N

N

Normal forms of matrix words for stability analysis of
discrete-time switched linear systems

Cyrille Chenavier, Rosane Ushirobira, Laurentiu Hetel

» To cite this version:

Cyrille Chenavier, Rosane Ushirobira, Laurentiu Hetel. Normal forms of matrix words for stability
analysis of discrete-time switched linear systems. 2019. hal-02069712v1

HAL Id: hal-02069712
https://hal.science/hal-02069712v1
Preprint submitted on 15 Mar 2019 (v1), last revised 18 Feb 2020 (v3)

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02069712v1
https://hal.archives-ouvertes.fr

Normal forms for discrete-time switched linear systems

Cyrille Chenavier, Rosane Ushirobira, Laurentiu Hetel

Abstract—In this paper, we propose an algebraic approach
to the analysis of discrete-time switched linear systems, where
we investigate linear relations between words over the matrices
of the system. We introduce normal form matrix words as well
as a numerical criterion to reduce drastically the number of
linear matrix inequalities conditions for checking stability. In
particular, we relate exponential stability to quadratic stability
of another system. We illustrate our methods with an example.

I. INTRODUCTION

In this article we investigate some properties of discrete-
time switched linear systems [1], [2]. Such systems con-
sist of a family of linear systems systems with a rule
that orchestrates the switching among them. Discrete-time
switched linear systems are a popular model in various
control domains. Among such application areas, we may
cite networked control systems [3], systems with aperiodic
sampling [4], discrete-time delay systems [5], [6], etc., they
all can be modeled as switched linear systems. Despite the
fact that switched systems have been intensively studied over
the last two decades, the stability problem is still a complex
open problem [7].

Various methods are available for studying the stability
of discrete-time switched linear systems. Roughly speaking,
stability criteria have been proposed either based on algebraic
methods (such as the ones within the framework of the
theory of Lie algebras [8], [9] and the ones based on joint
spectral radii [10], [11]) or also on numerical approaches,
usually based on Linear Matrix Inequalities and Lyapunov
functions. Stability criteria have been proposed by check-
ing the existence of quasi-quadratic [12], [13], parameter
dependent [14], path-dependent [15], non-monotonic [16],
[17], [18], [19] and composite quadratic [13], [20] Lyapunov
functions. The aim of the article is to propose a new method
for analyzing the stability of switched linear systems by
investigating the structure and algebraic properties of some
particular Lyapunov based criteria.

In [16], a necessary and sufficient condition is given for a
discrete-time switched linear system to be globally uniformly
exponentially stable: it is equivalent to the existence of
a positive integer N such that a problem consisting in
pN +1 LMI conditions admits a solution. Hence, we obtain
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the following method for constructing the quasi-quadratic
Lyapunov function: starting with N = 1, the value of N is
increased until we find a solution to the LMI problem, from
which the corresponding quasi-quadratic Lyapunov function
is derived. As mentioned in [20], an optimization of this
method consists in reducing the computational complexity,
since the number of LMI conditions grows exponentially
when N increases.

In the present paper, starting from the condition proposed
in [16], we propose an approach to study discrete-time
switched linear systems using linear algebra tools. Two
stability criteria are provided. These two methods are based
on the observation that the matrices involved in the LMI
problem from [16] may satisfy algebraic relations. The
first method consists in restricting the LMI conditions to
a basis of the linear span of all matrices involved in the
initial LMI problem and then, to check if the solution for
the basis elements still holds for the other matrices. The
second method consists in adding numerical constraints to
the LMIs corresponding to basis elements in such a way
that the LMI conditions corresponding to the other matrices
are automatically fulfilled. The main argument used in this
second approach is that convex decomposition of matrices
does not bring new LMI constraints. We point out that
for both methods, the number of LMI conditions is upper-
bounded by the dimension of the matrix space, which does
not depend on N.

The paper is organized as follows. In Section II, we fix
some notations. Section III is a recollection about discrete-
time switched linear systems, stability definition and its
characterization in terms of LMIs given in [16]. Section IV
contains our results: we present two methods for reducing
the number of LMI conditions, the first one using linear
algebra and the second one using convex decompositions. In
Section V, the second method is illustrated with numerical
examples. Section VI containes the proof of an intermediate
lemma.

II. NOTATIONS

We fix the following notations: let p,n € N\ {0}.

o We write J, ={1,---, p}.

o Given a set S, we denote by S* the set of words over
S, that is the set of formal concatenation of elements of
S. Given N € N, we denote by S™) the set of words of
S* of length N.



« Given a matrix M € R"™?, we denote by MT € RP*"
the transpose of M.

e For x = (x1...x,)T € R", we denote by |x| =

x2+---+x2 the Euclidean vector norm on R".

« Given a square symmetric matrix M, we write M > 0 or
M < 0 according to M is positive or negative definite,
respectively.

o Given P = {py,---,px} C R", the convex hull of P is
the set of elements Zﬂ‘:] a;pi € R", where a; are non-
negative real numbers satisfying 2;‘:1 a;=1.

o Given A € R, we denote by sign(A) the sign of 1.

III. PRELIMINARIES

Consider n, p, two strictly positive integers, and a set
of matrices A = {A; € R"™"|i€J,}. Given a word @ =
ix—1---ip € J), on the alphabet J,, the corresponding matrix
word on A is denoted by A, =A;, | ---A;, € A*. By conven-
tion, if k=0, we let A, =1d,,.

We are interested in the class of discrete-time switched
linear systems described by the equation

Xk+1 :A(Fkxka Vk € N7 X0 € Rn» (1)

where x : N — R” represents the system state, xo = x(0)
the initial condition and ¢ : N — J,,, k > o}, the switching
function associated to the system. It is assumed that the
switching function is not known. In what follows, A will
denote the set of matrices {Ag, } defined by the switching
function ¢ of the system (1).

For k € N, denote by 8 (J,) C o(N)* the set of k-length
words formed by the image of the switching function &
starting with op. This set is also called the set of k-length
switching paths.

For the initial condition xo € R” and an infinite word @ =
(0k) o € 8(J,), we consider the flow (k,x0) — ¢ (k,x0)
defined by

(Z)w(k,xo) ZAw(k) X0,

where Ag(k) = Ag, | ---Ag,, s0 that Ay (0) =1d,, is called
the k-step transition matrix of the discrete-time switched
system associated to .

For an infinite word @ € 8.(J,), the solution of (1)
associated to the initial condition xp is given by the sequence
of points (@ (k,x0))ro-

Definition 3.1: The equilibrium point x = 0 of the
switched linear system (1) is globally uniformly exponen-
tially stable (GUES) if there exist constant ¢ > 0 and 0 <
A < 1 such that

190 (£,x0) 1% < cA||xo > 2)

holds for all initial conditions xy € R”, all £ € N and all
sequences of switching @ = (O)_o € Seo(Jp).

Proposition 3.2: [16] The following assertions are equiv-
alent:

1) The equilibrium point x =0 of (1) is GUES
2) There exists a positive integer N such that the follow-
ing LMIs problem admits a solution

3P =P = 0 such that P = ALPA,, Yo e 1. (3)

As an immediate corollary, we obtain the following crite-
rion for checking GUES:

Proposition 3.3: Let N be a positive integer. If the LMIs
problem (3) admits a solution, then the equilibrium point
x=0 of (1) is GUES.

For a fixed N, the criterion of Proposition 3.3 for checking
GUES consists of pN +1 LMI conditions. In Section IV, we
propose an approach based on linear algebra methods for
reducing the number of LMI conditions.

IV. CONDITIONS BASED ON NORMAL FORM MATRICES

Our approach for stability analysis is based on the fol-
lowing observation: the matrices in A* may satisfy algebraic
relations of the form

Z Aa)Aw = 07

finite
where the sum is taken over a finite set of words @ € J; and
Ao € R. Hence, for such a decomposition, if Ay, # 0 for a
word @y, then we have

A(Do = ZﬂwAwa
where ® # @y and Uy = —f—a‘;’o. In the sequel, we present

two methods for removing the LMI condition corresponding
to @y in (3).

Given N, let us denote by VliN) the subspace of R™*"
spanned by the matrices Ay, where @ € J;N). w
N

Definition 4.1: Let dy be the dimension of V, "’ and let
Ag, ,Aa,dN, where @; € J%M , be a basis of VliN). We call

the matrices Ay, 1 <i < dy, normal form matrices.

Next, non-normal form matrices are denoted by Ag,, dy +
1<i<pV.

Since the vector space spanned by normal form matrices is
a subspace of the n”-dimensional space R"*", the following
lemma yields:

Lemma 4.2: The number dy of normal form matrices is
smaller than n?.

Remark 4.3: Given a positive integer N, a necessary con-
dition for the existence of a matrix P solution of the LMIs
problem (3) is that the following LMIs problem admits a
solution

3P =P’ - 0, such that P~ A}, PAy,, V1 <i<dy. (4)

Remark 4.3 has two consequences. On the one hand, if
(4) has no solution, then the criterion of Proposition 3.3 for
proving GUES does not hold. On the other hand, if (4) admits



a matrix P as a solution such that P - AZ,’,PAQ,, for each non-
normal form matrix Ag,, then the criterion of Proposition 3.3
holds.

Moreover, from Lemma 4.2, the number of normal form
matrices is upper-bounded by n?, so that the maximal number
of LMI conditions of (4) does not depend on N. Nevertheless,
it could happen that the problem for normal form matrices
admits a solution which is not valid for (3).

We fix a positive integer N, and we denote as previously
normal form matrices and non-normal form matrices by
Agp - ,Ade and AdeH,m ,Apr, respectively. For each
non-normal form matrix Ag,, let A¢1,---, A7 4, be its coordi-
nates in the basis of normal form matrices, so that we have

dn
Aw[ - Z A«A](Awk
k=1

For 1 <i<dy, we define the real number:

dy
mi:lgziiN{k;lM&k‘ lé.i?éo}. 5)

Notice that m; > A,; for all #,£.

Before stating our main result, we need the following
Lemma, for which a proof is given the Appendix:

Lemma 4.4: Let P=PT = 0 be such that P > miAg,iPAw,.,

for every 1 <i <dy. Then, we have
P~ Ap PAg,, Y1 <0 <p". (6)

We obtain our main result, stated as follows:

Theorem 4.5: Let N be a positive integer and
Ag ;A iy be the normal form matrices. For
dy+1<0<pN, let Ap, 1 <k <dy, be the coefficients
of the decomposition of the non-normal form matrix Ag,.
Consider the real number defined in (5):

dy
{ 5
k=1

m; = max
1<t<pVN

M.,is«éO}, V1 <i<dy.

If the LMIs problem
IP=P" =0, P mAyPAy, 1 <i<dy, (7)

admits a solution, then the equilibrium point x =0 of (1) is
GUES.
Proof: Assume that (7) admits a solution. From (6),
we have P - Af, PAy, for every 1 <i < p". Hence, P is a
solution of (3), so that (1) is GUES from Proposition 3.3. ®
Remark 4.6: We fix an integer N.

1) The existence of a solution for the LMIs problem (7)
does not mean that the system (1) is quadratically
stable, excepted if N = 1. A counter-example is given
in Section V.

2) Theorem 4.5 shows that the stability of (1) is related
to the quadratic stability of another discrete-time linear
switched system, namely

1 =Awy 2k VhEN, 79 €RY, ®)

with the switching function y: N — Jg,. More pre-
cisely, when (7) admits a solution, (8) is quadratically
stable and an estimation of the delay rate equals to

\/3, where
6 = max {1} . &)
1<i<dy | m;

V. EXAMPLES

In this section, we illustrate Theorem 4.5 with an example
adapted from [21], [20]: we consider two matrices

-1 -1 -1 —a
c __ ¢ _
Al(l 1> andA(; 1>,

where a € R-( and we consider the discrete-time switched
linear system (1) with p =2, A; = exp (AiCT), T =1 and
ie{l, 2}.

The following table was given in [20, Section V]:

a=5 | a=6 | a=7 | a=8 | #LMI conditions
N=1| V - - - 2
N=3 | V v - - 9
N=8 | vV v v v 257

The meaning is the following: for every box with a v/,
a matrix P for the corresponding LMIs problem (3) was
obtained and for every box with —, no matrix was obtained 1

Moreover, each value of N corresponds to the smallest
one for which a matrix P was obtained for a new value of
a: in particular, for a =7, 8 and 4 <N <7, no matrix were
obtained.

Given values 5 <a <8 and 2 < N < &, the number of
LMI conditions of (7) is constant equal to 5. In particular,
for a =8 and N = 8, our method provides a positive definite
matrix P with 5 LMI conditions instead of 257.

VI. APPENDIX

In this section, we prove Lemma 4.4.

For that, we use the following result, which relates convex
hulls to LMIs problems:

Lemma 6.1: [22] Let P=PT =0 and M; e R, 1 <i<
k, such that P = MIPM;. If M € R™" is a matrix in the
convex hull of the M;’s, then P = M7 PM.

Now, we prove Lemma 4.4.

Proof: [Lemma 4.4] For 1 < /{ < dy, (6) is a con-
sequence of the following sequence of inequalities and
equality:

P = myA gy, PA, = Ay oAgy, PAw, = Al PAg,.

! That does not mean that the LMIs problem does not admit any solution!



For dy+1<¢<dy, we let ny=Y¢ || Ay | and we
consider the following decomposition:

For

dn
Aa)// = Z A'f,iA(l),'
=1

dN A ;
=3 2l (Gon (20) meay)

i=1

1 < i <dy such that Ay; # 0, by defini-

tion of m; in (5) and by definition of ny,, we have
nAy, < miAg, which implies P > (njAg)" P(nAg) =
(sign (M,,-) ngAwi)TP(sign (M",-) ngA(,,i). Hence, (6) follows
from Lemma 6.1. |
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