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Abstract—With the advancement of automation and robotics
[1]- [4], the bilateral teleoperation system can expand the working
capability of human operators in the remote, unstructured and
dangerous environments, and has been applied in tremendous
areas such as the nuclear detection, medical surgery, subsea
exploration and military operation.The main problem in this
kind of system is to synchronize the behaviour of the remote
and the local robots. In this paper, an adaptive control design
is proposed for nonlinear bilateral teleoperation manipulators to
cope with the main issues including the communication time de-
lay, various nonlinearities and uncertainties. With the Lyapunov
theory, asymptotic stability of the bilateral teleoperation system
is suggested to any bounded varying delay with a bounded rate
of variation can be guaranteed. Finally, simulation results are
presented to demonstrate the validity of our controller.

Index Terms—bilateral teleoperation system, Adaptive control,
time varying delay, uncertainties

I. INTRODUCTION

The word teleoperation with the prefix tele meaning at a
distance indicates remote operation. Therefore, a tele-operator
naturally refers to a master-slave robotic system that permits
an operator to interact with a remote environment and finish
from a distance manipulation tasks that are inaccessible or
hazardous. Such remote systems have applications that include
space and undersea exploration [5], robotic surgery [6] and
handling of toxic and dangerous materials [7]. A typical
teleoperation system is commonly consisting of the operator,
the master robot, the communication channel, the slave robot,
and the task environment [8]- [9], (Fig. 1).

These teleoperation systems are called bilateral because infor-
mation flows in two directions between the operator and the
remote environment. An essential requirement in bilaterally
controlled teleoperation systems is to provide a stable feedback
where time-delay in the communication channel between the
master and slave systems is the major challenge that threatens
system stability. Moreover, external disturbance and uncer-
tainty in the dynamic model parameters are unavoidable issues
that should be considered in practical teleoperation systems
in order to ensure stable teleoperation system with optimal
performance for the designed synchronization controller. In
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recent past, various control methods for teleoperation systems
have been reported in the literature to deal with the problem
associated with time delay in the communication channel, e.g.
[10]- [16] . Some studies have proposed controllers for ensur-
ing position and force tracking in a nonlinear teleoperation
system, but these controllers only work for slowly-varying
delays [17]- [18]. Other control methods that guarantee both
position and force tracking are either for no-delay or constant-
delay nonlinear teleoperation or for linear teleoperation [19]-
[20]. Anderson and Spong [21] proposed scattering schemes
based on the passivity theory. Passivity based control schemes
are inspired from energy interaction between interconnected
systems [22].This passivity based approaches can guarantee
the passivity of bilateral teleoperation systems just for constant
time delay and cannot preserve the passivity for varying time
delays [23]. One of the best known methods in the passivity
approach are the wave variable approaches, and have been the
subject of recent studies concerning teleoperation under vary-
ing delays. The wave variable scheme, however only analyzes
the passivity of the communication channel in isolation which
is overly conservative, and from unwanted wave reflection
effects suffers in terms of performance particularly for larger
time delays. In this paper, an adaptive synchronization is
presented to guarantee asymptotic stability of the bilateral
teleoperation system in the presence of larger varying time
delays, parametric uncertainties and hard interaction input.This
paper is organized as follows.Section 2 preliminaries on mod-
eling of bilateral teleoperators, input interaction torques and
actuator saturation are provided.The proposed controller and
performance analysis are presented in Section 3.Section 4
presents the simulation and evaluation results and Section 5
concludes the paper.

II. PRELIMINARIES

In this part, some preliminaries on modeling of bilateral
teleoperators, input interaction torques and actuator saturation
are provided.
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Fig. 1. Bilateral teleoperation system

A. Modeling of bilateral tele-operators

Consider a master-slave bilateral teleoperation system mod-
eled as a pair of n-degree-of-freedom (DOF) serial links with
revolute joints, the non-linear dynamics are presented as

Mm(Qm)ijm + Cm(‘]mv Qm)Qm + Gm(‘]m) =Tm +7h. (1)
Ms(‘]s)ds =+ Cs(‘]svds)ds + Gs(Qs) =Ts+ Te ()

where i = m, s stands for the master/slave manipu-
lator, respectively; ¢; ¢; and ¢; are the position, ve-
locity, and acceleration of the master and slave dynamic
systems respectively;M;(q;) is the positive-definite inertia
matrix;C;(q;, ¢;) : is the matrix of centripetal and Coriolis
torque; G;(q;): is the gravitational torque; 75, 7. are the
human-operator torque and the environment torque, respec-
tively; 7; is the applied control torque. the following properties
of the master and slave manipulators will be used [25]:
1 The inertia matrices M,,(¢,,) and M(gs) are a sym-
metric, bounded and positive definite matrices satisfy the
inequalities:

0 <pmI < Mm(Qm) < pmd

0 < psl < My(qs) < psl
2 The Coriolis matrix C(q, ¢) satisfies:

M(q) = C(q,9) + C"(q,9)

1C(q,q)d| < ng®

Where 7 is a positive number.

3 Part of dynamics is linear by the suitable parameters
selection of master and slave manipulators, which can
be derived as:

M;i(¢:)di + Ci(ai, ¢:)di + Gi(ai) = Yi(a, Gi, Gi)0s

Where Y; is called the dynamic regressor matrix and 6;
is a vector of the manipulator dynamic parameters.

B. Input Interaction Torques

We model the input interaction forces between the human
and the master manipulator ; remote environment and slave
manipulator as constant as follows [24]:

Dingm 3
Te = M + Ssqs + Dgs €]

Sm € R™™ and D,, € R"™ "™ denote the diagonal and
positive definite matrix of the spring and damping constants
of the interaction torque between human and master
manipulator, respectively, and Sy, € R"*"™ and Dy € R™*"
denote the diagonal and positive definite matrix of the spring
and damping constants of the interaction torque between
slave and environment, respectively, N and M are vectors
with positive elements.

Th = —N — Sngm —

Note: Human and environment interaction forces play a
significant role in achieving desired transparency and stability
of the whole closed loop teleoperation systems. These forces
are very complex. Many teleoperation systems consider that
the input interaction forces are passive, which is very difficult
to satisfy in reality, where the slave interacts with uncertain
and hard remote environment which opposes the movement of
the human operator. Then, the input forces from human and
environment to the teleoperators may become non passive.

C. Actuator saturation

In order to save our actuators from the high command
signals specially in the transitive regime and hard contact
motion which have a direct effect on the transparency and
performance of the bilateral system, we use the following
actuator saturation:

> B U>B
S = =U -B<U<KB
< -—-B U< -B

Where M is the saturation bound; U is the value of the
command signal; and S is the output of our saturation block.

III. CONTROL DESIGN

In this section, we present our proposed controller to cope
with the large varying time delays in bilateral system. We
consider also that the dynamics of the system is not exact.
Thus, the estimates of the robots dynamics are employed
in the controllers 7,,, and 7, above and beyond the various
nonlinearities of the model.

A. Adaptive controller design

Let us first define the joint’s position error e, the joint’s
velocity errors e,, and the € s error as follows:

€pm = (s (t = Ta(t)) — qm(t)
€ps = Qm(t =T (t)) - QS(t)



€om = QS(t - T2<t)) - qm(t)
€ys = QW(t -1 (t)) - q.s(t)

€i = qi — €pi

Where T} and 75 are The forward and backward time delays
respectively. Note that the velocity error and the derivative of
the position error are not the same because of the variation of
time delays. The controllers that will drive the system to the
strong transparency and performance are designed as follows:

Tm = Tm0 — Tm1 (5)
Ts = Ts0 — Tsl (6)
Where
Tm0o = 7Mm (Qm)épm - dm (va qm)epm - dm (Qm)
Ts0O = Ms(q.s)éps + CA(s(q‘sv 45)61)8 + és(Qs)
1 1 el (€pm + €pm — Com)
_ K 1. - _ “vm\-pm pm vm
Tm1 mEm 2€pm 2€vm 2 || cm ||§ Em
1 1 el (eps + €ps — €us)
_ K T - _ _vus\—Pps pSs VS
Ts1 s€s 2eps 26'05 9 || ‘. ||% €s
Where ~ represents estimates of the remote and the local

manipulators parameters. Using Property 3, 7,,0 and 74 can
be written as:

Tmo = Yi(4i, infji)éi

750 = —Yi(qi, i, Gi)0i
Combining equations (3),(4),(1)and(2), the closed-loop system
equations are found as:

Mm(‘]m)ém + Cm(Qma Qm)ffm = Ym<Q7na dm» €m, ém)0m

—Tm1 + Th. @)
M, (QS)és + Cs(Qsa Cjs)‘gs = Ys(Qs7 Gs, €5, es)és
—Tsl — Te- 3

Hence, 0; is the adaptive update law for manipulators param-
eter estimation witch is defined as follow:

éi = F}/iTEi.

B. Stability and performance analysis

In the following, we analyze the stability of the bilateral
system (1) in free motion ( 7. = 0) and under time varying
communication delays using the proposed controller (3),(4).i.e.
guaranteed that ¢; converges to a constant value, and ep; the
position error and e,;the velocity error converge to zero.
Consider a Lyapunov candidate function as

t 1 t
T / QT Gt + & / T dudt
2 Ji—m ) 2 7T2< )

+ Z el Mie; + 671716, +2 mem]

'LEm s

€))

The time derivative of Vis

V= Z el Mie; + e Mié; + 07T~ 19 + emem]

3 0 (1) — 5 (L= Tt — T1(0) ¢ — 1)

1, . 1 L .
+505 (06s(t) = 5 (1= Ta)gs(t = Ta(1)) 45 (t = To(t)) (10)
Using equation (5) and (6) with the skew-symmetry prop-
erty(property 2), and after some simplifications, we get

1 . ~ ~ X
§€?Mi€i + EZT{—Oq;é‘i + Y0, — Til} + HiTI"lt%

— 0T (Y e, + T4} — Ty

(1L

We introduce now the adaptive law éi =TIV, and the
definition of 7;; ,V can be further simplified as

. 1 1
V= Z[—E;Ki&; + §€?épi + 55?61”'
1 .
+§efz‘(epi + €pi — evi) + ) pzePZ]

%q'm(t)Tq'm(t) - %(1 = T)gm(t = Ta(0) " gm (t = T1(2))

5007000 = 50~ Ta)det = To(0) ot~ To(0)) (12)
We have

S (07 (1) = 300 = To) 400 = To(0)

1
= *761;Tmevm - (jm(t)Tevm
2
1, 1. 1, T.
5‘]8 (t) QS(t) - 5(]m(t - Tl) Qm(t -1 (t))
1 T . T
- _560361}8 e (t) €us
Then 1 1
V = Z[-&;Ki&; —+ §€?ém + 55?61”'
L r ; 1 T L r . T
+§evi(em + Cpi — evi) +5 ) pzem] - ievmeﬂm - Qm(t) Cum
1. . . .
5 Trl(t = Ti(0) (0~ T1(0)) — 5eheun — a(1) e



5Tt = To0)) (¢~ To(1))
Applying the following relationships
Epm = €om — Tads(t — Ta(t))
éps = evs = Tidm(t = Tr (1)
Gm(t = T1(t)) = €vs + s
4s(t = Ta(t)) = evm + dm
V is further simplified to

(13)

1 1
V= Z —€; Kaz + 261 €pi + 28?61”
+leTA(e i+ €pi —€yi) + = L Ei — eT €pi — qi(t)Tevi
2 v \P P 2 pz P 2 v
1 . .
+§(€m‘ + Ch‘)T(em — épi)] (14)

More simplification gives

V= Z stsZ

6 iCui + {51 - Ql( ) + epi}Tépi

2 v
1 . T
+§{5i —qi(t) +epi} evi] (15)
Using the definition of g, it is seen that
. 1
V== [/ Kiei + 565%] <0; (16)

Which shows that V is positive bounded decreasing function
and all terms in V are bounded, as a result, the asymptotic
stability of our bilateral system under varying time delays is
guaranteed.

IV. SIMULATION RESULTS

In this section, simulation results are provided to show the
effectiveness of the proposed controller developed in previous
sections.In our evaluation, 2-DOF master and slave haptic
manipulators are used in local and remote sites connected by
telecommunication channel. The master and slave manipulator
dynamics have the following inertia, Coriolis/centrifugal, and
gravity matrices/vector:

M
M;i(q;) = [ Mi

and

M12
M22

Cll

]ﬂz‘(%di) = { Oy Cr ]

CQ 2

Gi(q:) = [ g; }

where M11 = mglg-i-(ml+m2)l%+2m2111202, M12 = M21 =
mal3 4+ malilaca, Moy = mol3, Ci1 = —2malilasage, Cra =
—malilasaga, Co1 = malilasaqr, Coo = 0, G = maglacia +
g(my + ma)lic1, Go = maglacia, q1 and g9 are the position
of the first and the second revolute joints, {; and [, are the link
lengths and m; and [y are the masses of first and the second
links for each robot.And ¢; = cos(q1),ca = cos(qa),c12 =
cos(q1 + q2), s1 = sin(q1),s2 = sin(qz),512 = sin(q1 + ¢2).

the physical parameters of the manipulators are set to m; =
3.4Kg,mo =0.25Kg,l; = 1m,l; = 1m and the controller
gain K is set to 30L
We consider that M,,(¢m) = Ms(gs) » Com(@m,dm) =
Cs(Qsa(js) > Gm(Qm) = Gs(qs) and K,, = K, = 30 . For
both manipulators, we used the same linear parameterization
Yi(qis 4is epis €pi) as in [26] and we take -70 < U < 70 for the
actuator saturation bounds, where U is the command signal.
To demonstrate the superiority of our controller, we per-
formed three scenarios of teleoperation simulation experiments
with the symmetrical time-varying delay (T1(¢t) = Ta(t))
presented in Fig.2.In the first and the second experiment,free
motion and contact motion cases are considered,respectively.In
the third experiment,in order to evaluate the robustness and the
transparency of the system using the proposed controller,we
give master and slave robot a hard interaction input and mov-
ing a way the upper bound of time-varying delay T,ppe,=1.6s.

A. Free Motion ( 7. = 0)

In this case, the slave robot does not contact the envi-

ronment.However, the operator force is described as (3).the
parameters for human input force is chosen as: N =451 , S,
= 301, D,, = 60I.
From Figs.3-5 ,we can see that position and velocity tracking
are achieved. Besides,the position error converge to zero
which concluded a nice transparency when using the proposed
scheme.

Fig. 3. First and second joint positions of the master and slave robots in free
motion



Fig. 4. Position tracking errors in free motion.

Fig. 7. First and second joint positions of the master and slave robots in
contact motion.

Fig. 5. First and second joint velocities of the master and slave robots in free
motion.

B. Cantact Motion ( 7. # 0)

In this case,the slave robot contacts the environment which
is described as (4). Let’s take the parameters for environment
input force the same as those for human operator :

M =451, S, =301, D, = 601

In Figs. 7 and 9, it can be easily seen that despite variable
time delays and the effect of environment force - Fig.6 -, good
position and velocity tracking results are also achieved.As can
be seen from Fig. 8, using the proposed control scheme, the
joint position errors of the master and slave robots converge
to zero asymptotically which gives a strong transparency.

Fig. 6. Environment torque

C. Hard Motion

In this experience, we consider the same interaction input
for the human operator and the slave’s environment which are

Fig. 8. Position tracking errors in free motion.

Fig. 9. First and second joint velocities of the master and slave robots in
contact motion.

presented in Fig.10. From Figs.11-13, It is remarkable that
state synchronization of the bilateral teleoperation system is
satisfied in the presence of a large varying communication
delays and in a hard interaction input.In Fig.12, tracking errors
are asymptotically converging to zero as predicted by the
theory.

V. CONCLUSION

In this work,an adaptive synchronization control for bi-
lateral teleoperation systems is presented in the presence
of a large varying time delays, parametric uncertainties and
hard interaction input. Using LyapunovKrasovskii theory,
asymptotic synchronization is proved and finally illustrated by
three scenarios of teleoperation simulation experiments.



Fig. 10. First and second joint interaction input in hard motion.

Fig. 11. First and second joint position of the master and slave robots in hard
motion.
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Fig. 12. First and second joint position error of the master and slave robots
in hard motion.

Fig. 13. First and second joint velocities of the master and slave robots in
hard motion.
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