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Abstract— This paper describes a bilateral control of nonlin-
ear teleoperation with time varying communication delay.

The proposed method are simple PD-type controllers which
are independent of the rate of time delay change and depend
on the upper bound of round-trip delay. The proposed control
strategy is independent of parameter uncertainties of the model
of the robots and the operator and remote environment. The
delay-dependent stability of the origin is shown via Lyapunov
stability theorem. Furthermore the proposed strategy also
achieves master-slave position coordination and bilateral static
force reflection.

Several experimental results with wireless communication
and the Internet show the effectiveness of our proposed strategy.

I. INTRODUCTION

Teleoperation is the extension of a person’s sensing and

manipulation capability to a remote location and it has been

tackled by researchers in control theory and robotics over

the last few decades. A teleoperator is a dual robot system

in which a remote slave robot tracks the motion of a master

robot, which is, in turn, commanded by a human operator. To

improve the task performance, information about the remote

environment is needed. In particular, force feedback from

the slave to the master, representing contact information,

provides a more extensive sense of telepresence. When this

is done, the teleoperator is said to be controlled bilaterally

[1].

In bilateral teleoperation, the master and the slave are

coupled via a communication network, and time delay is

incurred in transmission of data between the master and

slave site. It is well known that the delay in a closed-loop

system can destabilize an otherwise stable system. Recently,

essential research interest has been attracted by using the

Internet as a communication network for teleoperation [2],

[3], [4], [5], [6]. Using the Internet for communication

network provides obvious benefits in terms of low cost

and availability. However, at the present time, for teleop-

eration over the Internet the delays vary with such factors

as congestion, bandwidth, or distance, and these varying

delays may severely degrade performance or even result in

an unstable system. Stabilization for a teleoperation with

constant communication delays has been achieved by the

scattering transformation based on the idea of passivity [7]

(This is equivalent wave variable formulation [8]). Then, an

additional structure with position feedforward/feedback con-

trols has been proposed to improve the position coordination
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and force reflection performance [9], [10]. In [11] and [12],

a PD-type controller without scattering transformation has

been proposed stabilizing for the constant communication

delays. In these methods, the position coordination and

force reflection have also been achieved by explicit position

feedback/feedforward control. In [7]- [12], however, the time

varying communication delays have not been treated.

Several researchers addressed a problem of the teleoper-

ation with time varying delays and several control methods

based on scattering transformation have been reported. Some

preliminary results are contained in [2], [3], and interesting

epoch-making result has been obtained in [4]. In [4], a simple

modification to the scattering transformation has been pro-

posed, here a time varying gain was inserted into the commu-

nication block which guarantees passivity for arbitrary time

varying delays provided a bound on the rate of change of

the time delays. In [2]-[4], however, it is insufficient for the

performance of force reflection and positional coordination

due to the lack of the explicit position feedback/feedforward

controls. In [5] and [6], they have proposed control methods

without the scattering transformation. However, there are

problems in which the controllers require the model of the

robots, the environment, the human operator and the commu-

nication. Then robustness for parameter uncertainties has not

been guaranteed and the controllers have become complex. In

[16], we addressed a problem of nonlinear teleoperation with

time varying communication delays. The proposed strategies

were a couple of simple PD-type controllers extending [11]

and [12]. Using Lyapunov-Krasovskii function, the delay-

dependent stability of the origin was shown.

However the stability condition of the teleoperation system

with time varying delay depended on the rate of time delay

change and the previous works utilized the time varying

feedback gains dependent on the time delay[4], [5], [16].

This is actually not practical in real-time control.

Hence we propose a novel bilateral control strategy for

nonlinear teleoperation with time varying communication

delay.

The proposed method are simple PD-type controllers

which are independent of the rate of time delay change

and depend on the upper bound of round-trip delay. The

controller consists of D-controls independent of on the rate

of change of delay and P-controls dependent to the upper

bound of round-trip delay. The proposed control strategies

are independent of parameter uncertainties of the model of

the robots, the human operator and the remote environment.

The delay-dependent stability of the origin is shown

via Lyapunov stability Theorem. Furthermore the proposed
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Fig. 1. Teleoperation System

strategy also achieves master-slave position coordination and

bilateral static force reflection.

Several experimental results with wireless communication

and the Internet show the effectiveness of the proposed

strategy.

II. DYNAMICS OF TELEOPERATION SYSTEM

In this paper, we consider a pair of robotic systems coupled

via communication lines as Internet with time varying delays

as shown in Fig.1.

Assuming absence of friction and other disturbances, the

master and slave robot dynamics with n-DOF are described

as [14]

{

Mm(qm)q̈m +Cm(qm, q̇m)q̇m +gm(qm) = τm + Jm
T Fop

Ms(qs)q̈s +Cs(qs, q̇s)q̇s +gs(qs) = τs − Js
T Fenv

(1)

where the subscript “m” and “s” denote the master and

the slave indexes,

qi (i = m,s) ∈ Rn×1 are the joint angle vectors, τi (i =
m,s) ∈Rn×1 are the input torque vectors, Fop ∈Rn×1 is the

operational force vectors applied to the master by human

operator, Fenv ∈ Rn×1 is the environmental force vectors

applied to the environment by the slave, Mi(qi) (i = m,s) ∈
Rn×n are the symmetric and positive definite inertia matrices,

Ci(qi, q̇i)q̇i (i = m,s)∈Rn×1 are the centrifugal and Coriolis

torque vectors, gi(qi) (i = m,s)∈Rn×1 are the gravity terms,

and Ji(qi) (i = m,s) ∈ Rn×n are Jacobian, respectively.

Here the following assumption for the Jacobian matrix

Ji(i = m,s) is introduced.

Assumption 1: The Jacobian matrix Ji (i = m,s) should be

nonsingular.

It is also well known that the joint angles qi (i = m,s)
and the position xi (i = m,s) in task coordinate can be

transformed under the Assumption 1 as

xi = fi(qi) ( fi is an adequate f unction) (2)

ẋi = Jiq̇i (3)

ẍi = Jiq̈i + J̇iq̇i (i = m,s) (4)

These equations transform the dynamics (1) in the joint

space into one in the task coordinate. The indices :

(qi),(qi, q̇i) are omitted in the following.

Mem = J−T
m MmJ−1

m (5)

Mes = J−T
s MsJ

−1
s (6)

Cem = J−T
m (Cm −MmJ−1

m J̇m)J−1
m (7)

Ces = J−T
s (Cs −MsJ

−1
s J̇s)J

−1
s (8)

gem = J−T
m gm (9)

ges = J−T
s gs (10)

The master and slave robot dynamics in the task space are

given as

{

Memẍm +Cemẋm +gem = J−T
m τm +Fop

Mesẍs +Cesẋs +ges = J−T
s τs −Fenv

(11)

It is well known that the dynamics (1) have several

fundamental properties as follows [14].

Property 1: Mei (i = m,s) are are symmetric and positive

definite.

Property 2: Nei = Ṁei −2Cei (i = m,s) are skew symmet-

ric.

Property 3: There exist some positive constants m1em,

m2em, m1es, m2es, cem, ces, gem, ges and the following three

relationships hold.

0 < m1ei ≤‖ Mei ‖≤ m2ei < ∞ (12)

‖Cei ‖≤ cei ‖ ẋi ‖ (13)

‖ gei ‖≤ gei (i = m,s) (14)

For the human operator and the remote environment, we

assume as follows [12].

Assumption 2:

The human operator can be modeled as non-passive system

that applies any constant force on the master robot. The

remote environment can be modeled as passive system that

is any linear spring - damper system.

Under above assumption, the human operator is described

as follows

Fop(t) = F̄op (15)

where F̄op ∈ Rn×n is any finite constant vector. The remote

environment is assumed to be described as the following

linear system.

Fenv(t) = Beẋs(t)+Kexs(t) (16)

where Be, Ke ∈Rn×n are any positive semi-definite matrices.

The communication structure is assumed as shown in

Fig.1, where the forward and backward communications are

delayed by the functions of time varying delay Tm(t) and

Ts(t) as follows.
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Assumption 3: The communication time delay functions

Tm(t), Ts(t) are continuously differentiable and satisfy as

follows

0 ≤ Ti(t) ≤ T +
i < ∞ i = m,s (17)

where, T +
i ∈ R are constant upper bounds of the communi-

cation delay and we assume the upper bound of the round

trip communication delay T +
ms = T +

m + T +
s can be measured

in advance.

In addition, we assume the following two items for stabil-

ity analysis.

Assumption 4: All signals belong to the extended L2

space.

Assumption 5: The velocities ẋm = ẋs = 0 for t < 0.

Note that there are no assumptions for Ṫm(t), Ṫs(t) Our

approach taken here does not require any information about

Ṫm(t) and Ṫs(t).

III. CONTROL OBJECTIVES

We would like to design the control inputs τm and τs to

achieve as follows

Control Objective 1. (Stability) The teleoperation system

as shown in Fig. 1 is stable under the time varying com-

munication delay, any environment and any finite constant

operational inputs.

Control Objective 2. (Master-Slave Position Coordina-

tion) If Fop = Fenv = 0, the position coordination error xe(t)
goes to zero in t → ∞.

xe(t) = xm − xs → 0 as t → ∞, (18)

and the master and slave positions are coordinated.

Control Objective 3. (Static Force Reflection) The static

contact force in slave side are accurately transmitted to the

human operator in the master side as follows

Fop = Fenv as t → ∞ (19)

Note that the Control Objective 3 means achievement

at least level of ideal transparency[13]. This is a better

transparency than the conventional method in [2], [3], [4].

IV. CONTROL SYSTEM DESIGN

To achieve above control objectives, we propose a new

couple of two controllers for the master and the slave. These

are PD-type controller without time varying feedback gains.

The proposed control law with constant gains is now given

as






τm = JT
m [−Dpẋm +Kp{xs(t −Ts(t))− xm}+gem]

τs = JT
s [−Dpẋs +Kp{xm(t −Tm(t))− xs}+ges]

(20)

where, Dp, Kp ∈ Rn×n are positive and diagonal constant

gain matrices.

Our proposed Control Law is simple PD type controller

with P-control gain Kp and D-control gain Dp. Dp is the

dissipation gain to stabilize the delayed P-control action and

it is designed from the stability analysis.

Note that the Control Law requires the position and

velocity signals and does not require rate of change of

the delay signals. The explicit position control makes an

improvement of the position coordination and force reflecting

performance in comparison with the conventional scattering-

based teleoperation [2], [3], [4].

The time varying gains depending on the rate of delay

have been proposed in [4] to stabilize the closed-loop system

for time varying delays. However, our proposed Control Law

does not utilize the widely utilized scattering transformation.

V. STABILITY ANALYSIS

To facilitate the stability analysis of the system, the closed

loop system is now derived. The equilibrium points of the

positions of the master and the slave are defined as x̄m ∈
Rn×1, x̄s ∈ Rn×1 such that

F̄op = Kp(x̄m − x̄s) (21)

0 = Kex̄s −Kp(x̄m − x̄s) (22)

The new position variables with the origin of above

equilibrium points are defined as follows

x̃m(t) = xm(t)− x̄m (23)

x̃s(t) = xs(t)− x̄s (24)

Substituting equations (15), (16), (21), (22), (23), (24) into

the equation (11), then we can get the following closed-loop

system.






















Memẍm +Cemẋm

= −Dpẋm +Kp{x̃s(t −Ts(t))− x̃m}
Mesẍs +Cesẋs

= −Dpẋs +Kp{x̃m(t −Tm(t))− x̃s}
−Beẋs −Kex̃s

(25)

The following theorem is obtained concerning the closed-

loop stability with the proposed Control Law.

Theorem 1: Consider the nonlinear teleoperation de-

scribed by equation (25) with Assumptions 1-5. Then for

range of the proportional control gain Kp as follows

Kp <
2

T +
ms

Dp (26)

the origin of the state variables ẋm, ẋs, x̃m, x̃s are asymptot-

ically stable and limt→∞ xm = x̄m, limt→∞ xs = x̄s.

Note that the Control Law requires the position and

velocity signals and does not require rate of change of the

delay signals. Hence the stability condition also does not

depend on the rate of change of the delay signals and the

closed-loop system is stable for any rate of change of the

delay signals.

FrB06.3

7529

Authorized licensed use limited to: Keio University. Downloaded on April 11,2010 at 09:03:48 UTC from IEEE Xplore.  Restrictions apply. 



This means the Control Objective 1 is achieved.

Proof: Define a function with variables ẋm, ẋs, x̃m, x̃s for

the system (25) as

Vms(x, t) = ẋT
m(t)Memẋm(t)+ ẋT

s (t)Mesẋs(t)
+{x̃m(t)− x̃s(t)}

T Kp{x̃m(t)− x̃s(t)}
+x̃T

s (t)Kex̃s(t) (27)

Property 1 gives that Mem, Mes, Kp, Ke are positive definite

and the function Vms is also positive definite.

The derivative of the above function Vms along a trajectory

of the system (25) is given by Property 2 as

V̇ms = ẋT
mṀemẋm +2ẋT

mMemẍm

+ẋT
s Ṁesẋs +2ẋT

s Mesẍs

+2(ẋm − ẋs)
T Kp(x̃m − x̃s)+2ẋT

s Kex̃s

= ẋT
mṀemẋm + ẋT

s Ṁesẋs

+2ẋT
m

{

−Cemẋm−Dpẋm

+Kp{x̃s(t −Ts(t))− x̃m}
}

+2ẋT
s

{

−Cesẋs−Dpẋs

+Kp{x̃m(t −Tm(t))− x̃s}−Beẋs −Kex̃s

}

+2(ẋm − ẋs)
T Kp(x̃m − x̃s)+2ẋT

s Kex̃s

= ẋT
m{Ṁem −2Cem}ẋm

+2ẋT
m

{

−Dpẋm +Kp{x̃s(t −Ts(t))− x̃m}
}

+ẋT
s {Ṁes −2Ces}ẋs

+2ẋT
s

{

−Dpẋs +Kp{x̃m(t −Tm(t))− x̃s}
}

+2(ẋm − ẋs)
T Kp(x̃m − x̃s)

−2ẋT
s Kex̃s +2ẋT

s Kex̃s −2ẋT
s Beẋs

= 2ẋT
m

{

−Dpẋm +Kp{x̃s(t −Ts(t))− x̃m}
}

+2ẋT
s

{

−Dpẋs +Kp{x̃m(t −Tm(t))− x̃s}
}

+2(ẋm − ẋs)
T Kp(x̃m − x̃s)−2ẋT

s Beẋs

= 2ẋT
m

{

−Dpẋm +Kp{x̃s(t −Ts(t))− x̃m}
}

+2ẋT
s

{

−Dpẋs +Kp{x̃m(t −Tm(t))− x̃s}
}

+2xm
T Kp(x̃m − x̃s)−2xs

T Kp(x̃m − x̃s)−2ẋT
s Beẋs

= 2ẋT
m

{

−Dpẋm +Kp{x̃s(t −Ts(t))− x̃s}
}

+2ẋT
s

{

−Dpẋs +Kp{x̃m(t −Tm(t))− x̃m}
}

−2ẋT
s Beẋs (28)

Finally, we can get

V̇ms = −2ẋT
mDpẋm −2ẋT

s Dpẋs −2ẋT
s Beẋs

−2ẋT
mKp

∫ Ts(t)

0
ẋs(t −ξ )dξ

−2ẋT
s Kp

∫ Tm(t)

0
ẋm(t −ξ )dξ (29)

Integrating the above equation in [0, t f ], the following

inequality can be obtained.
∫ t f

0
V̇msdτ = −2

∫ t f

0
ẋT

mDpẋmdτ −2

∫ t f

0
ẋT

s Dpẋsdτ

−2

∫ t f

0
ẋT

s Beẋsdτ

−2

∫ t f

0
ẋT

mKp

∫ Ts(τ)

0
ẋs(τ −ξ )dξ dτ

−2

∫ t f

0
ẋT

s Kp

∫ Tm(τ)

0
ẋm(τ −ξ )dξ dτ (30)

Using Schwarz inequality, Young’s inequality, Assumption

3 and Assumption 5, the above equation is easily transformed

into

∫ t f

0
V̇msdτ

≤ −2

∫ t f

0
ẋT

s Beẋsdτ −
∫ t f

0
ẋT

s

{

2Dp −T +
msKp

}

ẋsdτ

−
∫ t f

0
ẋT

m

{

2Dp −T +
msKp

}

ẋmdτ (31)

From above equation, Be is positive definite, hence
∫ t f

0 V̇msdτ ≤ 0 if Kp, Dp are selected to satisfy the condition

(26).

Then the state x(t) = [ẋm ẋs x̃m x̃s] is bounded because
∫ t f

0 V̇msdτ < 0 and definition of Vms.

Furthermore, applying Barbalat’s Lemma[15] to the closed

system (25), we conclude ẋm, ẋs, x̃m and x̃s are asymptotically

stable.

Consequently, the closed loop system dynamics (25) im-

plies that

x̃s(t −Ts(t))− x̃m = 0 (32)

x̃m(t −Tm(t))− x̃s = K−1
p Kex̃s (33)

Using the fact

x̃i(t −Ti(t)) = x̃i(t)−
∫ t

t−Ti

˙̃xidt i = m,s (34)

Then we have

K−1
p Kex̃s = 0 as t → ∞ (35)

Kp and Ke are positive definite, then limt→∞x̃m =limt→∞x̃s =
0.

The equilibrium point of the system ẋm, ẋs, x̃m, x̃s is

asymptotically stable and the positions of master and slave

arms go to limt→∞xm = x̄m, limt→∞xs = x̄s.

The above result only guarantees stability of the teleop-

eration system and, not guaranteed the convergence of the

position coordination error to zero and the force reflection. In

the next result, we discuss the position coordination abilities

in free space and static force reflection abilities.

Corollary 1: Consider the nonlinear teleoperation de-

scribed by equation (25) with Assumptions 1-5 and the

condition (26), we have the following facts.

(1) If Fop = 0 and Fenv = 0, position coordination error xe

goes to zero as

xe(t) = xm − xs → 0 as t → ∞, (36)

and the master and slave positions are coordinated.

Proof: If Fop = 0,Fenv = 0, the equations (21), (16) give

the following

Fop = Kp(x̄m − x̄s) = 0 (37)

Fenv = Beẋs(t)+Kexs(t) = 0 (38)
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Fig. 2. Experimental Setup

Theorem 1 gives limt→∞ẋs = 0, limt→∞xs = x̄s, then the

equation (38) should be

Fenv = Kex̄s = 0 (39)

The above equation is substituted into (22), then

x̄m − x̄s = 0 (40)

Finally the position error xe goes to zero.

(2) The static force reflection in t → ∞ is achieved as

follows

Fop = Fenv (41)

Proof: Theorem 1 implies limt→∞ẋm = 0, limt→∞ẋs = 0,

limt→∞xm = x̄m, limt→∞xs = x̄s, then equations (16), (21), (22)

lead the result

Fenv = Kex̄s = Kp(x̄m − x̄s) = Fop (42)

Theorem 1 and Corollary 1 (1)-(2) correspond to Control

Objectives 1, 2, 3, respectively. This fact proves the effec-

tiveness of the proposed control law.

VI. EXPERIMENTAL EVALUATION

We verify the efficacy of the proposed teleoperation

methodology. The experimental setup consists of a master 2-

DOF joystick, a slave parallel-link 2-DOF robot manipulator,

two wireless LAN cards and two digital control systems

which are connected with master or slave robots. The master

and slave robots with a definition of X and Y axes are shown

in Fig.2.

The two wireless LAN cards can communicate each other

by using an Internet access point in the laboratory.

UDP(User Datagram Protocol) is employed as the Internet

protocol and if packet loss is caused by the Internet commu-

nication, the signal can be interpolated by the previous data.

Round trip communication delay Tms in our lab can be

measured and one of the measured data in 1200[s] of the

night time, is shown in Fig.3.
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Fig. 3. Round trip delay

Fig.3 shows that the maxmum round trip communication

delay Tms is almost 0.86[s] in this period, then T +
ms is selected

as T +
ms = 0.9.

The design parameters are chosen appropriately in order

to achieve the condition of equation (15).

Kp =

[

20 0

0 20

]

, Dp =

[

20 0

0 20

]

(43)

Two kind of experimental conditions are given as follows.

• Case 1 : The slave moves without any contact.

• Case 2 : The slave moves in contact with environment.

All experimental results show that the stability is guaran-

teed for time varying communication delays and any human

inputs as Figs. 4 and 5.

Experimental results of Case 1 are shown in Fig.4 and

results of Case 2 are shown in Fig.5, respectively, where

upper figures are for X-axes and lower figures are for Y -

axes.

Fop and Fenv can be estimated and calculated by control

input torque. Fig. 4 shows that the slave robot manipulator

accurately tracks one of the master joystick and the master-

slave position coordination is achieved when the slave does

not touch the environment.

Fig. 5 shows the experimental results in Case 2. When the

slave robot is pushing the environment (2-15 [sec]), the con-

tact torque is faithfully reflected to the operator. The operator

can perceive the environment through the torque reflection.

When the slave dose not contact with environment and the

operator forcing is negligible (17-20[sec]), the master-slave

position coordination is also achieved.

In Fig. 5, there are some errors in the force responses,

but it is seems to be due to some kinds of friction caused by

substantial devises of robots. These errors were not observed

when a simulation without such a friction is performed.

VII. CONCLUSION

In this paper, we proposed a novel bilateral control strategy

for nonlinear teleoperation system with time varying commu-

nication delay.
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Fig. 4. Time Responses in Case 1

(without any contact to environment)

The proposed method are simple PD-type controllers

which are independent of the rate of time delay change and

depend on the upper bound of round-trip delay. The proposed

control strategy is independent of parameter uncertainties

of the model of the robots and the operator and remote

environment. The delay-dependent stability of the origin was

shown via Lyapunov stability Theorem.

Furthermore the proposed strategy also achieved master-

slave position coordination and bilateral static force reflec-

tion. Several experimental results with wireless communica-

tion in the Internet showed the effectiveness of the proposed

strategy.
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