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Abstract The position synchronization problem is
addressed for bilateral teleoperation system under
asymmetric time delay in this paper. A new control
scheme is proposed to guarantee the synchronization
errors between the master and slave bounded by pre-
defined decreasing boundaries. The adaptive fuzzy
method is used to compensate for the system uncer-
tainties and the external disturbances. Then the corre-
sponding adaptive fuzzy-basedprescribedperformance
controller is designed.With the new controller, the syn-
chronization performance is achieved regarding both
the transient-state performance as well as the steady-
state performance. By choosing proper Lyapunov func-
tions, the prescribed synchronization performancewith
the new controller is proved with external forces from
the human operator and the remote task environment.
Finally, simulation and experiment results are both
presented to show the effectiveness of the proposed
approach.
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1 Introduction

Teleoperation system has emerged as a useful tool to
accomplish tasks in remote or hazardous environments
[1–4]. A typical teleoperator is composed of human
operator, master manipulator, communication chan-
nel, slave manipulator and remote environment [5]. On
being manipulated by a human operator, the controlled
coupling between the master and slave manipulators
is utilized by the slave manipulator for carrying out
tasks remotely. For the practical teleoperation design,
the synchronization transient-state performance is very
important. Take the telesurgery as an example, in real
life, the telesurgery can minimize healthcare cost and
make specialist doctors available throughout the world,
saving people’s life and improving health care systems.
Meanwhile, the telesurgery requires a higher perfor-
mance than other applications, because the work per-
formance influences the patient’s health status, even his
life. However, the existing teleoperation control design
methods cannot guarantee the transient-state perfor-
mance, and even the steady-state performance cannot
be guaranteed in the presence of system uncertainties
and external disturbances. Therefore, an effective con-
trol scheme can guarantee that both the transient-state
and the steady-state performances are significant for
bilateral teleoperation system.

Synchronization control of the master and the slave
has been widely investigated, and a vast number of
publications are produced. The breakthrough to the
bilateral teleoperation problem with time delay was

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s11071-015-2006-4&domain=pdf


482 Y. Yang et al.

achieved in [6], in which the concepts from network
theory, passivity and scattering theorywere used to ana-
lyze mechanisms responsible for loss of stability and a
time delay compensation scheme was derived to guar-
antee stability independent of the constant time delay.
Niemeyer and Slotine [7] proposed the wave variable
idea to deal with the time delay issue. Nevertheless, the
classic scattering transformation may give rise to posi-
tion drift. A new teleoperation scheme was proposed
in [8] to improve the position-tracking performance.
To improve the haptic feedback fidelity, a new scat-
tering method was developed in [9]. In [10], a simple
PD controller was proposed and a delay-dependent sta-
bility condition was derived. Unfortunately, the stabil-
ity proof hinges upon unverifiable assumption on the
human operators and the contact environment. Addi-
tionally, recently, Hua and Liu [11] proposed the delay-
dependent LMI stability criteria for the closed-loop
teleoperation system with time-varying delays. Con-
sider the unknown gravity term, Hua and Yang [12]
proposed a new adaptive-based control method to esti-
mate the unknown gravity term online. Forouzantabar
et al. [13] proposed an adaptive NN control for bilat-
eral teleoperation system with unsymmetrical stochas-
tic delays in communication channel. The synchro-
nization problem for nonlinear bilateral teleoperator
with interval time-varying delay was investigated in
[14]. However, the above literatures on the master and
slave synchronization control problem deal solely with
the steady-state problem rather than the system perfor-
mance in a transient situation.

It has been early recognized that transient-state con-
trol performance deserves further research [15]. The
tracking control for nonlinear system with prescribed
transient behavior was investigated in [16]. In recent
years, to achieve the prescribed transient behavior, the
prescribed performance control (PPC) has attracted
many attentions. The main thought of PPC is that the
tracking error should converge to an arbitrarily prede-
fined small residual set with convergence rate not less
than a prespecified value, exhibiting a maximum over-
shoot less than a sufficiently small prespecified con-
stant [17]. By employing the neural networks, a new
controller for a robot manipulator was proposed in [18]
to guarantee the tracking error of the system bounded
by prescribed decreasing boundary. The preset perfor-
mance control problem for the flexible joint robot with
unknownandpossibly variable elasticitywas addressed
in [19]. Recently, the PPC was employed to control

complex high-order nonlinear system [20,21]. How-
ever, as far as we know, there are few results on PPC
for networked bilateral teleoperation system with time
delay.

It is well known that robotic manipulator is compli-
cated, dynamically coupled, highly time-varying and
highly nonlinear system. Moreover, with the limita-
tion of modeling method and the complex external
task environment, teleoperation system is inevitably
subject to structured and unstructured uncertainties.
Fuzzy logical system (FLs) was introduced by Zadeh
in 1965, as one of the most popular intelligent compu-
tation approaches, which was proved to be an essen-
tial tool for solving some various classes of engineer-
ing problems. Recently, the adaptive fuzzy approxi-
mation approach was also used in controlling MIMO
nonlinear system and nonlinear time delay system [22–
26]. Tong et al. [27] proposed a fuzzy output feed-
back controller combining the backstepping method
and the stochastic small-gain approach. By using slid-
ing mode control theory, a neuro-fuzzy-based control
scheme for a spherical rolling robot was designed in
[28]. For pure-feedback stochastic nonlinear system
with input constraints, a robust adaptive fuzzy track-
ing control method was proposed in [29]. The adap-
tive fuzzymethodwas used in controlling teleoperation
system under time-varying delay in [30]. In this paper,
the adaptive fuzzy method will be applied to compen-
sate the uncertainties in themaster–slavemodel and the
external disturbances.

In this paper, the adaptive fuzzy-based prescribed
performance control scheme is designed for the bilat-
eral teleoperation systemwith asymmetric time delays.
The contributions of this paper can be summarized as
follows: (1) To satisfy the high-performance require-
ments, both the prespecified transient-state perfor-
mance and steady-state performance are provided for
bilateral teleoperation system by designing a PPC algo-
rithm. (2) System uncertainties and external distur-
bances are not necessary to be known. (3) The damping
forces from the human operator and the remote envi-
ronment are considered.

The rest of paper is organized as follows. Section 2
presents some preliminary knowledge for the dynamics
of teleoperation system with the related properties and
the knowledge for FLs. In Sect. 3, the specific design
process for the new controller is given. Moreover, the
control performance is proved by employing proper
Lyapunov functions. The simulation and experiment
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results are presented in Sect. 4. Finally, Sect. 5 con-
cludes with a summary of the obtained results.

2 Problem formulation

2.1 Dynamic models of master and slave

The Euler–Lagrange equations of motion for n-link
master and slave manipulators are given as

⎧
⎪⎪⎨

⎪⎪⎩

Mm (qm) q̈m + Cm (qm, q̇m) q̇m + Gm (qm)

+Fmq̇m + fcm(q̇m) + τdm = τm + Fh
Ms (qs) q̈s + Cs (qs, q̇s) q̇s + Gs (qs)

+Fsq̇s + fcs(q̇s) + τds = τs − Fe

(1)

where i = m for the master and i = s is the slave;
qi , q̇i , q̈i ∈ R

n are the joint positions, velocities, accel-
erations; Mi (qi ) ∈ R

n×n are the positive-definite iner-
tia matrices; Ci (qi , q̇i ) ∈ R

n×n are the matrices of
centripetal and coriolis torques; Gi (qi ) ∈ R

n are the
gravitational torques; Fi denote the viscous friction
coefficients; fci (q̇i ) ∈ R

n are the coulomb friction;
τdi ∈ R

n are the bounded external disturbances, i.e.,
‖τdi‖ ≤ τ̄di , τ̄di are positive constants; Fh, Fe ∈ R

n

are the torques exerted by the human operator and the
environment interaction, respectively; τi ∈ R

n are the
applied torques.

Important properties of the nonlinear dynamic mod-
els (1) are presented as follows [9]:

Property 1 The inertia matrix Mi (qi ) is a symmetric
function, and there exist lower and upper bounds, i.e.,

0 < λm(Mi (qi ))I ≤ Mi (qi ) ≤ λM (Mi (qi ))I (2)

where I is the identity matrix with the corresponding
dimension.λm(·)andλM (·) represent theminimumand
maximum eigenvalues for ·, respectively.

Property 2 For all qi , x, y ∈ R
n, there exists a posi-

tive scalar vi such that

‖C(qi , x)y‖ ≤ vi ‖x‖ ‖y‖

Property 3 The matrix Ṁi (qi ) − 2Ci (qi , q̇i ) is skew-
symmetric, i.e.,

ηT(Ṁi (qi ) − 2Ci (qi , q̇i ))η = 0, ∀η ∈ R
n

Property 4 There exists a positive scalar μGi such
that ‖Gi (qi )‖ ≤ μGi .

For a given vector, ‖·‖ denotes the vector Euclidean
norm and the corresponding induced matrix norm.

2.2 Fuzzy logic system

During the past years, FLs have been extensively used
as universal approximators for controller design of
dynamic systemswith precisemodel unknown.A fuzzy
system is a collection of fuzzy IF–THEN rules of the
form:

R( j) : IF z1 (t) is A j
1and · · · and zn (t) is A j

n (3)

THEN y (t) is B j .

By using the strategy of singleton fuzzification, prod-
uct inference and center-average defuzzification, the
output of the fuzzy system is

y (z (t)) =
∑l

j=1 y
j
(∏n

i=1 μ
A j
i
(zi (t))

)

∑l
j=1

∏n
i=1 μ

A j
i
(zi (t))

, (4)

where μ
A j
i
(zi (t)) is the membership function of lin-

guistic variable zi (t), and y j is the point in R at
which μB j achieves its maximum value [assume that
μBi

(
yi

) = 1].
Introducing the concept of the fuzzy basic function

vector ϕ (z (t)) gives

y (z (t)) = WT (t) ϕ (z (t)) , (5)

where

W (t) =
(
y1 (t) , y2 (t) , . . . , yl (t)

)T
,

ϕ (z (t)) = (ϕ1 (z (t)) , ϕ2 (z (t)) , . . . , ϕl (z (t)))T ,

and ϕ j (z (t)) is defined as

ϕ j (z (t)) =
∏n

i=1 μ
A j
i
(zi (t))

∑l
j=1

∏n
i=1 μ

A j
i
(zi (t))

.

Based on the universal approximation theorem, there
exists the optimal approximation parameter W ∗ such
thatW ∗Tϕ (z (t)) can approximate a nonlinear function
F1 (z (t)) to any desired degree over a compact set �z .
The parameter W ∗ is defined as follows.
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W ∗ = arg min
W∈�W

(

sup
z∈�z

∣
∣
∣WT (t) ϕ (z (t)) − F̄ (z (t))

∣
∣
∣

)

,

where �W and �z denote the sets of suitable bounds
onW (t) and z (t), respectively. The minimum approx-
imation error satisfies

F1 (z (t)) = W ∗Tϕ (z (t)) + ε(z(t)) (6)

where ‖ε(z(t))‖ ≤ ε∗ over z (t) ∈ �z , and ε∗ is a
positive scalar.

Actually, because of the existence of friction and
backlash, the dynamic functions of manipulators are
piecewise continuous functions possibly. Make a sup-
position that F (z (t)) is a piecewise function, which
can be expressed as F (z (t)) = F1 (z (t)) + F2 (z (t)),
where F1 (z (t)) is the continuous part and F2 (z (t)) is
the bounded piecewise term. Therefore, we have

F (z (t)) = W ∗Tϕ (z (t)) + ε(z(t)) + F2 (z (t)) (7)

= W ∗Tϕ (z (t)) + ε̄(z(t))

where ε̄(z(t)) = ε(z(t)) + F2 (z (t)) with ‖ε̄(z(t))‖ ≤
ε̄∗ is the piecewise function approximation error and
ε̄∗ is the upper bound of the approximation error.

3 Main results

Let xm1 = qm, xs1 = qs, xm2 = q̇m and xs2 = q̇s ,
then Eq. (1) can be rewritten as the following strictly
feedback form

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ẋm1 = xm2

Mm(xm1)ẋm2 = −Cm (xm1, xm2) xm2 − Gm (xm1)

−Fmxm2 − fcm(xm2) − τdm + τm + Fh
ẋs1 = xs2
Ms(xs1)ẋs2 = −Cs (xs1, xs2) xs2 − Gs (xs1)

−Fsxs2 − fcs(xs2) − τds + τs − Fe
(8)

Definition 1 [15–18]:A smooth functionρ(t) : R+ →
R

+ − {0} will be called a performance function if ρ(t)
is decreasing and limt→∞ρ(t) = ρ(∞) > 0.

Apparently, we can give next definition

{−δρ(t) < e(t) < ρ(t)
−ρ(t) < e(t) < δρ(t)

if e(0) ≥ 0
if e(0) < 0

(9)

for all t ≥ 0, where 0 < δ ≤ 1 and ρ(t) a performance
function associated with e(t).

Remark 1 The constant ρ(∞) represents the maxi-
mum allowable size of the tracking error e(t) at the
steady state. Furthermore, the decreasing rate of ρ(t)
introduces a lower bound on the required speed of con-
vergence of e(t), while the maximum overshoot is pre-
scribed less than δρ(t), which may even become zero
by setting δ = 0. Thus, the appropriate selections of
the performance function ρ(t), as well as of the design
constant δ, impose behavioral bounds on the system
synchronization error.

3.1 Error transformation

The master–slave trajectory synchronization errors are
defined as follows

em(t) = xm1(t) − xs1(t − Ts),

es(t) = xs1(t) − xm1(t − Tm) (10)

where Tm is the communication time delay from the
master side to the slave side and Ts is the time delay
in inverse direction. In this subsection, we propose the
error transformation capable of transforming the orig-
inal tracking error into a new variable. As it was orig-
inally stated, the prescribed performance is achieved
if each element e j (t), j = 1, 2, . . . , n of the track-
ing error e(t) evolves within a predefined region that is
bounded by a decaying function of time. More specif-
ically, we define

εmj (t) = R

(
emj (t)

ρm(t)

)

, εs j (t) = R

(
es j (t)

ρs(t)

)

(11)

where εi j (t) ∈ R
n is the transformed error vector;

ρi (t) = (ρi (0) − ρi (∞)) e−αi t + ρi (∞) is a scalar

performance function; R
(
ei (t)
ρi (t)

)
=

[
R

(
ei1(t)
ρi (t)

)
, . . . ,

R
(
ein(t)
ρi (t)

)]T
(i = m, s). The definition for R(·) is

shown as follows.

R(ei j (t)/ρi (t)) =
⎧
⎨

⎩

ln
ei j (t)/ρi (t)+δ

δ−δei j (t)/ρi (t)

ln
δei j (t)/ρi (t)+δ

δ−ei j (t)/ρi (t)

if ei j (0) ≥ 0

if ei j (0) < 0

(12)
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Remark 2 With the definition for the R(·), we know
that R(·) is smooth, strictly increasing function oper-
ating on each element of the vector argument, i.e.,
R(·): (−δ, 1) → (−∞,+∞) when ei j (0) ≥ 0 and
R(·): (−1, δ) → (−∞,+∞) when ei j (0) < 0. It
is obvious that by keeping εi j (t) bounded, the pre-
scribed performance (9) will be satisfied. Moreover,
when εi j (t) → 0, the ei j (t) will converge to zero.
Therefore, the controllers should be designed to guar-
antee the boundedness of εi j (t) in order the achieve the
prescribed performance.

To avoid cluttering the notation, the argument of all
time signals will be omitted except for the case when
it appears delayed.

3.2 Controller design and performance analysis

In this subsection, the controller design with the case
that the human operator and environment provid-
ing damping torques will be presented. The exter-
nal torques for the teleoperation system are given as
Fh = −Dmq̇m and Fe = Dsq̇s , where Dm and Ds rep-
resent the positive-definite diagonal damping matrices
for the human operator and the remote environment.

Theorem 1 Consider the closed-loop teleoperation
system described by (8) and the master and slave con-
trollers are chosen as (25), with the fuzzy tuning laws

·
Ŵ i = −�iϕ(Zi )
xTi2 (13)

and the parameter adaptive tuning laws

·
θ̂ i = ‖
xi2‖2

‖
xi2‖ + e−κi t
(14)

where �i is a positive-definite diagonal matrix; κi is a
positive constant; the definition of 
xi2 will be given
below (i = m, s). Then with the external torques
Fh = −Dmq̇m and Fe = Dsq̇s , the system is stable and
the synchronization errors converge to zero as t → ∞
independent of the asymmetric time delay. Moreover,
the synchronization errors will not violate the bound-
aries.

Proof In this paper, the new controller design process
will be given in two steps.

Step1:Differentiating εm and εs with respect to time,
yields

ε̇m = 1

ρm

∂R

∂(em/ρm)

(

xm2 − xs2(t − Ts) − ρ̇mem
ρm

)

ε̇s = 1

ρs

∂R

∂(es/ρs)

(

xs2 − xm2(t − Tm) − ρ̇ses
ρs

)

(15)

where

∂R

∂(ei j/ρi )
=

{
diag{ 1+δ

(δ+ei j/ρi )(1−ei j /ρi )
} if ei j (0)≥0

diag{ 1+δ
(δ−ei j/ρi )(1+ei j /ρi )

} if ei j (0)<0

with the definition of 0 < δ ≤ 1, by keeping
εi j bounded, we will have ∂R

∂(ei j /ρi )

= 0; thus, the

(
∂R

∂(ei j /ρi )

)−1
will always exist.

The auxiliary desired trajectory xm2d , xs2d of xm2,

xs2 are designed as follows.

xm2d = − km1

(
∂R

∂(em/ρm)

)−1

ρmεm + xs2(t − Ts)

+ ρ̇m

ρm
em

xs2d = − ks1

(
∂R

∂(es/ρs)

)−1

ρsεs + xm2(t − Tm)

+ ρ̇s

ρs
es (16)

where km1, ks1 are positive-definite diagonal matrices.
Substituting the designed auxiliary variables into

Eq. (15) with
xm2 = xm2−xm2d ,
xs2 = xs2−xs2d ,
we can obtain that

ε̇m = 1

ρm

∂R

∂(em/ρm)

xm2 − km1εm (17)

ε̇s = 1

ρs

∂R

∂(es/ρs)

xs2 − ks1εs

Consider the Lyapunov function candidate

V1 = 1

2
εTmεm + 1

2
εTs εs (18)

According to Eq. (17), the time derivative of V1 is

V̇1 = εTm ε̇m + εTs ε̇s

= εTm
1

ρm

∂R

∂(em/ρm)

xm2 − εTmkm1εm

+ εTs
1

ρs

∂R

∂(es/ρs)

xs2 − εTs ks1εs (19)
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Step 2: Design the input torques τm and τs to make

xm2 and 
xs2 converge to zero as t → ∞.

According to definitions of the 
xm2 and 
xs2, we
have

Mm(xm1)
ẋm2 = Mm(xm1)ẋm2 − Mm(xm1)ẋm2d

= − Cm (xm1, xm2) xm2 − Gm (xm1)

− Fmxm2 − fcm(xm2) − τdm

+ τm + Fh − Mm(xm1)ẋm2d (20)

and

Ms(xs1)
ẋs2 = Ms(xs1)ẋs2 − Ms(xs1)ẋs2d

= − Cs (xs1, xs2) xs2 − Gs (xs1)

− Fsxs2 − fcs(xs2) − τds + τs

− Fe − Ms(xs1)ẋs2d (21)

Consider the Lyapunov function candidate

V2 = 1

2

xTm2Mm(xm1)
xm2 + 1

2

xTs2Ms(xs1)
xs2

(22)

Differentiating V2 with respect time and using Prop-
erty 3 of the dynamics equation, it can be obtained that

V̇2 = 
xTm2Mm(xm1)
ẋm2 + 1

2

xTm2Ṁm(xm1)
xm2

+ 
xTs2Ms(xs1)
ẋs2 + 1

2

xTs2Ṁs(xs1)
xs2

= 
xTm2(τm − Gm (xm1) − Mm(xm1)ẋm2d

− Cm(xm1, xm2)xm2d − Dmxm2 − Fmxm2

− fcm(xm2) − τdm) + 
xTs2(τs − Gs (xs1)

− Ms(xs1)ẋs2d − Cs(xs1, xs2)xs2d

− Dsxs2 − Fsxs2 − fcs(xs2) − τds) (23)

Let Fm(Zm) = Mm(xm1)ẋm2d +Cm(xm1, xm2)xm2d +
Gm (xm1)+Dmxm2d + Fmxm2+ fcm(xm2) and Fs(Zs)

= Ms(xs1)ẋs2d+Cs(xs1, xs2)xs2d+Gs (xs1)+Dsxs2d
+ Fsxs2 + fcs(xs2); Zm = [

ẋTs2(t − Ts),

xTs2(t − Ts), xTs1(t − Ts), xTm2, x
T
m1

]T
and Zs = [

ẋTm2

(t − Tm), xTm2(t − Tm), xTm1(t − Tm), xTs2, x
T
s1

]T.
Then (23) can be rewritten as

V̇2 = 
xTm2(τm − Fm(Zm) − Dm
xm2) − 
xTm2τdm

+ 
xTs2(τs − Fs(Zs) − Ds
xs2) − 
xTs2τds
(24)

where the controller τi can be designed as follows.

τi = − ki2
xi2 + F̂i (Zi ) − 1

ρi

∂R

∂(ei/ρi )
εi

− 
xi2
‖
xi2‖ + e−κi t

θ̂i (25)

where F̂i (Zi ) = ŴT
i ϕ(Zi ) is the approximation of

Fi (Zi ) usingFLs; θ̂i is used to estimate the upper bound
of the fuzzy approximation error and the bounded exter-
nal disturbances, i.e., θi = ‖ε̄i (Zi ) + τdi‖; ki2 is a
positive-definite diagonal matrix; i = m, s.

Additionally, to streamline the presentation, we give
the following definitions:

F̃i (Zi ) = Fi (Zi ) − F̂i (Zi )

= (W ∗T
i − ŴT

i )ϕ(Zi ) + ε̄i (Zi ) (26)

Thus, we rewrite (24) as follows.

V̇2 = − 
xTm2km2
xm2 + 
xTm2(F̂m(Zm) − Fm(Zm))

− 
xTm2Dm
xm2 − 
xTm2

xm2θ̂m

‖
xm2‖ + e−κmt

− 
xTm2

(
1

ρm

∂R

∂(em/ρm)
εm + τdm

)

− 
xTs2ks2
xs2 + 
xTs2(F̂s(Zs) − Fs(Zs))

− 
xTs2Ds
xs2 − 
xTs2

xs2θ̂s

‖
xs2‖ + e−κs t

− 
xTs2

(
1

ρs

∂R

∂(es/ρs)
εs + τds

)

(27)

Furthermore, with Eq. (26)

V̇2 = − 
xTm2km2
xm2 − 
xTm2Dm
xm2

− 
xTm2W̃
T
mϕ(Zm) − 
xTm2(τdm + ε̄m(Zm))

− 
xTs2ks2
xs2 − 
xTs2Ds
xs2

− 
xTs2W̃
T
s ϕ(Zs) − 
xTs2(τds + ε̄s(Zs))

− 
xTm2
1

ρm

∂R

∂(em/ρm)
εm − 
xTs2

1

ρs

∂R

∂(es/ρs)
εs

− ‖
xm2‖2 θ̂m

‖
xm2‖ + e−κmt
− ‖
xs2‖2 θ̂s

‖
xs2‖ + e−κs t
(28)

where W̃m = W ∗
m − Ŵm and W̃s = W ∗

s − Ŵs .
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Consider the Lyapunov function candidate

V = V1 + V2 + 1

2
tr(W̃T

m�−1
m W̃m) + 1

2
tr(W̃T

s �−1
s W̃s)

+ 1

2
(θm − θ̂m)2 + 1

2
(θs − θ̂s)

2 (29)

With the fuzzy adaptive law (13), the time derivative
of V satisfies

V̇ = − εTmkm1εm − 
xTm2km2
xm2

− 
xTm2Dm
xm2 − 
xTm2(τdm + ε̄m(Zm))

− ‖
xm2‖2 θ̂m

‖
xm2‖ + e−κmt
− 
xTm2W̃

T
mϕ(Zm)

+ tr
(
W̃ T

m ϕm(Zm
)

xTm2) − (θm − θ̂m)

·
θ̂m

− εTs ks1εs − 
xTs2ks2
xs2 − 
xTs2Ds
xs2

− 
xTs2(τds + ε̄s(Zs))

− ‖
xs2‖2 θ̂s

‖
xs2‖ + e−κs t
− 
xTs2W̃

T
s ϕ(Zs)

+ tr
(
W̃ T

s ϕs(Zs)
xTs2
) − (θs − θ̂s)

·
θ̂ s (30)

Further, with the parameter adaptive laws (14), we have

V̇ ≤ − εTmkm1εm − 
xTm2km2
xm2 − 
xTm2Dm
xm2

+ ‖
xm2‖ ‖τdm + ε̄m(Zm)‖
− εTs ks1εs − 
xTs2ks2
xs2 − 
xTs2Ds
xs2

+ ‖
xs2‖ ‖τds + ε̄s(Zs)‖

− ‖
xm2‖2
‖
xm2‖ + e−κmt

θ̂m − ‖
xs2‖2
‖
xs2‖ + e−κs t

θ̂s

− (θm − θ̂m)
‖
xm2‖2

‖
xm2‖ + e−κmt

− (θs − θ̂s)
‖
xs2‖2

‖
xs2‖ + e−κs t
(31)

with θm = ‖τdm + ε̄m(Zm)‖ and θs = ‖τds + ε̄s(Zs)‖,
we have

V̇ ≤ − εTmkm1εm − 
xTm2km2
xm2

− 
xTm2Dm
xm2 + e−κmtθm

− εTs ks1εs − 
xTs2ks2
xs2

− 
xTs2Ds
xs2 + e−κs tθs (32)

Integrating both sides of the above equation from t = 0
to T , yields

V (T ) − V (0) ≤ −
∫ T

0
(εTmkm1εm + εTs ks1εs

+ 
xTm2km2
xm2 + 
xTs2ks2
xs2

+ 
xTm2Dm
xm2 + 
xTs2Ds
xs2)dt

+ θm

∫ T

0
e−κmtdt + θs

∫ T

0
e−κs tdt

(33)

Since V (T ) ≥ 0,
∫ T
0 e−κmtdt < ∞ and

∫ T
0 e−κs tdt <

∞ hold

lim
T→∞ sup

1

T

∫ T

0

(
εTmkm1εm + εTs ks1εs + 
xTm2km2
xm2

+
xTs2ks2
xs2 + 
xTm2Dm
xm2 + 
xTs2Ds
xs2
)
dt

≤ (V (0) + θm

∫ T

0
e−κmtdt + θs

∫ T

0
e−κs tdt) lim

T→∞
1

T
=0

(34)

From (18), (22), (29) and (32), with V ≥ 0 and V̇ ≤ 0,
we have that εm , εs are bounded and εm , εs , 
xm2,

xs2 converge to zero as t → ∞. Therefore, from Eq.
(11) and the definitions of 
xm2, 
xs2, the prescribed
synchronization performance is obtained. Moreover,
the position synchronization errors asymptotically con-
verge to zero as t → ∞.

Remark 3 The steady-state performancehas been inves-
tigated in many literatures for the bilateral teleopera-
tion system [6–14]. However, to our best knowledge,
there are almost no transient-state performance control
results for teleoperation system. In this paper, an appro-
priate function that characterizes the convergence rate,
maximum overshoot, and steady-state error is adopted
and incorporated into an output error transformation,
and thus, the stabilization of the transformed system is
sufficient to achieve original synchronization control
with prescribed performance. Moreover, with the pre-
scribed control performance, the controller gains are
easily selected. ��
Remark 4 For the practical teleoperation design, the
synchronization accuracy and synchronization time
are very important. The existing teleoperation control
design methods can guarantee that the synchronization
error converges to zero asymptotically. It is well known
that the state variables reach zero when t → ∞ for the
asymptotical stability. It is obvious that, only the sta-
bility performance can be guaranteed with the asymp-
totical stability. For some precise teleoperation job,
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for example tele-surgery, we expect the synchroniza-
tion error converges to a satisfied region in finite time,
i.e., not only the steady-state performance, but also the
transient-state performance also should be obtained.
With the proposed control scheme (25), the synchro-
nization errors between the master manipulator and the
slave manipulator will converge to zero with the pre-
scribed convergence speed.

Remark 5 The PPC-based synchronization controllers
are designed for the master and the slave robots in the
presence of system uncertainties and external distur-
bances. Compared with the literature about teleoper-
ation system [6–11], the influence from the unknown
system parameter and the external disturbance is com-
pensated successfully. The FLs is used to estimate the
system uncertainties. Moreover, adaptive method is
also applied to compensate the fuzzy estimation error
and the bounded external disturbance. Good synchro-
nization performance is achieved by combining of the
FLs and the adaptive method.

Remark 6 In this paper, the damping forces from the
human operator and the external disturbances are con-
sidered. Similarly, with the new controller (25), the pre-
scribed synchronization control performance also can
be guaranteed when the closed-loop teleoperation sys-
tem presented as (8) in free motion, i.e., Fh = Fe = 0.

4 Simulation and experiment

4.1 Simulation on a teleoperation of 2-DOF planar
manipulators

In order to show the effectiveness of the proposed
scheme, some simulations are presented in this sec-
tion, in which the local and remote manipulators are
modeled as a pair of 2-DOF serial links. For simplicity,
the identical master and slave manipulators are chosen.
The specific definitions for the model are same as [10],
and the friction functions are set as follows.

Fi (q̇i ) + fci (q̇i ) = F(q̇) + fc(q̇), for i = m, s

with

Fq̇ + fc(q̇) =
[
fd1q̇1 + k1sgn(q̇1)
fd2q̇2 + k2sgn(q̇2)

]

For simulation,we choose the parameters asm1 = 1kg,
m2 = 1kg, l1 = 0.5m, l2 = 0.5m, g = 9.81m/s2,

fd1 = 3, fd2 = 4, k1 = 5, k2 = 4, τdi =[
0.3q1 q̇1 sin t
0.3q2 q̇2 sin t

]

. ρm(0) = ρs(0) = 1.5, ρm(∞) =
ρs(∞) = 0.02, δ = 1, αm = αs = 1.4. The con-
troller parameters are set as km1 = diag(15, 15), km2 =
diag(30, 15), ks1 = diag(20, 20), ks2 = diag(30, 15).
The initial joint configurations of the master and slave
are set as qm(0) = [0.2pi 0.1pi]T and qs(0) = [0.1pi
0.12pi]T . The velocities ofmaster and the slavemanip-

ulators are set as q̇m = [
0 0

]T
, q̇s = [

0 0
]T
. We set

Dm = Ds = diag(10, 10). The asymmetric constant
time delays are chosen as Tm = 0.5s and Ts = 0.7s.

Consider the case that the human operator and
the remote environment insert damping torques. The
human operator inserting torques are shown in Fig. 1,
and the environment inserting torques are shown in
Fig. 2. To illustrate the effectiveness of the proposed
control method (25), the comparisons with the tra-
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Fig. 1 The human insert torques
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Fig. 2 The environment insert torques

123



Synchronization control for bilateral teleoperation system 489

Fig. 3 The position errors of the first joint at master side

Fig. 4 The position errors of the second joint at master side

ditional controller are presented. When set εi = ei ,
ρi = 1, ρ̇i = 0 and ∂R = In , the adaptive fuzzy-
based prescribed performance controllers proposed in
this paper are changed into traditional adaptive fuzzy
controllers as follows.

τm = − km2(xm2 − xs2(t − Ts)) + F̂m(Zm)

− em − xm2 − xs2(t − Ts)

‖xm2 − xs2(t − Ts)‖ + e−κmt
θ̂m (35)

τs = − ks2(xs2 − xm2(t − Tm)) + F̂s(Zs)

− es − xs2 − xm2(t − Tm)

‖xs2 − xm2(t − Tm)‖ + e−κs t
θ̂s

With the proposed controller (25) and the general adap-
tive fuzzy controller (35), the joint position errors for
master are shown in Figs. 3 and 4. The joint position
errors for the slave are shown in Figs. 5 and 6. As we
can see in these four figures, with the proposed PPC-
based controller (25), the synchronization errors are

Fig. 5 The position errors of the first joint at slave side

Fig. 6 The position errors of the second joint at slave side

prevented from transgressing the constrained region
during the transient stages. Thus, both the transient-
state performance and the steady-state performance
can be guaranteed. However, with the general adaptive
fuzzy controller (35), the synchronization errors will
transgress the boundaries during the transient stages.
Therefore, it is clear that with the same controller gain,
the system with the prescribed performance controller
can achieve a better synchronization performance. The
control torques for themastermanipulator and the slave
manipulator are shown in Figs. 7 and 8, respectively.

Next, we will consider the case that the human oper-
ator inserts a nonpassive force, while there is no con-
tact force between the slavemanipulator and the remote
environment. We apply a human force F to the mas-
ter site in the Y -direction, which is shown in Fig. 9.
The human-input force is 0 at 0 s and then increases
to 10N and it decreases to zero from 1 to 2 s. The
simulation results are used to verify the following: (1)
When we move the master robot, does the slave track
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Fig. 7 The control torques at master side
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Fig. 8 The control torques at slave side
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Fig. 9 The human operator insert forces

the trajectory of the master. (2) When the human-input
force changes to zero, does the synchronization error
between themaster and slave positions converge to zero
and the synchronization error stay in the constrained
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Fig. 10 The position errors at master side
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Fig. 11 The position errors at slave side

region. The synchronization errors of the master and
the slave are shown in Figs. 10 and 11. From these fig-
ures, we can see that the prescribed performance also
can be guaranteed when the teleoperation system in
free motion.

4.2 Experiment on a teleoperated pair of 3-DOF
PHANToM manipulator

The teleoperation system for the experiments consists
of two PhantomPremium1.5A robots (SensAble Tech-
nologies, Inc.), which have three DOFs (see Fig. 12).
The two robotic manipulators are connected by two
computers that are connected via the Internet network.
The network environment can be set in the network-
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Fig. 12 Teleoperation system
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Fig. 13 The joint position of the master and the slave
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Fig. 14 The position errors at slave side

simulator block. The controller is established with the
MATLAB software. First, we set the time delay as
Tm = 100ms and Ts = 100ms. The joint positions
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Fig. 15 The joint position of the master and the slave
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Fig. 16 The position errors at slave side
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Fig. 17 The joint position of the master and the slave
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Fig. 18 The position errors at slave side

for the master and the slave are shown in Fig. 13. It
should be noticed that the three sub-figures in Fig. 13
stand for the first joint, the second joint and the third
joint, respectively. The position errors at the slave side
are shown in Fig. 14. Then the time delays are set
as Tm = 500ms and Ts = 500ms. The experimen-
tal results of joint positions and the position errors are
shown in Figs. 15 and 16, respectively. Finally, we set
the time delays are Tm = 800ms and Ts = 800ms. The
experimental results of joint position and the position
errors are shown in Figs. 17 and 18, respectively. From
these figures, it is clear that when we move the master,
the slave can track the trajectory of the master. More-
over, the synchronization errors are always within the
prescribed performance boundaries.

5 Conclusion

This paper has studied the prescribed performance
synchronization control problem for the networked
bilateral teleoperation system with asymmetric time
delay. In the presence of the system uncertainties and
the external disturbances, we propose a new adaptive
fuzzy-based PPC design method. With the new con-
troller, the synchronization errors between the master
and the slave converge to zero asymptotically. More-
over, the prescribed transient performance is guaran-
teed. Finally, the simulation and experiment are both
performed, and the results verify the effectiveness of
the presented control approach. In the future, the PPC
will be extended tomore complex systems like stochas-
tic systems and other application domains [31–33].
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