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The stability of arbitrarily switched discrete-time linear singular (SDLS) systems is studied. Our analysis
builds on the recently introduced one-step-map for SDLS systems of index-1. We first provide a
sufficient stability condition in terms of Lyapunov functions. Furthermore, we generalize the notion of
joint spectral radius of a finite set of matrix pairs, which allows us to fully characterize exponential
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1. Introduction

In this paper we investigate stability of switched discrete-time
linear singular (SDLS) systems of the form

Esqoyx(k + 1) = Agqox(k), (M

where 0 : N — {1,...,n} denotes the switching signal that
determines which of the n € N modes is active at time k.
Singular switched systems arise in many applications, such as
power electronics and systems, flight control systems, network
control systems, robot manipulators, economic systems, and so
forth (see e.g. Koenig & Marx, 2009; Lang et al.,, 2007; Meng &
Zhang, 2006; Xia et al., 2008; Zhang & Duan, 2007). There are
examples (e.g. the dynamic Leontief system in economic studies
in Luenberger, 1977) which are canonically given in discrete time;
however, system models stemming from physical first principles
usually are formulated in terms of differential equations in con-
tinuous time and also may contain external variables (inputs)
which can be used to influence the dynamics of the system. In
this paper we focus on the stability of the closed loop system, i.e.
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we assume that an adequate candidate feedback rule is already
chosen and ask the question whether this controller leads to sta-
bility regardless of the switching signal. Furthermore, we assume
that the continuous dynamics are discretized in time because
many feedback controllers are nowadays implemented digitally.
The consideration of a switching signal is often another modeling
simplification where rapidly changing parameters are simplified
as parameters which change their values instantaneously at some
isolated points in time.

There are already quite a few works devoted to the stability
of SDLS systems, some of them restrict themselves to the case
of a constant E-matrix (Xia et al., 2008; Zhai et al., 2009; Zhai &
Xu, 2010; Zhai et al., 2012) and some restrict the switching sig-
nal (Anh & Linh, 2017; Chen et al., 2013). The references Darouach
and Chadli (2013), Koenig and Marx (2009) and Meng and Zhang
(2006) which actually study the general SDLS system (1) seem
to have overlooked the fact that even if each mode is causal (i.e.
regular and index-1, see Section 2.2) the corresponding switched
system is not well-posed in general, see the recent publica-
tion (Anh et al., 2019); in particular, these references lack a proper
solution theory capable to handle arbitrary switching. In fact, to
study the SDLS system (1) under arbitrary switching it seems
reasonable to impose an additional causality assumption with
respect to the switching signal, i.e. the future value of the switching
signal should not influence the past values of the state-variable.
In other words, we expect that the value x(k) only depends on
the previous state together with the system parameters of the
modes active at time k or earlier. This intuition is formalized by
an index-1 assumption for the overall SDLS which then results in
a well defined one-step-map, see Section 3.
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Based on this novel solution framework we are able to gen-
eralize the well known stability result in terms of a common
Lyapunov function to SDLS systems (1), which can be seen as
a discrete time version of the results presented in Liberzon and
Trenn (2009) for the continuous time and which seems not to
have been reported so far.

Another main contribution is the generalization of the joint
spectral radius to the family of matrix pairs {(E;, A;)} associated to
(1) and how it can be used to characterize exponential stability
of the SDLS system (1). The continuous time counterpart of the
joint spectral radius is the Lyapunov exponent and was already
studied for switched singular systems in Trenn and Wirth (2012);
however, the methods used in the discrete time case are very
different from the ones used in the continuous time case. Fur-
thermore, we are able to show that the joint spectral radius of (1)
can also be obtained via a standard switched system of reduced
size. This may have important consequences when calculating
(or approximating) the joint spectral radius numerically, but this
topic is outside the scope of the current paper.

2. Preliminaries

In this section we recall some notations and results already
known for classical switched linear systems as well as discrete
time linear singular systems, that will be extended and general-
ized for index-1 SDLS in subsequent sections.

2.1. Switched linear systems

We recall in the following basic properties of switched linear
system of the form

x(k 4+ 1) = Agqx(k); (2)
where o : NU {0} — {1, 2,...,n} is the switching signal with
n € N modes, A; € R™" are given matrices, i = 1,2,...,n,

x(k) € R" is the state at time k € N.
Define the state transition matrix @, (k, h) for system (2) as
@, (k,h) =1 for k = h and, for k > h,

Dy (k, h) = Ag(k—1)Ac(k=2)---As(h)-

The unique solution of system (2) with initial condition x(0) =
Xo € R" is given by

x(k) = @, (k,0)xp, k> 0.

Definition 2.1. System (2) is called exponentially stable if there
exist y > 1and 0 < A < 1 such that for all switching signals
and any solutions x(-) of (2) with x(0) = xo € R" the following
inequality holds:

Ix(k)l < 28 lIxoll - Vk >0,
where || - || is some norm on R".
Lemma 2.2 (Rugh, 1996; Sun & Ge, 2011). System (2) is exponen-

tially stable if and only if there exist y > 1and 0 < A < 1 such
that for all switching signals the following inequality holds:

[Py (k) < yA¥T, Vk > j,

where || - || is the induced matrix norm.

Lemma 2.3 (Lin & Antsaklis, 2009). System (2) is exponentially
stable if, and only if, there exists a finite positive integer m such that
|4 A - Ai | < 1

for all m-tuples (A; )}11 with Ay € {A1, Ay, ..., A}

The stability of (2) can be investigated by using the joint
spectral radius of a set of matrices introduced in Rota and Strang
(1960).

Definition 2.4. The joint spectral radius of a family of matrices
{Ai}i, is defined to be

A, n = lim max
p({ 1}1) k—00 03€{1,2,...n

1
} lAs,Acy .- - A I %

The existence of the limit in the definition of the joint spectral
radius is based on the following well-known result of Polya and
Szego (1998), which we will also need in Section 5.

Lemma 2.5. Let {ax};2, be a sequence of positive numbers, such
oL 1
that ayy, < axa, for all k, £. Then the limit limy_, o,(ax)* exists.

Theorem 2.6 (See e.g. Shih et al., 1997). System (2) is exponentially
stable if and only if p({Ai}}) < 1.

2.2. Singular systems

We recall some basic properties of discrete-time linear singu-
lar systems of the form

Ex(k + 1) = Ax(k), (3)

where E, A € R™" and x(k) € R". Usually it is assumed that E is
singular, as otherwise, (3) could be multiplied with the inverse of
E from the left to obtain a standard linear system.

Definition 2.7. A matrix pair (E, A) € R™" xR"™" is called regular
if, and only if, the polynomial det(sE — A) is not identically zero.

Lemma 2.8 (Gantmacher, 1959; Weierstrafs, 1868). A matrix pair
(E, A) € R™™ x R™" is regular if, and only if, there exists invertible
matrices S, T € R™ " such that

(SET, SAT) = ([ %] [27]) 4
where N € R™>*"N is nilpotent and ] € RY*"Y with ny +n; = n.

In view of Berger et al. (2012) we call (4) a quasi Weierstrass
form (QWF) of (E, A). The QWF is unique up to similarity of the
matrices J and N; in particular, the nilpotency index of N (the
smallest number v € N such that N* = 0) is independent of
the choices for S and T and we will define the index of a regular
matrix pair (E, A) as the nilpotency index of N in the QWF. In the
index-1 case (also called sometimes causal) it is actually easy to
see that T = [Ty, T,] and S = [ETy, AT>]~! with full column rank
matrices T;, T, matrices such that

imT; =|S:=A""(imE) |:= {§ eR" : Af € imE}
imT, = kerE

transform (E, A) into QWF, in particular, S @ kerE = R". In
fact, the following stronger result holds, see Appendix A, Thm. 13
in Griepentrog and Mairz (1986) and cf. Prop. 9 in Bonilla and
Malabre (2003).

Lemma 2.9. The following three statements are equivalent for any
E,AcR™" and S .= A"!(imE).

a. The matrix pair (E, A) is regular with index-1.
b. SNkerE = {0}.
c. S@kerE =R"

The main relevance of regularity and index-1 is the following
statement about existence and uniqueness of solutions of (3),
which is a straightforward consequence from the QWF (4) and
was already stated as Lem. 2.5 in Anh et al. (2019).
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Lemma 2.10. Assume (E, A) is regular and of index-1, then the
discrete-time singular system (3) with initial condition x(0) = xg €
R™ has a unique solution if, and only if xo € S and the solution is
then given by

X(k) = @ %o, with g :=T[J0]T7",

where T and | are given by the QWF (4) and @ a) is independent
from the specific choice of S and T leading to (4).

Remark 2.11. The matrix @ 4) corresponds to the matrix A%
in continuous time, see e.g. Tanwani and Trenn (2010) and can be
interpreted as the one-step map for (3). However, it is important
to note that this interpretation is only valid if we assume that (3)
holds for at least two time steps. In fact, from

Ex(1) = Ax(0)
we can only conclude that
x(1) € {® 4x(0)} + kerE.

In order to conclude that x(1) = @ 4)x(0) we additionally have
to take into account

Ex(2) = Ax(1)
together with S N kerE = {0}.

Definition 2.12 (cf. Debeljkovic et al, 2007). Assume that there
exists symmetric positive definite matrix H € R™" such that
ATHA — ETHE = —K, where K is symmetric and positive in the
sense x' Kx > 0, Vx € §\{0}. Then the function vV : R" — R0,
defined by V(x) = (Ex)"HEx is called a Lyapunov function for
system (3).

Lemma 2.13 (cf. Debeljkovic et al., 2007). Assume that system (3)
is regular and of index-1. Then system (3) is exponentially stable if,
and only if, there exists a Lyapunov function for system (3).

3. Solution theory for switched singular systems

We now consider the solution properties of the switched
SDLS (1)

EgyX(k + 1) = Agrx(k),

where o : NU {0} — {1,2,...,n}, n € N, is a switching signal
taking values in the finite set {1, ...,n}; E;, A; € R™" are given
matrices, and x(k) € R" is state vector at time k € N. Suppose that
the matrices E; are singular for all i = 1, 2, ..., n. For notational
convenience we put o(—1) = 1.

Remark 3.1. In (1) the E-matrix is also assumed to depend on
the switching signal. Here we assume that the E- and A-matrices
change synchronously, which leads to (1). However, one could
also argue that the matrix in front of the future value x(k + 1)
should also be the matrix valid in the future, leading to the
following SDLS system

Eq (e 1yX(k + 1) = Ag(yx(k) (5)

which is the system class studied by one of the first papers on
discrete time-varying singular systems (Luenberger, 1977). One
could even argue that the equation determining the future value
x(k+ 1) should be governed by the future coefficient matrices, i.e.

Es(ky1yX(k + 1) = Agkq-1yX(k),

which, however, can be analyzed with the same methods used for
(1) by just considering a shifted switching signal. The “correct”
modeling choice will in the end depend on the underlying appli-
cation and here we decided to focus on the form (1). Some results
concerning (5) have been developed in parallel to this work and
have already appeared (Linh, 2018).

For the continuous time case it suffices to assume that each
matrix pair (E;, A;) is regular, to conclude existence and unique-
ness of (distributional) solutions of the corresponding switched
system. This nice solvability characterization is lost in the discrete
time case (see e.g. Example 1.1 in Anh et al., 2019); in particular,
causality with respect to the switching signal may be lost. It is
therefore necessary to impose more strict assumptions on the
matrix pairs (E;, A;) to be able to conclude suitable solution prop-
erties. Inspired by our previous works on discrete-time singular
systems (Anh et al., 2007, 2019; Anh & Yen, 2006; Loi et al.,
2002), we introduce the following index-1 notion for the overall
switched system.

Definition 3.2. System (1) is called an arbitrarily switched
singular system of index-1 if

SiNkerE = {0}, Vije{l,2,....n}, (6)

where S; := A;'(imE;).

Since condition (6) also needs to hold for i = j and in
view of Lemma 2.9 it follows that each individual pair (E;, A;)
needs to be regular and of index-1, i.e. the definition is indeed a
generalization of the index-1 property for the non-switched case;
however, Example 1.1 in Anh et al. (2019) shows that regularity
and index-1 (causality) of each individual mode is not sufficient in
general for the whole SDLS (1) to be of index-1 in the above sense.
Note furthermore, that we do not assume that the “mixed” matrix
pairs (Ej, A;) are regular and index-1 (because &; is defined in
terms of E; and not E;). We highlight the following consequences
from the index-1 definition.

Lemma 3.3 (Lem. 3.3 in Anh et al., 2019). Suppose the SDLS system
(1) is of index-1. Then the following statements hold:

(a) rankE; =r, i=1,...,n
(b) Si®kerE; =R", foralli,je{1,2,...,n}.

Based on the index-1 assumption it is now possible to give an
explicit solution formula for the SDLS system (1).

Lemma 3.4 (Thm. 3.5 in Anh et al., 2019). The SDSL (1) of index-1 in
the sense of Definition 3.2 has a unique solution with x(0) = xo € R
if, and only if, Xo € Sy(0). This solution satisfies

X(k + 1) = Qore1),000X(k) Vk €N, (7)

where ®@;; is the one-step map from mode j to mode i given by

ker Ej

d),"j = Hsi ]¢(Ej,Aj),

kerEj . . .
where H;r ! is the unique projector onto S; along ker E; and &g, )
is the one-step map corresponding to mode j as in Lemma 2.10.

Note that a direct consequence of the solution formula (7)
is that all solutions satisfy x(k) € &y for all k (as expected).
Furthermore, the definition of the one-step-map consist of two
parts: first the old state is mapped to an intermediate state with
the one-step-map of the current mode, afterwards the new state
is obtained by applying a projector, so that the new state is
consistent with the new algebraic constraint, cf. also Remark 2.11.

Remark 3.5. Similar as for classical switched systems (2), it is
now possible to define also a transition matrix &, (k, h) for SDLS
system (1) as follows:

Do (K, h) = Do (1), 0(k=1)Po(k=1),0(k=2) * * * Pos(h+1),0(h)
for k > h and

ker E,(p
Dy (h, h) = Hsa(h) (h)
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Then all solutions of the SDLS system (1) are given by
x(k) = @4(k, 0)xo. (8)

Note that also for xo ¢ Sy(0), the formula (8) results in a valid
solution, however, in general x(0) # xo and

X(0) = Mg " .
In the following we give a constructive formula for the matrix
®@; j as well as for the unique solution to SDSL system (1). These
formulas will be helpful in the forthcoming stability analysis.

Lemma 3.6 (Lem. 4.1 in Anh et al., 2019). Consider the SDLS system
(1) and assume that it is index-1. For i = 1,...,n, let T; =
[si‘, R l,hlr“, ..., h'] be such that it columns form bases of S;
and ker E;, respectively. Let P := [ 0] € R™", where I, isanr x,
identity matrix, Q := I, — P. Finally, let P; := T,PT;' errE’,
Q=1-P =1, and Q; = T,QT;"" forij = 1,....n. Then
the following properties hold

(i) G,{ = E; + A;Q;j is nonsingular for all i,j € {1,2,...,n},

(ii) Mg, 7 =1—QiG;}'As
(iii) D4 = PiG;; A
(iv) @ij = (I — Qi;G;;'A)P,G;}'A;.

4. Stability of switched system based on Lyapunov functions

We will establish a sufficient condition for the exponential
stability for SDLS systems (1) in terms of the Lyapunov functions
of each mode. This approach is inspired by a similar result avail-
able for the continuous time case (Liberzon & Trenn, 2009); in
particular, it generalizes the common Lyapunov function approach
for standard switched system.

We first generalize the notions of stability already defined for
switched linear system (2) to the class of SDLS systems (1).

Definition 4.1. System (1) is called stable if there exists a positive
constant y such that for all switching signals, the colrrespondmg
solution x(-) with the initial condition x(0) = H;FE”(O) Xxo for

Xo € R", satisfies
Ix(R)II < v lIxoll -

Definition 4.2. System (1) is called exponentially stable if there
exist constants ¥ > 0 and A € [0, 1), such that for all switching
signals, the correspondmg solution x(-) with the initial condition

x(0) = 17(er "(O)XO for xo € R" fulfills

X < ¥ A% [Ixoll -

Note that the (exponential) stability definitions are in terms of
Xo and not in terms of x(0) (which is unequal from x, in general);
this is important for precise characterizations in terms of the
transition matrix (in particular for concluding an upper bound of
the transition matrix, see e.g. the necessity part of the proof of
Theorem 5.3).

Theorem 4.3. Consider the SDSL (1) of index-1 and assume that
every subsystem Eix(k + 1) = Ax(k) is exponentially stable with a
Lyapunov function V; : R" — Rsq, X > (Eix)TH;Eix in the sense of
Definition 2.12. If

Vi(Px) =V (Px), Vi,j=1,2,...,n, (9)

where P; = T, then the SDLS system (1) is exponentially stable

for arbitrary swztchmg signals

Proof.

Step 1: We construct a Lyapunov function for the switched system
which decreases along solutions.
If x € §; N S; then x = Pix = Pjx. From condition (9) we have

Vi(x) =
Vi(x) =
Thus, Vi(x) = Vj(x) for all x € §; N Sj, therefore we can define a

common (piecewise-quadratic) Lyapunov function for system (1)
as follows:

Vi(Pix) < Vi(Pix) = Vi(x),
Vi(Pix) < Vi(Pix) = Vi(x).

Vi(x) ifxes,

. n
V:RE—>R, x— { 0 otherwise.

Suppose x(k), k € N, is the solution of system (1), then

V(x(k + 1)) — V(x(k))

= Vok+1)(X(k + 1)) = Vo (x(k))

= Vo(k+1)(Pokr1)X(k + 1)) = Voo (x(k))

< Voy(X(k + 1)) — Voq(x(k))

= (ExX(k + 1)) Ho o (EoyX(k + 1))
— (Eo(oX(k)) " Ho o (Es(ix(K))

= (Ao(rx(k))" J(k)( 0X(K))
- (Ea(k)x(k))THo(k( o (k)X(

= (k)T( I(k)H Ao (k) —

= —x(k)T Ko(ox(k).

Since K, k) is by assumption positive definite on S, it is shown
that indeed V decreases along solutions.

k))
E o Ho () Eoio X(K)

Step 2: We show existence of A; € (0, 1] foralli € {1, ..., n} such

that
X Kix > MVi(x) Vx € S;.

Let S; = {yesS |Vily)=1). Since S is the preimage of a
closed set under a continuous function it is closed. Seeking a
contradiction suppose that S; is unbounded, then there exists a
sequence {y,} within S, such that ||y,|| = oo as £ — oco. Due to
the positive definiteness of the matrix H;, there exists a positive
constant y;, such that 1 = Vi(y¢) = (Eiye)"HiEiye > villEyell*.
Let E; be the restriction of E; to S;. According to Lemma 3.3(b),
S; @ ker E; = R", hence, El - S — Ei(S;) is a bijective mapping,
therefore, it has . an inverse E ! . Since yg € S, we find |ly|| =
||E Eyell < ||E YEyell < \/»||E 1|, which contradicts the
assumption ||y.|| — oo as £ — oo. We therefore have shown
that S is compact, hence

X :=miny Ky > 0

YeS;

is well defined. Furthermore, by definition of K; and positive
definiteness of H; we have y'Kiyy = yTETHlE,y y'ATHAy =
Vi(y) — y'ATHAy < 1forally € Sl and hence ; < 1. Since
for any x € S; \ {0} we have that m € &, we can therefore

conclude that

T
Tirs X
X K,x_< V,-(x)) K; VI(X)V,(X)Z AVi(x).

Step 3: We show exponential stability.
Let A := min{\q, ..., Ay} € (0, 1] then from Steps 1 and 2 we
immediately obtain:

Vx(K) < (1= 2)V(x(0)), Vk=0.
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Since K; is positive definite on S; there exists y; > 0 such that
x"Kix > yi|x||? for all x € S;. Hence we have, with 7 := min{j;,
cc )_/n}v
(k)T Ko (1ox(k) _ Vx(k)
) v 77
< O y(x(0)) < U2E B, 0)Ho 0Ento

XN <

)l 1x(0) 1.

We therefore have shown exponential stability

Ix( < y Ak (Ixoll

with A := /1 — X € [0, 1) and (recalling that x(0) = H;ir(:)”(o Xo)
. kerE, .
with y i= [ 1517 | VB ofwEol/7. ™

Remark 4.4. Similar as in the continuous time case it is possible
to relax the condition (9) to

Vi(Pix) < uVi(Px), Vi, j=1,2,...,n

where 1 > 1. Then exponential stability holds for all switching
signals whose dwell time is sufficiently large. To be precise,
assume that every subsystem Eix(k + 1) = Ajx(k) is exponen-
tially stable with Lyapunov function V; : R* — Rsq, Vi(x) =
(Eix)"H;(Eix), where H; are the symmetric positive definite ma-
trices, such that A" HiA; — El-TH,-E,- =—K, i=1,2,...,n and K;
are symmetric and positive in the sense that x"Kix > 0, Vx €
Si\{0} and let & = min; lﬂfxes,\{O} . As shown in the proof of
Theorem 4.3 we have A € (0, 1] and 1t is easily seen that the case
A = 1 is only possible if x(k) = 0 is the only solution of (1).
Otherwise, exponential stability holds if the dwell time d of the
switching signal satisfies

d > log;_;(1/p).

5. The joint spectral radius and exponential stability

The previous section provided only a sufficient condition for
exponential stability, we will now provide a necessary and suf-
ficient condition for exponential stability in terms of the joint
spectral radius. Furthermore, we will exploit the solution prop-
erties to calculate the joint spectral radius via a standard system
of reduced size. Finally, we highlight that the conditions simplify
significantly under a certain commutativity assumption.

5.1. Stability characterization via joint spectral radius

Our first goal is to characterize exponential stability with a
generalization of the joint spectral radius similar as in
Theorem 2.6. Therefore, we first define the joint spectral ra-
dius of a family of matrix pairs {(E1, A1), (E2,A2), ..., (En, Apn)}
corresponding to the SDLS system (1) of index-1 as follows.

Definition 5.1. The joint spectral radius of (1) of index-1 is
n 1/k

o ({5 A}}) = Jim max |@ ol
e(l ,,,,, n}

itsiemt Piriemy *

where @;; is the one-step-map as in Lemma 3.4 and || - || is the

induced matrix norm.

We will show the existence of the limit in Definition 5.1.

Letting @y = maxi,.i,.. ‘k ||(p1k ik Pigiiy
el

the following estimates:

@i, i, | we have

@:

Ag+m = max ”q) ikrm—1,ik+m—2 "

. ; ik+msik+m—1
B0 sy iktm

€{1,...,n}
- max HCD

imsedipm
€{1,...n}

max || &

S p im,im—1
igiqseens im
€{1,...,n}

=  axQp.

- Piy i ”

IA

¢ik+m—1‘ik+m—2 B

. b,

Imt1.im H X

Tkgm s lletm—1

@

im—1,im—2 "

. (pihfo ”

Hence Lemma 2.5 ensures the existence of the required limit.

Remark 5.2. In the index-0 case, i.e,, when E; = I,, i = 1,2,
., n, we find qjikvik—lq)ik—l-ik—z s @,‘1.,'0 = Ai,<71Ai,(72 A10. Thus
the joint spectral radius of a family of matrix pairs

{(In, Ai)}L equals the joint spectral radius of the family of matri-
ces {Ai}L .

Theorem 5.3. The switched system (1
stable if, and only fif,

p ({E AN < 1.

) of index-1 is exponentially

Proof. Sufficiency. Let K > 0 and A € (0,1) such that
1/k

maXiy iy,....ixe{1 ” cz)lk 1k—1¢'k—1"k—2 : '1 ip ” <X < 1forall

k > K and let x( ) be a solution of (1 ) for some switching signal

o, then due to Lemma 3.4 and in view of (8), for all k > K

XU < | Pow.ote—1) -+

X
Do(1).000) | I1X0ll < A¥]Ixoll

YA xoll,

IA

for any y > 1. In fact, let y > 1 be such that

y > max max ”(pik’i" 1 Py - Diyg ”

1<k<K ig.i1,....ig Ak
€{1,...,n}

then, clearly, forall0 < k < K

Ix(R)I| < v A*xo]l-

Necessity. In view of (8), we have that
IX(K)I| = 1P (k, Oxoll < ¥4 Ixol

for all k > 0, xo € R", all switching signals o and all corre-
sponding solutions x(-). Since | - || is an induced matrix norm we
therefore have

)

max || Dy,
IO 11
el >

k
i 1¢'k—1s'k—2 ”¢'1s'0 ” =yA

p({(E. A0} < lim y" 2 <h <1 w

Remark 5.4. With similar arguments as in the proof of
Theorem 5.3 it is actually possible to show that the result from
Lemma 2.2 also holds for SDSL systems. Furthermore, a general-
ization of the result from Lemma 2.3 holds: p ({(E;, Ai)}?) < 1if,
and only if, there exists K > 0 such that

’|¢iKvil(—l¢iK—1siI<—2 .. ~@,’1’,'0 || <1 Vig,iq,...,ix € {1, .. .,n}.

In fact, if such a K > 0 exists, then exponential stability is
guaranteed with

1/1(
A= ; max H Pig.ix—1 Pig_r.ix— *** Pir.ig ”
051151k
€{1,...,n}
&0 Dy i Dy
kolk—1 " Tk—1,1k=2 11,19
y = max max ” - . ”
1<k<K ig.iq..if A

€{1,...,n}
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5.2. Reduced order joint spectral radius

Although it is possible, to explicitly calculate the one-step-
maps @;; via Lemma 3.6, we want to provide another approach
to check for exponential stability. The advantage of this ap-
proach is that one can reduce the initial n-dimensional switched
linear singular system (1) to a well-understood r-dimensional
switched linear nonsingular system. This reduction is based on
the following result.

Proposition 5.5. Consider the switched singular system (1) of
index-1 and let T; and G;; be given as in Lemma 3.6. Then

T- c:1AT_A,_[’f1 0] (10)
J J I ?

i.j

for some A1j € R™" and A!; € R"""X" where r as in Lemma 3.3(a)
is assumed to be positive. Furthermore for any switching signal we
have that x(- ) is a solution of (1) if, and only if, v(-) is a solution of

v(k + 1) = Ao 1yo(K) (11)

and

v(k)
x(k) = o(k— )( A2 2 ot 1)v(k))'

In particular, (1) is exponentially stable if, and only if, (11) is
exponentially stable.

Proof. Observe that G;;Pi = (E; + AT;QT, )T:,PT,' = EP; +
AiTjQPTi’] = E;P;. Further, since Q; is the projection onto kerE;
along S, it follows E;Q; = 0, therefore, E;P; = E;(P; + Q;) = E;.
Thus, G; jP; = E;, hence P; = Gifle,- and

Ej:=T"GETi=[%0].

Furthermore, according to the proof of item (ii) of Lemma 3.6,
ATQ = G;;T;Q, hence Tl.’1G;j1AiTjQ = Q and therefore

1 11 Alj 0

Ay=T7'G AT = -

Multiplying both sides of system (1) by T, (k)Ga(k)n(k 1> and using
the transformation x(k) = a‘(,l{_l)x(k), we get

DXk + 1) = Asgok—1yX(K). (12)

Putting x(k) := (v(k)", w(k)T)T, where v(k) € R", w(k) € R",
we can reduce system (12) to (11) in combination with

w(k) = =A% V(K-

Since (1) has by assumption only finitely many different modes,
maxieq1, .oy [Till < 00, maXie, . o IT7 < oo as well as
max; jeq1,.. ||A A < o0 consequently, x(k) converges exponen-
tially to zero if, and only if, v(k) does. ®

Eo (o (k—

l_(emark 5.6. Comparing (11) with (7) it becomes apparent that
does not directly correspond to @;; for i # j, because in (11)

we have that A} (.0(k—1) Telates v(k) with v(k + 1), while in (7)
the matrix (D,,(kﬂ) o (k) relates x(k) with x(k + 1).

Theorem 5.7. Assume that system (1) is of index-1 with r > 0 as
in Lemma 3.3(a) and consider the reduced system (11). Then

o ({(EL AV, = p ({Ail,j}?jzl)

- . 1/k
= lim max |Al . ..Al; ’ .
K00 i_1uigomi_q NI tk=Tle—2 " 0.1
€{1,...,n}

The proof of Theorem 5.7 is based on the following lemma.

Lemma 5.8. Assume that system (1) is of index-1. Then the
following statements hold for all i,j, k € {1, ..., n}:
(l) q)le] (PU, CerE
(ii) @;j = Bij P where &ijy = Il PG A
(iii) PG AT = PG\,
Proof.

(i) From Lemma 2.10 it follows that

i0
¢(Ej,Aj)Qj =T [](J) 0

and hence by Lemma 3.4 we have @;;Q; = 0 which
concludes the proof because P; =1 — Q.
(ii) Due to (i) and Lemma 3.6 we have for any & € R"

Ir'n[30]r " =0

ker E;
;& = ®;iPE = Hm JPG 1AP5

Since Pi§ € S = Aj_ (imE;) there exists n € R" such that
AjPi€ = Ejn and according to the proof of Proposition 5.5
we have P; = G;,/E; for all j, k, in particular, G;}'F; = P; =

G,  Ej, so that
Pij§ = H;erEJPJG IEJ" = errEJPJG; K Ein
ker E;
=I5, 'PG; AP = Bij P

Since & € R" was arbitrary, the claim is shown.
(iii) We have

PG ATy = PG Al — QG AY)
= PG;'A — P,G; ;' AiQi G, A
= PG;;'Ai — TiPT G AT,Q TG} A;

= PG;j'AP; — TiPQT; G ' AiP;
"EPG AP = PG AL

where we used T, 1614 iTiQ = Q, which was already
established in the proof of Proposition 5.5. ®

Proof of Theorem 5.7. From Lemma 5.8 it follows that

q)lk 'k 1(pik—1 Ik—2 " (15,2 i q)iw'o
= (p'kvfk—lvik 2P 1(p'k—1»'k—2sik—3pfk—2 = Piy.igigPiy Piyig.i_y Pig
kerEj - -
Siy ik—1 PAik—lik—z PAikfszfa U PAiLio PA!o iq T P
(13)
Therefore,
n
P ({(Ei, Ai)}i:1)
li & @ e
klm max H I ik—1 ¥ ik—1.0k—2 * " Firig H
—> 00 i0,i1,-ik
e{1,...,n}
) 1/k
(13) .. l(erE”F1 - - _
=" lim ‘Mmnax H HS,- Tik—lpAik—lsik—z"'PAio-i—l TL] Pio
k—00 i_q...if k
€{1,...,n}
. - 1/k
< kllm _ max ||PA,k vieea--PAig i |
—>00 11,
e(l ..... n)

. l(erElk 1
lim max (HH T;
. > Si k—1
k—00 i1,k

)1/k
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- - 1/k
klirgw max (IPAy_, ey ---PAi_, ||)
e{1,...n}
] - 1/k
= Jim max (&) =0 (AR
e{l,...n}
ker ker Ej
On the other hand, we clearly have P;IT ;r =11 ;r which
together with Lemma 5.8(iii) and (13) yields
kerE,ki1 - _
H.S,-k Tfk 1PA'k 1,0k—2 * PAH PA'OI 1T
l(erElk 1 1 kerE; 1
=1Ilg T ]PA,k Lk - - PAl1 i AIOI ]T 1'[
kerE,k 1 1 kerE, _1 (14)
=1l le 1PA'k k=2 * PAll loPAlol 11 1P HS,O
ker E; 1
= (pikqik 1o @i Hs,o
kerEj
Note that P;I[Tg ’P; = P;, which is equivalent to
kerE,
PI Mg TP =P, (15)
therefore,
p (1A }i=1)
. 1 -1 1/k
= khjgo ,-7?’_1%{(71 ’Alk 1ik—2" Aio,i—l
e{1....n}
- - 1/k
= lim max HPAik—lvik—Z“'PAiovi—l ||
k—>00 i_q..
E(l ..... n)
kerE,k 1 - 1/k
= k]l)ngo Imaxlk PTzk 117 le 1PAlk 1,ik,2~-~PAi0,i,1
ef1....n}
kerEj, - - | Vk
< kll)l‘}’)lo ll‘ll’la)fk Hsik Tik—lpAik—lsik—Z"'PAiO«i—lTL1
€{1,...,n}
) 1/k
lim max (HP ; ’ ITi, ||)
k—00 i_1.ig_1 k=1
e{1,...n}
kerEL1 1/k
’llm max ”¢,‘k.ik71...¢j1,;‘0 s,
k—00 i_1,..., 0
e{1,..., n)
1/k kerE,—il 1/k
< lim max H(Plk i1 Pirio | - lim - max | IT
k—00 i_q,. k—oo i 110 io
e(l,wn) €{1,...,n}
1k _
k=1 d)ll ip ” ({(Ei,Ai)}?:l) .

Thus, we get p ({(E. A)YL,) = p ({A]}F ). ™

Remark 5.9. The joint spectral radius in Definition 5.1 may also
be called Bohl exponent for the index-1 SDSL (1), cf. Du et al.
(2016) and the references therein. Concerning the computation of
the joint-spectral radius (or Bohl exponent) of the SDLS system
(1) we first remark, that already in the nonsingular case the
calculation (of an approximation) is an NP-hard problem (Theys,
2005) and the situation gets even worse for the SDLS system
(1) because according to Definition 5.1 the joint spectral radius
needs to be calculated for n? matrices (instead of n matrices in
the non-singular case). This complexity issue is to a little extent
resolved by Theorem 5.7, because it shows that the calculation
can be carried out with smaller r x r matrices instead of n x n
matrices.

We illustrate Theorem 5.7 by applying it to the following
example.

067

0.4

-1%— . T . . : :

2 4 6 8 10 12 14

Fig. 1. State responses of x{(k), xo(k), x3(k).

Example 5.10. Let
—11 1 011
3 —6-3 1 -2-1
(Ez,Az):([ 0 -3 0] [71 7271])
—6-9 6 -1-23
A simple computation shows that ker E; = ker E; = span{(1, 0,
D', S = S = span{(—1,1,0)",(0, —1,1)"}, hence S; N

kerEJ = {0}, i,j = 1, 2. Hence system (1) with the above data
is of index-1. An easy computation shows that with the choice of

T1=T, = 1—10 , we have
0
1 1
1 1 7 0 al _ a1 _ |30
A11—A12—|:01i|’ A2,2_A21_[01 ’
2 3
1 -1 -1 1 =1 -1
4 74 1 6 6 6
Py =Ppn=|0 3 o[, Pp=Pp=|0 31 0 |,
-1 -1 1 -1 -1 1
4 4 1 6 6 6

Using Theorem 5.7, we find p({(E,,Al)}, = % < 1. According to
Theorem 5.3, the SDLS system with the above data {(E;, 1)}: 1
is therefore exponentially stable. Note that the spectral radius
cannot be read off directly from &;; but can be easily determined
from A1 A numerical simulation is presented in Fig. 1 with initial
condltlon x(0) = [=3,2, 1]T under switching signal o (k) = (k

mod 2) + 1.

5.3. Commutativity and exponential stability

It is well known (see e.g. Lin & Antsaklis, 2009; Zhai et al.,
2002), that certain commutativity conditions ensure exponential
stability under arbitrary switching for switched systems, hence
Lemma 3.4 immediately leads to the following result on expo-
nential stability under arbitrary switching.

Corollary 5.11.  Consider the SDLS system (1) of index-1 and
assume that all one-step maps ®;; as in Lemma 3.4 have eigenval-
ues in the (open) unit circle and commute with each other. Then
the SDLS system (1) is exponentially stable. In particular, the joint
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spectral radius is the largest absolute value of all eigenvalues of all
one-step-maps ;.

Due to Proposition 5.5 it is also possible to test the commuta-
tivity condition on the smaller matrices A! i

Corollary 5.12. Consider the SDLS system (1) of index-1 and let;\.].
be given according to Proposition 5.5. If all eigenvalues of A are ln

the (open) unit circle and all Alj commute with each other then the
SDLS system (1) is exponentially stable.

Remark 5.13. (i) Since
det(M, — Aj) = det(\T; 'G'EiTy — T, 'G ;' AT;)
= det(T,” 1ci’j Ydet(AE;T; — AiTj),

and due to the block upper diagonal structure of A; ; j» all eigen-
values of Al are also finite (generalized) eigenvalues of the pair
(EiT;, AiT;) (1 e. those A € C such that det(AE;T; — A;T;) = 0). Hence
a sufficient condition for A1] having only eigenvalues in the unit
circle is that the pair (E;T;, A;T;) has this property.

(i) There seems to be no obvious connection between the eigen-
values of @;; and A;j and also not between the commutativity of
each. Hence as of now it is not clear, which stability condition is
more conservative.

Example 5.14. Let us consider Example 5.10 again. Clearly, the
diagonal matrices A1 commute and the eigenvalues have mag-
nitude smaller than one, hence (without explicitly calculating
the joint spectral radius we can conclude via Corollary 5.12 that
(1) is exponentially stable under arbitrary switching. Note that
the matrices @;; also commute and their spectrum is given by
{0,1/2,1/2} or {0, 1/3, 1/3}, so Corollary 5.11 can also be used
to establish exponential stability of (1).

Remark 5.15. There are many similarities between the contin-
uous and discrete time cases. In fact, the single-mode one-step
map @ 4) is identical to the matrix A% which describes the
dynamics of Ex = Ax via the equation x = A%ffx (see Tanwani
& Trenn, 2010; Trenn, 2012). There is also a similarity when
considering switching, in both cases the dynamics are described
by the single-mode one-step map in combination with a certain
projector. However, the major difference between continuous and
discrete time cases is that for the discrete time case, the resulting
dynamics can still be described in a usual way (i.e. x(k + 1) =
Mx(k) for some matrix M), while in the continuous time case
the resulting dynamics are a combination of a continuous flow
with a discrete jump. In particular, an adequate notion of com-
mutativity for the continuous time case and the corresponding
proof of exponential stability (Liberzon et al., 2011) is much more
complicated than for the discrete time case.

6. Conclusion

In this paper a class of SDLS systems of index-1 is introduced
and a corresponding one-step-map is established. The stability of
such systems is studied by using Lyapunov functions as well as
the joint spectral radius of a set of matrix pairs. Furthermore, cer-
tain commutativity conditions are shown to preserve exponential
stability.
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