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Variable Structure Control With Generalized Relays:
A Simple Convex Optimization Approach

Laurentiu Hetel, Emilia Fridman, Senior Member, IEEE, and Thierry Floquet

Abstract—The article proposes a convex optimization approach
for the design of relay feedback controllers. The case of linear
systems is studied in the presence of matched perturbations. The
system input is a generalized relay that may take values in a finite
set of constant vectors. A simple design method is proposed using
linear matrix inequalities (LMIs). Furthermore, the approach is
used in the sampled-data case in order to guarantee (locally) the
practical stabilization to a bounded ellipsoid of the order of the
sampling interval. Time-varying uncertainties (in the state matrix
and the sampling interval) can be easily included in the analysis.

Index Terms—Linear matrix inequalities (LMIs), relay feed-
back control, sampled-data control, switched systems.

[. INTRODUCTION

Relay feedback control is well known in a wide range of technical
domains [13], [37]. It is simple to implement and has interesting
robustness properties [14], [38]. However, analysis and design of relay
control systems is a non trivial task even for the case of linear systems.
The closed-loop system represents a hybrid dynamical system [9],
[12], [28] which may describe complex behaviours: sliding modes
[37], [38], Zeno solutions [36] or limit cycles [8], [20], [27]. Although
relay feedback has been studied for many decades, it is still an open
problem to choose the switching surfaces so as to optimize the system
performances, the robustness properties or the size of the domain of
attraction. Furthermore, in practical sampled-data implementations,
relay actuators may induce oscillations and even instability [38]. For
recent techniques on sampled-data control, we point to [17], [24], [29],
[30], [32]. While some analytical approaches exist for the sampled-
data implementation of sliding mode controllers [1], [4], [31], [33],
very few optimization methods have been provided for the design of
sampled-data relay feedback laws. This study may be related to the
works in [18], [19], [21], [34], where the effect of input delay has been
studied in relay feedback control.

The aim of this article is to propose a convex optimization approach
to the design of relay feedback control in the case of linear systems.
For the sake of generality, we assume that the system input may
take values in a finite set of constant vectors, which includes as a
particular case the classical control generated by sign functions. This
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control law may be related to the simplex method in [3], [5] and to
the stabilization of switched affine systems [9], [12], [28]. We show
how our approach can be used in the sampled-data case in order to
guarantee (local) practical stabilization. Differently from the context
of piecewise affine systems where switching surfaces are given (see
[35] and the references within), our problem is to design the switching
surfaces that ensure (locally) the stability of the closed-loop system.
The main idea of the design procedure is to use the existence of an
exponentially stabilizing linear state feedback as a reference control
to be emulated by a relay feedback. The method is inspired by convex
combination techniques used for switched systems [22], [28] and LMIs
techniques for systems with bounded controls and saturation [7], [10],
[25], [26]. It is based on simple convex optimization arguments and
does not need any computation of normal forms. LMI conditions are
proposed for dealing with robustness aspects as well as for estimating
the maximum sampling interval that ensures (local) practical stabi-
lization. Preliminary results have been presented in [23] where the
uncertainty-free case has been treated without any study of finite time
reachability.

This technical note is structured as follows: the problem formulation
is given in Section II. Section III provides a design method for the
generalized relay feedback. LMI design conditions are proposed in
Section IV. Section V is dedicated to the sampled-data implementation
of the control.

Notations: In this technical note we use standard notations. Given
a set S, conv{S} denotes its closed convex hull and Int{S} its
interior. For ¢ > 0 and = € R", B(z,c¢) :=={y € R": [z —y| < c}.
For a convex polytope S, a > 0, we denote aS := {az, z € S}
and vert{S} the set of vertices of S. Given a compact set S
and a continuous function f:S — R, argminges f(s) ={y € S:
fly) < f(r),Vr € S}.Fory € R, sign(y) denotes the set-valued map
taking the values {1} if y > 0, {—1} if y < 0 and {—1,1}, for y =
0. For y € R™, sign(y) = (sign(y1), sign(yz), . . .,sign(y,))T. In a
symmetric matrix, the symbol * denotes a block that may be inferred
by symmetry. For N € N, Ty denotes the set {1,2,..., N}.

II. PRELIMINARIES AND PROBLEM FORMULATION

Consider n,m € Nt, A € R"*", B € R"*™ and the system
z=Azx+ B(u+d) €))

where x € R™ represents the system state, u € R™ the input and
d € R™ a matched perturbation. We adopt the following assumptions:
* (A.1) The pair (A, B) is stabilizable.
* (A.2) The input u is a static state feedback constraint to take
values in a finite set of constant vectors V := {vy,va,..., o5} C
R™, where N is a positive integer, i.e., u : R™ — V.
¢ (A.3) The perturbation d is a measurable function taking values
in the cube P(dpax) Where dpax > 0 is a known scalar and
Pe) :=={y e R™: |y|loo < c}, Ve > 0.
* (A.4)conv{V} is a nonempty closed subset in R™ containing the
null vector in its interior: 0,,, € Int{conv{V}}.
* (A.5) There exists p € [0, 1) such that P(dmax) C conv{pV}.
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From the point of view of hybrid systems, system (1) with control
laws restricted to ) may be seen as a particular class of switched affine
systems [9], [12], [22]. Note that for d = 0 system (1) may be re-
expressed as

i=A,x+0b,, with A;=A, b,=DBuv;, icly

where the function o : R™ — Zy (the switching law) is such that
o(x) =1 < u(x) = v;. Therefore the synthesis of a control law u
may be seen as a switching law design problem for a particular class
of switched affine systems. However, we do not require the existence
of a Hurwitz convex combination (the matrix A may have eigenvalues
with positive real part). For local stabilization we only require that
(A.1) holds.

For the particular case when the set of vectors V form a simplex
in R™ (N =m + 1, every subset of m vectors in V are linearly
independent and there exists m + 1 positive scalars v;, 7 € Z,,, 11 such
that Z::;l viv; =0, ZZ”;II v; = 1), the design of a control u with
values constrained to the set V is a simplex-type variable structure
control problem (see [3], [5] and the references with).

In this technical note we are interested in the design of control laws
u : R™ — V of the form

u(z) € argminz” Tw ?2)

veV

where I' € R™*™ is a matrix to be determined. Note that for the case
when the input u is a scalar constraint to the set V = {—wv, v}, with
v > 0 a given constant, u(z) = v whenever 7 T'v < 2TT'(—v), i.e.,
for xTT < 0. Similarly, u(x) = —v whenever 7T > 0. Then, for
V = {—wv,v}, withv > 0, the control law (2) is reduced to the classical
relay control u(x) € —vsign(I'7'z).

Since the values of the input are restricted to a finite set, the closed
loop system (1), (2) has a discontinuous right-hand side. Solutions are
considered in the sense of Filippov [15]. We recall that for a differential
equation & = f(z), with f a locally bounded discontinuous vector
field, a Filippov solution of the system on the interval I = [t,, tp] C
[0, 00) is an absolutely continuous map ¢ : [t,, t,] — R™ such that the
differential inclusion ¢(t) € F(¢(t)) is satisfied for almost every ¢ €
[ta,tp), With F'(2) = Neso Nyu(ny=o0 conv{f(Z) : € B(x,€) \ N}
where p represents the usual Lebesgue measure. For the case of the
closed-loop system (1), (2) the differential inclusion used for defining
Filippov solutions takes the particular form [15]

F(z) = conv {Az + B(@ + d),d € P(dmax),

4 € arg min,cy wTFv} NE))

The existence of a least one solution starting from each initial condi-
tion is guaranteed if for every x € R"™, F'(z) is locally bounded, upper
semi-continuous and takes non-empty, compact and convex values,
which is the case for (3). For stability definitions in the context of
discontinuous systems see [2], [15]. The goal of the technical note
is to provide criteria for the synthesis of a relay control law (2) that
ensures local stability of Filippov solutions associated to the closed-
loop system (1), (2). We provide optimization methods for control
design while enlarging the domain of attraction. Finite time reacha-
bility properties to sliding manifolds and the robustness with respect
to matched perturbations, time-varying uncertainties or sampled-data
implementations will be discussed.

III. MAIN RESULTS

From the point of view of Lyapunov stability theory, Assumption
(A.1) is equivalent [10] with

(A+BK)TP+ P(A+ BK) < —26P. )

For ~,8>0 let £(P,7) :={z € R" : 2T Pz <~} denote the ~
level set of the function V(z) = 2T Pz and Cgy(K) the subset
of the state space for which Kz belongs to the convex hull of
BY, Cayp(K) :={z € R" : Kz € conv{V}}. Consider a set of co-
vectors h; € RYX™ 4 ¢ Z,, describing the dual representation [11],
[39] of the polytope conv{V}

conv {V} = {yeRm s hiy < l,iGZnh}. 5)

The following theorem provides design conditions for the control
law (2).

Theorem 3.1: Consider Assumptions (A.2)—(A.6) and the closed-
loop system (1), (2) with I' = PB. Then for any

v < min (1 - p)? (hKP ' KTRT) ™ (6)
€T,

a) the origin © = 0 of the closed-loop system is locally exponen-
tially stable in Qy := E(P,);
b) if rank(B) = m < n then, for s = BT Px the surface s =0
is finite time reachable whenever z(0) € £(P,~), i.e., exists
ty € [0,00) such that s(¢) = 0 forall ¢ > .
Furthermore, if for some P satisfying (4), AT P + PA is negative
semi-definite then
c) the origin of the closed-loop system is globally asymptotically
stable.
Proof: a) Consider the function V (z) = 2T Pz with P satisfying
Assumption (A.6). Then

VVT(:C) (AI+B(u+d)) =M1(p,u,d)+M2(p7u) (7

where M (p,u,d)=22T PB(pu + d) and My(p,u)=22T P(Ax +
B(1 — p)u). Consider p € [0,1) such that (A.5) is satisfied. Since
P(dmax) C conv{pV} and the minimum of a linear function over a
convex polytope is reached in the set of vertices [39], min, ¢,y 7
PBv=min,cconv{pv} 2TPBv < MiNyevert {P (dmax)} 2T PBv. De-
note the ¢th column of B as b;. Remark that min, cyert {P(dmax)} T
PBv =" (—dmaxz” Pb;sign(z” Pb;)). Let d; denotes the ith
component of the vector d. Then for u € arg min,cy x7 PBv, we
obtain that

My (p,u,d) <227 P (Z b; (dmaxsign(mTPbi)+di)> <0. (8)

i=1

Let v; be one of the control vectors in ) for some ¢ € Zx . From (2),
with I' = PB, u(x) may take the value v; only when v; minimizes
the expression z7 PBv,v € V, thatis 2T PB(v; — v;) > 0,Vj € Iy.
Furthermore, since p € [0, 1)

(1 - p)22" PB(v; —v;) > 0,Vj € Iy. )

Since for any p € [0,1) the set C(1_,) (K) is a non-empty subset of
R™ containing the origin and Kz is a continuous application, there ex-
ists v > 0 such that £(P,v) C C(1—p)v(K). For this relation to hold,
it is necessary and sufficient that none of the hyperplanes h; Kz =
(1—p), i €I,,, crosses the ellipsoid £(P, ), that is v should be
smaller than the minimum of the quadratic function V' along any of
the hyperplanes h; Kz = (1 — p), v < iy, Kom(1-p),i€Tn,, zT Px,
ie. (1—p)2(h; KP~'*KThT)™". Using standard arguments this
leads to condition (6) (see also Chapter 5 in [10]). Then, for
any x € E(P,~), there exists N scalars «;(z) >0, Vj € Zy with
Zj.vzl a;(xz) =1 such that Kz = Zjvzl a;(z)(1 — p)v;. Multipli-
cation of (9) by the appropriate coefficients «; (x) and summing leads
to 227 PB(Kx — (1 — p)v;) > 0,Vj € Iy whenever u(z) = v;. To
show that Ms(p,u) < —26V (x) when u(x) = v;,Vi € Iy and x €



IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 60, NO. 2, FEBRUARY 2015 499

E(P,v) \ {0}, it is sufficient that M (p,v;) + 227 PB(Kx — (1 —
p)v;) < =28V (x), for all x € E(P,~) \ {0} which holds true since
from (4) and the definition of M (p, u) we have

Ms(p,v;) + 22T PB (Kz — (1 — p)v;)

=227 P(A+ BK)x < —25V(z) (10)

foralli € Zy and z € E(P,~) \ {0}. From (7), (8) and (10) we have
that VVT (2)(Az+ B(a+d)) <28V (z) for all z€&(P,v)\{0},
d€argmin,ey x7 PBu, that is maxyep) VVT (2)y < —20V (z),
Vz € E(P,v) \ {0}, with F(z) given in (3).

b) The dynamic of s is given by

§=BTP(Az + B(u+d)) (11)
where u from (2) can be re-expressed as
u € argmin sTv. (12)
veV

Since P > 0 and B is full rank, then M = BTPB = M7T > 0 and
there exists L = M ! = LT » 0. Let ¢(s) = sT Ls. Note that

VyT(s)BTP (Az + B(u +d)) = 257 (u + w) (13)

where w= LBT PAxz+d. Let ¢* =max c such that P(c) C conv{V}.
Then

Enei\r}l sTo= 'ueclglni\?{\/’} sTv< Ueverril{i%& . sTv=—c"sign(s). (14)
From (12)—(14), we obtain that
VT (s)BT P (Az + B(u + d)) < 2s” (—c*sign(s) + w) .
Then, for any |w|s < ¢* there exists € > 0 such that
VT (s)BT P (Az + B(u + d)) < —ey/1(s) (15)

whenever s # 0. Inequality (15) is sufficient to guarantee the (local)
finite-time stability of (11), (12) (see [6], [13]) and therefore the finite
time reachability of the surface s = 0 for any initial condition in an
invariant level set of V' with

|LBT PAz|o < ¢ — |d|oo- (16)

Let R = LBT PA and let r; denote the i*" rowof R,i =1,...,m.
The set in (16) can be described by

D(C*7dmax) = {Ll’ eER: ‘sz| < C* - dmaxy (S I’m} . (17)

Given P, c¢*, dyax and « such that £(P,v) C Cu_pv(K), a
level 7y, for which E(P,~y) C D(c*,dmax) may be obtained us-
ing the description (17) and standard arguments (see Chapter 5
in [10]): s < minielmﬂpﬂrir#o (¢* = dmax) > (ri P~ 1rT) "1 Of
v < s, then for any z(0) € E(P,v), xz(t) € E(P,v) CE(P,vs) C
D(c*, dmax), Vt > 0. Then (15) holds, and the system reaches the
surface BT Pz = 0 in finite time. For the case v > ,, remark that
V(z(t)) < e %V (z(0)),Yz(0) € E(P,~). Then there exists t, > 0
such that z(t) € E(P,~,) for all ¢ > t,. Therefore, Vt > t,, relation
(15) holds, i.e., the surface BT Pz = 0 is reachable in finite time.
¢) From (4) we have that

2T(AT P4+ PA)x < —262T Px whenever BT Pz =0, xz#0. (18)
Since T (ATP + PA)x <0, Vz € R?
VVT(2) (Az + B(i+d)) < VVT(2)B(@ + d) (19)

Vi € argmin, ey 27 PBv where V (z) = T Pz. Consider the maxi-
mum ¢* > 0 such that P(c*) C conv{V}. From (A.3)—~(A.6), dpax < c*.

Following similar arguments as in the proof of points a), b) one may
show that

VVT(2)B(@ + d) < —(c* — dmax)s sign(s) <0 (20)
forall & € arg min,cy x7 PBv, and all x such that BT Pz # 0. From
(18), (19), (20) we have that VV7 (z)(Az + B(i + d)) < 0,Vz # 0,
@ € argmin,ey x7 PBu that is maxye p») VV7 (2)y < 0,Vz # 0,
with F'(z) given in (3). |

IV. LMI CRITERIA FOR RELAY CONTROL DESIGN

In this section LMI design methods are provided for a control of
the form (2). We treat the more general case with A(u(t)) € A :=
conv{Ay, As,..., A, } where u(t) = [ () p2(t) ... pn, (¢)]7 are
the barycentric coordinates of A in A.

Corollary 4.1: Consider the system

&= A(p)x + B(u+d) (21)
where p(-) is measurable, Assumptions (A.2)-(A.5) and the dual
representation of the polytope conv{V} in (5). Given § > 0, > 0,
assume that there exists (Q, \, €) solution to the set of linear matrix
inequalities

Q=Q" =0, A>0,
A;Q+ QAT —ABB" < -26Q, Vjel,, (22)
el I

=0, 23
[* QV] )
1 5-2—~h; BTy .

2(1— g

[* G0 }>0, eI, (24)

Then the origin x = 0 of the closed-loop system (21),(2) with [' =
Q!B is locally asymptotically stable in the ellipsoid £(Q~1,~)
containing the ball B(0,cp) with ¢ =1/y/e. Furthermore, if
rank(B) = m < n, the surface s = BTQ 'z =0 is finite time
reachable for any z(0) € £(Q1, 7.

Proof: Using convexity arguments, condition (22), implies
the existence of K = —\/2BTQ~! and V(z) = 27Q 'z such
that VVT (z)(A(u) + BK)x < =26V (x),VA(u) € A,z # 0. Con-
dition (23) is equivalent (by Schur complement) with zT(1/c%41T —
(Qy)™Y)x > 0.Then 1/c2Tx < 1implies 7 Q 'y~ a < 1 which
guarantees that B(0,cp) C £(Q~1,~). Applying the Schur comple-
ment lemma, and using the notation K = —\/2BTQ~!, condition
(24) leads to v < (1 — p)2(hiKQKThiT)71,V i € I, , which im-
plies that £(Q™*,7) C Ca_,)v(K). Local exponential stability in
E(Q~1,~) may be proven using the same steps as in the proof of
Theorem 3.1, a), with P = Q1.

Considering ¢ = sTLs with L= (BTQ 'B)"', w=LB"
PA(p)r +d, and ¢* = max c such that P(c) C conv{V}, the
inequality Voo (s) BT P(A(n)x + B(u + d)) < 2sT(—c*sign(s) +
w) holds for all s#0, A(u) € A. Since |LBTPA(u)x|e0 <

o i |LBTPA;x|_, there exists € > 0 such that

VU ()BT (A(p)a + Blu+ d)) < —y/9(5)
whenever [LBTPA;x|o < ¢* — |d|,V j € I, .Considering R; =
LBTPA;, v, ;, the i" row of R;, j€Z,,, and (25), the finite
time convergence of ¢ is guaranteed from any invariant level set
of V that may be placed in D(c*, dmax) ={z € R"™ : |r; j2| < ¢* —
Aax; (1,)) € Ly, X L, }. The rest of the proof follows the arguments
used for Theorem 3.1, b). | |

(25)
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Remark 1: The existence of a solution (Q, A, €) to the LMI opti-
mization problem inf e under the constraints (22)—(24), guarantees
that any Filippov solution of the closed-loop system (1), (2) (with
I' = Q' B), originating from £(Q 1, v) is exponentially converging
to the origin. By minimizing e, the size of the invariant ellipsoid is
maximized. Note that without any loss of generality we may always
consider v = 1. If the LMIs (22)—(24) are satisfied for (Qq, Ao, €0),
then they are also satisfied for v = 1 with (Qo70, Moo, €0). Given
dmax, the minimum p s.t. P(dyax) C conv{pV} can be computed
from the standard optimization problem

inf ps.t. hiy <p, Vyevert{P(dmax)}, €Ly, (26)

and (27) and (28), as shown at the bottom of the page.

V. SAMPLED-DATA IMPLEMENTATION

Consider the sequence of sampling times {¢}, oy, With
* (A7) to=0, ty <tp1, V keN, limp ooty =00 and
Ty = tg+1 — tx € (0,T], where T' is a known bound.

Denote x;, = z(ty), and consider a sampled-data implementation of
the relay control (2)

u(zy) € arg mi‘r} xfT. (29)
ve
We will study the practical stabilization of the system
@(t) = A(u(t))2(t) + Blu(y) + d(t)) (30)

Vit € [tg,trs1), with A(p(t)) € A under the assumption
* (A8)3d Py~ 0,K € R*"™™ ¢y > 0 such that

(A; + BK)T Py + Py(A; + BK) < —260Py, Vi € L,,,,.

Theorem 5.1: Consider system (30), (29) and Assumptions (A.2)—
(A.5), (A.7), (A.8). Denote Aj = A;+ BK,j € 1,,. Given tuning
parameter 6, , let there exist P,U > 0 matrices P, P; and 8 > 0,
B4 > 0 such that:

Proof: Condition a) implies that E(P,7) C Ci—pyv(K).
Condition b) guarantees that Q. = E(P,C) C Qp = E(P, 7). For
7(t) =t—ty, condition c) implies the existence of functions V' (z)=
T Px and

W) = (boss — b — 7(1)) / T4 (5)Ui(s)ds

such that
V(x(t)) + W (L) + 26(V (x(£)) + W(t)—
—(B+Ba-d" (A1) T <0 (32)

for all z(t) € E(P,~), t € [tk, tx+1). This will be shown as follows.
Note that u(zy,) = v;, for some i € Zy, if

LL’%PB(UJ — ’Ui) > O,Vj cln.
Then for u(zy) € arg min, ey 7 PBv
2(1 — p)af PB(v; —u(zg)) > 0,Vi € I (33)

Furthermore, using condition a), for all x(t) € o, there exists N
scalars a;(z(t)) > 0, Vj € Iy with Zj\;l a;(z(t)) = 1 such that

Ka(t) =Y a; (@(t)) (1 - p)v;.

Multiplying (33) by the barycentric coordinates of Kuxz(t) in
conv{(1 — p)V}, and summing, we have
2 (x(t) — 7(t)n(t))" PB(Ka(t) — (1= pu(zx)) 20 (34)

for all ¢ € [tg,try1), where n(t) = (z(t) — xx) - 7(t) 1. Moreover,
using P(dmax) C conv{pV} in the same line of the proof of
Theorem 3.1, 22T PB(pu(zy) + d(t)) < 0. Then

22(t)T PB (pu(xy) + d(t))
=2 (@), +(6)n(1))" PB (pu(ar) + d(t))

< 27T () PB (pu(xy) +d(t)) (35)
a)
fort € [tg,tx+1). Note that
I hK/(1-p) , .
[* Pyt | O VEE D, GD V (@(t) =227 (6)P (A(u(t))2(t) + B(1 - p)u(as)
_ +22(t)" PB (pu(xy) + d(t)) . (36)
b)B + Ba-m - dp e <2707
c)the LMIs (27), (28) are satisfied forallv € V,j € 7, . Adding (34)to (36) and using the inequality (35) leads to
Then for I"' = PB, any solution z(t) of the system with z(0) € : < 9,T
2 P(A BK
Qo = E(P, ) converges exponentially to Q.. = E(P,C) as t — oo, V() < 227 (P (Alu(t)) + ) ()
with C' = (28)"Y(B+ B4 -m - d2,)T. + 27T () PB (u(zy) + d(t) — Kz(t)) 37)
[(U—-Pf —P)T _(PfA; - P)T _ TP{Bv TP{B
0 * ATP+ PA; +25P+ (AT P, + P{A;))T TP{Bv TP{B
) () = _ 27
05 (v) * —BTI o |~ 0 @n
L * * */BdTI
[—(Pf +Ps)T _ (PTA; = P)T _ TP{Bv TP!B 0o
* ATP+PA;+25P+ (ATP,+ PfA;)T TPIBv TP/B —(PBK)'T
o] (v) = x * —BTI 0 (PBv)'T | <0 (28)
* * * —B4TI (PB)TT
L * * * % _TUe—Q(ST
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forall z(t) €E(P, ) and t € [t, tx+1). Using Jensen’s inequality [11]
W(t) + 26W (t) < (T —7(£) 2T () Uz(t) —7(t)n” () Un(t)e 20T
From (37), using the descriptor form [16]
2T (Pyz + P3i))" (=& + A(p) + B (u(zg) +d)) =0
a sufficient condition for (32) to hold is
22T P (A(un) + BK) z + 262" Px
+ 2T (Pyx + P32))T (=2 + A(p) + B(v + d))
+2mTPB(v+d— Kz)+ (T — 1)i" Ui

— ) TUne T — (B+ B4 -d"d)T < 0 (38)

for all 7 € [0,T],v €V, and y in the unit simplex, with = = z(t),
& =a(t), r=7(t),d=d(t), p = p(t), n = n(t). Consider the vec-
tor z= [T 27 1d”]" and the definitions of ©%(v) and ©F(v)
in (27), (28). One may remark that for any w(zy) € V, the left
side of the inequality (38) can be expressed as a convex combi-
nation of 2709 (u(zx))z, [z7 0|07 (u(xy))[z" nT1", with j €
Zn,. Using convexity arguments, the set of LMIs (27), (28) are
sufficient for (38) to hold. To end the proof, note that for |d|e <
Ainax> (32) leads to V (z(t)) + W (t) + 20(V (x(t)) + W (t))—(8 +
Ba-m-d?, )T <0,forall x(t) € E(P,7),t € [ty, try1). Using the
comparison principle V (z(t)) < e~2%*V (2(0)) + C, V¢ > 0, which
means that z(¢) converges exponentially to the attractive ellipsoid
Qo =E(P,C). |
Example 1: Consider a system (1) described by

I e S P R e Y

with a = 1, |d|eo < dmax = 0.01. The set conv{V} in (5) is charac-
terized by hy = [-1 1], ho = [1 1], hg = [0 — 1/2]. Addressing the
optimization problems (26) and inf e under the constraints (22)—(24)
with v = 1, § = 0.25, leads to a control law (2) with ' = PB and

325 0
P= [ 0 3.25}

which ensures the local (robust) stabilization in Q¢ = £(P, 1), con-
taining the ball with the radius c¢g = 0.55. For this example s =
BT Pz corresponds to the origin. Then the equilibrium point is finite-
time reachable. Let us remark that the boundary of the domain of
attraction is not far from the unstable equilibrium points of the closed-
loop system: —A~*Bvy = [1.5 — 0.5]T, —A~*Bvs = [-0.5 1.5]7.
Furthermore, for z(0) = [0.501 — 0.501]7, simulations with constant
sampling interval ¢, 1 — t;, = 107°,Vk € N and dy,.x = 0, illustrate
an unstable system behavior. Note that |z(0)| = 0.708, to be compared
with cg < 0.55 for which local stabilization is ensured. This gives an
idea about the accuracy of the ellipsoidal estimation of the domain of
attraction.

Let us remarks that for the system under study the matrix A
is unstable. Therefore it is impossible to apply the classical global
stabilization control design techniques based on the existence of a
stable convex combination [9], [12]. The example shows that there are
classes of switched affine systems that can be locally stabilized even if
not stable convex combination exists.

Next we consider a sampled-data implementation of the control
law of the form (29) with the obtained Lyapunov matrix P for a
time-varying sampling interval upper-bounded by 7' = 10~3. Using

1_
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Fig. 1. Phase space for the closed-loop system in Example 1 with |d|sc <0.01

and a sampled-data implementation of the control with T'=1073. Ellipsoid
in dotted-dashed line—£2. Ellipsoid in solid line—£2. Solid black lines—
limiting hyperplanes of C(;_ )y (¥).

this Lyapunov matrix, the gain K = —)\/2BT P, and minimizing the
quantity 8 + B4 - m - d2,,, for which there exists U, P» and Pj sat-
isfying the conditions of Theorem 5.1 with v = 1, § = 0.22, we may
show that any system solution in the ellipsoid Qg = £(P, 1) converges
exponentially to the ellipsoid ., = £(P,0.05). An illustration of
this sets is provided in Fig. 1. A simulation from the initial condition
2(0) = [0.4 0] is presented under arbitrary variations of the matched
perturbation and of the sampling interval.

Assume now that the parameter a is time-varying in [0.97, 1.03]. Let
us consider a continuous-time control design based on Corollary 4.1
for |d|oo < dmax = 0.01. For ~ =1, solving the LMI problem
(22)—(24) (for the two vertex of the A matrix) while minimizing e,
leads to a control law of the form (2) with I' = PB and

033 0
P= { 0 0.33}

which ensures local stabilization of the continuous-time systems
in Qo=E&(P,1) for any |d|eo < dmax =0.01 and any a(t) €
[0,97,1.03]. Using Theorem 5.1 with v=1, §=0.22, K =
—\/2BT P, and minimizing the quantity 3 + 834 - m - d2,,,, for which
there exists U, P, and P3;, we may show that the closed-loop sys-
tem (with a sampled-data control) converges to the ellipsoid 2., =
E(P,0.17) for any time-varying sampling interval upper-bounded by

T =103,

VI. CONCLUSION

This article presents a new convex optimization approach for the
design of relay feedback control. Simple LMI-based criteria are pro-
posed for the local stabilization of linear systems in the presence
of matched perturbations and time-varying uncertainties in the state
matrix. The approach is used for studying practical stability of the
sampled-data control implementation. Sampling jitters may be easily
taken into account. Several extensions are possible for including useful
performance and robustness specifications.
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