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Abstract

This paper deals with the stability analysis of Lure type systems through aperiodic sampled-data
control laws, where the nonlinearity is assumed to be both sector and slope restricted. The proposed
method is based on the use of a new class of looped-functionals, which depends on the nonlinearity
and its slope, and on a generalized Lure type function, that is quadratic on both the states and the
nonlinearity and has a Lure-Postnikov integral term. On this basis, conditions in the form of linear
matrix inequalities (LMIs) to certify global or regional asymptotic stability of the closed-loop system
are obtained. These conditions are then used in optimization problems for computing the maximum
intersampling interval or the maximum sector bounds for which the stability of the sampled-data
closed-loop system is guaranteed. Numerical examples to illustrate the results are provided.

Keywords: Sampled-data control; Lure systems; stability analysis; sector bounded nonlinearities;
looped-functional approach.

1 Introduction

The study of the stability and stabilization of systems evolving in continuous-time whereas the con-
troller delivers inputs at discrete-time instants, i.e., sampled-data control, has been the subject of
many works in the literature. In the book from Astrém[1] (and references therein) linear sampled-data
control systems updated at constant sampling periods were extensively studied. In the last years,
the sampled-data control problem, in particular considering aperiodic sampling [13], has presented a
renewed interest mainly from the following facts:

e The spread of networked control, where the control loops are implemented over communication
networks, brought some challenges regarding the operation of the closed-loop system in the pres-
ence of communication restrictions, which induces jitters, packet dropouts and delays, among
others. These restrictions can be perceived by the control loop as an aperiodic sampling policy
[13]. In this case, the exact linearization commonly applied to the analysis of linear systems
with periodic sampled control, which leads to a discrete-time model for the closed-loop system
cannot be longer used to conclude about stability and performance.

e For nonlinear systems, the formal analysis of sampled data controlled systems is more chal-
lenging, since even considering a periodic sampling policy, exact discretization is in general not
possible. Furthermore, the use of numerical approximations of the system dynamics to design
sampled-data control laws in a discrete-time framework does not guarantee that the actual
continuous-time nonlinear system considering a sample and hold implementation will operate
properly [22].
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To conclude about the stability of nonlinear systems or even linear systems under aperiodic
sampled-data control, the hybrid behavior of the closed-loop system has to be taken into account,
that is, the continuous evolution of the state trajectories during the intersampling time and the
impulsive update of the control signal at sampling instants. In this sense, different methods have
been proposed in the literature to model sampled-data systems, such as: the lifting and discrete-time
approaches [2, 8]; the impulsive modeling, in which a time-varying Lyapunov function is used [14, 21];
the modeling with a continuous-time system with time-varying delay on the plant control input [7, 6];
and the looped-functional approach [30, 31] that focuses on the behavior in the intersampling interval,
ensuring that a positive definite function is strictly decreasing at the sampling instants. For a general
overview of these approaches and others, the reader can refer to the survey by Hetel et al. [13].

Lure type systems are a particular class of nonlinear systems composed by the feedback connection
of a linear time-invariant system with a sector-bounded nonlinearity. As many physical systems can
be represented in this setup, the stability analysis of Lure systems has been attracting the attention
of the control community over the years. The first studies by Lure-Postnikov[19] regarding the
absolute stability problem were based on time-domain representation and considered only sector-
bounded nonlinearities. Then, stability criteria based on the properties of the frequency response of
the linear part of the system, leading to the conditions known as the circle and the Popov criteria [17],
where different assumptions regarding the time-variation of the the sector-bounded nonlinearity are
made, have been proposed. More recently, motivated by semi-definite programming advances, several
Lyapunov and passivity based methods have been proposed to assess the stability and to design
stabilizing control laws for Lure type systems in continuous [5, 35, 4, 37] and discrete-time [10, 36].
We can also mention works focusing on event-triggered control [40, 20], synchronization of chaotic
systems [24] and network delays[12, 39]. In these contexts, different classes of Lyapunov Functions
(LFs), e.g. quadratic ones [5] (associated to the Circle criterion), Lure-Postnikov LFs (associated to
the Popov criterion) [38, 32, 25, 35, 37] and composite LFs [15] have been considered. To handle
delays, Lyapunov-Krasovskii functionals are in general considered[12, 39, 11].

However, regarding Lure systems under sampled-data control, only few studies were carried out.
The problem is addressed by Seifullaev and Fradkov [28, 27] considering the input delay approach
proposed by Fridman [7, 6], which is based on Lyapunov-Krasovskii functionals. The functionals used
in these references are required to be positive definite and do not depend on the nonlinearity. The
design of stabilizing sampled data control laws, considering periodic sampling, is tackled by Gabriel
and Geromel [9] through differential linear matrix inequalities obtained from a classical Lure type
Lyapunov function, where a piecewise affine time-dependence is considered in the quadratic part. In
this case, to obtain conditions in LMI form a suitable partition of the intersampling interval needs to
be chosen. The sampled-data synchronization of Lure type systems is treated in Park et al. [24, 16]
considering a fragmentation approach. Conditions to assess the stability of closed-loop systems when
the sampled-data control law is designed from the Euler approximated discrete-time Lure system are
provided in Louis et al.[18]. It should be pointed out that all the above papers are concerned only
by the global stability of the origin. The case where the nonlinearity verifies sector conditions only
locally is not considered.

This paper focuses on the stability analysis of aperiodic sampled-data closed-loop Lure systems
with sector bounded and slope restricted nonlinearities.

The main contributions of the present paper can be summarized as follows:

1. A looped functional approach is considered to provide conditions to assess the stability of Lure
type systems under sampled-data control. This approach is based on the use of two elements:
a function V and a functional Wjy. Differently from the linear case, treated in [30], and similar
approaches considering Lyapunov-Krasovskii functionals [6, 27], in our case we consider that V'
and W, depend also on the sector nonlinearity. In particular, the function V is considered as a
generalized Lure-type function [37] composed by two terms: a generic quadratic term depending
on the state and the nonlinearity; and an integral term. Differently from classical Lure-type
functions [17], the quadratic part does not need to be defined by a positive definite matrix
and the multipliers of the integral terms do not need to be nonnegative. Moreover, we also
show that the functional Wy does not need to be positive definite for the assessment of global
stability, which is an extra relaxation with respect to the previous results in [27] considering
Lyapunov-Krasovskii functionals. All these new elements and relaxations lead to a significant
conservatism reduction, as shown in the numerical examples.

2. Both the global and local stability cases are tackled. To the best of our knowledge, this is the first
time that the local stability analysis of Lure type systems under sampled-data control is formally
addressed. This is particularly relevant when the nonlinearity verifies the sector conditions only
locally, which allows to provide stability certificates for a broad class of nonlinear systems by
casting them in a Lure setup. Regarding this case, we also provide conditions that allow to
characterize estimates of the region of attraction of the origin of the closed-loop systems as the
level sets of the function V.



Furthermore, the proposed stability conditions are in the form of linear matrix inequalities (LMIs).
We show therefore how to incorporate these conditions as constraints of optimization problems aiming
at providing bounds on the maximal intersampling interval or on the nonlinearity sector, for which
the stability of the Lure-type system under aperiodic sampled-data control can be certified.

It should be noticed that some preliminary results in this sense were presented in [33], considering
only global results and without an in-depth discussion and a detailed mathematical development of
the theoretical results.

This paper is organized as follows. The next section describes the problem formulation. Section
3 presents the looped-functional approach in a general way. In Section 4, considering a generalized
Lure-Postnikov function and a looped-functional that depends on the nonlinearities, the conditions
derived in Section 3 are cast as LMIs. Section 5 features some optimization problems and Section
6 gives numerical examples to highlight the potentialities of the method. Section 7 summarizes the
main points covered in the paper and discuss some possible extensions.

Notation. The set of diagonal and symmetric matrices of dimension n are denoted, respectively,
by D™ and S™. DZ, (SZ,) means that the matrix is diagonal (symmetric) and positive semi-definite.
The set of positive real numbers is denoted by R*. To express diagonal matrices in a compact form,
we write ‘diag(ei, ..., en)’, where e;, i = 1,...,n are, respectively, the elements in position (i,4). A
denotes the transpose of matrix A. He(A) £ A+ A", I, and 0,, are, respectively, the identity and
zero square matrices of order m. For a given positive scalar T, define Cfj 5 the set of continuous
functions from an interval [0, J] to R™ and the union set of continuous functions with support in
a certain range defined as Ky, 5,) = Userr,,7,){Cjo,71}. The notations | - | and || - || represent the
absolute value of a scalar and the Euclidean norm, respectively. The ith element of a vector v is
denoted by v;. P > 0 (P > 0) means that P is positive (semi-)definite and P < 0 (P =< 0) means
that P is negative (semi-)definite. Depending on the context, we use 9 to denote the sub-differential
operator or the boundary of a set. The symmetric terms in a symmetric matrix are denoted by *.

2 Problem Statement
2.1 The Lure System

Consider the continuous-time plant described by the following Lure system [17, 5, 37]:

() = Az(t) + Buu(t) + Byo(y(1)) (1a)
y(t) = Cx(t) + Dyp(y(1)), (1b)

where € R" represents the states of the plant, u € RY represents its inputs and y € R™ its
outputs (i.e., the argument of the nonlinearity ¢), A € R"*", B, € R"*? By € R, C €
R™*™ and Dy € R™*™. The vector-valued nonlinearity ¢ : R™ — R™, is assumed to be time-
invariant, memoryless, Lipschitz on R™, decentralized, sector bounded and slope restricted, i.e.,

&) = [p1(y1), - - -, b (ym)]¥, with ¢;(ys) satisfying, Vi = 1,...,m:

6:(0) =0, (20)
% € 18,5 Vy € o CR™, (2b)
ad)l(yl) € [lzaﬁz]a V?J S y() - Rmv (2C)

where §, € R, 5 € R, g9, < §; are, respectively, the lower and upper sector bounds for the ith
nonlinearity and 7, € R, 7, € R, % < 7, are, respectively, the lower and upper slope bounds

for the ith nonlinearity. From these bounds, denote A = diag(d,,...,d,,), A = diag(d1,...,dm),

r diag(l17 . ’lm) and T £ diag(7,,...,7%,,). If Yo = R™, the relations are said to be verified
globally and otherwise locally. The Lipschitz assumption on ¢ implies that d¢;(y;) = ‘;‘5; almost

everywhere, relaxing the requirement for the nonlinearity to be continuously differentiable.
Taking into account that ¢;(y;) = (wfii(tyi) = 0¢i(y:)y: and relations (2), the following Lemmas
can be stated.

Lemma 1. [17] If Uy € DY, and ¢ : R™ — R™ satisfies (2), then

Sa(Ur,0(y),y) 2 (o(y) — Ay) " U1 (Ay — ¢(y)) > 0, (3)

for ally € Yo.
Lemma 2. [37] If Uz € DY and ¢ : R™ — R™ satisfies (2), then

Sr(Us, (), 9) = (6(y) — L9) " U2(T§ — $(y)) > 0, (4)

almost everywhere for y € ).



It should be noted that if Dy # 0 equation (1b) is an implicit one.

In this case, the well-posedness of the algebraic loop (1b) is guaranteed if there exists a unique
solution to the implicit equation F(y) £ y — Dy¢(y) = Cz, that is, a mapping y(z) satisfying
F(y(z)) = Cz. Applying the reasoning used in Valmorbida and Drummond[37], a condition for the
well-posedness of (1b) considering ¢ satisfying (2) is given by the following proposition.

Proposition 1. [37] If there exists a matriz N € DYy such that
2N — He{N(Im = DyL) " Dy(T = L)} - 0, ()

then matriz (I, —DyT') is nonsingular for all matricesT € Ar 2T eD™; T = diag(y1,72,--->Vm), Vi €
[0,,0i],i =1,...,m} and the algebraic-loop (1b) is well-posed.

Henceforth, we consider the following Assumption.
Assumption 1 (Well-posedness). There exists a matriz N € DT such that (5) holds.

Note that when Dy = 0 this assumption is trivially verified.
Provided that Assumption 1 is satisfied, the following set can be defined

Xo2{z €R"; y € Vo, y— Dyoly) = Cx}. (6)

The set Xy corresponds to all the states such that y = Cz 4+ Dy (y) € Vo. When the sector conditions
and the slope restrictions are satisfied globally, i.e. Yo = R™, we have that Xj is equal to R™.

2.2 The sampled-data control law

We suppose that the control signal u is updated at sampling instants denoted ¢, and remains constant
between two successive sampling instants through a zero-order holder (ZOH). Namely, we consider
the following sampled-data control law:

u(t) = Koz (te) + Kop(y(te)), YVt € [tr,tr+1), (7)

where K, € R?”" K, € R?™. This generic control law allows to use information about the
nonlinearity [5]. For saturating systems, a method for the design of such a control law using piecewise
quadratic functions is presented in Queinnec et al. [26]. If the nonlinearity ¢ is not precisely known
or ¢(y) cannot be directly measured, it suffices to consider K4 = 0, i.e. a linear state feedback
control law. We consider the case of aperiodic sampling. In this context, we assume that there
exist two positive scalars T1 < T2 such that the difference between two successive sampling instants
Ty = tk4+1 — ty satisfies

0<T1 <Tp<To, VkeN. (8)

Thus, {tx}ren is an increasing sequence of positive scalars such that (J, cy[tx, tx+1) = [0, +00). Note
that the periodic sampling appears as a particular case in which T} has the same value Vk € N, i.e.,
Ty = T1 = To, Vk.

In this paper, we are interested in deriving conditions that allow to assess the asymptotic stability
of the origin of system (1), where the nonlinearity ¢ satisfies the sector and slope restrictions given in
(2), with a sampled-data control law given by (7) assuming an aperiodic sampling policy satisfying
(8). With this aim, we consider a looped-functional approach, which is detailed in the next section.

3 Looped-Functional Approach

The looped-functional approach has originally been introduced by Seuret [30] to study linear systems
under sampled-data control. It can be seen as a generalization of Lyapunov-Krasovskii approaches
[6], in the sense that the functional does not need to be positive definite. In this section we extend
these ideas to cope with Lure type systems.

As in the linear systems case, we formally show that for global stability results the positivity of
the functional is not needed. On the other hand, for deriving local results some further assumptions
are needed to ensure that the trajectories are bounded in the region where the sector conditions are
valid.

To state the results, we consider the notation [30] zx(7) £ x(tr + 7), ya(7) £ y(tx + 7) and
ér(T) & ¢(yx(7)). Hence, the closed-loop dynamics in the interval [ty, tx+1) is governed by the
following equations:

(1) = Azk(7) + Byor () + Bu(Kaxk(0) + Kok (0)) ©)
Yr(7) = Ca (1) + Dy dr(T), v € [0, Tk),



where @5 (7) = Lai(7).
Let D, C &y C R"™ be a compact domain containing the origin in its interior. In what follows we
consider a differentiable function V : D, — R* satisfying

pllz|l” < V(z) < pollzll”, Vo € Dy, with pr, pe >0, p> 1. (10)
Associated to V(z), define the level sets
L(V,p) ={z e R"|V(z) < p}, (11)

with p > 0.
In addition, consider a differentiable functional with respect to 7, called a looped functional [30],
Wo : [0, T2] x Kjg, 7,1 x [T1,T2] — R that satisfies:

Wo(Tk, Z,Tk) = Wo(o, Z,Tk), Vz € Krﬁ-l,:@] and VTy € [71,72]. (12)

3.1 Global Stability

Assume that the nonlinearity ¢ satisfies (2b) and (2c) globally, that is, they are verified Vy € Yo = R™,
or equivalently, Xy = R™. In this case, the next theorem provides conditions to ensure the global
asymptotic stability of the origin of the closed-loop system composed by (1) and (7) with T € [T1, T2].
Theorem 1. Consider a differentiable function V and a differentiable looped-functional Wy satisfying
(10) and (12), respectively, with Dy = R™. If for all k € N, T}, € [T1,72] and 7 € [0,T%] it follows
that

V(@ (r) + Wolr, 2, To)] < 0 (13)

along the trajectories of (9), then the origin of the closed-loop system composed by (1) and the
sampled-data control law (7), with Ty, € [T1, T3], is globally asymptotically stable (GAS), i.e. x(t) — 0
ast — oo, Vz(0) € R™.

Proof. First, by continuity of the system trajectories, note that xx(T%) = zr+1(0). Integrating now
(13) in the interval [0, 7%] and using (12), it follows that
AV (k) = V(zk+1(0)) — V(zk(0))
= V(z(tk+1)) — V(z(tx)) <0, Vk € N.
Thus, we can conclude that the sequence of samples zx(0) = z(tx) — 0 as k — oo.

To conclude the proof, we need to show that the z(t) is uniformly bounded Vt € [tx, tkt1), VE,
and that the continuous-time trajectories also converge to the origin, i.e., z(t) — 0 as ¢ — co. For
this, note that as %ﬁ“) € [8;,0:], it follows that, V¢ > 0, there exist scalars a;(t), 0 < a;(t) < 1,
Vi=1,...,m, such that

Giyi(t)) = [ai(t)8, + (1 — ci()dilys(t) = vi(t)yi(t), with vi(t) € [4;, 6. (14)

Thus, we can write ¢(y(t)) = Y(v(t))y(t), with Y(v(t)) = diag(vi(t),v2(t), ..., vm(t)), v(t) € Uy =
{veR™|§, <wv; <6, i=1,...,m}. In this case, we have that y(t) = Cz(t) + DY (v(¢))y(t), and
from Assumption 1 it follows that

y(t) = (I — DyT(u(1))) " Ca(t). (15)

Hence, the closed-loop system can be represented by the following linear time-varying system,
Vvt € [tk, tk+1):

i(t) = Az(t) + Bu(Kex(ty) + Kod(y(tr))) + B Y (v(t))(I — Dg Y (v(t))) " Ca(t). (16)
Equivalently, considering the lifted-variables one has
&1 (1) = (A+ By (0r(7))(I — DX (vk(7))) "' C)zi(7) + Bu(Kawi(0) + Ko (0)),  (17)

where vy (7) £ v(tp+7). For each admissible vy, € K5, 7,7, such that vy (7) € U., define the transition

matrix for the system (16) without the constant term in By, as Wy, (7,8) 2 U, (t, + 7, ¢ + s). Thus,
it follows that

24(7) = P (OO + oy (r9)Bu (Ko K] [z:gg;]ds. (18)



Thus, we obtain the following upper bound for the trajectories:

21 ()] < [[Ta (7, 0)] ||wk(o>||+/OT ., (r,5)||ds

< <H\IIU1«(T,O)|| +/OT

< <H%(T,0)II+/O 2 [ Wo, (7, 8)[|ds (|| Bu K || + || Bu Ko || HT(vk(O))(I—Dqu(vk(O)))*lCII))|I1‘k(0)\|-
(19)

matee 1 [0

W, (7, 5)||ds (|| BuEe|| + || Bu Ko || [T (0x (0))(I — Dﬂ(vk(o)))_lc\l))Hmk(O)H

Then, since vk (7) € Uy, V7 € [0, T2], there exists a scalar pw,

T2
o = sup (kuk O+ [ N (s Bk | + \IBuK¢uu|\)>7
(0]

VRECH 5.1 S.bt. i (1) €U,

with g, = maxyew, ||T(0)(I — DgY(v)) "1 C||, such that ||zx(7)|| < po||zx(0)]|. Hence, if x1(0) — 0
as k — oo, i.e., z(ty) — 0 as k — oo, then z(tx + 7) = zx(7) — 0 as k — oo, V7 € [0,T}], that is
z(t) =xz(tx + 7) = 0 as t — oc. O

It should be noticed that, as for the case of linear systems [30], in Theorem 1 no assumption
regarding the positivity of the functional Wy is needed.

3.2 Regional Stability

Whenever the nonlinearity ¢ verifies (2b) and (2¢) only locally, that is only for y € Vo (or, equivalently,
x € Xp), stability results only in a local context can be derived. In this case, beyond the asymptotic
stability of the origin, it is important to characterize an estimate of its region of attraction. Hence,
provided that the initial state of system (1) belongs to this estimate, it is ensured that the trajectories
of the closed-loop system (1)-(7) converge to the origin VT}, € [T1,T2]. Similar to reference [23], general
conditions to tackle this problem are presented in the next theorem.

Theorem 2. Consider the closed-loop system composed by (1) and the sampled-data control law
(7), with Ty satisfying (8) and (2) being satisfied Yy € Yo C R™. Consider a compact domain
D. C Xo CR™ containing the origin and let V : D, — R be a differentiable function such that

pallall? < V(@) < pallall?, Yo € Do, with i1,z > 0,p > 1. (20)

Let L(V,p), with p > 0, be the level sets of V and a continuous-time functional Wo : [0, Ta] x
Ky, 75 X [T1,T2] = R, such that

W0(07 Tk, Tk) = WO(Tkw’Eka Tk) = 07 (21&)
Wo (T, 2k, Tk) > 0,Y7 € [0,Tk), VT € [T1,T2], Vai € Kiy, 7,7 such that xx (1) € D, — {0}. (21b)

Define W (r, xx, Ti,) = V(xx (7)) +Wo (7, 2, Ty) and let W (7, zx, Ty,) be the derivative of W (t, xy, Ty)
with respect to T. If the inequality

W(T,xk,Tk) <0 (22)

is satisfied Vrr € Kiy, 5, such that zx(7) € Dy — {0} C R, V7 € [0,T}), VIk € [T1,T2], Vk €N,
then for any initial condition x(0) = 20(0) lying inside any level set L(V, p) C Dy, it follows that:

(i) AV (k) = V(ze1(0)) — V(2(0)) < 0, Vk € N, 2x(0) # 0;

(i) The corresponding trajectories of the closed-loop system, formed by (1) and (7) with Ty € [T1, T2]
satisfy z(t) € L(V, p), Vt, and converge asymptotically to the origin.

Proof. Suppose that £(0) = z0(0) € OL(V, p) C Dz C Xy and that (22) is satisfied. Then, it follows
that

W (T, zo,To) < W(0,xz0,To), V7 € (0,Tp]. (23)

Taking into consideration (23) and the properties of Wy stated in (21), it follows that V(zo(7)) <
W (r,zo,To) < W(0,z0,To) = V(x0(0)) = p, V7 € (0,Tp], implying that zo(r) € L(V,p) C Dy,
V1 € (0,Tp]. Now, integrating (22) over the interval [0,7o] and considering (21), one obtains that
V(zo(To)) — V(20(0)) < 0. Since by continuity of the trajectories it follows that xo(To) = x1(0), we
conclude that AV (0) < 0 and thus V(z1(0)) = p1 < V(z0(0)) = p, which implies that V(z1(0)) < p,
i.e., x1(0) € OL(V,p1) C L(V,p). By repeating this reasoning for k = 1,2,...,00, it follows that



AV (k) < 0, Vk € N, which proves item (7). As a consequence, it follows that limy_,c z#(0) =
limg 00 z(tx) = 0. Moreover, it follows that V(zx(7)) < V(zx(0)), Vk > 0, and we can conclude
that L(V, p) C D, C Xy is a positively invariant set and thus the continuous state trajectories never
leave the set Xy, for which the conditions (2) are satisfied. Furthermore, since limy_, o V(2% (0)) = 0
and V(zx(1)) < V(2£(0)), we conclude that limg—ec V(zx(7)) = 0 and hence zx(7) — 0 for k — oo,
which concludes the proof of item (i7). O

Note that, differently from Theorem 1, here we have to consider a functional Wy that is positive
definite and satisfies Wo(0, 2k, Tk) = Wo(Tk,zk,Tk) = 0. This is necessary to ensure that the
trajectories do not leave D, C Xy between two sampling instants. Note however that function V is
not required to be strictly decreasing with respect to the continuous-time trajectory, which implies
that L(V, p) is positively invariant but not continuously contractive.

Remark 1. Theorems 1 and 2 are inspired by the results in [30]. It should however be pointed
out that reference [30] regards only linear systems. In that paper, since the closed-loop dynamics
is linear, the proof that AV (k) < 0 implies the convergence of the continuous-time trajectories to
the origin is straightforward. For monlinear systems, in general, it is not possible to conclude that
AV (k) < 0 implies the convergence of the continuous-time trajectories to the origin without further
conditions. However, for the class of Lure type nonlinear systems, we formally prove in Theorem
1 that AV (k) < 0 indeed implies the convergence of the continuous-time trajectories to the origin.
Then, as in reference [30], the considered functional Wy does not need to be positive definite. This is
an original and important contribution of the present work. On the other hand, for the local stability
results, it is necessary to impose the positivity of Wy, since we have to ensure that the trajectories of
the system are confined in the region where the sector conditions are valid. This is formally proved
in Theorem 2 and it is another contribution of the present work. Note that whenever the system is
linear, as in reference [30], the stability of trajectories is a global property and therefore there is no
need for a particular analysis of regional stability as for nonlinear systems.

4 LMI Stability Conditions

Based on appropriate classes of candidates for the function V' and the functional Wy, we show now
how to cast the conditions in Theorems 1 and 2 as LMIs, which allow to assess the stability of
the origin of the closed-loop system under the sampled-data control law through numerical tests.
Moreover, these conditions can be added as constraints in optimization problems as it will be seen in
Section 5.

4.1 Parametrization of the function V and the looped functional W,

We consider as candidates for the function V' the class of generalized Lure functions V : R" — R
defined as follows

V(z) = Vaa(z) + fj M / " o) — i), (24)
where
Vaa(n) = [qs(ygfm))} [’;T Ej [¢<;Ex>>}’ (25)
SRR

and y(x) is the solution to (1b).

This function generalizes the classic Lure-Postnikov [17] one, given by 27 Pryz+3"1" | A I i(@) (¢i(s)—
9;5)ds with P11 > 0 and non-negative coefficients A; (also known as Lure-Postnikov terms), ¢ =
1,...,m. Regarding (24) we do not require the positive-definiteness of P, nor the non-negativity of
the coefficients A;. In this case, the positive-definiteness of V' should be ensured as stated in the
following lemma.

Lemma 3. [37] Consider V in (24) where ¢ satisfies (2) and define A 2 diag(A1,. .., Am). If there
exists a matriz A € DTy such that

A> —A, (26)

Vao(e) — 55" (0B ~ A)ky(x) >0, Vo€ X, (27)

then V(z) > 0, Y € Xy,  # 0.



For the looped-functional Wy, we consider a generalized version of the one proposed in Seuret and
Gomes da Silva Jr. [31], where terms depending on ¢ and ¢ are added as follows:

i 23] <[]

+uzfﬂ{l74wﬂamwme+mAﬂfxumfwumv»fmm»+zamam@

+mfﬂ{[£@m@@wﬂmw—m@ﬂ&@h%m@»&%m@@ (28)

with F, € S”, Gy € R™*™ X € S™™™ F, € S™, Gy € R™*™, R, € S¥ and Ry € ST%.

Note that the functional Wq given in (28) satisfies the conditions (12) and (21a). Since (Tx—7) =0
when 7 = Ty, and zx(7) — 21(0) = 0 when 7 = 0, it follows that Wo (0, z, Tx) = Wo(Tk, zx, Tr) = 0.
Moreover, it is continuous and differentiable with respect to 7.

Remark 2. The function V and the looped-functional Wy can be seen as a generalized versions of
the ones proposed by Seuret [30]. In that paper, to address the case of linear systems, it has been
considered

V(z) = 2" Pz with P=P >0 (29)
and

Wo(r, 2k, Ti) = (Tk — T)Txk(O)TXxk(())
+ (T — 7'){ /OT m’f(@)Rzik(Q)de(Ik(T) — xk(O))T[FI(mk(T) — zx(0)) + QGl.:ck(O)]} (30)

It should also be noticed that the Lyapunov-Krasovskii functional used by Seifullaev and Fradkov [27]
to deal with Lure type sampled-data systems, corresponds (using our notation) to V + Wy with V as
in (29) and Wo as in (31), but without the term z,(0)T Xz, (0). On the other hand, note that V
and Wy in our case, as defined in (24)-(25) and (28) respectively, present several terms that depend
on the nonlinearity ¢. Moreover, Lemma 3 allows to ensure the positive definiteness of function V
without imposing the positive definiteness of matrices P and A. These aspects introduce extra degrees
of freedom in the stability conditions, leading to a conservatism reduction at the expense of a higher
computational complexity. As it will be seen in the next sections, since the considered functional
has more terms, the stability conditions derived with (24)-(25) and (28) will present more decision
variables when compared with the conditions in reference [27], which are obtained with a simpler
functional.

4.2 Global case

Based on the general formulation of Theorem 1, the following theorem provides LMI conditions to
certify the global asymptotic stability of the origin of the closed-loop system under aperiodic sampling,
by using the class of functions V and functionals Wy defined in the previous section.

To present the LMIs in a more compact form, consider the definition of the following auxiliary
matrices:

Mo=[A By —1 0 B,K, B,Kj|

My=[I 00000 My=[010000 Ms=[00ZI000
My=[000 100 Ms=[0000I0 Me=[00000O0 I
Mis = My — M5 Mase = M2 — Ms

My = [My My ]" Mgy = [Mg M{]" Msg = [M3 Mg "

Miss = [MlT My MsT}T Maye = [MQT M MGT]T~
TheoremN 3. For given T1 and Tz such that 0 < T1 < T2, assume that there exist matrices P € S"+m,
AeD™, AeDyy, U;, j=0,...,3e€ DYy, Fr €S", Go e R™", Fy € S™, Gy € R™ ™ R, € Sty,
Ry € STy, Qp € REMWX™ Qy e REMIXm X e sntm [ ¢ R¥H™IXN ypat satisfy, for i =1,2:

Uy (T;) =11 + T;1le + T;113 < 0 (31)
I — Tl TiMi35Q.  TiM3uQe
Uy (T3) = * ~TiR, 0 <0 (32)
* * —T¢R¢
A= —A (33)

IThe matrices M; are not of the same dimension. The notations 0 and I correspond to the zero and identity matrices
of appropriate dimensions that will become clear in the context.



P—% {gg] (& -AA[C D] +He {1 [(Algfﬁ ]Uo e, (przm)}} =0, (34)
with

I, = He{M{,PMss} — M{sF,Mys — MygFyMoss — He{ Mg Gy Mg} — He{M{5G.Ms}

_ He{%(MlT(AC)T + MI(AD, — [m)T)AC’Mg}

 tte] J4T (O + MT (4D, — 1,) AP |

+He{M; (I — (ADy)") — M{ (AC)")U1(ACM; + (ADy — I,)M2)}
+ He{M{ (In — (LDy)") — My (LC)")U2(TCMs + (TDy — I;m)Ma)}
+ He{ M (In — (ADy)") = My (AC)")Us(ACMs + (ADy — In) Mg)}
— He{M{35Q. M5} — He{M3,5Qy Ma6} + He{ LMo}

Iy = M3 RoMs + He{M; (F:Ms + Gz Ms)} + He{ My (FyMas + Gy Me)} + MJ Ry M,

Ils = M3X Mse,

Then the origin of the sampled-data closed-loop system (1)-(7), with ¢ satisfying (2) globally and
Tk € [T1,T2), is GAS.

Proof. Considering Theorem 1, we obtain the result by showing that (10), (12) and (13) are satisfied
considering the generalized Lure type function (24)-(25) and Wy as in (28).
By using Lemma 1 and Lemma 3, it is straightforward to prove that the positivity of V is
ensured by the inequalities (34) and (35). Moreover, note that [/ (¢i(s) —d,s)ds = Lyl (6 —001))Yi
Ji(d:s — ¢i(s))ds. Hence, if (34) holds with Ae DT, it follows that

OF {j;rwm HE fjA [ @ = oitopas = [;]T\vm M (35)

CT

1 _ -
with ¥ = P — 5 {DT} (A = A)A[C Dy]. Now if (35) holds, it follows that there exists a scalar
@

p1 > 0 such that
x r x T2 2
5] v 5] - sawos.m 2 mil [5] 1F 2 el (36)
Hence, from Lemma 1, (36) and (37) we conclude that
V(z) > pulla]]*.

YT(v)y and y = (I —

On the other hand, recalling from the proof of Theorem 1 that ¢( ) =
= 1,...,m}, and using the

DgY(v)) 'Cax = T( )z, with v € U, = {U € R™S, < v <6,

fact that X; [/ (¢i(s) — 8;8)ds < |Ni| [ (s — 8;8)ds = 3y |Nil (3s) — 04 ))y,, it follows that:
V(z) <" Paz+ 26" T (0)T(0) Praz + 27 T (0) T (0) P T (0) T ()2 + 2" [|A|[ T (v)" (A = A) T (v)z
(37)
< pa||z|? (38)

with fi2 = maxve s, (||Pr1 +277 (0) T (0) P2+ T (0) T T (0) P2 T (0) T (0) + ([[A]| T (0) T (A= A) T (0))]]).
Hence, we conclude that V(z) defined in (24)-(25) verifies (10).
Since Wy given in (28) satisfies the condition (12) by construction, the rest of the proof consists



in showing that (32)-(33) implies (13). With this aim, the expression of W is given as follows:
' _o |7x(7) 1 (T)
W(r, x, Tx) =2 Lbk(T)} P |:¢k(7'):|
= [(@k (N)(AC)" + ¢k (T)(ADy — Im) " )AC) ik ()
— [(@k (N(AC)" + ¢k (T)(ADy — In)" )AD;dre(7)

~ (1() = 20O [Fuaelr) = u(0) + 26 0)] + (11— 20) [ 210 x (50

+ (T — 7Yl (7)[Roion (7) + 2B (a0 () — 20(0)) + 2Gawi(0)] — /0 " T (0) Ruiig (6)0
— (¢k(1) = ¢x(0)) " [Fo(dn(T) — ¢1(0)) + 2G4 1 (0)]
+ (T — 7) ik (T)[Rsdr (7) + 2F4(¢r (1) — ¢5(0)) + 2G5 (0)] — /O o1 (0) Ry (0)dO
(39)
Using the sector conditions defined in Lemma 1 and Lemma 2, we have that
W (r, 2k, Ti) < W (T, @, Th) + 2Sa(Ur, ¢x(7), yx (7)) + 280 (Us, i (7), (7)) + 25 (Us, ¢1(0), yx(0)),
or equivalently
W (r, 2k, Te) <W (7, 2k, ) + 2(¢% (1) (Im — (ADy)") — @i, (1)(AC) U1 (ACzk(7) + (ADg — Im) i (7))
+2(¢k (7)(Im — (LDy)") — iy (1)(LC) ") U2(TCiok (1) + (T Dy — Im) i (7))
+2(¢k (0)(Im — (ADy)") — 1, (0)(AC) ") Us(ACzx(0) + (ADg — In)$x(0)).  (40)

Consider the vector g (1) = [z7 (7) ¢F (1) &F (1) ¢ (1) zF (0) ¢ (0)]7, the vector Cx(T) = Mizs i (T)
and a matrix Q, € RC™W*"  Since R, is assumed to be positive definite, it follows that (ix(6) —
R7'QT (1)  Ru(ix(0) — R7'QE¢k(7)) > 0. Integrating this expression over [0, 7], the following
inequality is obtained [3]

(r
(0

/0 " 50(0)T Rod (0)d6 — 26T (7)Qu (e (7) — 21(0)) + 7¢F () QuR QT Cu(7) = 0. (41)

Consider now a new vector ¥x(7) = Maas ni(7) and a matrix Qg € REm)xm Following the same
reasoning as above, we have that:

/0 " 5e(0)T Rodi (0)d0 — 20T (1) Qu(64(r) — 64(0)) + 76T (NQuR; ' QTun(r) > 0. (42)

On the other hand, along the solutions of (9) there exists a coupling relation between the compo-
nents of the vector n, (7). Hence, VL € R3(M+m) X" the following equality is satisfied:

LMoni(7) = 0. (43)
This null term can be added to (41). Hence, combining (41), (42), (43) and (44), one obtains that
W < i ()T + (Th — )2 + 7(Mi35Qa Ry ' Qs Mass + MaisQo Ry, Qf Maae) + (T — 27)a]nk (7).
Thus, to prove that W < 0, it suffices to guarantee that
Iy + (T — 7)l2 + T(M135QzR Qz Miss + M246Q¢R¢ Q¢> Moae) + (T — 27)113 < 0.

Since this matrix inequality is affine in 7, and 7 € [0,7%], a necessary and sufficient condition
for the inequality to hold is obtained by checking the inequality in the interval limits 0 and T}, thus
giving the following two inequalities:

I, + Ty (s +II3) < 0 (44)
I — T3Ils + T (Mi35Qa Ry ' Qi Miss + MsasQou R, Qf Mass) < 0. (45)

Finally, since (45) and (46) are affine in T} and T} € [T1,T2], applying the same reasoning and
the Schur complement to (46), we conclude that W;(T;) < 0 and W2(T;) < 0, ¢ = 1,2, are sufficient
to ensure W < 0. Hence, by virtue of Theorem 1 the satisfaction of conditions (32)-(35) ensures the
global asymptotic convergence of the trajectories to the origin. (]
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4.3 Regional case

Based on the result of Theorem 2, in this section we derive LMI conditions to assess the local stability
of the origin of the closed-loop system. It should be recalled that in this case the functional Wy is
required to be positive definite to ensure the boundedness of the trajectories in the region of validity
of the sector conditions. For this, we consider V' as defined in (24) and a functional Wy as defined in
(28) with G, =0, G4 = 0 and X > 0, F,, > 0 and F, > 0. Note that this particular structure will
ensure the positivity of the crossed terms between zj(7) and z,(0) and between ¢ (7) and ¢x(0),
guaranteeing therefore the positivity of the functional.

Theoren} 4. For given T1 and T2 such that 0 < T1 < Ta, assume that there exist matrices P € S"*m,
Ae ]D)mf A€ D?O) Uj € ]D)’,znO: Jj=0,...,3, Fz € S?—O: F¢> € S;?O: R, € SQO) R¢ € S;—nO) QI € R(Sn)Xn’
Qg € RE™MXm X ¢ SH™, L e R3MHEMIXN that satisfy, fori=1,2:

Uy (T;) =101 + Tl + 73113 < 0 (46)
I — Tills TiM{35Q.  TiMaysQo
Uy (T,) = . “T.R, 0 <0 (47)
* * —TiR¢
A= —A (48)
1[CT] ~  oox 1 (AC)T -
P— 5 [Dﬂ (A=A)A[C Dyl+ He{i[(ém ) Uo [AC (ADg—1)]¢ >0, (49)

with
T T T
I, = He{ M3 PMss} — M F, M5 — M FyMag

_ He{ %(MIT(QC)T + MI(AD, — I)T)ACMg}

- He{ %(MIT (AC)T + My (ADy — I)T)AD¢M4}

+ He{ M3 (I — (ADy)") = M{ (AC)")UL(ACM: + (ADy — I)Ms)}
+ He{M{ (I - (LDy)") — M5 (DC)")Us(TCMs + (TDy — I)Ma)}
+He{Mg (I — (ADy)") — MZ (AC)"YU3(ACMs 4 (ADy — I)Ms)}
— He{M1g5QzM15} - He{M2T46Q¢M26} + He{LMo}
Iy = M3 R.Ms + He{M; F, M5} + He{Mj FyMss} + M; RyM,
I3 = Mis X Msg, (50)

Then, for all initial conditions belonging to L(V, p) C Xo, the corresponding trajectories of the closed-
loop system (1)-(7) with ¢ satisfying (2) and Ty, € [T1,T2] converge asymptotically to the origin.

Proof. The proof follows the same steps of the one of Theorem 3. The inequalities (47)-(50) ensure
the positivity of V' and that W(T, Zk, Tk) < 0, considering Wy with G, =0, Gy =0, X = 0, F, = 0
and Fy > 0.

O

Remark 3. When the slope bounds (i.e. T and T') are unknown or when we want to ensure stability
for any nonlinearity in a given sector, that is, considering that only (2a) and (2b) are satisfied,
Lemma 2 can no longer be used to deal with the terms depending on d) in the derivative of V+Wy. In
this case, stability conditions can be obtained by applying Theorems 1 and 2 with a quadratic function
V(x) = 27 Pz and the simplified functional

Wol(r, o, Ta) = (T — )7 B’; Egﬂ “x {‘;’; Egi] (51)

(T - T>{ / "7 (0) Radn(0)d0 + (ax(r) — 2 (0)) T [Fa(a (v) — 4 (0)) + 2szk(o>]}

with F, € S™, G, € R™", X € S™™™ and R, € S*y. Then, following the same developments of
Theorems 8 and 4, LMI conditions can be straightforwardly derived for this case both in global and
regional contexts.
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5 Optimization Problems

From the conditions stated in Theorems 3 and 4, we propose three optimization problems with
different goals as follows.

P1. Given T1, the sector and slope bounds, find the maximum value of T2 such that the
asymptotic stability of the origin of closed-loop system (9) can be ensured.

P2. Given a nominal sampling time Tyom, the sector and slope bounds, find a bound on the
maximum symmetrical allowable jitter, denoted by o, (i.e., T1 = Tnom — 0, T2 = Tnom + 0),
such that the asymptotic stability of the origin of closed-loop system (9) can be ensured.

P3. Given 77 and T2, compute the maximum sector and slope bounds, such that the asymptotic
stability of the origin of closed-loop system (9) can be ensured.

Provided T, T2 and the sector bounds (that is, matrices A, A, I and T') are fixed, note that
the matrix inequalities of Theorem 3 ((32)-(35)) and Theorem 4 ((47)-(50)) are LMIs. Hence, these
optimization problems can be straightforwardly solved by considering feasibility LMI problems and
bisection techniques, where we iteratively increase/decrease and test T2, o or a parameter defining
the sector.

In the regional case, we are also interested in computing an estimate of the region of attraction
of the origin given by the sublevel set L(V, p), with p as large as possible, such that L(V,p) C Ab.
With this aim, consider that the region of validity of the sector and slope bounds in (2) are given by

Yo={yeR" |y <y; <y; <0,j=1,...,m}. (52)

Since y depends on the state x through the implicit equation (1b), the region Yo can be mapped in
space R"™ by Xy given in (6), which can be equivalently described as follows:

= {z € B"|(y;(z) —y)(ys(2) ~7;) < 0.5 =1,...,m}. (53)

with y;(z) = Cjz + Dy, ¢(y(x)). In this case, if there exist scalars ; > 0 such that the following
inequalities are satisfied [37].

05y (@) — ) wi(x) ~ 7,) > (p— V(@)), (54)
for j = 1,...,m, then it follows that £(V,p) C Xp. Note that for each z € L(V,p) one has that
(p—V(z)) > 0 and, from (55), we conclude that (y;(z) — gj)(yj (z) — y].) <0.

Based on relations (55), the following proposition provides LMI conditions to check the inclusion
of L(V,p) in the set given by (54).

Proposition 2. Consider function V' as defined in (24) and the set Xy given by (54). If there exist
matrices, A € DT, A > —A, S, i € DTy and positive scalars o; and p, such that the following LMI
is satisfied

_(ijjyj +p) oj ERLE Cj oj gj;ryj Dy,
* P11 — %CT(Z — A)J\C P12 — %CT(Z — A)AD¢
* * P22 -1 DZ:(Z — A)]\Dd)
0 0 0 1 0
—oj |» Cf'C; CI'Dg, | +He 3 (AC)" | S.;[0 AC (ADy—1)] =0, (55)
x % D§ Dy, (ADy — DT

forj=1,...,m, then L(V,p) C Xo.
Proof. From the definition of V' in (24), inequalities (55) become

— 05y U; —p+0ily, +7,)yi(x) — 095 (@) + Voo(e +ZA/ —§;5)ds >0, (56

j=1,...,m. Since by assumption A > f[\i, we obtain from (27) the following lower bound for the
Lure-Postnikov terms (see details in reference [37]):

Z)\ / —4,8)ds > f%y (A —A)Ay > 0. (57)

Hence, provided the inequalities

_ _ 1
—05y,7; — p+05(y, +7,)w5 (@) — 0595 (x) + Voa(x) — 5y (A = A)Ay >0 (58)

12



hold, Vj = 1,---,m, we have that (57) holds. Expanding the terms y;(z) = Cjz + Dy, ¢(y(z)),
rewriting (59) using a matrix ¥ and relaxing for all  and ¢ which satisfies the sector conditions by
adding the term —Sa(S.,j,®,y) (as defined in Lemma 1) on the left side of (59), we have that the
following inequalities provide sufficient conditions to verify (59):

11" 11"
x| ¥ |z| —Sa(Sej,0,y) = |z| ¥ |z| >0, (59)
¢ 4 ¢ ¢
with ¥ given by
_ Y. +7; v, +7;
_ | (oy 5+ ) 0;~5=Cj i 0 =5 Dy, i
V= * Py — LCT(A—AAC Pz — 3CT(A— A)AD,
* * Py — DI (A - A)ADy
0 0 0 0
) T . T 1 T . N N
—0; |0 C;C; C;Dy,; | +He{ = (AC) Se; [0 AC (ADy —1)] ;. (60)
0 %  Dg Dy, (ADy — DT

Hence, a sufficient condition to ensure (60) and thus (55) is that ¥ > 0, which corresponds to
(56). O

If the validity region )y is symmetric, i.e., Y, = Y;, then a simplified inclusion condition can be
considered. In this case, we have that ‘

Xo = {z e R"||y;(x)| <¥;,5 =1,...,m}, (61)
and thus a condition to verify the inclusion £(V, p) C Ap is given by

v (@) (@)% yi(z) < V(z), (62)

for j = 1,...,m. Note that if z € L(V,p) then V(z) < p. Thus, from (63), one has p >
Yy (x)Tp@j)_zyj(x), that is, y;(z)Ty;(z) < yf., which implies that z € Xj.

The following proposition provides a LMI test to verify relations (63).
Proposition 3. Consider function V' as defined in (24) and the set Xo given by (62). If there ewist
matrices A € DTy, A > —A, S.; € DTy and a positive scalar p such that the following LMIs are
satisfied

Py — 3CT(A-A)AC Py — 3CT(A-A)ADy  pCT
* P22 — %Dg(z — A)AD(p pDZ;]
* * rY;
1 o) o
+Hed o (AD%— DT Se; [AC (ADy—1) 0] p =0, (63)

forj=1,...,m, then L(V,p) C Xo.

Proof. Applying Schur’s Complement to the terms on the third row and third column of the matrix
on the left of (64), then right and left multiplying the resulting inequality, respectively by [z ¢7]7
and its transpose, respectively, one obtains:

T
m [le i;jm - %yT(Z — A)Ay — Sa(Sej, ,y)
> p(z"Cf +¢"Dg,)p  (§;) *(Ciz + Dy, ¢)p. (64)

As SA(Se,j, ¢,y) > 0 for x € Xy, from (65) it follows that

iy
z| P11 Piz|jz 1 7% % TAT | TpT y —1 \—2
ol 10 meli] - @ - a0k = peter w6 DL ) R Do (@)
Finally using (58) and the fact that y;(z) = Cjz + Dy, ¢, it follows that (63) is verified, which
concludes the proof. O

Hence, once the function V that solves one of the problems (P1, P2 or P3) above is determined,
that is, the matrices P and A are obtained, the maximum sublevel set £(V p) included in Xy can be
determined through the following convex problem:

maximize p, subject to (56) (or (64)). (66)
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6 Numerical Examples

Next four examples illustrate the application of the proposed results. In Example 1 we emphasize
the conservatism reduction obtained thanks to the use of a generalized Lure type function V as
defined in (24)- (25). Examples 2 and 3 present comparisons with the approach in reference [27],
showing the conservatism reduction achieved with the use of our functional, which depends also
on the nonlinearity. Finally, Example 4 illustrates the application of the conditions to assess local
stability and to provide an estimate of the region of attraction of the origin. The associated Matlab
routines for each one of the examples can be provided on demand to the authors.
Ezample 1: Consider system (1) given by the following matrices

—-0.5 —6.2 -—-0.106 -—-1.2 1 0.5
1 0 0 0 0 0
A=1 9 1 0 o |"B=lo|Bo= |0
0 0 1 0 0 0
C=1[0 02 0 0],Dy=][0],
the control law (7) with the following gains
K,=1[0.1 02 0005 02], K4=][0.5],
and the bounds on ¢ given by § = 0, § = ¢, v = —¢, 7 = e. To show the potential advantage

and the conservatism reduction induced by the g?eneralized Lure type function, we consider different
structures from the function V' defined in (24). More specifically, we evaluate the feasibility of the
LMIs such that they also hold for Vog (i.e. V with A = 0), for a quadratic function Vg (z) = 27 P11,
which corresponds to V with P12 =0, P22 = 0, A = 0 and for a classical Lure-Postnikov function

Vip(z) = 2" Phz + Z)\i /Oyi (¢i(s) — ¢;s)ds, (67)

=1

which corresponds to V with P12 =0, Po2 =0 and A\; > 0, ¢ =1,...,m. Note that for Vg and V.p
we consider P11 > 0 and for Vg we consider P > 0.
The obtained results for problem P1 are detailed in Table 1, for values of 71 = 0.1 ms and € = %

For problem P2, we fixed Tpnom = 1.5 s and € = %, which results are presented in Table 2. Finally,
for problem P3 we defined 71 = 0.1 ms and T2 = 2.0 s, which results are depicted in Table 3.

Table 1: Maximum value of T3 for different Lyapunov function structures.
VQ VQG Vip 14
To | 1.1151 | 1.1161 | 2.2121 | 2.6362

Table 2: Maximum value of ¢ for different Lyapunov function structures.
VQ VQG Vip |4
o | 1.0492 | 1.0496 | 1.0888 | 1.2260

Table 3: Maximum value of € for different Lyapunov function structures.
Va Voa Vip V
€ | 0.5955 | 0.5970 | 0.7842 | 1.1043

In the first problem, using the generalized Lure function V' we obtain values for T that are
19.1%, 136.1% and 136.4% larger than the ones obtained with Vip, Vog and Vi, respectively. For
problem P2, we guarantee the stability for 71 = 0.2740s and T2 = 2.7260s, with o 12.6%, 16.8 %
and 16.8 % larger than the ones obtained with Vi p, Ve and Vg, respectively. For the last feasibility
problem, the maximum sector bounds, represented by € were 40.8%, 84.9% and 85.4% larger than the
ones obtained with Vi p, Vgg and Vg, respectively. We can conclude that a significant conservatism
reduction is achieved with the use of a generalized Lure type function V' in comparison with some
classical and simpler functions.
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For the result obtained with the proposed function V' in Table 1, the following matrix P have

been obtained:
0.1942 0.0202 0.0892 0.0029  —0.0068

0.0202 1.0496 0.0276 0.1909  —0.2620
P = 0.0892 0.0276 0.3330 0.0057  —0.0089

0.0029 0.1909 0.0057 0.0876  —0.0478

—0.0068 —0.2620 —0.0089 —0.0478 0.0546

whose eigenvalues are —0.0102, 0.0512, 0.1506, 0.3750, 1.1525. This illustrates that, with the pro-
posed function V', matrix P does not need to be positive definite, thanks to the application of Lemma
3.

To show that the obtained results certify the global stabilization of the closed-loop system (9),
we simulate the system considering the result from problem P1, i.e., T} € [0.0001,2.6362], and the
nonlinearity

d(y(t)) = 0.1sin(5y(¢t)) + 0.15y(¢), (68)
that satisfies (2) with § =0, § = %, v = f%, 5y = % The control action and the states of the

closed-loop system are presented in Figures 1 and 2. To obtain the values of T}, we used a pseudo-
random algorithm that generates its numbers from the standard uniform distribution on the interval
previously defined. = We observe that the states and the control signal converge to the origin, as

0.8

Updates: 230

0.6
04

0.2F

u(t)

021

04 [\

08 . . . . .
0 50 100 150 200 250 300

Time (s)

Figure 1: Control signal of the closed-loop system with nonlinearity (69).
expected.

Ezample 2: For the plant of Example 1, we consider now the control law given by:
K, =[-2.8322 —25547 —6.6458 —1.3226], K4 =0,

that is, a linear state feedback. Supposing that ¢ satisfies the sector and slope bounds given by given
by § =0, 6 =, Y= —€75=c¢ with e = % and considering T; = 0.0001, the maximal admissible
bound T2 for which we can certify stability with the proposed results (i.e by solving P1) was 0.60.
On the other hand, by simulation, we obtain a diverging trajectory of the closed loop with T2 = 0.61.
To illustrate this consider again the nonlinearity ¢(y(t)) = 0.15y(t) + 0.1sin(5y(t)). In this case,
considering the initial condition z(0) = [1 1 1 1},, Figures 3 and 4 show the states response
for a periodic sampling with T, = 0.6 and T} = 0.61, Vk, respectively. Note that the bound on T»
obtained with the proposed conditions is close of the actual maximal admissible one.

For comparison purposes, the maximal T2 obtained with the results from Seifullaev and Fradkov
[27], which consider a time-delay approach and a Lyapunov-Krasovskii functional proposed in [6] (see
Remark 2), was 0.57. This shows the conservatism reduction achieved by the proposed method.
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Figure 2: States of the closed-loop system with nonlinearity (69).
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Figure 3: States response for T, = 0.6, Vk

Ezample 3: Consider the following system treated in Seifullaev and Fradkov [27]:

z1(t) = —2x1(¢) + sin(z2(t)),

z2(t) = z1(t) — x2(t) + 2sin(z2(t)) + u(t), (69)
y(t) = z2(t),
u(t) = —Ky(ty), Vte [tk,tk+1), thr1r — te < Ta.

System (70) can be rewritten in form (1)-(7) with the following matrices:

A= [12 ﬂ , By = m , By = m ,C=1[0 1],Dy=[0],K.=[0 —K], Ks=]0],
with nonlinearity ¢(y(t)) = sin(y(t)) — y(t), satisfying (2) with § = —1.2173, 6 =0, v = -2, 7 = 0.
The values of the maximum T> obtained with Theorem 3, by considering V' and T, = 0.1 ms and
with Theorem 3 from reference [27] are given in Table 4 for different gains.

From Table 4, we observe that the proposed conditions lead to larger values of T2 than the ones
obtained with the conditions of reference [27]. The dependence of the upper bound of the sampling
intervals T2 obtained by both approaches as a function of the controller gain K is shown in Figure
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Figure 4: States response for Ty, = 0.61, Vk

Table 4: Upper bounds for aperiodic sampling.

Theorem 2 | Theorem 3 [27]
K=2 | Jy=1.0197 T2 = 0.6800
K =3 | J2=0.6740 T2 = 0.5300
K =5 | J2=0.4018 T2 = 0.3500
K =10 | T3 =0.2002 T = 0.1870

5. It can be observed that our approach provides less conservative results in terms of the maximum
admissible bound T2, in particular for small values of K. The maximum value of T2 obtained was
T = 1.3602 s, with K = 1.51. As discussed in Remark 2, this conservatism reduction comes from
the fact that our function V' and functional Wy are more generic than the ones used to derive the
results in reference [27]. Moreover, as discussed in Remark 1, in our conditions Wy is not required to
be positive definite.

Ezample 4: Consider system (1) given by the following matrices:

-2 1 10 10 01 00
St R o R PR L R

and the control law (7) with the following gains

-1 -2 0 1
Ko = [—0.5 —2} » Ko = [—0.5 1} '

Suppose that this system is fed back by the nonlinearities ¢(y1) = sin(y1), ¢(y2) = sin(yz2). These
nonlinearities lie in a sector given by §, = 6, = 0, 01 = 62 = 1, with slope bounds v, =7, =1
and 7, =7, = 1, provided that y1, y2 € [-7, 7]. In this case, the obtained results for problems P1,
P2 and P3 are detailed in Table 5 by considering different structures of V. For problem P1, we fixed
T1 = 0.1 ms. For problem P2, we defined Tpom = 0.25 s and for problem P3 we defined 77 = 0.1 ms
and T2 = 0.2 s, but we change the sector conditions to §, =0, Y, = 0,6, =7, =0, fori=1,2 (yi
and 7y, were kept the same). B B

Table 5: Regional analysis, Ex. 3 - Results for problems P1-P3.

Problem | Parameter Vo Voa Vi |4
P1 Ta 0.3403 | 0.3464 | 0.3437 | 0.4052
P2 o 0.0904 | 0.0965 | 0.1513 | 0.1553
P3 Q 1.2902 | 1.3063 | 1.3750 | 1.4397

Using the generalized Lure function V, for problem P1 we achieve values for T2 that are 16.9%,
17.8% and 19.0% larger than the ones obtained with Voe, Vi and Vg, respectively. For problem
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1.4

——— Theorem 3 (SEIFULLAEV; FRADKOV, 2015)
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Figure 5: Upper bound T3 as a function of gain K.

Figure 6: Estimates of the region of attraction for P3 with different functions.
4

3.2

P2, we guaranteed the stability for T3 = 0.0947 s and T2 = 0.4053 s, with o 2.6%, 60.9% and 71.7%
larger than the ones obtained with Vi, Vgg and Vi, respectively. For the last problem, the sector
and slope bounds represented by  were 4.7%, 10.2% and 11.5% larger than the ones obtained with
Vi, Voe and Vo, respectively. The estimates of the region of attraction corresponding to the solution
of problem P3 for the different functions are presented in Fig. 6, along with the boundaries of the
region of validity X = {x € R*| — 7 < z; < m,i = 1,2}. In this case, the obtained generalized Lure
function V' is defined by the matrices

0.1233  —0.0040 —-0.0161  0.0175
p_ —0.0040 0.0478 —0.0013 —0.0227 and A — —0.0340 0
~ |—0.0161 —0.0013 0.0022 0.0070 |’ N 0 0.0501 | °

0.0175  —0.0227  0.0070 0.0140

and solving (67) we obtain p = 0.4550.

Observe that with the function V', we enlarge the estimate of the region of attraction in comparison
to the other functions. Furthermore, we increase the sector and slope admissible bounds.

To show that stability is guaranteed for the obtained region, we simulate the closed-loop system
by considering the solution of problem P3 with V, T}, € [0.0001,0.2] and the nonlinearities ¢(y1) =
1.4sin(y1) and ¢(y2) = 1.4sin(y2), which satisfies the sector conditions for §, = §, = 0, 1 = J2 = 1.4,
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Figure 7: Trajectories of the closed-loop system

7, =7, = —l4 and 7; =7, = 1.4. The resulting trajectories for initial conditions on the boundary
of the obtamed estimate of the region of attraction are presented in Fig. 7. We considered in the
simulation the same sampling sequence for all trajectories. As expected, they all converge to the
origin.

7 Conclusions

In this work, new convex conditions for the asymptotic stability assessment of Lure-type aperiodic
sampled-data controlled systems, subject to sector and slope-restricted nonlinearities have been pro-
posed. The approach is based on the used of a generalized Lure type function, in the sense that the
quadratic part depends also on the nonlinearity and the coefficient of the Lure-Postnikov terms are
not necessarily non-negative, and on a looped-functional that also depends on the system nonlineari-
ties. From these elements, LMI conditions to certify the global as well as the regional stability of the
origin have been formulated. In particular, for the global case it has been shown that the positivity
of the functional can also be relaxed, as in the linear systems case. For the regional case, sets of
admissible initial states (which can be seen as estimates of the region of attraction of the origin) have
been formally characterized as level sets of the generalized Lure type function.

Finally, it has been discussed how the proposed LMI conditions can be used to find a bound on
the maximum admissible intersampling time, on the jitter around a nominal sampling period, or on
the maximum sector for which the stability can be ensured. Several numerical examples illustrate the
application and effectiveness of the proposed conditions, which are based on a more general function
and functional than the ones considered in previous literature, to reduce the conservatism of the
results.

As future work, other classes of functionals and the use of other relaxations to bound integral
terms instead of the equivalent Jensen’s inequality [3], such as Writinger or Bessel ones [29], can
be considered at the expense of obtaining numerical formulations of increasing complexity. The
extension of the results using matrices depending on 7 is also relatively straightforward, but it will
lead to even more complex conditions. If this dependence is polynomial, the problem can be indeed
addressed in a sum of squares (SOS) framework. The extension of the proposed results to address
the stabilization problem, i.e. to provide conditions allowing the synthesis of the control law gains, is
another problem that should be investigated. The main issue regards the determination of linear (or
quasi-linear) matrix inequalities due to several products between variables. Even performing some
suitable congruence transformations and changes of variables some products will still remain. In this
case, relaxation schemes have to be used by fixing some variables and solving LMI problems in an
iterative way. A preliminary result in this sense has been published in [34].
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