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Abstract

Event-triggered control have increasingly become an active area of research in the last
decade, thanks to their potential capability in reducing data communication between
subsystems during control action. In this research we tackle some practical problems
encountered in this field and endeavor to improve the state of the art.

We first start by designing periodic event-triggered control (PETC) for both state
feedback and output feedback systems. PETC is a subclass of even-based systems, where
the triggering conditions (TCs) are verified on a clock-driven basis. Despite their efficiency
and advantages from practical of view, they have received less attention, compared to the
other classes of event-driven systems. we first consider designing state feedback PETC for
a class of nonlinear systems. We then, extend our result to the more challenging case of
output feedback systems where, two independent TCs (with different sampling rates) are
considered for plant and controller.

In the next part of this research we study the effect of noise in the implementation of
event-based systems. Basically, the destructive impact of noise has been largely ignored in
these class of systems. In this regard, first it is shown that how the output measurement
noise can easily trigger unnecessary samples and deteriorate the performance of the sys-
tems. Then a novel triggering mechanism is proposed which reduces the effect of noise in
the event-triggering scheme. Next, the same idea is extended to the observation problem,
and a noise effective event-based observer is designed for LTI systems which assures Ho,
performance for the estimation error.

We then turn our attention to the fundamental problem of designing stable non-
conservative event-triggered systems. We claim that most of the work reported in the
literature is based on Lyapunov conditions that carry some intrinsic conservatism. We

propose a novel integral-based condition that relaxes the strong conditions previously
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reported and can reduce communication between plant and controller.
Finally, we consider decentralized event-triggered control for a class of nonlinear sys-
tems. We propose new decentralized TCs and show their efficiency compared to existent

results.
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Notation

R, Z The sets of real and integer numbers

R*, Z* The sets of nonnegative real and integer numbers
R™ The set of real n-dimensional vector

R The set of real n x m matrices

L, Function space with well-defined p-norm

LyT Extended £, space of truncated signals

3 Existential quantifier

v Universal quantifier

reX x is an element of set X

XCY X is a subset of Y

AT Transpose of matrix or vector A
AL Inverse of matrix A
tr(A) Trace of matrix A € R™*", defined as tr(A) = f&aii
i=
I Identity matrix of appropriate dimension
|- || or|-| Euclidean norm of a vector or matrix
EP L3 norm of signal z : RT — R™, defined as ||z[]2 = (f;~ |2(t)[2dt)2
|zll2.1 Lo norm of signal z : R — R”, defined as ||z||27 = (fOT |2(t)[2dt) 2
E{-} Expected value operator

N(p,0?) Normal distribution of a random variable with expected value p and variance o2

xi



Abbreviations

LTI
NCS
TC

ISS
ZOH
PETC
IBTC
PIBTC
SBTC

Linear Time-Invariant

Networked Control Systems

Triggering Condition
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Chapter 1

Introduction

1.1 Background

It is nowadays well accepted that most control systems are implemented digitally using
a computer. In a typical configuration, a sample device is placed at the plant output
and the resulting discrete-time signal is transmitted to the controller. The controller
operates in discrete-time and its output is fed to the plant through a hold device. In the
classical approach, the sampling process is periodic or time-triggered, and signals in the
loop are updated at each sampling instant. This natural approach makes control analysis
and design rather simple, at least for linear time-invariant (LTI) systems. Discrete-time
systems can be described using difference equations and control design can be carried out
in discrete-time in a manner that is analogous to the continuous time.

The primary inconvenience of time-triggered systems is that they are inherent in the
approach that information is transmitted from the sensors to the processor, and the control
task is computed and executed (by the actuator) at regular time intervals. This happens
regardless of whether measurement output changes require new data transmission and
re-execution of control action to maintain the stability and performance of the system.
For example, in a regulation-type problem under no disturbance action, a time-triggered
system would continue to update the control signal even after the plant has reached steady-
state. This issue may become critical in the systems where the sensors and processors have
constrained energy, provided by batteries, and consequently, an optimal usage of resources

is of a great importance.



On the other hand, regular data transmission during control implementation can be
problematic where the subsystems are geographically distributed and exchange informa-
tion through a shared communication channel; e.g. wireless networks. Although using
such a network has several advantages such as low wiring cost, high reliabilities and re-
duced power requirement, it potentially introduces several challenges such as transmission
delay and packet dropouts [2].

A key idea to cope with these troubles and prevent waste of energy and communication
resources is to lower data transmission through the network channel. To achieve this goal,
rather than sending periodically, the data exchange between the subsystems can be carried
out based on an aperiodic and event-based scenario [3].

Fundamental idea in the event-triggered systems is that the data are sent through
the channel just when it’s inevitably needed. It can be argued that an event-triggered
mechanism constitutes the most natural approach to control of certain systems. Consider
for example biological systems, where the neurons interact by pulse transmission. In
biological systems, “Electrical stimuli changes ion concentration in the neuron and a pulse
is emitted when the potential reaches a certain level” [3]. Some efforts have been made to
mimic and use such models to implement simple control systems [4]. A plant controlled by
on-off relays is another example of event-based systems. In this system, the control action
value is not changed unless the control error passes a certain threshold (i.e. just as an
event occurs in the system) [5]. Event-triggered control is also applied where the control
actions are costly. For instance, consider control of production volume in a chemical
process. Since frequent changes in production rate is expensive and should be avoided,
an applicable control idea in such system is to apply an event-based mechanism: the
production rate would not be varied unless the production volume approaches the lower
or upper limit of the storage tank. As another example for application of event-triggering
mechanism, one can have a look at operation principle in typical accelerometers [6].

Mathematically speaking, in an event-based system the components do not exchange
information unless a triggering condition (TC) is violated. The TC can be defined in
different forms and varies depending on the nature of the system. For instance, in a power
grid, a fault can be considered as an event, triggering a control action in the system [7].

Generally speaking, in most of systems, the event happens just as an error (representing
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Figure 1.1: A general structure of event-based systems.

a specific performance of the system) exceeds a certain threshold [1]. In this regard, some
kind of event detector hardware is required to generate an interruption and release the
information through the network. Such a hardware should be devised locally for each
component in proper places before the transmission channel (Fig.1.1)

As mentioned earlier, in addition to efficient use of communication, computation and
energy resources, event-based systems results in less data transmission traffic, compared
to the time-triggered systems. To have a better comparison between time-triggered and
event-triggered control systems, one can refer to [8] which is one of the primary ideas

proposed for the event-driven systems.

1.2 Literature Survey

Early works on event-based systems were proposed in late 1990’s [9,10]. In [10], Arzen de-
fines a simple triggering condition based on the tracking error and converts the standard
PID control algorithm to an event-based form. The time-triggered and event-triggered
controller are evaluated and compared both in simulations and in laboratory experiments
for a double-tank process. The results confirm that using an event-based mechanism it is

possible to obtain large reductions in the control execution with only minor control perfor-



mance degradation. In [9], Astrém introduces one of the primary theoretical development
and evaluation for the event-triggered control systems. In the paper, he considers a first
order stochastic system and designs both event-based and periodic controller so that the
state stays close to the origin. He compares the results and analytically shows that for the
same average sampling rates, the event-based controller gives remarkably smaller output
variance than the periodic controller.

Over the following years, other researchers have extended the same principles for more
control systems. Because of the use of different triggering strategies, similar idea appear
in the literature under different names such as: level crossing sampling [11], event-driven
systems [12] and state-triggered feedback systems [13].

Reference [9] sparked much interest for the research on event-based systems and marked
the beginning of what has been an active area of research.

In [1], Tabuada studies asymptotic stability in the event-triggered control systems,
using a Lyapunov-based approach. In particular, he applies the input-to-state stability
(ISS) Lyapunov function and proposes a general framework for event triggering mechanism

design for the following nonlinear systems:

&= f(z,u), z € R"ueR™ (1.1)

In this work, following the idea of event-based control mentioned earlier, instead of
continuous information flow of states, it is assumed that the control law only receives
intermittent information of states and so is only updated at time instants ¢; (i € N)
(where the TC is violated). The control input is held constant in between update times
(t; <t < tiy1) using a zero-order-hold (ZOH) module. The basic assumption made by

Tabuada is as follows: a feedback control

u=k(z) (1.2)

has been already designed such that the system

&= f(x,k(x +e)) (1.3)

is Input-to-State stable with respect to measurement error e and there exists a smooth

function V : R® — R™, class K4 functions @, «, o and + such that



oflz]) < V(z) < alz) (1.4)
S f(z k(2 +e)) < —allz]) +y([e])- (1.5)

The measurement error is defined as the difference between the last state information

sent to the controller and current state value:

e=ux(t;) —a(t) t; <t <ty (1.6)

Having assumed the stability inequalities (1.4) and (1.5), the key idea to design event
generator condition is to maintain the Lyapunov function V' decreasing. To this aim, the

following TC is proposed:

v(le]) < oal|z]) o> 0. (1.7)

Substituting (1.7) in (1.5), it is readily obtained:

%f(x,k(x +e)) < (o —a(lz]). (18)

Now, setting ¢ < 1 the time derivative of V is negative and so the system is stable.
Simulation results, provided in the paper, clearly show the effectiveness of event-triggered
control in data transmission reduction, while maintaining stability.

One of the important issues, related to hybrid dynamical systems in general, and
event-based systems in particular, is the so called Zeno behavior [14]. Zeno is a response
of system when infinite number of triggering happen in a finite amount of time. This
issue is clearly undesirable from an implementation point of view. So, it is crucial in an
event-based system that the designed TC guarantees a lower bound for the time intervals
between triggering instants, and consequently ensures that there is no Zeno behavior in
the system. This lower bound is also referred as minimum inter-event time.

Note that in [1], as another contribution of the work, the author analytically proves
that such a minimum exists for the system.

Reference [1] is limited to the study of stability for centralized nonlinear systems,
controlled by state feedback. References [15-23] extended the event-based idea for decen-

tralized and distributed control systems. The main challenge in these class of systems is



that the TC for each subsystem should only rely on its local information to trigger data
through the channel, as it does not have access to the other subsystem’s information.

In [15], using assumptions of £, stability with respect to measurement error and also
weak interconnection between subsystems, Wang et. al. examine event-triggered data
transmission in distributed networked control systems (NCS). They propose an event-
triggering scheme, where a subsystem broadcasts its state information to its neighbors
only when a local triggering condition (defined similar to (1.7)) is violated. It is shown
how the decentralized event-triggering scheme ensures asymptotic stability of the entire
networked control system. However, no minimum bound on the inter-event times is guar-
anteed for the triggering modules. In [17], with a similar assumption of weakly cou-
pled subsystems and also ISS stability, the authors take a Zeno-free approach and prove
asymptotic stability of the distributed event-based system. In [18] and [19], the authors
consider decentralized event-triggering problem for systems with a specific structure. In
their models, it is assumed that the sensors are geographically distributed. However, the
overall system is controlled by a centralized control unit. Although the basic structures
of these two papers are almost the same, they exploit different forms of TCs and also
design tools to prove stability of the system. In [21], Postoyan et al. present a general
framework for the event-triggered control of distributed nonlinear systems. They take a
quite different approach and model the event-triggered systems as a hybrid model. Then,
they provide Lyapunov-based conditions to guarantee the stability of the resulting closed-
loop system and explain how these conditions can be utilized to synthesize event-triggering
rules. In [23], the authors investigate event-triggering design for output feedback control of
LTT systems. Because of utilizing a dynamic controller, they introduce decentralized trig-
gering modules for plant and controller sides, which guarantee global asymptotic stability
of the closed-loop system. In [22], a more general case is studied. In the paper, Donkers
and Heemels consider event-based scheme for disturbed LTI systems with dynamic out-
put feedback controller, where the distributed sensors and actuators are assumed to be
grouped into nodes. They model the proposed system in an impulsive form and then study
both L, performance and stability problem. In [24], Abdelrahim et al. design output
feedback event-triggered controllers for stabilization of nonlinear systems. Despite using

a centralized TC for the overall system, they develop a method to ensure minimum inter-



event time for the scheme. Basically, they combine time-triggered and event-triggered
control techniques. “The idea is to turn on the event triggering mechanism only after a
fixed amount of time elapsed since the last transmission”.

Event-based scenario has also become much favorable in practical networked-based
applications. One of the most popular applications is multi-agent systems [25]. Generally,
in this class of systems each agent utilizes some local information and does a certain action
such that the overall structure achieves a specific goal (such as consensus). Multi-agent
systems can be categorized as a subset of distributed systems, where event-triggering
scheme can be a beneficial tool to avoid probable data transmission problems [26-32].

In addition to the regulation problem, event-based control have also been proposed
for the tracking control. In [33] and [34], Tallapragada and Chopra consider tracking
problem for affine, and then general nonlinear systems, respectively. In the mentioned
papers, they propose an event-based control algorithm which guarantees uniform ultimate
boundedness of the tracking error. In [35], The authors consider the effect of disturbance
and also network induced delay in the system dynamics, and examine the H,, tracking
control problem for LTI systems. Applications of event-based tracking control can be
found in [36] and [37]

Most references on the subject follow an approach similar in spirit to Tabuada’s for-
mulation, [1], and design the TC by relying in keeping the Lyapunov function decreasing
along the system trajectories. In this regard, some attempts have been made to remove
some of the intrinsic conservatism existent in this condition. In [38], the author intro-
duces a dynamic mechanism and using an augmented Lyapunov function proves system
stability. In [39], Wang and Lemmon introduce a new TC, based on a logic function of the
Lyapunov function, which weakens the assumptions in [1] by considering an ISS approach
and assuming a lower bound on the derivative of the Lyapunov function. In [40], the
authors use a hybrid systems approach to model the event-based system in which the TC
is a function of the derivative of the Lyapunov function. The approach requires computing
the derivative of the Lyapunov function along system trajectories at all times.

In most of the works cited before, it is assumed that the TC is verified continuously
which may demand high level of resource utilization in practical application. Alternatively,

the TC can be checked periodically in a clock driven fashion [35,41-44]. Periodic event-



triggered control (PETC) systems are preferable, at least from an implementation point
of view, since they have simpler hardware requirements. In [35], the authors propose a
periodic triggering sampling scheme and use a delay system approach to study H., state
feedback control of linear systems. Using a similar idea, PETC have been designed for
different problems [45-48]. In [42], Heemels et al. use an impulsive system approach
to study the Lo gain properties of the proposed PETC system for LTI systems. In the
mentioned paper, because of dealing with dynamic controller, two decentralized TCs are
devised for the plant and controller. In [43], Meng and Chen study decentralized PETC
for output feedback sampled-data systems. In the reference, the authors first develop a
discretized model of the closed-loop system and then, propose a methodology for co-design
of TCs and the controller parameters. In [44], Postoyan et. al. study the PETC idea
for nonlinear systems. Reference [44] follows an emulation-based approach starting with
a known (continuously evaluated) event-triggered controller and provide a technique to
select the sampling period to approximately maintain the stability properties guaranteed
by the original controller.

Before going forward to our research contributions, it must be noted that event-based
control is an active area of research and in addition to the works reviewed in this section,
several other results have been published in different fields such as: optimal control [49-56],

and state estimation [57].

1.3 Research Motivation and Contributions

As discussed in the last section, several works have been conducted on different classes
of even-based systems. However, there still exist several problems which require more
study and research. In this thesis we have looked into some of these problems and made
contributions on different aspects of the event-based systems. A brief description on the
contributions of this research are given as follows. More detailed explanation on the results
can be found in the related chapters.

PETC is an interesting and practical subclass of event-based systems, in which the
triggering condition is verified in a clock-driven fashion. To the best of our knowledge,
most of the references dealing with the periodic event-based problem, have concentrated

on linear systems. Reference [44] proposes PETC for a class of nonlinear systems. In



this reference, the authors use an emulation approach to turn a preexisting continuously
verified event-based controller into periodic-based one, such that asymptotic stability is
maintained. In the first part of our research, we focus on the PETC for nonlinear systems.
The nonlinear system considered in this part, is modeled as a linear system plus a nonlinear
term which satisfies a Lipschitz continuity condition, and is affected by some exogenous
disturbance. Lipschitz systems are important in the sense that most nonlinear systems
satisfy a Lipschitz condition, at least locally, and therefore can account for the effect of, at
least, mild nonlinearities. In this work, the introduced scheme provides a way to directly
design the state feedback control law and also the TC such that the stability and Hso
performance are guaranteed for the closed-loop system.

Decentralized PETC has been developed for LTI output feedback systems ( [42] and
[43]). In these works it is assumed that the triggering modules of plant and controller side
are synchronized in a way that their sampling rates and instants are exactly the same;
something which may cause difficulties from a practical point of view. In the second
part of this thesis our main interest is to address this issue. In particular, in this part,
we consider PETC for LTI systems with dynamic controllers, where two separate and
decentralized event modules are devised for the plant and controller sides, respectively.
However, contrary to the references cited before, in this thesis the TCs act with non-equal
sampling periods and in an asynchronous fashion. Therefore, here, it is not required to
synchronize the triggering modules. This fact not only ease the implementation task, but
also provides the flexibility to set each event-generator module sampling rate individually,
possibly based on the local requirements and also hardware limitations. Using Lyapunov
stability theorems the TCs are designed such that the stability and Ho, performance (in
the presence of disturbance) are ensured for the closed-loop system.

One issue of critical importance in event-triggered systems is the potential degradation
of performance due to measurement noise. Indeed, in an event-triggered system the trig-
gering mechanism directly depends on the instant values of the measured states, something
which is also clear in the TC (1.7), proposed in Tabuada’s general framework. Therefore,
noise in event-driven systems plays a more fundamental detrimental role than in classical
stochastic systems. Apart from output performance degradation, the existence of noise

can trigger unnecessary samples making the triggering mechanism potentially less effec-



tive, an issue that has received very little attention in the literature. In [58], the authors
consider norm-bounded noise on the output measurement. However, they use of classical
forms of triggering schemes where the event generator condition depends on the instant
values of the output and so is influenced by noise. In [59], the event-triggering condition
for a single integrator multi-agent systems with noise is studied, but no modification is
considered to decrease the effect of the noise on the TC.

The main purpose of the third part of this research is to directly address the effect of
noise in the LTI event-triggered control systems. Our main contribution is a novel event-
based scheme with a periodic integral-based triggering condition (PIBTC) that reduces
the effect of noise in both the feedback loop and the triggering condition. We model
the event-triggered system using a delay system approach [35], and then show that it
is asymptotically stable in mean square sense. Finally, we propose a methodology to
obtain the parameters of the event triggering system, minimizing data transmission in a
networked-based control.

In the next part, this idea is extended to observer design. Generally, measurement
noise has always been an indispensable part of the observation problem. So, noise-related
issues can be more challenging in an event-based observer scheme, where an event gen-
erator module is located at the output of plant to trigger only necessary output samples
towards the observer. In this part, event-triggered observer design for LTI system in the
presence of disturbance and measurement noise is considered. We start by a traditional
Luenberger observer and then develop a noise effective event-based scheme for it, such
that the data transmission is efficiently reduced and also H., performance is guaranteed
for the estimation error.

As mentioned earlier in the previous section, most references in the literature follow
the same idea given in [1] to design TC, which (as explained) is somewhat conservative.
So, some works have been done to improve available event-based scenarios [38-40]. In
the fifth part of this research, we propose a different method and re-examine Tabuadas
main principle. Assuming that an analog controller has been designed and satisfies an ISS
condition (the same as assumptions in [1]), we propose an alternative, less conservative,
approach to the construction of the event-TC. The main idea consists of using an integral-

based triggering condition (IBTC) that allows the Lyapunov function to be non-decrescent
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between triggering instants (thus allowing the time derivative of the Lyapunov function to
have instantaneous positive values between triggering instants). Asymptotic stability of
the proposed closed-loop system is ensured by Lyapunov stability theorems. The existence
of a lower bound for the inter-event times is also proved and an explicit value for this bound
is provided for a specific class of non-linear systems. An additional contribution of this
work, is a rigorous proof showing that our proposed TC is more efficient than the existing
results in terms of communication exchanged between plant and controller.

Finally, the proposed IBTC in the previous part is extended for a class of decentral-
ized nonlinear PETC systems. Similar to the first part, the nonlinear term in the system
dynamics is assumed to satisfy Lipschitz condition. The general control scheme of the
system is similar to the one given in [18] and [19]. It is such that the sensors are geograph-
ically distributed; but their measurements are transmitted to a centralized control unit.
So, event triggering modules are designed for sensors in a decentralized way. Moreover,
the proposed form of TC is shown to be less conservative than the previous methods and

avoids excessive data transmission.

1.4 Thesis Outline

The rest of this thesis is organized as follows.

Chapter 2: In this chapter, a method for designing PETC for Lipschitz nonlinear
systems is proposed such that the stability and H., performance are guaranteed. In
addition to solving the stability and performance problem, our proposed design tackles
the following objectives: 1- Enlarging the region of attraction which is directly related
to enlargement of Lipschitz constant; 2- Minimizing the amount of data transmitted over
the communication channel. In this regard using delay system approach [35], we present
a multi-objective optimization problem in which the stability and performance conditions
appear in the form of LMI constraints

Chapter 3: This chapter focuses on the PETC of output feedback systems with
external disturbance. Because of dealing with a dynamic controller, two independent,
decentralized triggering mechanisms are considered at the plant and controller output,
respectively, which act with non-equal sampling periods and in an asynchronous fashion.

The stability and performance conditions are provided in form of LMIs. Then, using a
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convex optimization approach, the event generator conditions are designed to reduce the
Lo performance gain, while lowering data communication through the channel.

Chapter 4: This chapter studies event-triggered control for LTI systems in the pres-
ence of measurement noise. As the main contribution, a periodic integral-based triggering
condition is proposed which is shown to be robust against measurement noise and reduces
the data transmission effectively. Moreover, an optimization problem with LMI constraints
is provided, which not only ensures the stability in the mean square for the closed-loop
system, but also designs optimal values for the TC parameter.

Chapter 5: In this chapter, event-based observer for disturbed LTI systems is de-
signed. To suppress the impact of measurement noise in the system, a TC, similar to the
one introduced in Chapter 3, is proposed. Then, an optimization-based methodology is
given to design the scheme parameters such that less data transmission, desired estimation
error convergence rate and disturbance attenuation level are achieved.

Chapter 6: In this chapter, a novel event triggering scheme is given for a general class
of nonlinear systems, which mainly improves the idea introduced by Tabuada [1]. The
proposed integral-based triggering condition is less conservative in the sense that it does
not require the derivative of Lyapunov function to be negative at all time instants. It is
shown that the IBTC ensures a minimum inter-event time for the system. In addition, a
well-proved comparison with traditional TC is given to represent the effectiveness of the
proposed system in data transmission reduction.

Chapter 7: In this chapter, we study periodic decentralized event-triggered systems
for nonlinear systems. It is assumed that the measurement sensors are geographically
distributed. So, a centralized controller is employed while decentralized event triggering
modules are used for each group of states. To avoid excessive data transmission, the
IBTC proposed in the previous chapter is developed for this class of systems. Similar to
the chapter 1, the class of nonlinear systems considered here is those whose nonlinear terms
satisfy a Lipschitz continuity condition, or simply, Lipschitz systems. The main limitation
encountered in this model is the size of the region of the space in which the Lipschitz
condition is satisfied, which in turn limits the region of attraction of the trajectories. We
propose a design procedure in the form of convex optimization problem to design the TC

parameters, such that the closed-loop system is asymptotically stable and the region of
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stability is enlarged.
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Chapter 2

Periodic Event-Triggered Control

of Nonlinear Systems

In this section, a periodic event-based controller design scheme is proposed for a class of
Lipschitz nonlinear systems. Using a delay system approach [35], the event-based system
is modeled in a continuous time form. Then, the controller and event generator design
methodology is formulated as a convex multi-objective optimization problem with LMI
constraints, where the admissible Lipschitz constant of the system is enlarged and data
communication between plant and controller is minimized simultaneously. Finally, the
proposed system is evaluated via simulations.

The rest of this chapter is organized as follows. Section 2.1 presents the problem
statement. In section 2.2, the proposed event-based system is modeled in a time delay
form which is followed by the stability and performance analysis in section 2.3. Section 2.4
contains the main result, where the controller and event generator design is given in the
form of an optimization problem. Simulation results are presented in section 2.5 to show
the efficiency of the proposed mechanism and finally section 2.6 summarizes the results of

this chapter.
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2.1 Problem Statement

Consider the following class of nonlinear systems

& = Az + Bu+ p(z,u) + Byw
z2=Cz

(2.1)

where z(t) € R" is the state vector, u(t) € R™ is the control input, z(t) € RP is the
controlled output and w(t) € R! is an exogenous disturbance input which is assumed to
belong to L2[0,+00) . Moreover, ¢ : R" x R™ — R", satisfying ¢(0,u) = 0 is a locally
Lipschitz function in its first argument on the region 2 C R™ (which contains the origin

in its interior), uniformly in w:

(@1, u) — (2, u)|| < €lz1 — o Vry,zp € Q,u € R™, (2:2)

where £ is called Lipschitz constant. Consider now the following aperiodic discrete time
control scheme: the controller receives fresh data of state values and updates the control
law only if an event generator condition is triggered. Otherwise, the controller uses the
previous received state information.

Based on this scenario, we consider a feedback controller of the form:
u= Kz, (2.3)

where Z is a piecewise constant signal, containing intermittent state information and as
defined in Subsection 2.1.1. A general block diagram of the proposed event-based controller
is shown in Fig.2.1

In this work, we assume that the event generator block is clock-driven, i. e. the event
generator condition is verified periodically with the period of ’h’. In this regard, as shown
in Fig.2.1 a sampler is used to feed the event generator block. A ZOH module located at

the plant input generates a piecewise constant signal.

2.1.1 Event Generator Structure and Triggering Condition

Similar to the work [1], in this paper the event condition is triggered and fresh data is
sent to the controller when the norm of the difference between the current state and the
latest transmitted value exceeds a certain threshold. In this regard, define {k; }Joil as the

sequence of sample numbers at which the data is sent to the controller. Moreover, suppose
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Figure 2.1: General block diagram of the proposed event-based system

k1 =1 and z(ki1h) = xo where x¢ is the initial condition of system. For ¢ > k; define the

event generator function as:
f(@(ih), z(kjh)) = (x(ih) — x(k;h))" (2(ih) — x(k;h)) — =* (ih) B (ih), (2.4)

where, 3 is a n X n positive definite matrix to be designed properly. Then, a fresh sample

of x (i.e. x(kj41h)) is broadcast if the following periodic TC is violated :

f(x(1)7x(kj>) <0, (2'5)

where, for simplicity we have denoted z(ih) and x(kjh) by (i) and x(k;) respectively.

In the other words, one can say that the following inequality holds for k; <i < k; 1

(2(i) — 2(k) " (2(i) — 2(ky)) < 2(i)" Ba(i). (2.6)

Having introduced x(k;) (j € N) as the output of event generator block, the piecewise

constant signal Z is defined as:

.’i(t) = .T(k‘jh) for te [k‘jh, k‘j+1h) , J=12 ... (27)

2.1.2 Closed-Loop System Dynamics

Using the event-based controller (2.3), the closed-loop dynamics is given by:

16



& = Az + Bu+ ¢(z,u) + Byw
u= Kz (2.8)
z=Cx
Our goal is to design the state feedback controller K and the event generator function
(2.4) such that the system is asymptotically stable and for a given « the Hy, criterion (de-

fined in Definition 2.1) is guaranteed while the following optimality criteria are achieved:

e Enlarging the region of attraction of the closed-loop system by enlargement of ad-
missible Lipschitz constant £. (Please refer to the last part of proof of Theorem 7.1

to see how increasing admissible ¢ leads to region of attraction expansion.)

e Reducing the number of transmitted data over the communication channel by max-
imizing (.

The design procedure is formulated as a convex optimization problem with LMI con-

straints.

Definition 2.1. We say that Ho, performance is guaranteed for the system (2.8) with
gain 7y if for any w(t) € L3]0,+00) the following inequality is satisfied:

12ll2 < 7llwll2 + 9, (2.9)

where 0 is a constant value that depends on the states initial condition.

In the next section the delay system approach is used to model the event-based system.

2.2 Modeling of the Event-Based System

In order to write the event-based system dynamics in a delay system form, an approach
similar to [35] is exploited. we break down the time interval [0, +00) as
+oo

[0,+00) = | J[ksh, kjy1h). (2.10)
j=1

Based on the equation (2.7), the dynamics of event-based system (2.8) for ¢ € [kjh, kj1h)

can be written as:
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& = Az + BKx(kjh) + o(x,u) + Byw

(2.11)
z=Cx
Now, let I; be the latest sample number before time instant ‘¢’ :
lt =max{i € N:ih <t}. (2.12)
Define
T(t) =t —l:h with 0 < 7(t) <h, (2.13)
e = x(kjh) — z(l4h). (2.14)

Adding and subtracting BKz(l;h) to the dynamics (2.11) and using above definitions,

the following time delay dynamics can be obtained:

& = Az + Bey + BKxz(t — 7(t)) + ¢(z,u) + Byw

(2.15)
z=Cr,
Similarly, the event-TC is written in time delay form.
Regarding the definition of l;, for ¢ € [k;h, kj;1h) one can readily find that
kj < lt < kj-‘rl' (2.16)
So, based on equation (2.6) we have:
(w(1eh) — w(ksh)T (@(lh) — 2(k;h)) < o(1h)T Bo(lih). (2.17)

Then, using definitions (2.13) and (2.14), the following triggering inequality holds for
te [k?jh, k‘j+1h)1

ele; < a(t — ()T Ba(t — 7(t)). (2.18)

Having formulated the closed-loop dynamics and the periodic TC in a continuous-time

form, we are ready to give stability and performance conditions.
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2.3 Stability and Performance Analysis of The Proposed
Systems

Theorem 2.1 provides sufficient conditions in the form of LMIs to guarantee the asymptotic
stability and Ho, performance of the event-based system. First, we introduce three lemmas

which are used in the proof of our result.

Lemma 2.1. For any x,y € R® and D = DT € R™" > 0, the following inequality is
satisfied:
22Ty < 2T Dx 4+ yT D71y, (2.19)

Proof: Introduce the matrix

G = (Dz—y) ' D™ (Dx — ). (2.20)
Since G > 0, inequality (2.19) immediately follows.

O
Lemma 2.2. ( [35]) For anye € R >0, D = DT ¢ R™" > 0 and X= XT € R™" > 0:
XD7IX > —€D + 2¢X. (2.21)

Proof: Introduce the matrix
G = (X —eD)D X —€D). (2.22)

Since G > 0, inequality (2.21) is trivially satisfied.

Lemma 2.3. Let A; e R™*", 0, e R (Vi€ {l,...,k}) and define
COTLU(Al, R ,Ak) = {01A1+- 40, AL 0; >0 Vie {1, .. .,k}, 01+ 40, = 1}. (2.23)

Then,
A>0 VAe Conv(Ay,..., Ay),

if and only if A; > 0,Vie {1,...,k} .
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Proof: Let A € Conv(Ay,...,A). Then:
2T Az = 012 Ay + - + O’ A (2.24)

for some arbitrary € R™. Assume first that A; >0 Vi € {1,...,k}. Since 6; > 0 Vi €
{1,...,k} and x is arbitrary, we have that 27 Az > 0 Yz € R™.

For the converse assume that A > 0 and set #; =1 and 03 = --- = 0 = 0 in (2.23) to
obtain A = A;. Since A is positive definite, so is A;. In a similar way, positive definiteness

of A;,Vi € {2,...,k} is also proved.
O

Theorem 2.1. The event-based system (2.15) with Lipschitz constant £ and given periodic
TC (2.18) is asymptotically stable and Hy, performance (2.9) with gain vy is guaranteed
if there exist matrices P > 0,Q > 0,R > 0, Mand N with appropriate dimensions and

scalars n1 > 0 and 12 > 0 such that following LMIs are satisfied:

o4+ % % x|
F%; —R  x *
<0 for i=1,2, (2.25)
Fg 0 —F5 *
i PJl 0 0 —771[_

where:

', PBK 0 PB, PBK |
« B0 0 0
To=| «* x  —-Q 0 0 : (2.26)
* * x = 0

| x * * * —I |
Loy = ATP+ PA+Q+CTC + (1 + hip), (2.27)
I''=|N M—N —-M 0 0|, (2.28)
I'y1 = VhM, T =VhN, (2.29)
I's = VARA, T5=R—n,'R? (2.30)
A=| A BK 0 B, BK |. (2.31)
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Proof: Define the following Lyapunov-Krasovskii functional [35]
V = z(t)T Px(t) +ft L (8)Qu( )ds—i—ftt hf s)dsdf. (2.32)
For simplicity denote ¢(x, ) by ¢ and define
T
v(t)i=[ o7 aT(t—7(t) aT(t—h) W' o | . (2.33)

Then, the time derivative of V' along the trajectories of « for ¢t € [kjh, kj;1h) is derived
as:
V = (Av+ cp)TPa: +2TP(Av + @) + 2TQx — 2T (t — h)Qx(t — h) + hoT Rp + 2hep” RAv
ft , 2(s)T Rix(s)ds + hv AT RAw.

(2.34)

Using Lemma 2.1, we can establish the following inequalities:
2h? RAv < v ATRWo ' RAv + ho® Woep, (2.35)
20T P < T Wi + 2T PW, " Pa, (2.36)

where Wy =1 > 0 and Wa = o] — R > 0 are matrices of appropriate dimensions.
Furthermore, according to Leibniz-Newton formula, for any M and N of proper dimensions

we have:

t—7(t)
vIM(z(t —7(t) — x(t — h) — /th #(s)ds) =0, (2.37)
vIN(z(t) — z(t — 7(t)) — /t o x(s)ds) = 0. (2.38)

Using the above equations and inequalities (2.35) and (2.36) and the Lipschitz property
of ¢ we derive:
V <vTAT Pz + 2T PAv + Pz"x 4 Chipa”z + 27 Qx — 27 (t — h)Qx(t — h)
VIOT 41w+ TATR(R™ + Wy Y RAv 4 ny taT P2 (2.39)
+(h—1)W' MR *MTv +7(t) v NRTINTy,
where I'; is defined as (2.28).

To simplify the term R~! + Wy ! we proceed as follows [60]:

RV Wyt =R V4 (ol —R)™' = (eI — R)™Y(noel — R)R™' + 1)

—1p2)—1 -1 (2.40)
=(R—-ny, R)"=TI;".
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Now, using (2.40) and (2.18), by some calculation it can be shown that:

V+ 272 —y2wTw < vTAT P + 2T PAv + +PnaTx + BhipaTz + 27 Qx
—2T(t — h)Qx(t — h) + 2T CTCx — y?wTw — el e
Talt — r(t)T Ba(t - 7(t)) + ny T PP (2.41)
+hTATRTS P RAY + (b — 7())vT MR M Ty
+r()W I NRINTYy +vT(TT +Ty)v.

A sufficient condition to have
V422 —2wTw <0 (2.42)

is that the right hand side of equation (2.41) is negative, which is equivalent to:

o+ Ty + T + 9 gl P2 + TET T3 + T <0, (2.43)
where
— h—7(t t
F — (}:—())1"21R1I‘21T + T;}/)FQQRlFQQT, (244)

and Jp is a transformation matrix of proper dimension, defined such that:
x(t) = Jiv(t). (2.45)

Noting the fact that I' is a convex combination of I91R Ty 7 and Tye R 1T" and
using Lemma 2.3, and using Schur complement [61], inequality (2.43) is true if and only
if LMIs (2.25) hold.

Integrating (2.42) from k; to T € [k;h, kjy1h) we have:

T T
V(T) < V(kjh) —/ T2+ 72/ wlw. (2.46)
kih kih
In addition, integrating over the intervals [k;h, kit1h)(for i = 1,..., ) and noting x(t) and

so V (t) are continuous, we get:
T T
V(T) < V(0) —/ 212+ 72/ whw. (2.47)
0 0
Regarding the fact that V(T") > 0, one can achieve the following H, performance criteria:
T T
/ 2 <V(0)+ 72/ wlw YT >0. (2.48)
0 0
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To prove asymptotic stability, set w = 0 and let

0= Amin(To+ Ty +TT +TIT' T + T + 0y LIT P2y). (2.49)

By (2.41),
V< -0 (2.50)

So the system is asymptotically stable.

Note that to complete the proof, it should be ensured that z(t) does not leave the
region ) where the Lipschitz condition applies. Using a similar approach to the last part
of proof of Theorem 7.1, conditions on initial condition and disturbance can be provided

to guarantee this issue.

2.4 Controller and Event Generator Design via Multi-Objective

Optimization

Suppose that the Lipschitz constant ¢, TC parameter 5 and the controller gain K are some
unknown variables. In this section our goal is to give a procedure to design K and § in
order to meet the following specifications while asymptotic stability and H., performance

are guaranteed.

e Enlarging ¢ to enlarge the operation region, following the idea proposed in [60]

e Maximization of § which is related to reduction of data transmission

This leads to a multi-objective optimization problem in which the optimal point is a

trade-off between two optimality criteria.

Theorem 2.2. Consider the Lipschitz nonlinear event-based system (2.15) with the TC
(2.18). The closed-loop system is asymptotically stable with guaranteed Ho, gain ~y and the
operating region and the data transmission through the feedback loop are simultaneously
enlarged and reduced respectively, if there exist matrices X > 0, Y >0, Q >0, R > 0,

B, M, N with proper dimensions and scalars o > 0, 91 > 0, 193 > 0, 23 >0, 27 > 0 and
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0 < A < 1 such that the following optimization problem has a solution for some arbitrary

€1 and €9
min Azg + (1 — )z
s.t.
[ fg + fl + 1_“{ * * * * * |
Ly —R * * * *
I3 0 —-TIs5 * *
<0
1 0 0 —ml « *
XJ 0 0 0 —al *
i CXJ 0 0 0 0 —I]
for i=1,2,
zgl X
x 5|
2 > a4 hng + 11,
where ) )
I'oi BY 0 By, BY
* B 0 0 0
Lo=| « % —-Q 0 0 ;
* * x =2 0
| x * * * —e%[— 261X ]

Lot = AX + XAT +Q,
Mi=|N M-N - 0 0],
To1 = VAM, Ta = VhN,
Iy=vh| Ax BY 0 B, BY |,
s = —€2R+ 26X —mp 1.

Having solved this optimization problem, controller gain is obtained by

K=YX!
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and the optimal values for B and € are calculated as

* —1ovyv-—1 * . 1
fr=XT1pXT 0= ol (2.62)

Proof: define new variable « as:

a =P (hng +m). (2.63)
Using this new variable, inequality (2.43) can be rewritten as:

T+ Ty + T 40 gl P2y + T30 Ty + oty + CT I W C

X (2.64)
4 (h=r(®) TL(t))FmR*lelT + %TmR*lFmT <0,
where I is defined as
F61 PBK 0 PB, PBK
« B8 0 0 0
Tho=| « % -Q 0 0o |, (2.65)
* * * =21 0
| * * * * -1 ]
with
h=ATP+PA+Q. (2.66)

To transform inequality (2.64) to LMI, let X := P~! and pre and post-multiply this
inequality by X = diag(X, X, X, I, X). Defining new variables

Y =KX, (:=XB8X, Q:=XQX,

B ~ i ~ _ (2.67)
M:=XMX, N:=XNX, R:=XRKX,
and using the following inequalities from Lemma 2.2 (similar to [35]):
—X?2< 12X Ve >0,
(2.68)

XR'X > -8R+ 26X Ve >0,

by some calculation it can be proved that LMIs (2.52) are sufficient conditions to
guarantee inequality (2.64).The rest of stability and the H,, performance proof is the

same as the proof of Theorem 2.1.
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Now based on definitions (2.67), to maximize (3, one can equivalently minimize the
term X3 'X. In order to express this objective in a convex form, define an auxiliary
variable zg such that

25l — XB71X >0, (2.69)

and minimize zg instead. Note that by Schur complement, inequality (2.69) is equiv-
alent to LMI (2.53).

On the other hand, to enlarge ¢, based on definition (2.63), we can shrink the summa-
tion term « + h1o +n1. So, defining the auxiliary variable z; we can consider this variable
as the objective while satisfying inequality (2.54).

Finally, having two optimality criteria, and using scalarization approach [61], we end

up with optimization objective (2.51) where A\ varies between 0 and 1.

Remark 2.1. ¢; and €2 are some design parameters which can be tuned properly using an

iterative algorithm. For more details one can refer to [35].

2.5 Simulation Results

In this section the effectiveness of the proposed method is illustrated by simulation results.

Consider the following unstable plant:

0 1 0 0
T = x + + u, (2.70)
-2 3 —0.1(1 — cos(x3)) 1

where, it is assumed that no disturbance is applied to the system and so we set By, =
C=0.

Now, consider the event-based controller scheme, depicted in Fig.2.1, for this system.
Suppose that the TC (2.5) is verified every h = 0.01 seconds. To design an optimal
feedback gain K and event generator parameter  to increase the closed-loop system region
of attraction and reduce data exchange between plant and controller, we set €, = €5 = 10
and solve the convex optimization problem (2.51) for different values of 0 < A < 1.

The trade-off curve between 5* and £* over the range of A is shown in Fig. 2.2. As

seen, the maximum value for A, (") is 0.15, obtained for A = 1, while the maximum

value of #* is 0.52 for A = 0.
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Assuming A = 0.5, the maximum Lipschitz constant, the optimal event-TC parameter

and the state feedback gain are obtained as follows:
* =028, B*=diag(0.13,0.13), K = [-6.93,—12.33]. (2.71)

The value of ¢* determines a neighborhood of x2, where the event-based system stability
and performance are guaranteed. In the other words, one can say that the system is locally
stable as long as the trajectory remains in the ball |x2| < 3.1. simulation results for the
values (2.71) and initial condition z¢ = [0.5,0]7 are shown in Figs.2.3 and 2.4.

In Fig. 2.3, time interval lengths [k;_1h, k;h) are plotted versus kjh (for j =2,3,...);
where the number of data transmitted from plant to the controller in 10 seconds is counted
to be only 49. Moreover, according to Fig. 2.4, system state trajectories tend to the origin

over the time which confirms the asymptotic stability of the system.
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Figure 2.4: z (solid) and z2 (dashed) go to zero over the time, showing that the system
is asymptotically stable using the proposed event-based mechanism.

2.6 Summary

Periodic event-based controller was investigated for a class of Lipschitz nonlinear systems.
The design process was formulated into a multi-objective optimization problem, which
enlarges the operating region of the system and decrease the information exchange between
the plant and controller simultaneously . At the end, the simulation was implemented for

a 2" order unstable plant to show the efficiency of the event-based controller.
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Chapter 3

Asynchronous Event-Based H
Control for Output Feedback

Systems

In this chapter we study event-triggered control for output feedback linear systems. As-
suming a pre-existing control design for the continuous-time plant, we design a periodic
event generator that preserves stability and also the H., performance of the system. Due
to the dynamics of the output controller, two decentralized event generator modules are
employed acting at the both controller and plant sides. The proposed TCs have the ad-
vantage to operate with non-equal sampling rates. Consequently, the triggering instants
of the plant and controller event generators may be quite asynchronous. We first model
the proposed event-based system in a continuous-time form and then stability and per-
formance conditions are formulated using Linear Matrix Inequalities (LMIs). In addition,
event generator conditions are designed to decrease data transmission through the net-
work channel and also reduce the H,, gain of the system. Simulation results are given to
illustrate the effectiveness of the proposed system.

The rest of the chapter is organized as follows: Section 3.1 introduces problem for-
mulation and also the system structure. Section 3.2 contains modeling and analysis, and
section 3.3 represents design issues for the proposed event-based system. Section 3.4 pro-
vides an illustrative example showing the efficiency of the proposed mechanism and finally

summary is given as the last part.
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3.1 Problem Formulation

Consider the following linear system

&y = Apzp + Bpu + Byw
P:g y=_Chxy (3.1)
2= H,x)
where x,(t) € R™ is the plant state vector, u(t) € R™ and y(t) € R? are plant control
input and measured output, respectively. z(t) € RP is the controlled output and w(t) is
an exogenous disturbance input which is assumed to belong to £2[0, +00).

The system P is controlled using an output feedback controller C' of the form

Ie = Acxe + Be
C: Y (3.2)

u = C.x.
where x. € R" is the controller state vector.

Consider now the following scenario: assume that instead of continuous communication
between plant and controller, data is transmitted asynchronously only upon the violation
of certain conditions. More explicitly; two decentralized TCs will be considered: a TC is
setup at the plant output and fresh data y is transferred to the controller only when the
plant TC is violated. A second, independent, TC is setup at the controller output, and an
updated controller signal is sent to the plant when the controller TC is violated. Based
on this scenario, the plant and control inputs are piecewise constant signals that will be

denoted 4 and 7, respectively:

Ty = Aprp + Byl + Byw
Te = Ao + B.y

y = Cpl‘p (33)
u=C.x.
z = Hyx,

A general block diagram of the proposed event-based output feedback system is shown
in Fig.3.1.

In this work we consider two separate and asynchronous periodic event-TCs. More
precisely, we use two different samplers at the outputs of plant and controller , with

sampling times h, and h., respectively (Fig. 3.1).
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Figure 3.1: LTI systems controlled using event-based output feedback controller

Controller Implementation: To implement the continuous-time controller for the event-
based system (3.3) on a digital platform we proceed by emulation; i.e. we find a discrete-
time approximation of the controller implemented via integration methods, using an inte-
gration period typically much smaller than the smallest sampling period in the feedback
loop.

In the following section we introduce the event generator mechanism applied in the
event-based system. Our goal is to design event generator blocks such that the proposed
event-based system remains stable and satisfies Ho, performance, defined as Definition

2.1.

3.2 Periodic Event-Triggered Control for Output Feedback

Systems

The first part of this section introduces the event triggering mechanisms used in the rest
of the chapter. We then exploit a delay system approach to model the event-based system,
and finally the stability analysis is given in section 3.2.3.

3.2.1 Event Generator Modules Structure

Plant Triggering Mechanism

As mentioned earlier, the plant event generator module samples the plant output periodi-

cally with period h,. An updated output value is sent from the plant to the controller only
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whenever the normalized value of the difference between the latest transmitted output and
the new sample surpasses a certain threshold. In other words, let § be the latest plant
output value sent to the controller at time ¢ = fp; Then, the plant event generator sends
a fresh sample of y at the sample time ih, > fp, if the following event triggering condition

is violated:
(y(ihp) — Q)T(y(ihp) —9) — UpyT(ihp)y(ihp) <0. (3.4)

In the above inequality, the scalar o, > 0 is the plant side TC parameter to be designed

to effectively reduce data communication from plant to controller.

Controller Triggering Mechanism

The TC on the controller side is also verified periodically; but with a different sampling
time, denoted h.. Let @ be the latest controller output value sent to the plant at time
t = t.; Then the controller event generator sends a new sample of u at the sample time

jhe > te, if the following event triggering condition is violated:
(u(ihe) — )" (u(jhe) — @) — oeu” (jhe)u(jhe) < 0. (3.5)

As in the plant side, the scalar o. > 0 is the controller side TC parameters which should

be designed to effectively reduce data communication from controller to plant.

3.2.2 Formulating the event-based system using delay system approach

In order to write the event-based system dynamics (3.3) in a time-delay system form, let
the subsequence {ay},-, represent sample numbers at which data is broadcast from the
plant to the controller. Similarly, denote {b;};, as the corresponding subsequence at
which data is sent from the controller to the plant. Then the inputs of the controller and

plant (shown in in Fig. 3.1) are expressed as follows:

9(t) = y(aghy) for ¢ € [aghp, agt1hp) , k=1,2,...
a(t) = u(byhe) for t € [bphe,bpsrhe) . k=1,2,...

(3.6)

Now, let ¥ be the latest sample number of the plant side before the time instant ‘¢’ :

¥ :=maz{i € N:ih, <t}, (3.7)
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and define
Ti(t) ==t —1'h, with 0 < 7(t) < hy. (3.8)

In a similar way, define If as the latest sample number of the controller side before the
time instant ‘¢’

lf :=maz {i € N:ih. <t}, (3.9)

and

To(t) ==t — l{he with 0 < 7 (t) < he. (3.10)

Adding and subtracting Byu(l§h.) and B.y(IY'h,) to the plant and controller dynam-
ics, respectively, in equation (3.3) and using above definitions, the following time delay

dynamics can be obtained:

&p = Apxp + Bpef + Bpu(t — mo(t)) + Byw

e = Acte + Beey + Bey(t — mi(t))

y(t) = Cpy(2) (3.11)
u(t) = Cexe(t)

2(t) = Hyap(t)

where:

-3

=y (l{hy) = 4(0),
ef == u(lfhe) — u(t).

e
(3.12)
Using the same approach, the event-TCs are also expressed in time delay form: Based on
the triggering mechanism introduced, the triggering inequalities (3.4) and (3.5) hold for
every sampling time of plant and controller side, respectively. So, in particular, for the

sample numbers I and If we have:

(W hp) — 9" (y(IFhp) = 5(t)) < opy” (Whp)y(IFhy), (3.13)
(u(lfhe) — a(®)" (u(lfhe) — a(ifhe)) < ocu” (Ifhe)u(lfhe),
which can be readily expressed as:
et el < opy"(t = mi(t)y(t = (1)), (314
esTes < ooul (t — () ult — m2(t)).
To put the event-based system equations in a compact form, define new variables
T T
= [ N } , ei= [ T T ] , (3.15)
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and new matrices

i 0 BC. | 0 0| 0 B,
Adl = ) Ad2 = ’ B = )
0 0 B.C, 0 B. 0
(3.16)
_ By,
By = s H = [HP,O} )
0
B = diag(UngCp,O) , B2 :=diag(0,0.CIC.) , A:=diag(4,, A.) - (3.17)
Then, for the interval [aih, ag+1h) the system equations (3.11) are expressed as:
= Az(t) + Apz(t — 11(t)) + Apx(t — 72(t)) + Be + Byw, (3.18)
2(t) = Hay(2), |
where the following TC holds:
ele <ax(t— ) Bia(t — 1) + x(t — 7)1 Boz(t — 7). (3.19)

3.2.3 Stability analysis of the proposed event-based system

In this section we present Theorem 3.1, our main result. This theorem provides sufficient
conditions that guarantee asymptotic stability and H., performance of the event-based

system.

Theorem 3.1. Consider the system (3.3) with the asynchronous periodic TCs (3.4) and
(3.5). The event-based system is asymptotically stable with Ho, performance (2.9), if
there exist matrices P > 0,Q1 > 0,Q2 > 0, Ry > 0, Ry > 0,Uiand Us with appropriate

dimensions such that following LMIs are satisfied:

[ I+8T+S « * *
Tgl —Ry * *

EiU: <0 for i=1,2,
T31 0 —RQ *
Y 0 0 -—R; |
(3.20)
[ O+8T+8 % * * ]
i —R * *
Ly = 2 ' <0 for i=1,2,
Tgl 0 —RQ *
Ty 0 0 —R;
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where:

= /hp + h.U;, TV /Iy + hVi, (3.21)
Yo1 = VhpR1E, Y31 = VheRoX,

S=[VitVo, Ui-Vi, Up—Va, ~U1, ~Un, 0, 0],

o - - (3.22)
= [ A, Ap, Agp, 0, 0, By,B ],
and ) )
Iy, PApn PAgp O 0 PB, PB
* b1 0 0 0 0 0
* * Bo 0 0 0 0
M= x % x  —Q1 0 0o 0, (3.23)
* * * *  —Q9 0 0
* * * * * -2 0
| * * * * * * —1 |
with
I, =A"P+PA+Q,+Qy+HH".
Proof: Consider the following Lyapunov-Krasovskii functional
V=al(t)Px(t) + [, 27 (s)Qux(s)ds + [, [y &"(s)Rui(s)dsdo (3.24)
+ [ 2T (5)Qax(s)ds + [, [y &7 (s) Rod:(s)dsd.
Define
T
Ci=[ o, &T(t—m(t), T(t—m®) oT(t—hy), aT(t—h), o, | .
(3.25)

Computing the time derivative of V' along the trajectories of x, we have:
V = (TSP 4 2T PYC + 27 Qra 4+ 2T Qox — 27 (t — hy)Qrz(t — hy)
—a"(t = he)Qa(t — he) + hyCTETRISC — [, i (s)T Rud(s)ds (3.26)
+he(TYTRyYC — ft . £(8)"T Roii(s)ds.
Based on Leibniz-Newton formula the following equations hold for any U;, Us, V; and V5
of proper dimensions.
Ay = 2TV (a(t) — a(t — 7(t)) — ﬁ_n(t) i(s)ds) = 0,
Ag = 2TU (2t — 71(t)) — x(t — hy) — j_—;;“) i(s)ds) =
(

(
(
(3.27)
As = 20TVa(2(t) — x(t — o(t)) — f;m i(s)ds) = 0,
(

(
(
Ay = 20TUs(2(t — m(t)) — 2t — he) — j ,7() (s)ds) =
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Adding above terms to the right hand side of (3.26), V can be rewritten as

V =(TSTPx 4+ 2T PYC + 2T Quz + 27 Qox — 27 (t — hy)Qua(t — hy)
—2T(t — he)Qoz(t — he) + hpCTET RS + he (TS RyXC + ¢T(ST + S)¢
— [T (Rai(s) + UTC() TRy (Rui(s) + UTC(t))ds + 1 (H)CTVART V¢
— Jr iy (Raie(s) + VIEC()T Ry (Raii(s) + VITC(8))ds + 7o(6)CT VR, MV
- Jor ) (Roi(s) + UFC(1))T Ry (Roii(s) + UT¢(1))ds
— Ji iy (B2 () + VL C(8)T By M (Raik(s) + V5 C(t))ds
+(hy — n( )T ULRTUTC 4 (he — m2(8))¢T Us Ry US €.

(3.28)
Using the above inequality and the TC (3.19), it is easy to see that:
V42T = 2wTw < ¢T(ST + 8+ T+ YR a1 + YT Ry 13 + Y, (3.29)
where :

hp—T T T | he—7ao(t T

T = Z+1}L()TUR11TU +h ()TlelTV + h+31()TUR21TU (330)
1~V T ’
2y Rty

Equation (3.29) can be expressed as follows:

V2T —720Tw < CT(hz I}l( )TU + 5 J(r}z TY + ;pﬁf )TU + th(rlz 1Y), (3.31)

where:

TV = ST 4+ S+ T+ Y5 R oy + YL Ry + YVRTIYVT for i = 1,2,

(3.32)
Y =57+ S+ T+ YL R o1 + YL Ry + YV RIIYYT fori=1,2.

Since :
hi — 7;(t) (1)

[ =1, (3.33)
" hy+he Byt he

using Lemma 2.3 and applying Schur complement [61], the right hand side of equation
(3.31) is negative definite if and only if LMIs (3.20) hold.
Now, define

o hp—T1(t) Uy T1(t) gV | he=m2(t) )U 2(t) pv
M_ogn(t)gg%érg(t)ghc[ hothe 01 T foxnc 01 + Togn 0o +h+h69 ] <0, (3.34)

where:

0V = Anax (YY), 07 = Mo (YY) fori=1,2. (3.35)

7
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Taking account of (3.31) and (3.34), we have that
V+2Tz —720wTw < —u¢?¢ < —pa’z. (3.36)
Integrating above inequality from 0 to T', we get:

T T
V(T) = V(0) < — /0 T(s)2(s) + 72 /0 w7 (5)w(s). (3.37)

Since V(T') > 0, if T'— oo, the H,, performance criteria (2.9) is satisfied:
/000 21 (5)z(s)ds < V(0) +~2 /OOO w? (s)w(s)ds. (3.38)
Assuming now that w = 0, the following inequality is achieved from (3.31):
V< —uCte < —pata. (3.39)

Then, it follows from Barballat’s lemma [62] that the origin is asymptotically stable. This

concludes the proof.

3.3 Design Issues

The primary design element in our formulation are the parameters o, and o, that controls
the trigger levels and indirectly controls the amount of data transferred over the network,
and also the Hy, gain 7. Considering 0,, 0. and 72 as extra LMI variables in (3.20), we
can easily minimize the data transmission while lowering the impact of disturbance on the
output performance.

Let 0 = diag(op, 0.). Based on (3.4) and (3.5), in order to achieve data transmission
reduction, we should maximize Aq.(c) or equivalently minimize Apin(c~1). To express

this objective in a convex form, define an auxiliary variable z, such that
2ol — o1 >0, (3.40)

and minimize z, instead. Note that by Schur complement, inequality (3.40) is equivalent

to:

2ol 1
Lo = > 0. (3.41)
I o
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Having two optimality criteria, and using scalarization approach [61], we end up with

the following multi-objective optimization problem, where € varies between 0 and 1.

min ez, + (1 — €)7?

£y <o, £Y <o,
Y <o, LY <o,

L, < 0.

(3.42)

Remark 3.1. If we set hy, = h. = 0 and also 0, = 0. = 0, the event-based system would
turn into the traditional output feedback control scheme. Therefore, since this traditional
system s already controlled and stabilized, it is expected that the optimization problem
(3.42) has solution, at least for small values of hy, and h.

To find proper values for the TC sampling periods, one can iteratively solve the op-
timization problem (3.42) for different values of hy, and h. (up to the point where the
constraints become infeasible), to tune them appropriately, according to the optimization

results as well as hardware execution frequency limitations.

3.4 Simulation Results

To evaluate the operation of the proposed scheme, consider a satellite model, described
in [63]. This system contains two rigid bodies which are connected through a flexible
link. Modeling the link as a spring with torque constant ks and viscous damping f, the

equations of motion are given as follows:

Ji61 + f(01 — 02) + ks(61 — 02) = u(t) + 0.1w(?),

. o (3.43)
Jobo + f(02 — 01) + ks(02 — 01) =0,

where, J; and .Jo denote the moment of inertia of two bodies, 61 and 0 represent the
yaw angle of two bodies, and u(t) and w(t) are control torque and external disturbance,
respectively. Now, define the state variables as © = |6y, 6,, 6, QQ]T and consider the
output and controlled signals as y = x; and z = 0.1z + 0.1x9, respectively. Choosing

Ji=Jo=1, f =0.09 and ks = 0.04, the state space dynamics are expressed in the form
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of equations (3.1), with the following parameters:

[0 0 1 0 | 0]
0 0 0 1 0
Ap: i Bp: 9 Bw: I
—0.3 0.3 —0.004 0.004 0.1
0.3 0.3 0.004 —0.004] 0| (3.44)
1000
Cp = , H,=101 01 0 o].
0100

This system is already controlled by the output feedback controller (3.2), with the following

matrices:
[_2.0020 0.1727 1 0 | [ 2.0020 —0.1727]
| 0.0524 —2.8900 0 1 L | 00521 2.8000
c — c
_6.7021 27198  —3.6691 —7.8290 1.8440 —0.6144 1)
| 0.2846  —2.0820 0.0040 —0.0040 00154 1.7820 | '

Ce=|—4.5581 1.8054 —3.6651 —7.8330}-

Assume now that instead of continuous data communication between plant and controller,
an event-based mechanism is inserted. Consider the periodic TCs (3.4) and (3.5) along
with the sampling periods of h, = 0.03 and h. = 0.02, respectively.

To design an optimal event-based mechanism for the above controller, The optimization
problem (3.42) is solved, using YALMIP Toolbox in MATLAB, for different values of
0 < e < 1. Fig 3.2.(a) represents the trade-off curve between v* and Ain(c*). Based
on the figure, it can be interpreted that the more data is exchanged between plant and
controller, the better disturbance attenuation level is achieved by the control scheme.

Now, the initial conditions are set to z,(0) = [2,1,0,0], z.(0) = [0.1,0.4,0,0]7 and
the disturbance is considered as w(t) = e %3'sin(3t). Simulations are carried out for
different values of o for 10 sec. Fig 3.2.(b) and (c) exhibit the number of data exchange
between plant and controller in each simulation. According to the figures, as expected
(since plant side sampling period is larger than the controller side’s one), number of data

transmitted from plant triggering module are quite smaller than the corresponding values

for the controller triggering module. In addition, these figures illustrate that how increase
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Figure 3.2: (a) Trade-off curve between optmial values of A\pin(0) and . (b) Number of
sampled data sent from plant to the controller. (c¢) Number of sampled data sent from
controller to the plant.

of 0, and o, from 0 to 4 x 1072 effectively results in more than 50% data transmission
reduction.

To evaluate the system state response performance, consider the optimization results
for the case ¢ = 0.4:

op=0,=34x1073 v =0.528.

Simulation results for this case are shown in Fig. 3.3. As seen in Fig. 3.3.(a), the
impact of the disturbance on the output signal is appropriately attenuated by the proposed
controller. Figs. 3.3.(b) and (c) represent inter-event sampling times for the plant and
controller sides. It is observed that the minimum inter-event time for the plant and
controller sides are equal to the sampling times h, = 0.03 and h. = 0.02, respectively,

and the corresponding maximum values are 0.33 and 0.64. In addition, based on the
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Figure 3.3: Simulation results for the case o, = 0. = 3.4 x 1073 (a) Trajectory of output
signal z (solid) in the presence of disturbance w (dashed) (b) Inter-event sampling times
for the plant side (c) Inter-event sampling times for the controller side

obtained results, the average of only 29% and 46% of sampled data are sent from plant
and controller side respectively; something which validates the effectiveness of event-based

mechanism for efficient energy resources usage and data transmission reduction.

3.5 Summary

Periodic event generator design was investigated for output feedback linear systems with
disturbance. Two decentralized event generator schemes were considered at the controller
and plant sides, respectively, operating asynchronously with non-equal sampling rates. sta-
bility and H, performance analysis were carried out using LMIs. Both data transmission

and performance gain reduction were formulated as a multi-objective convex optimization
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problem. At the end, the simulation was implemented for a satellite model to show the

efficiency of designed event-based system.
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Chapter 4

Event-Based Controller Design for
LTI Systems in the Presence of

Measurement Noise

The presence of measurement noise in the event-based systems can lower system effi-
ciency both in terms of data exchange rate and performance. In this chapter a periodic
integral-based event-triggered control system is proposed for LTI systems with stochastic
measurement noise. We show that the new mechanism is robust against noise and effec-
tively reduces the flow of communication between plant and controller, and also improves
output performance. Using a Lyapunov approach, stability in the mean square sense is
proved. A simulated example illustrates the properties of our approach.

The rest of this chapter is organized as follows. In section 4.1, problem statement
and also the structure of the proposed system is provided. In section 4.2 the event-
triggered system is modeled using a delay system approach, [45], and then in section 4.3
the conditions for asymptotic stability in mean square sense are given in form of LMIs.
In section 4.4 we propose a convex optimization approach to obtain the parameters of
the event triggering system minimizing data transmission in a networked-based control.
Simulation results are represented in section 4.5 and finally, a summary of this chapter is

given in section 4.6.
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4.1 Problem Statement

Consider the following class of linear stochastic systems

i = Az + Bu
(4.1)
xy, = z(t) + v(t)
where z(t) € R" is the state vector and u(t) € R™ is the control input. z, represent the
measured states, contaminated by noise v(t), assumed to be zero mean white Gaussian
noise vector with the covariance matrix ¢2I. Our main goal is to introduce an event-
based control scheme that reduces data communication between plant and controller and
is robust against measurement noise.
We begin by examining the traditional event-based paradigm and highlighting its pos-
sible shortcomings in the presence of noise. Following [1], the control law for the system

(4.1) is defined as:
u=Kz,(t), (4.2)

where K is the state feedback gain and Z,(t) is the piecewise continuous signal containing

intermittent measured state information:
.@I,(t) = xl,(tk) Vit € [tkathrl)- (4.3)

Here, t;; (k € N) represents the time instants when an event condition is violated and a

new state value is sent to the controller. Defining ( [1]),
ey =1, (t) — x,(tr), (4.4)
f(zy,e,) :=ele, — 2l Qu, (4.5)
for some positive definite matrix @); the TC can be defined as:
f(zy,e,) <O. (4.6)

Equations (4.2) and (4.6) summarize the classical approach to event-triggered control.
One problem with this methodology is that in a noisy environment not only the feedback
value, but also the triggering instants directly depends on the instant values of the noise
with the consequent potential to affect system performance and, more importantly, trigger
unnecessary samples, making the event based control scheme less effective.

We now propose a novel event-triggered controller.
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4.1.1 Noise Effective Event Generator Structure

Similar to the previous chapters, throughout this chapter we assume that the event gen-
erator block is clock driven with the period of h. To cope with the effect of noise, instead
of instant measured values, our event-based mechanism consists of an average of the mea-
sured data over the past time interval Tj,; < h. Defining Z,(ih) as the input of event

generator, we have:

1 ih
Z,(ih) == T t/h ) zy(a)da  for 1=1,2,... (4.7)
m —1Lint

The event generator block transmits an updated value of Z, only when the normalized
value of the difference between the latest transmitted value and the new sample surpasses
a certain threshold. In the other words, let z, be the last value sent to the controller at
the time instant £. Then, the event generator transmits a new sample of Z,, at the sample

time ih > t, if the following periodic integral based triggering condition is violated:

(@ (1) = &) (@ (i) — 2) — 7 (1) BT, (i) <0, (4.8)

where, for simplicity we have denoted z,(ih) by Z,(i). Note that 5 € R"*™ > 0 is the TC
parameter to be designed.
Let the sequence {a; }]Oil represents the transmission instants when data is sent to the

controller. Then, the proposed event based control law is
u(t) = K, (t), (4.9)

where

Z,(t) := &, (a;h) for te€lajh,aj41h) , j=1,2,... (4.10)

A general block diagram of the proposed event based controller is shown in Fig. 4.1. To

represent the robustness of our proposed control paradigm against noise, define

ih
(i) = — / 2(a)da, (4.11)

ﬂnt h_Tint

ih
P(i) = — / v(a)da, (4.12)

Tint Jin—T,

z,(i) = z(i) + v(i), thus (4.13)
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Figure 4.1: General block diagram of the event-based system

~

z,(t) = 2(aj) + v(aj) for t€[ajh,aj41h). (4.14)

According to equation (4.12), v(i) can be approximated as

Ns

5 j=1

Jj=
where the noise samples v;; are independent random variables with distribution (0, 0?)
over the interval [ih — Tint, Tint] and their number is n,. Based on Central Limit The-
orem [64], for large enough ng, the distribution of S, approximates N'(0,02/ns); i.e.,
v(i) approximates zero as the number of samples ng increases. Thus, using the average
measured states values rather than instant values effectively reduces the impact of noise

on the both event triggering condition and feedback control law.

Remark 4.1. In the proposed triggering structure, we have assumed zero mean white
Gaussian noise as an important case encountered in many applications. Extensions are
straightforward for as long as the time average coincides with the expected value, and
the noise samples are independent and have the same distribution N'(u,0?) (so that the

conditions of the central limit theorem are satisfied). In this case, we can reformulate the

PIBTC (4.8) and control law (4.9) as follows:

—
I
<
—
Nad?
|
81
E/
/j
Kl
<
—
Nad?
|
K

v) — (2,(1) — )T Bz, (1) — ) <0, (4.16)
u(t) = K(z,(t) — ). (4.17)

A discussion similar to the one above shows that exploiting (4.16) and (4.17) can effectively

reduce the effect of non-zero mean noise in the event-based system.
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Having introduced the proposed event generator condition as (4.8) and the control
feedback law as (4.9), the objective of this paper can be stated as follows: Designing both
8 and K such that the data transmission between plant and control units is effectively
reduced. In this regard, as the first step, in the next section, the closed-loop system is

modeled in continuous-time form.

4.2 Modeling The Event-Based System

Consider the system (4.1) with the proposed event-based controller (4.9). The closed-loop
dynamics is given by:

& = Ax + Bu

X (4.18)

u= Kz,(t)
To analyze the system dynamics using a delay system approach, the time interval [0, +00)
is broken down as

+o0

[0, +OO) = U [ajh, aj+1h). (4.19)
k=1

Based on (4.10) and (4.14), the dynamics of event-based system (4.18) for t € [a;h, aj+1h)
can be written as:

i = Az + BKZ(aj) + BKv(a;). (4.20)

Consider now the time instant ¢ € [ajh,a;+1h) and let [; be the latest sample number

before ‘¢’ :
ly =max{i e N:ih <t}. (4.21)
Define
T(t) :=t—1;h, 0<7(t) <h, and (4.22)
€t ‘= .f‘(lt) - SE(CLJ) . (423)

Adding and subtracting BKZ(l;) to (4.20) and using the above definitions, we be obtain

the time-delay system:

i = Az — BKe; + BKZ(t — 7(t)) + BKi(a;). (4.24)
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Similarly, the proposed PIBTC can be written in time delay form as follows: Based on

(4.8) and (4.13) the following inequality is valid for a; < i < aj41:

ei e+ (0(i) — v(ag)) " (i) — v(ay)) + 267 (7(i) — 7(ay))

(4.25)
< 2 (i)BaT (i) + o7 (i) Bo(i) + 227 (i) B (i).
From the definition of I, for ¢ € [a;h, a;j+1h) one can readily find that:
a; < lt < Aj41. (4.26)

Therefore, based on (4.25) and definition (4.22) we have:

ele; < z(t—1)T Bzt —7(t)) + 01 (t —7(t)Bo(t —7(t)) + 227 (t — 7(t))Bo(t — (1))
—2¢/ (0(t = 7(t)) = v(ag)) = ((t = 7(t)) = P(ay)" (2t = 7(t)) — v(ay))

T (t =7 (1) Bo(t —7(t) + 227 (t = 7(1))Bo(t — (1))

—2el(D(t — 7(t)) — v(aj)). (4.27)

IN
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Based on Lemma 2.1 and inequality (4.27), one can achieve the following inequality:
ef Diey < z(t — 7(1)) Bz(t — 7(1)) + AL (D), (4.28)

where

A (t) =T (t —7(t)Bo(t — 7(t) — 2e] D(t — 7(t)) + 227 (¢t — 7(1)) Bo(t — 7(t)) (4.29)
+0(a;)" (I — D)~ 7(a ),

and Dj is a positive definite matrix satisfying I — D; > 0.
Before proceeding with the stability analysis and to simplify the equations, we need

an approximation of the integral term Z(t — 7(¢)) appeared in the system dynamics (4.24)

and the triggering condition (4.28). Using the Simpson’s rule, [65], we have:

J8) g wle)da = Batfa(t — 7(t) = Tinr) + 4t — 7(t) = Tine/2) + 2(t — 7(1))]:
(4.30)
The approximation error is given by %(%)5@(4) (&)[, where & is some point in the interval
[t—7(t)—Tint, t—7(t)]. A detailed discussion about the approximation error and precision
of this integration method is given in Remark 4.3. Using (4.11) and (4.30), the integral

term Z(t — 7(t)) is approximated as follows:
T(t —7(t) = aqa(t — 7(t) — Tint) + oot — 7(t) — Tint/2) + csa(t — 7(t)),  (4.31)
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where oy = 1/6, ap =2/3, and a3z = 1/6.
Note that there are several alternatives to the Simpson rule. In particular, using the

Trapezoidal rule results in the following approximation:

t—7(t) ,Tint
/ p(a)da ~ 2 [t — 7() — Tong) + 2t — 7(1))], (4.32)
t—(8)~Tims 2
with an approximation error given by T{Z‘t |23 (t =7 () = Tint)|. Therefore, if the integration

period is small enough, the trapezoidal rule can also provide a good approximation and has
the advantage of making the analysis rather simple (Please refer to Remark 4.3). Using
Trapezoidal rule, the integral term is written as equation (4.31) with the parameters
a1 =1/2, ag =0, and a3 = 1/2.

Having formulated the event-based system in a time delay form, stability and perfor-

mance analysis are provided in the next section.

4.3 Stability and Performance Analysis of the Proposed Event-
Based System

Theorem 4.1 provides sufficient conditions in the form of LMIs to guarantee the asymptotic
stability (in the mean square sense) of the event-based system. Before proceeding to

theorem 4.1, the following lemma is expressed which is exploited in the proof.

Theorem 4.1. Consider the stochastic event-based system (4.18) with the proposed IBTC
(4.8). Asns (i.e. the number of samples over the integration period Tin:) tends to infinity,

the system is asymptotically stable in the mean square sense, if for given D1 > 0 (satisfying

I—D; >0) and Dy > 0 there exist matrices P >0, Q; >0, R; >0, U; and V; (i =0,1,2)
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with appropriate dimensions such that the following LMIs hold:

_Fo + Iy + I{lp * * * * |
Fé? —Ry * * *
ng = I 0 —-Ry * * | <0
re 0 0 —Ry
i F;J 0 0 0 —R;|
-FO +T+TF & * * . (4.33)
I‘(If‘ — Ry * * *
Ly = 'R 0 —R + % |<0
e 0 0 —-Ry
Ty 0 0 0 —Ry|
for 7=0,1,2,
where:
Lot aaF  aofF  asF 0 0 0 —F F
*x B araf aazB 0 0 0 0 0
x % adB a3 0O 0 0 0 0
* * * a3p 0 0 0 0 0
o= % * * * —Qo O 0 0 0],
* * * * * =01 0 0 0
* * * * * *  —Q2 0 0
* * * * * * * I'og O
* * * * * * * *  T'ogg
2
I = L;)Vj U-Vo Uh—=Vi U=V Uy -Ui —Uz O 0} ,

2
FOleTP+PA+ZQj, T'os = =Dy, T'gg = —Ds,
i=0

A= [A ayBK osBK a3BK 0 0 0 —BK BK} ,F = PBK,
TV = \/3h + 8T /2U;, TY = \/3h + 3Tint 2V}, TR = /B + jT5u/2R;A, for j=0,1,2.

Proof. Consider the following Lyapunov Krasovskii functional:

V=YV, (4.34)



Vi = $(t)TP£L'(t),
2
Vo= Z ftt—hijim/Z ! (5)Qx(s)ds, (4.35)

Z fhﬂTmt/? [L o i (s)Rji(s)dsdo.
Let
T
OB O e (136)
with
ol = [xT(t —7(t)) al(t—7(t) — Time/2) 2T (t—7(t)— Tmt)} )
ol = [a;T(t —h) @t —h—Tp/2) a"(t—h- Tmtﬂ -

Computing the time derivative of V; along the trajectories of x for ¢ € [ajh,aj1h) we

have:
/i = CTATPx 4+ 2T PAC,
_ é 2T Qs (t) — jéo 2Tt — h— jTon/2)Q(t — b — T /2), (437)
i (h+ jTint/2) (CTATR;AQ) Ji) i Tinel2 (¢ — 0)T Ryi(t — 0)do,

Using Leibniz-Newton formula, for any free weighting matrices U; and V; [66] of proper

dimensions we have:

CTU ((t = 7(8) = §Tont /2) = 2(t = jTone/2 = B) — [0 12T i(s)ds) = 0, (4.38)
CTVia(t) — x(t — jTim/2 — 7(t)) — ﬁir(tHTm/g i(s)ds) = 0. (4.39)

Adding the above terms to the right hand side of the V3 in (4.37), we get:

[(h 4 jTint/2)¢T AT RGAC) + ¢CH (D + TT)C

b
I
M

.

_|_
M

[(h = 7()CTURTIUTC + (7(8) + jTint /2)CTV; RV (]

.
Il
=)

(4.40)

|
m e

2O () + Rya(s)T Ry (UTC(E) + Ryi(s))ds)

.
Il
=)

ft ()i Tims /2(V C(t) + Ryi(s)" Ry N (VTC(t) + Ryi(s))ds],

“M“

which results in :

o
IA
M

[(h 4 jTint/2)¢T AT RGAC) + ¢T(Ty + TT)C

<.

+
ng

<
Il
o

(4.41)
[(h = 7(O))CTUR; M UTC + (7(t) + jTime /2)CTV; R, V().
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Now, since the triggering inequality (4.28) holds for all ¢ € [ajh, aj+1h), it can be derived

that:

) 2

V<M +T1+TT)C+ X (h+ 3Tt /2) AT Ry AC

j=0
2
+ Rl )T URUT ¢+ (7(t) + 5Tine /20T ViRV + 9(aj) T Dav(ag) + Au(t), —
]:
(4.42)

where Dy is some arbitrary positive definite matrix. Using definitions of Ff, T gj and I‘V

the above inequality can be rewritten as follows:
V < (TT¢ + 0(aj) T Dap(ay) + Ay(t) (4.43)
where

2
T RT 1 R h=1(t) U p-1pUT | 7(0)+iTine/2 1V p—11V T
F=Tg+I+TI7 +jZOF r +§[3h+3;mt/2F]R I +3h+3JTmtt/2F RTY
(4.44)

It follows from equation (4.43) that:

E{V} < E{v(a;)" Dav(a;)} + B{A, (1)} + E{¢T(To +T1 +TT + 22: FfTRj—le +1)¢).
j=0

(4.45)
Since the elements of the random vector v are statistically independent, we have:
E{v(a;)" Dap(a;)} = tr(Ds)o? /ns, (4.46)
E{A,(t)} = (tr +tr((I — Dy)"1Y))o?/n,
(A1)} = (r(8) + (1 = D1) )/ o

+E{2zT(t — 7(1))Bo(t — 7(t)) — 2l 0(t — 7(1))},
From the system dynamic (4.24), we see that the vectors z(t—7(t)) and e;, possibly depend
on the noise samples v(t'), where ‘¢’ < t — 7(t) — h’. Consequently, they are independent

from ©(t — 7(t)) and so the last term in the above equation is equal to zero. Therefore:

E{A,(t)} + E{p(aj)" Dap(a))} = e /ns, (4.48)
c, = (tr(B) + tr((I — Dy)™1) + tr(Dy))o?. (4.49)

Since , |
]Z 3h T 3Tmt 2t Tza(;)j 3]52?//22] =1 (4.50)

then T can be rewritten as:

B N2 h—7(t) T()+5Tint /2 TV
I'= Z] 0[3h+3Tm/2F3 + 3h+3JTmtt/2 F B (4.51)
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with

2
[V =To+ Ty + 17T + S R RATE 4 TVR Y, (4.52)
=0
_ 2 T T
IV =To+ 0+ 7 + > T RITE 4TV RITY (4.53)
=0

In other words, I' is a convex combination of fgj and f}/ (for j =0,1,2). So, based on
Lemma 2.3

<o (4.54)

is equivalent to

rY' <o, ry<o, for j=0,1,2, (4.55)

which in turn, using Schur complement, are equivalent to the LMIs (4.33).

Now, define:

U ._ U vV o._ 4 s
—0Y 1= Anaz(TY), —0) = Anax(T}), for j7=0,1,2. (4.56)

Using (4.51) and (4.55), we have:

2 .
_ h —7(t) T(t) + Tint/2
Te< - oY 0Y111¢1?. 4.57
Defining !
2 .
0:= 0 0 4.58
og%?gh;o[?,h ¥ 3Time/2 7 " 3h+ 3Tim/2 ) (4.58)
then, we obtain:
E{V} < —0E{||z(t)||*} + ¢, /ns. (4.59)
Taking ns to infinity in equation (4.59) results in:
E{V} < —0E{|l«(t)|*}. (4.60)

Consequently, mean square asymptotic stability is ensured. This concludes the proof.

Remark 4.2. Theorem 4.1 assumes that the number of samples over the integration pe-

riod, ng — oco. The assumption ensures the cancellation of the positive term in equation

'Based on (4.50) and (4.56) such minimum exists and is greater than zero.
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(4.59) used to prove asymptotic stability. In practice, ng is finite in any practical imple-
mentation, violating the conditions of the theorem. Nevertheless, by increasing ng, one
can easily take this term down to a small value. In this situation, the state trajectories of

the system are ultimately bounded in a (sufficiently small) region.

Remark 4.3. Theorem 4.1 requires the use of a numerical integration technique. Of the
many alternatives available, we chose the Simpson’s rule as a good compromise between
precision and simplicity. It is therefore an implicit assumption of Theorem 4.1 that the
approrimation error ﬁ]}%\aj(‘l” is negligible. This is reasonable assumption in any
application in which the state trajectories are bounded, provided that the sampling time T
is small enough. Theorem 4.1 can also be modified to accommodate a more elaborate inte-
gration technique such as, for example, the extended Simpson’s rule [67]. The use of this
approzimation method, or any other more elaborate rule, will result in additional delayed
state terms in the system equations and consequently the LMIs introduced in Theorem 1
will have larger dimensions.

On the other hand, the Trapezoidal rule (4.32) provides a simpler solution that can
also be used to approximate the integral term in Theorem 4.1. In this case, the solution
contains only two delay terms and the LMIs can be easily simplified and reduced in size by
removing the extra terms and matrices generated for the term x(t — 7(t) — Tint/2). The

prize paid for the simplification is a larger approximation error.

4.4 Controller and TC Parameters Design

In this section, similar to Chapter 2, we assume that the state feedback gain K and the
PIBTC gain § are unknown parameters to be designed. To this end, we reformulate
Theorem 4.1 as an optimization problem, where effective data transmission reduction is
achieved by maximization of 3. Theorem 4.2 provides a convex optimization problem with

LMI constraints to find optimal values for the control system parameters.

Theorem 4.2. Consider the stochastic system (4.1). As ns — 0o, there exist an event-
based control law (4.9) and a PIBTC (4.8) such that the closed-loop system is asymptot-
ically stable in the mean square if there exist matrices X > 0, Y > 0, Qj > 0, ]:Zj > 0,

(7 =0,1,2), Uj and Vj (j = 0,1,2) of appropriate dimensions, and scalar zg > 0 such
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that the following optimization problem has solution for some g; > 0, Dy > 0 (satisfying
I— Dy >0), Dy > 0:

min zg (4.61)
s.1.
-fo + fl + f‘lT * * * * |
fOR _fXRO * * *
E]U = f{% 0 *fXRl * * <0
f; 0 0 _fXRg *
1Y 0 0 0  —Rj]
To+14 + f‘{ * * * * (4.62)
fOR _fXRo * * *
[,;/ = ffb 0 _fXRl * * <0
fé% 0 0 _fXRQ *
i F}/ 0 0 0 —Rj_
for j=0,1,2,
zgl X
| >0, (4.63)
X p

where:
A 2 A A A A A A A A A A
Fl:LZVj U-Vo Uh=Vi Ua=Va Uy -Up -Ux 0 0 o],
j=0
f‘f = h+j7—%nt/2[\, f‘XRj = —€?Rj —|—2€jX,
PV = \/3h + 3T /20, TV = /31 + 3T /2V;, for j =0,1,2,

A:[AX a1BY asBY a3BY 0 0 0 —BY BY]

In addition, f‘o is defined in the same way as 'y, given in theorem 4.1, where I, 3,Qj,'01, T'og

and I'gg are replaced by ﬁ,B, Qj,f01,fog and fgg, respectively, where:

. 2.
F()l :XAT+AX—|— Z Qj,
7=0
fog = Engl - 2€3X, fog = EiDQ_I - 2€4X, ﬁ = BY.

Having solved the optimization problem, the optimal values for controller gain and event

generator parameter are calculated as:

K=YX pg=Xx"1gx"1 (4.64)
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Proof. Considering 8 and K as optimization variables, the inequalities provided in The-

orem 4.1 are no longer in LMI form. To express the conditions of the theorem in LMI form
P~ X = diag(X, X, X, X, X, X, X, X, X)

we use an approach similar to [35]. Let X

and define new variables

Y = KX,
B:=XBX, Q;:=XQX, Uj:=XU;X, (4.65)
for 7 =0,1,2.

Vi = XV;X, R;:=XR;X,

Then, pre and post-multiply (4.54) by X. With this construction (4.54) is equivalent to

(t) + ]T’znt/2 AV} < 0’ (466)

2
r=S 21— pu,
;0 3h n 3Tmt/2 i 3R 1 3T /2

where 9
BV = Fot By + 17+ S PRAIER 4 PRIV, (467)
i=0
. 2
I =To+T1+IT + ) TR+ 1) R'TY. (4.68)
1=0

Using the Schur complement, Lemmas 2.2 and 2.3, necessary conditions to guarantee

inequality (4.66) are that LMIs (4.62) hold.
The rest of stability proof is the same as of the Theorem 1 and is thus omitted

Based on definitions (4.65), maximizing 3 is equivalent to minimizing the term X5~1X

In order to express this objective in convex form, define an auxiliary variable zg such that
25l — XB71X >0, (4.69)

and minimize z3 instead. Note that by the Schur complement, inequality (4.69) is equiv-

alent to LMI (4.63).

4.5 Simulation Results
In this section we present an illustrative example to substantiate the proposed approach

Consider the unstable batch reactor system [68], with the following dynamics

& = Az + Bu,
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[ 138 —0.2077 6.715 —5.676) [ 0 0 |
05814 —4.29 0 0675 5679 0
A= . B= . (4.70)
1.067 4273 —6.654 5.893 1,136 —3.146
| 0.048 4273 1343 —2.104] 1136 0 |

We assume that there are additive noise signals on the measured state values. To clarify
our main points and to provide a proper comparison, different noise distributions are
considered. To design the proposed event triggering control system for this plant, the
period of TC verification is set to h = 0.05, and the integration period is chosen as
Tine = 0.04. Since the integration period is small enough, the trapezoidal rule is exploited
to replace the integral term, and values ay = 1/2, ag = 0, and a3 = 1/2 are used in the
formulation (4.31). In order to solve the optimization problem (4.61) with the constraints
(4.62)-(4.63), the weighting matrices D7 and Do are selected as D; = Dy = 0.814x4.
Solving the optimization problem of Theorem 2, and using (4.64), the state feedback and

the TC parameter are as follows:

[ 0.0251  —0.0014 —0.0001 —0.0004]
~0.0014 00501 00026 00065 | [0.2065 ~0.8730 01512 —0.4645
~0.0001 0.0026  0.0252  0.0007 1.6031 —0.0269 0.9792 —0.7223
—0.0004 00065  0.0007  0.0267 |

Note that to find proper optimal solutions, using the iterative bisection approach, the
coefficients €1-€¢4 are easily tuned, resulting in the values ¢ = €2 =1 and e3 = ¢4 = 19. To
simulate the results, the initial condition vector is set to z(0) = [~12,6, —3, —12]7. First,
to represent the effect of the noise on the event generator module and also the output signal
performance in the traditional event-based scheme, the system is implemented using the

(classical) TC and feedback law:

(2 (i) — jt/)T(liV(i) — &) — $,,T(i)ﬁxz,(i) <0,
u=Kz,(t).

(4.71)

In the other words, instead of average values, instant values of the output are applied
in both TC and the state feedback law. Having set the parameters, the simulation is
implemented for 4 seconds, where the measurement noise distribution for all state channels

are assumed to be A'(0,0.052). To have a fair evaluation of the system, simulation is run 10
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Figure 4.2: State responses of the reactor, controlled by the traditional event-based system

times (as a typical value) and finally the mean number of triggered samples between plant
and controller is calculated. Based on the results obtained, the traditional event based
system sends an average of 69 data points during each implementation. In the other words,
almost 86% of the times that the TC was verified, it had been violated and data was sent
to the controller, something which can mainly be attributed to presence of the noise.
These conditions further deteriorate if the noise amplitude increases. Indeed, if standard
deviation of the noise is increased and the noise distribution is changed to N(0,0.3%),
the average data points transmitted increases to 77; i.e. the TC is violated at 96% of
verification instants. The state response of this system is shown in Fig. 4.2, where, as
expected, the existing noise has deteriorated the performance of output signals. Consider
now the proposed PIBTC (4.8) and the control law (4.9), instead of the traditional scheme.
Since calculation of the integral term Z, in our scheme directly depends on the sampling
rate of the measurement sensors, the simulation is carried out for different sensor sampling
frequencies. The results for two different measurement noise distributions are represented

and compared with the traditional case in Table 4.1.

Table 4.1: Number of data exchanged between the reactor and the controller, while using
event-based mechanism.

.. . Proposed mechanism with different sensor sampling rate
Traditional mechanism - - LCP25€C MeEChanism with cCillerent sens pling

200 500 1000 2000 5000 10000 (Hz)
Noise distribution A (0,0.32) T 71 63 59 56 51 46
Noise distribution N(0,0.052) 69 58 51 46 42 43 41
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Figure 4.3: State responses of the reactor controlled by the porposed event-based system

Similar to the previous part, for each specific frequency, the simulations are carried out
10 times and the average number of transmitted samples is provided. For the standard de-
viation 0.3, as the sampling frequency goes up, the number of data transmission decreases
gradually such that for a frequency 10 K Hz the number of transmitted points is 40% less
than the value corresponding to the traditional mechanism. For the measurement noise
with the standard deviation 0.05 a similar trend is observed. However, since, with a high
probability, the amplitude of noise samples are too small in this case, for frequencies more
than 1 K Hz no significant change happens in the calculation of the z,, and so neither
does in the number of data communication points. Fig. 4.3 shows the state trajectories
of the proposed event triggering system assuming a sensor sampling rate of 2 K Hz. As
shown, using this scheme, not only the states of the system are properly stabilized, but
also the impact of noise on signals quality has been effectively reduced.

Although, our proposed scheme relies on a Lyapunov-based approach, we have also
simulated an optimal-based event triggering scheme, introduced in [51], for the reactor
to compare the results. The scheme in [51] is designed for output feedback discrete-time
systems, where two separate event detector blocks are considered at plant and controller
sides, respectively.

To have a fair comparison, first an exact discrete-time equivalence of the systems
dynamics (4.70) is calculated for the sampling time 0.05. To save space, the obtained
difference equation is not provided here. Then, since our goal is to design a state feedback
scheme with a single event generator block at the plant side, the parameter \. (which

is the communication price for data transmission from controller to actuator link in the
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Figure 4.4: State responses of the discrete reactor model, controlled by the given event-
based system in (Li & Lemmon, 2011).

objective function) is set to zero. Taking the mentioned steps in [51], the state feedback

gain and the triggering condition are achieved as follows, respectively:

0.0973 —0.9805 —0.2342 —0.9905
3.1475  0.0711  2.1571 —1.5092

K; =

[12.1157 15311 7.4443 —4.0129)
o 15311 32423 16684 11295
ey eq < 0.034,
74443 1.6684 6.3916 —1.9978

—4.0129 1.1295 —-1.9978 4.5811

where, ey is some measurement error defined in the paper.

Now, a zero white Gaussian Noise process v with variance 0.3% is considered as the
measurement noise and simulation is carried out for 80 iteration with the same initial con-
dition as the previous parts. The state responses are represented in Fig. 4.4. Based on the
obtained results, the triggering condition introduced in [51], triggers 58 data to generate
a convergence rate of state trajectories similar to our proposed scheme’s. According to
Table 4.1, this value is almost equal to the one achieved by our proposed scheme which
corresponds to the sampling rate 1 K Hz. Note that, using our scheme, this number of

information exchange can be effectively reduced by raising the sensor sampling rate.
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4.6 Summary

A new event triggering mechanism was proposed for a class of noisy LTI systems. The
designed control system is able to significantly attenuate the effect of measurement noise
in the event generator module and also retrieve the output performance. Stability analysis
and controller parameter design were carried out based on Lyapunov-Krasovskii function-
als. Finally, simulations were implemented for an unstable batch reactor system to show

the efficiency of the system.
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Chapter 5

An Event-Based Observer for

Linear Stochastic Systems

In this chapter observer design for LTI systems is studied in the presence of measurement
noise. Following the idea given in the last chapter, a novel form of TC is proposed
which is robust against noise and help lower data transmission from plant to the observer.
The proposed system is modeled in time delay form, similar to the one given in [69],
and performance analysis is given using Lyapunov Krasovskii functionals. In addition,
hierarchical steps are presented to design the parameters of the system in a proper fashion.
Finally simulation results are given to illustrate the efficiency of the introduced system.
The rest of this chapter is organized as follows. In section 5.1, problem statement is
given the structure of the proposed observer is presented. Sections 5.2 and 5.3 contain
modeling and performance analysis of the system, respectively. Section 5.4 introduces a
mechanism to design the parameters of the system. Simulation results are given in section

5.5 and finally, the chapter is summarized in section 5.6.

5.1 Problem Statement

Consider the following class of continuous-time linear systems:

& = Apx + Byw
y(t) = Cpa(t) + w(2) (5.1)
z(t) = Hpx(t)
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where z(t) € R" is the state vector and w(t) € R is the disturbance input, which is
assumed to be in %[0, +00). Moreover, y(t) € RP is the measured output contaminated
by some stochastic measurement noise v(t) and z(t) is the signal to be estimated.
Assumption: The measurement noise v(t) is a zero mean white Gaussian noise vector
with the covariance vector o21.
It is assumed the gain L in the following Luenberger observer has been already designed
such that A, — LC), is Hurwitz and so the dynamics of estimation error er = zp — x is

stable:

ip = Apzp + L(yp(t) — y(t))
yr = Cpap (5.2)
zp = Hpyzp(t)
The goal of this paper is to modify the above-mentioned traditional observer by an
event-based mechanism, such that the transmission of output samples from plant side
to the observer side is effectively reduced, while the signal zp(t) estimates z(t) and the

following H, performance holds:

E{lle-

27} < Ylwll2r + ¢, (5.3)

where ¢ is some constant value, e, = z — zp.
In the most Lyapunov-based references, provided for the event-based observation prob-
lem in the literature, the TC is basically defined based on the instantaneous sampled values

of the output. As an example, in [69], the main structure of the TC is as follows:

(y(t) = 9) " (y(t) = 9) < By" (D), (5.4)
where §(t) is the last output sample, sent to the observer module. Using above TC, the

traditional observer (5.2) would turn into the following event-based format:

ip = Apzp + L(yp(t) — §(¢))
yr = Cpzp (5.5)
zp = Hyzp(t)

As seen, if the TC (5.4) is utilized, it would trigger unnecessary samples, due to

presence of the stochastic measurement noise v(t) on y(t) and also §(¢). So, although this
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form of TC is pretty simple to implement, it may not be efficient in practical cases, where
stochastic noise is present on the measured output.

In this regard, following the idea given in the last chapter, in the next section, we are
going to provide an event-based observer scheme, which is robust against measurement

noise and lowers the data communication between the plant and observer efficiently.

5.1.1 Proposed Event Triggering Mechanism and the Observer Scheme

The main structure of the proposed systems is as follows. An event generator block is
considered at the plant side, verified periodically with the period of h. Moreover, instead
of instant values, an average of measured data over the past time interval Tj,; is fed to
the event generator as its input. In the other words, defining g(ih) as the input of event

generator, we have:

1 ih
y(ih) :== T /h ., y(a)da  for i€ N. (5.6)
m N—Lint

Then, the event generator block transmits an updated value of ¢ to the observer just
whenever the normalized value of the difference between the latest transmitted value and
the new sample exceeds a certain threshold. In the other words, let  as the last value sent
to the observer at the time instant £. Then, for the sample times ih after £ (i.e. ih >t
), the event generator transmits a new sample of g if the following proposed triggering

condition is violated:

@) — )" (@6) —9) — By (1)g(i) <0. (5.7)
In the above formulation, for simplicity we have denoted g(ih) by 7(i). Moreover, (3 is a
scalar parameter which should be set to a proper value. This would be explained more
in section 5.4. Note that, defining the sequence {k; };’;1 as the sample numbers at which

data are sent to the observer, then the input to the observer is defined as y(t):

(t) = g(kj) for te [kjh, kj-i-lh) , J€N. (58)

<y

To show the robustness of our proposed observation paradigm against noise, define

ih
() = T1 / 2(a)da, (5.9)

int hiTint
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and

ih
B(i) = — / v(a)da. (5.10)
,Tint th—T;nt
Now, using equations (5.1) and (5.6):
y(i) = Cpz (i) + (1), (5.11)
and so
:lj(t) = Cp.’i'(k)j) + D(k)j) for te [kjh, ]Cj+1h). (5.12)

According to equation (5.10), (i) can be approximated as

(i) ~ Sy (i), (5.13)

with

Ns

1
Sn(l) = = > vij» (5.14)
5 j=1

j:

where the noise samples v;; are some independent random variables with the distri-

bution N(0,0?) which are taken over the interval [ih — Ty, Tine] and their number is
Ng.

For large enough number ng, with a good approximation, the distribution of S,, can
be described as N'(0,02/n;) (Central Limit Theorem [64]); i.e. with a high probability,
v(i) takes the value in a very small region of origin. This issue means that using average
of measured states values rather than instant values would effectively reduce the impact

of noise on the event-TC.

5.2 Modeling The Event-Based System

Based on the structure, explained in the previous section, the dynamics of the observer is

expressed as follows:

ip = Aprr + L(yp(t) — y(t))
Zp = le‘F(t)

where, 7(t) is the output of the triggering module and the input to the observer.
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Defining ep(t) = z(t) — xp(t), using equations (5.1) and (5.15), the error dynamics is

obtained as:
ér = (A, — LCy)ep + LCyx(t) — Ly(t) + Byw,

e.(t) = Hpep(t),

where, e, = z — zp is the estimation error.

(5.16)

To analyze the dynamics of the system we will use delay system approach, similar
to [69]. In this regard, the time interval [0, 400) is broken down as

+oo
[0, +00) = | J[k;h. kji1h). (5.17)
k=1

Using equations (5.8) and (5.12), the error dynamics (5.16) for ¢ € [kjh,kj;1h) can be

expressed as:

ér = (Ap — LCy)ep + LCyx(t) + Byw — LCpz(kj) — Lo (k;j),
e.(t) = Hpep(t).

Now consider the time instant ¢ € [kjh,kj;1h) and denote k; as the latest sample

(5.18)

number before ‘¢’ :

ke =mazx {i € N:ih <t}. (5.19)
Define
T(t) ' =t — Keh with 0 < 7(t) <h, (5.20)
and
er = Cp(Z(ke) — z(kj)). (5.21)

Adding and subtracting LC),Z(k¢) to the dynamics (5.18) and using above definitions,

the following time delay equation is concluded:

ér = (Ap — LCp)er + LCpx(t) + Byw — Le, — LCpz(t — 7(t)) — Lo (kj),
ez(t) = Hpep(t).

(5.22)

Similarly, the event triggering condition is written in time delay form. The steps are
similar to the ones given in the last chapter:
According to the equations (5.7) and (5.11), the following inequalities are true for

k‘j <1< k‘j+1:
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eFev+ (00) — (k)T (5(0) — 7(0y)) + 2T (7(0) — #(0ky)) < T ()CTBCT() + 77 ()30 (3)
+2z7())CT Bo(i).
(5.23)
Regarding the definition of &y, for t € [kjh, kj1h) one can readily find that

k‘j <k < kj+1. (5.24)

So based on equation (5.23) we have:

el e+ (ko) — 2(k))T (k) — 2(ky)) + 26T (0r1) — D(ky)) < 27 () OT BCE(1)

+7 (k) B (#0) + 237 (k) CT B (1iy),
(5.25)

which, using definition (5.20), can be rewritten as:

ele; <z(t —r(t)TCTBCT(t — 7(t)) + V1 (t — 7(1)Bo(t — 7(t)) + 2ef (0(t — 7(t)) — v(k;))

+2z7(t — T(1)CTBo(t — 7(t)).
(5.26)

Applying Lemma 2.1, the above inequality leads to the following formulation:

el Die; < Z(t — r(t)TCTBCE(t — 7(1)) + AL (1), (5.27)
where:

A, () =0T (t —7()Bo(t —7(t) + 227 (t — 7(t))CT Bo(t — 7(t)) — 2e] D(t — 7(1))

+o(k;)T (I = D) 'o(ky),
(5.28)

and Dj is an arbitrary positive definite matrix, satisfying I — D1 > 0.
Having formulated the event-based dynamics and the TC in a time-delay form, in the

next section the performance analysis is provided.
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5.3 Performance Analysis of the Proposed Event Based Sys-

tem

Before establishing the performance analysis, first it is noted that the integral term z(t —

7(t)) is approximated by Trapezoidal rule:

tiT(t) 71int
/t rla)do ~ “2 i (t — (1) — Tine) + (s — 7(0)] (5.29)

7T(t)7Tint
It is proved that, the approximation error for this formulation would be [65]:
T3

int (,.(2) 4 s

Since a typical practical integration period is much less than 1, the above formulation
provides a trustful approximation, while making the analysis rather simpler. So, the

following equation will be used in the analysis of our system:
Tt —71(t) =~ 1/2(x(t —7(t)) + x(t — 7(t) — Tint)). (5.30)

Remark 5.1. Note that, as mentioned in section 4.2, there are some other alternatives
(such as Simpson rule [65]) to the above-mentioned Trapezoidal approximation, which
provide more accurate approximation of the integral term. However, exploiting these al-
ternatives would involve more delay terms in our formulation and consequently make the

analysis more complicated.

Since the error dynamics (5.22) contains the terms of x(¢), the stability analysis should

be carried out by augmenting the plant model. In this regard, defining

x(t
xw-| "],
er(t)
the overall dynamics of the system can be expressed as follows:
X = AX(t) + ApX(t — 7(t)) + ApeX (t — 7(t) — Tint) + Beer + Byw + B, (k;),

e, = Hep,
(5.31)
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Ap 0 0 0 0 0 0
A= s Adl = N a2 = 5 Be - )
LC, A,-LC, —a1LCp 0 - LC, 0 L
B 0
B, = p B, = , H = [0 Hp] .
B, L

Theorem 5.1 provides sufficient conditions in the form of LMIs to guarantee the Ho,

performance of the proposed event-based observer system.

Theorem 5.1. Consider the event-based observer (5.15) with the proposed TC (5.7). If
ng (i.e. the number of samples over the integration period Tins) tends to infinity, the Hy,
performance (5.3) with gain ~y is guaranteed for the system, if for given Dy (satisfying
I—D; > 0) and Do there exist matrices P >0, Q; > 0, R; > 0 (i = 0,1) with appropriate
dimensions such that the following LMIs hold:

Lo+ 11417 * * * *
e —I'w, * * *
L:é/ = Ik 0 —Tw, * * | <0 for j=0,1, (5.32)
re 0 0 Ty, «*
i Fg-] 0 0 0 —R;|
_Fo + I+ 1r * * * .
e —I'w, * * *
ﬁ}/ = rr 0 —Ty, * * | <0 for 7=0,1, (5.33)
re 0 0 —Tw, =
i F}/ 0 0 0 —R; |
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where:

0o PB, PB. PB
0 0 0 0
0 0 0 0
0 0 0 0
—Q2 0 0 0
* —? 0 0
* * —D1 0
* * * —Dy
Uy =-U; 0 0 O
for 7 =0,1,
for j=0,1,
for j=0,1,

I'oi PAdy PAdsy 0
*  To2 Lo4 0
* * Pog 0
* * * —

Iy — Q1
* * * *
* * * *
* * * *
* * * *

o= [o+Vi To-V Ui-W
I = /2h+ Tl
=/ 2h + TintVj
=V h + ]EntRjA

I'op=A"P+PA+ Q1+ Q2+ H"H,

To2 = aiBCTC, To3 = a3BC"C, Ty = a1aBCTC,

c=lo, o,

Az[A Ad, Ady 0 0 B, B. B,

Proof. Consider the following Lyapunov Krasovskii functional:

where

1
V3 =
j=0

Define

Vi=X(t)"PX(t),

V2 Z/t h— ijt

(5)Q; X (s)ds

h+3Tint . .
3 / A7 (5)RA (5)dsdo.
0 t—6

)

(5.34)

(5.35)

(5.36)

(5.37)

(5.38)



with
Xl = [Tt —7(t)) AT(t—r(t) = Tor)|
A= (AT~ h) XT(E—h - T
Computing the time derivative of V; along the trajectories of e and x for ¢t € [k;h, kjy1h)
we have:
Vi =CTATPX + XTPAC,
= é X)TQ;x(t) — zlj XT(t—h— jT5)Q; X (t — h— jTine), (5.39)

§=0

le( h+ jTime) (CTATRAQ) — Z Jo e (6 — )T R; X (t — 6)d6.

Using Leibniz-Newton formula, for any U; and V; (for j = 0,1) of proper dimensions

we have:
t*jTint*T(t) X
CTUH(X(t = 7(t) = jTint) — X (t — jTins — h) — / X (s)ds) = 0, (5.40)
tijintfh
t
V(X (t) = X(t — jTont — 7()) — / X (s)ds) = 0. (5.41)
t 7—( ) jTlnt

Applying above equations we get:

. 1
Vs < Z (h+ jTime) (CTAT R AQ)

]:

(5.42)
[(h = 7(0))CTU Ry UTC + (7(8) + §T3me) ST ViR V) 4+ (T (I + TG

_l’_

'MH

0

J

Now, regarding that the triggering inequality (5.27) holds for all ¢ € [k;h, kji1h), it

can be derived that:

) 1
V —y2wlw +ele, < (T(To+ T+ T+ Y (h+ jTim) CTATR; (R;) LR jAC

7=0
1
+ ZO[(h —7(1))CTU R TUTC + (7(t) + Tt )T ViR VI + (k)T Do (kj) + Ay (1),

]:

(5.43)

where D is an arbitrary positive definite matrix.
The above inequality can be rewritten as:
V —y2wlhw +ele, < (TT¢ 4 (k)T Dai(kj) + A, (1), (5.44)
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where :

Tr — () U 1 UT T(t)""ijt V=11V T
[ =To+I+I"+) T R, 7'TH+ 71‘ Ry 4 L S pV pelpViy
" ]ZO Z Bt T 7 Sht Ty 710 0]
(5.45)
Since :

! 7(t) + §T;
Z Jlint) _q, (5.46)

j= 2h+nnt 2h+7—‘znt

equation (5.45) can be expressed as follows:

1 .
r rYy. 4
jz 2h+Tmt 2h + Ty ;] (5.47)

where: X
[V =T +Ty+ 7 + TYRTYT + - TA R,-ITE,
. 70 . (5.48)
"V _ T | 7V p-1pV RT p —11R
It follows from equation (5.44) that:
E{V —y*wlw + ele.} < B{CTICY,

(5.49)
+E{v(kj)" Do (kj)} + E{A,(1)}.

Since the elements of the random vector v are statistically independent, we have:
E{v(kj)T Dai(k;)} = tr(D2)o? /ns, (5.50)
and for the last term:

E{A,(t)} = (B+tr((I—D1)~1))o? /ns+ BE{22" (t — (1)) CT Bu(t —7(t)) — 2¢{ v(t —7(t))}.

(5.51)
From the equation (5.1), it can easily get that the plant dynamics does not depend on the
noise values. So, the vectors Z(t — 7(t)) and e; are independent from v(t — 7(t)) and so

the last term in above equation is zero. Therefore:
E{A,(t)} + E{o(k;)" Dap(k;)} = ¢ /n, (5.52)

with
c, = (B+tr((I — D1)™h) + tr(Ds))o?. (5.53)
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From (5.46) and (5.47), it is inferred that I is a convex combination I'§, T, I'} and I
So, using Lemma 2.3 and the Schur complement the LMIs (5.32) and (5.33)are equivalent
to

I'<o. (5.54)

Then, from equation (5.49) it is obtained:

E{V} + E{ele. — 7w w} < —0E{||[z(t)|*} + cv/ns, (5.55)
vhere L h—1(t) 7(t) + 5 Tims
.= 0<T<?§‘<h(;[2h+n 05 + h T 0Y1), (5.56)
with
0 = Anaa(TY), 0) = Anaa(TY). (5.57)

To prove the H, performance, integrate both sides of (5.49) from k;h to T € [kjh, kji1h):

T T
BT} -BVO}+E{ [ et eu(t)dt) < [ w@Tw(t)dt+e,(T-k)/ne (559
kjh kjh
Repeating the integration operation over the intervals [k;, kiy1) (fori=1,...,7 — 1) and
since E{V(T)} is positive, we get:
E{lle:l37} < A*llwl3r + E{V(0)} + Tey/ns, (5.59)

and this concludes the proof.
O

Remark 5.2. Practically speaking, because of the finiteness of the sample numbers ng,
the term Tc,/ns in (5.59) is not exactly equal to zero. However, this bias term can be

made sufficiently small by increasing the number of samples, used for the averaging.

5.4 Parameters Design

In the introduced event-based scheme, the observer gain L, sampling time h, integration
time Tj,¢, triggering condition coefficient 8 and H,, gain 7, are the parameters which can
be considered as design parameters. h and Tj,; are the parameters which mainly depend on

the system properties. The sampling time h represents the minimum possible transmission
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time between two consecutive data sent to the observer side. So, practically, this parameter
has to be chosen based on the network medium properties, such as transmission rate. T,
plays a key role in suppressing noise impact on the TC. In the other words, depending
on the measurement sensor sampling rate, Tj,; has to be chosen such that ns (number
of samples in the integration interval) is large enough to make the averaging (5.14) more
effective.

Next, we will go through two separate steps to design L, g and ~. First, assuming
a traditional Luenberger observer, the gain L is found such that eigenvalues of A — LC
are located at desired places. Second, 5 and v are designed as follows. Based on the
definition of the TC in (5.7), one can infer that the larger S, the less data is transmitted
through the network channel. However, lower convergence rate of estimation error and
less disturbance attenuation level (bigger v) would be expected. In the other words there
is a trade-off in designing 5 and . So, to assign proper values for these variables, one
can iteratively solve the following optimization problem for different values of 8 (starting

form zero, to the value which constraints are infeasible) and find the trade-off curve.

min 2
LY <o, £y <o, (5.60)

LY <o, £y <o,

where, Eg-] and C}/ (j =0,1) are defined as (5.32) and (5.33).

5.5 Simulation Results

Consider the following parameters of a quarter-car model with an active suspension, bor-

rowed from [69].

0 0 1 —1 0
0 0 0 1 —2mqo/ Gov
A— . B= q0 0 7
—ks/ms 0 —cs/ms  Cs/ms 0 (5.61)
i ks/my  ky/my  cs/my —cs/mu_ i 0 |
C=10 0 0 1} ) H=10 0 02 0},
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c0.241 s q

Figure 5.1: Trade-off curve between 5 and

where ms = 973, ks = 42720, c¢; = 3000, k, = 101115, m, = 114, Go = 512 X
109, ¢o =0.1, my, = 114. A detailed explanation of parameters are given in [70].

We are going to design and implement the proposed event-based observer for this sys-
tem. To this goal, first, we set the sampling and integration time to 0.05 and 0.02,
respectively. In order to have an acceptable convergence rate and based on the ap-

proach described in the Parameters Design section, the observer gain is set as L =
T
[—1.1320 —0.5994 24.6167 18.4649

Now, the optimization problem (5.60) is implemented for different values of 3, starting
from 0 to 1 (where the constraints become infeasible). The obtained values for 7 versus g
are depicted in Fig.5.1. As expected, it is clear from the figure that a higher attenuation
level (smaller 7) requires more data transmission (smaller /3).

To clarify the efficiency of our described method, the event-based observer is imple-
mented by our proposed TC (5.7) and compared with the case the where the traditional
TC (5.4) is in use. It is assumed that the output measurement is contaminated by a white
Gaussian noise with a distribution of A/(0,0.6%), and the disturbance signal in the plant
dynamics is w(t) = 5e~%1tsin(4t). The initial conditions are set to x(0) = [~12,6,3,9]7
and 27(0) = [~3,3,0,0]” and simulations are carried out for 8 seconds, using different

sensor sampling rates (to clarify the importance of this issue). The number of data trans-
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Time (s)

Figure 5.2: Estimation error trajectories for the cases § = 0.7 (solid) and 5 = 0.4 (dashed),
while using our proposed event-based observer

mission are given in Table 5.1 and the estimation error trajectories are shown in Fig.

5.2.

Table 5.1: Number of data sent from plant to the observer

Traditional mechanism - Proposed mechanism with different sensor sampling rate

200 700 1000 5000 (Hz)
B=0.4 97 77 65 62 o7
B8=0.7 81 61 49 42 36

The values given in Table 5.1 represent the number of data transmission from plant
side to the observer. As seen, for = 0.7, the traditional event-based scheme, sends
81 data samples to the observer. In the other words, the TC is violated at 51% of the
verification numbers. However, utilizing our proposed TC (5.7), one is able to reduce this
triggering percentage down to 22.5%, depending on the sampling rate chosen for the event
generator module. A similar conclusion can be made for other values of 8. Note that
form the table, increasing § one can reduce the number of triggering samples. However,
this would happen at the expense of lowering the estimation error convergence rate and

disturbance attenuation level, something which is clear in Fig.5.2.
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5.6 Summary

A novel event-based observer scheme was presented for LTI systems, in the presence of
measurement noise. The proposed scheme is able to effectively reduce the impact of noise
and prevent excessive data communication between pant and the observer. The overall
system was modeled in continuous-time form and performance analysis was carried out
using Lyapunov-Krasovskii functional. In addition, a mechanism was proposed to design
the parameters of the systems and finally simulation were given to show the efficiency of

the method.
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Chapter 6

Integral-Based Event-Triggered

Control for Nonlinear Systems

In this chapter, an integral-based event-driven mechanism is proposed for a general class
of nonlinear systems. The proposed scheme is less conservative than earlier work on the
subject and achieves asymptotic stability without forcing the derivative of the Lyapunov
function to be negative between samples. A rigorous proof is given, showing that the
proposed TC is more effective than the corresponding traditional approaches. Simulation
results are provided to illustrate the effectiveness of the proposed solution.

The rest of this chapter is organized as follows. Section 6.1 introduces the problem
statement. In section 6.2, the proposed event triggering mechanism is introduced and
asymptotic stability and existence of minimum inter-event time for the event-based system
is proved. Section 6.3 provides a comparison between the IBTC and traditional TC where
we show that our proposed scheme is more effective in the sense that it can significantly
reduce the data transferred between plant and controller. Section 6.4 presents illustrative

examples and Section 6.5 provides summary and final remarks.

6.1 Problem Statement

Consider the following nonlinear systems:

= f(z,u), Vr € R",u € R™ (6.1)
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Throughout the rest of this chapter we assume that this system is controlled using a state
feedback law of the form
u = k(x), (6.2)

so that the closed-loop system

is ISS with respect to measurement error e and there exist smooth function V : R® — R*,

class Ko functions &, «, o and  such that

a(lz]) < V(z) < aflz)), (6.4)

O Fa ko + ) < —alfal) + (). (6.5)

As mentioned in the introduction chapter, the primary reference dealing with stability
of event-driven systems is [1]. In this reference, Tabuada proposes an event condition
to maintain the Lyapunov function V decreasing along the system trajectories. In this
chapter we modify the assumptions and use an integral-based triggering mechanism that
relaxes the conditions set in [1]. We depart from the conjecture that to guarantee closed-
loop convergence to the origin it is enough to ensure that the value of the Lyapunov
function decreases from one triggering instance to the next, regardless the sign of V in
between triggering instants. This condition is enforced provided that the integral of the

derivative of Lyapunov function satisfies the following inequality:

V(a(tin) — V(zt)) = /t V(< - /t " (|2 () dr, (6.6)

where t; represents a triggering instance for each j € N and . is function belonging to

class Koo. We look for a TC not only satisfies equation (6.6) but also guarantees
V(a(t) > V(a(t) V€ (it (6.7)

In the other words, regardless of the sign of V(t), V(t) remains upper bounded by
V (t;) over the interval (¢;,t;11].
The following Lemma formalizes this concept and shows how these two conditions

ensure asymptotic stability.

Lemma 6.1. Consider the nonlinear system (6.1) (with f : R™ x R™ — R™ continu-

ous) along with a control of the form (6.2) (with k : R™ — R™ continuous). Let T =
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{t1,ta,..., } be an infinite sequence of triggering instants, with mi&l{ti_,_l —ti} >k >0.
1€
If there is a Lyapunov function satisfying conditions (6.6) and (6.7), then origin is an

asymptotically stable equilibrium point for the closed loop system.

Proof: Suppose that the system initial condition is z(¢1) at the initial time ;. To
prove the stability of the system, assume that ey is given. Based on the equations (6.6)

and (6.7), and using (6.4) one can easily obtain:
a(lz(B)]) < a(jz(t)]) V>t (6.8)
Hence, for any initial condition, satisfying |z(t1)| < 0y = a~(a(ev)), we would have:
lz(t)| <ey Vit>ty, (6.9)

and so, the system is stable.
In the next step the convergence of the state trajectories to the origin is proved:

Condition (6.7) implies that for any ¢; € T', there exists & > 0 such that
Li={z | V(z)+& < V(z(t:))} (6.10)

is an invariant set containing the origin. Moreover, (6.6) implies that I,y C I; Vi € N. Tt
follows that I;’s, so defined, constitute a shrinking sequence of invariant sets, denoted by

I = {I; : i € N}. To prove asymptotic convergence of state trajectories, it suffices to show
I; = C as i— oo, (6.11)

where C' = {0} is the singleton containing the origin. We reason by contradiction and

assume that C' contains at least a point v # 0 and assume that
V(z(t;)) = V(v) >0 as i — 0. (6.12)

So:
V(xz(tiv1)) — V(z(t;)) — 0 as i — oo.

Then, from condition (6.6) it is easily concluded that :

xz(t) =0 as t— oo,

which contradicts the assumption. So, x converges asymptotically to the origin.
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Remark 6.1. Lemma 6.1 assumes that the sequence T of triggering instants contains
an infinite number of terms. To ensure that this is the case, this can be easily enforced
adding a simple algorithm to the triggering scheme. The following is an example of such
algorithm.:

Let Ty be predefined time index and t; as the last triggering instant generated by an
existing triggering condition. If no triggering occurs after t; + T, then a fresh data would

be automatically sent from plant side to the controller after each t = Ty.

In the next section we propose a new event triggering mechanism that achieves stability

requiring fewer samples compared to previously published results.

6.2 Integral Based Event Triggering Mechanism

In this section, we endeavor to construct an event trigger control law based on the ideas of
the previous section. We will show that the new law achieves stability while significantly
reducing the amount of information sent between plant and controller. To this end, we
integrate (6.5) over the interval [¢;,t):
¢ ¢
V)=V < = [ aGehir+ [ (ear (613)

and define the Integral-based triggering condition as follows:

t t
/ v(le))dr < a/ a(|z|)dr t >t (6.14)
t; t;

In the above formulation e = z(t) — x(¢;) is the measurement error and 0 < o < 1 is an
arbitrary coefficient. Next execution time (t;11 € T) is the time when above inequality is

violated; 1i.e.
tit1 tit1
/ ~v(le])dT = 0/ a(|z|)dr. (6.15)
ti t;
In the following theorem, we show that the IBTC (6.14) preserves asymptotic stability

of the closed-loop system, while a minimum inter-event time is guaranteed for the scheme.

Theorem 6.1. Consider the continuous time nonlinear system (6.1) with the pre-defined
stable state feedback law (6.2) and assume that the following conditions, introduced in [1],
hold:
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1. f:R™" x R™ — R" is Lipschitz continuous on compacts.
2. k:R™ — R™ is Lipschitz continuous on compacts.

3. There exists an 1SS Lyapunov function for the closed-loop system, satisfying (6.4)

and (6.5) with o' and ~ Lipschitz continuous on compacts.

Assume now that instead of continuous information flow from plant to the controller, the
control law updates based on an event-based scheme with IBTC (6.14). If 0 < o < 1, then

we have the following properties for the event-based system:

(A) For any compact set S C R™, containing the origin, there exists a lower bound Ty, €

R* such that for any initial condition in S we have
tiv1 — ti > Tmin Yt tis1 €T, (6.16)
where T'= {t; : i € N} is a sequence of the triggering instants.
(B) The origin is an asymptotically stable equilibrium point.
Proof.

(A) To show the existence of minimum inter-event time 7,,;,, we introduce an auxiliary

system with the same dynamics as (6.3):
¢ =f(Ck(C+e):; (6.17)
but with the TC proposed in [1]:

v(le']) < oa([C]).- (6.18)

Assume now that both systems update their control law at time instant t; and also

have the same state values at this time, i.e.:
x(t;) = C(t;). (6.19)
Denote the next execution times of system (6.17) by t;_; i.e.

Y(I€' (ti)) = oa(lC(ti))), (6.20)

and

Y(le'®)]) < oa(lC®)]) Vt € [ti, tiy)- (6.21)
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Based on (6.19) we have
et)y=e(t) Vteltiti ). (6.22)

Integrating (6.21) from ¢; to ¢; ; and using (6.15), we can easily see that t;41 >t ;.
Since the auxiliary system has lower bound for its execution time, [1], so does the

event-based system with IBTC (6.14).

(B) Substituting (6.14) in (6.13) we have

Vi) - V(t:) < (0 — 1) /: o(|z])dr, (6.23)

and so, for o < 1:

V(t) < V(tz) YVt € [ti,ti+1), (6.24)

and asymptotic stability follows from Lemma 6.1.

6.2.1 Special Case: Linear Comparison Functions

In this subsection we consider the special case in which the functions « and ~ are linear.
In this special case; namely, when the assumptions of Theorem 6.1, are satisfied with «
and v linear; property B can be proved directly without using any auxiliary system.

If o and +y are linear, then for any ¢,,ty € R the following hold:

7 alle(r)))dr = a( [ |a(r)|dr),

t;‘ 5 (6.25)
oz (n)Ddr = (] la(r)ldr).
It then follows that the IBTC (6.14) can be rewritten as:
t t
y( [ le(n)|dr) <oal | |z(T)|dr). (6.26)
ti t;

Now, the existence of a lower bound 7,,;, for the execution time intervals is proved similar
to the proof, given in [1]:
Given S, select A large enough such that S C Q = {z € R" : V(z) < A}. As proved in

part A of the theorem, () is an invariant set for the event-based system. Define

(t) = [} 2(r)ldr,
(t) = [ le(r)dr,

8l

(6.27)

™|
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where ¢; := max{a € T : a < t}. Moreover, let Ty, := sup{t;+1 —t; : i € N}! and
ro = max{|z|: z € Q}. Then, Bz := {Z € R" : |Z| < Tjaera} is an invariant compact set

for z(t). Furthermore, define another compact set for € as follows:
E:={eeR":e <~ Y oal)),z € Bz},

and let L. to be the Lipschitz constant for the Lipschitz continuous function a~*(y(-)/o)
over the set E (containing the origin) so that a~!(y(€)/o) < L.é. Therefore, the following
conservative TC

Le<z (6.28)

ensures that inequality (6.26) is satisfied. Note that based on Lipschitz continuity of f
and k£ on compacts, one can easily establish the following inequality on set Bz x E for
some Ly > 0:

|f(z,k(x +e))| < Lf|lz|+ Lylel. (6.29)

To find the lower bound 7., on inter-event times, we derive the dynamic of w £ & /T
over the interval [t;, t;11):
g Jole@ldrle@)] [} |x(r)ldr—|z(@)] [} le(r)|dr
W= 4t — l !
at f,fl |z (7)ldr (ffl |(7)|dT)? ’ (6.30)
w(ti) =0.

Integrating equation (6.3) from t; to ¢ and using inequality (6.29):
t
le()| < [ [f(z, k(x+e))ldr < Lylz+e], (6.31)
ti

then, from equation (6.30) we have:
&< Ly(l+w). (6.32)

Based on the comparison lemma [71], the trajectory of w over [¢;, ;1) is bounded by 7,

driven by the following dynamic:
n=~Lg(l+mn), nt)=0. (6.33)

In the other words, 7, is lower bounded by the time that n takes to travel from 0 to

1/Le, which is in(1 + 1/Lc)/Ly. This concludes the proof.

!By Remark 6.1 such a supremum always exists.
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Remark 6.2. Theorem 1 shows that the IBTC relaxes the assumptions in previously
established triggering mechanism based on which the derivative of Lyapunov function is
kept negative for time. In the next section we study the benefits of the new IBTC in terms

of transmission data between plant and controller, compared to the classical approach.

6.3 Comparison with traditional triggering scheme

In order to make a fair comparison between the proposed and traditional event triggering
schemes, in this section we consider two event-based systems with the same dynamic but
different triggering strategies and compare the resulting inter-event times. The following

theorem is the main result of this section.

Theorem 6.2. Consider the event-based nonlinear system (6.3) implemented using the
IBTC (6.14), and let the infinite sequence T = {t; : i € N} denote the triggering instants.
Consider also the system (6.17) with the same dynamic but implemented using the classical
TC (6.18) and let T' = {t; NS N} represent the triggering instants. Assuming that o is
Lipschitz continuous on compacts and that the conditions of Theorem 1 are satisfied, then

the following properties hold:

(A) Zero Triggering-Time State Difference: If x(ty,) = ((t],) for somet,, € T andt, € T",
then

b1 — b > Ty — T

on-Zero Triggering-Time State Difference: For every t, € T', there exists € >
B) Non-Zero Tri ing-Time S Dy F e T, th ' 0
such that if
|z (tm) — C(t))] <€ Vi, €T, (6.34)

then

b1 — b > Ty — T (6.35)
Proof.

(A) The system dynamic (6.17) is time invariant over the interval [t;,,¢;,,,) in the sense

that e’ only depends on the initial condition value (/) and ((t). Therefore, without
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loss of generality, we assume ¢, = t,,, and so ((t,) = z(t,,) and €'(¢,,) = 0. Then, to
prove this part, it’s enough to show #,,11 > ¢, ,;, which has been shown in Part (B)

of Theorem 1.

Similar to previous part and without loss of generality, we assume ¢, = t,, and will

show &1 > 1, ;.

For the sake of simplicity, denote ((¢/,) and z(t,,) by ¢, and z,, respectively. Since

t!, = tm, we have:
e =C —Ct) Vtelth, tmi),

(6.36)
e=xm—a(t) Vtelt,, t )
Define the following variables:
A(t) == z(t) — (1), Ag = Ty — G- (6.37)
Then, the dynamic of A for ¢t > ¢, is obtained as follows:
A= f(a,k(z +e€)) = (¢ k(¢ +€)). (6.38)
Using (6.36) and (6.37), equation (6.38) can be rewritten as:
A= flz,k(xz+e)) — flx— A k(x+e— Ag)). (6.39)
Based on the Lipschitz continuity of f and k on compacts, we have that:
A] < Z'|A]+ LA (6.40)
for some L’ > 0. By the comparison lemma [71], we have:
|A] < |Ag| (27 Ft) — 1), (6.41)

Now, consider the TC (6.18) over [t;,,t;, ], where the following equations hold:
Y(e'®]) < oallCt)]) Vt € [tn, tnya), (6.42)

Y€t ) = e[St 1)) (6.43)

Equation (6.42) can be reformulated as follows:

Y€ @) + (), 1) < oa(|C(H)]) Vt € [t thi1), (6.44)
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in which ¢ : R™ x [,/ ;) — RT is some continuous function . Next, By the

definitions (6.36) and (6.37) the above inequality can be re-written as follows:
v(le+ A —Ag|) +e(t) <oa(lz — A, (6.45)

where, for simplicity, (¢(¢,),t) is denoted by &(t). Since ¥(-) and «(-) are Lipschitz

on compacts, one can establish the following inequalities:

V(lel) = Ly (1A = Aof) < 7(Je + A = Ao),
oa(lz — A|) < oa(|z]) + oLa|A|,

(6.46)

where L. and L, are Lipschitz constants of the functions v and « respectively. Sub-

stituting inequalities (6.46) into (6.45), we obtain:
v(le]) +e(t) < oa|z]) + oLa|A] + Ly|A — Ag). (6.47)
Finally, using the equation (6.41) and integrating the above inequality yields:

LZ"“ v(le(T)])dT + ﬁiﬂﬂ e(r)dr <o ﬁ:ﬂ a(|z(T))dT + Cint| Ao, (6.48)
with
t/n+1_t/n ,
Cint £ /0 (L + (0 Lo + L)) (26X — 1))dr. (6.49)

Note that, since the inter-event time t’n 11— t!. is bounded below, then Cj,; > 0. So,

selecting

1 tfn+1
|Ag| < e= Cmt/t/ e(r)dr

from equation (6.48), we have:

/"“ le())dr + ¢ < a/"“ o|z(7)))dr, (6.50)

/ U
t n t’rL

for some & > 0. Remembering that ¢,,1 is the time instant when the equality

/t " (em)dr = 0 / " ale(r))dr (6.51)

holds and since t,, = t7,, it is concluded that t,,1 >t/ ;.
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Remark 6.3. The importance of the foregoing theorem becomes clear when we note that
the origin is asymptotic stable equilibrium point of both systems. In the other words, after
a finite time, both state trajectories ¢ and x reach a small neighborhood of each other and
stay close from that point on. In this situation, as proved, our proposed event triggering
mechanism transmits less data rather than the traditional scheme to guarantee the stability

of the system.

6.4 Simulation Results

In this section the effectiveness of the proposed method is illustrated by simulation.

Example 6.1. Consider the following LTI system:
& = Az + Bu, (6.52)

which is already stabilized using the control law uw = kx. It can be easily verified that there

exists a Lyapunov function V = xT Pz, satisfying the following properties [1]:

csla| < V(z) < &zl (6.53)

7 (Av+ Bh(x +)) < —clal + cclellal, (6.54)

where ¢, Cs, s and ce are some positive constant parameters.

Define o; := ocg/ce. According to Theorem 6.1, applying the following IBTC:

t t
/ le(T)||z(7)|dr < ol/ |x(7’)|2d7' V 0<o0;<cg/ce (6.55)
ti t;

(with t;, i € N showing the triggering instants) the system is asymptotically stable.
Note that in [1], the following traditional TC was introduced for the linear systems:

le(t)] < oilz(t)] ¥ 0 <oy < es/ee. (6.56)

Now, to evaluate our event-based scheme numerically, consider a satellite system, dis-
cussed in [63], which is comprised of two rigid bodies, connected through a flexible link.
Modeling the link as a spring with torque constant ks and viscous damping f, the motion

equations are given as follows:

Jlél + f(al - ‘92) + ks(el - 02) = u(t)v (6 57)

Jobly + (0o — 01) + ks(02 — 01) =
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where, J1 and Jo represent the moment of inertia of two bodies, 61 and 65 denote the
yaw angle of two bodies and u(t) is the control torque. Now, define the state variables as
T = [01 0y 91 92 and select J; = Jo =1, f = 0.09 and ks = 0.04. Then, the state

space equation is expressed in the following form:

0 0 1 0 0
0 0 0 1 0
= x + u, (6.58)
-0.3 0.3 —0.004 0.004 1
03 —03 0004 —0.004 |0
i = Az + Bu. (6.59)

Suppose that the system is controlled using the state feedback controller:

UZ[—2.9953 2.29556 —3.1650 —2.3398| . (6.60)

It can be easily shown the Lyapunov function V = x! Px with:

_3.7236 1.0700 0.9544 8.8164 ]
1.0700 4.1661 0.4746 5.7729
0.9544 0.4746 0.4623 2.6293
8.8164  5.7729 2.6293 32.8624 |

satisfies the inequalities (6.53) and (6.54) with the following parameters:

o = Amin(P) = 0.1938, & = Amaa(P) = 36.6054, -
o = Amin(Q) = 1, o= |PBk + kT BT P| = 25.0583, '

where Q = (A+Bk)T P4+P(A+Bk). Now, the initial condition is set toxg = |1 0.4 0.2 ()]

and three different controllers are implemented for the system:
e Classic continuous time state-feedback controller with the feedback law (6.60).
e Our proposed event-based scheme with the IBTC (6.55).
e Traditional event triggering mechanism proposed in [1] with the TC (6.56).

Since we must have 0 < o < ¢s/ce = 0.0399 to guarantee the stability of the systems,

this coefficient is set to o; = 0.039 for both above triggering conditions. Simulation results
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Figure 6.1: x; and z2 trajectories of the plant, controlled by a traditional classic state
feedback controller (red dashed), traditional event-based controller (blue dashed) and the
proposed event-based controller (black solid).
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Figure 6.2: x3 and x4 trajectories of the plant, controlled by a traditional classic state
feedback controller (red dashed), traditional event-based controller (blue dashed) and the
proposed event-based controller (black solid).
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Figure 6.3: Control signal generated by classic state feedback controller (red dashed),
traditional event-based controller (blue dashed spikes) and the proposed event-based con-
troller (black solid spikes).
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Figure 6.4: Control signals generated by the three controllers over the time interval [2,9].
As seen, for each two samples update made by the traditional event-based controller,
averagely just one sample update is made by our proposed controller.

are shown in Figs. 6.1-6.3. As seen in Figs. 6.1 and 6.2, all four states for the three
systems asymptotically approach to the origin over the time with similar performances.
Fig. 6.3 represents the controller signals for all three cases where the trends are similar
to each other. However, based on the obtained results, using our proposed integral-based
event triggering controller, only 88 samples are sent from plant to the controller over
30 sec., while using traditional event-based controller, the controller gets updated 176 times
over the same time interval. In the other words, to provide a similar performance, our
proposed controller requires approximately half as many samples as the traditional event-
based controller. Fig. 6.4 validates this issue and confirms our controller effectively reduces

the data transmission between plant and controller.

Example 6.2. As the second example, the proposed method is implemented for the fol-

lowing unstable plant:

—x + T
i=flru) =] U7, (6.62)
—x% + 20 +u
which is controlled by the following controller
u=k(z)=—2x,. (6.63)

Define the Lyapunov function V = 1/2(x? + z22). Then , it is easily derived that:

O (F(as b e))) < ~Jaf? + 2le]lel. (6.64)

Setting the parameter o to 0.8, simulations are carried out for both traditional and the

proposed event-based mechanism. To have a fair evaluation of the system, simulations are

91



run 10 times (as a typical value) for different initial conditions, varying in the interval
|zo| < 3, and finally the mean number of triggered samples between plant and controller is
calculated. Based on the obtained results, using the traditional mechanism proposed in [1],
an average of 27.1 data points are exchanged between plant and controller over 10 sec.;

But, the corresponding value falls to 10.2, while the integral-based mechanism is in use.

6.5 Summary

A new integral-based event triggering condition was developed for a general class of nonlin-
ear systems. Beside the asymptotic stability, it was proved that the proposed event-based
system is more efficient and less conservative than the corresponding system, introduced
in [1]. At the end, simulations were implemented for both linear and nonlinear dynamics

to show the efficiency of the designed system.
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Chapter 7

Decentralized Summation-Based
Triggering Control for Nonlinear

Systems

In this chapter, event-based control for a class of decentralized nonlinear systems is stud-
ied. It is assumed that the measurement sensors are geographically distributed and so
local event generator modules are employed. Then, a novel periodic triggering condition
is proposed for each module which only uses local information to trigger data through the
communication channel. The proposed TC can be considered as an extension of IBTC,
given in the previous chapter. So, it can potentially reduce the information exchange
between subsystems compared to traditional control approaches, while maintaining closed
loop asymptotic stability. The TC parameters are designed through a convex optimiza-
tion problem with LMI constraints. Simulation results are carried out to illustrate the
performance of the introduced scheme.

The rest of this chapter is organized as follows. In the next section, problem statement
is given and in section 7.2 our proposed TC is introduced. Section 7.3 contains the
continuous-time modeling and stability analysis of the event-based system. In section
7.4 event generator design mechanism is provided. Simulation results are represented in
section 7.5 for both linear and nonlinear systems. Finally, the main results of the chapter

is summarized in 7.6.
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7.1 Problem Statement
Consider a class of nonlinear systems modeled by the following dynamics:
& = Az + Bu+ ¢(z,u), (7.1)

where ¢ : R" x R™ — R, satisfying ¢(0,u) = 0, is a locally Lipschitz function in its

first argument on the region Q@ C R™ (containing origin in its interior), uniformly in wu:

lp(z,u) = oy, w)l| < Lz —yll, Ve,y e, (7.2)

where £ is the Lipschitz constant.
We assume that the control law

u= Kz (7.3)

has been already designed such that the closed-loop systems is asymptotically stable.
The schematic of this control system is such that the state measurement sensors are

geographically distributed and grouped into N decentralized nodes. The state vector

is written as @ = [z, 27 ,... 21T € R", where z; € R™ denotes the state variables
N

belonging to the j** node and n = Zlnj is the total number of states. Contrary to
]:

the sensor layouts, the controller unit is centralized and uninterruptedly receives state
information from the sensor nodes.

In this research, our goal is to design event triggering conditions for each node that
guarantee (local) closed-loop asymptotic stability with a large region of attraction. The
TCs operate in a decentralized manner such that each event generator module decides
when to send new data to the controller based only on local information. The controller,
on the other hand, computes the plant input based on the last received data and updates
its output whenever new data is received from any of the sensor nodes. In other words,

the control law (7.3) is implemented as follows:

u= Kz(t), (7.4)

where
&(t) = [21 (1), 23 (1), ..., an (O] (7.5)
and Z;(t) (for j =1,2,...,N) is a piecewise constant signal generated as the outputs of

the j** node event generator module.
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7.2 Proposed Summation-Based Triggering Condition

As mentioned earlier, in this chapter the TCs are assumed to be clock driven and verified
on a periodic basis. We will represent by i7s the sampling instants, where Ty is the
sampling period and ¢ is the index set ¢ = 0,1,2,3,.... Denote the triggering sampling
instants of the j*"* node by {li }Zl For ¢ > kl] , our proposed summation-based triggering
condition (SBTC) for the j** node is defined as follows:

i i
Fi @) o= D7 (g (k) = ()T B () = 5(9)) = D () s (s) < 0. (7.6)
s=k] s=k]
In the other words, the j** node transmits a new pack of data to the controller whenever
inequality (7.6) is violated. Note that to simplify our notation we wrote x(i) instead of
x(iTs) in (7.6). The constants §; > 0 (for j = 1,2,..., N) are design parameters to be
designed.
Considering #;(t) as the piecewise constant signal generated by the output of node gt
we have:

#j(t) =x;(k) for te KTkl Ty (7.7)

Then, the SBTCs (7.6) can be rewritten in the following form:

Filwj (i), &5) o= > (&5 — ()" Bj(&5 — j(s)) = > wj(s) awj(s) <0 forj=1,...,N,
S=Qg; s=ay
(7.8)
where «; (j € N) is defined as the last triggering sampling instant before i
@j := max {kf : k:l] < z} . (7.9)

Based on the definition of the TC, it can be easily inferred that the following inequalities
hold at every sampling time:
i i
D (@5 — () Bi(#5 — wi(s) = D wj(s) wj(s) <0 forj=1,2,...,N. (7.10)
s=Q; s=a;
Remark 7.1. Note that, if one uses the traditional TC form, proposed in [1] (which has
been exploited in different papers), then the condition corresponding to the proposed SBTC

would be written as :
(:i'j — l'j(i))Tﬁj(i’j — l‘J(Z)) — l’j(i)Tl'j(i) < 0. (7.11)
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Later on in section 7.3 we show that the SBTC proposed here is less conservative than the

above traditional TC.

In the next section, the proposed event-based system is modeled in a continuous-time

form and the stability analysis is carried out based on Lyapunov-Krasovskii functional.

7.3 Closed-Loop System Modelling and Stability Analysis
Using the event-based controller (7.4), the closed-loop dynamics is given by:
i = Az + BK2(t) + o(z, Ki(t)). (7.12)
Denoting x; the last sampling instant before the time instant ‘¢’, i.e.:
ki = max{i : iTs < t}, (7.13)
and adding and subtracting BK x(k;) in the right hand side of equation (7.12) we have:
& = Ax + BK(&(t) — x(kt)) + BKz(kt) + o(x, KZ(t)). (7.14)
Defining the time-varying delay 7(t) as:
T(t) ==t — rkTs, 0<7(t) <Ty, (7.15)

the dynamics (7.14) can be rewritten as:

@ = Ax + BKe(t) + BKz(t — 7(t)) + ¢(z, K&(t)), (7.16)
where:
e=l[el,el, ... k)T, (7.17)
with
ej(t) =z;(t) —xj(t—7(t)) forj=1,...,N. (7.18)

In the following theorem, the conditions in the form of LMIs are given, under which

the asymptotic stability of the proposed system is guaranteed

Theorem 7.1. Consider the nonlinear system (7.1), controlled by the centralized feedback
law (7.4), implemented using the decentralized SBTCs (7.8). The closed-loop system is
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asymptotically stable if there exists matrices P > 0, Q@ >0, R > 0, My > 0, My > 0, U

and Uy of proper dimensions such that the following LMIs hold:

[ Fo+ST+S
i
I = F3
Ia
L Fs
where:

Fo=

For=ATP+ PA+Q+ (3(My + T My + TsR),

*

ﬁ - diag(ﬁl)ﬁ?a ...
FY = /T,

Fs=P, Fs=Fs5=+\VTsRA,

* *
* *
—M *
0 — Mo
0 0
Uy Uy —Us
For PBK
* I
* *
* *

-
*

* <0
*

_R_
Uy 0|,
0 PBK |
0 0

x  —p

. BN),
ry = VTUs,

A:{A BK 0 BK}.

for

Proof. Consider the following Lypunov-Krasovskii functional:

Defining
) =

Vi = 2(t)T Pa(t),
Vo= [y, 4 (5)Qu(s)ds
Vs = [ [ o iT(s)Rii(s)dsdo.
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[ 2T o(t—rt)T wlt—T)7 eT}T,

(7.19)

(7.20)

(7.21)

(7.22)
(7.23)
(7.24)
(7.25)

(7.26)

(7.27)

(7.28)

(7.29)



the time derivative of V; along the trajectories of x is derived as:
Vi = (TAT Pz + 27 PAC + 207 Pz
Vo = 2(t)"Qu(t) — 2" (t — To)Qu(t — Ty) (7.30)
Vs = To¢(TATRAC + Top" Ry + 2T, RAC — [ " &(t — 0)T Rix(t — 0)do,
where p(z,u) is abbreviated by ¢. Using Leibniz-Newton formula, for any U; and Uy of

proper dimensions we have:
Ut —7(t) — 2t — To) — [7 " @(s)ds) = 0, (7.31)

CTU(a(t) — 2t = 7(8) = [y #(s)ds) = 0. (7.32)

Using above equations and exploiting Lemma 2.1 we have:

V=Vi+Va+ V3 <(TATPz 4 2T PAC 4 " My + 2T PM; P 4 2(t) T Qx(t)
—2T(t = T5)Qu(t — Ts) + Tsp? Rp + (Ts — 7(t))CTULRTIULC + 7(#)¢CT U RTIUL ¢

+To¢("ATRMy ' RAC + ToCTATRAC + Top" Mo + ¢T (ST + S)¢,
(7.33)

where M7 and Ms are some positive definite matrices.

Using Lipschitz property of the function ¢ and adding and subtracting the terms
e(t)TBe(t) and z(t — 7(t))Tx(t — 7(t)) on the right hand side of above equation, it is
concluded that:

V< T(Fo+ST+S+U+rsMy P+ riMy ' ra+ FERT5)C

(7.34)
+e(t)! Be(t) — a(t — 7(t) x(t — 7(1),
where U is a convex combination of two terms F[{TR_lF({ and FgTR_lFQU:
- Ty —7(¢ _ t _
g= L0 TT( DpvTpotpy 4 T;)FQTR . (7.35)

So, using Schur complement, the first term on the right hand side of inequality (7.34) is
negative definite if the LMIs (7.19) hold.
Define:

X =Anaa(Fo+ ST + S+ U+ FsM{ ' FS + FAMy ' Fa+ FERF5). (7.36)

Then, from (7.34), it is easy to see that:

N N
V< =XTCH+D el Biey =Y it — 7(t) aj(t — (1), (7.37)

j=1 j=1
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where e; and z; are the values correspond to the 4t node. Integrating both sides of

equation (7.37), we get:

VO <O -2 [ o elsds + Z / e5(5) Bies(s) — (s — 7()) (5 — ().
(7.38)
Consider the integral terms on the right hand side. It is broken down at the triggering

instants for each node:
fo ej(s)T Bjej(s) — j(s — 7(s))"wj(s — 7(s)))ds =
e e (5) s = 7)) Ty — (o)) (7.39)
+ szans ej(s)T Bjej(s) — xj(s —7(s))Twj(s — 7(s)))ds,
where m; is the last triggering sampling number of 4" node before the time instant .
Because of the identity of the delay given by equation (7.15) and also the definition of

error provided in equation (7.18), it can be inferred that e;(t) and x;(t —7(t)) are constant

over each sampling interval. So, the above equation is rewritten as:

Joles(s ﬁgey( ) = (s = 7(s) wj(s — 7(s)))ds =

mj;—1

T Zl Z (e; ()" Bje;(0) — a;(i) a; (7))
=1 ;= k{l
l+—1
+Ts X0 (e () Bje; (i) — x5 (i) a;(2) + (t = LTs) (e (L) Bjej(le) — wj (1) (1)),
i=kl, .
J
(7.40)
where [y is the last sampling time before the time instant ‘¢’.
Now consider the last term on the right hand side. Since 0 < t — [T < T,
o if e;(1;)TBje;(1t) — 2 (1) x;(ly) > 0, we have:
Jo(es(s ﬂyea( ) — (s —7(s)) wj(s — 7(s)))ds <
mj;—1
Ty Bie z;(i)
21%1(() je4(0) = 25(9)"25(0) -
+1 Z (ej ()" Bje;j (i) — (i) ;(4)).
i=kd,
J
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o if e; (1) Bje;(lt) — zj(ly) (1) < 0, then:

Jo(es(s)TBjes(s) — zi(s — 7(s)) (s — 7(s)))ds <
=1 K

" e (VT Biei(3) — xi() i (3
O ) .
WS (e ()T Bes i) — () s ().
i=kh,

Based on the inequalities (7.10) which are guaranteed by the proposed SBTC, in both

cases above, the right hand side terms are negative and consequently:

fot(ej(s)Tﬁjej(s) —zj(s —7(s))Tzj(s — 7(s)))ds <0 for j=1,...,N. (7.43)

Now, substituting above inequality in (7.38), we have:

t
V(t) <V(0)— A / C(s)¢(s)ds. (7.44)

0
To prove the stability of the system, suppose that ¢ is given. With respect to the condition
(7.2), above proofs are valid as long as the state trajectory remain inside the region €2
so that the Lipschitz condition is satisfied. Hence, to prove the stability of the system,
d(e) should be found such that for initial functions satisfying sup |z(s)| <, not only

s€[—Ts,0)

the state vector lies in the region |z(t)| < e, but also z(¢) remains inside €2 for all time

instants. In this regard, define B, := {x : |z| < 7}, rar = max{r: B, € Q} and let:
Emin = min{e, rys}. (7.45)

The Lyapunov function (7.27) is lower bounded as:

V(@(t)) > Amin(P)|z(t)]?, (7.46)
and upper bounded as:
T 2
V(@(t) < Amaz(P)|2(D)]* + TsAmaa(Q)  sup  |2(t+5)*+—-Amaz(R)  sup |i(t+s)[*.
s€[~Ts,0) 2 s€[=Ts,0)
(7.47)

So
Amin(P)|z(t)[> < V(x(t)),

< Amaz(P) + Tsdmaz(Q))  sup  |2(t + )2+ L2 Ao (R)  sup  |a(t + s)|2
s€[—T5s,0) s€[—Ts,0)

(7.48)
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From (7.44) and using (7.48), the following inequality holds:

alz(t)]? <V () <V(0) <b sup |a(s)|?, (7.49)
s€[—Ts,0)

where
a = )\mm(P)a b= )\mam(P) + Ts)\maz(Q) + (2Lsys + 1/>\mzn(,8)Lsys + £)2a (750)

with Ly, = ||[A|BK]].

So, if ¢ is defined such that § < \/%ffmm, then for the initial functions satisfying:

sup |z(s)] <o (7.51)
s€[—Ts,0)
we have:
z(t) € B Vit>0, (7.52)

and so the system is stable. In addition, the convergence of states is proved based on
equation (7.38) and using Barballat’s lemma [62]. So the system is asymptotically stable

and this concludes the proof.
O

Remark 7.2. Suppose that instead of the SBTCs (7.8) the event-based system is im-
plemented by the traditional TCs (7.11). In this case, from equation (7.37), we would
have:

V< -XT¢ (7.53)
the derivative of the Lyapunov function is negative and so the system is asymptotically
stable. However, if the SBTCs are in use, based on inequality (7.37), the derivative of
the Lyapunov function is not required to be megative at all time instants, while proving
asymptotic stability of the nonlinear system. So, our proposed system is potentially less
conservative than its corresponding traditional one and triggers less data transmission over

the communication channel.

7.4 Event Generator Design and Maximization of the Sta-

bility Region

In this section, the SBTC parameters ; (for j = 1,...,N) and the Lipschitz constant ¢

are assumed to be design variables. Then, an optimization-based design tool is provided
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such that:

1. ¢ is enlarged to expand the operation region of the closed-loop system and

2. (3;’s are minimized to reduce the data transmission from sensors to the controller as

much as possible.

Theorem 7.2 contains the main results of this section where a multi-objective problem is
provided to achieve the mentioned criteria, while the asymptotic stability of the event-

based system is ensured.

Theorem 7.2. Consider the nonlinear system (7.1), controlled by the centralized event-
based feedback law (7.4), implemented the decentralized SBTCs (7.8). If B;’s (for j =
1,...,N) are obtained through the following optimization problem for some 0 < v < 1,

then, the closed-loop system is asymptotically stable and the mazximum admissible Lipschitz

-1
constant is obtained as 0* = \/j(wy + Tswa) .

min ye + (1 —7)cg (7.54)
s.t.
[ Fo+ST+8 « * * * |
ry —-R  x * *
L, = Fs 0 —wl * * | <0  for i=1,2, (7.55)
I 4 0 0 —Fq *
o 0 0 0 —pu|
¢ > p+ wr + Tswo, (7.56)
cgl > 6. (7.57)

In the above formulation, matrices P >0, Q =0, R>0, 5; (j =1,...,N), Ui, Uy and

the scalars wy, wa, ¢, cg and p are the optimization variables, and

[ AP+ PA+Q PBK 0 PBK |
B * I 0 0
Fo= : (7.58)
* * —Q 0
* * * -5
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Fa=R—-w;'R? (7.59)
B: diag(ﬁhﬁ?u"'vﬂ]\f)? (760)

and S, FY, FY, F3 and [ 4 are defined as (7.20), (7.24), (7.25), respectively. Moreover,
J1 is a transform matriz which satisfies x = J1( with ¢ defined as (7.29).

Proof. Consider the same Lyapunov function (7.27), and so the inequality (7.33) is

held for V. Exploiting Lipschitz property of ¢, from (7.33) we have:

V =Vi+ Vo + Vs < (TAT P+ 2T PAC + 0227 Myz + 2T PM; ' P + 2(t)TQu(t)
—2T(t — T)Qu(t — Ts) + Tsl?xT" Rx + (Ts — 7(4))¢(TULRTWUL ¢+ 7(t)¢T UL R7UT ¢

+T¢"ATRMy ' RAC + T¢TAT RAC + T ?2™ Moz + (T (S + ST)C.
(7.61)
Define M1 = wll, MQ = (.L)QI — R and

pl= €2(w1 + Tswo), (7.62)

and add and subtract the terms e(t)? Be(t) and z(t — 7(¢)) 2 (t — 7(t)) to the right hand
side of the equation (7.61). Then:

V< BT (Fy 1+ ST+ S+ FYRTFYT + Fawr '+ FT(My ! + R Fa+ p ' IT )G
AT (Fo+ ST+ S+ FYRFY 4 Faw FT+ FT(My " + RO F 4+t TG
+e(t) Be(t) — x(t — 7(t))a(t — (t)).

(7.63)
Note that:

R+ My' =R+ (wol —R)™' =

7.64
(wol = R Y(wel —R)R'+1)=(R—wy'R)~t=F ;" oy

Using Schur complement, the negativeness of the first two terms on the right hand side
of (7.63) is equivalent to the LMIs (7.55). The rest of stability proof is the quite similar

to the one, given in the proof of Theorem 7.1 and is thus omitted.
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Remark 7.3. As mentioned earlier, Theorem 7.2 tries to enlarge Lipschitz constant and
minimize (3;’s simultaneously. In this regard, in order to enlarge the Lipschitz constant
¢, one can minimize the auxiliary variable ¢; while satisfying the inequality (7.56). In
addition, to minimize 5 (for j =1,...,N), the auziliary variable cg is equivalently min-
imized while satisfying the inequality (7.57). Because of having two optimization criteria
the objective function is defined as (7.54), in which ~y is a weighting parameter, varying

between 0 and 1.

Remark 7.4. In the above-explained event-based system, if Ts = 0 and (3;’s tend to
nfinity, we would deal with a traditional continuous-time control system which, based on
what assumed in the Problem Statement section, has been already stabilized by the feedback
gain K. Therefore, it is expected that, at least, for small values of Ts the provided LMIs

in the previous parts are feasible and the optimization problems have solution.

7.5 Simulation Results

In this section, the event-based control of previous sections is evaluated through simula-
tions. Since the proposed scheme is valid for linear systems (as a special case of Lipschitz
nonlinear systems), we present two examples consisting of (i) a linear system, and (ii) a

nonlinear system, respectively.

7.5.1 Linear Case

Consider the following unstable reactor dynamics [68]:

iz = Az + Bu, (7.65)
[ 138  —0.2077 6715 —5.676) [0 0 |
05814 —4.29 0 0675 5679 0
A = , B = ,
1.067 4273 —6.654 5.803 1136 —3.146
| 0048 4273 1343 —2.104 1136 0

which is stabilized by the following control gain:

0.1906 —0.0440 0.0411 —0.2474
K= . (7.66)
1.0338  0.4534 —0.3662 0.7489
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Two different event-triggered control schemes are implemented and compared for the
system. The first is a centralized scheme, where we assume that information from all the
sensors is sent to a central event generator module at every sampling time, and a single
TC is verified to decide whether a new pack of data is to be sent to the controller or not.
The second is a decentralized scheme, in which an independent TC is considered for each
sensor. In other words, each sensor relies only on its own data to decide whether to sent

a fresh data to the controller or not.

Centralized Scheme

Since the number of nodes is 1, only one event generator module is needed which, based
on the proposed formulation in (7.6), is defined as:

% %

Fla(i),2) =Y (& —2(s) 8@ — x(s)) = Y _x(s) x(s) < 0. (7.67)

S=Q S=x

We assume that the TC is verified every Ty = 0.001 sec. Since there is no nonlinear
term in the plant dynamics, the parameter ~ is set to 0 and the optimization problem

(7.54) is solved, where the parameter § is obtained as follows:

(207784 0.9869 —0.7512  0.1979 |
0.9869 16.7562 —0.5021 1.2560
8= . (7.68)
07512 —0.5021  16.5575 —1.0660

| 0.1979  1.2560 —1.0660 19.8208 |

To have a fair evaluation of the system, ten separate simulations were done using
different initial conditions varying in the region |z(0)| < 7. Based on the obtained results,
The average of inter-event times for the proposed TC is 151 ms over 5 s. To show the
efficiency of the proposed method, the same set of simulations were implemented using
two other traditional event-based methods. In the first one, the TC (7.67) is replaced with
the corresponding periodic traditional condition used in previous references such as [45];

namely:

h(z(i), &) = (& — z(i)) B(& — (7)) — z()Tz (i) < 0. (7.69)
Second, the (continuously verified) TC proposed by Tabuada [1] is applied:
9(z(t), %) := |& — x(t)| — olz(t)] <0, (7.70)
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Figure 7.1: State responses of the reactor, controlled in a centralized way, by means of the
proposed (solid-black) and the traditional periodic (dashed-red) and continuous (dotted-
blue) event-based scheme

where, based on the formulation given in this reference, o is chosen as o = 0.57.
According to the simulation results, using identical conditions as in the previous case,
the average inter-event times for the traditional periodic and continuous TCs are 73.5 and
96.2 ms, respectively. These values are remarkably smaller than the value provided using
the SBTC (7.67), due to conservatism existing in the traditional approaches. In addition,
the state responses for all three systems are shown in Fig. 7.1, where it is clear this data
exchange reduction, achieved by the proposed SBTC, does not result in any significant
change in system performance, and each state trajectory converges to the origin with

similar performance to its corresponding trajectory of the traditional systems.
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Decentralized Scheme

In this scheme, a separate, independent TC is considered for each sensor (i.e. N = 4),

and the TCs are defined as:
i i

Filw(i),35) = > (&5 — 25(8)) Bi (5 — i (s) — D wj(s)Tw(s) <0 forj=1,....4,
S=aQg; s=ay

(7.71)

where x1, x2, x3 and x4 are the states of the system. Similar to the centralized case,

the parameters are set as Ts = 0.001 and v = 0 and the optimization problem (7.54) is

solved, resulting in the following TC parameters:
b1 =21.5433, (o =21.5414, B3 = 21.5401, B4 = 21.5427. (7.72)

The initial conditions are chosen the same as the previous part and a set of ten separate
simulations were run for 5 seconds for both our proposed system and also system with the

following traditional periodic TCs:
hy( (i), &5) = (&5 — 2;(0)" Bj (&5 — 2;(0)) — 2;(i)T2;(i) <O for j=1,....4. (7.73)

The average data transmission for these methods are given in Table 7.1. To have a
fair comparison, simulation results of the reference [19] are also represented in the table.
As mentioned in the introduction section, in this reference the authors have designed
decentralized (continuously verified) TCs and simulated it for the same reactor model.

Based on the numbers in the table, the average of inter-event times for the sensors
are [y, 7o, 73, T4] = [42,67.6,52.1,49.5] ms. However, the corresponding values provided
by the traditional periodic and continuous mechanisms are [30.7,38.5,32.1, 38.2] ms and
[24.9,27.7,34.5,34.2] ms, respectively. Fig. 7.2, representing the state trajectories for
the initial condition x(0) = [4,7,—4, 3], shows very similar performances in the state re-
sponses of all three mechanisms, despite the larger inter-transmission times for the sensors,

obtained by our proposed SBTCs.

Comparing the results of the proposed centralized and decentralized approaches, it is
inferred that applying centralized approach the data transmitted from the event generator

module to the controller is much less than total data transmitted from the event generators
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Figure 7.2: State responses of the reactor, controlled in a decentralized way, by means
of the proposed (solid-black) and the traditional periodic (dashed-red) and continuous
(dotted-blue) event-based scheme
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Table 7.1: Number of data exchanged between the event generator modules and the
controller, while using different event-based mechanisms.

Centralized - 95" 72%?@%%1:&11;3g " sensor
Proposed mechanism 33 119 74 96 101
Traditional periodic mechanism 68 163 130 156 131
Traditional continuous mechanism 52 205 180 144 146

in the decentralized scheme. However, if the sensors are geographically distributed and
a single centralized TC is in use, the data of all sensors should be sent to the event
generator module at every sampling time to verify the condition, something which can
result in a high level of usage of the communication bandwidth. Clearly, whenever sensors
are geographically distributed, the decentralized scheme is much more efficient thanks to

the ability of each sensor to communicate independently with the control unit.

7.5.2 Nonlinear Case

Consider the following inverted pendulum system dynamic:
mr?6 — mgrsin(0) = u(t), (7.74)

where 6 represents pendulum angular displacement from vertical line, u(t) is the control
torque, m and r denote the mass and the length of the pendulum, respectively. Defining
x = [z1,22]7 = [0,0]T and setting m = 1,7 = 2,g = 9.8, the dynamic equations can be

written as follows:

' 0 1 0 0
T = T+ + u,

49 0 4.9(sinx; — 1) 0.25 (7.75)
v=[10]x

Assume that the origin is stabilized using the following state feedback controller:
w =556 —24 |z (7.76)

Similar to the previous example, we now proceed to design centralized and decentralized

event-based controllers for this system.
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Figure 7.3: Trade-Off curve between £* and Apax(B8*), as the solutions of the optmization
problem (7.54) for different values of ~.

Centralized Scheme

We begin considering a single TC of the form (7.67). To design an optimal event-based
mechanism, the TC sampling period is set to 0.001 and the optimization problem (7.54)
is solved for different values of 0 < v < 1. Fig. 7.3 represents the trade-off curve between
Amaz(B%) and £* where it is clear that the more data is exchanged between plant and
controller, the larger the region of stability that we obtain.

Consider the case v = 0.1. The following values are derived by solving the optimization

problem:

8= 1990 404 . = 0.466. (7.77)
4.64 7.22

Note that with this value of ¢ the theorems are valid as long as |z;| = |0] < 0.44. To
compare our results with the traditional methods used in the literature (i.e. using the TC
(7.69)), simulations are carried out for both schemes with the same value of § given in
(7.77), and initial condition x = [0.3,0.5]. The state responses are given in Fig. 7.4, where
it is clear that both system are asymptotically stabilized. However, the number of data
transmission points over 3 seconds in our proposed scheme versus the traditional one are

13 and 24, respectively. In the other words, 46% data transmission reduction is achieved

by our method.
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Figure 7.4: State responses of the pendulum, controlled in a centralized way, by means of
the proposed (solid-black) and the traditional (dashed-red) event-based scheme

Decentralized Scheme

In this part, separate SBTCs are considered for each of the system states:

i i
Fil (i), &5) ==Y (&5 — 2 () B(&5 — 25(s)) = > w(s) wj(s) <0 for j=1,2.
s=a s=qay

(7.78)
Setting Ts = 0.001 and having solved the optimization problem (7.54), we obtain a trade-
off curve between max{j, 85 } and £* curve very similar to Fig. 7.3 and therefore the details
are omitted. To simulate the closed-loop, we consider the solution of the optimization
problem for the case v = 0.05, which are 1 = [ = 20.64 and [ = 0.497. Again, the
event-based system is implemented using both SBTC’s (7.78) and also the traditional

TC’s:
hj(z(i), 2;) := (&5 — 2;(0)" B(&; — ;i) — 2 () 2;(i) <O for j=1,2.  (7.79)

The state responses are given in Fig. 7.5
According to the simulation results, the numbers of transmitted data points by the
event-triggering modules in the traditional scheme are 33 and 67. However, the cor-

responding values in our proposed scheme are 18 and 42, something which confirm its
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Figure 7.5: State responses of the pendulum, controlled in a decentralized way, by means
of the proposed (solid-black) and the traditional (dashed-red) event-based scheme

effectiveness of our methods through 40% reduction in overall data transmission.

7.6 Summary

Decentralized event-triggering mechanism was designed for a class of Lipschitz nonlinear
systems, where sensors are assumed to be distributed. The proposed triggering conditions
are verified on a periodic basis and rely only on local information to transmit data to the
control block. They are also less conservative than the corresponding traditional condi-
tions and can effectively reduce data transmission through the communication channel.
The closed-loop system was modeled in a continuous time-delay form and asymptotic sta-
bility was proved. In addition, an optimization-based approach was formulated for TCs
parameters design. Finally, simulation results for both linear and nonlinear cases were

given to illustrate the efficiency of the method.
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Chapter 8

Conclusions and Future Works

In this thesis we consider event-based control systems under different scenarios. Event-
triggered control is currently and active area of research and a significant body of work has
been already produced. The primary goal of this thesis is to contribute to the advancement
of the understanding of the virtues and shortcoming of the event-triggered systems in
comparison to the better known traditional time-driven systems.

Chapter 2 investigates periodic event-triggered control (PETC) for a class of nonlinear
systems. PETC is advantageous, at least from an implementation point of view and so,
several contributions have been proposed on this topic in the last few years. However,
most of the works are dedicated to LTI systems. In this chapter, PETC was designed for
Lipschitz nonlinear systems, which are affected by disturbance. To this end, the system
was first modeled in a continuous-time form. Then, a convex optimization problem with
LMI constraints was provided to design state feedback gain and TC parameters. The
obtained PETC parameters from the optimization problem guarantee stability and H.
performance of the closed-loop system. The design is effective in the sense that it lowers
data transmission through the network channel and enlarges the admissible Lipschitz
constant for the system nonlinear term.

Chapter 3, considers the important case of output feedback LTI systems. Because of
the use of a dynamic controller, two separate triggering modules were used at the plant and
controller sides. The proposed triggering conditions operate at different sampling rates
and consequently trigger in an asynchronous fashion. Similar to the previous chapter,

the system was modeled in continuous-time form, using delay-system approach. Then
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asymptotic stability and H., performance were proved by Lyapunov-Krasovskii functionals
and the conditions were provided in form of LMIs. In addition, a procedure was introduced
to design the triggering mechanism in an effective way.

Chapter 4 considers the implementation of event-triggered systems in the presence if
measurement noise. Basically, the effect of noise on the event-based systems have been
widely ignored throughout the literature. As one of the main contributions of this chapter,
an event-based mechanism was proposed which is effectively robust against measurement
noise. In the other words, the provided system, not only reduces the impact of noise on
the control law, but also it prevents excessive triggers, caused by the noise.

Chapter 5 studies event-based observer design for LTI systems. We assume that the
system dynamics is affected by some exogenous disturbance and the output measure-
ments contain stochastic noise. Then, using a similar idea to chapter 4, a noise-effective
triggering-based observer is proposed. Asymptotic stability and H,, performance con-
ditions of estimation error were formulated in form of LMIs and then a procedure was
presented to design the observer parameters.

Chapter 6 goes back to the fundamental problem of designing stable event-triggered
systems. We argue that most of the work reported so far in the literature, based on
Lyapunov theory, is intrinsically conservative and therefore endeavor to reduce the con-
servatism associated with the existent ideas. Although our approach is also based on
Lyapunov approach, we propose an integral-based triggering condition which does not re-
quire the Lyapunov function to be monotonous decreasing at all time instants. The result
is a more efficient triggering mechanism which reduces data transmission compared to the
existing results. A rigorous proof is given to show that the inter-event times in the pro-
posed scheme is larger than in the corresponding scheme given in [1]. Simulation results
show that this data transmission reduction does not significantly affect the performance
of the states responses.

Finally, in chapter 7, we consider the important case of decentralized systems. We
consider nonlinear systems in which sensors are geographically distributed; but their data
are transmitted to a central controller. Since each sensor does not have access to other
sensor’s data, decentralized TCs are considered at each sensor, operating only based on

local information. One of the main contributions of this chapter a novel form of TC which
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is less conservative than previously published results and is more efficient in terms of data
transmission. This issue was illustrated through simulation.
The research results, provided in this thesis can be extended and pursued in the fol-

lowing areas:

e Periodic-event triggered control for nonlinear systems
As mentioned earlier, PETC has received more attention in the last few years. In
this research we designed this scheme for a class of Lipschitz nonlinear systems.
However, there still exist different form of nonlinear systems which this idea can be
studied for. Indeed, providing a general framework for PETC design for nonlinear

system can be an interesting area of research.

e Periodic-event triggered observer design for nonlinear systems
Going through literature, one can infer that Lyapunov-based event-driven state es-
timation has not received as much attention as its corresponding control problem.
In particular, because of potential advantages of periodic event triggering schemes,

they can be utilized and developed for state estimation of nonlinear systems.

e Performance problem in integral-based event-triggered control systems
In this research an integral-based triggering mechanism was proposed which, as
proved, is more efficient than its corresponding schemes from a data transmission
point of view. However, stability was the only aspect that was studied in this work.
In the other words, IBTC idea can be developed for the case disturbance is present

in the system and different forms of performance, including £ may be studied.

e Integral-based event-triggered scheme for networked control systems
As another area of research, the proposed IBTC can be extended for a networked-
control structure. In this case, the constraints imposed by NCS, including time-delay
and packet dropouts, should be taken into account and the triggering mechanism
has to be redesigned in the way that desired stability and performance criteria are

guaranteed.
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