed for the control problem
of task-space nonlinear teleoperation involving a redundant
remote robot. The nP+D [24] controller is similar to the
proportional plus damping (P+D) controller [8], with the
difference that it alters the proportional term by passing it
through a nonlinear function. The main contributions of this
paper are summarized as follows.
•

•

•

•

The time-varying delays and the redundancy of the remote robot are incorporated into the controller design
so that the sub-task control such as obstacle avoidance
can be achieved against a backdrop of the main-task
accomplishment (Theorems 1 and 2, and Section V).
In contrast to [22], using the proposed controller, there
is no need for measuring the real-time rates of change
of the delays. Instead, it only requires the maximum
of the upper bound of the time-varying delays. Also,
one can expand the systems tolerance to larger upper
bound of the time-varying delays by simply increasing
one of the controller parameters (see (17)) without any
consequences. For instance, in [25], tolerance to the larger
upper bound of the time-varying delays comes at the cost
of increased computational complexities.
It is assumed that the Jacobian matrix of the local robot
is full rank. Nevertheless, in contrast to [21]–[23] the
local robots controller is still well-defined at a singularity
(since it does not contain the inverse of the Jacobian matrix). Also, with an appropriate vector function assigned
for the sub-task control, the achievement of both the subtask control and the task-space position synchronization
are guaranteed. In other words, the vector function is a
blessing in disguise for the main-task achievement, when
the local robot faces a singularity.
The proposed controller can fulfill the function of both
the main-task control and the sub-task control, not only
in free motion but also when the human operator exerts
a bounded force (Remark 1). Depending on how large

the applied force is in comparison with the amplitude of
the nonlinear function used in the controller, a relation
between the operators applied force and the reflected
force from the environment is established. Also, it is
shown that the signals of the system are ultimately
bounded in contact motion. Moreover, it is pointed out
that when the operator exerts a constant force and the
remote robot is in free motion, the achievement of both
the main-task and sub-task will come at the cost of a
singularity for the local robot.
This paper is organized in sections as follows. Section 2
gives problem formulation and the proposed controller and its
stability analysis are studied in Sections 3 and 4, respectively.
Also, sub-task control, simulation and experimental results,
conclusion, and appendix are presented in Sections 5, 6, 7
and 8, respectively.
II. P ROBLEM FORMULATION
Suppose that the manipulators in the teleoperation system
are modeled by Lagrangian systems and driven by actuated
revolute joints. Let the dynamics of the local (l) and the remote
(r) robots be given by
Mk(qk)q̈k+Ck(qk,q̇k)q̇k+Gk(qk)=τek+τk,
(1)
where for k∈{l,r}, qk,q̇k,q̈k∈Rβk×1 are the vectors of the joint
positions, velocities and accelerations of the robots such that
βl=n and βr=m, and n and m are the number of joints in
the local and remote robots, respectively. Mk(qk)∈Rβk×βk,
Ck(qk,q̇k)∈Rβk×βk and Gk(qk)∈Rβk×1 are the inertia matrix,
the Coriolis/centrifugal matrix and the gravitational vector,
respectively. Moreover, τek∈Rβk×1 denotes the exerted torques
and τk∈Rβk×1 denotes the control signals.
Let Xk∈Rz×1 represent the end-effectors’ positions in the
task-space. The relation between the task-space positions and
the joint-space positions of the robots are as
Xk=hk(qk); Ẋk=Jk(qk)q̇k,
(2)
where hk(qk):Rβk×1→Rz×1 denotes the position mapping
between the joint-space and the task-space, and Jk(qk)∈Rz×βk
k(qk)
. The
signifies the Jacobian matrices such that Jk(qk)= ∂h∂q
k
task-space position errors are defined as
el,Xl(t)−Xr(t−dr(t)); e0l ,Xl(t)−Xr(t),
(3)
er,Xr(t)−Xl(t−dl(t)); e0r,Xr(t)−Xl(t),
where dr(t) and dl(t) are backward and forward time-varying
delays between the robots. In the rest of the paper, notations
Mk, Mk−1, Ck, CkT , Jk, JkT and Jr+ are used instead of Mk(qk),
Mk−1(qk), Ck(qk,q̇k), CkT (qk,q̇k), Jk(qk), JkT (qk) and Jr+(qr)
(being the pseudo-inverse of Jr defined later), respectively.
Inspired by the works in [21], [26], the modified form of the
local and remote robots’ dynamics are obtained to incorporate
the sub-task control into the controller development. To this
βk×1
end, let us define the signals
and sk∈Rβk×1 as
( ζk∈R
0
if k=l
sk,q̇k−ζk; ζk,
,
(4)
[Im−Jr+Jr]gr if k=r
where Im is the identity matrix of size m, gr∈Rm×1 is the
negative gradient of an appropriately defined function for the

sub-task control, and Jr+∈Rm×z is the pseudo-inverse of Jr
which is defined by Jr+,JrT (JrJrT )−1 and satisfies JrJr+=Im.
Taking time derivative of both sides of the equation sk=q̇k−ζk,
premultiplying by the inertia matrix Mk and substituting Mkq̈k
from (1), the modified form of the local and the remote robots’
dynamics can be found as
Mkṡk+Cksk=Θk+τek+τk; Θk,−Mkζ̇k−Ckζk−Gk. (5)
III. PROPOSED CONTROLLER
Consider the dynamical system (1) and let the control signal
be given by
τk=−Θk−JkT ΩP (ek)−Λksk,
(6)
βk×βk
where Λk∈R
and Ω∈Rz×z are positive-definite diagonal matrices with elements Λki∈R>0 and Ωj ∈R>0, respectively, such that Λkmin,min{Λki} and Ωmax,max{Ωj }.
i

j

Also, P (ek):Rz×1→Rz×1 is a nonlinear vector function with
elements pj (ekj):R→R which are required to be strictly increasing, bounded, continuous, passing through the origin,
concave for positive ekj and convex for negative ekj with continuous first derivative around the origin such that |pj (ekj)|≤
|ekj| and pj (−ekj)=−pj (ekj) [24]. For instance, by choosing
pj (ekj)=bj tan−1(ekj); 0<bj ≤1, all the mentioned properties
∂pj (ek )

are satisfied, ∂ek j is bounded and Nj ,suppj (ekj)=bj π/2.
j
Recalling that the manipulators in the teleoperation system (1)
are revolute joint robots, important properties of the nonlinear
dynamic models are revisited here [27], [28]:
Property 1. The inertia matrix Mk∈Rβk×βk is symmetric
positive-definite and has the upper and lower bounds as
0<λmin(Mk)Iβk≤Mk≤λmax(Mk)Iβk<∞ where Iβk is the
identity matrix of size βk.
Property 2. Ṁk−2Ck is a skew symmetric matrix.
Property 3. The time derivative of Ck is bounded if q¨k and
q˙k are bounded.
Property 4. For a manipulator with revolute joints, there
exists a positive σ bounding the Coriolis/centrifugal term as
kCk(qk,x)yk2≤σkxk2kyk2.

Theorem 1. Assume that the Jacobian matrix of the local
manipulator is full rank, and the operator and the environment
are passive. Given teleoperation system (1) with the controller
(6), the end-effector velocities Ẋk and task-space position
errors ek and e0k are bounded for any bounded forward and
backward time delays provided that
(2)
Λkmin≥2T ΩmaxβkJkmax,
(8)
where T is the maximum round-trip delay defined as T ,
(dlmax+drmax) such that dlmax,max{dl(t)} and drmax,
max{dr(t)}.
Proof of Theorem 1. Let xt=x(t+%) [29], [30] be the
state of the system where x(t),[sl sr Xl Ẋl Xr Ẋr], −dmax≤
%≤0 and dmax,max{dlmax,drmax} is the maximum delay.
Consider the Lyapunov-Krasovskii functional V (xt)=V1(xt)+
V2(xt)+V3(xt) where

Z t
X 1
sTk Mksk+ −q̇kT (µ)τek(µ)dµ+ϕk , (9)
V1(xt)=
2
0
k
Z
z
X
lj −Xrj
X
V2(xt)=
Ωj pj (γj )dγj ,
(10)
XZ
V3(xt)=2
k

0

j=1 0
Z t

Assumption 2. The time derivative of the forward and backward time-varying delays are bounded.
IV. S TABILITY ANALYSIS
In this section, the stability and asymptotic performance of
the system (1) with the proposed controller (6) is analyzed.
Applying the controller to the modified dynamics (5), the
following closed-loop dynamics can be found:
Mkṡk+Cksk=τek−JkT ΩP (ek)−Λksk.
(7)

(11)

0

Defining Dk,ẊkT ΩP (ek) and Dk,−ẊkT ΩP (ek) such that
0
Dk+Dk=0, considering Property 2, given the facts that τek=
T
Jk Fek, ζkT JkT =0, sTk τek=q̇kT τek and sTk JkT =ẊkT , and regarding
the closed-loop dynamics (7), we
get

X
X
V̇1(xt)+V̇2(xt)+ Dk=
ẊkT ΩP (e0k)−sTk Λksk , (12)
k
k


Zt
X

V̇3(xt)≤2 dkmaxẊkT ΩP (Ẋk)− Ẋk(τ )T ΩP (Ẋk(τ ))dτ .
k

t−dk(t)

(13)
P 0
Now, using Lemma 3.2 [31] and adding Dk to (12) yields
k
Z t
X 0
T
(12)+ Dk≤2|Ẋl| Ω
P (|Ẋr(τ )|)dτ
t−dr(t)

k

+2|Ẋr|T Ω

Z

t

P (|Ẋl(τ )|)dτ −
t−dl(t)

Also, some assumptions are made as follows.
Assumption 1. The operator and the environment are passive, R i.e., there exist positive constants ϕk<∞ such that
t
ϕk+ 0 −q̇kT (µ)τek(µ)dµ>0.

ẊkT (η)ΩP (Ẋk(η))dηdγ.

−dkmax t+γ

X

sTk Λksk

k

(14)
and adding (13) to (14)
and using Lemma 3.3 [31], we
get


X
V̇3(xt)+(14)≤
2T ΩmaxẊkT P (Ẋk)−ΛkminsTk sk . (15)
Defining ψk,

k
ẊkT P (Ẋk)
kskk22

and substituting it into (15) leads to
X
V̇ (xt)≤− [Λkmin−2T Ωmaxψk]sTk sk.
(16)
k

Therefore, a sufficient condition for V̇ (xt)≤0 is Λkmin≥
2T Ωmaxψk. Using Lemma 3.1 [31] and the properties that
for any xj ∈R, xj pj (xj )≥0 and |pj (xj )|≤|xj | [24], it can be
(2)
concluded that ψk= ks1kk2 ẊkT P (Ẋk)≤ ks1kk2 ẊkT Ẋk≤βkJkmax.
2

2

Therefore, the sufficient condition for V̇ (xt)≤0 can be rewrit-

ten as

Therefore,
(2)

Λkmin≥2T ΩmaxβkJkmax.

(17)

In conclusion, if (17) is satisfied, then V̇ (xt)≤0
which means all terms in V R(xt) are bounded, i.e.,
t
Ẋk,e0k,sk∈L∞. Noting that el=e0l + t−dr(t)Ẋr(τ )dτ and given
Rt
Ẋ (τ )dτ ∈L∞, it can be concluded that el∈L∞. Simit−dr(t) r
larly, er∈L∞ and the proof of Theorem 1 has been completed.
Theorem 2. Given Assumption 2, for the closed-loop dynamics described by (7), in free motion (τek=0) the task-space
position errors (3) asymptotically converge to the origin if all
conditions in Theorem 1 are satisfied.
Proof of Theorem 2. Integrating both sides of (16), we get
sk∈L2. Based on the results of Theorem 1 we have Ẋk,sk,ek∈
L∞ and given Assumption 2 it can be concluded that e˙k∈
L∞. Considering (4), sk∈L∞ results in q̇l∈L∞ and by the
assumption that the remote manipulator is able to avoid the
singularities, we get q̇r∈L∞. Also, q̇k∈L∞ leads to Ṁk∈L∞.
Using Properties 1 and 4, and since the term JkT ΩP (ek) is
bounded, it can be seen from (7) that ṡk∈L∞. Because sk∈L2
and ṡk∈L∞, using the Barbalat’s lemma we have sk→0. Given
(4) and using the fact that Ẋk=Jksk, we have Ẋk,q̇l→0. If the
remote manipulator is able to avoid the singularities, then q̇r→
0. Applying τek=0 into (7) and differentiating both sides with
d
(Mk−1)=−Mk−1(Ck+CkT )Mk, we
respect to time and given dt
get


d
Mk−1 −Cksk−JkT ΩP (ek)−Λksk
s̈k=
dt
 (18)
d
+Mk−1
−Cksk−JkT ΩP (ek)−Λksk
dt
and based on Properties 1 and 4, and given q̇k∈L∞, it is easy
d
to see that dt
(Mk−1
Also, from 
 ) is bounded.



d T
∂ T
∂
T
J ΩP (ek) =
J q̇kΩP (ek)+Jk Ω
P (ek) ėk,
dt k
∂qk k
∂ek
(19)
d
(JkT ΩP (ek))∈L∞. Also, given (1) it
it can be concluded that dt
is possible to see that q̈k∈L∞ and based on Property 3 the time
derivative of Ck is bounded. Therefore, s̈k∈L∞ and given that
sk→0, using the Barbalat’s lemma yields ṡk→0. Considering
the closed-loop dynamics (7) in free motion, having shown
that sk,ṡk→0, we get JkT ΩP (ek)→0. When q̇k→0 we have
P (el)=P (e0l )=−P (e0r) and so JkT ΩP (e0k)→0. Therefore, if
the remote manipulator is able to avoid the singularities (gr6=
0), then it can be concluded that P (e0r)→0. Noting that P (e0r)
passes through the origin, we get e0r,e0l →0. Now assume that
in (4) we have gr=0, then q̇l,q̈l,JlT ΩP (el)→0 and so el→0.
Given q̇l,q̈l→0 and el→0 it can be concluded that q̇r→0 and
so e0l →0 and so e0r→0. In other words, ek,e0k→0 are valid for
both gr=0 and gr6=0. Thus, the proof has been completed.
Remark 1. Suppose that bounded forces are exerted on the
end-effectors of the robots, and the remote robot is able to
avoid the singularities. It can still be concluded that sk,ṡk→0.


   T 
JlT
τel
J F
0
ΩP
(e
)→
= lT el
(20)
l
τer
−JrT
Jr Fer
and supposing that Ωj Nj ≥Felj, it is possible to see that
ΩP (e0l )→Fel and so Fel+Fer→0. If Ωj Nj <Felj then Fer→
−ΩP (e0l )=ΩP (e0r). When the applied force on the endeffector of the local robot dwindles, the remote robot will
move away to vanish the reflected force from the environment
and the task-space position errors will converge to the origin
asymptotically. Also, when the operator exerts a constant force
and the remote robot is in free motion, the achievement of both
the main-task and sub-task will come at the cost of Fel being
in the null space of JlT matrix. In other words, the local robot
will approach a singularity.


V. S UB -TASK C ONTROL
Kinematic redundancy in the task-space of a manipulator
can be exploited either to provide increased manipulability
[32] or to achieve a sub-task control [21]. Also, as demonstrated in [33], the redundant manipulators as haptic interfaces
for teleoperated surgical systems can provide better and more
realistic force feedback to the user than the non-redundant
haptic interfaces. The joint velocity of the redundant remote
robot in the null space of Jr can be regulated in such a way
as to not affect the position and velocity of its end-effector.
This regulation leads to the so-called self-motion movement
[34] since the manipulator’s movement in joint space is not
observed at the end-effector. Besides the main task and for
various applications, the self-motion can be controlled by
designing an appropriate auxiliary function gr to achieve a
sub-task control. To resolve the redundancy and achieve a
controlled self-motion movement, we use the gradient projection method [35] which involves defining any differentiable
cost function (expressed in terms of the joint angles or endeffector position) that has a minimum or maximum value at
a desirable configuration. Using the gradient (or its negative)
of this function to control the joint velocity in the redundant
directions, the manipulator will tend to seek the optimal
configuration.
Premultiplying sr by [Im−Jr+Jr] and using the property
that [Im−Jr+Jr][Im−Jr+Jr]=Im−Jr+Jr, the relation between
the Sub-task Tracking Error [34] (let it be ST E) and sr is
obtained as [21]
ST E,[Im−Jr+Jr]sr=[Im−Jr+Jr](q̇r−gr).
(21)
Therefore, if sr→0 (Theorem 2), then the sub-task tracking
error would approach the origin. Given (21) and the property that Jr[Im−Jr+Jr]=0, the function [Im−Jr+Jr]gr can be
considered as the desired velocity in the null space of Jr.
As mentioned earlier, we can define a differentiable function
f (qr):Rm×1→R for which a lower value corresponds to
more desirable configurations. Then, the auxiliary function
gr=− ∂q∂ r f (qr) is utilized for achieving the sub-task control
of the remote robot. It is worth noting that as mentioned in
Remark 1, not only in free motion but also when the operator
exerts a bounded force on the local robot, sk→0 and ṡk→0
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are still valid, the sub-task tracking error will still converge to
zero, and thus the sub-task control also will still be achieved.
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In this section, simulation and experimental results are
presented to verify the theoretical findings. In simulations, the
local and remote manipulators are considered to be 2-DOF and
3-DOF planar robots, respectively with revolute joints. Link
mass parameters are m1l=m2l=m1r=m2r=m3r=0.3kg and
link length parameters are L1l=L2l=L1r=L2r=L3r=0.38m.
The forward and backward time delays are considered to be
identical and equal to dr(t)=dl(t)=0.1+0.1sin(t) (i.e., T =
0.4s). Initial conditions ql(0)=[2π/3, π/2]T rad and qr(0)=
[π/6, π/6, −π/6]T rad are chosen for the local and remote
robots, respectively. Also, it is assumed that q̇k(0)=q̈k(0)=0.
The nonlinear function pj (ekj )=tan−1(ekj ) is chosen (i.e.,
Nj =Nmax=π/2) to be used in the robots’ controllers. The
gains Ω1=1, Ω2=1, Λl1=0.94, Λl2=0.94, Λr1=3.19, Λr2=3.20
and Λr3=3.21 are chosen according to the stability condition.
Therefore, the controllers
become



0.94
0
T 1 0
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tan (el)−
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0 1
0
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0
1 0
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tan−1(er)− 0
0 1
0
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3.21
(22)
Singularity avoidance is an important objective in choosing
the function gr for the control law. As mentioned earlier a common method is to define a function; f (qr), for which a lower
value is associated with a more desirable configuration. Motivated by [26], [34], first gr,−0.01(q1r−2q2r+q3r)[1,−2,1]T
is chosen for the manipulability improvement and singularity
avoidance. Note that the selected gr is the negative of the
gradient of the cost function f (qr)=0.005(q3r−2q2r+q1r)2
and the control law will try to minimize the cost function.
Now, suppose that the operator applies its force as shown in
Fig. 1. The simulation results without (i.e., gr=0) and with
the singularity avoidance control are presented in Fig. 2. As
noticeable in Fig. 2(b), the defined function gr has increased
the flexibility of the redundant robot, and the manipulability
index (defined as the determinant of the matrix JrJrT ) is
increased (see Fig. 2(c)). Therefore, both the end-effectors
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Fig. 2: Simulation results for the singularity control.

convergence task and the singularity avoidance control are
accomplished.
The extra degrees of the redundant manipulator can also be
used for avoiding an obstacle while performing the desired
end-effector task. In this case, the strategy for choosing the
function gr is adopted from [21]. Again, suppose that the
operator applies its force as shown in Fig. 1. The simulation
results without (i.e., gr=0) and with the obstacle avoidance
control are presented in Fig. 3. The obstacle that the remote
robot needs to avoid is located at X0=[0.05m,0.35m] and the
collision distance and the safe distance are given as R=0.2m
and r=0.1m, which are shown as the dashed blue circles
in the simulations (Figs. 3(a) and 3(b)). The middles of the
three links of the remote robot are chosen as the collisionfree points to avoid the obstacle. Note that the Task-Space
Tracking Error is defined as T T E,Xl−Xr. As we see in
Fig. 3(b), by incorporating the obstacle avoidance control into
the proposed controller, the redundant manipulator changes
its configuration to avoid the obstacle while achieves the
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Fig. 4: Experimental results for the task-space position synchronization when gr=0.
end-effectors synchronization task. Deploying the sub-task
control has also increased the manipulability of the redundant
manipulator (see Fig. 3(c)). Readers are encouraged to watch
downloadable simulation videos prepared to shed more light
on the simulation results1.
1https://bit.ly/2D2iMRQ

To show the performance of the proposed controller in
practice, we have experimented it on a bilateral teleoperation
setup in which a 2-DoF local robot is connected to a 4DoF remote robot. The local robot is a 2-DoF PHANToM
1.5A (Geomagic Inc., Morrisville, NC, USA) where the base
joint of the 3-DoF PHANToM robot has been removed to
turn it into a 2-DoF planar robot. The remote robot has four
degrees of freedom and the 4-DoF planar RHI is developed
by serially connecting two robots, a 2-DoF PHANToM 1.5A
(Geomagic Inc., Morrisville, NC, USA) and a 2-DoF planar
upper-limb rehabilitation robot 1.0 (Quanser Inc., Markham,
ON, Canada). The base joint of the 3-DoF PHANToM robot
has been removed to turn it into a 2-DoF planar robot. Also,
to measure the applied force on the local robot, a 6-DoF
force/torque (f/t) sensor (50M31A3-I25, JR3 Inc., Woodland,
CA, USA) is used. The link lengths for the local and remote
robots are [0.21,0.2520] m and [0.254,0.1405,0.21,0.17] m,
respectively.
For gr=0, the operator’s applied force on the local robot and
the positions of the robots’ end-effectors in X and Y directions
are shown in Fig. 4. Also, to show the performance of the
proposed controller for concurrently achieving the position
synchronization task and the obstacle avoidance control, an
experiment has been done in which the remote robot avoids the
obstacle located at [0.3m,−0.12m]. The experimental results
are shown in Fig. 5 in which Fig. 5(a) shows an above view

shot of the experiment setup. The collision distance and the
safe distance are assumed to be R=0.18m and r=0.1m. The
readers are strongly encouraged to watch the downloadable
Experiment videos prepared to shed more light on the experimental results2.
VII. C ONCLUSION AND FUTURE WORK
Given nonlinear dynamics for the manipulators and the
bounded time-varying delays, in this paper, a novel (nP+D)like controller was proposed to ensure the stability and taskspace tracking performance of the bilateral teleoperation system. The redundancy of the remote manipulator was exploited
to accomplish the end-effectors’ convergence task against a
backdrop of avoiding an obstacle. It was pointed out that concurrently occurrence of the task-space positions synchronization and sub-task control can take place either in free motion or
when the operator exerts a bounded force on the local robot.
Moreover, it was indicated that in contact motion the error
signals are bounded, the system is stable and there exists a
relationship between the interactive forces. Using a LyapunovKrasovskii functional, the asymptotic stability and tracking
performance of the teleoperation system is established under
some conditions on the controller parameters and maximum
allowable time delays. The efficiency of the control algorithm
was studied using numerical simulations with a 2-DoF planar
local robot and a 3-DoF planar redundant remote robot. Also,
the experiments were done on a bilateral teleoperation system
with a 2-DoF local robot and a 4-DoF remote robot.
As a future work, while incorporated with a speed observer
to extricate the system from velocity measurements, it is
possible to put forward an enhanced version of the controller
to improve the synchronization time. Also, the task-space
synchronization problem can be studied in the simultaneous
presence of time-varying delays and a problem such as model
uncertainties or external disturbances.
R EFERENCES
[1] H. Bao, J. H. Park, J. Cao, “Exponential synchronization of coupled
stochastic memristor-based neural networks with time-varying probabilistic delay coupling and impulsive delay,” IEEE Trans. Neural Netw.
Learn. Syst., vol. 27, no. 1, pp. 190-201, January 2016.
[2] J. Lu, D. W. Ho, J. Cao, “A unified synchronization criterion for
impulsive dynamical networks,” Automatica, vol. 46, no. 7, pp. 12151221, July 2010.
[3] W. Yu, G. Chen, J. L, “On pinning synchronization of complex dynamical networks,” Automatica, vol. 45, no. 2, pp. 429-435, February
2009.
[4] P. F. Hokayem, M. W. Spong, “Bilateral teleoperation: An historical
survey,” Automatica, vol. 42, no. 12, pp. 2035-2057, December 2006.
[5] Y. C. Liu, N. Chopra, “Control of robotic manipulators under input/output communication delays: Theory and experiments,” IEEE
Trans. Robot., vol. 28, no. 3, pp. 742-751, June 2012.
[6] H. Gao, T. Chen, “H∞ estimation for uncertain systems with limited
communication capacity,” IEEE Trans. Autom. Control, vol. 52, no. 11,
pp. 2070-2084, November 2007.
[7] H. Gao, T. Chen, J. Lam, “A new delay system approach to networkbased control,” Automatica, vol. 44, no. 1, pp. 39-52, January 2008.
2https://bit.ly/2FS7qAh

[8] C. C. Hua, X. P. Liu, “Delay-dependent stability criteria of teleoperation
systems with asymmetric time-varying delays,” IEEE Trans. Robot., vol.
26, no. 5, pp. 925-932, October 2010.
[9] S. Islam, P. Liu, A. El Saddik, “Nonlinear control for teleoperation
systems with time varying delay,” Nonlinear Dynamics, vol. 76, no.
2, pp. 931-954, April 2014.
[10] Z. Chen, Y. J. Pan, J. Gu, “A novel adaptive robust control architecture
for bilateral teleoperation systems under time-varying delays,” Int. J.
Robust Nonlinear Control, vol. 25, no. 17, pp. 3349-3366, November
2015.
[11] Z. Li, X. Cao, Y. Tang, R. Li, W. Ye, “Bilateral teleoperation of
holonomic constrained robotic systems with time-varying delays,” IEEE
Trans. Instrum. Meas., vol. 62, no. 4, pp. 752-765, April 2013.
[12] A. A. Ghavifekr, A. R. Ghiasi, M. A. Badamchizadeh, “Discrete-time
control of bilateral teleoperation systems: a review,” Robotica, vol. 36,
no. 4, pp. 552-569, April 2018.
[13] H. Kawada, K. Yoshida, T. Namerikawa, “Synchronized control for
teleoperation with different configurations and communication delay,”
46th IEEE Conf. Decision and Control, pp. 2546-2551, 2007.
[14] M. Sharifi, H. Salarieh, S. Behzadipour, M. Tavakoli, “Impedance
control of non-linear multi-DoF teleoperation systems with time delay:
absolute stability,” IET Control Theory Appl., vol. 12, no. 12, pp. 17221729, August 2018.
[15] D. Zhai, Y. Xia, “A novel switching-based control framework for
improved task performance in teleoperation system with asymmetric
time-varying delays,” IEEE Trans. Cybern., vol. 48, no. 2, pp. 625-638,
February 2018.
[16] N. Nath, E. Tatlicioglu, D. M. Dawson, “Teleoperation with kinematically redundant robot manipulators with sub-task objectives,” Robotica,
vol. 27, no. 7, pp. 1027-1038, December 2009.
[17] Y. C. Liu, N. Chopra, “Controlled synchronization of heterogeneous
robotic manipulators in the task space,” IEEE Trans. Robot., vol. 28,
no. 1, pp. 268-275, February 2012.
[18] Y. C. Liu, N. Chopra, “Semi-autonomous teleoperation in task space
with redundant slave robot under communication delays,” IEEE/RSJ
International Conf. Intelligent Robots and Systems, pp. 679-684, 2011.
[19] P. Malysz, S. Sirouspour, “A kinematic control framework for singleslave asymmetric teleoperation systems,” IEEE Trans. Robot., vol. 27,
no. 5, pp. 901-917, October 2011.
[20] B. Doroodgar, Y. Liu, G. Nejat, “A learning-based semi-autonomous
controller for robotic exploration of unknown disaster scenes while
searching for victims,” IEEE Trans. Cybern., vol. 44, no. 12, pp. 27192732, December 2014.
[21] Y. C. Liu, N. Chopra, “Control of semi-autonomous teleoperation system
with time delays,” Automatica, vol. 49, no. 6, pp. 1553-1565, June 2013.
[22] Y. C. Liu, “Task-space bilateral teleoperation systems for heterogeneous
robots with time-varying delays,” Robotica, vol. 33, no. 10, pp. 20652082, December 2015.
[23] D. H. Zhai, Y. Xia, “Adaptive control of semi-autonomous teleoperation
system with asymmetric time-varying delays and input uncertainties,”
IEEE Trans. Cybern., vol. 47, no. 11, pp. 3621-3633, November 2017.
[24] F. Hashemzadeh, I. Hassanzadeh, M. Tavakoli, “Teleoperation in the
presence of varying time delays and sandwich linearity in actuators,”
Automatica, vol. 49, no. 9, pp. 2813-2821, September 2013.
[25] X. Su, H. Zhou, Y. D. Song, “An optimal divisioning technique to
stabilization synthesis of T-S fuzzy delayed systems,” IEEE Trans.
Cybern., vol. 47, no. 5, pp. 1147-1156, May 2017.
[26] E. Zergeroglu, D. D. Dawson, I. W. Walker, P. Setlur, “Nonlinear tracking control of kinematically redundant robot manipulators,” IEEE/ASME
Trans. Mechatronics, vol. 9, no. 1, pp. 129-132, March 2004.
[27] M. W. Spong, S. Hutchinson, M. Vidyasagar, Robot modeling and
control, Wiley, New York, 2006.
[28] R. Kelly, V. S. Davila, J. A. L. Perez, Control of robot manipulators in
joint space, Springer Science & Business Media, 2006.
[29] J. K. Hale, S. M. V. Lunel, Introduction to functional differential
equations, Vol. 99, Springer Science & Business Media, 2013.
[30] N. Chopra, M. W. Spong, R. Lozano, “Synchronization of bilateral
teleoperators with time delay,” Automatica, vol. 44, no. 8, pp. 21422148, August 2008.
[31] A. Zakerimanesh, F. Hashemzadeh, M. Tavakoli, “Task-space synchronisation of nonlinear teleoperation with time-varying delays and actuator
saturation,” International Journal of Control, vol. 0, no. 0, pp. 1-17,
August 2018.

[32] Y. Nakamura, Advanced Robotics: Redundancy and Optimization,
Addison-Wesley, 1991.
[33] A. Torabi, M. Khadem, K. Zareinia, G. R. Sutherland, M. Tavakoli,
“Application of a redundant haptic interface in enhancing soft-tissue
stiffness discrimination,” IEEE Robotics and Automation Letters, vol. 4,
no. 2, pp. 1037-1044, March 2019.
[34] P. Hsu, J. Mauser, S. Sastry, “Dynamic control of redundant manipulators,” J. Field Robot., vol. 6, no. 2, pp. 133-148, April 1989.
[35] B. Siciliano, “Kinematic control of redundant robot manipulators: A
tutorial,” J. Intell. Robot. Syst., vol. 3, no. 3, pp. 201-212, September
1990.

