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Chapter 1

Introduction

1.1 General element of introduction

Network control systems constitute an active field of study, where interacting components
spatially distributed try to achieve a global goal [51].

Teleoperation, the internet of things, the increasing demand of electronics in the
automotive industry are relevant examples for a theoretical investigation of this field.

Network control systems constitute an essential subject in the general field of the
Cyber—Physical Systems [75], [66], where systems with embedded computational capa-
bilities interact with the physical world.

The rapidly growing demand for decentralised and communicating control systems has
an important economical impact in areas as diverse as smart grids, electronic in trans-
portation systems, healthcare devices. The economical interests coupled to challenging
theoretical and technical problems call for a great activities with respect to CPS in re-
search and development. This new paradigm introduces both new opportunities and new
challenge in term of control synthesis, and requires adaptation of the existing embedded
computing methods where real time and communication constraints are a crucial matter.

To model and study such complex systems, the hybrids dynamical systems (HDS)
paradigm is well suited, since it provides a powerful modelling framework of systems
involving both discrete and continuous dynamics. Notably, the HDS framework allows
dealing with continuous systems (e.g. physical processes) which undergo transitions due
to discrete events (e.g. computer decisions or external events).

Although networked control systems constitute a powerful tool to study large scale
of communicating systems. In several domain as for exemple teleoperation via internet,
they raise theoretical problems that need to be addressed, such as their technical limits in
terms of time delays, packet drops, and limited bandwidth available for communication
and real time scheduling. Classical methodologies of automatic control, used in the
context of network control systems, need to take these constraints into consideration.

In this thesis, one focus on the classical problems of observation and estimation [73],
[18], [19].This problems are reconsidered in the light of the network characteristics and
constraint, investigating some of the cases where these constraints of real time and limited
communication capabilities due to the network call for adapted observation and estima-
tion schemes. General observation problematic arises from limitations in the number
of sensors, due to several reasons such as cost reduction and technological constraints,
therefore not all the variables of interest (state variables and system parameters) are
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measured. Then the observability of the system accounts for the ability to determine
their values from measurements. Clearly, Network Control Systems and observability
are two vast fields, and the aim of this thesis is not to cover in detail all the aspects of
interaction between them. For this reason, hereafter the attention is focused on some
cases that appeared more meaningful.

Nevertheless linear and nonlinear systems are considered. Whereas the observability
property for a linear system is global (i.e. if a system is observable, then it is observable for
all states and all inputs), this is not the case for nonlinear system, where singularities of
observation could emerge, meaning that a nonlinear system could be observable locally
for some inputs and outputs and not for others. Moreover, even in the linear case, it
should be distinguished the notion of observability from that of detectability. Avoiding
for the moment the precise definition, the paradigm of observability used here is, roughly
speaking, the ability to reconstruct the system state. In the body of the thesis, where
needed, the notion of observability used will be precisely defined.

The contributions presented in the next chapters will be divided into three indepen-
dent parts.

In Chapter 2 the problem of observation and observer—based feedback stabilization
of linear systems by event—triggered sampling is considered. The event triggering is a
recent sampling paradigm, arising from the development of networked systems. Concepts
relevant to event—triggered systems will be recalled for both sensors and actuators. The
fundamental idea of event triggered sampling is to use information on the state to sample
only when "needed” while using an appropriate criterion to specify what "needed” means.
It will be shown that under some sufficient conditions the event triggering policy can be
used for linear systems with time—varying uncertainties. In the last part of Chapter 2,
an impulsive observer will be designed along with a triggering condition to observe and
stabilize the system. A notable feature of this impulsive observer is its ability to estimate
the state even in the absence of a stabilizing control, which can be interpreted as a
separation principle.

In Chapter 3 the problem of observation and observer—based feedback stabilization
are considered for a class of nonlinear systems, under the paradigm of the event triggered
sampling policy. Sufficient conditions in term of input-to—state stability will be given,
and from those conditions an event—triggered sampling mechanism will be derived for the
observation and stabilization of the class of nonlinear systems under consideration. In the
second part of Chapter 3, an impulsive observer will be designed which has the ability to
estimate the state with or without a stabilizing control. Furthermore, an observer—based
event—triggered control stabilizing the nonlinear system will be proposed.

In Chapter 4 the problem of average consensus where a set of agents try find their
barycentre, without absolute knowledge of their position, will be considered. It will be
shown how a decentralised observer can be used to solve the average consensus problem,
in the presence of range connectivity constraints for the communicating mobile agents.

This result demonstrates that using communication in a decentralised fashion allows
new and simpler way to solve a range of problems with respect to multi-agents systems.

Finally, considering a more accurate vehicle modelling, and in view of the future
trend towards networks of collaborative vehicles (agents), in Chapter 5 it is presented
an estimation procedure for the tire-road friction coefficient, making use of a high order
sliding—-mode observer. In order to asses the relevance of the proposed estimators and
highlight their performance, the results are verified and compared with classical estima-
tors in CarSim, which gives a high fidelity simulation scenario.
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Chapter 2

Event triggering policy for observa-
tion and output based feedback for
linear systems

2.1 General elements on event trigger for linear sys-
tems

Digital technology is commonly used in modern control systems, where the control task
consists of sampling the outputs of the plant, computing the control law, and implement-
ing the actuators signals. The classic way to proceed is to use a periodic sampling, thus
allowing the closed—loop system to be analyzed on the basis of sampled—data formalism,
see e.g. [12]. In such time-triggered control the sensing, control, and actuation are driven
by a clock, and it can be seen as an “open—loop” sampling. Recent years have seen the
development of a different technique [11], where the periodic sampling is substituted by
an event—triggered policy, see for instance [53] for an introduction to the topic and [13],
[95], [LO1], [74], [52] for further details. In this case the sampling is performed in order to
ensure that some desired properties established in the control design, primarily stability,
can be maintained under sampling. Conceptually this means to introduce a feedback in
the sampling process, since an event—triggered control requires the constant monitoring
of the system state to determine if the desired properties is ensured.

Event—triggered techniques allow the execution of control tasks as rarely as possible,
so minimizing energy consumption and load in network control system, and/or leaving
the digital processor available for other tasks. To analyse the stability properties of a
system the sampling induced error can be seen as a delay [12][47], via impulsive modelling
[53] or as a perturbation acting on a system with continuous feedback [95]. This later
case will be considered throughout our work.

However some issues appear naturally, such as that of the implementation of dy-
namical feedbacks. Indeed introducing a feedback in the sampling mechanism introduce
a coupling between the dynamic of the plant and the sampling instant, therefore it is
important to know under what condition a pathological sampling could arise.

In this chapter we will introduce some classic notion and results of event triggering
policy for control then we will present the problem of observer synthesis for different class
of systems. We first show some robustness properties of a classic Luenberger like observer
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subject to event triggering sampling policy then we establish a weak separation principle
for linear system where observation can be performed with or without control.

Notation: || - || denotes the euclidean norm when applied to a vector, and the norm
induced by the euclidean norm when applied to a matrix; |- ||o is the component with the
biggest absolute value. Moreover, AL, ‘AP are the smallest and the biggest eigenvalue
of a square matrix P, respectively. Furthermore, RT, R} will denote respectively the
set of positive real numbers and the set of positive real numbers including zero, and
N = {0,1,2,---} the set of natural numbers including zero. With I,., we denote the
p x p identity matrix. When there is no ambiguity, z, s, y: will denote x(t), (),
y(t5). Finally, ¢ = |flli|glo(tk +|hl), k € N.

2.1.1 Event trigger with full state information

A growing amount of result is available to achieve desired performance in terms of sta-
bility while reducing in average the total amount of communication we will now recall
important results when considering full state feedback. In [13] a one dimensional process
is considered consisting of a stochastic drift and a control action

dr = udt + dv

where v is a Brownian motion and v is an impulsive controller triggered each time the x
cross a specified threshold. As a consequence the control impulse restarts = at the origin.
In this simple case it is shown that event trigger control allows better performance in
terms of number of sampling and variance if the threshold is not too small. This simple
case already exhibits intrinsic features of event triggering sampling. Namely by definition
of Brownian motion it is not possible to ensure a minimum time between two samplings.
However the event triggered sampling (also called Lebesgue sampling) performs better in
term of stability and average communication.

A bad event trigger sampling policy could lead to something worst than absence of
minimum inter—event time, the Zeno behaviour where an infinite number of sampling
occur on a finite time interval. The simple model of a bouncing ball is classic example of
Zeno behaviour when the transition between bouncing and steady state occur.

Another example of Zeno behaviour occurs considering a simple dynamical system

u(t) = —sign(z(te)), vt € [ty tes|
. x(t
tpi1 = mtln{t > te, | — x(ty)| > %}
2k 1

2k’

The sampling sequence is tp,1 = therefore in the time interval [0, 1] there is an

infinite number of samples.
This example highlights the need of two definitions

Definition 2.1.1 (Zeno behaviour) [01] Considering (tx)ren the series of sampling in-
stant. The system exhibits Zeno behaviour if there exists a finite a > 0 such that
Vk € Nt < a (i.e. there is an infinite number of sampling on some finite time in-
terval
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Figure 2.1: Control scheme with sampled output and zero order holder.

Definition 2.1.2 (Minimum inter—event time) [55] The difference 6 := tx11 —tx is usu-
ally called the inter—event time, or sampling interval, if there exist Ty, > 0 such that for
all k € N, 0 > Tpin then the system is said to posses a minimum inter—event time

In the scope of Event—trigger control, to avoid Zeno behaviours [(1][%], it is important
that the chosen sampling policy ensures that lim;,_,., t, = oo for all & € N, possibly under
additional conditions.

2.1.2 Event Triggering Policies for linear system

We will first recall some known facts and terminologies about event—triggered systems.
Consider a system

= Ax + Bu

y==x
where © € R" is the state, u € R™ is the control, and A € R"*", B € R™*". Due to the
communication constraints, there is no continuous communication between the controller
and the plant. The value u;, is applied to the system, through a classic zero order holder
Hy. The transmissions are assumed instantaneous. The transmission instants between
the controller and the plant are denoted by #, k£ € N.

Let us consider first a simple case in which the state x is available for measuring,
and let us assume that there exists a state—feedback u = Kz, K € R™*", rendering sys-
tem (2.1) asymptotically stable at the origin, i.e. A+ BK Hurwitz. When the controller
is implemented making use of the sampled value z;, of the state,

(2.1)

trar = min {t [ £ >t +0}.

This is clearly a time—triggered policy. The event—triggered paradigm replaces this condi-
tion with one on the state values x(t), z;,. A simple condition of this kind is, for instance,
the e—crossing policy, which is of the form

try1 = mtin {t >t | |z(t) — 2, ]| > €}

viz. x(t) is sampled when ||z(t) — x| is greater then a certain threshold value ¢ € R*.
When this condition is verified, an event is triggered, which determines the sampling time
Ty
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Alternatively more complex sampling policies can be found for instance
tpy1 = mtin {t > ti | ||z(t) — x4 || > 7||2]| + €}
with ,v € RT, or a mixed triggering policy
thy1 = mtin {t >ty + Ouin | l2(t) — 21, ]| > €}

with €, 0 € RT. Different triggering policy can be considered depending on different
choice of convergence or robustness [95][?]

using a Lyapunov argument we will show different properties of convergence of the
triggering policy.

Practical stability
Definition 2.1.3 (Practical stability) [0/] The origin of a system

&= f(&u,d), EeER”, ueRPdeR™ (2.2)
is globally ultimately bounded if there is a time T ). such that
1@ <& Vi > Te)e, VE(O) (2.3)

for some ¢ > 0. The origin of (2.2) is practically stable if there is a time Te) . such
that (2.3) holds for any € > 0. o

Given the event trigger policy

tk+1 = min {t >t | [|a(t) — x4, || > €} (2:4)

And assuming A + BK is Hurwitz then there exist P a positive symmetric matrix
such that (A + BK)'P(A+ BK) = —1I and for all t € [tg,tx1[ v = Bx(t)) therefore
&= Ax+BKux(ty) = Av+ BKx— BKx+ BKx(ty) with || - BKx+BKx(t)|| < ||BK||e
denoting e = x(tx) — x(t) therefore considering the candidate Lyapunov function V' (z) =
2T Pz one has

V(z) = ((A+ BK)z 4+ BKe)"P((A + BK)z + BKe)

V(z)=2"[(A+ BK)'P + P(A+ BK))z + 22" PBKe

Vi,
V(z) < —|lz|]* + 2[|=||[|[ PBK]|e

considering € as a non vanishing perturbation it is known that x will converge to the ball
B(0,||PBK]||e) To show that for each initial condition there exist a minimal inter-event
time (i.e. a semi global inter-event time) it is sufficient to see that because e(ty) = 0
with ¢ = —2 and since given the initial conditions & is always bounded this imply the
existence of a semi global minimal inter-event time
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Asymptotic stability

Given the same candidate Lyapunov function as before

i1 = min {t >t | 22" PBKe > oa" Iz} (2.5)

with o €]0,1]
since V(x) = 27 Px one has

V(z) = ((A+ BK)z 4+ BKe)"P((A + BK)z + BKe)

V(z)=2"[(A+ BK)'P + P(A+ BK))z + 22" PBKe

Vi, _
V(z) < —|lz|* + ol]z]]?

Therefore asymptotic (exponential) stability is preserved

To show that there exist a minimal inter-event time a bit more demanding. Since
e(ty) =0 and é = —1

clearly |le|| < o||PBK||7}||z|| implies 227 PBKe < oaTIx.
We want to show that there exist a minimal time for which ||e|| < o||PBK]||7!||z|| holds.
Therefore we compute

d(H‘EHQ)
|z]|?”  2e"éxx — 22" de"e
a vl 2l
d(|’€||2)
||| < —2¢"((A+ BK)x + BKe)x'z — 207 (A + BK)x + BKe)e'e
dt. — ol xa’x
2
el
Qe _ lell el lel?
dt =l el (el

using the comparison lemma with (y2) = ay + by?® + ¢y®,y(0) = 0 the existence of a
minimal time between sampling is ensured. Note that asymptotic stability can be ensure
by a more conservative version of (2.5) that is

teer = min {t > t; | [le]| > 7||z]|}

Example

Considering a linear plant with full state measurement
= Azx + Bu

with u = Kz and the triggering policy t+1 = min {¢ > t; | ||e[| > v||||}.

0 1 0 0
A 0 —-0.179 773 0
0 0 0 1
0 —0.52 51.57 0
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0

1.79

B = 0 , K =(0.3102,0.7204, —14.4655, —1.7309)

0.26

14 i i i i i i i i i -5

Figure 2.2: State of the plant with v = 0.3 Figure 2.3: input of of the plant with v = 0.3
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Figure 2.4: Sampling instant of the input

The system is asymptotically stabilised while the triggering instants are not periodic.
One can see more frequent sampling at the during the transient.
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2.1.3 Observation and control using event triggering

Observer-based control of linear systems submitted to event-triggered transmission has
been a recent and growing fields of research [35],[67],[97]. We will now briefly introduce
generic ideas of output based event triggered observation and control.

System > Sensor

Observer—based |
Controller |y (¢2)

Figure 2.5: The communications of the output and of the input are performed in an event
triggered manner. The command delivered by the computer is assumed to be continuous
(i.e. its period and small delays are neglected)

Consider a linear system
&(t) = Az(t) + Bu(t)

y(t) = Cx(t)

where z € R" is the state, u € R™ is the control, y € RP? is the output, A € R"*",
B € R™ ™ (C € RP*"™. We assume that the pair (A, B) is stabilizable and that the pair
(A, C) is detectable. The natural question occurring is: Is it possible to apply the event—
trigger methodology in order to reduce the communication between sensor and controller
and between controller and the plant 7

Considering the following classic Luenberger observer

(2.6)

B(t) = Ad(t) + Bu(t) + LO(x(ty) — 2(ty)). (2.7)

A key difference when considering partial knowledge of the state is the fact that the
output can tend to (or cross) 0 when the state is not zero. Therefore a triggering condition
of the form

ther = min {t >t | [ly(te) — yll > vllyll}

can lead to Zeno behaviour. A simple way to prevent those Zeno behaviour from hap-
pening is to enforce a minimal inter-event time leading to

thyy = min {t >t + 7 | [ly(ts) — vll > llyll}

. ' X X (2.8)
i = min {t >t + 7| ||2(tk) — 2] > 7||m||}
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where 7 is the built-in minimum inter-event time. Clearly there exists by construction
a minimal inter-event time, the following question is then whether this 7 can provoke a
loss of stability.
We will next for simplicity consider synchronous sampling of the input and the output
meaning ty41 = min(ti,,t5,).
Considering z = z — & the closed loop system is
z(t) = Az(t) + Bu(t)
fc(t) = Az(t) + Bu(t) + LC(x(tx) — z(tx)) (2.9)

writing the system in terms of x and z gives
(t) = (A+ BK)x + BKz + BK(&(ty) — &)
2(t) = (A— LC)z + LC(x — z(ty))

When considering synchronous sampling of the output and the controller, the extended
state X = (27, 27)7T is of the following form

(2.10)

X=MX+WX
N =MX+WX (2.11)
Xt=0

With X = X — X (&)

([ A+BK LC ([ -BK 0
M‘( 0 A—LC)’W_( LC LC’)

From the previous result on Event triggering control for system with full state measure-
ment ( it is possible to select 7 such that V¢ < 7 ||X|| < /|| X]|. Since X is not known
we introduce an over estimation. We have that

[y (k) = Il < Iyl
and [[Z(t) — 2| < vl[x|| imply [|X]] < ~|[X]].
therefore the triggering condition (2.8) leads to asymptotic stability with minimum
inter-event time.

Remark 2.1.4 For v € (0, Vmax) the system will converge (2.11) will converge asymp-
totically, and the value gamma represents a trade off between sampling frequency and
convergence rate, however for v > ~Ymax the system is potentially unstable.

2.2 Observation and control of uncertain linear sys-
tems using event triggered sampling policy

2.2.1 Problem Formulation

Now, we want to consider the robustness issues of the event triggered observation and
control with respect to time varying modeling uncertainties. The results obtained subse-
quently allow us to state that if the continuous closed loop system is robust with respect
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to parameter uncertainties, then the uncertain system is stabilizable with the event trig-
gered policy. Moreover, asymptotic stabilization of an uncertain system using an adapted
event triggered policy can be obtained.

Consider a linear system subject to time varying uncertainties

#(t) = A()z(t) + B(t)u(t)
y(t) = C(t)z(t)

where z € R" is the state, u € R™ is the control, y € R? is the output, Vt A(t) €
R™ " B(t) € R™™ C(t) € RP*™, and where (A(t), B(t), C(t)) are subject to parametric
uncertainties.

Considering Ay, By, Cy the nominal matrices, and A(t) = (A;(t), Aa(t), As(t)) repre-
sent the time varying uncertainty

System (2.12) can be rewritten in the following form

(t) = (Ao + A1(8)x(t) + (By + Aa(t))u(t)
y(t) = (Co + As(t))x(t)

. The pair (Ao, By) is stabilizable, and the pair (A, Cy) is detectable. In the following,
the indication of the time instant ¢ is dropped if there are no ambiguities.

The control scheme is shown in Fig. 2.1. Due to the communication constraints, there
is no continuous communication either between the sensor and the controller, or between
the controller and the plant. The value y(tx) = Cz(ty) is available for the controller to
implement the control, and the value wu(tx) is applied to the system, through a classic
zero order holder Hy. It is worth noting that this means that the output y and the input
u are sampled synchronously, as assumed in this section for the sake of simplicity, even
though generalizations can be done in the case of asynchronous sampling.

Let us consider the linear system (2.12). When the state x is not measurable, under
the condition of detectability of the pair (Ag, Cp) it is possible to build a state observer [73]
of the following form. In view of an implementation with a triggered policy, the observer
will have the structure

(2.12)

(2.13)

T = Ay + Bou + GCx(ty) — GCyi. (2.14)

A feedback controller based on z will be used in the following to stabilize the sys-
tem (2.12). The input applied to the system, after sampling, is

u(t) = Ki’(tk), Vit e [tk7tk+1) (215)
so obtaining the controlled dynamics

Moreover, considering the sampled value of the output, one gets the following closed—

loop system

. 2.17
T = AT+ BoK.@(tk) + G(Co + A)x(tk) — GCyx. ( )

In the following sections we will address the problems of output—based practical and
asymptotic stabilization, namely the problem of practical/asymptotic stabilization of the
origin of (2.13) by means of an observed—based controller (2.14), (2.15), when appropriate
event triggered policies are adopted.
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2.2.2 Event Triggered Policies

for Output—Based Stabilization
When the state z of (2.1) is not available, the triggered policies reviewed in Section 2.1.2
cannot be implemented directly. In the following, we introduce the triggered policy that

will be used when the system state is not available. The following definition of mixed
triggering for practical stabilization of an observer—based controllers will be used.

Lets introduce the following triggering policies

Definition 2.2.1 (Mized Triggering for Practical Stability) The next sampling time for
the control is

terir = max{ty, + Tmin, mtin{t >t | |2 — 2(t)| > e }} (2.18)

and for the observation is
tok+1 = max{ty + Tmin, mtin{t >t | ly —y(te)]| > e2}} (2.19)

where €1, €9, Tmin > 0, and
tk+1 = min{tc7k+1, to7k+1} (220)
15 the next sampling time for the closed—loop system, with to = 0 and k € N. o

The proposed triggering condition prevents pathological sampling to appear. In par-
ticular, the condition t > t; + T, in (2.18), (2.19) will ensure the absence of Zeno be-
haviour. The triggered policy (2.20) has obviously a global minimum inter—event time. In
the following it will be shown that implementing (2.20) will ensure the practical solution
of the observed—based control problem. However, this condition cannot in general lead
to asymptotic stability. For, the following definition of mixed triggering for asymptotic
stabilization of an observer—based controller has to be considered.

In order to achieve asymptotic stability we introduce the following triggering policies

Definition 2.2.2 (Mized Triggering for Asymptotic Stability) The next sampling time for
the control is

e = masc{ty + T, min{t > i | |17 — 2(t) | > 1|7 }} (2.21)

and for the observation is

to1 = max{ty + Twin, min{t >t | ly = y(t)|| = oallyll}} (2.22)

where 01, 09, Tmin > 0, and
teyr = min{te g1, toptn ) (2.23)
1s the next sampling time for the closed—loop system, with to =0 and k € N. o

Remark 2.2.3 The existence of Tmin > 0 can be seen both as a physical constraint and
as a requirement in the triggering condition. o

Remark 2.2.4 The synchronization of the triggering condition on the observer and on
the output are, a priori, not required in order to demonstrate the proposed result. However
they allow a much stmpler analysis. o
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Assumption on the Parameter Uncertainties A(t)

Introducing the estimation error e = x — Z, from (2.17) we obtain the following

= (A + A (t))x + BK (x(t),) — e(ty))
e = (Ap — GCple — GCy(x(ty) — x) + A1 (t)x (2.24)
+ Ao () K ((tr) — e(tr)) — GAs(t)x(ty).

Hence, introducing & = = —x(t;), € = e — e(tx), we can rewrite the system in the following

form '
(i) — H(A) (i) +w, (2.25)
where
H(A®)) = (Hn H12>
-\ Hy Hx

Hip = Ao + Av(t) + (Bo + Ao () K
His = —(Bo + Ao(1))K
Hyp = Aq(t) + A2(t) K — GA3(1)
Has = Ay — GCy — Ap(D)K
. < —(Bo + As(t))K (z —¢€) )
P\ AWK (@ —8) + G(Co+ A3(1)T )
We denote h;;(t) the elements of H(A(t)).
Since A(t) represents the parametric uncertainty, it is natural to assume that it is

small in a certain sense. K, G are chosen to render H(0) Hurwitz. We make the following
hypothesis on H(A(t)).

Assumption 2.2.5 H(A(t)) € D, a convex compact set given by hi?™ < hy;(t) < hj5™,
Vi, 7, Vt, and there exist P = PT >0, v > 0 such that

H(A®)' P+ PH(A(t)) +~I; < 0. o

Remark 2.2.6 Given D, the hypothesis of a common quadratic Lyapunov function can
be checked by a finite set of Linear Matriz Inequality. Using the convezity principle [27],
checking the infinite LMIs in Assumption 2.2.5 reduces to check the LMI on the extremal
point of D.

Remark 2.2.7 By a continuity argument around A(t) = 0, If H(0) is detectable there
exist a D is small enough (i.e. for the chosen K,G) then Assumption 2.2.5 is verified. o

Remark 2.2.8 Assumption 2.2.5 implies a bound on Ay, AyK ,GAs. This assumption
18 less restrictive than a bound on A.

According to Remark 2.2.7, one can get sufficient conditions for the stability of the
perturbed system from the properties of the nominal system and of the perturbation size.
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Practical Stability

In this section we show that if assumption 2.2.5, is verified then we can stabilize the
system in an arbitrary small (dependant on the triggering parameters) neighbourhood of
the origin. We show that the triggering paradigm can be applied to a system subject to
the considered time varying parametric uncertainties.

Theorem 2.2.9 Under Assumption 2.2.5, it is possible to choose €1, €, Tmin > 0 so that
the observed—based controller (2.14), (2.15), with the triggering condition (2.20), solves
the output-based stabilization problem for system (2.6). o

Proof 2.2.10 We show that, for any ¢ > 0, it is possible to choose £1,e9 > 0 in (2.18),
(2.19), respectively, such that the triggering condition (2.20) implies the asymptotic sta-
bility toward the ball of radius €. The triggering condition ensures that tiy1 > tg + Tmin-

From assumption 2.2.5 it is possible to determine K,G such that, system (2.25) is
an asymptotically stable system forced by a non vanishing perturbation w, due to the
difference between y and its sampled value y(ty), and between & and its sampled value
Z(tr,).

First case tg11 > tg + Tmin. Since condition (2.20) ensures ||T — é|| < 1 and ||(Co +
As(t)z|| < eq, therefore

[wpl| < [[(Bo 4 24:(2)) K |[e1 + (| Glea.
Since w, is non-vanishing, the trajectories of (2.25) converge in finite time, depending

on the initial condition (x(0),e(0)), to a ball of the origin bounded by

Mo 17
b=\ 35 (1Bl + 2K e + Gl

min

(see[0/]) where P = PT > 0,~ are defined in assumption 2.2.5 and I is an upper—bound
of Ag. It is clear that it is always possible to choose €1, such that b < €.
Second case ty1 = tg + T, let us consider the system

H(A)(t) A (X
= (e ) (%) (226)
with X = (27,e")T, X = (z27,e")T, 2 = 2 — x(ty),e = e — e(ty), and

= —(Bo+A3)K  +(Bo+ A)K
-\ —G(Cy+ 43) — ALK MK '

= A(t)

—~

8 o K

Setting z = (XT, X)), At the sampling instants we have z(ty) = (X" (tx),0")". Let T
be the projection of z on X so that Tz = X. Introducing the ®(t,to) resolvent of (2.26)
we denote [|P(t,to)|sup = MaxX|y),up=1 [|P(E, 10) T ||sup-

We can write

() = B(t, 1) 2(b) = Bt 1) <Xg’“> ) L€ [t ter)
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Between two sampling instants we have

X(t/;-i-l) = X(tiﬂ) - XO%)
X(t
=T (®(t,tr) — I) ( E)’“)> .
Furthermore ®(tg,to) = Iy and from assumption 2.2.5 where D is a compact set,
between two sampling
e~ Ma(t2—t1) < ”9p<t2,t1>”sup < eMa(t2—t1) (2‘27)

with Mg a positive constant. Hence,
IX @) llsup < NT NS E 1) = Lallsupll X (Ea)llsup, € [Ers tisr)-

then (2.27) implies

X (@) llsup < 1T lsup (™5 = )1 (t) llsup
with || T ||sup = 1 since it is a projection. Furthermore from (2.27)

1X () llsup < 12X (1) lsupe™ 1.

Therefore, for all t € [ty tgi1)

1X () llsup < (€M7 — 1)eMe WX (8) | sup

and hence
X (1) [lsup < (€M2min — 1)eMoTmin)|| X (1) | gup, T € [trs trsr)-

Considering

p(Tmln) — (eMébTmin _ 1)€M¢Tmin

for any e > 0 th,erg exists Tmin small enough so that p(Tmin) < €, since between two
sampling instants || X ||sup < pl|X|sup and (2.2.5) is verified. From norm equivalence we
have p' = Cp such that || X|| < p||X|| In conclusion, considering the Lyapunov candidate
V = XTPX, with

V < =ylIX7 + ' (Tomin) | P Ao ||| X |2

One can always choose Ty, such that
Y+ 0 (Tin ) | PAr|| < =0

for any o < v implying that (z7,eT)T converges to zero. i.e. X can be seen as a vanishing
perturbation affecting X .

So as long as tpy1 — txy = T, (@7, eT)T converges to zero exponentially, and when
tkr1—tk > Tmin the system goes toward a ball of radius €. Therefore the proposed triggering
condition leads to practical stability.
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Asymptotic Stability

Theorem 2.2.9 ensures only practical stability, despite the fact that asymptotic stability of
the continuous closed loop system is assumed. Nevertheless, asymptotic stability can be
recovered changing the triggering condition (2.20) with (2.23), as stated by the following.

Theorem 2.2.11 Under assumption 2.2.5, it is possible to choose 01,09, Tymin > 0 so that
the observed—based controller (2.14), (2.15), with the triggering condition (2.23), solves
the output-based asymptotic stabilization problem for system (2.6). o

Proof 2.2.12 It was shown in the proof of Theorem 2.2.9 the existence of a Timin ensuring
the asymptotic stability of (2.17) as long as ty1—tk = Tmin. Know assume tyy1—t, > Tmin,
where ty, is the last triggering time, and let us introduce the extended state X = (z7,eT)T.
One writes

: —(Bo+ Aq(t))K(z — e

—Ay()K (T —e) — G(Cy + Az(t))x

where the definitions of T, € are as in the proof of Theorem 2.2.9. There exists P = PT >
0 such that = H(A(t))' P + PH(A(t)) +vId < 0, Vt. ConsideringV = XTPX

V=XT(H(AW)"P + PH(A®t)))X

—(BoA2)K(z —¢€)
+2XTP(_AZK(x_e)_G(CO+A3)x>
< -y X
(B + A2(t)K(z —e)
F2AXNPL|( Ly o o1t s muon) |

The triggering condition (2.23) implies that
[z —el| <oillz—el, [ICZ] < o2fl(Co+ As(t))x]].

Since

‘( —(B+ 4:(t))K(z — @)
As(t)K (7 — &) — G(Co + As(t)(7)

a1 = 01([(B + A2(t)) K||||z — €]l
az = 02||G|[[[e]] + A2 (1) K[|z — e]|
and |le|| < [|X||, ||z — el| <2||X]||, one finally works out

V< IXIE( =5+ 4lIPls(on,02) )

)| = 2maxtar.any

with
s(01,0) = max {H(B + As(t) K |0, 2||G|os + AQ(t)KHal}.

It is always possible to choose 01,09 such that
—v +4||P||s(o1, 02) < 0.
This guarantees the exponential stability of the extended system.

Remark 2.2.13 The proof of Theorem 2.2.11 shows that the triggered policy (2.23),
while enforcing asymptotic stability, can ensure slower convergence rates. o
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2.2.3 Simulation and comments

Let us consider system (2.6), with

0 1 0 0
0 _([+ml2)b m?2 gl 0
A= P p
0 0 0 1
0o _mib  mglM+m)
p Iz
B=(0 Ll o), © (o 010

representing by the linearization of the inverted pendulum on a cart, with x; the cart
position, x5 its velocity, x3 the pendulum angle, and x4 its angular velocity. Clearly,
Az = 0. The nominal parameter values are

lo = 0.3 m, mo =0.5Kg, My=0.5Kg
Iy = 0.006 Kgm?, by =0.1Kg/s, g¢o= 9.8m/s

and po = Io(Mo + my) + Momol(z], while the real parameters are

[ €0.27,0.33] m m € [0.45,0.55] Kg
M € [0.45,0.55] Kg I € [0.0056,0.0064] Kg m?
b=0by Kg/s, g= 9.8m/s’

and p = I(M + m) + Mml?. The matrices K and L are chosen such that the nominal
system has its biggest eigenvalue equal to —2.

0.35

Figure 2.6: Fuclidean norm of the state vs

) Figure 2.7: Inter—event time t;,1—1; vs time.
time.

The simulations results are shown in Fig. 2.6. The initial conditions are x(0) =
(0.1,0,0.2,0), and z(0) = 0. Fig. 2.6, 2.7 refers to a simulation in which the triggering
condition (2.20) is used, with 75, = 1072 s, &1 = g9 = 1073, The practical stability can be
observed in Fig. 2.6 and the inter—event time is shown in Fig. 2.7 while during the transient
phase the inter—event times are 7,;,, the successive inter—event times are determined
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0.4

Figure 2.8: Euclidean norm of the state vs

) Figure 2.9: Inter—event time t;,1—1; vs time.
time.

by e1,&5. Fig. 2.8, 2.9 refers with the triggering condition (2.23), with 7, = 1072 s,
01 = 03 = 0.05. This time, one observes asymptotic stability (Fig. 2.8, with a shorter
average inter—event time (Fig. 2.9). The imposed minimum inter-event time does not
turn to be useful in this instance of the problem since the output norm and the observer
norm never cross 0.

2.2.4 Conclusions on uncertain linear systems using event trig-
gered observation and control

For linear systems with time varying parametric uncertainties, and in the case of partial
state knowledge, the event triggered paradigm can successfully be applied for stabiliza-
tion via observer—based controllers. Practical and asymptotic stability are shown when
considering model uncertainties. The proposed results recover full state feedback as a
special case. The applicability of the proposed approach considering the linearized dy-
namics of the inverted pendulum on a cart as been considered. Further studies should
include practical method of calculating an optimal choice of the triggering parameters,
robustness with respect to disturbance and measurement noise.

2.3 Impulsive observer for Event triggered observa-
tion and control

In the previous section we described a classic Luenberger observer with a linear output
based feedback the proposed methodology enables the observation and control of linear
system while implementing event trigger sampling policy. It is shown under some con-
dition that the control and observation gains can be computed offline and provided that
the matrix of the extended linear system is Hurwitz, then the resulting closed loop sys-
tem with event triggered sampling is stable (practically or asymptotically). This recovers
somehow the classic idea of the separation principle. However the separation principle is
somewhat stronger in stating the observation is possible without control. The classical
Luenberger observer with event triggered sampling policy is able to conduct successful ob-
servation only when introducing a stabilizing dynamic controller. In the next section we
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design an impulsive observer in order to recover the separation principle (i.e. Observation
in absence of control).

2.3.1 Problem Formulation

Let us consider the linear system (2.6). When the state x is not measurable, under the
condition of detectability of the pair (A, C) it is possible to build a Luenberger observer.
In view of an implementation with a triggering policy, generically the observer has the
structure

&= F(&,y5,u) (2.28)

with possibly non smooth F' : R® x RP x R™ — R"™. A feedback controller based on
2 will be used in the following in order to stabilize the system (2.6). After the input
transmission at time ¢7, the input applied to the system is

u(t) = Ki:t;z, t e[t t5,,) (2.29)

with K € R™*™ such that A + BK is Hurwitz, and the controlled dynamics are
Zl"f = Al’ + BKfi'tjl, t € [t?, ?_,’_1). (230)

Therefore, between two sampling instants, the closed—loop system dynamics are

T = Ax + BKit?

. 2.31
T = F(JAZ', C.’L'tZ,K.ﬁi't?) ( )

for t € [t§,19,,) N [t;, ;1) # ¢. And the observer can have jumps at specific times
#(t7) = G(2(t), Cwy:,u) These observer jumping times are to be determined later.
The following definition will be used.

Definition 2.5.1 Given the controlled system (2.30), the Practical Observer Design Prob-
lem (PODP) consists of finding an observer (2.28) and an event triggering policy such
that the origin of the dynamics of the estimation error e = x — & s practically stable,

é:A:L'—l—Bu—F(if,Cxti,u)

" =2 —G(&,Cr,u)

and there exists a minimal inter—event time 0y min > 0 such that 6,y =t | —t; >

Ssmmins V& € N.

Remark 2.3.2 Note that in general the PODP does not required that u stabilizes the
system. In fact, the PODP aims at designing an observer for the system (2.6) even if
x(t) becomes unbounded. U
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Definition 2.3.3 Given the system (2.31), the Practical Observer—Based Control Prob-
lem (POBCP) consists of finding an observer—based controller (2.28), (2.29) such that
(i)the origin of the dynamics

) R ) R (2.32)
e = Axr + BKa:t? — F(x, Crye, Ka:tja_)

with t € [t§,t3,,) N[}, ti 1) # ¢ and e = v — T the estimation error, is practically stable,
and (ii) there exists a minimal inter—event time Omi, > 0 such that o5 ) = t7 1 —t% > Omin
and 5(173' = t;-l+1 — t? > 6min7 \V/k',j € N.

Definition 2.3./ (Weak Separation Principle) Given system (2.31), the so called weak
separation principle is verified if the PODP can be solved independently from the POBCP
(i.e. it is possible to observe the system is without stabilising it.

Remark 2.3.5 The weak separation principle recovers the classic notion of separation
principle, where the error dynamics do not depend on the system state, and the observer
trajectories converge to those of the system state with no assumptions on the properties of
the system dynamics. On the contrary, to the best of the authors’ knowledge, the available
results in the literature deal only with POBCP, and its resolution allows determining
independently the dynamics of the first and of the second of (2.31), but nothing can
be ensured for the observer convergence when the state x does not converge towards a
compact containing the origin. ]

Event Triggering Policies for the resolution of the PODP and the POBCP

In the following, we introduce a triggering policy which can be used when the system
state is not available, and which takes into account the communication constraints for
the output and the input over the network.

Definition 2.3.6 (Mized Triggering for Observer—Based Controllers) In the so called
mixed triggering policy, the next sampling time for the actuation updating is

a _ : al a2 a3
tj41 = min <max {tj+1,tj+1},tj+1>

t?}rl = rntin {t >5[ |2) — 2@ = ga}

- ' Y (2.33)
9%, = min {t1t>1]+ 700t
and for the sensor sampling is
f41 = IMin (max {tﬁua tiil}, tﬁl)
tiy = min {t > 6 | [ly(t) —y(tp)l = s}
o (2.34)

tii =min {t | £ > + 70}
tr =min{t | £ > 6 + 7.}

s a a
> Trin> Tmax > Tmin

where €q, €5, T, T € RT, 73 78 € RT are parameters, and 75,
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Remark 2.3.7 For the sensor (resp the actuator) , ti ., — 1} € [taul,, taus,. ], (resp
b1 — U € [taudy,, taul,]) in this time interval the sampling time is given by the trig-
gering policy.

Remark 2.3.8 The values t33, in (2.33) and t57, in (2.34) will ensure the existence of
a global minimum inter—event time, and this avoids Zeno phenomena. The saturation

parameters ..., Te... are used to impose a maximum value to the inter—event time. This

is a quite natural condition, imposed in practical cases. When 7),. = To.. = 00, MO

saturation is applied to the mazximal inter—event time. In the next section it will be shown
that (2.34) solves the PODP, and that (2.33), combined with (2.34), solves the POBCP.

Remark 2.3.9 Note that (2.33) and (2.34) allow independent sampling of the output
and of the controller, while ensuring minimum inter—event times for both the controller
and the output samplings. O

2.3.2 Impulsive Observers and Impulsive Observer—Based Con-
trollers

The use of the sampled state, changing impulsively the information the observer possesses
at the sampling instants, suggests the use of an observer in which the estimated state
is changed impulsively. We will refer to such observers as impulsive observers [63]. To
introduce such observers, we first recall that, as well known, it is possible to consider an
appropriate state change T such that system (2.6) is rewritten in the form [62]

.i'l = Allxl + Algl'z + Blu

I"Q = A21$1 + AQQZL‘Q + BQU (235)

y=mn
with 21 € RP?, 2, € R"P, (2] xQT)T = Tz, and
- A Ane ) ( By )
TAT ' = ( ., TB=
Agy Ag B,
CT ' = (Ixp, 0).
For system (2.35), we can consider the following impulsive observer for [t},t}, )

Iy = Ay + Ajgds + Bu

Tg = Agiy + Aggdia + Go(dg — 2) + Byu
2 = Anz + Aezo + Gi(21 — 21) + Bu
2o = Ag121 + Agezo + Go(21 — 21) + Bau

(2.36a)

with &1, 21 € RP, £, 20 € R"P, Gy € RPX(""P) G € RPP, Gy € R"P*P and

1 (ty") = y(t;) whenever [|21(t) — y(t)]| = &,
and t >t} + 7,

min*

(2.36b)
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for a ¢, > 0.

The dynamics (2.36a) are discontinuous, due to the reset conditions (2.36b), where
one needs to consider the right—value of ; at ¢ = t;. Note that y(£;) = z1(t]) is a
continuous signal.

The dynamic controller is given by (2.29), (2.36) for ¢t € [t,15,,) N [t},t3.1) # 0.
It is worth noticing that the reset Z1(¢;") = z1(t]) = y(¢]) in (2.36b) occurs when the
triggering condition occurs, while the reset Z;(t) = x1(t;) = y(t}) is internal to the
observer dynamics, and is imposed to bound the transient estimation error.

It is clear that (2.36) contains two coupled observers. In particular, that described by
the variables 21, 2 is a Luenberger observer, forcing the dynamics of Z5.

u(t) y(t)

Sensor

@5}
<
0
=+
@
B
A\

. Impulsive s
Ki(t) Observer—based y(ti)

a0 | M a.a)

Additional
Observer
z

A

Figure 2.10: Structure of the impulsive observer.

Theorem 2.3.10 Let (A,C) be detectable for system (2.6). Then, using the triggering
condition (2.34) and the impulsive observer (2.36), it is possible to choose 75, ,es > 0
such that the PODP is solved.

Proof 2.3.11 Considering the appropriate state change T such that system (2.6) is trans-
formed into system (2.35), for t € [t},ti,,) the dynamics of the errors ey = x1 — 2,
6221‘2—52‘2, 5121’1—21, €y = To — Z9 aTE

' A A _
n Agy Ag n n
with n = (eQT, el ég)T, and the reset conditions are

er(ty") =z () — 21(67) = y(ty) —y(t) = 0
21(t) = y(ty) whenever [|21(t) — 21 (L) > & (2.38)
and t > t; + 7.

min
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where

A21
/_112 - (A12 0 0 )7 AQI = Gl
G

Aso + Gy 0 -Gy

A22 = 0 All - Gl A12

0 Ay — Gy Ay

The matrix Go can be chosen so that the matrixz Ass + Go is Hurwitz. Moreover, since
(A, C) is detectable, it is possible to determine Gy, Gy such that the matrix

<A11 -Gy A12> _ (An A12> B (Gl) (I 0)
Ag — Gy Ap Agr Ago Gs
is Hurwitz as well. Therefore, Asy can be rendered Hurwitz, so that there exists P =

PT >0, solution of PAy + ALP = —2Q for any fized Q = QT > 0. We can distinguish
two cases.

a) If t;. = tihy > 2, = ¢ + 75, the triggering condition (2.34) and the reset
condition (2.36b) ensure that

el < lly =y ll + |21 —yg |l < es+e0 = e
As far as m is concerned, considering the Lyapunov candidate V. = 0T Pn/2, one
gets
V=P Asier — " Qn < X%, (Inll = 22) Il
A I1PAs] (2:39)
2 = AQ €1

so that, for any initial conditions 1n(0), the ball B.,, with

PA
o [P 1Pl
)‘mln >\m1n

centred in the origin s attractive for m, i.e. the trajectories of n converge inside
B., in finite time. Therefore, one can conclude that the ball Be, € = \/&? + €3, is
attractive for (el ,n™)T.
b) If ;. =2, = ti+75, > tihy in (2.34), the solution of (2.37) over [t",t) = [t§,1)
is
t n et
(81())26 t t ( ( )) (240)
n(t) ( 9
since n(t;") = n(t3) (the discontinuity is only on &1 due to the reset), so that
(61(?5) - 61(15?)) _ <6A(t—tz) _ ]2n><2n> (61(752:)) .
n(t) —n(ty) n(ty)
Considering (2.38), and premultiplying by (Ipxp 0), one gets

ex(t) = (IPX;D O) (eA(titZ) - IQnXQn) (7]((722)) .
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Therefore,
||61(t)|| S ”€A(t_tz) - ]2n><2n

(n((t)i))H

and since
Heg(t_tz) — Dopxon|| = Z Y
ji
Z 29, ||A||j _ Al _
7j=1
one finally gets
e ()] < (M6 — 1) (). (2.41)

Considering again (2.40) and the first of (2.38),
(D) (0 Y e (110)
n(tx) n(th) n(t)
(o)
n(t)
< el gng

In(E) 112 < 10 (fley ()] + lIn(2)12). (2.42)
Therefore, from (2.41), (2.42), one works out
_ 2
lex(®IF < (M0 = 1) (e |12

< <ellflll(t—tz) _ 1) 2]/ Al (t—t; )<||€ oIk
+[In(®)1?)

so that
In(t;)|| < el Attt

A(t—t3)

since ||e”

and finally )
lex @) < oA In@)| < ol Allmaa) ()] (2.43)
with T =t —t; € [0,75,,), and

o(s) = [(es — 1)_26725 — 1}

which is such that o(0) = 0, is strictly increasing and goes to infinity as s tends
to 5 = (14 +/5)/2. Hence, o is uniquely invertible for s € [0,5). Considering
the Lyapunov candidate V. = nT Pn/2, as in the case a), and repeating the same
passages, one gets

—-1/2

V< = (A2 = 1P Aatll o)l All ) )

Hence, V<0 choosing QQ and 7°.  so that

mln

)\I?un <3 S < 1 -1 )\gun
S, Tmin =70 .
[P Aoy | | Al [P Aoy |

Therefore, n will converge asymptotically to zero, as well as ey thanks to (2.43).
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Considering the cases a) (practical stability) and b) (asymptotic stability), and since
the triggering condition (2.34) considers the mazimum between 75y, and 773, one con-
cludes that the origin of the dynamics of (e, e3) is practically stable. Moreover, the
inter-event time is at least 75, > 0. Therefore, one can can conclude that the PODP is
solved.

Theorem 2.3.12 Let (A, B), (A, C) be stabilizable and detectable, respectively, for sys-
tem (2.6). Then, using the triggering conditions (2. 33) (2.34) and the observed-based
controller (2.29), (2.36), it is possible to choose T, gqo > 0 such that the POBCP
is solved.

m1n7 587 m1n7

Proof 2.3.13 Denoting & = x — Tya and w = Tya — :%t; From (2.3.12) Ve there exist €4
and T such that ¥Vt > T, ||w|| < e

T\ A+ BK —BK x BKw
i) \A+BK -BK ) \z) \ BKuw
a) If 3, =191, > 193, =t} + 7%, the triggering condition (2.33) ensures | — 20| <

g4 Therefore choosing the dynamic of & is just linear convergent dynamic given by
A+ BK perturbed with non vanishing perturbation.

Therefore there is a quadratic Lyapunov function V. = z'Px ensuring practical
stability in a ball By.

b) If t9,, = 195, = 9 + 78, > 34, in (2.33), let us denote X = (z7,2")" and
_ A+ BK —BK
- (A+BK BK)
Since Z(t§T) = 0, if we consider T the projection of (x*,z")" on T ( TX = I),

one has , ")
1 3 BKw(T
X 1) = A(tft?) Xa / A(T—t) d
(t)=e i+ 12 ¢ BKw(T) !

t
_ LAty [ Tty / A(r—t) BKuw(r) d
o ( 0 )* (Bme ’

and since between two samplings the system is linear, on obtain

2(t5) = 2(t55) — 2(t57)

+7'/t;eA(T (BK:UUE:§>dT.

So for each t € [t§,t7,,) the inequality || BKw| < || BK||e gives

2@ < T[N e = Lapscan || Xa|

(l

+ 2| BK]|z / Al -7 g7

a
t5
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So a a
1Z@)]] < (1T (M= 5 — 1) (e

2| BK ||e(elH=im — 1)
[ Al
where ||T||=1. Since the system is affine, the following inequality also holds.
l(E) ]| < (|1 X (8) [l A5
QHBK”g(eIIAIIoo(t—t?) ~1)
[ Al

we have || X|| < ||z]| + ||z|| Therefore, for allt € [t§,15,,)

2| BK ||e(elAllemiin — 1)
~ Al

+ el Alloemimmn (Ml — 1) ((||Z(2)|| + (|2 ()]])
2| BK ||e(elAloeTmim — 1)

||i'(t)|| S (GIIA”ooTr%in J— 1)

1Al
_ = a 2||BK||e - u
1ZO < p(1Allor) 2] + weumnmfmm) (2.44)
where ( 1)
es —1)e’
pls) = 1 —(es—1)es
(e — 1)

0(s) = :
AN D

A a. small enough so that p(||Al|sT2;,) <

€. We define V.= a7 Px the same candidate Lyapunov function as in the case

8y > 18 + 15, from (2.44) and ||w|| < e we have the following inequality

For any € > 0 and any || A||« there exists a T2

V< [ . Amax<(A + BK)TP + P(A + BK))

+ 20(ra I PBE |

|BE|
Ee

+2||PBK||e(0(75:,) + 1)zl

Since A+BK is Hurwitz we can consider the term p(18,,) as a vanishing perturbation
and 0 a non vanishing one. We can choose T, such that —Apax(ATP + PA) +

2p||PBK]|| < 0. From known result on vanishing perturbations [?], the ball B,
2||[PBK||e (6(7) | BK | + 1)

" A ATP + PA) = 2p(73,, ) [ PBK]|

min

18 attractive,

In conclusion, for both cases the same lyapunov function decrease as long as it is not
i a neighbourhood of zero. Therefore, the proposed triggering condition leads to practical
stability to a ball and the ultimate bound is given by {||z|| < b+r}.
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2.3.3 Simulation and comments

In this section the proposed impulsive observer is used for the stabilization of the lin-
earized model of an inverted pendulum on a cart. To better show the advantages of
the impulsive observer, a comparison is presented with the case in which the following
observer ‘

T=Ax+ BKi:t? + LC (74 — ) (2.45)
is considered, which represents the obvious implementation of the classic Luenberger
observer in the event—triggering setting.

The dynamics of a linearized inverted pendulum on a cart are in the form (2.6), with
z = (21 Zy 23 24)T and z; the cart position, z9 the cart velocity, z3 the pendulum
angle with respect to the vertical, z; the pendulum angular velocity. Introducing a
coordinate change : = = (:cl To I3 IL’4)T = (z1 z3 2 24)T The system is in the
form (2.35), with the position z; and the angle xo measured variables, and

p D
0 0 0 1
Agy = (0 M_lb); Agr = | Mgl(m + M) 0
p p
0 0
() e ()
p p

where the parameters have the following values
[ =0.3 m, m=0.5Kg, M=05Kg
J=0.006 Kgm?, b=0.1Kg/s, g¢g= 98m/s

and p = J(M + m) + Mml*. The observer (2.36a) is given by

o (—119:8211 0.5263
0= 0 —80.0000

o ~22.8712  1.0085
7\ 16639 —20.9498

. _ (1261812 26591
27\ 24.0036 —160.3360

corresponding to fix the spectrum o(Asgy) in {—119.9931, —80.0069, —13.5, =9, —10, —11.5},
while the applied control (2.29) is given by

K = (o.3102 _ 144655 0.7204 — 1.7309)

and corresponds to fix all the eigenvalues of A + BK in —2.
In Fig. 3.3 the performance of the controllers based on the impulsive observer (2.36)
and on the Luenberger-like observer (2.45) is shown, where the values
€a =001, £,=001, 70y =Tom =105

min min



have been used in (2.33), (2.34). The initial conditions are chosen randomly in the unit
hypercube.

To show the controller performance for different values of €,, €,, these parameters are
let to vary.The values of ¢,, €, are varied to change the radius of the ball where the error
variables converge.

Choosing randomly the initial conditions in the unit hypercube, and then taking
the mean value of the communication and stabilization errors, one gets the graphics of
Figs. 2.12, 2.13. Considering the maximal stabilization error norm ||z||ss during the steady
state, defined as

s = max [l(2)]]

with T = [10,15] s in the case considered, in these figures the number of sensor and ac-
tuator communications N, NN, are given as function of ||z, to provide the stabilization
performance obtained with a certain number of communications. Either in the case of
the Luenberger—like observer (2.45), or in the case of the impulsive observer (2.36), the
simulations show good results in term of observation and control performance, during
both the transient and the steady state. However, these two observers have different be-
haviours in terms of samplings. In fact, Fig. 2.12 shows that, for comparable performance
in terms of stabilization, the impulsive observer (2.36) needs more sensors communica-
tions (Fig. 2.12.a), but provides a state estimation which determines less updates of the
control value (Fig. 2.12.b). Moreover, the sum of the number Ng + N, of sensor and
controller communications is smaller for the impulsive observer—based controller, i.e. it
is less demanding in terms of communication resources (Fig. 2.12.c).

A quite interesting property shown by the simulations is the following. If a saturation
function is used in (2.34), with 75, = 77 = 0.3 s, i.e. if a maximum inter-event time
75 .. is imposed, as in [11], the performance of the impulsive observer—based controller
improves sensibly, surprisingly not generating more communications from the sensor. On
the contrary, the introduction of a maximum inter-event time 7., does not influence
sensibly the performance of the controller. Note that a periodic sampling of 0.3 s would
lead to instability. Hence, while the triggering parameters 75, ., 7%  in (2.33), (2.34)
should (intuitively) induce a more frequent sampling, in practice they determine a reduc-
tion of the number of samplings. Intuitively, this is due to the fact that they ensure that
the system trajectory does not diverge abruptly, in which case a faster sampling should
be necessary to force it again close to the origin. The comparison of the performance
shown in Fig. 2.13 with that of Fig. 2.12, shows that 7. (but also 7%,.) can be used
as control parameter. For instance, for ||zl = 1074, for the impulsive observer (2.36)

the total number of sampling is 3500 when 70, = 7., = 0o, while it drops to 2400
when 7, = 0.3 s. On the contrary, 7, has no visible impact on the Luenberger-like

observer (2.45), with which the number of sampling remains always about 3900.

Figure 2.14 shows that when no saturation is implemented on the maximal inter-
sampling time instability close to zero can occur. While this instability is benign in term
of observation and control it has an impact on sampling. Namely they will occur later to
correct the instability.

Figure 2.15 highlight the fact that a saturation on the maximal inter-sampling time can
prevent this phenomenon. There is a trade off since a saturation on maximal inter-event
time could also lead to more communication. This saturation must not be seen as a
periodic sampling since this maximum time alone would lead to instability if used as
the period of a periodic sampling. Comparing Figure 2.12 and Figure 2.13 along with
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Figure 2.11: Controller based on the impulsive observer (2.36) (circle) and Luenberger—
like observer (2.45) (star) with 78, = 7/ = 75, = 7/ = 00: a) x1 [m vs 8]; b) x9 [m/s vs
s|; ¢) z3 [rad vs s|; d) x4 [rad/s vs s]; e) ||z|| [dimensionless vs s]; f) u [N vs s].

Figure 2.14 and Figure 2.15 show that on average the overall communication load is not
increased with a saturation on the maximum inter-event time.

2.3.4 Conclusions on impulsive observer for event-triggered lin-
ear systems

In this section a weak separation principle has been introduced for linear systems stabi-
lized by observer—based controllers, making use of an event—triggered technique.

An impulsive observer has been designed along with the event—triggered policy, to
ensure practical convergence of the estimate to the system state, and nonzero inter—
event times, avoiding Zeno behaviors. The motivation of the impulsive observer (as
opposed to a discrete time Luenberger observer) in this context being to make the most
of the information transmitted at the moment where it is most relevant. The practical
stability of the observation error can be achieved without stability assumptions on the
system dynamics, which can be stable or unstable. The proposed event—triggered policy
allows asynchronous communications sensor—controller and controller-actuator. Finally,
it has been shown in the case of a linearized inverted pendulum that it is possible to
tune the various parameters of the event—triggered control scheme in order to reduce
the overall communications among the different components. The proposed observer has
been compared to a classical Luenberger observer, subject to the same triggering policy.
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Figure 2.12: Controller based on the impulsive observer (2.36) (circle) and Luenberger—
like observer (2.45) (star) with 7%, = 7/ = 7., = 75 = oo: a) Number N, of sensor
communications versus stabilization error norm ||z|/s; b) Number N, of controller com-
munications versus stabilization error norm ||z||s; ¢) Number Ny + N, of sensor and

controller communications versus stabilization error norm ||z||ss.

The simulation results suggest the implementation of a maximum inter—event time may
bring some benefit in terms of the reduction of the communications.

2.4 Conclusion on event triggering policy for obser-
vation and output based feedback of linear sys-
tems

In this chapter we introduced key concepts of event triggered sampling for observation
and control of linear systems. We demonstrated that for some classes of systems (Linear
Systems, Uncertain Linear Systems) it is possible to adapt classic observer to allow dy-
namic feedback under event triggered sampling. The main objective of event triggering
being the reduction of the communication among node in a network control systems. To
this end special problems were adressed (i.e adaptated event triggered sampling policy,
Special observer structure). However some issues remain open and will be investigate in
future work. In this chapter only linear systems have been considered and allow global
features such as global stability and global obsrvability. It as been shown that under
the assumption of detectability and stabilisability one can always derive adaptated event
triggered policy that allows (practical)convergence of the state to 0

A natural question arising is the extension of the results for linear systems to the case
of non linear systems. This will be the object of the next chapter
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Figure 2.13: Controller based on the impulsive observer (2.36) (circle) and Luenberger—
like observer (2.45) (star) with 75, =77 = 0.3 s and 72, = 7/ = 0o: a) Number Ny of
sensor communications versus stabilization error norm ||z||s; b) Number N, of controller
communications versus stabilization error norm ||z||s; ¢) Number N + N, of sensor and
controller communications versus stabilization error norm ||z||ss.
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Chapter 3

Event triggering policy for observa-
tion and output based feedback for
some classes of non linear systems

In the previous chapter we considered event triggering observation and control of Lin-
ear systems, in this second chapter we will extend our previous results to non linear
systems subject to communication constraints. Observability /observation and controlla-
bility/control of non linear systems can be a challenging task especially when considering
communication constraints, however throughout this chapter systems under considera-
tion possesses some features that make them tractable. The details of those features
will be stated in the problem formulation, however since they might appear as embedded
in the hypothesis we want to state some generic properties. The systems we consider
are Lipschitz. Furthermore embedded in the observability assumption is the notion of
instantaneous observability (i.e. knowing an arbitrary small time interval of the output
allow reconstruction of the initial condition of the system). Those properties hold for
linear system however they restrict the classes of non linear system under consideration.

3.1 (General elements on event triggering for non lin-
ear systems

In order to established necessary condition for observer based stabilisation of a non linear
system subject to some event triggered mechanism, we will first recall some useful result
of event triggering for non linear systems when the full state is available and no observer
is needed.

It is remarkable that, when considering non linear systems with full state available for
control results similar to those established for linear systems hold (see for instance [95]).
This results can be established, provided hypothesis on the stability of the system when
there exists a robust continuous feedback with respect to sampling error are verified. A
key notion when considering event trigger policy for non linear system is the notion of
input to state stability. Considering

(3.1)



Definition 3.1.1 (Input-to—state stability-ISS [03]) System (3.1) is said to be locally 1SS
if there exist a class KL function 3, a K function «, and some constants ki, ko > 0 such
that

()] < B(lwol, ) + a((ul), VE=0
for all xy € D, uw € D, satisfying |xo| < ki, |u| < kao. System (3.1) is said (globally)

input—to—state stable if D = R", D, = R™, and the above inequalities are satisfied for
any initial state and any bounded input.

Definition 3.1.2 (1SS Lyapunov function) A continuous function V : D — R is an ISS
Lyapunov function on D for system (3.1) if there exist class K functions oy, as, as, 8
such that the following two conditions are satisfied

ar(|z]) <V (z(t) < as(|z]) Yxe D, t>0
oV (x)
Ox

Moreover, V is a global 1SS Lyapunov function if D = R", D, = R™, and a1, as, a3, 5, €
Koo-

g(x,u) < —ag(|z]) + B(Ju]) Vz e D,ue D,.

Consider the closed loop system (3.1) with e = z(tx) — x(t) and write

&= g(z,v(z+e))

we write a new system
T = f(xa 6)

Making the assumption that there exists an ISS Lyapunov function with e as the new
input

AV, oq(|z]) < V(z(t)) < as(|z]) Yee D,t>0
» IV ()
oz

Then it is possible to choose an event trigger mechanism rendering the closed loop
system stable.

f(x,p(x+e) < —as(|z]) + B(le]) VYxeDueD,.

try1 = mtin{t >t | —as(|x]) + B(le|) < 0} (3.2)

To ensure a minimal inter-event time hypothesise on a3, 3, f and  are sufficient. Assume
f,7, B and az ' are Lipschitz with for simplicity the same Lipschitz constant L Assuming

llell < Z5]l[| then
L([el] > LB(llel]) > a3 (B(/Jel]))
iz (B(llell)) < L2[lel] < [l
(B(/lell) — as(llzll) < 0

therefore for all time where ||e|| < #||x|| holds —as(|z]) + B(le]) < 0 holds as well.
Furthermore |f(z,v(z + €)| < L(||z| + |e||) As in the linear case we have
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ﬁ) 26T T 2$T T

||z]| éx'x —2x Te'e
dt elralx
acllell) : :
lz][*” _ LAz + lelDIlellll=[1" + L(l=] + lelDIle["[l|=]]
e — vl xaTx
2
e
(i ’||| N TR T I
dt || | el Hell3
Since )
TET sl
Qe lell “l?
dt llz|| dt
D
then |c|l 2] (1 + HGH) Therefore using a comparison lemma with y = 7[5(1 +
y)%,y(0) = 0 There is a minimum inter event time.

3.2 Observation and control of decentralized Non Lin-
ear systems

The main objective of this section is to address the problem of the event—triggered
Observer—based feedback for non linear systems. That is to say when full state is not
available for measurement but is needed for stabilization, giving sufficient conditions for
the dynamic feedback control of non linear plants to converge when subject to network
constraints, using an event—triggered strategy.

3.2.1 Problem formulation and definitions

Consider the system
() = fa(t), u(t))
y(t) = h(xz(t))
where z € R"™ is the state, u € R™ is the control, y € RP is the output. The time
instant t is omitted if there are no ambiguities. The functions f and h are assumed
sufficiently smooth. We also assume the existence of a continuous state-based controller
which renders the origin asymptotically stable.
The control scheme is shown in Fig. 3.1. Due to the communication constraints, there
is no continuous communication either between sensors and observer, or between observer

and actuators. The inputs and the outputs are partitioned into actuator/sensor nodes

U:(u,{, ) q) Y= (y{7 7y7T)T:(h{<x>7 th’?(x))T7Withu17'” y Ugy Y1, 5 Yr,y

not necessarily scalars.
The value y;(ty,) = hi(x(t,)), i = 1,---,7, is the last sampled value at the 7"
sensor node, available for the controller to implement the control, while the value u;(¢;,),

(3.3)
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i=1,---,q, is applied to the system at the i actuator node, through a classic zero—
order holder Hy. It is worth noting that this means that the different outputs {y;}i=1.... »
and the different inputs {w;};—1... , are not sampled synchronously. For this reason, at
time ¢ the latest output available is

_ T T T T

5(t) = (o (t), 08 tra) -+ 0t (1))
while the control is .

a(t) = (ul (1) w3 () -+ sl (1)

Denoting by e, = u—u and e, = y — ¥ the difference vectors between the continuous and

sampled values, one considers the vector E = (el eg)T of the error due to the sampling.

ot
L(E

r
|

[ R A !
I ' : I ' :
Lo, : : :
i 3 iy :

Observer—based with) T N
Controller

Subsystem 2

Figure 3.1: Control scheme with sampled output and zero order holder

When the state x of (3.3) is not measurable, classical event triggering policies cannot
be implemented. In the following, we will introduce the triggering policy that will be used
in this case, taking into account the constraints on the communication of outputs and
inputs. A natural assumption is that it is possible to design an observer that converges
asymptotically to x, of the form

T = fo(i)>ya u)>
where f, : R" x R? x R™ — R" is not smooth, in general. In view of an implementation

via a triggering policy, and since the observer has no continuous access to y(t), one can
use the vector ¢, so considering the observer

T = fo(2,u,7). (3.4)

A feedback controller based on Z given by (3.4) will be used in the following to stabilize
the system (3.3) at the origin. The input applied to the system, due to the communication
channel, is 4 = 4(Z), so obtaining the controlled dynamics

&= f(z,7(2)).
Eventually, one gets the following closed—loop system
&= f(z,7(2))
&= fo(#,7(2),7).
The observation error is z =: z — . We assume that the observation error dynamics
can be written in the form

2= f(x,7(2) = f.(2,9(2),7) = g(z,601(en), Oa(ey,), )

where 01,0, give the dependence on the input and the output errors e,, e,, due to the
sampling.
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3.2.2 Hypothesis on the Dynamics of the State Observer and
of the Observation Error

Since the observer state is available, in the following we consider the observer dynam-
ics, along with the observation error dynamics, allowing us to impose on & a triggering
condition.

&= fo(&,7(2), h(Z + 2)) (3.5a)
2 =g(z,01(en),02(ey), 2) (3.5b)

where y = h(& + z) and § = h(Z + z), or equivalently
X =G(X,E) (3.6)

where X = (27, 2")" is an extended state vector,E = (e, el )" is the total error induced
by the triggering policies and G = (fI, g7)T. In the following we consider the following

assumptions.

(Ay) There exists an ISS Lyapunov V. function for (3.5a) such that Vz,z € R" E €
R™P V¢ >0

aca(|2]) < Ve(2(t)) < aea(|])

a‘gcg)fo(j;,f‘y(:%),h(:% +2)) < —acs(|2]) + Be(l(z, E)|)

with a1, a2, acs, Bc € K, and S, ac_é Lipschitz;

(Az) There is an ISS Lyapunov V, function for (3.5b) such that Vz € R", E € R™P,

Vi>0
o1 (l2]) < Vo(2(t)) < aoall2])
8‘/5,;2)9(2’Ql(eu),ez(ey),ﬁc) < —ao3(|2]) + Bo.(1E))

with a1, X2, 203, Bo € K, and [, a;é Lipschitz;
(As) fo, h and v are Lipschitz;

(A4) g is Lipschitz with respect to (z,6(ey), 62(ey)), uniformly in Z, and 6, 6, are Lips-
chitz.

Remark 3.2.1 (A;) ensures the asymptotic convergence to the origin of the observer,
in absence of sampling errors and observation error, and an ISS property with respect to
2, €y, €y.

(As) ensures the asymptotic convergence to zero of the observation error in absence
of sampling errors, and an ISS property with respect to ey, e,. Those two assumptions
suppose a separation principle between state estimation and control.

Since we are interested in the stabilisation of the observer state Z and of the observa-
tion error z, in the following we will assume that X (0) # 0.
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Lemma 3.2.2 Under the Assumptions (A1), (Az), (A3), (A4), the extended system X =
(27, 20)T admits an ISS Lyapunov function V(X) such that VX € R™VE € R"'P,
Vt>0

ay(|X]) < V(X) < ax(]X])

oV (X)
0X
with ay, az,as,b € K, byaz*, G Lipschitz.

G(X, E) < —as(|X]) + b(|E])

Proof 3.2.3 Let us consider the candidate ISS Lyapunov function
V(X)) = AcVe(@) + Vo(2).
From (A7), (As),

al(‘X’) = |(£IZI)1|1£|X‘ )\c@c,l(‘:ﬁ’) + Oéo,l("z’)

< A0 (1) + i 1)
| X]) = max  Aaa([#]) + a(]2])

> Aetea(|2]) + oz(]2])

with ay,as € IC. Furthermore,

"B~ (240 240) (1)

< (= awal) + A0 BTY))
— a0a(l2]) + Ba(1E)

< = (Meaveslih) + avallzl) = AcLs. |2
+ AL Bl + Bu( D).

where we have used the fact that

Be(l(z", E)")) < L |(", E")'| < L. | B| + L,

It is always possible to choose . sufficiently small such that o, 3(|2|) — A\eLg.|2| is a class

IC function. Therefore
X\}.

1s a class K function To show that agl is Lipschitz, note first that since a;% 15 Lipschitz

as(1X1) = min { e (1 X1), c0s(X) = AeL,

1
u(lel) > Iz
ol
0,3

Moreover, one can compute an upper bound of the derivative of (a,3(| - |) — AeLg.| - |) 71,
since
d 1 Lofé
—(a, — AL < -
d|Z|<Oé 73(|ZD /Bc Z|) — 1 _ACLQ—;’LBC
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Hence it 1s always possible to choose . sufficiently small such that (c,3(|-|) —AeLg,|-]) 7!
1s a class KC function with the Lipschitz constant

A L -1
L -1 = max = o3
ag Lac,s’ 1— )‘cLa—éL/Bc ’

Furthermore,
b(|E]) = Lg.|E] + Bo(|E])

which is Lipschitz with constant Ly, = Lg, + Lg,. Finally, thanks to (As), (A4), G(X, E)
18 Lipschitz.

In the following, we are interested in providing sufficient conditions on the stabilisation
of a non linear system using the event trigger paradigm. The key concept will be the
ISS of both the closed-loop system and of the observer dynamics. For, we introduce the
following lemmas.

Lemma 3.2.4 If the observer and the error dynamics verify (A1), (As), (As), (Ay), then
there exist a 0 > 0 such that any sampling policy ensuring |E| < o|X|, leads to asymptotic
convergence of the overall system to the origin.

Proof 3.2.5 From Lemma 3.2.2, the existence of an ISS Lyapunov function V' is ensured.

1
Since a3 and b are Lipschitz, asz(|X|) > L—|X] and
-1

as

—ay(|X]) + (o] X]) < — (LL - Lba> x].

as

Therefore for all o € <O, ) the system (3.5) converges asymptotically to the origin.

L,-1Ly

Remark 3.2.6 Under the hypothesis that ay,a;’ are Lipschitz, one can prove exponential
convergence of (3.5). In fact, since

1

7 X <au(|X]) < V(X]),

—1
a;

one has that

. 1
V(lX’) < — (: - Lb0> ‘Xl

as

Therefore,

V(X)) < - (LL - Lba) L,V (X))
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1
L,-1Ly

Remark 3.2.7 The choice o € (O, ) represents a trade—off between the sampling

rate and the convergence rate.

Since |E| < o|X|, using the norm equivalence in R"™ there exists a ¢’ > 0 such that
|E| < o'|| X implies |E| < o] X].

Lemma 3.2.8 For every k; > 0 there is a minimal time Ty > 0 such that if |E| < o] X]|,
then Vtg, Vt € [tg, tk + Tmin) the following inequalities are verified

1 (2 () = va(@ (@) < wal X
[125(2(2) + 2(8)) = hy(@(t) + 2(t) | < 5yl X[

Proof 3.2.9 In the following we assume X # 0. The argument follows the proof of
Theorem 1 in [95]. Denoting e,, = v;(2(t)) — vi(Z(tx)), one works out

dllew _  enéu  X"X|lei]
dt | XI| e NIXIT X2
lews llewll  [1X el

= llew XA X

Since ||y, || < Ly |12 < Ly, I X,

d |lew | _ IX] ( HeiH)
— i < S L+ )
dt | x|~ XXl

Moreover, G is Lipschitz, so that

A llewll _ La(IX] + 1£1]) (L | H€z||)
dt || X[~ 1X1] Xl
Since || E|l < o'[| X,
d [|ew, el
—ZSLg(l—f—OJ)(Li—" .
dt || x| X

At each reset time one has e,, = 0. Using the comparison lemma with the differential
equation

y=Lo(l+0)(Ly +y), y(0)=0
one has

I
7 S e G( +O’(t tk)_l L
o = )

Vi

Therefore the inequality
17 (2(8)) — (@) || > sl X)

can not be true before time

i o 1 K;
Tmin = LG(l + 0./) In (]‘ + L%)
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Analogously, the inequality
(175 (£() + 2(£)) — h;(2(tx) + 2(te)]| > w41 X

gives for the sensors

Trzlin = mln (1 + LK—;)
Let us define the triggering function at each node
thpr = min{t >t + 7 | flua(t) — w(t)ll > il X1} (3.7)
thoy = min{t >t + . | 5 (0) = w1 > i lIX 1} (3.8)

Remark 3.2.10 From Lemma 3.2.8, t, ., = min{t > t + 75| lui(t) — wi(t})]] >
Rl XN} =ty = ming{t > £, | {Jui(8) — wi(t) || > wal X[}

Lemma 3.2.11 If > 1 4. gy i < 0 then (3.7) and (3.8) ensure ||E|| < o X|].

Proof 3.2.12 from (3.7) and (3.8)
IBl< > wlX| <Xl

{17... 77'}U{17"' 7q}

The proposed triggering conditions allow asymptotic convergence with a nonzero min-
imum inter—event time. Unfortunately, they are not implementable on a network for two
reasons. The first is that X is not available, since the observation error is not known.
The second is that sensors do not communicate among them nor receive information from
the observer—based controller. Nevertheless, considering the following modified triggering

conditions A A A ‘ .
ket = mn{t > G+ s | Ju(t) —wity)]| > L—ZH%(i“)II} (3.9)
Vi
. . . B i I{.
by = mindt > 6+ | ly; () — g (81 > ﬁ“yjll} (3.10)

this approach can be used on a network, allowing asymptotic convergence and a nonzero
minimal inter—event time, using only information available at each node.

Theorem 3.2.13 If (A1), (As), (A3), (Ay) are verified, and the sampling instants are de-
fined by (3.9), (3.10), then the origin of the closed-loop system (3.5) is asymptotically
stable and there exists a nonzero minimum inter—event time for each node.

Proof 3.2.14 Under the hypotheses of the theorem, Lemma 3.2.2 holds. Since % <
h
| X || and ] < |IX|| and Vi € {1,--- ,r} from Lemma 3.2.8 one can state that between

i ;
b, and ty, +1ia wi(t)—u ()| > &l | X |, whileVj € {1, , q} between ty, and ty,+7,
one has ||y;(t) — y;(tx,) | > ;]| X

Therefore, |E| < o||X]||. Using Lemma 3.2.4, there is asymptotic convergence
of (3.5) to the origin.

in’
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3.2.3 Examples of Systems Fitting into the Proposed Frame-
work

The proposed results are quit generic in the sense that they give necessary conditions
in term of input to state stability for non linear systems that allow an event triggered
sampling policy. In the next sections we will give example of system verifying assumptions

(A1), (Az2), (As), (Ag).

Linear Systems

Let us consider a detectable and stabilizable linear system

i — Az + B
Ao (3.11)
y=x

with .

4= A+ Bu+ LO(T — ) (3.12)

T
a Luenberger observer where CT = ¢ (y{(tkl) Ya (try) - Yy (tkp)> , with control

(t) =
K%, with triggering conditions (3.7) (3.8) one gets
= (A+ BK)i+ BK(Z—)+ LCz — LC(x — %)
2=(A—-LC)z+ LC(x — ).
Since A+ BK and A — LC are Hurwitz, it is possible to find an ISS Lyapunov function
for the extended system.
Non linear Lipschitz Systems

Let us consider a non linear Lipschitz system

&= Ax + Bu+ ¢(z,u)

3.13
y = Cx. (3.13)

Several results are available for the observer synthesis of non linear Lipschitz systems
when the control and the output are implemented in a continuous fashion. We consider
an observer of the form

i = Az + BKi + ¢(z, K%). (3.14)

Hence, the extended closed—loop system is

&= A%+ BK% + ¢(&, KZ) + LCz (3.15a)
i= (A~ LC)z+ ¢(x, Ki) — ¢(3, K1). (3.15b)

To implement an event—triggered control strategy, we need to consider the following
structural properties.

(Hy) [[o(21,u) = ¢z, u)|| < plley — 25, Vu € RP, 21,0 € R,

(Hy) [[¢(x, u)l| < pllz]], Vu € R;
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(H3) There exists a gain K such that © = Kz for the system (3.14) and there exist a
quadratic Lyapunov function

Vo(z) = 2" P, V(z)<-—na'lz (3.16)
with P. =PI >0, n. > 0;

(H,) There exists a gain L such that for (3.15b) there exist quadratic Lyapunov function
for the z dynamics .
Vo(2) = 2Pz, Vo(2) < o2’ 2 (3.17)
with P, = P >0, n, > 0.
In (Hs), for p = 0 we have a linear system, and the existence of V., V, derive from
the stabilizability and the detectability. Moreover, there always exists a ppax > 0
small enough such that the proposed Lyapunov function exist forall p € [0, ppmax]. For

other (more complex) conditions of existence of V., V, verifying (3.16), (3.17), see for
instance [80)].

Lemma 3.2.15 If (Hy), (Hs), (Hs),(H,) are verified, then the proposed observer and the
observation error verify (A1), (As), (A43), (Ag) .

Proof 3.2.16 When subject to the trigger conditions, the observer has the following dy-
namics . B -
t=(A+BK)t+ ¢(2,K2)+ BK(z — &)+ LCz+ LC(Z — z).

Let us consider the candidate ISS Lyapunov function 2+/V, which verifies

2/ Amin (Po) [ 2] < 20/ V(@) < 24/ Amax(F) [ 2]

and having derivative

d 1
29 iTR@::—————<—£T &+ 2iTP @u)
i Ve AN o)

1 T . _
+ W(% Pc(BK(Jc —Z)+ LCz — LC(z — z))

where Q = —(A+ BK)'P + P(A+ BK). In virtue of (H,), one can write

d. /=5 ne|| 2]
—2ViTP1 < ————
dt V2T P.i

1

VT P.x

+ 1PNl (I BE (= — )]

+HIILCz + ILCIH (= = 2)1)

o —
)\max(Pc)
o (UBKI @ =Dl + IECH=) + IECHIE - 2)I)

)\min<Pc)
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which verifies assumption (Ay). Analogously, using the candidate 1SS Lyapunov function
21/V,, one can prove that (Ay) holds. Furthermore, it is trivial to show that (Hy), (Hy)
imply (As), (Ag).

Therefore, applying Lemma 3.2.2 to the system (3.13), and using Theorem 3.2.13,
on the event—triggered observer—based controller ensures asymptotic convergence to the
origin.

Corollary 3.2.17 If (H.), (Hz), (Hz), (H,) are verified, the event-triggered control pol-

icy (3.9), (3.10) and the controlu = K& ensure the asymptotic stability of the closed—loop
system (3.15).

Remark 3.2.18 This corollary of Theorem 3.2.13 uses assumption that are easier to
verify in the specific context of Lipschitz systems ([S0]). Therefore as a practical con-
tribution it 1s more useful than Theorem 3.2.13 This class of systems will be tested in
simulation.

Proof 3.2.19 Lemma 3.2.15 ensures that (A1), (A2), (A3), (A4) are verified. Then one
applies Theorem 3.2.13 to the system (3.15).

3.2.4 Simulations and comments

The proposed methodology will be applied to a robot with a flexible link, used as a
benchmark example in several papers dealing with Lipschitz observers (see for instance
[86], [1], [80]). The dynamics are in the form (3.13), with

i = Az + ¢(z,u) + BKZ
Az + ¢(2,u) + BK& + LC%
Cx

T
y
where
0 1 0 0
486 —1.25 486 0 T
A= T ,B:<021.600>
195 0 —1950

1000 . T
C_(OlOO)’ ¢—<0003.3sma73).

One considers the control v = K&, with

K= (7.8428 1.1212 —4.3666 1.1243)

and the observer (3.14), with

9.3334 1.0001
—48.7804 22.3665
—0.0524 3.3194
19.4066 —0.3167

I =
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The closed-loop equations are in the form (3.15). The simulations have been performed
considering the initial states

2(0) = (1 11 1>T, #(0) = (0 00 0>T.

The theoretical values obtained on the triggering policy can be used but are too restrictive,
due to the over—approximation on the convergence rate of the non linear observer and
on the triggering parameter estimations. Via simulations it is possible to better tune
the triggering parameters. It is worth noting that there is an order of magnitude of 100
between the theoretical value and the practical ones. We compared the result of a system
controlled using triggering policy

tosn = mindt >t + 0.0L, | [lui(t) — wilt,)

| > 0.2flui ()]}

fiyen = min{t > ty, +0.0L, | ly;(t) — u(ta,)| > 02015 (1)}

with the case in which tg, 1 = t;, + 0.05. The simulations show that for ¢ € [0, 2] second
the system and observer are closed to the equilibrium, while at t = 2 s an impulse drives
the system away from equilibrium. Then, for ¢ € [2,15] s, the system is stabilized at the
origin by the proposed observer—based controller.

c) d)
15¢- 3t
1
2t
1 [
1
0.5 0
-1
0
i5 0 5 10 15 0 5 10 15
e) f)
4 10
3 0
2 -10
1 -20
0 -30
0 5 10 15 0 5 10 15

Figure 3.2: System and observer state with the event—triggering: a) x1, 1 ; b) xa, 9; )
x3, T3; d) x4, 24; €) ||z||; f) w.

Figs. 3.2 and 3.3 show the convergence of the observer and the stabilization at the
origin of the overall system. We can note that the event triggering is relatively slower with
respect to the periodic sampling, but introduces a lower peaking. When confronting the
number of triggers in Fig.s 3.4.a, 3.4.b, it is clear that the number of communications is
greater when considering the periodic sampling, so justifying the interest of the proposed
event—triggering scheme. It is worth noting that the advantage of the method appears
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Figure 3.3: System and observer state with periodic sampling: a) x1, &1 ; b) 3, Z9; )
x3, T3; d) x4, 24; €) ||z||; f) w.

a) b)
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Figure 3.4: Number of triggers with the a) Proposed event triggered policy; b) Periodic
sampling. u; (solid), y; (dashed), y, (dotted).

more clearly for output communications. As already noted, this is due to the fact that
the observation and the control communications are done only when it is necessary. The
comparison of Figs. 3.4.a and
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3.2.5 Conclusions

In this first part we presented necessary conditions for networked non linear system to be
observed and stabilised using event triggering sampling mechanism. The result proposed
are based on input to state stability properties of the observation error and the observer
dynamic. We discussed the generality of our result by giving example of class of system
encompassed by our theorem. We illustrated our result on simulation of a flexible link.

The proposed observation and control scheme require the control of the system to
achieve observation. In the next section and following the spirit of chapter one, we design
an impulsive observer along with an adapted triggering policy to ensure observation of
a system in absence of a stabilising control action. A major difference to our previous
result we adopt for the next section the "periodic” event trigger paradigm.

3.3 Asynchronous Event—Triggered Observation and
Control of Non Linear Lipschitz Systems via Im-
pulsive Observers

Revoir la redaction de ce paragraphe In the previous chapter we defined an impulsive
observer for linear systems , we also gave necessary condition in terms of input to state
stability for a non linear systems to be observed and controlled in an event triggered
manner next we will introduce an impulsive observer for Lipschitz non linear system
with a periodic event triggering scheme. In the following both the sensors and actuators
sample periodically, not necessarily at the same period and decide whether or not to send
the information based on an event triggered sampling policy.

The proposed methodology aims at practically observe a non linear system using
event triggered sampling policy at the level of the sensors in order to reduce the amount
of communication between sensor and plant. And to subsequently use an observer based
control scheme to stabilize the plant, under communication constraints. The proposed
observer does not require stabilisation of the plant in order to converge and the size of
the attractive set around the real state is not dependant on the actual state. The fact
that the observer does not require the system to be stable reminds the definition of the
separation principle made in section (Impulsive observer).

The novelty of this section resides in the extension of the event trigger paradigm to
some class of non linear systems. Results of periodic sampling are used to generate an pe-
riodic event triggered sampling policy, furthermore we show in this work that an observer
based stabilizing control policy can be implemented using event triggered sampling at
the level of both the observer and of the actuators. The communication does not need to
be synchronous, the fact that observation can be performed independently of observation
ensures a separation principle.

3.4 Problem Statement

The class of systems under study is characterized by the following equation

&= Ax+ Bu+ D¢(Hx)

3.18
y= Ca (3.18)
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with 2 € D, C R" the state, u € D, C R™ the input, y € D, C R? the output, and D,,
D,, D, the domains. Moreover, A € R"*" B € R™" C € R™" D ¢ R"™, H ¢ RP*"
are constant matrices. In (3.18), Dp(Hz) gives the structure of the nonlinearity acting
on the system, with ¢ : RP — R"” a nonlinear function satisfying the following condition

|o(x1) — ox2)|| < vllxa = x2ll. - V(x1,x2) € Dy x Dy (3.19)

with D, = {x: x = Hz | z € D,}, for some v > 0. It is clear that (3.19) implies
that (3.18) is Lipschitz with respect to x.

In what follows we will state global result, so that D, = R", D, = R™, D, = R?. The
pair (A, B) is assumed controllable, while the pair (A, C) is assumed observable. Note
that milder results could be easily expressed in terms of stabilizability and detectability.

Both sensors and actuator are sampled periodically, not necessarily synchronously,
but the transmission instants are a subset of these sampling instants. More precisely,
while Ss = {tx = kd}ren is the periodic sampling sequence for the sensor, with § =
tr+1 — tr > 0 the sensor sampling period, the sensor transmission sequence is {t; }sen C
Ss.  Analogously, while the actuator sampling sequence is S, = {t; = j7};en, with
T = tj4y1 —t; > 0 the actuator sampling period, the sensor transmission sequence is
{t%},en C S,. The situation is depicted in Fig. 3.5. The data communications between
the plant and the controller, assumed instantaneous, take place only at the discrete time
instants ¢; (from the system to the controller) and t¢ (from the controller to the system).
The value u(t%) is applied to the system, through a classic zero-order holder.

t t
H, u(?) System u(t)
u(tk)
y(tk)
Observer —based

Controller

Figure 3.5: Sampling and transmission time instants for sensor and controller.

3.5 An Event—Triggered State Feedback Controller

In this section we first introduce a controller, assuming piecewise constant values over
the actuator sampling period. This controller ensures the exponential stabilization of the
system to the origin, under the assumption of full state information and further sufficient
conditions expressed in terms of sampling period. Then, we prove the robustness of this
controller with respect to bounded perturbations, and finally we establish a practical
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stability result, showing that the event—triggered transmission mechanisms of both the
sampled output and the calculated input can be be considered as bounded perturbations.

We assume that the system state is available for feedback, and we consider the con-
troller

u= Kx(j7), Vit e [jr,(j+ 1)7) (3.20)

piecewise constant over the actuator sampling period 7 > 0.

Theorem 3.5.1 Let us consider the system (3.18), with (A, B) controllable, ¢ satis-
fying (3.19), and a matriz K such that A + BK is Hurwitz. If there exist a matriz
P.=PI' >0, ane. >0, and a sampling period T such that

v ((A+BK)TPC+PC(A+BK)+aCPC+72HTH PCD)<O

DTP, —1
g 1 1 (3.21)
T Tmax =
wax{[ A+ BK] + 7IDITHT.IBKT} | [BE] Ao
80 )\Pc:

then the feedback system (3.18), (3.20) is ezponentially stable to the origin.

Proof 3.5.2 The dynamics of the feedback system (3.18), (3.20) can be written
t=(A+ BK)x + D¢(Hz) + BKd,
where dy = x(t) — z(t;), t; = j7, j € N. Note that, tanks to (3.19),
2] < [(A+BK)z+Do(Hz)|[+|BKdi || < [A+BK[y[| D[ H [ |zl +[BE[ldi ]| < L[]l +ldr]])

with L = max{||A + BK| + v||D|||H||, ||BK||} Hence, considering V(x) = x* P.x as
Lyapunov candidate, one gets
V(z) = xT((A + BK)'P, + PJ(A + BK))J: + 20" DT P + 227 P.BK d,
< —e.V(x) — 21 Sy + 227 P.BKd,

Since
20" DT Px < ¢T¢p + 2" P.DDT"P.x < v*2a"H'Hx + 2" P.DDT P.x

we have Sy = (A+ BK)'P.+ P,(A+ BK) +¢.P.+~*HTH + P.DDT P, is the Schur
complement of the element (2,2) of the matriz —M of (3.21). Since —M >0 and I > 0,
then S >0

V(z) < —e.V(z)+ 22" P,BKd,

now, considering a 6 € (0, 1),

V(@) < —eo(l = V(@) + 22l Mo BE | di]| — 20V ()
< —ee(1 = OV (x) + |12l (ALl BE s = 0, 2ll) < —eul1 = 0)V ()
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for

_lld] e
lall = 2" " 2B,

max
Following [95], let us determine a bound for the minimal time for o, starting from zero,
to reach the value ppmay. di = T

dla o
v L PR
0= > Tl = 0
[ ]
with o(t;) = 0, for all j € N, since di(t;) = 0. Using the comparison lemma [0/], and
considering 0, = L(1 4 04)?, with 04,(t;) =0, j € N, one obtains

1

o(t) < 0a(t) = 1-L(t—t;) :

Therefore, the bound for the minimal time is obtained imposing

1 ONFe 2P

min min

:——1: C< c
1-L(t—t)) 2IBE |\ ¢ 2] BK |\ -

max max

04(1)

obtaining the time instant t = 1j + Tmax- Since the sampling period is chosen such that
T < Tmax, then V(z) < —e.(1 — 0)V (x) and (3.18), (3.20) is exponentially stable to the
origin.

When the controller (3.20) is implemented via an event-triggered mechanism, one
obtains an event-triggered controller

u= Kx(ty) (3.22)

where the triggering mechanism is given by
thoy = min {0 > 5 | u(jo) = u(t)] = e }. (3.23)
j

Treating the event—triggering mechanism as a perturbation, and using the fact that,
as well-known, a system exponentially stable at the origin has the property of robustness
with respect to bonded perturbations, which can be interpreted in term of input—to-state
stability [64], one can show the practical stability of (3.18), and (3.22) with (3.23). This
result can be considered as the first step towards the statement of a separation principle for
the class of nonlinear system considered, namely of the possibility of designing controller
and state observer independently.

Theorem 3.5.3 Let us consider the system (3.18), with (A, B) controllable, ¢ satis-
fying (3.19), and a matric K such that A + BK is Hurwitz. If there exist a matriz
P.=PT >0, ane. > 0, and a sampling time T such that (3.21) are verified, the feedback
system (3.18), (3.23) with the event—triggering condition (3.23) is practically exponen-
tially stable, with attractive set

3/2
e Bl ea
7., = {Jlel < .}, pa=2< ) o

)\Pc (1 — 9)91 Ee¢

min

where 0,6, € (0,1).
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Proof 3.5.4 Using the control (3.23) one obtains the following feedback system dynamics
&= Ax + BKz(t2) + Dp(Hz) = Az + BKx(jo) + BK(ac(th) — x(j5)> + D¢(Hz).

Considering V (x) = 2T Pz as Lyapunov candidate and the event—triggering policy (3.23),
one has

V(z) < —e(1— 0V (z) + 2xTPCBK(x<t¢;) - x(jé))
< —eo(1 = AT ll2l® + 2M 5Bl 7| ea
< —ee(1 = )(1 = g)N5, =]
B| A o
for ||z|| > 2% N2 g—‘i This implies that [0]]
AP ee(1—0)(1 — )N\
||IH < )\?jx ||I0||6_)‘t+pa, \ = ( 2)§\PC 1) min - ()

so that the attractive set is Z.,.

3.6 An Event—Triggered Impulsive Observer

In order to reconstruct the state vector, in the following an impulsive observer will be
considered, having the following structure

i = A% + Bu+ Do(H#)
#(k6T) = @(k6) + 0G (y(t;) — §(kd)) = (I — 6GC)i(kd) + 6GCx(t])

(3.24)

where Z(kd™) is the left limit of (¢), and G € R™*? is the observer gain matrix. Note
that the right limit is #(k0~) = #(kd). The observer dynamics correspond to a copy of
the system dynamics between sampling instants kd, (k + 1)d, while it undergoes a jump
in the state at the sampling instants.

The impulsive observer (3.24) will be implemented making use of a triggering mech-
anism, determining when the sensor transmits the sampled data to the plant. More
precisely, these data are sent to the plant at the time instants ¢ = ¢}, ¢ € N, such that
the following event—triggering condition is satisfied

b = min {58 > | ly(ko) - ()] > 2.} (3.25)

where 5 > 0 is a threshold value on the output error y(kd) — y(t}).
Given the system and observer dynamics (3.18), (3.24), one has to consider either the
continuous dynamics of the observation error e(t) = x(t) — z(t), given by

¢ = Ae + D(¢(Hz) — ¢(H#)) (3.26)

or the error discrete dynamics, due to the impulses on the observer state. These latter
have the expression

e(ko™) = 2 (ko) — 2(k6") = (I — 6GC)e(kd) + 6GC (x(ké) - a;(tg)) (3.27)
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since x(kot) = x(ko~) = x(ko). It is worth noting that, at the triggering instants ¢;
in which (3.25) is satisfied and the system output sensor sends the sampled data to the
controller, this expression reduces to

e(t;t) = e(kdt) = (I — 0GC)e(kd) = (I — §GCO)e(t;)

since z(kd) = z(¢7). In all the other discrete time instants, the term 0GC (z(ké)—z(t5)) =
0G (y(k(S) — y(t;’)) appears, which can be seen as a perturbation induced by the absence
of communications from the sensor.

As stated by the following result, the event triggering condition (3.25) along with an
appropriate choice of the observer gain ensure the exponential practical stability of the
observation error [65]. It is worth noting that this is true also when the system dynam-
ics (3.18) are not stable. This result represents the second step towards the separation
principle for the class of non linear systems taken into account.

Theorem 3.6.1 Let us consider the system (3.18), with (A,C') observable and ¢ satis-
fying (3.19). If, for a fived sampling time § > 0, the following LMIs

P,— P
T 2 17T 2 1
P.D —1
P, — P
T 217T
. (P2A+A Py +~+*H"H + 5 P2D> < —el (3.28D)
PD —1
_pP P, —0PC
N, — ( SRR ) <0 (3.28¢)
(Pl—(SPgC) _Pl

have solutions Py, Py, P, with P; = PT > 0, i = 1,2, for an ¢ > 0, then the ob-
server (3.24), with the event-triggering condition (3.25), and the gain G = P[P, en-
sures that the origin of error dynamics (3.26), (3.27) is globally practically exponentially
stable, with attractive set

Amax _ O|G]
Lo={llel <} po= /e (3.29)

where & = €/ Amax, and Agin = min {2 A2 b A = max {AL A2

min’ “‘min max’ “‘max
Proof 3.6.2 The error dynamics can be rewritten as follows

é = Ae+ Dds

e(kd) = (I — 6GC)e(kd) + 6GCdy (3:30)

with dy = ¢(Hzx) — ¢(Hz) and dy = x(kd) — x(t]). Following, [5/], let us consider
the Lyapunov candidate V, = ||e||?3(t), where P(t) is a time—varying matriz given by the
convex combination of the matrices Py, Py

Lok by Py AP+ (1= )P, A= KD

P(t) =P + €[0,1)
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defined fort € (ko, (k+1)d]. Note that P(ké") = Py and P((k+1)d) = P». As explained
in Remark 3.6.6, one considers P(t) since ...... Considering that P(t) is periodic with
period 8, its definition can be extended for allt > 0. Note that A |le]l? <V, < Amax|le]|*-
Using (3.30), one works out

: P,— P
\/OzeT(PA+ATP+ 25 1)e+eTPDd2+d2TDTJ_De+d;%i2—dQTd2

where P = (P, — Py)/8 has been taken into account. Using (3.19), ||da||> < 2" HT He
and the definition of P(t), one gets

. P,— P,
v, <el (PA +ATp 4 22 - Ly 72HTH> e+ " PDdy + dL DT Pe — dl d,

%{*FN& + #gﬁ\%g

t—ké o
= £TNiE+ TSTNS =
for t € (ko, (k+1)d], where £ = (e” dg)T and N = (Ny — N1)/§. Hence, using (3.28a),
(3.28b), one finally obtains
(k+1)

: o—t
V< —e e -

t—

ko )
5 Hgl‘Q = _5"6”2 < —€”€H2 < -2V,

i.e. V, is bounded by a negative definite function for all t € (k6, (k + 1)8]. Therefore,
Vo(t) = e S0V (t), Vito,t € (kd, (k+1)8], to <t (3.31)
and, 1n particular,
Vo((k+1)8) < eV, (k™). (3.32)
Note also that in the intersampling
El )\max
le(t)|| = e~5tt0)/2 T||e(t0)||, Vio,t € (kd, (k+1)6], to <t (3.33)

Let us now analyze the stability of the discrete error dynamics, i.e. the error dynamics
in the discontinuity, considering the same Lyapunov candidate V,(t) = ||e(t)||2p(t) and
recalling that P(kot) = Py and P(kd) = P((k+1)0) = Pa, as already noted. Using (3.30),
one gets

AV, = Vo(kd™) — Vo (k)
T
- ((1 — 6GC)e(ks) + 5G0d3> P ((1 — 6GO)e(kd) + (5G0d3> — T (k) Pre(k5)
= —eT(k6)Sye(kS) + 26¢T (P, — 6 PsC)e(kd) + 6*CT PiC
with G = P171P3, C = GCdg = G(y(ké) - y(tz)), and SQ = PQ - (Pl - 5P30)TP171(P1 -
IP;C') the Schur complement of the element (2,2) of the matrix —Ns. It is well-known

that for Hermitian matrices, —N3 > 0 is equivalent to P, > 0 and S; > 0 . Hence, since
—N3 >0 and P, > 0, then Sy > 0. Therefore,

—eT(k6)Sqe(kS) < 0.
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Furthermore, note that

el (k§)(I — 6GC) P (I — 6GC)e(kd) = el (k§)(Py — 6 PsC) P (P — §P3C)e(k6)
= e (k0)(Py — Sz)e(kd) < e (kd) Poe(kd) = V, (ko)

This last observation allows writing

(T(P, — 6P,C)e(kd) = (T Py(I — 6GC)e(kd) < \/CTPC\/eT(k8)(I — 6GC)T Py (I — 6GC)e(kd)
<V A [CV Vo (k6) < v/ Aumax|Gllesy/ Vo (kD)

where (3.25) has been used. Finally,
¢RI = (|G (y(k0) — y(t7) 7, < Al G172 < Aumax |G|
Therefore,
Vo(kS*) < Vo(h6) + 203 M |Gllew v VallD) + Al G112 = (VTR0 +-¢)’
< (av/Valtk =155 + 0)2
a=e"%? ¢ =/ Anax 0|G|les, where (3.32) has been used, so that

VVo(kot) <av/V,((k—1)6t)+¢

This linear discrete—time dynamics is exponentially stable to the origin since the dynamic
matriz is Schur. Moreover, its solution is given by

k-1
VVo(kdF) < ar/V,(0F) + cz:ak_j_1 (3.34)
=0
and for k — oo
C C / 6||G||
hm V Amin|le(k6T)]| < hm Vo(kot) < l—a 1_eg%2 )‘maxl _ 6—55/263

where the series sum exists since a < 1. Hence, klim lle(ké™)|| < ps. Considering
—00

that (3.33) ensures that |le(t)|| decreases exponentially between kdT and (k + 1)0, one
can conclude that the error dynamics (3.26), (3.27) converges exponentially to the attrac-
tive set I... The convergence is global since all the passages do not depend on the initial
state.

Remark 3.6.3 One can also interpret the result of Theorem 3.6.1 as an input—to—state

stability property of the observer with respect to a bounded perturbation, due to the event—
triggered transmission mechanism.

The convergence ensured by Theorem 3.6.1 to Z._ is asymptotic. If one requires a
finite-time convergence one needs to enlarge Z. . This is stated in the following result.
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Corollary 3.6.4 Let us consider the system (3.18), with (A,C') observable and ¢ sat-
isfying (3.19). Under the same hypotheses and notations of Theorem 3.6.1, the ob-
server (3.24), with the event-triggering condition (3.25), and the gain G = P 'P3, en-
sures that the origin of error dynamics (3.26), (3.27) globally practically converge to the
set

L, = {llel < (1 +&)p. }

ps given by (3.29), in a time

—(1 —62/2 1
lnd (1+de ,

T <T d=
e 3|Glle.?

— 0,€b =

o Do

for any fized ey, 0 > 0, and for any observer initial condition such that ||e(0)]| < o.

Proof 3.6.5 Since
Vo(0) = [le(0)[|7, < M2y 0° < Amax 07

one has

VVo(0F) < V/Vo(0) + ¢ < VAmax 0+ €
and, from (3.34),

k

k—1
Vwminlle(k6)|| < V/Vo(kd+) < ay/Vo(0F) + ¢ a' < ak<\/mg+ C) + 611_ v

- —a
=0

a=e%? ¢ =\ A 0||G|lgs. Dividing by v/ Amin and imposing

)\min V )\min

one gets the bound of kd for the time T in which the error trajectory enters I, .

>\max
le(ko ™)l < ak( 0+ — > +(1—a")ps = (1+p)ps,

Remark 3.6.6 [t is interesting to note the use of a periodic time varying Lyapunov
function combination of quadratic Lyapunov function such a choice is technical. An
interesting question would be to know whether or not it is possible to find a quadratic
Lyapunov function as a simple condition to solve this problem. As a contribution to this
question we want to breafly discuss the result on theorem 1 of [5]].

3.6.1 Problem arising when considering discrete and continuous
dynamics independently

The paradigm used for the event trigger observation is based on previous results on
impulsive observer. However we want to demonstrate that some results cannot be used

even in a periodic paradigm namely the theorem One of [$1] (even in the linear case)
Considering
= (3.35)
y=Czx ‘
P = A2+ GOz — 3
A T : T+ GCO(x —2) A (3.36)
2(kot) = 2(kd) + SKC(z(t]) — 2(kd))
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according to [34] if there exist P > 0 symmetric ,7 > 0,é1, €3 > 0, €3 > 0 such that

P(A-GO)+(A—-GC)Y'P—¢ <0
(I —KO)'P(I - KC)— P <0 (3.37)
617 +1lnes +e3 <0

Then the observation error converge exponentially to zero. This theorem is true however it
successfully apply to very restricted classes of systems. Considering the second inequality
(I - KC)'P(I - KC)—¢6<0

and 0 < eg < 1 is equivalent to find a gain K such that the discrete time system
Zrr1 = Zr — KCZ; is exponentially stable. the pole placement is possible if the system
Zk+1 = 2k, Y = Czp is observable (or detectable) , in this case that means rank(C) =n
i.e. The entire system is measured. If rank(C) < n it is not possible to render the discrete
time observation error stable and P does not exist. If e > 1 the LMI can be solver. but
it implies that the impulsive part of the observer cannot ensure any improvement over
purely continuous observation.

From the previous argument and assuming G = 0 (i.e. purely impulsive observation)
then if rank(C') < n then the LMI is never feasible. If rankC = n a trivial observer can
be designed (i.e. £{t]) = C~1y(t;) which trivially converge after one impulse).

The question of the existence of a Quadratic common Lyapunov function allowing the
computation of matrix gain for Liepschitz non linear system is not negatively answered
by the limitation of this theorem. However implicitly in its methodology a separation
has been made between continuous dynamics and impulse at the level of the observer.
If such a separation is made in the analysis then it is not possible to have an observer
using only smpled measurement by solving LMI (3.37) and one need to take into account
the interplay of continuous and discrete dynamics. If want to compute the flow between
sampling it is possible to find a quadratic (common) Lyapunov function as it has been
proposed in [9] but other computational difficulties arise.

3.7 An Event—Triggered Observer—Based Controller

In this section we study the conditions under which the event-triggered observer (3.24)
and the event—triggered controller (3.22), with the triggering mechanisms (3.25), (3.23),
can ensure practical exponential stability to the origin of the closed-loop system (3.18),
(3.24), (3.22). This is the last step towards the statement of a separation principle for
the class of non linear system under study.

Theorem 3.7.1 Let us consider the system (3.18), with (A, B) controllable, (A,C') ob-
servable, ¢ satisfying (3.19), and a matriz K such that A+ BK is Hurwitz. Under the
following conditions

1. There exist a matriz P. = PT > 0, ane. > 0, and a sampling time T such that (3.21)
are verified;

2. For a fized sampling time § > 0, the LMIs (3.28) have solutions Py, Py, P3, with
P;=Pl'>0,i=1,2, for ane > 0;
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then the feedback system (3.18), (3.24), with
u = K#(t%) (3.38)

and with the triggering conditions (3.23), (3.25), is practically exponentially stable, with
attractive set

(1 — 9)91 /\PC c

min

3/2
2 )\I]ffax Ed
o= {lol <pi}s pa= L, cu=||BE||(1+e)p,+ Bz, (339)

where ps is given by (3.29), for 6,0, € (0,1), and for any fized g, 0 > 0, and for any
observer initial condition such that ||e(0)|| < o.

Proof 3.7.2 Using (3.38) in (3.18) one has
&= Ax + BKz(t2) + Dp(Hz) = Az + BKx(jo) + Dp(Hx) + BKd,
where
dy = a(t) — 2(j0) = (2(j6) = 2(j9)) + ((t2) - 2(j9) )
can be treated as a perturbation acting on the feedback system. From Corollary 3.6.4, for

any fized €y, 0 > 0, and for any observer initial condition such that ||e(0)|| < o, there
exist a finite time T,., such that ||e(t)|| < (14 ¢ep)ps for allt > T,.,. Hence,

12(j0) = z(50)[| < (1 +&b)ps
while, due to the event—triggering policy
HK(:}:@;;) - gz(gzs)) H < e
Proceeding as in the proof of Theorem 3.5.3, one obtains the dynamics
&= (A+ BK)x+ Do(Hz) + BK(dy + dy)

which are practically stable, with practical stability region given by the set I.,. In fact,
considering as in the proof of Theorem 3.5.3 V(x) = 2T P.x as Lyapunov candidate, for
|x|| > b one has

Via) < =2l = OV (@) + 20" PBKdy < —eo(l = A [l + 2iulalles
< —e(1 = 0)(1 = 6N, I
for ] > — Mo £0. T il that [0/]
orliel = T —gyg, wp. e This implies tha
A (1= 0)(1 — 0\
ol < /2 e 4, 2= ===

so that the attractive set is Z.,.

The results proposed in this second section can be seen as continuation of the results
exposed at the beginning of the chapter. Indeed we have provided an observer able to
estimate the state of the system that is input to state stable with respect to sampling
error , and used an observer based controller that is also input to state stable with respect
to disturbances. We want to point out a few difference between the two part. First we
are able to state a form of separation principle, that is the event triggered observer can
perform his task in the absence of control action whereas in
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3.7.1 Simulations and comments
Considering
&t =Ax+ Go(Hzx) + BKi(t;)
i = A + Go(Hi) + BK#(t9)
2(6k™) = 2(0k™) + SLC(3(6k™) — z(t5))
y(0k) = Cx(dk)
where

0 1 0 0

486 —1.25 48.6 0 T
A— , B:( 21, )
o 0o 0 1 021600
195 0 —1950
1000 . T
0_(0100), ¢_<0003.3sm(x3)).

One considers the control v = K&, with
K= <7.8428 1.1212 —4.3666 1.1243)

and the observer gain is
9.3334  1.0001
—48.7804 22.3665
—0.0524 3.3194
19.4066 —0.3167

L=

with § = .155 €, = 10775, h = 8 x 107 %s; ¢, = 10~* The following parameter guaranty
that the observation error ||e|| will be smaller than 0.001 after convergence and that ||x||
will be smaller than 0.05

0.1592 —0.3627 0.0807 —0.4019
p_ —0.3627 3.7540  0.1179  0.0810
¢ 0.0807  0.1179  0.0993 —0.2477
—0.4019 0.0810 —0.2477 1.6406
28.6269 —0.3675 —11.6820 1.0816
P = —0.3675  0.5296  —1.5176  0.0455
—11.6820 —1.5176 18.8721 —1.7201
1.0816 0.0455 —1.7201  0.7153
22,9349 —-0.5313 —11.6047 1.0195
P, = —-0.5313  0.4136 —1.9257 0.0810
—11.6047 —1.9257 20.9671 —1.8715
1.0195 0.0810 —1.8715  0.7393

In figure 3.7.1 the practical stability of the considered system is shown. The parameter

€s,€, Where chosen very small, this show that the bound given on the observation and
control error is not thight since the attractive set (of both the observer and the controller)
is smaller than the worst case predicted.
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Figure 3.7: Transmission instant of the sensors (left) transmission instant of the actuator

whereas in figure 3.7.1 one see that close to equilibrium the sampling frequency is
substantially reduced for the controller, the sampling frequency for the sensor is always
given by the sampling period, since the sampling period is very large with respect to the
parameter &;.

Since a practical separation principle as been introduce one can consider the system
without control (i.e. u(t) =0).

3.7.2 Conclusion on the impulsive observer for Lipschitz non
linear systems

In this section we presented an impulsive observer coupled with a control aiming at stabil-
ising a Lipschitz non linear system with periodic even triggered sensor and control action.
In the proposed scheme control and observation gain can be computed independently, the
observer converge whether or not the system is stable furthermore the sampling instant of
the controller and of the sensor do not need to be synchronous (or at the same frequency),
thus ensuring a week separation principle . The triggering parameters of both the sensor
and the actuator can be computed in order the ensure an upper bound on the size of the
attractive set of the observer and of the plant.

Simulation results suggest however that the upper bound is not tight, ways to cir-
cumvent this over-approximation should be the object of future research.
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3.8 Conclusion on observation and control for some
classes of non linear systems

In this chapter we presented result on observer synthesis adapted to observation of non
linear plant subject to event triggered sampling. We first gave necessary condition in term
of input to state stability of the observation error in order to be robustly observable then
we gave conditions for a stabilizing controller to asymptotically stabilize a system subject
to output feedback in the presence of communication constraints however the results
holds when a control action stabilize the system. So an impulsive non linear observer was
introduce to solve the observation problem without requirement of stabilization, as for the
linear case when no stabilization controller is introduce, asymptotic stability is switched
for practical stability. Then output feedback is still possible. In the light of the work
presented in this chapter and as for system without communication constraint the linear
systems can be recovered as special instance of non linear systems however a drawback of
considering non linear (i.e. a more general classes of system than linear systems) is that
the tightness of the triggering parameter is worst than the one obtain for linear system. It
is a general features of the work presented in the last two chapter than the bound on the
triggering parameter is not tight. This fact can be understood as a consequences of the
nature observation based event trigger paradigm. Indeed the fundamental motivation of
event triggering sampling is the use of the knowledge of additional information (namely
knowledge of the state) in order to reduce the number of communication. In the case
of observer based event trigger. The state is not known but only a sub part of it, this
in return imply some conservatism with respect to better performance in terms of event
triggered sampling with full state. Therefore while it has been shown that the results and
insights of even trigger with full state information can be extended (at least qualitatively)
to systems with partial measurement of the state, the quantitative effectiveness of the
proposed paradigm require further investigations.
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Chapter 4

Decentralised estimator for consensus

In the previous section we investigated several problems of observation and control when
considering event triggered sampling policy. Such a scheme is relevant to network control
system when aiming at reducing the communication burden a problem naturally arising
in the framework of Cyber-physical systems. In this chapter we will consider a different
kind of networked system: Multi agent system trying to reach consensus. Consensus
for multi agent systems appears in a broad variety of application ranging from robotic
to wireless sensor network and is relevant to many kind of networked and decentralysed
system.

In this chapter we will focus on a particular class of consensus problems for multi
agents systems: the problem of consensus while maintaining range connectivity. A key
underlying assumption of this chapter is that agents are assumed to be able to commu-
nicate with each other. This communication capacity is used to estimate the consensus.
An interesting fact to notice is that communication among agent make the system under
consideration cyber-physical. To make this statement clear We will first recall some clas-
sic result on consensus among multi-agent system and present notion of graph theory, we
will then introduce a new decentralized consensus estimation scheme making use of the
aforementioned ability to communicate and show some tracking policy in order to solve
the problem under consideration.

4.1 Generality on consensus among multi-agent

The problem of consensus where a set of communicating agents needs to reach an agree-
ment (i.e. converging to a given point or a final formation) while not possessing the ability
to communicate to every agent of the set has been studied intensively in the recent past.
An important part of this problem is that none of the agents posses a common global
positioning system or a centralized controller. Therefore the control strategy needs to
take into account this information constraint using a decentralized controller.

The classes of systems under consideration as well as the range of application (infor-
matics robotics , synchronization) has given rise to a considerable amount of result exist
on consensus both in the continuous and discrete cases. [77] provides a general presen-
tation with an extensive bibliography, in [29] a more recent overview is provided on the
subject of consensus.
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A key idea when considering a set of communicating agent with whether fixed or
dynamic communication topologies is the notion of Graph [76]. In the existing literature
both event trigger sampling (see for instance )[91] and observer for consensus [72][103]
are considered.

In the mentioned work on observation for consensus the observation scheme is per-
formed via single agent to reconstruct local informations in our work estimation is done
by information exchange to reconstruct the Average Consensus (AC).

In the following we will introduce necessary concept on Graph theory in order to
formulate our control problem

4.1.1 Graph theoretic notion

The aim of this sub-part is to introduce only the necessary concept of graph theory.
The static communication graph is given by the undirected graph: G(V, E), where V/
denotes the set of M agents, E denotes the set of (undirected) edges. (i,7) € F means
agent ¢ and j are able to communicate information. In particular ¢ can send information
to 7 and j can send information to i. For convenience we assume (i,7) ¢ E and denote
the set of neighbourhood of i is N; := {j € V|(i,5) € E}.
We now want to introduce some important Graph related matrix.
A(G) = diag(|N;|)iev is the degree matrix.

| life; e E
AlG)is = Oife; ¢ E

L(G) = A(G) — A(G) is the Laplacian matrix

Furthermore building any orientation on the graph G(V, E) giving rise toG(V, E’) (i.e.

giving an arbitrary direction to any edge in E)

is the adjacency matrix.

1if €ij € £’
I(G)” = —1if €j; € £’
0

The value of Z(G) is orientation independent and I = L
with A(G), A(G), L(G) € RM*M_The Laplacian is positive semi-definite and hence
we consider the ordering of his eigenvalues

0=M(L(GA)) < X(L(G)) <...<Au(L(@)).
We want to recall a classical theorem of spectral graph theory
Theorem 4.1.1 G is connected if and only if Ao(L(G)) >0

Furthermore from the construction of £ one has £(1,...,1)T =0

4.1.2 Definition and classic results

Considering that each agent is modelled as of simple integrator we have the following:
X, =U,ieV,X;eR (4.1)
|V| is equal to M.
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Definition 4.1.2 ( Consensus of a multi agent system) A control U is said to solve the
Consensus problem if U controlling the process X = U leads to

V(i j) € V X V, Jim | X(t) = X;(0)]] = 0

By this previous definition it is not required that the agent meet at a special point.
A stronger requirement in terms of consensus would be for the agent to meet at the
barycentre of their initial coordinate. That is the object of the following definition.

Definition 4.1.3 (AC of a multi agent system) A control U is said to solve the AC prob-
lem if U controlling the process X = U leads to

Vi eV, tlggo Xi(t) = Xeq

1
In the following X, := i > iev Xi(0).

Since we will later consider communication it is interesting to consider the exact
discretization of the previous model
In the next part the constant sampling period will be noted

h:= th+1 — Tk, Vk e N
Uz(t) = Ui(tk), Vt € [tk,tk+1[
XF = Xi(tx)

Xy =X+ h=Uj

A classic control to solve the average consensus is

Ui =¢/h ) _(Xf—X})

JEN;
where €/h is a control gain
X=X e (X —XP) (4.2)
JEN;
It is clear that
XM = pxX*

where P is the Perron matrix of graph G with parameter e.

Theorem 4.1.4 if G is connected and if 0 < € < and X dynamic’s is given

max;ey | V]
by (4.2) then X converge exponentially to the AC.

Since G is a connected symmetric graph P is a Perron matrix and since 0 < € <

1
—— then
max;ey N;

SOIRE — (17 RO < IR — (5 S XDI - eho(£))

eV eV i€V eV
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by assumption of connectedness of the original graph. Furthermore

dOXF =) Xf

i€V eV

Therefore (4.2) Solve the AC problem.

However the control policy can lead to an overshoot in the transient leading to increase
of the distance between two neighbouring agents. In the next section we will precisely
define this problem and propose some new solutions to it.

4.2 Average consensus among agent with decentralised
estimators using a waiting time

In the following chapter we want to address the problem of average consensus (AC) while
preserving connectivity for a set of agent i.e. the agents will reach a common point that is
the barycentre of their initial position and the distance between two neighbouring agents
do not at any time cross a given threshold. The problem of connectivity preserving
consensus has been solved using nonlinear decentralized controller at the level of each

agent [34],[94],[59] in the continuous case. And in [6] when considering discrete time.
However for the control strategy proposed in [341],[94],[59][6] the consensus reached is
not the average of the vehicle initial position.
In [11] the problem of average consensus with constrained range connectivity is solved

using model predictive control however the result is valid for scalar agent however the
tools used in this work don’t allow for extension to non scalar agent.

First we introduce an estimation scheme for the AC and a reference tracking allowing
to solve the problem of AC while preserving connectivity when inter agents and control
actualisation are discrete with a guaranteed convergence rate. The second result is an
estimation scheme to solve the formation problem (i.e. each agent reach a desired po-
sition with respect to the average consensus) provided the formation respect the range
connectivity constrain.

The problem of estimators/observers for consensus has been considered for instance
in [28]. Estimators for consensus allow in general to perform a task not possible for a
direct control scheme.

The decentralised estimator use only locally available information and is then used to
solve the problem of average consensus with range connectivity constrain. For simplicity
of notation the case of scalar agent is considered but the methodology is valid for any
finite dimensional single integrator®.

In this estimator based controller the communication enables each vehicle to find the
AC and the controller (and sensors) ensure that connectivity is preserved at all time.
Thus the Multi-agent system shall be seen as a cyber-physical system.

4.2.1 Problem statement and definition

Due to constrain in term of sensor range as well as communication devices another prob-
lem to be considered is the following: Is it possible to achieve consensus when considering

IThe choice of dim(X;) = 1 is motivated only for simplicity of notation. The extension only need to
perform the consensus estimation for each component
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a supplementary constraint on the distance between mobile agent i.e.
Vi 0,Vi € V¥ € Ny 1K) — X, ()] < A

provided
Vi € V,¥) € Ni|Xi(0) - X;(0)] < A

This constraint give rise to the following definition.

Definition 4.2.1 (A-Connectivity Preserving AC of a multi agent system ):
A control U is said to solve the AC problem if U controlling the process X = U leads to

Vi eV, tlggo Xi(t) = Xey

and
vt >0,Y(i,7) € B, | Xi(t) — X;(0)] <A

provided || X;(0) — X;(0)|| < A.

In this next section we will give our communication/control scheme to AC problem
while maintaining connectivity. To do so, we want to explicitly mention our structural
hypothesis:

H1 At the initial time each vehicle is in a radius A of his neighbour.
H2 the communication graph is static, undirected, and connected.

H3 The sample time for control actualisation, state measurement and communication
among agent is synchronized. and the sampling period h is fixed.

Next we will give our control scheme end prove that it will lead to AC while main-
taining A-connectivity.

From the previous assumptions each vehicle is able by communicating with his neigh-
bour to make an estimation of the AC. Therefore the extended dynamic of vehicle i is
given by the following state:

We will first give our control algorithm to be implemented in a vehicle and we will
show next that the dynamical system resulting from the proposed algorithm leads to
average consensus while maintaining range connectivity.

where uf is the effective control applied to vehicle i and €¥ and € will be defined later.
This algorithm use only locally available data since X ][-) — X7 is known to each agent. To
perform the analysis of his property we will rewrite it in an equivalent way.

Since X; = X; + X? and X} = X0 + 37 ul

XEL = Xk Z(X]k —XH (4.3a)
JEN;
XHU = XF 4 e(XF - XF) if k> F(G) (4.3D)

X = X if k < F(G)
In the following X = (X7,---, XT)7 and X° = X0
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Algorithm 1 Observation and control scheme for agent i
Initialization of estimator
k=0
X0=0
Initialization of the control
u) =0
End of initialization
while 1=1 do
Dynamic of estimator
XE = XE 43, X5 — XE 4+ X0 - XO)
Dynamic of Control

,_.
<

—In(2M)
uf = e(XF =305 ul) ifk > In(1— ehs(L))
—In(2M)

In(1 — exa(L))

—_
—_

ub = 0ifk <
13: k=k+1

,_.
N

Remark 4.2.2 In the previous algorithm we present the discrete version of the control
input. In continuous time the dynamics is given by: X; = a(X; — X;) with € = ah when

> (k4 1)hF(G) and X; = 0 when t < (k+ 1)hF(G)

Remark 4.2.3 The relation € = ah highlight a trade-off between sampling rates and
mazimal acceptable control. Indeed in the following it is needed to have € bounded by a
given constant therefore for fixed sampling period the control action cannot be arbitrary
high. Furthermore the waiting time F(G) is given by a discrete number of communication
exchange, an increasing communication rate leads in continuous time to a shorter wait.

It is clear that

Xkt — pxk
where P is the Perron matrix of graph G with parameter €. and F(G) is given by
—In(2M
o p—C)

(1 — Aa(L))

The observation and control scheme can be decomposed in two parts. The first part
(k < F(G)) correspond to a mode where all agents are immobile and wait for the esti-
mators to have a sufficiently good estimation of the average consensus while the second
part (k > F(G)) correspond to a mode where every vehicle converge to their consen-
sus estimate. The connectivity is not lost due to the fact that the difference of average
consensus estimation for each agent is small.

It will be shown in the following section waiting for the agents to have a good estimate
of the consensus allow for a simple control to maintain connectivity even if the control is
piecewise continuous and the observation of the state is sampled.

4.3 Average consensus using varying control gain

In this section we propose a second method to solve the problem of average consensus
using decentralised observer. In the previous section we used a waiting time to ensure
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Figure 4.1: After convergence of the estimator in a neighbourhood of the average con-
sensus the agents converge

convergence of the average consensus estimator , the waiting time require information
on the multi agent system (namely an lower bound on \y(G) the algebraic connectivity
of the graph G and on M the number of agents. In order to mitigate this problem
of information we will introduce in the next section non linear control gain taking into
account the estimator state at the level of each agent, the proposed scheme only use
locally available information.

4.3.1 Problem statement

As in the previous section each agent is modelled as a continuous-time integrator of the
form:

where V' denotes the agent’s index set with M elements. The agents’ controls are updated
discretely at sampling times ¢, := kh, Vk € N, where h denotes the sampling period, and
the control inputs are kept constant between sampling times, i.e., U;(t) = U;(tx), Vt €

(thes tig .

4.3.2 Average Consensus

Next we describe the control scheme end prove that it will lead to AC while Preserving
A-connectivity.

From the previous assumptions each vehicle is able by communicating with his neigh-
bour to make an estimation of the AC. Therefore the extended dynamic of vehicle i is
given by the following state. Therefore the observation and control algorithm at each
vehicle is

where u is the effective control applied to vehicle i and €¥ and € will be defined later.
This algorithm use only locally available data since X J[-) — X7 is known to each agent. To
perform the analysis of his property we will rewrite it in an equivalent way.
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Algorithm 2 Observation and control scheme for agent i
Initialization of estimator
k=0
X0=0
Initialization of the control
u) =0
End of initialization
while 1=1 do
Dynamic of estimator
XE = XE 43, X5 — XE 4+ X0 - XO)
Dynamic of Control
= X5 = XE

==
—= O

Xt - X

,_.
B

if (XF - XH)T(XF - XF) > —

13: P =A—|XF — X7
1

14: 6? W minjeNi{maX(ﬂf,p p’];])}

k
%

then pf; =0

~~

M

15: Uk—ﬁ( =25 ub)
16: k=k+1

Since X; = X, + X9 and XF = X? + Zl o Ut we have the following dynamic:

XM= XF e (XF - XF) (4.5a)
JEN;
XFF = XE 4 E(RE - XE) (4.5b)
1
i = (2MA2)2 mln{max(um, p”)} (4.5¢)
pr = A—|XF - XF| (4.6)
[ XF - X

O] i xR ek - xBTRE - X < -

g 4
/’Ll,] k k |sz_X]k|2
0if (X} — XP)T (X} - xF) > ———

In the following X = (X7, .-+, XT)T and X° = X° X = (XH, o Xy X Xa)T
For convenience we reorder X Z = (Xn, .. XMl,. X, - - XMd)

The Gain e will be selected below.

In (4.5¢) puf; and pf; account for two different possibility. When the average consensus
can cause loss of connectivity pfj = (0 we choose a gain (,uf’]) that goes to zero when
| XF - X Jk| goes to A. It will be showed that by appropriately choosing connectivity is
maintained. But When the direction given by the estimate consensus is good (i.e reduce
inter vehicular distance) the gain does not consider A — | X} — X¥|

1 A
Theorem 4.3.1 if0 < e < ————— X% = X°
maXieleil

then (4.3a) converge to the AC while preserving A-connectivity. Furthermore for all

<A
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—2In(4M)

b = (@)

the convergence speed is exponential.

In order to prove 4.3.1 we introduce two lemmas.

Lemma 4.3.2 choosing 0 < € < then (4.5a) leads to

maX;cy |N1,|

Vi €V lim Xf—%ZXf

k—o0
%

and

max | XF — Xf| < (1 — ey(L))FAM2 A
iEV,jENi

Proof 4.3.3 Since G is a connected symmetric the matrix P is a Perron matriz and

1
since 0 < e < ——— then
maXx;ey 1V
R 1 N o 1 N
k 0 0 0 k
SOIKE — (7 AN < DI — (57 2 DI - eha()
eV % eV eV

see [17] for more details. By assumption of connectedness of the original graph and by
definition of X, X" := X% it holds Vi € V that | X?| < MA Considering that

A=) |X0 - (%ZXM < 2MZA

eV icV

A ) 1 X 1 X )
we have maxcy jen, | X — XF| = max;cyjen, | X — (M diev XP) + (M >iev X7) — X

Therefore
N N N 1 N
max |XE - X <237 X~ (13X

ieV,jeN; , ,
eV S
A 1 N
since 2.y | XF — (M Sicv XD < 24(1 — exy(L))F So
Ch k| < (1 kg 2
Jnax [XF = X < (1 - exa(£) 4024

This conclude the lemma.

Lemma 4.3.4 for all i* € argmaz|XF — X .| Vk,Vj € Ny,
) Xk - XF[
(k= X xk) < -k )

This lemma ensure that a subset of agent will have ”good” control law.

Proof 4.3.5 Considering (4.5a) for agent in the set i* we are interested in (X —
XET(XE - XE)
k ENT ( Xk kY — (Yk ENT (xk k k ENT ( Xk k
(X = X7)7 (X5 — X3 = (X2 = XF)7 (Xg, — XG) + (X5 — XF)7 (X3 — Xop)
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(X — XP)T (X — Xi) = —|X3 — XFIIXE — X leos(0)
with 0 = Xy X% X
| Xi: — XT| | X5 — X7
2|‘szli - chql 2|Xz]€‘ - X§q|
| XE — XE 4+ X — XL | so | XE — XF] < 2|XE — X[ | This conclude the lemma

From hypothesis on i* cos(8) € | , 1] And < 1 since | X} —XJ| <

We can now prove the Theorem 4.3.1.

Proof 4.3.6 We subdivide the proof in two parts. The first part will deal with connectiv-
ity preservation and the second part with convergences.

1) Connectivity preservation
Considering two neighbour agent i and j. Assume for alli € V,j € N; | XF — Xjk\ <A
| XFH xR xh kP2
7 7 1 J
+2(XF — XP) (X — X0) + (X — X))
+ef (Xs = Xo) — el (X5 = X))

ok b ok s
%) ,J J5? J,t cg .
Assume m < Ef < <2MA2)2, (2MA2>2 < 6? < m fmm deﬁmtzon Of ,uﬁj

it follows That the distance between agent v and j decrease.
Considering Q = | XM — XJ]-“JFI|2 — | X} - XJP)?
Q =2(X! — XHT[ef(X; — X;) + €5(X; — X;)]
+ e (X — X)) — (X — X))

A

By construction of pij, —2(XF — XM)T[(X; — X)) + €5(X; — X;)] > |eF(X; — X,) —
FX; = X))P

k k
Now €F < MX,G;? < pX

X X = X - X (RE - X
+ e?]X]’-“ - X]k]
from (4.7) we have | X} — XF| > | X} — X7 + ¥ (XF — XF)| and from (4.6)
X - X < X X (A (X - X
X — XM <A
i j —

k k
The same apply assuming eF < pX b < pX Furthermore during between sampling

instants Vi, X;(t) = AXF 4+ (1 — \) X with A € [0,1] Therefore
[Xi(t) = X0 = 1XF = X717 < (V= DIXF = X5+ (1= A)?XF = X2
[Xi(t) = X5 () — X7 = X7 < (1= NIX = X — X - XGP

Thus the range connectivity is not lost between sampling instant.
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2) Convergence to average consensus

We consider the subset of the agents
i* = argmaziey | XF — X

that are the farthest from the average consensus at time k For those agents from 4.3.4

k KT ( Xk k k k |Xi]i_XJk| "k k
(X = X7 (X = X3 < =X = XF|(———— — X3 = Xg).
5 —2In(4M
Using lemma 4.3.2 it is clear that | XE — X[ | goes to 0 and there is k* > Il _n€(>\2(2;))
such that

Vk > k*:Vj € N

ok k
XE - XE| < A4
So considering 2(|XF — XF| +1) < 2(MA +1)
2

: AL ‘ A
if | XL — X7| < AJ2 then pf. ; > E,Vj € Ni- if | XE — XJ| > A/2 then pf. ; > I’VJ €
N’L'*

1
ko_ : ko ok
Cr = m;&{fn {max (s 5, piv ;) }-
Therefore
L
2
1 A A?
with ¢ = min M{E, I} Since for all agents

[XF = Xogl < 1XF = Xeg|(1 =€) + eF| X, — X

and for agents i*, €' is lower bounded since the subset of the agents

i* = argmazviey | XF — X

1s never empty convergence follows. Furthermore for all k > k*
Considering the worst case (i.e. agent ix is active at time k and does not move for M —1
time steps)

| XFM X < | XF — Xegl(1 =€) + 2M2?A(1 — eXg(L£))F (4.12)
denoting 1 = max(1 — eXo(L)M 1 — ¢)

From (4.12) one has an upper bound on

* A 1% k* iM S k* iM A~ .
H(sz +M_X€Q’sz +M_Xeq||§ H(X I _XGQ7Xi I _Xeq||CM]

7

leading to | XM — X .| < 20MA(1 — p)

1 A
Theorem 4.3.7 if 0 < e < —————— X% = X° and max;eyen, || X? — XV < A
maX;cy |Nz| ’ J
then (4.3a) converge to the AC while preserving A-connectivity. Furthermore for all

—2In(4M)

b I = (@)

the convergence speed 1s exponential
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4.3.3 Control formation

The proposed scheme where a consensus is reached on consensus estimator serve as a
reference trajectory for agents in the network can be adapted to reach a final formation
were at equilibrium limy_, ., Xf = X4 + 0; Therefore in order to have a feasible final
configuration one require that

We also require global knowledge on the minimal margin between final distance and
loss of range connectivity

with
o= maxlol: = nin B
known.

Definition 4.3.8 (A-Connectivity Preserving Formation of a multi agent system ):
Given a formation vector 6 = (01...0x)" a control U is said to solve the formation
problem if U controlling the process X = U leads to

Vi €V, lim X(t) = Xeg + 0
—00

and
vt >0,V(i,j) € B, [ Xi(t) = X;(1)] < A

provided || X;(0) — X;(0)|| < A,V(i,7) € E.

with
O =maxlo:f = min B
known.

Modifying the previous observation and control scheme to take into account the final
position requirement we have the following discrete dynamical system

X = XE ey (XF - XF) (4.15a)
JEN;
XM= XF 4 B(XE - XF10) (4.15Db)
k __ : k
€ = ?61}\%{%%]} (4.15¢)
p A |XF - XF

Pii = W(MA+1+9)
In the following X = (X7,--- , XT)7 and X° = X?©

Theorem 4.3.9 if 0 < e <

and Jy > 0, max;cv jen; Xio - XJQH <A-—vy

maXx;cy |Nz| ’
then (4.15a) ensure that limy_,oo X; = Xey + 0; while preserving A-connectivity
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From lemma 4.3.2 limy_, Xf = X¢g
We can then prove theorem 4.3.9.

Proof 4.3.10 The proof of connectedness is identical as the previous one.
Xk X*¥
| X — XIH < | XF - XK+ 24/4 - XX | X — XI < AJ2+ | XF - XE|)2

This prove connectedness and imply the relation e"™ > ¥ /2
To prove the convergence we first note that there is k*. such that Vk > k* given than
for all
VieV,\Vje NA— X~ XF+6,-5;|>p>0

we also have the following relation

(X1 5, X =0 8 X1 (4160
+ ef(Xz - Xeq)

We need to prove that €; does not converge to zero.
To do so let’s consider

XF = X = XE - XE 4 eb(XE - XF 4 6;) — B(XE - XF+0))
XEF X2 (XE - XB) (L ) + H(RE - X0, - 6)) - (5 — eb)(XE - X +)
Considering A — maxjey, | XF — XF| = &F
A — maxey; \Xjk — Xf| = 5_;? Without loss of generality assume &F < &:?
For k > k* combining the previous equations we have | XF™ — Xj'-“+1| < |XF-XF(1-
i) +ef(A—p)+af— &

k1 gkt =k k S
XiT = X7 < (A-g)(1—e) +e(A—p) — & +¢

k+1 k+1 ko sk k _ _k
(X0 = X < A—¢&f +é&el —€gip
Then considering e* = min;cy, ¥
ok kel o sk k+1 ko =k k1 S =k k+1
if & < p then & > & and €7 > &f or & > p and then &7 > &7 /2 then ] >

P (4M?A ) Therefore for all k > k*, Vi € V ¥t > min(eh*,

It follows from (4.16a) the convergence of the control formation

S @MATD)

4.3.4 Simulation

In this section we will present simulation results of the proposed controller and compare
it with two different control protocols. For all the controller the agreement protocol
is decentralized. The proof we provide were made considering one dimension point for
ease of notation however, we show our result for simple integrator of dimension 2. The
classical linear control protocol [77] in discrete time and the A-connectivity preserving
control protocol from [31] (continuous time)

The communication topology is given on Fig 4.2 The initial conditions are the follow-
ing X1 = (-31,1)T, X2 =(30,5)7, X3 = (-31,2.2)7 X4 = (-17,0)T, X5 = (-3,0)T, X6 =
(10, —2)T, X7 = (11,0)7, X8 = (8,2)T The barycentre is b = (—10.375,1.025)7. A = 15,

the simulation stop at time 25
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N ‘

O,

e .° Barycentre a’ e

v (D
e

Figure 4.2: Communication topology and sensing radius.The lines represent the commu-
nication graph of the simulation and we represent the sensing/communication range of
agent 4 and 5.

The Laplacian matrix of the example is :

2 -1 0 -1 0 0 0 O
-1 2 -1 0 0 0 0 O
o -1 2 -1 0 O 0 O
-1 0 -1 3 -1 0 0 O

L&) = o o0 o0 -1 3 -1 0 -1
o o o0 o0 -1 2 -1 0
o o0 o0 o0 o0 -1 2 -1
o o o0 o0 -1 0 -1 2

with eigenvalues algebraic multiplicity As(G) = 0.29
Figure 4.3: Evolution of distance between agent with controller [77]. Blue curve distance

between agent 4 and agent 1, 2 and 3. Green distance between agent 4 and agent 5. Red
distance between agent 5 and agent 6, 7 and 8
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Figure 4.4: Evolution of distance between agent with controller [34] with K = 100. Blue
curve distance between agent 4 and agent 1,2 and 3. Green distance between agent 4 and
agent 5. Red distance between agent 5 and agent 6, 7 and 8

Figure 4.5: Evolution of distance between agent with the proposed controller . Blue curve
distance between agent 4 and agent 1,2 and 3. Green distance between agent 4 and agent
5. Red distance between agent 5 and agent 6, 7 and 8

The graphic Fig 4.3 shows classical linear controller [77], the convergence rate is
exponential but A-connectivity is not maintained as the first curve cross A = 15.

We can see on Fig 4.4 applying the controller described in [34] that the connectivity is
preserved. For a chosen gain the convergence rate is smaller Furthermore the convergence
to a consensus is obtained, it is however not the AC.

Fig 4.5 shows the proposed control given by (4.3). The connectivity is preserved.
Defining the control effort of each controller defined as

/0 N > ui(r)dr

eV

The following chart will present the properties of the different control law tested in
simulation. The proposed controller exhibit good properties in term of velocity and
control effort, however there is a need of communication among agents that is not required
for the other controllers.

87



[77] | [34] | Our Controller

AC Yes | No Yes

A Connectivity No | Yes Yes
Need of communication | No | No Yes
Controle effort 670 | 800 450
Error 0.01| 2 0.03

We can simulate the formation of the multi-agents system following the algorithm we
describe with §; = (0,20) for i = 1,2, 3, é, = (010], 65 = (00) ¢; = (0 — 10) for j =6,7,8

40

30r

201

40

30r

207

-40
-40

-30

Figure 4.6: Initial and final configuration

4.3.5 Conclusions

We introduced a control policy based on an estimate of the AC performed online by
agents able to communicate with their neighbours. The control action is designed to
track this estimate. To ensure range connectivity the tracking policy tack into account
either the distance to loss of range connectivity or the direction given by the tracking
policy. The control input is piecewise constant and allows the agent to reach the consensus
while preserving connectivity. The proposed method is easily implementable for single
integrator of any finite dimension. Simulation are presented that illustrate our results,
furthermore they suggest improvement in term of convergence speed and control effort
when compared to existing policy. The method can also be applied to the problem
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Figure 4.7: Evolution of distance between agent with the proposed controller for the
formation with. Blue curve distance between agent 4 and agent 1,2 and 3. Green distance
between agent 4 and agent 5. Red distance between agent 5 and agent 6, 7 and 8

of formation control provided agents have knowledge of the final position they want
to achieve with respect to the consensus. An important fact is that even thought the
proposed scheme was used to maintain A-conectivity it could be used to generate better
trajectory in terms of control effort or robustness to perturbation. However the proposed
protocol do not take into account network uncertainties and future work should focus on
a protocol robustness with respect to such network imperfections.
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Chapter 5

Active vehicle control

5.1 Introduction

In modern automobiles, the wide use of electronics allows the control of a number of
functions. When considering safety, one of the aims is the reduction of the number
of accidents. Active control actions represent an important tool for increasing safety.
These actions impose forces/torques to the vehicle in order to track a (feasible and safe)
reference behavior. These forces/torques have to be applied by means of tires, and the
friction coefficient represents a crucial parameter in this respect. In fact, road condition
is one of the most relevant parameter causing losses of driving control.

A precise evaluation of the tire-road friction coefficient would increase considerably
the efficiency of control systems. There is a wide literature regarding either modeling [27]—
[98] or estimation [15]-[39] of the tire-road friction coefficient. In particular, [16] proposes
an estimation procedure to calculate lateral tire forces, vehicle sideslip angle, and road
friction. In [20], an adaptive control is presented. In [$1], an estimation scheme of the
coefficient of road surface adhesion is presented, and a sliding mode observer driven by
wheel speed measurements is proposed. A comparative study of a sliding—mode observer—
based scheme and an adaptive observer—based scheme is presented in [$3], where the effect
of imperfect measurements are also taken into account.

To the best of our knowledge, High Order Sliding Mode (HOSM) was introduced
in [39]. Since this seminal work, many papers have dealt with such technique [38]-[71].
HOSM techniques have been used first for smooth control systems and, more recently, for
finite time differentiators. In [7] an interesting comparison of HOSM differentiators and
high gain observers, with respect to measurement noise, has been done. Finally, in [5§]
HOSM is used to solve vehicle control problems. The main object of this section is to show
that high order sliding mode methods can be successfully applied to a relevant industrial
applications, in order to propose an improved solution to the estimation problem of the
tire-road friction coefficient.

To this aim, in this work a rear—wheel drive vehicle equipped with Active Front Steer-
ing (AFS) and Rear Torque Vectoring (RTV) devices is considered. The AFS provides an
additional steering angle over the driver steering angle, while the RTV gives an asymmet-
ric left /right wheel torque on the rear axle. First, the estimation of the tire-road friction
coefficient and the tire stiffness is addressed: A second order sliding mode algorithm, the
well-known super—twisting algorithm, is proposed for estimating the tire-road friction
coefficient in finite time as well as to track a desired trajectory for the vehicle. This esti-
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mation technique does not depend on the type of model used to simulate the lateral force,
and the parameter estimations will be used either in the reference generator, and in the
control law. Then, a high order sliding mode controller is designed, in order to achieve the
tracking of the desired lateral and yaw velocity references. This controller provides both
good estimations and good tracking. The robustness properties of the controller with
respect to model uncertainties is finally tested with simulations, making use of CarSim
and a double steer maneuver. CarSim provides a vehicle dynamic behavior very close to a
real automobile, and it is proved to represent accurately the vehicle dynamics. Moreover,
CarSim is extensively validated with experimental testing and supported by automotive
enterprises such as Ford, Chrysler, etc. The simplicity and the tested robustness render
the proposed solution a good alternative for tire—road friction estimation in automotive
applications, where the success of a control strategy has also to be judged on the basis of
the feasibility and simplicity of its onboard implementation.

5.2 Mathematical model of a ground vehicle and prob-
lem formulation

We consider a vehicle equipped with AFS, which add an incremental steer angle 6. on top
of the driver’s input d4, and RTV, which imposes a torque M, by means of the rear axle.
Since we consider a rear—wheel drive vehicle, these two actions are decoupled. In fact,
the AFS control is actuated through the front tires, while the RTV is actuated through
the rear tires.

The vehicle dynamics is very complex. A resulting model, having 6 degrees of freedom,
is not suitable for designing a control action. Hence, it is usual to consider a simpler
model, to be used to design the controller, whose validity and performance have to be
then checked on more accurate models. For, the single track model is considered, which
represents the essential dynamics of interest [50],

m(t, —vyw,) =0
m(0y + vw,) = u(Fyr + Fyy) (5.1)
Jw, = /L(Fyflf — Fyrlr) + M,

where m, J, are the vehicle mass and inertia momentum, l¢,[, are the front and rear
vehicle length, v,, v, are the longitudinal, lateral velocities of the vehicle center of mass,
and w, is the yaw rate. Moreover, p is the maximum tire-road friction coefficient, M,
is the RTV moment, F;, F}, are the tire front and rear lateral forces, normalized with
respect to . This model, nonlinear due to the forces F ¢, Fy,, is very used in the literature
and in applications since, despite its simplicity, it well captures the major characteristics
of a real vehicle, such as the steady state and dynamic responses of the yaw rate, lateral
acceleration, lateral velocity [50]. The validity of this model, used to design the control
law, is shown by the simulation results of the resulting controller to CarSim, which
provides a vehicle dynamic behavior very close to a real automobile.
The front/rear lateral forces

Fyp = Fyf(af)v Fy = Fyr(ar)
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depend on the front /rear tire slip angles (rad)

ap—6— Uy +lfwz7 o — Uy = hw,
Ux U.’E

with § = 04+ 6. the road wheel angle (rad), sum of the driver angle d, (rad) and the AFS

angle §. (rad). The drive angle J, is assumed at least continuously differentiable with

respect to time.

Popular tire models considered in the literature is the Pacejka’s model [78], in which
some experimental parameters appear. Also interesting is the Burckardt model [27], which
presents less parameters, and hence it is appealing when parameter estimation algorithms
in the controller are considered. In this section we will not consider any particular tire
model, since the same approach can be adapted to models in which the lateral tire forces
can be written as

Fyilap) = Dros(ay),  Fy(ar) = Drpp(ar) (5.2)

with Dy, D, the tire stiffness coefficients, and where ¢, ¢, are the normalized tire
characteristics, which usually increase linearly with the slip angles ¢, a;- until a maximum
value, and then decrease reaching asymptotic values for high slip angles, as shown in
Fig. 5.1.a. They are odd functions, namely ¢, ¢, are symmetric with respect to the
origin. Hence, ¢, ¢, reach a minimum for negative values of ay, a,, and then increase
to an asymptotic value for high negative slip angles.

Since between the minimum and the maximum, the functions ¢; describing the au-
tomobile tire lateral force as function of the slip angle are invertible (see Fig. 5.1.a), and
to avoid mathematical difficulties arising from the fact that the input J. appears inside a
(possibly) quite complicated function, it is usual to consider as AFS control the difference

vy + lpw,

Ac=gslag) = pslap).  ap=0ds——— (5.3)
For a given value ¢°, the real input ¢, can be determined as follows
v, + lrw, 1, % el x
s o 5 4 o (A i A < 9 fmax (5.4)
c— .
—04 + % + Q'f max otherwise

namely inverting the function ¢; up to the tire maximum point a ¢ max, and saturating
the inverse function elsewhere.
With the convention (5.4), equations (5.1) can be rewritten in the form

Uy = Uy,

_ 1 O
Uy = —VpWw, + — <9fg0f(oéfo) + Qr@r(@r>) + EAC (5.5)

. 1 01 1
Wz = jz <9f90f(af0)lf - Qr@r(ar)lr> + j}zf A+ szZ

where
ef = Dy, 0, = pD, (5'6)

are the products of the tire—road friction coefficient with the tire stiffness coefficients.
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The control aim is to track some physically acceptable signals v, yef, W ref Of lateral and
yaw velocities. Hence, the control problem is to determine A., M, so that the tracking
errors

€y, = Vy — Uy ref, o, = Wy — Wy ref (5.7)

tend to zero asymptotically and uniformly.

In the following, we will assume that v, ,ef, W, rer are bounded signals with bounded
derivatives Uy yef, W ref. 10 this aim, it is possible to introduce the dynamics of a “reference
vehicle”, with v, e = v, and [21], [22]

- 1
Uy,ref = —UgWz ref + E (Fyf,ref (afO,ref) + Fyr,ref(ar,ref>)

wz,ref - Jﬂ <Fyf,ref(05f0,ref)lf - Fyr,ref(ar,ref)lr>

-5 Uy ref + lfwz,ref
Qforef =0 — —
Vg

Uy, ref — l’rwz,ref
Qi ref = — v .
T

Usually Ffref, Fyrref can be taken to resemble the real characteristics, “shaping” the
curves to avoid unwanted behaviors of the reference vehicle, e.g. a spin. This is essen-
tial, since otherwise the controller would impose an unwanted behavior, which is clearly
undesirable for the driver. Hence, they can be chosen as

Fyf,ref(afo,ref) = DjSOf,ref(a/fO,ref)
Fyﬁref(ar,ref) = Dr@r,ref(ar,ref)

with ;e strictly increasing functions. Therefore, the reference generator is given by

. 1
Uy ref = —UgWz ref + E (Qfgpf,ref(afo,ref) + Qrgpr,ref(ar,ref)>
1 (5.8)
<'ij,ref - 7 <9f¢f,ref(af0,ref)lf - er(pr,ref(ar,ref)lr>

with initial values vy e¢(0) = 0, w,1er(0) = 0, corresponding to the case of a reference
vehicle going straight at the initial time, i.e. when the maneuver has not started yet.
Note that the approach presented hereinafter can be used also with different reference
generators, e.g. static reference generators. Note also in (5.8) the presence of the tire—
road friction coefficient 1, through 6,6, also used in (5.5). In fact, to avoid to impose
behaviors which could results to be impossible to track, due to the finite lateral force
that can be exerted by the tires, the “reference” coefficients 0, 6, should be equal to the
real one. This poses the problem of their estimation.

5.3 A Super—Twisting Controller for Active Control
of a Ground Vehicle

The Super-Twisting Controller (STC) introduced in [70] is widely used for control, ob-
servation and robust exact differentiation. The STC represents a second order sliding
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mode controller. To briefly recall the basic aspects of STC, let us consider the system

T1 =u, x1,u € R. One can consider the following dynamic feedback
u = —)\1‘$1|1/2 Sign(xl) + X2

. . (5.9)
To = —Agsign(z;)

where x5 € R is the controller state, and A, Ay > 0 are gains. The feedback system is

eventually given by

iy = =M |z |2 sign(zy) + (5.10)
l"g = —>\2 Sigl’l([El). .
An important property of (5.10), proved in [70], is that the origin (x1,25) = (0,0) is

finite-time stable, namely it is reached in finite time.

5.3.1 The Case of Perfect Parameter Knowledge

In the following we will use the STC (5.9) to solve the control problem, under the hypoth-
esis of perfect knowledge of the parameters appearing in the vehicle model. From (5.7),
(5.5), (5.8) the tracking error dynamics are

1 6,
= T UzCy — (0 07“7" _Ac
U€z+m<f€f+ €)+m

€,
5.11)
. 1 Orls 1 (
w = —(0yl _HTZTT Ac — M,
Co. = 7 (Olsey &)+ At
with
er(aso, poret) = Pys(Qpo) — Pyfret (s ref) (5.12)
Er (O(T, CV?",ref) = @yr(ar) - @yr,ref(ar,ref)~
Making use of (5.9), one can consider the following STC
v 0,
A= 2= Aley, [2sign(en,) +x1) + e, — e — e
0 Y Y 0 0
Xl = —A12 sign(evy)
M, = JZ< — Aatle,. |V % sign (e, ) + X2> — (Oslpes — O, e,) — 041 A, (5.13)

= JZ< — )\21|ew2]1/2 sign(e,. ) + X2> — mlf< — All\evy|1/2 sign(e,,) + Xl)
—muglre,, + 0.l + 1, )e,
X2 = — Mgz sign(e,,)

with A11, A12, Ao1, Adog > 0 chosen to ensure finite time convergence to the origin of the
resulting closed-loop error vehicle dynamics (5.11), (5.13)

’1/2

by, = —A11ey, |/ sign(e,,) + x1

X1 = —A12 Sign(euy)
éwz = _>\21|€wz |1/2 Sign(ewz) + X2
XQ = —>\22 sign(ewz).

Note that its structure is that of equations (5.10). This ensures that the error is finite—
time stable [70].
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Remark 5.3.1 The terms in (5.13)
X1 = —A12 Sign(evy)v X2 = —Aggsign(e,,)

are the integral actions on the sign of the errors e,,, €., respectively. o

Remark 5.3.2 The performance offered by the STC (5.13) can be compared with the
following PI-like controller

I, =e,, I,=ey,,

MU 0,

m
——(kuey, + kol,) + Cw, — €f — @er

0 2
M7 = —J.(karew.+ kaole) = (Oplres — Oplrer) =05l AL

A° =
(5.14)

= mlf(k:nevy + lﬁo]v) — Jz(l{iglewz + kQO.[w) — mvwlfewz + Gr(lf + l,«)er

0r # 0, where positive gains kig, ki1, k2o, ko1 ensure the global exponential closed-loop
stability of the error dynamics

€v, T k1164, + K106y, =0

) . (5.15)
€wz + leewz —+ kgoewz = 0

Note that (5.14) has the same dimension of the STC (5.13). PI controllers are usually
preferred in industrial applications due to theirs good performances in terms of asymp-
totic stability and precision in steady—state. They are also easier to tune with respect to
a PIDs. In the present case, it is easy to see that derivative actions kioé,,, kaé., for e,
and e,,, would not change the result, since one would get again the error dynamics (5.15)
with gains kig = kio/(1+ki2), k11 = ki1/(1+Fk12), koo = koo/(1+ka2) ko1 = ko1 /(1+Kka2),
at the place of kyo, ki1, koo, koi. o

5.3.2 The Case of Parameter Uncertainties

In this section one considers the fact that, in practice, the model parameters are known up
to a certain precision. In particular, the tire-road friction coefficient may vary suddenly
due to a change of road conditions. More in general, also the stiffness coefficients Dy, D,
in (5.6) may vary, due to changes in the tire conditions, as well as the mass m and the
inertia J, with respect to nominal design values. Finally, parameters appearing in the
expressions of the normalized tire characteristics ¢, ¢, may vary as well.

In order to estimate the parameters 6, 6, in (5.6) a super—twisting estimator [15] is
used hereinafter, while the perturbations induced by the variations of the further param-
eters will be dominated by the robustness characteristic of the STC (5.13). As already
pointed out for the STC (5.13), the main advantage of the super—twisting technique is
that it ensures finite time convergence.

To illustrate the basic aspects of the sliding super—twisting sliding mode estimator,
let us consider the system

i1 = f(z1) +0

Yy=m
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with x; the state, f(z;) and f(x1) bounded, 6 the unknown parameter [70], [7]. One

assumes that # and 6 are bounded. Under these hypotheses, it is possible to design an
estimator of # using the super—twisting estimator

& = fly) —mlé —yl"Psign(& —y) + &

(5.16)
§ = —ysign(& — y)

with &,& the estimates of x1,6, and 7,72 > 0. Let us define the observation errors
e =& —yand eg = & — 6. The observer gains 7, 72 are defined in function of the bounds
for f(z), f(z),0 and @. Note that, since f(z) is function of measured state only, which
will be ensured bounded by the control, the hypothesis of boundedness of f(z) could be
removed. The observation error dynamics are given by

1/2

é = —ilel /" sign(e) + e

ég = —2 sign(e) — 0

so that & is equal to 6 after a finite times. It is worth noticing that in (5.16) the cancel-
lation of f(y) is performed. Hence, (5.16) is not a simple differentiator, and consequently
the gains 71,72 can be sensibly lower that in the case of simple differentiator.

In the present case, assuming w, measurable, a finite-time estimate of w, is given by

&1 = —nl& — w7 sign(é — w.) + &
€y = —yysign(€; — w,) (5.17)

~

CZJZ — 52.

The estimate w, = & in (5.17) can be used along with the measurement of the lateral
acceleration a,, commonly available for in modern automobiles, to obtain the desired
parameter estimation. Since a, = ¥, + v,w,, from (5.5) one gets

may, = 6)fQOf(O‘f) + 0,00 ()

. (5.18)
szz - Mz = efspf(af)lf - HTSDT(O[T)ZT

with or(ayr) = @r(ap) + Ae, from (5.3). Making use of the estimate (5.17), converging
to w, in finite time, one finally obtains the parameter estimation

(9}) 1 < prlag)  erar) ) ( My m ) (5.19)
0. ) D \lpslar) —lpe(ar) ) \ b — M.

where D = (I;+1,)ps(ar)pr(on) is nonzero for pr(ay), ¢, (a,) # 0. Physically, this means
that the estimate can be carried out only when the (front, rear) lateral forces excerpted
by the tires are nonzero. This is typically satisfied (except in some time instants, i.e. in
zero measure time sets) during a maneuver. The analysis of these special cases will be the
object of future work, while here an approximated solution with a threshold on |D| has
been used. Hence, this threshold determines when (5.19) is applied, avoiding excessively
high peaks on the estimates. Finally, due to the possible measurement noise on the

measurements of a,,w,, in practice it is convenient to filter éf, 6, obtained with (5.19),
by means of a low pass filter. The introduction of low—pass filters cancels the finite-time
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convergence because the output information arrives through the filter, which introduces
some delays. Hence, as common trade—off, the filter bandwidth must be chosen small
enough to ensure noise attenuation, and large enough to ensure the closed loop stability.
The reader is referred to [7] for a useful discussion about the relation between gains and
noise in the context of high order differentiators.

The estimations 6 I3 0, can be used, along with the nominal parameters of the other pa-
rameters (denoted with a “zero” as in my, J.g, etc), either in the reference generator (5.8),
S0 obtaining

) 1 N N
Uy ref = —UgWz ref + m <9f(10f,ref(af0,ref) + erspr,ref(ar,ref))
0

X (5.20)

JZO

or in the control law (5.13) yielding, along with (5.16), to the STC with estimated pa-
rameters

wz,ref = <éf P f ref (afO,ref>lf - ér@r,ref (ar,ref)lr>

& = -7l —w.|Y?sign(6 —w.) + &
£ = —yosign(é) — w,)
).(1 = —)\12 sign(evy)

XQ = —)\22 Sign(ewz)
; (5.21)
MUy A
( — /\11|evy|1/2 sign(evy) + Xl) + ALGWZ —€j0 — =€
ef (9f Qf

A, =0
M, = Jzo( — /\21|6w2|1/2 sign(e,. ) + X2> — molf( — )\11|evy|1/2 sign(e,, ) + xl)

— movglse,, + ér(lf +1.)e,
with e, , €., asin (5.7), and ey, e, defined as

€ro = SOfO(OéfO) - SDf,ref(Oéfo,ref)

(5.22)
€r0 = (pr0<057") - Sor,ref(ar,ref)

where ¢y, @0 are the normalized tire characteristic with nominal parameters, namely the
same functions ¢y, ¢, considered in (5.2) but with the nominal values of the parameters
appearing in them.

Remark 5.3.3 The STC (5.21) can be compared with the Pl-based controller (5.14),
with the estimates (5.19) and the constraint 6 # 0

I, =e,, I,=e.y,

A T 07"
Ao = —,n:LO (l{fnevy + k10[U> -+ Tnéiewz — €f0 — é—ero (523)

f ! !
M; = molf(kn@vy + kioly) — Jao(karew, + kaols,) — movglye,,, + ér(lf + 1, )eno

with ey, e as in (5.22). o
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The remaining of this section will be devoted to highlight some difficulties that could
arise during the transient, due to the fact that the estimation of 6, 6, can not be instan-
taneous and/or perfect. For, let us rewrite the error dynamics considering (5.5), (5.20)
and the control (5.21)

0
évy = —f~@< — )\11‘6%’1/2 Sigﬂ(evy) + Xl) + E1
Oy =0 m
).(1 = —)\12 sign(evy)
. J .
o, = 0~ Marlew [ sigm(en,) + x0) + B
X2 = —Agsign(e,,)
1 0y ( MoUy 0, — 6, )
Ey = —v.e,. +—(0 ar) + 0.0, (a,) ) + — —€,, — €f0 — —€,
! m(fSOf( 70) + 0ron( )> m\9, -4, 0755,
1 - -
- E{) ((ef - 9f>(pf,ref(af0,ref> + (97’ - er)gor,ref(ar,ref))
1 1 ~ ~
B =+ (wa(afo)lf - 9r<ﬂr(ar)lr) -5 ((9f —Op)lseso — (6 — er)lv*@m)
Oply . 1 . -
+ i Ac - i o ((ef - Qf)gpf,ref(afo,ref)lf - (07‘ - HT)@r,ref(ar,ref)lr>

where 6 =0;— 0 I 0, =0, —0,. A sufficient condition ensuring a finite time convergence
of the error dynamics is the existence of by, big, b1, bag, 1, co > 0 such that [17]

0<bpy < —— <
11_0]0_‘9]0m < bio
J.
0 < by < JO@S%Q (5:24)

|E1| < ¢, |E2| < Co.

Assuming that the model parameters have bounded variations, with bounded derivatives,
conditions (5.24) are clearly verified.

Since Fy, Fy depend on éf, 0,, it is clear that the errors Ey, Ey influence the vehicle’s
controlled dynamics. As already noted, in practice the signals éf, 0, are filtered in order
to obtain smoother signals. This smoothing introduces a delay in the estimation. Since
the controller gains could be high, this estimation could determine a deterioration of the
transient in the tracking. Therefore, attention has to be posed for the correct choice of
these gains and those used in the filter.

5.4 Simulation results

The control law (5.21), (5.20), (5.19) has been applied to a vehicle characterized by
m = 1480 kg, J, = 2386 kg m?, [; = 1.17 m, [, = 1.43 m. A challenging test maneuvers
has been considered, given by a step steer of 04, = +100° of the steering wheel at ¢ =1
s, followed by a step steer of 044, = —100° at ¢t = 3 s, and finally 644, =0 at t = 5 s (see
Fig. 5.1.b). The ratio between the steering wheel angle 4, and dq is 16.
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Figure 5.1: a) Typical characteristic of the lateral force F), as function of the slip angle [N

vs s|; b) Steering wheel angle d,4 in the double lane change maneuver [deg vs s|; ¢) CarSim
Simulator.

This maneuver has been performed with an initial longitudinal velocity v, (0) = 28
m/s. To make the maneuver more challenging, at ¢ = 3.5 s there a change of the friction
from = 0.9 (dry road) to u = 0.4 (wet road) has been considered. A random variation
has been superimposed to these values. The simulation has been performed using the
CarSim software, with a nonlinear car model C—Class Hatchback provided by CarSim (see
Fig. 5.1.c). The tire selected in CarSim has been the 245/40-R17, with a normal force of
1725 N. Independent suspensions on both axles have been used. The variables measured
from CarSim were v,, vy, @, W, Gy, and a,. As far as the actuators are concerned, to
have a more realistic situation, a saturation of 3° for J., and a saturation of 8000 N m for
M, have been considered.

5.4.1 Super—Twisting Controller with Estimated Parameters

The controller gains have been set equal to A\j; = A3 = Ao = Agy = 250. A threshold
b= 0.1 is considered for ¢, ¢, to apply (5.19). A simple filter with G(s) = 1/(1 + 10s)
has been used to filter Hf, 0,.

Figs. 5.2-5.6 show the importance of parametric estimation. In fact, in the case of
controller (5.13) with nominal parameter values (obtained from CarSim) Dyy = Dy =
1904.02 N, Do = D, = 1904.02 N, o = 0.9 the reference trajectories can not be
correctly tracked (Figs. 5.2.a, 5.2.b, 5.3.a, 5.3.b). On the contrary, in the case of the
controller (5.13) with parametric estimation (5.19) one obtains a satisfactory tracking,
see Figs. 5.2.c, 5.2.d, 5.3.c, 5.3.d. Fig. 5.4 shows the parameters 0¢,0,, varying abruptly
at t = 3.5 s, along with their estimation Hf, b, .

5.4.2 STC versus PI-based Controller

In this section we compare the STC (5.13) with the PI-based controller (5.14). In order
to have a good comparison, the control gains of the STC (5.13) have been fixed equal to
A1 = A2 = A91 = Ao = 250, while the controller gains for the PI-based controller (5.14)
have been chosen equal to kg = koy = 22.5, k13 = koy = 18. These values ensure
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Figure 5.2: STC (5.13) with nominal parameters: a) v, (solid) and reference v, ,er (dashed)
[m/s vs s|; b) Tracking error e = v, — vy ref. STC (5.13) with parametric estimation (5.19):
c) v, (solid) and reference vy ¢ (dashed) [m/s vs s]; d) Tracking error e = v, — vy yer-

(a) (b) © (d)

Figure 5.3: STC (5.13) with nominal parameters: a) w, (solid) and w, ,er (dashed) [rad/s
vs s|; b) Tracking error e = w, — w, yer. STC (5.13) with parametric estimation (5.19): c)
w, [rad/s vs s|; d) Tracking error e = w, — w, yef-
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Figure 5.4: Vehicle parameters: a) Real f; (back) and estimated 6 (gray) [N vs s]; b)
Real 6, (black) and estimated 6, (gray) [N vs s].

101



comparable results for the ST and PI-based controllers in the case of absence of parameter
variations.

First, we consider the case in which m, J, are equal to the nominal values, while
0 = 00 = p0Dyo, 0, = 0,0 = poDyo. With both the ST controller (5.13) and the PI-
based controller (5.14) the references are well tracked, see Figs. 5.5.a, 5.5.b and 5.6.a,
5.6.b. As can be noted, the tracking errors are small for both the controllers.

To test the robustness properties of these controllers, we consider a parameter vari-
ation with respect to the nominal ones, setting mo = 0.81 m, J,0 = 0.92 J,, 0; = puDy,
0, = pD,, Dy = 0.95 Dy, D, = 0.97 D,o. Moreover, since the function sign(-) is
discontinuous in zero, and therefore very sensible to noise and quantization errors, the
approximation sign(z) ~ 2 arctan(100z) /7 has been considered. It is worth noticing that
a consequence of this approximation is the loss of the finite time convergence property.
In fact, the approximation of the sign function by an arctan function replaces locally
(i.e. around the sliding surface) the sliding mode behaviour by a high gain behaviour.
However, this doesn’t change the stability domain.

When dealing with parameter variations, the tracking behavior is better with the STC,
due to its robustness with respect to matching perturbations. As shown in Figs. 5.5.c,
5.5.d and 5.6.c, 5.6.d, both controllers show good results but, nevertheless, we can note
that the STC ensures a smaller tracking error.

(a) (b) (0] (d)

Figure 5.5: Case of nominal parameters in the controllers: a) v, with the STC (5.13)
(solid black) and with the PI-based controller (5.14) (solid gray), and reference vy yer
(dashed) [m/s vs s]; b) Tracking error e = v, — v, With the STC (5.13) (black) and
with the PI-based controller (5.14) (gray). Case of real parameters in the controllers:
c¢) v, with the STC (5.13) (solid black) and with the PI-based controller (5.14) (solid
gray), and reference vy .t (dashed) [m/s vs s|; d) Tracking error e = v, — vy of With the
STC (5.13) (black) and with the PI-based controller (5.14) (gray).

5.5 Conclusions

In this chapter a nonlinear control law using estimated parameters has been designed.
The parameter estimation and the controller design problems have been solved using the
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Figure 5.6: Case of nominal parameters in the controllers: a) w, with the STC (5.13)
(solid black) and with the PI-based controller (5.14) (solid gray), and w, e (dashed)
[rad/s vs s|; b) Tracking error e = w, — w, yof With the STC (5.13) (black) and with the
PI-based controller (5.14) (gray). Case of real parameters in the controllers: ¢) w, with
the STC (5.13) (solid black) and with the PI-based controller (5.14) (solid gray), and
W ret (dashed) [rad/s vs s|; d) Tracking error e = w, — w, er With the STC (5.13) (black)
and with the PI-based controller (5.14) (gray).

high order sliding mode technique. The simulation results highlight the efficiency of the
proposed approach. In particular, the control scheme takes particular advantage of the
finite time parameter estimation. It is worth noting that simulation shows the robustness
of the controller with respect to measurement noise and parameter uncertainties. In the
future, the real time implementation of this controller will be investigated.
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Chapter 6

Conclusions

6.1 General element of conclusion

In this work we have investigated various aspects regarding observation and estimation
applied to Network Control Systems. The observation and estimation schemes are then
used for control. Motivated by the ever greater integration of physical and computer
process introducing both new opportunities and constraints. Those considerations has
led us to study three related topics. First, an event—triggering scheme, for both sensors
and actuators, has been considered for the observation and control of linear systems.
The results show that event—triggering schemes are robust with respect to time—varying
uncertainties. Moreover An impulsive observer has been designed, and a ”separation
principle” has been proved, stating that one can design separately an event-triggered
impulsive observer, even for unstable systems, and an event—triggered controller relying
on the availability of the full state. The resulting observer—based controller guarantees
practical stability to the origin.

The observer—based stabilization of a class of non linear systems has also been stud-
ied. Sufficient conditions have been determined in terms of input-to—state stability, in
order the ensure the existence of an event—triggering policy. It has been shown how to
design an impulsive observer along with an event—triggering sampling policy to ensure
the stabilization of the given class of non linear systems, and the validity of a separation
principle.

In the second part of this thesis we have considered a network of autonomous agents,
and we have showed how a decentralized estimator can solve the coordination problems.
These results assumes communication among agents. The results exposed could be the
object of further studies considering more complex class of systems and more challenging
control and estimation task.

Considering a complex vehicle model, the tire-road friction coefficient is estimated
using a super—twisting observer. The control action, for tracking of a given signal, is
given by a super—twisting controller, and a comparison between the proposed control
scheme and a classical PI controller is made using CarSim, a high-fidelity simulation
environment. This work results could be extended to a network of collaborative agents
exchanging information.

The topics considered here are relevant in the framework of Cyber-Physical Systems
and it could be interesting to consider their junction as future work, where vehicles with
complex dynamics and complex tasks would have to exchange information to enhance
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their performance while minimizing the communication load. Indeed intelligent cars, eco-
driving and platooning are already being consider by the industry yet many problems of
theoretical nature remains.

6.2 Broader research direction

In a more general setting, the investigation effectuated and the ideas developed during this
thesis could be useful in considering other classes of systems. Indeed, both network control
systems and observation are ubiquitous. In neural network where massively parallel
computation is performed a huge amount of resources is devoted to information exchange
and event triggered paradigm could be a way of reducing this burden. Another interesting
perspective is the application of the concept developed for network control systems in the
area of biology, either for modelling or for estimation and control. In the automatic control
community a growing amount of work is dedicated to biological system, to both observe
and control biological systems and to design bio-inspired controller. An interesting area of
investigation would then be event triggered modelling and control for biological systems.
Finally, another very ambitious topic is the synthesis of bio-inspired even triggered policies
for network control systems.
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