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Abstract−− This paper proposes a stable control 

structure for bilateral teleoperation of mobile robots. 
The proposed control structure includes a time-delay 
compensation placed on both the local and remote 
sites of the teleoperation system. Teleoperation 
experiments through a simulated and real (using 
Internet) communication channel are presented to 
illustrate the performance and stability of the 
proposed control structure. 
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I. INTRODUCTION 
Teleoperation systems have been developed to allow 
human operators to execute tasks in remote or 
hazardous environments, with a variety of applications 
ranging from space to underwater, nuclear plants, and so 
on (Sheridan, 1995). In general, the bilateral 
teleoperation systems of mobile robots are composed by 
a local site (where a human operator drives a hand-
controller device); a remote site (where a mobile robot 
interacts with the physical world); and a communication 
channel that links both sites. The human operator 
generates velocity commands to the remote mobile 
robot, while the position of the mobile robot is back-fed 
to the human operator through the communication 
channel. 

Perhaps, the most interesting case appears when 
there exits a distance between the local and remote sites 
of a teleoperation system. This generally introduces 
time varying delays adding distortion in the reference 
commands and feedback signals. The presence of time 
delay may induce instability or poor performance of a 
teleoperation system (Fiorini and Oboe, 1997; Richard, 
2003). In general, in the design of teleoperation systems 
there is a trade-off between high transparency and 
sufficient stability margins (Lawrence, 1993). Main 
control strategies proposed for bilateral teleoperation of 
delayed systems are described in Anderson and Spong 
(1989), Niemeyer and Slotine (1991), Oboe and Fiorini 
(1998), Oboe (2003), Elhajj et. al. (2003) and Chopra 
and Spong (2003). In general, the proposed control 
structures keep the passivity or stability at the expenses 
of reducing the system transparency (Arcara and 
Melchiorri, 2002). 

This paper proposes a stable control structure for 

bilateral teleoperation of mobile robots. The proposed 
control structure is based on combining the velocity 
command generated by the human operator in a delayed 
time instant, the received position information (which 
stimulates the operator) in such moment and the current 
position of the mobile robot to set the velocity reference 
of the mobile robot. The time proposed delay 
compensation is placed on the local and remote sites. 
Moreover, experiences of teleoperation of a mobile 
robot are shown to test the stability and performance of 
the designed teleoperation system.  

The paper is organized as follows: Section II gives 
the notation used in this paper. In section III, some 
background material on delayed differential equations is 
introduced. Section IV presents the statement of the 
control problem. In Section V, a model of the human 
operator for motion control is presented. In Section VI, 
a stable control structure for bilateral teleoperation of 
mobile robots is proposed. In section VII, the stability 
and performance of the proposed control structure are 
analyzed through teleoperation experiments using a 
simulated and real (Internet) communication channel.  
Finally, the conclusions of this paper are given in 
Section VIII. 

II. NOTATION 
In this paper, the following notation is used: 
( ) +

ℜ∈th denotes the time delay. Here, ( ) ntx ℜ∈ , Tx is the 
transpose of x , x  is the Euclidean norm of x , tx  (for a 
given time instant t ) is the function defined by 
( ) ( )θθ += txxt

 for ( )[ ]0,th−∈θ , for example: ( ) ( )txxt =0 , 
( ) ( )htxhxt −=− ; and the norm .  is defined by 
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= . ( )thnC ,  is the n-dimensional space of 

continuous functions on the interval  ( )[ ]ttht ,−  at any 
time t , then the function ( )thnt Cx ,∈  . On the other hand, 
given a non-linear differentiable function 
( ) ( ) ( )( )htxtxgtx −= , , the incremental gain of g  is defined 

as ( ) ( ) [ ] [ ]{ }21212121 ,,:inf yyxxyygxxgg −≤−= γγ  
nyyxx ℜ∈∀ 2121 ,,, . 

III. STABILITY OF DELAYED SYSTEMS 
The robot teleoperation systems are represented by 
delayed differential equations. In this section, we show 
standard definitions and facts in the theory of delayed 


