Preface

The term ‘networked control system’ (NCS) encompasses a relatively large number
of situations and problems. The feature that distinguishes a NCS from a classical
control system is the presence of a communication network affecting or inside the
loop. New challenges arise as a consequence. In this sense, asynchronous control
and, particularly, event-based control, have received an important impulse in the
last decade due to its beneﬁts when applied to NCSs, specially on energy-aware
devices. Instead of taking periodic actions as in classical control approaches,
asynchronous control bases its decisions on the state of the system and, in general,
reduces the amount of communication.
The book presents novel results on asynchronous control of NCSs in a concise
and clear style that are supported by simulation or experimental examples and it
also provides examples of application. The manuscript is written with material
collected from articles written by the authors, technical reports, and lectures given
to graduate students, in which the ideas have been originally presented together
with the formal proofs. Emphasis is laid on the presentation of the main results and
the illustration of these results by examples.
The book is mainly aimed at graduate students, Ph.D. students, and researchers
in control and communication, as well as practitioners, both from the control
engineering community, although it can be followed by a wide range of readers, as
only basic knowledge of control theory and sampled data systems is required.
The ﬁrst chapter gives an introduction to asynchronous control and NCSs,
including the main research trends and introducing concepts that have been used
through the book. Then, the volume has been structured in two parts. The ﬁrst part
accounts for centralized control schemes, whereas the second block is focused on
distributed estimation and control. A summary of each chapter is given next.
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Part I Asynchronous Control for Single-Loop Schemes.
Centralized Solutions
Chapter 2 focuses on the study of the limit cycles that appear in a control scheme
based on a PI controller with an event-based send-on-delta sampling. The processes
investigated are integrator processes plus time delay and ﬁrst- and second-order
processes plus time delay, which are of interest because of their frequent use as
models in many industrial processes. An algorithm to calculate the limit cycles
properties is presented, and then the results obtained in simulations are compared
with experiments performed on real plants, such as a distributed solar collector ﬁeld
at the Solar Platform of Almería (PSA, Spain).
Chapter 3 considers a scenario in which the sensor and controller are connected
by a bidirectional network. Whenever a fresh measurement is received from the
plant, the following sampling instant is decided on the controller following a
self-trigger strategy. To do so, the controller includes a model of the plant to
generate predictions of the evolution of the states. In order to compute the sampling
times, a set of quadratic optimization problems must be solved online.
Chapter 4 presents the analysis and the design of remote controllers for
packet-based NCS, following the paradigm of anticipative controllers. The remote
controller uses a model of the plant and a basis controller to compute a sequence of
future control actions to compensate the effect of delays and packet dropouts.
Event-based transmission rules are proposed to save network bandwidth. Different
extensions such as disturbance estimators, output measurement, and LTI anticipative controllers are discussed. Finally, the design is evaluated over experimental
plants characterized by response-times closed to the network delays.
Chapter 5 is concerned with the design of mixed H2 =H1 controllers for networked control systems through the Lyapunov–Krasovskii approach. The main
contribution of the method does not lie in the use of novel Lyapunov–Krasovskii
functionals or bounding techniques, but in the optimization method that can be used
for different functionals and a variety of different constraints on the delay.
Furthermore, the chapter investigates an asynchronous sampling approach based on
events that allow a reduction of the bandwidth usage and the energy consumption.
The relation between the boundedness of the stability region and the threshold that
triggers the events is studied. The robustness and performance of the proposed
technique is showed by numerical simulations.
Chapter 6 presents a practical algorithm to design networked control systems
able to cope with high data dropout rates. The algorithm is intended for application
in packet-based networks protocols (Ethernet-like) where data packets typically
content large data ﬁelds. The key concept is using such packets to transmit not only
the current control signal, but predictions on a ﬁnite horizon without signiﬁcantly
increasing trafﬁc load. Thus, predictive control is used together with buffered
actuators and a state estimator to compensate for eventual packet dropouts.
Additionally, some ideas are proposed to decrease trafﬁc load, limiting packet size
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and media access frequency. Simulation results on the control of a three-tank
system are given to illustrate the effectiveness of the method.

Part II Asynchronous Control and Estimation for Large-Scale
Plants. Distributed Solutions
Chapter 7 discusses different control strategies of distributed event-based control for
linear interconnected systems. From the analytical point of view, two aspects are
considered to compare the different existing approaches: Convergence to the
equilibria and inter-event times. Later on the chapter, two extensions are presented.
The ﬁrst extension is based on the fact that the frequency of actuation may be high
in distributed control schemes if the neighborhood of the subsystem is large, even if
each agent is not transmitting so often. To deal with this problem, an error function
is deﬁned for the control input and a second set of trigger functions is proposed to
deal with this problem, updating the control law when a condition is violated. The
second improvement relies on the existence of smart actuators, so that
continuous-time signals can be applied instead of constant piecewise signals
(ZOH). A model-based control design is proposed in which each agent has
knowledge of the dynamics of its neighborhood.
Chapter 8 presents a generalized framework for distributed estimation in sensor
networks. A distributed event-based estimation technique based on the stabilizing
properties of the predesigned observers is proposed and analyzed, showing the
reduction of both energy expenditure and network trafﬁc load due to unnecessary
transmissions. The observers’s structure is based on both, local Luenberger
observers and consensus strategies, which take into account the information that is
received from neighboring nodes. Using the same structure, actuation capabilities in
the nodes are included, yielding to a control scheme based on state estimation.
Chapter 9 contributed the ﬁeld of distributed estimation and control with a novel
method that allows to design both the controllers and the observers at one common
step. The objective is to synthesize stabilizing suboptimal controllers, in the sense
that the upper bound of a given cost function is minimized. The reduction of the
bandwidth usage is attained exploiting an event-based communication policy
between agents. The results have been applied to an experimental plant consisting
of a four coupled tank system. The efﬁciency of the proposed method, in terms of
reduction of the trafﬁc and tuning capabilities, is shown.
Chapter 10 extends the results of Chap. 7 for non-reliable networks. Even
though event-based control has been shown adequate to reduce the communication
to face the problem of reduced bandwidth, network delays and packet losses cannot
be avoided. Hence, the consequences of a non-reliable channel are analyzed, and
upper bounds on the delay and the number of consecutive packet losses are derived.
The design of network protocols is also presented, and simulation examples are
given to illustrate the theory.
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Chapter 11 is an extension of Chap. 8, and focuses on the following network
related issues: delays, packet dropouts and communication policy (time and
event-driven). The design problem is solved via linear matrix inequalities and
stability proofs are provided. The technique is of application for sensor networks
and large-scale systems where centralized estimation schemes are not advisable and
energy-aware implementations are of interest. Simulation examples are provided to
show the performance of the proposed methodologies.
Chapter 12 deals with the formation control of networked mobile robots as an
example of multi-agent systems in which the group of robots achieves a common
objective (the formation) by means of distributed control laws and event-based
communications. An interactive simulator to emulate this kind of setups has been
developed. The distributed event-based control algorithms have also been implemented in a testbed of mobile robots, and the results are presented. A study of the
energy consumption and the performance is given.
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