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Abstract

We introduce and analyze a general class of singularly perturbed linear hybrid systems with both switches and impulses, in which the
slow or fast nature of the variables can be mode-dependent. This means that, at switching instants, some of the slow variables can become
fast and vice-versa. Firstly, we show that using a mode-dependent variable reordering we can rewrite this class of systems in a form in
which the variables preserve their slow or fast nature over time. Secondly, we establish, through singular perturbation techniques, an upper
bound on the minimum dwell-time ensuring the overall system’s stability. Remarkably, this bound is the sum of two terms. The first term,
which can be equal to zero, only depends on the matrices of the reduced order linear hybrid system describing the slow dynamics and
corresponds to an upper bound on the minimum dwell time ensuring the stability of that system. The order of magnitude of the second
term is determined by that of the parameter defining the ratio between the two time-scales of the singularly perturbed system. We show
that the proposed framework can also take into account the change of dimension of the state vector at switching instants. Numerical

illustrations complete our study.

Key words: Stability analysis, Singular perturbation, Switched systems, Impulsive systems, Dwell-time.

1 Introduction

Systems characterized by processes that evolve on different
time-scales are often encountered in biology L.Chen & Ai-
hara (2002), Hodgkin & Huxley (1952) but are also present
in engineering Malloci (2009), Sanfelice & Teel (2011).
In this case, the standard stability analysis becomes more
difficult and singular perturbation theory Kokotovi¢ et al.
(1999), Khalil (2001) has to be used. This theory is based
on Tikhonov approach that proposes to approximate the dy-
namics by decoupling the slow dynamical processes from
the faster ones. The stability analysis is done separately for
each time scale and under appropriate assumptions one can
conclude on the stability of the overall system. Significant
results related to stability analysis and approximation of
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solutions of singularly perturbed systems can be found in
Balachandra & Sethna (1975), Nesic & Teel (2001), Teel
et al. (2003). We also note that singular perturbation the-
ory was used to study the behavior of piecewise smooth
systems with state triggered switches Llibre et al. (2009),
Fiore et al. (2016).

Another feature that characterizes many physical systems
is the presence of discrete events that occur during the con-
tinuous evolution. These events include abrupt changes of
dynamics or instantaneous state jumps, which lead to the
classes of switched systems or impulsive systems, respec-
tively. Stability analysis and stabilization of singularly per-
turbed linear switched systems are considered in M.Alwan
et al. (2008), Malloci, Daafouz & Tung (2009). Interestingly,
it is shown in Malloci, Daafouz & Iung (2009) that even
though the switched dynamics on each time scale are stable
for all switching signals, the overall system may be desta-
bilized by fast switching signals. Clearly, this is in contrast
with classical results on continuous singularly perturbed
linear systems Kokotovi¢ et al. (1999) and is a motivation
for developing dedicated techniques for stability analysis
of singularly perturbed hybrid systems. Stability analysis
of singularly perturbed impulsive systems is considered
in Simeonov & Bainov (1988), Abdelrahim et al. (2015).
More general singularly perturbed hybrid systems can in-
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volve both switches and impulses. A stability result for this
class of systems can be found in Sanfelice & Teel (2011).
In these works, the slow or fast nature of the state variable
does not change when an event (switch or impulse) occurs.
In this paper we introduce and analyze a class of singularly
perturbed linear hybrid systems in which, at switching in-
stants, slow variables can become fast and vice-versa. Our
framework also includes the analysis of singularly perturbed
linear systems with or without switches and/or impulses.
Moreover, taking advantage of the linear dynamics under
study, we go beyond the results in Sanfelice & Teel (2011)
by characterizing the required dwell-time in terms of the
parameter defining the ratio between the two time-scales.
Although the technique in Sanfelice & Teel (2011) can be
adapted to take into account the change of the slow or fast
nature of the variables, our results are intrinsically differ-
ent due to the different way to obtain the reduced order
system. Indeed, for the linear switching system presented
in Malloci, Daafouz & Iung (2009) we obtain a reduced
order system which is stable for any switching rule while
using the method in Sanfelice & Teel (2011) the reduced
order system is stable only for switching rules satisfying
a dwell-time condition which is independent of the ratio
between the two time-scales. Consequently, we are able
to characterize more precisely the size of the dwell-time
guaranteeing overall system stability.

The class of dynamical systems discussed in this paper is
motivated by an industrial application in steel production.
The objective in rolling mills is to reduce the thickness of
a strip and this goal is reached by maintaining the strip
in a straight line and close to the mill axis. When each
stand is linked to the others by the strip traction, there is
no discontinuity in the model. The system has a two time
scale nature as there is a slow dynamics corresponding to
the lateral displacement of the strip after each stand and a
fast dynamics corresponding to the angle between the strip
and the mill axis. The corresponding control problem can
be treated using classical linear techniques as it is enough
from a practical point of view to consider small deviations
around an ideal operating point (see Malloci et al. (2010)
and references therein). The situation is different in the
last phase of the rolling process called the tail end phase
and where the strip leaves the stands one after the other.
Traction is lost each time the strip leaves a stand and this
increases the difficulty to guide the strip as it is free to move
in all directions. There are several difficulties in this phase.
The first one is related to model discontinuities. Each time
the strip leaves a stand the system dynamics changes and
switching occurs. Moreover, the tail end phase is very short,
the switchings are very fast and stability of all subsystems
is not a sufficient condition to guarantee the stability of the
whole system. The second difficulty is related to the changes
in the nature of the dynamics after switching. The angle
which was a fast variable becomes a slow variable and this
change occurs at each time the strip leaves a stand. A sys-
tem with this behavior can be defined as a switched system
with multiple time scales, changes in the nature of the state
variables and changes in the dimension of the state vector

Malloci, Daafouz, Tung, Bonidal & Szczepanski (2009).

Starting from the above motivation, we introduce and an-

alyze a general class of singularly perturbed linear hybrid

systems with mode-dependent nature of the state variable
in which the sequence of discrete events is time-dependent.

Although some preliminary results have been presented in

Rejeb et al. (2016), the main contributions of the current

work are:

e a new class of singularly perturbed hybrid systems and a
procedure to rewrite such systems as linear hybrid sin-
gularly perturbed systems where the nature of variables
does not change at switching instants, both cases of fixed
and variable dimensions of the slow and fast state vectors
are considered;

e a new approach for stability analysis of singularly per-
turbed linear hybrid systems with both switches and
impulses;

e the derivation of an upper bound on the minimal dwell-
time between two events that ensures the stability of the
singularly perturbed linear hybrid system.

It is noteworthy that, this bound is given as the sum of two
terms. The first one corresponds to an upper bound on the
minimum dwell-time ensuring the stability of the reduced
order linear hybrid system describing the slow dynamics.
The order of magnitude of the second term is determined by
that of the parameter ¢ defining the ratio between the two
time-scales of the singularly perturbed system. In particular,
it follows that when the reduced order system has a com-
mon quadratic Lyapunov function, the first term is zero and
the minimum dwell-time ensuring the stability of the overall
system goes to zero as fast as € or —¢ In(e) when the time
scale parameter € goes to zero.

Basically, we combine the classical singular perturbation
theory Kokotovi¢ et al. (1999) with Lyapunov function ar-
guments for hybrid systems (see Goebel et al. (2012) for
details). Our results clearly differ from existing ones on
singularly perturbed linear hybrid systems that we men-
tioned previously: Malloci, Daafouz & Iung (2009) deals
with the existence of common quadratic Lyapunov func-
tions and thus characterizes systems that are stable without
dwell-time assumption; the condition on the dwell-time es-
tablished in M.Alwan et al. (2008) does not present a clear
separation between the slow and fast dynamics of the sys-
tem; and in Simeonov & Bainov (1988), Abdelrahim et al.
(2015), Sanfelice & Teel (2011) the stability is established
under a dwell-time condition where the dwell-time does not
explicitly depend on the time-scale parameter.

The paper is organized as follows : Section 2 describes the
hybrid system model in the singular perturbation form and
introduces the relevant notations. In this section, we also
introduce a mode-dependent reordering of the state com-
ponents allowing to rewrite the system in a form in which
the variables preserve their slow or fast nature over time.
Section 3 is devoted to new preliminary results concerning
the stability analysis of singularly perturbed linear systems
without switches or jumps. Section 4.1 presents the main re-
sults along with their Lyapunov-based proofs. These results
give stability conditions and establish an upper-bound on the



minimum dwell-time ensuring the stability of the system.
An extension to the case of mode-dependent dimension of
the state-vector is provided in Subsection 4.3. To illustrate
the results, we provide in Section 5 a dwell-time analysis
and a numerical example in the particular case of scalar fast
and slow dynamics with only two switching modes. Some
concluding remarks end the paper.

Notation

Throughout this paper, R, , R™ and R™*™ denote respec-
tively, the set of nonnegative real numbers, the n dimensional
Euclidean space and the set of all n x m real matrices. The
identity matrix of dimension n is denoted by I,,. We also de-
note by 0,, ,, € R™*" the matrix whose components are all
0. For a matrix A € R"*™, || A|| denotes the spectral norm
i.e. induced 2 norm. A > 0 (A < 0) means that A is positive
semidefinite (negative semidefinite). We write A™ and A~
to respectively denote the transpose and the inverse of A.
For a symmetric matrix A > 0, Az is the unique symmetric
matrix B > 0 such that B2 = A. The matrix A is said to be
Hurwitz if all its eigenvalues have negative real parts. A is
said to be Schur if all its eigenvalues have modulus smaller
than one. The matrix A is said to be positive if all its coeffi-
cients are positive. We alsouse z(t7) = lim  a(t — 0).
§—0, >0

Given a function 7 : (0,e*) — R, we say that () = O(e)
if and only if there exists g9 € (0,e*) and ¢ > 0, such that
for all € € (0,¢9), |n(e)] < ce.

2 Problem formulation

In this paper, we consider a general class of singularly per-
turbed linear hybrid (i.e. switched and impulsive) systems.
This class encompasses the case in which some slow vary-
ing variables switch to fast variation and/or reversely fast
varying variables switch to slow variation.

In order to formalize the system dynamics, let € > 0 be
the small parameter characterizing the time scale separation
between the slow and the fast dynamics. We consider a finite
set of indices Z and we introduce the diagonal matrices
D¢ for all i € Z. Precisely, the diagonal elements of each
D¢, i € T belong to the set {¢,1} and they are used to
select the fast and slow variables as explained below. We
study switched systems of the form:

D7 X(t) = A% X(t), Vt € [tr, tr1), k€N (1)
with impulsive dynamics :

X(te) =37 X(t),), Vk=>1 2
where X (t) € R %, Vt € [tg,tg+1), kK € N,and 0 =ty <
t1 < ... is the monotonically increasing and unbounded se-
quence of instants of discrete events (switches or impulses),
o, € Tand v, € J with Z and 7 finite sets of indices. Note
that we are considering here time-dependent events and not
state dependent ones. For all k € N, A%k D% € R"ex *"oy,

and JV* € R"7x *"7k—1 are matrices defining the continuous
and impulsive dynamics.

For all i € Z, the matrix D? is used to specify the slow and

fast varying variables as follows:

o the h-th component of X has a fast variation when oy, = ¢
if the h-th diagonal element of D? equals ¢;

e the h-th component of X has a slow variation when
o), = i if the h-th diagonal element of D’ equals 1.

In the sequel, we will mainly focus on the case where the
dimension of X is time-invariant (i.e. n; = n, Vi € 1)
and the number of slow and fast varying variables remains
constant. In other words, the number of entries of D* equal
to € is constant, denoted by n, < n for all ¢ € Z. This means
that X has n, fast varying components and n,, = n—n,, slow
varying ones. This is without loss of generality, as we shall
see in Section 4.3 that the case of time-varying dimensions
n, n, and n, can be reduced to the case of fixed dimensions
by adding artificial stable variables.

Remark 1 The stability analysis of (1)-(2) encompasses the
analysis of several existing classes of singularly perturbed
linear hybrid systems. To illustrate that, let us suppose that
D? = DJ,Vi,j € T and denote by = and z the vectors of
slow and fast components of X, respectively. Then, system
(1)-(2) becomes a singularly perturbed linear hybrid system
of the form:

(T z(t
( ) = A% ( ) , Vte [tk,tk+1), keN

ez(t) 2(t)

20\ _ e (#007)

z(tk) 2(ty,)
We can then trivially recover singularly perturbed switched
systems (when there is only one jump matrix given by the
identity) and singularly perturbed impulsive systems (when
there is only one flow matrix), which are studied in M.Alwan
et al. (2008), Malloci, Daafouz & Iung (2009) and in Sime-
onov & Bainov (1988), Abdelrahim et al. (2015), respec-
tively. We also point out that this class of systems is a sub-
class of singularly perturbed hybrid systems studied in San-
felice & Teel (2011). Fundamental differences between our

approach and these works have been highlighted in the in-
troduction.

2.1 Variable reordering

A first step in our analysis is to rewrite (1) in a form
where slow/fast variables remain slow/fast over time, in-
dependently of switches affecting the system’s dynamics.
To accomplish this step, for all ¢ € Z we introduce the
permutation matrix S; such that

0n, .

071,2 SNy EI’I’LZ

; L.,
Sp%?:( v > Viel (3)



and define the time dependent change of variable

<$Eg> = SUkX(t)a vt € [tk;tk—‘rl)a keN (4)

where z(t) € R, z(t) € R™=. In other words, we use the
matrix S; to permute the components of X such that the first
n, ones are characterized by a slow variation while the rest
of n, components have a fast variation. Let us also introduce
the following matrices:

Al = §,AIST, T = 5,387 Vi,i' €T, j € T. (5)

Using the change of variable (4) and taking into account the
matrices definitions (3) and (5), the general system (1)-(2)
is rewritten in the following equivalent form:

< i(t) > _ Ao (a:(ﬂ) L VEE [t tii1), kEN (6)

ez(t) z(t

with impulsive dynamics:

(.’L‘(tk)) _ Jo'k—lﬁo'k <x<tlz)> , Vk>1 @)
z(tg) Z(t];)

Remark 2 Switches and impulses can, but need not, be con-

comitant. Indeed, if 0, = oi—1 and J"’“*lu_k“”c % 1, then
at time ty, an impulse occurs but no switch. Similarly, if
L, € {Ji™|i,i' €T, € T}, then if J7*—1—x =1, and
o # 0k—_1, then at time ty, a switch occurs but no impulse.
In general, stability analysis of (6)-(7) is a difficult task as it
cannot be reduced to the analysis of the associated reduced
(slow) and boundary layer (fast) systems, as shown by a
counter-example in Malloci, Daafouz & Tung (2009). In the
following, we will provide a new methodology based on

singular perturbation techniques to characterize an upper-
bound on the minimum dwell-time ensuring stability.

2.2 Change of variable
Fori,i' € Z,j € J, let

A — (Azil Alﬁ) Jz'im" _
Ay Asy

. . . e
Z*}l Nge XN 1 1 1 11—
where AH,J € R"*nand Ab,, A%y, AL, Ji37,

J1s i , J31 i+’ are of appropriate dimensions.

J{?l Jl—)l

i5i i
J21 22

Let us impose the following standard assumption Kokotovié¢
et al. (1999) in the singular perturbation theory framework:

Assumption 1 A}, is non-singular for all i € T.

Then, we perform the following time dependent change of
variable:

ITL On n
where, for all i € 7 one has P, = ( _ Il . o > .
(A5p) 7 AL I,

It is worth noting that the matrix P; is invertible and for all

1€
P—l — ( I”z Onr SNz )
' —(Ahp) 1Ay T,

Using (8), the continuous dynamics (6) in the variables z, y
becomes:

wt)\ [ Ay B z(t)
ept))  \eBg* Ag+eBg ) \w)) O
YVt € [tk,tk+1)7 keN

where for all ¢« € 7 one has

Af?: h_ 32( l) A217 Bi: izv _
= (A222)71A§1A67 B3 = (A§2)71A§1A112~

Similarly, the impulsive dynamics (7) is rewritten in the x, y
variables as:

<x(tk)> — Rtfk—likmk (I(t;)> , Vk>1 (10)
y(tx) y(ty)

where forall 1,7’ € Z, j € J,

P j it i2yi!
Ri—)’i/ _ P‘/Ji—>i/P71 _ 11 12
=PF =
7,%1 i’

with

RL—)L _ z—n _Jz—n( 7 ) 1A21,

z—>z _ z—n
12 — Y12 >

12?2 = (Aéz) 1Alzl(Jl_H - l_n (AZ22) 1A§1)
Jz%z o z~>z (A122) 1AZ21,
7 = (A AL T

One can then define the reduced order model, formally given
by the switched system with single time scale:

B(t) = AT (t), VE € [to trsr), KEN (11



with impulsive dynamics:

a(ty) = Ry a(ty), Yk > 1 (12)

The goal of the paper is to investigate the stability of the
general singularly perturbed linear hybrid system (1)-(2), or
equivalently of (6)-(7) or of (9)-(10), for small values of the
parameter ¢, and its relation to the stability of the reduced
order model (11)-(12). In particular, we aim at characteriz-
ing an upper-bound on the minimum dwell-time ensuring
stability.

3 Preliminaries

In this section, we provide new results on the Lyapunov
stability of singularly perturbed linear systems, which will
be used in the next sections to prove the main results of the
paper concerning the stability of (1)-(2). The proofs of these
results are stated in appendix.

Let us consider the singularly perturbed linear system written
under the form :

{;‘v(t) = Aoz (t) + Byy(t)

ci(t) = Any(t) + e(Bax(t) + Bay(t)) )

Let us make the following assumption:
Assumption 2 A and Aso are Hurwitz.

Under the previous assumption, there exist symmetric pos-
itive definite matrices Q; > I,,,, @y > L,  and positive
numbers A; and Ay such that:

A(—)I—QS + QSA(—)I— S _2)\\9@8
AQQf +QpAgy < —20;Q5

Then, let us define b; = ||Q5%31Q;%||, by = ||Q%BQQ3_%||

1 _1
and by = QB30 |
The next results are instrumental for our development and
their proofs are provided in the Appendix.

Proposition 1 Under Assumption 2,

Viz,y)=2'Qsz+y Qry

is a Lyapunov function for system (13) for all € € (0,¢]
where

As
€1 = o ——. (14)
(b1+b2)2
71@\52) + b3
In the following, let us denote W(t) = /z(t) T Qsx(t)

and Wi (t) = \/y(t) " Qyy(t).

Proposition 2 Under Assumption 2, let €1 be given by (14),
then for all € € (0,&1] and t > 0

Wi(t) < Wi0)e 2t + e11/V(0)

\/b2+b2

where 31 = by

Proposition 3 Under Assumption 2, let €1 be given by (14),
and let o € (0,21] N (0, ;\\—f) then for all € € (0,e2] and
t>0 )

W, (t) < W(0)e " +eB2W;(0) 4 £B31/V (0)

and (5 = 1B1.

where B = —21 3

)\f*EQ}\S

4 Main results
4.1 Stability analysis

We now study the stability of system (9)-(10) (or equiva-
lently of (1)-(2) or of (6)-(7)). In the rest of the paper, we
impose the following additional assumption on the singu-
larly perturbed system at hand, related to the stability of the
slow and fast dynamics of each mode.

Assumption 3 A and Al are Hurwitz for all i € T.

From the previous assumption, we can deduce that there exist
symmetric positive definite matrices @ > I,,, Q% > I,

1 € Z, and positive numbers )\i and )\j} such that for all
RS
Ay QL+ Qidl < —2XQL
T . . . . .
90 QF + QFAs < —2X3Q%
We denote A\, = min )\i and Ay = min )\3}. For eachi € Z,
i€l =
. L1 . 1 . PN | ; 1
let bi = [[(Q%)2B1(Q%) 2], by = |(Q%)2 Ba2(QL) 2|
. 1 . i i .
by = ||(Q%)2 Bs(Q)~ || and b; = glea%bj , 7 €{1,2,3}.

[}

Let 1 be given by (14), then it follows from Proposition 1
that the linear dynamics of (9) are all Lyapunov stable, for

e € (0,e1]. Let &3 € (0,e1] N (0,3L) and By, Ba, B3 be
defined as in Propositions 2 and 3.

The stability analysis of system (9)-(10) is carried out using
the following mode dependent functions

W(t) =
Wi(t) =

x(t) T QT x(t)

y(t)TQ;ky(t) , Vt € [tr,tpyr), k€N

The next result characterizes the variation of W and W
during the continuous dynamics between two events:

Lemma 4 Under Assumption 3, let e € (0, es), and let T, =
th+1 — tx for a sequence (t)i>0 of event times. Then for
all k € N,

Wis(tyy1) < Wis( k) (€T + eBs) + W(tr)e(Ba + Bs)
< Ws

t
Wi (tii1) (tr)eB1 + Wf(tk)(€7¥Tk’ +eB).



PROOF. This is straightforward from Propositions 2 and 3
by remarking that /V < W, + Wy.

In the following we complete the characterization of the
variation of W and W; by analyzing their behavior when
an event occurs. Let 711, Y12, Y21, Y22 be defined as:

Y11 = i,z"renz%;(ej H(Ql )l l_” i)_%Hv
_ i\ z—)z
M2 = i,i’renza,?(Ej H(QS )2 (Qf) 1 | ) s
Yo = max H(Qf) l_” (@) 2|,
e @RS @)

Then, we have the following result:

Lemma 5 Let a sequence (ti)i>0 of event times, then for
all k > 1,

PROOF. We prove the first inequality:

Wite) = /2 (te) TQT*x(t) = [(Q7%) 2z (ty) |
< @) (R ety + B y(t)|
< @) R RSt

+ (@)
< @RI Q) E [Walty)

R )|

L o1 8ok AyTho1y— 1 —
+ (@) R 7 T Wy ()
< Wity ) +y12We(ty)

The second inequality is obtained similarly.

In order to keep the notation simple, we introduce the posi-
tive matrix parameterized by T > 0:

e T +efs e(Be+ B3)

MT — Ay
eb e =T +eh

. . . 11 712
Let us also consider the positive matrix I' = R .
Y21 V22

Lemma 6 Under Assumption 3, let ¢ € (0, 2] and let T >
0 such that the positive matrix I' M« is Schur. Then, for all
sequences (ty)k>0 of event times satisfying the dwell-time

property T, > T, for all k € N, the system (9)-(10) is
globally asymptotically stable.

PROOF. From Lemmas 4 and 5, it follows that V £ € N,

(Ws(t’“)> <TMx, ,...T M, (VV:;((?’;) .
r(to

Wi(t)
Remarking that the coefficient of the positive matrix M are
decreasing with respect to T, it follows that

Wi (t W(t
( o k>> < (CM.) ( o o>> |
Wi (ts) Wi (to)
Hence, if the positive matrix I' M.« is Schur, then both se-

quences (Ws(tx))r>0 and (W (tx))k>0 go to 0, and the
system (9)-(10) is globally asymptotically stable.

Hence, the stability of system (9)-(10) can be investigated
by studying the spectral properties of the positive matrix
I'M+. Let us remark that values T such that I' M.« is Schur
provide upper bounds on the minimal dwell-time between
two events that ensures the stability of the singularly per-
turbed linear hybrid system. In the following, we establish
sufficient conditions for deriving such values t*. The proof
is provided in appendix.

Theorem 7 Under Assumption 3 the following statements
hold.

a) If y11 > 1, there exists € > 0 and a function 1, :
(0,e5) — RT with ni(e) = O(e), such that for all
e € (0,¢eY), for all sequences (tx)i> >0 of event times sat-
isfying a dwell-time property Ty, > %, forall k € N, with

the system (9)-(10) is globally asymptotically stable.

b) Ifyi1 = 1l and 12 # 0O, there exists €5 > 0 and a function
ne = (0,e3) — RY with no(e) = O(e), such that for
all £ € (0,¢%), for all sequences (t;)k>0 of event times
satisfying a dwell-time property Ty, > T*, for all k € N,
with

> S In(e) + n2(e),
Af

the system (9)-(10) is globally asymptotically stable.

¢) If yi1 = land y12 = 0, there exists €5 > 0 and a function
ns : (0,e3) — RT with nz(e) = O(e), such that for
all € € (0,¢3%), for all sequences (t)r>0 of event times
satisfying a dwell-time property T, > T*, for all k € N,
with
™ > n3(e),
the system (9)-(10) is globally asymptotically stable.



d) If y11 < 1, there exists ¢ > 0 and a function ny :
(0,e5) — RT with ny(e) = O(e), such that for all
e € (0,€}), for all sequences (tx)r>0 of event times sat-
isfying a dwell-time property Ty, > T%, for all k € N, with

T > ny(e),

the system (9)-(10) is globally asymptotically stable.

: 12721 :
Moreover, if vo5 < 1 and (=) < 1, there exists

€t > 0 such that for all € € (0,€f) the system (9)-(10) is
globally asymptotically stable for all sequences (ty)k>0
of event times.

PROOF. See the Appendix.

The first statement in Theorem 7 shows that a dwell-time en-
suring stability of the singularly perturbed switched impul-
sive system (9)-(10) can be written as the sum of a constant
part ln(%l) and of a function 7; (¢), which goes to 0 as fast
as e when € goes to 0. Interestingly, the constant part only
depends on Ag and y;1, which can be determined only from
the reduced order model (11)-(12). Moreover, we will show
in Section 4.2 that (11)-(12) is globally asymptotically sta-
ble for all switching signals with dwell-time 7% > ln(%l)
The second and third statements in Theorem 7 show that the
minimum dwell-time ensuring stability of the singularly per-
turbed switched impulsive system (9)-(10) goes to O as fast
as —e In(g) or € when ¢ goes to 0. It is interesting to remark
that in that case, as we will show in Section 4.2, the reduced
order system (11)-(12) is globally asymptotically stable for
all switching signals without any dwell-time condition. It is
also noticeable that when 12 # 0, the dwell-time is larger
(by a factor of order — In(e)) than when 12 = 0. In the for-
mer case, more time is needed to stabilize the fast variable
y so that it does not destabilize the slow variable through
the impulsive dynamics.

Finally, the last item in Theorem 7 shows that when v1; < 1,
the minimum dwell-time ensuring stability of the singularly
perturbed switched impulsive system (9)-(10) is either equal
to 0 or goes to 0 as fast as € when ¢ goes to 0. We will show
in the next section that in that case, the reduced order system
(11)-(12) is globally asymptotically stable for all switching
signals without any dwell-time condition.

4.2 Stability of reduced order system

It is interesting to remark that in the previous results, the
upper bound on the minimum dwell-time ensuring stability
of system (9)-(10) can be seen as the sum of two terms.
The first term is independent of the parameter ¢, its value
is 0 when v1; < 1 and In - when 11 > 1. The second
term depends on the parameter € and goes to 0 when € goes
to 0. In this section, we show that an interpretation of the
first term can be given in terms of the reduced-order system
(11)-(12), since it provides an upper bound on the minimum
dwell-time guaranteeing stability for that system.

Proposition 8 Under Assumption 3 the following hold true.

a) If y11 > 1 then, for all sequences (ty)k>0 of event times
satisfying a dwell-time property T, > T° with T >
lnh“ , for all k € N, the reduced order system (11)-(12)
is globally asymptotically stable.

b) If i1 < 1 then, for all unbounded sequences (ty)i>0 of
event times, the reduced order system (11)-(12) is globally
asymptotically stable.

PROOF. a) We consider the function W given by W (t) =

Vet)TQ x(t), for all ¢ € [tg,tk+1), K € N. By As-

sumption 3, it follows that for all ¥ € N, Ws(t,;l) <

W (ts,)e =2+ ™. Moreover, from the definition of 7,1 in (15),
it follows that for all k € N, W(tg41) < Ws(t;+1)711.
Hence,

Vk € N, W(tgi1) < Welty)yine ™", (16)

Then, since for all k € N, 15, > T with ™ > 1“(7“) , it fol-

lows that W (¢x) goes to 0 as k goes to +oo and the reduced
order system (11)-(12) is globally asymptotically stable.

b) From (16), using ;17 < 1 it follows that for all k£ € N,
Wi(tpr1) < Wi(ty)e =T, Therefore, for all k € N,
W(tr) < Wy(0)e= <!, Since (tk)k>0 is unbounded, ¢y
goes to +oo and therefore W (t;) goes to 0. Thus, the
reduced order system (11)-(12) is globally asymptotically
stable.

The previous propositions show that the dwell-time condi-
tion established for the singularly perturbed hybrid system
(9)-(10) in Theorems 7 coincides when € goes to 0 with the
dwell-time condition of the reduced order system given in
(11)-(12). Since ¢ is assumed to be small, it appears that
the main source of conservatism in the dwell-time estimates
for the singularly perturbed hybrid system (9)-(10) comes
from the dwell-time estimates of the reduced order system.
Table 1 summarizes the main results of the paper.

4.3 Extension to the case of time varying state’s dimen-
sions vectors

In this section, we briefly explain how we can use the pre-
vious results for the analysis of system (1)-(2) in the case of
time-varying dimensions of the slow and fast state vectors.
We recall that for all ¢ € [ty,t,+1) the state vector X(t) of
system (1) is of dimension n; when o = 7. Let us also re-
call that matrices D?, i € Z were introduced in section 2
to define the dynamics (1). For all ¢ € Z we consider that
n.; € N is the number of elements of D? that are equal
with ¢ and n,; = n; — n,;. In other words, when o, = 1,
ni,n,; and n,; are the dimensions of the state vector, fast
variables vector and slow variables vector, respectively. Fur-
thermore, let us introduce n, = maxn,;, n, = Maxny;
i€l i€l

and n =n, +n,.

With the notation introduced above we define the following
augmented system:



Table 1

Summary of the main results of the paper establishing dwell-time conditions for the stability of the singularly perturbed hybrid system

(9)-(10) and of the the reduced order system (11)-(12).

Y11 Y12, Y21, Y22 dwell-time condition for (9)-(10) | dwell-time condition for (11)-(12)
M1 > 1 - T*>%+O(s) T*>%
=1 - > —Z1In(e) + O(e)
Mz =0 ™ > O(e) ™ >0
Y11 < 1 —
722<1,%<1 ™ >0

D7+ X(t) = A7 X(t),
Vit € [tk,tk+1), ke N (17)

DX (t) = —AX (1),

where D? € R(»—7)x(n=ni) jg defined similarly to D? as
a diagonal matrix with € or 1 diagonal elements, used to
select the fast and slow variable from the components of
the artificial state vector X. To be precise, for all i € 7
we consider D? having n, — n,; diagonal elements equal

;8; ) has an

invariant number of slow and fast components which is n,
and n,, respectively. Therefore, (17) is of the form (1) and
the dimension of its state vector as well as the number of its
slow and fast variables are constant. The parameter A is a
positive number that can be chosen greater than A and Af
in order to make the continuous dynamics of the auxiliary
variable X () converge faster than that of the variable X (t).

to €. Consequently, the augmented vector (

Secondly, we define a jump map for the augmented vector
as follows:

{X(tk) o (18)

X(tr) =0

The auxiliary variable is set to 0 at jumps so that the discrete
dynamics of the auxiliary variable X (¢) converge faster than
that of the variable X(t). It is clear that the augmented
system (17)-(18) is globally asymptotically stable if and only
if the orignal system (1)-(2) is. Then, the stability analysis
of (17)-(18) can be carried out as shown on the previous
sections.

5 TIllustration on stability analysis of scalar fast and
slow dynamics

5.1 Dwell-time analysis

This section aims to illustrate the previous analysis on a low
dimensional system. We consider a linear singularly per-
turbed switched system with scalar slow and fast variables.
Moreover, we consider that Z = {1, 2}. The objective is to
analyze the stability of the system under the assumption that
after each switch the slow variable becomes fast and vice-
versa. To be more precise let 0 = ¢y < t; < ... be the
sequence of discrete instants where a switch takes place and

consider the following dynamics:

t € [tok, toky1), k € N (19)

{ a(t) = ayu(t) + bro(t)
ev(t) = cru(t) + drv(t)

and

t € [tokt1,tont2),k €N

{ ctu(t) = asu(t) + bov(t)
0(t) = cou(t) + dav(t)

(20)
The dynamics (19)-(20) above can be written in the compact
form (1) by using X = (u,v)’ and the matrices D! =

10 0 b
D2 = (") A= () and A2 =
0¢ 01 c1 dy

az by . . .
( > . Introducing the permutation matrices S; = I
co do

01
and Sy = ( ) we can define the change of variable (4)
10

as

(x?z)T = S]_X, te [t2k7t2k+l)ak € Na
(LL‘,Z)T = SQX, t e [t2k+1,t2k+2), k € N.

It is worth noting that no jump occurs in the X variable
meaning that 7 = {1} and J! = I, in (2). However, it can
be seen that the dynamics expressed in (z,z) ' variable is
an impulsive one. Precisely, 7 = {1} but following (5) one

1 1
obtains that J'72 = J271 = §,.

Summarizing we have to analyze the switched system:

i(t) \ _ you ()
(52(0) - <Z(t)> , Vt € [ty,tht1), k€N

with impulsive dynamics:

<x(fk>> _ goraBa (x(tk)> . VE>1
z(tg) Z(t;)



where 0, € Z = {1,2}, v, € J = {1}, Jio2 g2l
d

SQ7A1 = SIAIS]— = A1 and A2 = SQAQS;— = <b2 02> .
2 G2

The time dependent change of coordinates (8) is expressed
as:

y(t) = 2(t) + %x(t), t € [ty tosn), k €N,
e @1)
y(t) = Z(t) =+ anl'(t), te [t2k+1,t2k+2), k e N.

Assumption 3 simply requires that

1 bic

AO:CL1—7<O7 A%2:d1<07

A2:d2—7<0, A§22a2<0.

Then, Q°, %> = € T can be chosen as any positive scalars
and it is easy to check that

In our analysis, an important role is played by the values

Ri7"? and R%"!, which determine the value of ~y;1, which
in turn (see Theorems 7 and Table 1) allows concluding
whether the required dwell time approaches 0 when ¢ goes
to 0. Therefore it is worth to explicit that:

1 c1 1 b2

Rl~>2 _ _ R2~>1 __ =

11 4y 11 s
Furthermore, following (15) one has y1; = max ( % , q%

2

where ¢ = gl For our analysis, it is desirable to have
~11 as small as possible, it is minimal when ¢ = ;fllszi
and in that case y11 = Lﬁﬁ‘r Then, 711 < 1 if and only
if l';izz“ < 1 and following Theorem 7, a dwell-time of or-

der O(e) is sufficient to stabilize the system. When ¢ — 0
it yields that the switching system given by the two slow
manifolds of (19)-(20) is stable whatever is the considered
switching rule (i.e. no dwell-time required). This result is
illustrated in Fig. 1 which takes into account that the two
slow manifolds of (19)-(20) are the lines:

cru(t) + dyo(t) = 0 and asu(t) + bov(t) = 0.

It is noteworthy that % < 1 essentially says that the

slope of the slow manifold associated with (19) is smaller
than the slope of the slow manifold associated with (20).

b
ay, 2702 — d2) N )\f = min(—dl, —G,Q).
az

Fig. 1. The slow manifold associated with (19) and (20) when

\'5132\ < 1. The dashed lines represent the asymptotic behavior of
the overall system with initial state (uo,vo) when € — 0 and no
dwell-time (or O(e) dwell-time) is imposed. It can be seen that

system (19)-(20) is asymptotically stable for any switching rule.

[c1b2]

Reversely, v11 > 1 if and only if dras] = 1, meaning that
the slope of the slow manifold associated with (20) is smaller
than the slope of the slow manifold associated with (19). In
this case we use Theorem 7 to deduce that a dwell-time of
order = + O(e) is required. In absence of dwell-time
we can see in Fig. 2 that the switching system given by the
two slow manifolds of (19)-(20) is unstable.

v

0
[ O

Fig. 2. The slow manifold associated with (19) and (20) when
“21722" > 1. The dashed lines represent the asymptotic behavior
of the overall system with initial state (uo,vo) when e — 0 and
no dwell-time (or O(g) dwell-time) is imposed. It is illustrated
that in this case a dwell-time of order l“(/\“’in) + O(e) has to be

imposed in order to guarantee the system’s stability.

5.2 Numerical examples

In this section we provide a numerical illustration of the
previous results. Let us reconsider system (19)-(20) when



the state matrices take the following numerical values:

. (105 , [ 25 -2
A=l A=l @

Assumption 3 holds since

b

a— X _195<0 dy=-2<0,
dq
b

dy— 22— _14<0 ay=—-25<0.
as

Then, Ay = 1.25 and Ay = 2 for any choice of positive

' i : Q% |diba| _
scalars 0, Q%, ¢ € Z. Letting ¢ = Vo |c11a2\
2 % we obtain 13 = 4/ EZ“ [ < 1. Therefore,

according to Theorem 7, the minimum stabilizing dwell time
is in O(e).

Let e = 1073 and the initial condition X = (2, 1). Using
Theorem 7 one deduces that the required dwell-time for the

stability of system (19)-(20) is 6.16 - 10~* = O(¢).
— u(t) |
== () |
_10 040‘05 0.61 0.615 0.62 0.025
Time (s)

Fig. 3. State’s trajectory for (19)-(20) with A, A, defined by
(22) and 6.16 - 10~* = O(e)

The two slow manifolds of the system are respectively:

—u(t) —20(t) =0
{ — 2.5u(t) — 2v(t) = 0.

The behavior of the system’s trajectory in the (u,v)- plane
is plot in Fig. 4.

Let us now consider another choice for the state matrices
A1, As in (19)-(20). In the following we define:

) 105 ) 25 —4
A= 32’A: 1 05/ @)

Again, one can easily observe that Assumption 3 holds:

b

a— 2L = 175<0, dy=-2<0,
dy
b

(12_2702:_1_1<07 as = —2.5< 0.
as
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seyu(t) + dyo(t

0.5F ;

-0.5f

Az asu(t) + bav( f)

0 05 1 15 2
Fig. 4. State’s trajectory in (u, v)- plane for (19)-(20) with A1, A,
defined by (22) and tj41 — tx = 7 = 6.16 - 107* = O(e) sec.
Note that first switches take place before the trajectory reaches the
slow manifolds. Unlike Figures 1 and 2 here we see the trajectory
of the system for a fixed £ and not the limiting behavior when
e — 0.

Then, Ay = 1.1 and Ay = 2 for any choice of positive scalars
Q2 |[diba| _ _4

17 Q}, 1 €. Letting q = o — o] = \/TTS we
obtain vy, = \‘Sigill = 2\/§ > 1. Therefore, according

to Theorem 7, an upper bound on the minimum stabilizing

dwell time is given by ln(yu + O(e) where, in the present
case, ln(;“) 0.40sec.

The two slow manifolds associated with the system are given
in this case by the lines:

{3u()2v() 0

— 2.5u(t) — 4do(t ;

As previously we consider the initial condition X = (2, 1),
e=1073.

Using Theorem 7 we obtain a required dwell-time equals
0.406 sec to ensure stability. Simulating the system with
tk+1 —txy = 7 = 0.406 sec we can see in Fig. 5 that
expected stability is obtained. Fig. 6 shows the first part of
the trajectory illustrating its behavior.

— u(t)
= v(t)

6 8
Time (s)

Fig. 5. State’s trajectory for (19)-(20) with A, A, defined by
(23) and tg41 — tx = 7 = 0.406 sec
6 Conclusion

We introduced and analyzed a class of singularly perturbed
switched linear systems in which the nature of the variable is



Ay agu(t) + bav(t)

Ay equ(t) + dyo(t)

0 0.5 1 1.5 2

Fig. 6. First part of the state’s
plane for (19)-(20) with A, A,
tir1 — te = 7 = 0.406 sec

trajectory in  (u,v)-
defined by (23) and

mode-dependent. At switching instants, slow variables can
become fast and reversely. Moreover, the state vector can
loose or gain components at the switchings times. We show
that the dwell-time required to ensure stability of the over-
all system is the sum of two terms. The first one essentially
consists of a dwell-time ensuring stability of the reduced or-
der system. The second term depends on the scale parameter
defining the ratio between the two time-scales and goes to
zero when the parameter goes to zero. Our results comple-
ment existing results on stability analysis of singularly per-
turbed linear systems by showing the correlation between
the values of the stabilizing dwell-time and of the scale pa-
rameter. A low-dimension numerical example illustrates our
results.

Appendix

Proof of Proposition 1: By computing the time derivative of
V' along the trajectories of (13), one has

. 2
V=22"Qsi+2y' Qpy=22"Qs Aoz + gyTQnggy
+ QxTQSBly + 2yTQfng + 2yTQfB3y.

Let us note that

T B T % %B 7% %
T QsBiy=z Q:Q3 1Qf ny
1 1
<bla"QF | - IQFyll = b1vaT Qe /yT Qry

and similarly

(24)

TQfBZ5C = yTQ Q)%BZQS Qs Yy

<bﬂwTQﬂ|HstH—b2¢Ef§?\/Tny

Consequently,

. 22
V< 202" Qx — ?fyTny

2(by + bo)VaT Qs /yT Qry + 2b3y " Qry

11

Then, it follows that

2X¢ by + bo)?

- ( .
< (2L _op, - .
V< <€ 3 N Yy Qry

Then, for all € € (0,¢4] , V < 0. Since V is also positive
definite and radially unbounded, it is a Lyapunov function
for system (13).

Proof of Proposition 2 : Computing the time derivative of
Wy gives

Wf: 2ZUTQfZ)
2\/y"Qyy
- ~2yTQsy +y " Qs(Bax + Bay)
- y"Qyy
A
< - fo+b2W + bsW;
< —?Wf+\/b§+b§1/W§+W%
A
< Wy 03+ BV

From Proposition 1, it follows that for all ¢ > 0,

We(t) < — + /02 + 03V

Then, we have

Wi(t) < Wy(0)e %" + \/b2+b“'ﬁ/

(t— S)dS

A 2 2 g
< W(0)e™ Fryp V2T b b5 SV/V(0)(1-e Tft)
2 2
< Wi(0)e~ Pt +57Vb2+b3\/w0).

Af

Proof of Proposition 3 : Computing the time derivative of
W and using (24) gives

22T Qs - s Qs + 2T Qs By

22T Qex VaTQgx

< — AW+ bWy

W, =

Using Proposition 2, one gets:

e%t + €b1[31 vV V(O)

We(t) < — X\ Wi(t) + bW (0)



Then, we have:
t A
Wa(t) < e W,(0) + by W5 (0) / s A (t-5) g
0

t
+ €b1ﬂ1 AV V(O) / G_As(t_s)ds
0

b As
=gt 1 Aot _ o— 2t
< e M'WL(0) + ﬁ_ASWf(O)(e e )
b
4+ b V(O)(l —e*Ast).
As
Then, ¢ < g9 < i—f gives
_ bie eb1 81
Wi(t) < e MWy (0) + ————W4(0) + ——/V(0).
(1) < W (0) + 25 Wi (0) + SV 0)
Proof of Theorem 7: a) Let us remark that
e +ed e ET e
TM,. = Y11 ) 1 712 . 2
’}/2167>‘ST +€53 722677‘7( +€(54
where
01 = m1P3 + 71281, 62 = 11(B2 + B3) + 11201, 26)

03 = Y2103 + 72251, 04 = Y21 (B2 + B3) + Y22061.

Moreover, the positive matrix I'M.« is Schur if and only
if there exists p € R2, such that (FMT*)Tp < p (see e.g.
Rantzer (2011)). Let us look for p under the form (1,ac) "
with @ > 5. Then, (FMT*)Tp < p is equivalent to

’)/116_>\ST* + b1 + a€’721€_)‘ST* + CL8253 <1
A
Af s

)\f «
V12e” =T 4 &6y 4+ acyame = T +ac?dy < ae.

27
The first inequality of (27) is equivalent to
-1 1-— 651 — 0,6253 111(’711)
™ > —1 ( ) = + .
)\s " Y11 + agv21 )\s Th( )
where
1
m(e) = —(ln(l + L (1 - e, —a62(53)). (28)
)\5 71

It is easy to show that 1 (¢) = O(e). Moreover, let us remark
that 7 () is only defined if 1 — 0, — ae?83 > 0, that is if
€ < e3 where

=01 + /07 +4ads

g
3 2@(53

(29)
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The second inequality of (27) is equivalent to

(aa — &6y — a5254)
Y12 + agvy22

— T > %(ln (%) —ln(s)).

.. —€
™>—In
Af

As ™ > ln(/\il) +m(e) > ln(/\il), then the previous in-

equality holds if

) 10 (7220 ) ),

By remarking that the right-hand side of the inequality goes
to 0 when ¢ goes to 0, one concludes that exists €4 > 0
such that for all € € (0,e4), (30) holds. Then, the theorem
is proved by setting e = min(ea,£3,4).

b) Similarly to item a), it is sufficient to show that (27)
holds. Since 7y;; = 1, the first inequality holds if and only if
T > n1(e). The second inequality holds if and only if T >
—€ € Y12 + agy22

N In(e) 4 n2(¢), where () = Y In (a e a554)'
It is easy to show that 72 (¢) = O(e). Moreover let us remark
that 72(¢) is only defined if @ — 0 — aedy > 0, that is if
€ < g5 with

(30)

a—52

€5 = 31

a54

Moreover, since 71(¢) = O(e), there exists € > 0 such
that for all € € (0,¢6), n1(e) < ;—jaln(a). The theorem is
proved by setting €5 = min(eq, €5, €6).

c) Again it is sufficient to show that (27) holds. Since v11 =

1, the first inequality holds if and only if ™ > 7, (¢). Since
Y12 = 0, the second inequality holds if and only if

s (M)
Af a2
Let
(5)_max( ) EIH(M)) (32)
73 = T 7)\f a2z .

Then, it is easy to show that n3(e) = O(¢) and is well de-
fined for ¢ < min(es, e5). The theorem is proved by setting
&‘; = miD(EQ, €3, &‘5).

d) The positive matrix I' M« is Schur if and only if there
exists p € R?2, such that (FMT*)Tp < p (see e.g. Rantzer
(2011)). Let us look for p under the form (1,a) " witha > 0.

Then, (FMT*)Tp < p is equivalent with

71167/\5-(* +ed1 + CL")/2167)‘ST* + (16(53 <1

Ap o Ap o,
Y12e” = T 40 +avyme =T +acdy < a



which is also equivalent with

* 1 Yi1tavya:
T > As In (1—(1553—561)
(33)
™ > < 1In Yi2+avya2
Ag a—eda—acdy |°

Since 11 < 1 it is possible to choose a > 0 such that
Y11 + a1 < 1, it follows that the first inequality holds for
any T > 0 and for all € € (0,¢g) with

1=y —aym

6 = ads + 01 (34

Then the second inequality is equivalent to T > 14 (&) where

_M2tav: ) (35)

- S
Af a— &by — agdy

It is easy to show that 14(¢) = O(e) and is well defined for

€ < g7 given by
a

- CL53 + 61 '
The theorem is proved by setting £ = min(eo, €6, €7).

€7 (36)

V12721
(I=y11)(1—722)
to choose a > 0 such that % <a< % It follows
that the first inequality holds for any ™ > 0 and for all
e € (0,e6). As for the second inequality, it holds for any

T > 0 and for all € € (0,¢eg) with

Moreover, if 729 < 1 and < 1, it is possible

a — Y12 — avy22

37
0o + ady 37

g —

The theorem is proved by setting € = min(eo, €6, €5).
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