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Stability and Stabilization of Sampled-data Systems
Subject to Control Input Saturation: a Set Invariant Approach

Daniel Denardi Huff, Mirko Fiacchini, and Joao Manoel Gomes da Silva Jr

Abstract—This work proposes a new method to deal with the
stability analysis and stabilization of aperiodic sampled-data con-
trol systems subject to input saturation. An impulsive system
representation is employed, with a linear flow and a nonlinear
jump dynamics, in such a way that the evolution of the system
at the sampling instants can be modeled by a difference inclu-
sion defined by two set-valued maps. We show that to ensure
the asymptotic stability it is sufficient to verify that a Lyapunov
function decreases by a certain amount only at a grid of possible
values for the sampling interval, as long as the increase of the
function in continuous-time is conveniently bounded. Simulation
results compare our approach with other ones.

Index Terms—sampled-data systems, input saturation,
Lyapunov analysis

[. INTRODUCTION

N many real-world applications, digital controllers are employed

to control continuous-time plants. These sampled-data systems
have been the objective of many research efforts in the last decades.
The case of periodic sampling has been dealt with through several
approaches (see [1], [2] for an overview or [3], [4] for the nonlinear
case). Aperiodic sampling, on the other hand, is a more recent topic of
study motivated by the implementation of networked control systems
[5], which present fluctuations on the time between successive
sampling instants.

In this context, different methods exist to study the stability of
systems subject to a time-varying sampling interval. In [6], [7] the
system is considered as affected by time-varying delay acting on
the control input and its stability analysis is based on Lyapunov-
Krasovskii functionals. Following similar ideas, in [8], [9] an ap-
proach using the so-called looped-functionals is presented. In [10],
[11] the system is studied based on an uncertain discrete-time model
that describes the evolution of the state at the sampling instants.
Numerical tractable criteria for this approach can be obtained through
the use of polytopic embeddings of the system transition matrix [12],
[13]. Alternatively, norm-bounded approximations of this matrix can
be used [14]-[16]. In [17], [18] a hybrid system approach is explored.
For a general overview of those methods and other references, the
reader can refer to the survey [19]. In particular, the stability of
aperiodic sampled-data systems in the presence of control saturation
is addressed, for instance, in [9], [20], considering a looped-functional
approach, and in [21], where a set invariance approach based on
differential inclusions is proposed.
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This work can be seen as an evolution of the results in [21], which
presents a new approach to analyze the stability of aperiodic sampled-
data systems subject to control saturation. Here an adaptation of the
method allows not only the stability analysis of the nonlinear closed-
loop system but also provides a construtive way for designing a
control law aiming at indirectly maximizing the region of attraction
of the origin (RAO). Quadratic Lyapunov functions are employed,
leading to stability and stabilization conditions in LMI (Linear Matrix
Inequality) form. Unlike [21], which considers the static linear
feedback of the system state, here we employ a more general control
law: the control input can also depend linearly on its past value,
resulting in a dynamic controller. In this case, the initialization of the
controller can be seen as a control parameter and permits to improve
the estimates of the RAO of the system.

To derive our results, an impulsive system representation is em-
ployed, with a linear flow and a nonlinear (due to the saturation
term) jump dynamics. It is shown that the evolution of the system
at the sampling instants can be modeled by a difference inclusion
defined by two set-valued maps. From this setup, we show that
to ensure the asymptotic stability it is sufficient to verify that the
Lyapunov function decreases by a certain amount only at a grid of
possible values for the sampling interval, as long as the increase
of the function in continuous-time is conveniently bounded. The
difference inclusion proposed here is different from the one in [21].
In particular, this new formulation allows to tackle the stabilization
problem through convex optimization, which was not possible with
the one in [21]. Furthermore, it is possible to consider quadratic
(instead of piecewise quadratic) estimates of the region of attraction.
The advantage of this is that direct criteria related to the size of the
estimates can be considered, reducing the conservatism. Moreover, it
is worth highlighting that this approach is different from the one in
[12], [13], [22], for instance, where the decrease of the Lyapunov
function between successive sampling instants is directly ensured
for all possible sampling intervals through the use of polytopic
embeddings of the system transition matrix.

The paper is organized as follows. In Section II an impulsive sys-
tem representation for the aperiodic sampled-data system is presented.
In Section III, we introduce the difference inclusions that model the
evolution of the system state at the sampling instants. Section IV
presents the stability analysis of the system and in Section V we
show how to derive stabilization conditions from the previous results.
A numerical example is provided in section VI. Some concluding
remarks end the paper.

Notation. R is the set of real numbers and N the set of natural ones.
We denote N, £ {i € N: 1 <i <n}. For any function f: R — R" we
denote f(t7) = ,Jim_ f(2) if the limit exists and similarly for feh).
The i-th row of the matrix M is denoted M), || |l denotes the p-
norm. The maximal real part of the eigenvalues of matrix A is denoted
Omax(A). The classical vector-valued saturation function is denoted
sat(v) : R" — R™, whose elements sat,)(v), for all r=1,...,m, are
defined as sat,)(v) = sign(v(,)) min{|v(, |, 1}. Given sets Q,0, Q is
the closure of Q and Q\® = {x: x€ Q,x ¢ ©}.
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Il. PROBLEM FORMULATION

Consider the continuous-time plant described by the following
linear model:
ip(t) = Apxp(t) + Bpu(t) (1)

where x, € R and u € R™ represent the state and the input of the
plant, respectively. Matrices A, and B), have appropriate dimensions
and are supposed to be constant.

We assume that the control signal is constrained in magnitude,
ie. u(t) e ={ucR"™: |lullo <1}. Moreover, a sampled-data
control policy is considered, i.e. the control signal is supposed to be
computed from the values of system variables at sampling instants
t =t, with k € N, and kept constant (by means of a zero order hold)
for all # € [tg, 111 ). The difference between two successive sampling
instants, given by & =1#;. 1 —1#, is considered to be lower and upper
bounded as follows

0< 1y <& <1y, Vk € N. 2)

The intersampling time J; can be variable, which allows to model an
aperiodic sampling strategy. The particular case of periodic sampling
corresponds to &; = T, = Ty for all k € N. Thus, given the interval
A = [Ty, Ty] with 0 < 1, < Ty and 1y = 0, the set of sequences of

admissible sampling instants is defined as follows:
0(A) = {{fk}keN D1 =+ 0, G EA, VkE N}-

From the assumptions above, we consider in this work that the
control law is generically given by:

u(t) = Sat(prp(t;) “'Ku“(t]:))v Vt € [t tkr1), 3)

i.e. the control input to be applied in the interval [f;,#;. 1) depends
both on the sampled value of the state and the value of the control
signal applied in the previous sampling interval [f;_y,f;). It should
be noticed that the control law considered in [21] corresponds to a
particular case of (3), in which we have K, = 0.

Then, for every 7 € ®(A), the system dynamics can be represented
by the following impulsive system:

{ z?t()t):zo?pxp(t) +BP“(t)> = R+ \ 9-,
xplt) = () = (1),
L e L ey skt = 7

xp(0) =xp0 €R™,  u(0) = sat(Kpx, 0+ Ku(07)) € R™,

or, equivalently [23], by

X(r) = Acx(r), VieR\ 7,
x(t) =x(t1) =Apx(t7) + Brsat(Kx(t7)), Vi€ T, @
x(0) = [X;’O, Sat(prp,O +Ku(07))) € R,

where x = [x,, ' € R", with n = np +m, is the extended system
state and A., A, € R"*", B, € R and K € R™ " are given as
follows

It should be noticed that, due to the saturation term, the closed-loop
system (4) is nonlinear and the global stability of the origin cannot
be a priori guaranteed. Moreover, if matrix A, is not Hurwitz, the
global stabilization is actually impossible [24]. In this case, since the
analytical characterization of the RAO is in general not possible, the
idea is to estimate it through well-defined Lyapunov domains.

In this paper we are interested in the stability analysis and stabi-
lization of the system (4) in a regional context, i.e. with determination

of estimates of the RAO. The problems we focus on can therefore
be stated as follows.

Problem 1 (Analysis): Given the bounds T,, and Ty on the in-
tersampling time, provide conditions that allow to asses the local
stability of the origin of the closed-loop system and to characterize
estimates of the RAO.

Problem 2 (Design): Given the bounds 7, and 7); on the inter-
sampling time, design the feedback gain K in order to enlarge an
estimate of the RAO of the closed-loop system.

[1l. EQUIVALENT DISCRETE-TIME UNCERTAIN SYSTEM

For a given initial condition and .7 € ®(A) the evolution of the
state x between two successive sampling instants, i.e. forz € [ty t;y1),
is continuous. Thus, since the dynamics is linear, it follows that:

x(t) = U Wx(y),

V€ [t, trgr)- ®

Hence, taking into account (5) and that x(t; ) # x() (due to the
impulsive control update, in fact, there is a discontinuity between
x(t, ) and x(r), see (4)), the dynamics between two successive
sampling instants is given by the following discrete-time equation

x(tg,) = Aclli *fk)x(,k)
= Al =) (A x(17) + Brsat(Kx(ty )
= A Ax(1]) + A% Bysat(Kx (1))
where O = ;1] —t; € A. Thus, denoting A(J) = ADA,, B(S) =
OB, and x;, = x(t, ), the problem of stability and stabilization of

the linear impulsive system (4) can be addressed by considering the
following discrete-time nonlinear parametric uncertain system:

X1 =A(5k)xk +B(5k)sat(ka), with 6/( €A. 6)

Consider now the partition of the interval [1,,, Ty] in J € N sub-
intervals and define the set:

™ — Tm
=
! 7
Since & € [Ty, Ty and from (7), we have that for every &, there
exist dj € Ay and 7 € [0,7y] such that & = d; + 1, and it follows
that:

A E{dj 2T+ (j— 1)1 jeNY, )

A(8) = A(dy + 1) = At TA, = ATA(dy),
B(8,) = B(dy + 1) = ekt B, = AT B(dy).

Thus, from (6), we can write that:
Xey1 = RA(dp)x + T B(dy)sat(Kxy ),

with dy € A; and 7, € [0, 7;]. Then, given the value x(t, ) = x,
the possible successors x(f,_ n 1) = Xj41 are given by the difference
inclusion

Xpy1 € {7 (A(d)xy +B(d)sat(Kxy)) :d € Ay, T€ [0, 7]} (8)
Hence, defining the following set-valued maps

F1(z) ={A(dj)z+B(d})sat(Kz) : dj € A;} CR",

G)(y) = {ATy: T (0, 1]} CRY, ©)

for all y,z € R", then for some y; € .#;(x;) we have that x;,| €
91 (yi), i.e. the dynamics in (8) is equivalently given by the difference
inclusion

X1 €9(Fy(x))- (10

Thus, the difference inclusion system (10) permits to analyze the
stability of the system (1) in closed loop with (3) under aperiodic
sampling with inter-sampling time bounded by 7,, and 7y,.



D. HUFF et al.: STABILITY AND STABILIZATION OF SAMPLED-DATA SYSTEMS SUBJECT TO CONTROL INPUT SATURATION: A SET INVARIANT APPROACH 3

IV. STABILITY ANALYSIS
A. Lyapunov setup

Considering a Lyapunov function V (x) and the difference inclusion
in (10), a sufficient condition for the asymptotic stability of the origin
of the system (1) in closed loop with (3) and the characterization of
estimates of the RAO are given in the following theorem, where the
sublevel sets of V(x) are defined as

Q. 2{xeR": V(x)<c}, ceR (11)

Theorem 1: Let V(x) : R" — R be a differentiable positive definite
Lyapunov candidate function. Let 2 C R" be a neighborhood of the
origin. Suppose that there exist ¢ >0, 4 € (0,1) and J € N such that
Q. is bounded, Q. C Z and the following conditions hold:

a) V(yr) <AV(x) for all x; € Z and y, € Fy(x;), with Fy(-) as

defined in (9);
b) V(x) < aV(x) along the (nonzero) trajectories belonging to 2
of
x(t) =Acx(t),

with o = —In(A) /17. Then, the origin of the aperiodic sampled-
data saturated control system composed by (1) and (3) is locally
asymptotically stable. Moreover the set €. is contained in the RAO.
Proof: Given x; = x(t,) € Q¢, x; # 0, we prove that V (x41) <
V(x) for all xq1 =x(t,_ ) satistying (10).
For each xiy € 95(F%;(xy)), there exist d; € Ay, yi € Fy(x;) and
7 € [0, 7y] such that x| = eA<Ty;, where

(12)

Vi :A(dj)xk —|—B(dj)sat(ka). (13)

From condition a) we have that V (y;) < AV (x). Moreover, notice
that xz = ATy, corresponds to the solution of (12) at time  + T
with initial condition x(¢) = y;. Then from condition b) and since
o= —In(4) /77 > 0 one obtains:

V(xes1) = V() <e®V(y) = 1V() <V(x), if t=0
V(1) < e®V(yk) < e®VV (yr) < V(xg), if 7> 0.

That is, V(xp11) < V(xg), for all xiy | € 95(Fy(x;)). It follows that
the state x; = x(t, ) of the discrete-time system (6) converges to zero
as k — +oo, provided that xg € Q.

Since the system dynamics is given by (5), it follows that

Xt =x(t ) = U Tx(r), Ve [y, fiy)

and, equivalently, we have

x(r) = et l) gy Vit € [ty tiy1)-

Consequently,

)l < max fle™ % [,
7€[0,7y]

and we can conclude that x(¢) is bounded in the interval [fy, f5y]).

Hence, since x(t,") — 0 as k — oo, we conclude that x(t) — 0 as

t — oo and the origin of the aperiodic sampled-data saturating control

system composed by (1) and (3) is asymptotically stable. Moreover,

the set Q. C & is contained in the RAO. |

Fig. 1 gives a graphical interpretation of the reasoning implied by
conditions a) and b) in terms of the behavior of the function V (x),
where we can see that V (x;. 1) <V (x).

Remark 1: Since « is a positive scalar, condition b) in Theorem 1
does not impose a decreasing of the function V (-) in continuous-time.
Actually, it ensures a bound on its potential increasing, which means
that A, is not required to be Hurwitz. In fact, note that A, will never be
Hurwitz because of its special structure including null eigenvalues.
So the verification of condition b) will require a sufficiently large
o> 0.

Vt € [tgy tkg1)

T te+dj  Tet1 1

Fig. 1. Behavior of V(x(r)).

Remark 2: The estimate Q. of the RAO is related to xo =x(07) =
[xp(0)’, u(07)")" where x,(0) = x,(07) is the initial plant state and
u(07) is a free value that can be conveniently chosen to initialize the
control such that xg € Q.

Theorem 2: Let 2 C R" be a bounded neighborhood of the
origin. Suppose that the function V(x) : R” — R is continuously
differentiable and positive definite, satisfying

V(xiq1) <AV (xy) (14)

for all x; € 2 and for all x| given by (10), with A € (0,1). Assume
that V(-) also satisfies

V) <BiV(x),  Vre s \{0} (15)

along the trajectories of (12), with .4” an arbitrary neighborhood of
the origin and an arbitrary $; € R. Then there exists J € N, A € (0,1)
such that items a) and b) of Theorem 1 hold.

Proof: Since Fy(x;) C9;(F5(xy)) for all J € N, it follows that

Vi) SAV(xg), Vg€ 2, Yy € Fylxp).

Thus condition a) is satisfied with L = 1.

Since V(+) and its derivative are continuous and 2\ .4 is compact
(it is closed by definition and bounded since Z is bounded) and does
not contain the origin, there exists 8, > 0 such that

[VV (x) T Acx|
V(x)

<P, YxeD\N.

It follows that

V(x) < BV (x), Vx e D\N

along the trajectories of (12). From (15) and (16), and for J € N
big enough, then max{f;,B} < —In(A)/1; = &, which implies
satisfaction of b). [ |

Theorem 2 shows that Theorem 1 is not conservative in the sense
that, if there exists an exponentially decreasing Lyapunov function for
the system composed by (1) and (3) which satisfies (14) and (15),
then the conditions in Theorem 1 will also hold for this function.
This will be used afterwards to guarantee the finite termination of
the proposed algorithm to compute local Lyapunov functions and
estimates of the RAO.

(16)

B. Convex Conditions

In order to obtain testable conditions, in this section we apply
Theorem 1 considering V (x) as a quadratic function. This will allow
to express conditions a) and b) as linear matrix inequalities (LMIs)
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and therefore to formulate convex optimization problems to determine
estimates of the RAO of the closed-loop system.

To deal with the saturation term present in (13), we consider the
generalized sector condition proposed in [25]. For this, consider a
dead-zone nonlinearity defined as follows:

¢ (Kx) = sat(Kx) — Kx 17)

Lemma 1: [25] Let a matrix G € R™*", The relation

¢’ (Kx)T (¢(Kx)+Gx) <0

is verified for any diagonal positive definite matrix 7 € R™*™,
provided that x belongs to the set

H(K—-G,1) 2 {xeR": |(K—G);x <1,Vi € Ny}

Using the deadzone function defined in (17) it follows that (13)
can be re-written as

Yk = (A(d)) +B(dj)K) x + B(d;)§ (Kxp). (18)

Based on (18) and the conditions in Theorem 1 with a quadratic
function V (x) = x'Px with P = P’ > 0, we can now state a constructive
condition to address Problem 1.

Theorem 3: If there exist a matrix W = W' > 0, W € R"¥",
matrices R; € R™*" and diagonal positive definite matrices S; €
R™ M v/j e Ny, and scalars A € (0,1) and oo = —In(4) /15 >
max{20uax(Ac),0} satisfying the following LMIs

AW R, WA'(dj)+WK'B'(d))
*x 28, S;B'(d}) 20, vjeN;, 19
* * w

W WK/ —R'
@ 7
* 1

(@) ] >0, VjeNy, VieN, (20)

WAL + AW —aW <0 (21)

then, for all x(07) =xg € W1 1) = {x e R": YW lx <1}, it
follows that the corresponding trajectory of the sampled-data system
(1)-(3), with §; satisfying (2), converges asymptotically to the origin.

Proof: Consider V(x) = X’Px with P = W~!. By using the
change of variables G; = R;P, by left and right multiplying (19)
by Diag(P,Tj,I), denoting T; = S;l, by using Schur’s complement
and finally by left and right multiplying the resulting inequality
respectively by [x;, ¢’(Kx;)] and its transpose, one can conclude
that (19) implies that:

ViePyx — Axj Pxy — 20" (Kxp) Tj (9 (Kxy) + G jxy) <0,

for all j € Ny and all x; € R", with y; given by (18). Thus, from
Lemma 1, it follows that V(y;) < AV (x;) for all y, € F(xy), pro-
vided that x; € ﬂ H(K —Gj,1). That is, condition a) of Theorem
JENy
1 is satisfied with
2= () HK-Gj,1).
JeENy

Moreover, from (21) it follows that item b) of Theorem 1 is verified
with V(x) = x’Px. At this point note that (21) can be verified if and
only if the eigenvalues of A, have real part strictly smaller than of/2.
Thus, it is necessary to consider ¢ > max{20uax(A¢),0} in order to
ensure the feasibility of inequality (21).

Hence, from Theorem 1, the sublevel set Q; = &(W~!, 1) associ-
ated to function V is included in the RAO of system (1)-(3) provided
that & (W*I7 1) € 2, which is guaranteed by (20), as shown next.

Applying Schur’s complement to (20) and left and right multiply-
ing the resulting inequality by x;CP and Px; respectively, it follows
that

(K = Gj)iyxx|> < xiPxy, Vj €Ny, Vi€ Ny, Vx € R

which ensures that €(W~!,1) C 2 and concludes the proof. [ |

Remark 3: Notice that the periodic sampling case (i.e. when 7,,, =
Ty7) is obtained as a particular case with the set Ay as Ay = {7} =
{7ar}- In this case condition (21) can be discarded and the LMIs (19)
and (20) turn out to be the classical LMIs used for linear discrete-
time systems subject to input saturations when the generalized sector
condition is used to deal with the saturation term (see [26, Section
3.6)).

C. Optimization Problems

Given the bounds 7, and Ty on J;, we can use the conditions
of Theorem 3 to compute regions of guaranteed stability for the
sampled-data closed-loop system, i.e. estimates of the region of
attraction of the origin. Actually, provided xo € &(P,1) (with P =
W), conditions of Theorem 1 guarantee that the corresponding
trajectory converges asymptotically to the origin.

As pointed out in Remark 2, the region &(P,1) is defined in the
space of x =[x}, u'|' but we want to define the estimate of the
RAO in the x,-hyperplane, considering the initial value of u(07)
as a free parameter to be determined. In fact, if the extended state
Xg = [x;,o u(07)] is in £W~L1), with W satisfying the LMI
conditions given in Theorem 3, then x; € &(W~!,1) for all k € N
and converges asymptotically to the origin. Thus, the set of states
Xp,0, for which an input #(0~) can be defined such that the resulting
X0 = [x}jo u(07)")’ belongs to &(W 1, 1) is an estimate of the RAO.

Defining the following partitions of P and W = P!

Py P12} {Wu le}
p= L W= 22
[P{z Py Wi, Wn 22

where Pjj,Wi; € R"*" and Py, W5 € R™*™ and
u(07) = —P5,' Plyx,0 (23)

the set & (P 7P12P2721P{2, 1) CR" results to be an estimate of the
RAO. In fact, if x, o € &(Pi1 —P12P2721P{27 1) and u(07) is as in (23)
then

xXoPxo = X, Pr1xp,0 +2x), oPrau(07) +u(07) Ppou(07)
= x/p,Opllxp,O —x},oPnP{zlezxpo <1

which means that xg € &(P,1) = &(W~1,1).
On the other hand, it can be checked that

*x Py Py P07 Pioby,
where
Q2P — PPy P,

is the Schur complement of P», with respect to P. That is, we have
that & (Py1 — PiaPy, Py, 1) = E(W;, 1, 1).

Thus, the idea is to maximize this “safe” set of plant initial states
given by & (Wﬁl7 1), considering some size criterion. For instance,
the maximization of the minor axis of the set can be considered
through the following optimization problem:

max €
W.R j,S j,S
subject to:
(19),(20), (21),
Wi —¢€l >0.

(24)
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Other size criteria, such as the volume maximization or the
maximization of the set in certain directions can also be easily
considered (see [26]).

Note that problem (24) is associated to a given partition of the
interval [Ty, Ty]. In order to find a suitable partition, the following
algorithm is proposed, where the maximum value J allowed for J
must be chosen empirically:

Algorithm:

o Step 1: Fix A

o Step 2: Initialize J

o Step 3: Compute 77 = @

o Step 4: Fix a = Tiln(%) and solve (24)

o Step 5: If (24) is feasible stop.

e Step 6: If J <J, J < J+1 and go to Step 3. Otherwise increase
A and go to Step 2.

It is interesting to note that the algorithm provides a solution if a
quadratic Lyapunov function with exponential decreasing exists. In
fact, assume that there exists a quadratic Lyapunov function V(x) =
X'Px, P=P' >0, satisfying the assumptions of Theorem 2 (and hence
also of Theorem 1) for a neighbourhood 2 C R”" of the origin. Then
LMIs (19)-(21) will have a feasible solution for W = P! if the
value of A is sufficiently close to 1 and J is sufficiently large. In
other words, the algorithm above has a guaranteed termination since
it increases iteratively the values of A and J.

To see this, suppose that there exists V (x) = x'Px such that:

V(.X]ﬁq) < lV(xk), Vxi € @,VSk EA

where x;,; is given by (6). Since the Lyapunov condition must
hold also for x; in & close enough to the origin and, then, such
that x| = (A(8) + B(0x)K)xy, it is necessary that AP > (A(S) +
B(8)K)'P(A(8)+B(8)K) holds for all § € A. As this condition must
hold in particular for § =d;, Vj € Ny, it implies the satisfaction of
(19) with R; and §; null matrices for all j € N.

Moreover, assume without loss of generality that &(P,1) = {x €
R": x'Px <1} C H(K,1), where H(K,1) = {x € R" : |K;x| <
1,Vi € N,y } is the region of linearity of the system (note that the
function V(x) can be scaled if necessary). Then, condition (20) is
satisfied with R; =0, Vj € Ny.

At last notice that, for a fixed A, oo = —In(A) /17 — oo, since 77 — 0,
as J — oo, Thus also inequality (21) will be satisfied for a sufficiently
large J.

Therefore, for an appropriate choice of A close enough to 1, the
LMI conditions (19)-(21) are satisfied for J sufficiently large, and
thus the algorithm has finite termination.

Remark 4: Notice that, as pointed out in the proof of Theorem 3,
a necessary condition for the feasibility of (21) is that

_In (1)
T
Hence, for a fixed A, we should have
In(A)
 max{20,ax(Ac),0}

which implies, from (7), that the initialization of J in Step 2 of the
Algorithm should satisfy:

> max{20max(Ac),0}.

T <

max{20ax(Ac),0}
In(R)

Remark 5: The presented method requires the computation of
exponential matrices for each value d; € A;. This computation can
be done in many ways, using for instance the matrix eigenvalues or
its characteristic polynomial, but in either way approximation errors

J> (T — M)

seem unavoidable, see [27]. The effect of these approximations should
be worth of further analysis, specially when J — oo.

V. STABILIZATION

The LMI problem (24) can be easily adapted if we want to design
a feedback gain K that maximizes the set & (Wﬁl, 1). It suffices to
perform the following change of variables:

ZEKW. (25)

As discussed in [28] for the periodic sampling case, the control law
computed from (24), without any additional performance constraint,
can lead to a large region of stability, but will in general result
in a very slow behavior. Moreover, it is not fair to demand the
same performance level when the control is saturated, since the
system operates in open-loop in this case. Hence, an effective way
of balancing performance and size of the region of attraction is to
force some performance constraint only when the system operates
in the linearity control region. For instance, we can add to (24) the
following LMIs:

YAW  WA'(d;)+Z'B'(d})

. W >0, VjeNy

(26)
where 0 < y < 1 is a parameter fixed a priori. Note that con-
straints (26) and (21) impose that V (x; 1) < ¥V (x¢) when the control
is not saturated, i.e. they ensure a more stringent exponential decay
convergence rate for the operation of the system in the linearity
region.

Remark 6: If we consider K, = 0, we can also perform the
substitution (25), but in this case, to preserve linearity, W must be
block diagonal, i.e. Wiy =0, which implies that Z = [K,W;; 0].

Remark 7: 1t should be noticed that it is not possible to apply
the change of variable in (25), when the conditions in [21] are
considered, making rather difficult to address the design problem.
This comes from the fact that the difference inclusion considered in
[21] is different from (8).

VI. NUMERICAL EXAMPLE
Consider system (1)-(3) with the following matrices [26]:

1ol 5]

14 ], K,=]0],

Ap=

K,=| 26

with the interval of admissible intersampling times given by A =
[0.05, 0.1].

In this case, for A =0.98 a feasible solution for the optimization

problem (24) is obtained with a partition of A in 30 sub-intervals (i.e.
J = 30), leading to:

0.2580 0.1012  —0.0204
wl= 0.1012 0.0868 —0.0019 |, €=3.4785.
—0.0204 —0.0019 0.0211

Considering now the stabilization problem described in Section V

with Y= 0.9 and the same values for A and J, we obtain
K=[113 094 0.008]. 27)

and the region of attraction estimate given by

0.0612 0.0562  —0.0037
wl= 0.0562 0.0608 —0.0012 |, € =28.60.
—0.0037 —0.0012  0.0127

Figure 2 shows the resulting estimates of the region of attraction of
the origin. The ellipsoid obtained with the designed K is indeed larger
than the original one, as expected. For comparison purposes, we also
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Fig. 2. Estimates of the region of attraction of the origin.

plotted the estimate of the RAO obtained with the method proposed
in [21], which corresponds to the sublevel set of a piecewise quadratic
function, and with the looped-functional approach proposed in [9],
which is an ellipsoidal domain. As it can be observed, the method
proposed here resulted in a larger domain for the same value of K.

In Figure 3, several trajectories with x, ¢ at the boundary of the
region & (Wl_ll7 1) and u(0™) chosen as in (23) considering K given
in (27) and & randomly chosen in the interval [0.05, 0.1] are
shown. As expected, the convergence of the trajectories to the origin
is ensured, which shows that & (Wfll,l) is indeed included in its
region of attraction.

Remark 8: Concerning the comparison with other approaches, it
has to be noticed that, in this numerical example, our method provides
a better estimate of the region of attraction of the origin, but there is
no formal guarantee that this will be always the case. Furthermore,
the method presented in this work is particularly suitable to deal
with both the stability analysis and control synthesis problems. For
instance, with the looped-functional approach [9], to obtain tractable
synthesis conditions in LMI form, the Finsler’'s Lemma with a
particular structure of the multipliers (which is an important source of
conservatism) and a fixed parameter, that has to be manually tuned,
are employed. On the other hand, due to the exponential dependence
of A(S) = A9A, and B(0) = A9 B, which appear in (19), on A,
it is not trivial with our method to cope with uncertainties in the
system matrices A, and B, that are easily manageable in the looped-
functional framework. Actually, establishing a formal comparison
between our method and the looped-functional one might be rather
difficult as the tools and conditions are significantly different.

VIl. CONCLUSIONS

In this paper a new approach has been proposed to deal with
sampled-data controlled linear systems under aperiodic sampling and
input saturation which, unlike the method presented in [21], can be
used not only for the stability analysis but also for the design of
a stabilizing control law. By means of a numerical example, we
have shown that the proposed approach can lead to a considerable
conservatism reduction, in terms of estimate of RAO, when compared
to other ones reported in the literature.

The approach can be easily extended to cope with other continuous
input nonlinearities, in particular sector-bounded ones. Note that in
this case it suffices to replace the saturation function in model (4)

10+
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Fig. 3. Trajectories starting at the boundary of £’(le‘, 1).

by the new nonlinearity. Similar conditions to the one in Theorem 3
can therefore be derived using classical sector conditions.

As a future work, we consider to explore the use of not only
quadratic but more general Lyapunov functions as, for instance,
polyhedral ones.
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