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Abstract

DISTRIBUTED CONTROL OF SYSTEMS OVER COMMUNICATION NETWORKS
FAIK GOKTAS
RUZENA BAJCSY and JONATHAN SMITH

In distributed control systems that operate with multimedia data over communication
networks, meeting the application requirements for the control system and the multimedia
communication is a challenging task. We are interested in direct control of remote systems
where control and monitoring information are transmitted continuously between the end-
systems. The control loop in such distributed systems contains time-varying delays that
occur because of shared network medium, shared computing resources and unsynchronized
components at the end-systems. From a control theory perspective, the time-varying delays
in a feedback control loop affect the stability and performance of the control system. The
difficulty in analysis and synthesis of time-delayed control systems arises due to modeling
of these delays. We propose a robust control approach which guarantees robust perfor-
mance with the assumption that the delay bounds are known. Qur proposed DisCoNet
architecture is based on multidimensional QoS specification and end-to-end resource al-
location. The QoS specification includes a guaranteed robust control performance level
and a given frame rate for the video transfer. Experimental results are given for a mobile
robot tracking control application over ATM networks. We show that with efficient QoS
mapping and end-to-end resource allocation, direct continuous control of remote systems
is possible over reservation-based communication networks even when other multimedia

data (video, audio) are incorporated into the control environment.
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Chapter 1

Introduction

1.1 Distributed Control

In general, we can classify the time delayed control systems operating over communication
networks as distributed control systems. From a process control perspective, distributed
control is the distribution of the control system elements/functions within a system. There
are three aspects of distributed control: physical distribution, functional distribution, and
risk distribution. Physical distribution takes place where the control elements/functions
are located in different physical locations. In its purest form, the control of a system is
physically distributed as close as possible to the equipment under control and is part of an
overall control system. Inherent in this definition is a communication infrastructure that
allows the distributed elements to communicate, display data, provide operator input, and
share data and other resources. In functionally distributed systems, the various control
functions are concentrated in different locations. Risk distribution is when the risk is
spread in a control system by spreading control functions into different boxes [Mos96].
Our use of distributed control definition in this thesis involves both physical and func-
tional distribution. In this section, we present some application areas where the control
and the controlled system are physically distributed and communication between the two
are done via a network. Some example of such systems are Telerobotics, Integrated Com-
munication and Control Systems(ICCS), Computer Integrated Manufacturing and fow

control in data networks. In this thesis, the master refers to the remote controller side,



and the slgve refers to the controlled system side.

1.1.1 Application Areas
Telerobotics

Telerobotics commonly refers to the supervisory control of a teleoperator (a machine that
is remote from the operator, see Figure 1.1). To make control faster and unconstrained by
the limited pace of the continuous human sensorimotor capability, a computer controller
can be used. Either the human operator or a computer program can set a new steady state
to specify an incremental goal or can specify a whole trajectory of movements together
with if-then-else branching conditions. One might suggest sending a trajectory to the local
controller. This strategy allows the teleoperator to execute the operator’s commands with
no extra delay in the control loop, thus avoiding any instability. In cases where the remote
operation needs to be monitored and controlled continuously, direct control can replace
supervisory control. The operator monitors the operation and modifies the trajectory while
the computer program reacts continually to the feedback received from the remote system.
The use of visual information may occur in various ways, from simply viewing the remote
environment to processing the images received. The teleoperation with force feedback and

tele-mobile robotics are some examples of distributed control systems with time delays.

Teleoperator
—»{Controller]— -
Actuatorn
Human Local
Operator oc
Controlles
-] Displa,y g —— h— Sensor |--—

Figure 1.1: Supervisory control



Teleoperation with Force Feedback

One of the current motivations to develop supervisory control is to make control possi-
ble, even where there are time delays in communication between human and teleoperator
[She92]. One active research area in telerobotics is the bilateral control of robotics systems,
where the position command from the operator is fed forward to the slave, while the reac-
tion force is fed back to the master. In current force-reflecting teleoperation applications,
the instability due to transmission delays is often dealt with by adding large amounts
of damping at various locations throughout the system. Thus, the system is sufficiently
well-damped by limiting the speed of motion and consequently dissipating the produced
energy at a variety of locations throughout the system. While such an approach may lead
to a practically acceptable system, it lacks any stability or performance guarantees and is
typically dependent on all elements of the system, including the actual value of the time
delay.

In Figure 1.2, the human operator exerts force, fi, via a master manipulator. The
master velocity, vy, is transmitted via the communication network. The slave manipulator
response to the reference signal, vy, and the force f; sensed as a result of contact with the
environment and/or some external source, f., is transmitted back to the master, which
results in the force f,q. It is shown that the time delay causes instability in case of such

a kinesthetically-coupled teleoperator system.

Um Vsd f
fn Master *1 Communication Slave e
" System Channel System

fmd fs

Figure 1.2: Force Feedback Teleoperator System. vy4(t) = vn(t—7y) and fra(t) = fo(t—7y),
where 7, and 75 are delays in the velocity and the force, respectively.

A control design method is needed to deal with the performance specifications and
time delay stability margin. The design specifications are that the velocity error, vy, — vy,
must be minimized, the control torques should not exceed prespecified saturation limits,

and the system should be stable for up to a prespecified amount of time delay.



Tele-mobile Robotics: Target Tracking Problem

Mobile robots have a large scope of applications in manufacturing, service, defense, environ-
mental cleaning, and remote exploration. With advancements in areas such as computing,
sensing, control, actuation, and artificial intelligence, the technologies developed for mobile
robots have even been applied to intelligent transportation systems. The main research
areas in mobile robotics are mobility, control of actuators, navigation and path planning
[NZ97].

In distributed autonomous robotics systems, in which multiple autonomous robotic
agents work cooperatively to operate tasks, sufficient functionality has not yet been real-
ized with the advances in network communication technology and optimal robust control
techniques.

One of the research subjects is coordinated control, which involves multiple robots be-
ing controlled in a coordinated manner. In such distributed systems, a centralized agent
can either be predetermined and fixed, or determined according to the situation to give
instructions to controlled agents. The coordinator makes agent cooperation easily realiz-
able and allows for a smooth navigation. The slave agents can react to the environment
and obey the directions from the coordinator. Real time control between the coordinator
and the slaves must be achieved where continuous messages exchange among the agents.
The guarantees may involve the quality of cooperation and the achievements of harmony
between moving motion and manipulating motion among the agents.

The most common form of teleoperation for robots occurs when the robots are given
directional information. In the case of human control of multi robots, the human operator
focuses on the robot society rather than the individual robot. This greatly reduces the
cognitive load of the human operator. Humans are more suited for higher level perception
and reasoning, task conceptualization, understanding the environment and dealing with
unusual circumstances, while machines are good at low level sensing and control, precision,
reliability and computationally intensive tasks.

Borenstein and Koren [BK90] presented a tele-autonomous obstacle avoidance scheme
that allows a human operator to steer vehicles or robots remotely at high speeds and in

cluttered environments. The vehicle is operated by the remote operator; however, when the



robot encounters an obstacle, the control task is switched to the local controller. Nehmzow
et al. [NBDN96] executed remote surveying and modeling, fine motion control and object
manipulation tasks via a tele-operated mobile robot over a low bandwidth communication

link to see the feasibility of such experiments.

Robust
Controller

Figure 1.3: Tele Operated Mobile Robot Control Loop. The control input u and feedback
data y are subject to end-to-end delays

Target

Observer

(‘th },ty 9!)

(2]

T (Xo, Yo, 60)

Figure 1.4: Observer and target robot are involved in station-keeping move. The target
moves along a given trajectory and the observer keeps a constant distance to the target,
while orienting itself towards to the target.

The target tracking problem is a simple version of multi-agent coordinated control.
Figure 1.3 shows the control loop and Figure 1.4 demonstrates the tracking problem. The
controller receives the delayed observer robot state, y, a vector of (X,,Y,,8,), and target
robot state, (X, Y:,8:). The control computer issues, u, a vector of translational velocity,
Vo, and turning velocity, w, to the observer robot in order to satisfy tracking requirements,

E4mer and Egnpq.- The error terms eg and e, are






