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Stability analysis of singularly perturbed switched and impulsive linear
systems

Jihene Ben Rejeb, Irinel-Constantin Mordrescu, Antoine Girard and Jamal Daafouz

Abstract— This paper proposes a new methodology for stability
analysis of singularly perturbed linear systems whose dynamics
is affected by switches and state jumps. The overall problem
is formulated in the framework of hybrid singularly perturbed
systems and we use Lyapunov-based techniques to investigate
its stability. We emphasize that, beside the stability of slow and
fast dynamics, we need a dwell-time condition to guarantee the
overall singularly perturbed system is globally asymptotically
stable. Furthermore, we characterize this dwell-time as the sum
of one term related to the stabilization of systems evolving
on one time-scale (slow dynamics) and one term of the order
of the parameter defining the ratio between the time-scales.
As highlighted in the paper the second term is required to
compensate the effect of the jumps introduced in the state of the
boundary layer system by the switches and impulses affecting
the overall dynamics. Some numerical examples illustrates our
results.

Index Terms— Singular Perturbation, Switched systems, Reset
systems, Dwell-time.

I. INTRODUCTION

Systems characterized by dynamical processes that evolve on
different time scales are encountered in a broad domain of
science going from biology [1], [2] to engineering [3], [4].
When several orders of magnitude differentiate the various
time scales, the standard analysis becomes more difficult and
singular perturbation theory [5], [6] is used to approximate
the dynamics by decoupling the slow dynamical processes of
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
solutions of singularly perturbed systems can be found in
[7], [8], [9]. Various biological singularly perturbed systems
are analyzed from a geometric perspective in [10].

Another feature that characterizes many physical systems
is the presence of discrete events that occur during the
continuous dynamics. These events may be represented either
by some change of dynamics without state jumps or by
impulses on the state of the system. The first type of events
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leads to the class of switched systems. Stabilization and
exponential stability of singularly perturbed linear switched
systems are considered in [11], [12]. The state jumps/resets
can be physical as in the case of mechanical systems with
impacts or electrical circuits with diodes, but they can also
be generated by the control strategy as in the case of event-
triggering control [13]. More general hybrid systems include
discrete events that can involve both switches and state
jumps. This framework can be motivated by the implemen-
tation of hybrid feedback control algorithms through fast
actuators. A stability result for this class of systems can be
found in [4].

In this paper we focus on the stability analysis of linear
switched systems affected by state jumps/resets. The main
contributions of the current work are:

« anew methodology for stability analysis of linear singu-
larly perturbed systems with switches and impulsions.

« the characterization of the minimal dwell-time between
two events that ensures the stability of the overall
singularly perturbed system.

It is noteworthy that, the required dwell time is the sum of
two terms. The first one is the regular dwell-time guaran-
teeing the stability of linear switched systems evolving on
one time-scale but whose dynamics do not share a common
Lyapunov function. The second one is of order of the
parameter characterizing the ratio between the time-scales
of the processes involved in the singularly perturbed system.
Our approach is based on classical singular perturbation
theory [5] with Lyapunov function arguments for hybrid
systems (see [14] for details).

The paper is organized as follows. Section II is devoted to
preliminary results concerning singularly perturbed systems.
Section III describes the switched impulsive system model
in the singular perturbation form. Section IV states the
main results along with its Lyapunov-based proofs. Three
examples are given in Section V to illustrate the applicability
of the proposed approach. Some conclusions are presented
at the end of the paper.

NOTATION

Throughout this paper, Ry , 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
denote 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 definite (negative definite). We write AT and A~!
to respectively denote the transpose and the inverse of 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. We also use
z(tf) = lim  x(t; +96).
0—0, 6>0

II. PRELIMINARIES

In this section we reformulate some results on the Lyapunov
stability of linear singularly perturbed systems. These will
be used in the next sections to prove the main results of the
paper concerning the stability of multiple time-scale systems
in presence of switches and impulses.

Let us consider the singularly perturbed linear system :

I(t) = Anx(t) + Algz(t) (1)
Eé(t) = Aglx(t) + Aggz(t)

where z(t) € R, z(t) € R™ and ¢ > 0 is a small
parameter. Let us assume that Ags is non-singular and
0"17"2

proceed with the change of variable
(3)- (i, “2)(5)-
y(t) Ap Ao I, z(t) )

In the variables x,y the system becomes:

#(t) = Aoz (t) + Bry(?) 3)
ey(t) = Aa2y(t) + e(B2x(t) + Bsy(t))

where
Ag = Ay — A19Ay) Aoy, By = Ajo,
By = Ay Ao Ag, Bs = Ay Ay A,
Let us make the following assumption:
Assumption 1: Ag and Aso are Hurwitz.

Under the previous assumption, there exist symmetric pos-
itive definite matrices Q, > I, , Q¢ > I,,, and a positive
number A such that:

AJ Qs + QsA] < —2)Q
AQTQQf + QfAQTQ —2XQy

Due to space-limitations the following 3 results are given
without proofs.

<
<

Proposition 1: If Ay and Ay, are Hurwitz then there exists
€1 > 0 such that

Viz,y) =2 Qs +y' Qry

is a Lyapunov function for system (3) for all £ € (0,&1).

In the following, let us denote Wi (t) = +/x(t) T Qsz(¢)
and Wy(t) = /y(t)"Qyy(t). Let us also introduce the
following notation by = |QsB1ll, b2 = |QsB2|| and
by = [|QsBsl|

Proposition 2: Let €1 as in Proposition 1, then for all € €
(0,e1), 0 >0and t >0

We(t) < Wf(O)e—%t + B \/We—k(l—e)t

max(ba,bs)

where 51 = m

Proposition 3: Let €1 as in Proposition 1, let 0 < g9 <
min(eq, 1) then for all € € (0,e3), 0 >0and t >0
We(t) < Wi(0)e M+eB2Ws(0)e M 4¢3/ V (0)e 101

where (35 = ﬁ and B3 = bi\gl.

III. PROBLEM FORMULATION

In this paper, we consider a switched system of the form:

( ;(;2) ) =4 ( ﬁ?f? > Vt € (thytis1), kEN (4)

with impulsive dynamics:

a(tf) \ _ g ( 2(te)

(265 )= (5 ). w21 o
where x(t) € R™, z(t) € R", 0 =t < ¢ < ... are
the instants of discrete events (switches, impulses or both),
or € T and v, € J with 7 and J finite sets of indices, A*
and J7 are matrices of appropriate dimensions for all i € Z,
j € J,and € > 0 is a small parameter characterizing the
time scale separation between the slow dynamics of = and
the fast dynamics of z.

Remark 1: Switches and impulses can, but need not, be
concomitant. Indeed, if o), = o441 and J** # I, 4, , then
at time t; an impulse occurs but no switch. Similarly, if
Lo, in. € {J/]j€ T}, for J* =1, 4n. and o) # opi1,
then a switch occurs at time ¢; but no impulse.

ForieZ, j€J, let
Ai(Alil Alﬁ) Jj<Jf1 Jf_z)
; 5 )
A, A By s
where A%, JI, € R *"= and Aby, Aly, Aby, Jhy, o J3,
are of appropriate dimensions.

Let us impose the following standard assumption [5] in the
singular perturbation theory framework:

Assumption 2: A, is non-singular for all i € Z.

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

( 58 ) = Pou ( ﬁg ) , Vt € [thythy1), k€N (6)

where, for all 1 € 7

I 0
P = P\ i Tt
( (Ag) 1Ay I, )

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

1€l I 0
P-_l _ ; ni ; Ng, Mz )
! < _(AZZ) 1A21 Inz )



Using (6), the continuous dynamics (4) in the variables z,y

becomes:
z(t) _ AZ* By* x(t)

(o) -3 ae )(0) o

YVt € (tk,tk+1], keN

where for all © € Z one has
A%J = Alﬁ - AQQ(AQQ)AAQD Bi = A§27
= (Aby) 1A Af, BS = (Aby) M AS A,

Similarly, the jump map (5) is rewritten in the x, y variables

() (353

where for all 4,7’ € Z, j € 7,
R, =P, g pP?

T—1

Remark 2: 1t is worth emphasizing that the jump map
Ry, ., is uniquely defined i:e., when a jump and a sw%tch
occur simultaneously we can either consider that the switch

precedes the jump or the reverse.

IV. STABILITY ANALYSIS

We study the stability of system (7)-(8) by using Lyapunov
function arguments. We state the following result which is a
particular case of [15, Theorem 1].

Proposition 4: Consider the hybrid system (7)-(8) and a
positive scalar €,,4,. The equilibrium point (z*, y*) = (0, 0)
is globally asymptotically stable, for all € € [0, £,,4,) if there
exists a function t — V(x(¢),y(¢)) such that V(0,0) = 0,
V(z,y >0, V(z,y) # (0,0) and the following hold for any

(x(0),y(0)) # (0,0):

(i) for all € € [0, epmaqz) and t € (ti, trt1]
V(z(t),y(t) <0,
(ii) for all ¢y, k€ N

V(@ (tisn)s y(trrn)) < V(2 (), y(te))

The stability analysis will be performed by considering the
Lyapunov function defined by

Viz,y) =2 Q% z+y Q3.

and showing that under appropriate conditions V' satisfies
Proposition 4. In the rest of the paper, we assume the stability
of each mode of the slow and fast dynamics. In other words
the following holds.

Assumption 3: A} and Ab, are Hurwitz for all i € Z.

From the previous assumption, we can deduce that there exist
symmetric positive definite matrices Q% > I, , Q} > 1.,
for 4 € 7 and a positive number A such that

AY QL+ QLAY < —2)Q!
T . . . .
A5 QF + QA5 < —2XQ%

Remark 3: Proposition 1 states that there exists €; > 0 such
that the linear dynamics (4) are all stable for all € € (0,¢1).

In the sequel,
pled dynamics defined in section II become
z(t) T QS w(t) and Wy (t) = | [y(t) T QF*
T is the corresponding mode over the time interval (¢, tx1].
For each mode i € Z, let bj = [|Q\Bjl , b = [|Q}Bs],
5 = |Q% B3l Let by, = I?GELZ)_([)Z , h € {1,2,3} and define

the Lyapunov functions of the decou-
Ws(t) =
y(t) where o), €

maX(bg, bg) bl

By — 5151
Ml—e(1-0) 7 A1—¢e2)

B = , Bs = )

The next result characterizes the variation of W, and Wy
during continuous dynamics between two events.

Lemma 5: Under Assumption 3, let ¢ € (0, £2), and let T, =
tr+1 — tx for a sequence (t;)r>o of event times. Then for
all k € N,

Wi(tri1) < Wi(t)(1 4 ef5)e -0

+ Wi (t])e(Ba + Ba)e A=) (10)
Wi (trs1) < Ws (t$)€5le_m O

F Wit (e 4 efe 0T (1)

Proof: This is straightforward from Propositions 2 and
3 by remarking that vV < W, + Wy and e < e (1=0)AL,
|

In the following we complete the characterization of the
variation of W, and W} by analyzing their behavior when
an event occurs.

Remark 4: There exist a positive scalar o > 1 such that, for
all 4,9 € T

Q. On.n of QU Onn
S z; z < o S IZ/ z 12
< O’ﬂz,nz Qf B Onz,nm Q’;f ( )

and let v > 0 such that

72 = max [(RL,,)" ( OQi

i, €L, jET

On n j

== ) RI .,

N Qf ) 1—>1
(13)

Remark 5: In order to keep the notation simple, we intro-
duce the matrix :

[ (L +eBs)e 20
M = < €B1e_>‘(1_9)T’“

(52 + B3)e 1= >
e = Tk +Eﬂle_>\ 1 Q)Tk
Lemma 6: Let €1 as in Remark 3, 0 < €3 < min(ey,1) and
let 81,082,083 be defined by (9). Let a and ~y satisfying (12)
and (13) respectively and let Ty = tx41 — tx for a given
sequence (t)g>0 of event times. Then, for all k € Ry,

V(tes1) < Cp(M;)?V (1)

where ¢ = v/2ay and p(My) is the infinity norm of My, i.e.
maximum absolute row sum of the matrix.

(14)



Proof: Lemma 5 and Remark 4 yield

W@(tk—&-l) We(t+)
<M. otk
( Wiltrer) ) = 75\ Wi(t))
where the inequality is meant component-wise. Conse-

quently, using that V(¢) = ||(W(t), W;(¢)) T||* one obtains
that

V(ths1) = Waltrg1)? + W (tes)?
< (M) (Wis(ti) + Wy(th))?
< 2p(Mo)*V (1)
On the other hand

+y N\ T Tkt +
- G (7 %) (20)
y(tk) On. n, Qf y(tk)
T Okt1
x(tk) v T s 0”.7:7”2
S ( y(tk) > (RaiaokJrl) ( Onz,nz Q;IHI
vk, x(tk)
Ro‘i*)dk-;—l ( y(tr) )
() ) o
2 k 1% T s
S « < y(tk) ) (Ro'];%akq_l) ( Onz7nw
Rorsoi ( y(tx) )
ol
y(tx)
Using that, for all i € Z one has Q% >1I,,, and Qj} >1,.,

it follows that
(2

yielding that (14) holds. [ ]

< 0[2’72

2
< Vi(ty)

We can now state the main result of this paper.

Theorem 7: Consider the singularly perturbed system (4)-
(5). Suppose that Assumptions 3 hold and &; such that

1 .
O<er < W. Let also consider o and ~ such
that (12) and (13) hold. Let 0 < &5 < min(ey,1) and let
: 1 1
0<€3 <m1n(52,m,ﬁ). ) '
Then, for all € € (0,e3), the system is globally asymptoti-

cally stable if the inter-event time Tj satisfies :

T > imax{(l_le) <ln(C) +e(B2 + 283),

eln (C)}
1—2Ceh

where ¢ = ay and (31, (2, B3 are given in Propositions 2-3.

15)

Proof: In view of Assumptions 3 item (i) of Proposition
4 holds for all € € (0,e1). To prove that inter-event time
T given by (15) guarantees the stability of the singularly
perturbed system given by (4)-(5), we analyze the behavior
of the Lyapunov function and prove that:

Vitks1) < V(tx), Vke R*.

From Lemma 6, this is the case if all row sums of (M. are
strictly smaller than 1. In other words, the system is globally
asymptotically stable if the following inequalities hold

C(L+e(Ba +2B5))e 2= <1
(261 1= L em2T) < 1

Since e~ (1= AT < 1 for all § € (0, 1), it follows :

e MmO (1 4 e(Bs + 283)) (16)

-1
¢

1
2B +e T < z (17)

These are equivalent to

Tp > ﬁln (C(l +e(B2 + 253)))

£ ¢
T > A1n<12<5ﬂ1)

Using that In (1 + E(ﬁg + 263)) < 6<ﬁ2 + 263) for all
€ > 0, one gets that (16), (17) hold as far as:
(hl(C) + (B2 + 253))

1
T X1 =0)

£ ¢
>—In{ ——
AT (1 - zge/a1>
These inequalities are satisfied if (15) holds. [ |
Remark 6: Let

. 1
™ == max{(l—&) <1n(§) +&(Ba + 283),

eln <C)}
1-— 2<851

Theorem 7 gives a lower bound on the dwell time between
two consequent events ensuring the two time scale system
(4)-(5) is globally asymptotically stable. However, this lower
bound on the dwell time condition may be subject to some
conservatism. This means that the overall system can be
stable when the time interval between consecutive events is
less than T*.

A closer look at T* reveals that:

T = max (O(1) + O(¢), O(¢)) (18)
In Corollary 1 we show that O(1) term vanishes when the
stability of the slow dynamics is not affected by the discrete
events. On the other hand we also show that the O(1) term
is required for stability of linear impulsive and/or switched
systems evolving on only one time-scale (see Proposition 8).

Corollary 1: Let us suppose that all the modes of the slow
dynamics with jumps in (4) - (5) share a common Lyapunov
function. Thus (12) can be reformulated as: there exist
positive scalars 1,2 > 0 such that

Wi () < mWiltr) +72Wy(ty) and Wi(t)) < Wi(ty)



Consequently, the minimum dwell time in (15) guaranteeing
the global asymptotic stability becomes

= imaX{ﬁs + (B2 +263) (71 + 72),

Y1+ Y2 .
. (1 —yefi(l+m +72))} =00

Remark 7: o In Corollary 1 the dwell time is closely
related to the singular perturbation parameter €. The
length of the time interval between two consecutive
events is lower bounded by the time it takes for fast
dynamics to compensate the potential increase of Lya-
punov function at jumps or/and switchings.

e When J = ), Corollary 1 improves the result [11], [3]
by emphasizing that the dwell time is O(e) if all the
slow dynamics share a common Lyapunov function.

Let us now study the meaning of O(1) term in the expression
of . To do that, we consider the following linear impulsive
switched system

{ (1) = A7 a(t)

;z:(t;) = J" x(ty)

Vt € (tk,tk_;,_l] (19)

where the state 2:(t) belongs to R"=.

Let us assume that the matrices A’ are all Hurwitz. We note
again that there exist symmetric definite positive matrices
Q" >1,, and X\ € R, such that

(A)TQ"+ QA" < —2AQ' (20)
Let & > 1 such that for all 4,5 € Z one has

Q' <a*Q

and define ¢ = ayv/maxier jes || (J7)TQIJT .

Remark 8: Notice that parameters & and Zare equivalent to
a, ( respectively in the two-time scale case.

Proposition 8: System (19) is asymptotically stable if the
following inequality holds
In(C)

A

tg41 — g >

V. ILLUSTRATIVE EXAMPLES

In this section, three examples of hybrid systems are used
to verify the performance of the proposed strategy. In the
first example, we assume that discontinuities only occur due
to the switching signals. The second example is given to
demonstrate the validity of the results above for impulsive
systems. In the last example, we suppose that both jumps
and switchings may occur at the same time.

A. Switched system

Let us introduce the singularly perturbed system (4)-(5) with
J% =1, 1n, and o, € T = {1,2}. Let us consider a
switched system having two modes defined by:

Al =1, Al, =5, A}, =0, A}, = —1. 21)

A3 =1, Al, =0, A5, =5, A3, = —1. (22)
Straightforwardly one has A = —1 and A3, = —1 i.e., the
reduced (slow) system and the boundary layer (fast) system
are stable. Nevertheless, as shown in [12], for any € > 0 there
exists a periodic switching signal that renders the overall
system unstable. To illustrate this, we fix ¢ = 0.003 and let
the initial condition (2(0),2(0))" = (1,1)T. It can be seen
in Figures 1 and 2 that the switched singularly perturbed
system is unstable for a periodic switching signal o of period
0.02 sec.

x(t)

0'50 0‘.2 0.‘4 0‘.6 0.‘8 ‘1 1‘.2 114 1‘.6 l.‘8 2
Time (s)
Fig. 1. State trajectories with 7, = 0.02 sec
201
15
=
w
10
sk
O0 0‘.2 0.‘4 0‘.6 0.‘8 1 1‘.2 114 1‘.6 1.‘8 2
Time (s)
Fig. 2. State trajectories with 7, = 0.02 sec

It is noteworthy that, for £3 = 0.0048 and ¢ = 0.003, the
dwell-time condition in Corollary 1 yields 7, = 0.023 sec.
Indeed considering a dwell-time larger than 0.023 sec the
system becomes stable.

B. Reset system

Consider now the singularly perturbed system (4)-(5) with a
continuous dynamics defined by the matrix A2 in (22). The
reset map is described by a single matrix:

0.48  0.49
J‘(&w &w) 3)



As in the previous example, the matrices Ay and A,o are
Hurwitz, i.e. Assumptions 3 hold. Choosing the same value
of € and starting with the same initial condition as in the
previous example, the obtained value of the required inter-
event period stabilizing the overall system is given by 7, =
1.255 sec. Simulating the dynamics with periodic jumps of
period 1.2 sec we noticed that the trajectories diverge. On
the other hand, the simulation result in Figure3 shows that
the period of 1.255 sec between two consecutive resets is
sufficiently large and the continuous dynamics last enough
to compensate the increase of states during jumps, which
render the system asymptotically stable.

—x(t)
“en()

IS
5}
P rrr |

25 30

State trajectories with 7, = 1.255 sec

C. Hybrid system

Let us consider the system (4)-(5) with matrices (21)-(23).
Setting again € = 0.003 and applying Theorem 7 we obtain
a period separating two consecutive events that has to be
larger than 7, = 1.95 sec. In this case the system is
asymptotically stable for all time periods lower-bounded by
T. The trajectories of system (4)-(5) for 7, = 1.95 sec are
shown in Figure 4.

—x(t)

“eeea(t)

4
Time (s)

Fig. 4. State trajectories with 7, = 2 sec

Notice that A}, = 0 explaining the very fast convergence
of z during the first period. At t; = 2 s, both a switch and
a jump occur simultaneously. We also note that A3, # 0
meaning that the convergence speed of z is slower due to
the influence of the slow variable x. At time t5 = 2¢; only
a jump occurs meaning that the slow variable x continues to
affect the dynamics of z.

VI. CONCLUSIONS

In this paper we proposed sufficient dwell-time condition for
the stability of two-time scales switched impulsive systems.
We emphasized that the required dwell-time consists of a
sum of two terms. The first one corresponds to the stabiliza-
tion of the slow dynamics while the second one is of order of
the parameter characterizing the time-scale separation and is
required for the stabilization of the dynamics on the slow
manifold. The results have been illustrated by numerical
simulation of linear systems affected by switches and/or state
jumps.

REFERENCES

[1] L.Chen and K. Aihara, “A model of periodic oscillation for genetic
regulatory systems,” IEEE Transactions on Circuits and Systems,
vol. 49, no. 10, pp. 1429-1436, 2002.

[2] A. Hodgkin and A. Huxley, “A quantitative description of membrane
current and its application to conduction and excitation in nerve,” The
Journal of Physiology, vol. 117, pp. 500-544, 1952.

[3] 1. Malloci, “Two time scale switched systems: Application to steering
control in hot strip mills,” Ph.D. dissertation, Univ. Lorraine - CRAN
UMR 7039, 2009.

[4] R. Sanfelice and A. R. Teel, “On singular perturbations due to fast
actuators in hybrid control systems,” Automatica, vol. 47, pp. 692-701,
2011.

[5] P. Kokotovié, H. Khalil, and J. O’Reilly, Singular perturbation meth-
ods in control: analysis and design. SIAM Series in Classics and
Applied Mathematics, 1999.

[6] H. Khalil, Nonlinear Systems (Third Edition). Prentice Hall, 2001.

[71 M. Balachandra and P. R. Sethna, “A generalization of the method
of averaging for systems with two time scales,” Archive for Rational
Mechanics and Analysis, vol. 58, no. 3, pp. 261-283, 1975.

[8] D. Nesic and A. Teel, “Input-to-state stability for nonlinear time-
varying systems via averaging,” Mathematics of Control, Signals, and
Systems, vol. 14, pp. 257-280, 2001.

[9]1 A. Teel, L. Moreau, and D. Nesic, “A unified framework for input-to-
state stability in systems with two time scales,” IEEE Transactions on
Automatic Control, vol. 48, no. 9, pp. 15261544, 2003.

[10] G. Hek, “Geometric singular perturbation theory in biological prac-
tice,” Journal of Mathematical Biology, vol. 60, pp. 347-386, 2010.

[11] M.Alwan, X. Liu, and B. Ingalls, “Exponential stability of singularly
perturbed switched systems with time delay,” Nonlinear Analysis:
Hybrid Systems, vol. 2, no. 3, pp. 913-921, 2008.

[12] 1. Malloci, J. Daafouz, and C. Iung, “Stabilization of continuous-time
singularly perturbed switched systems,” in Proc. of the 48th IEEE
Conference on Decision and Control, 2009.

[13] M. Abdelrahim, R. Postoyan, and J. Daafouz, “Event-triggered control
of nonlinear singularly perturbed systems based only on the slow
dynamics,” Automatica, vol. 52, pp. 15-22, 2015.

[14] R. Goebel, R. Sanfelice, and A. Teel, Hybrid Dynamical Systems.
Princeton University Press, 2012.

[15] L. Hetel, J. Daafouz, S. Tarbouriech, and C. Prieur, “Stabilization of
linear impulsive systems through a nearly-periodic reset,” Nonlinear
Analysis: Hybrid Systems, vol. 7, pp. 4-15, 2013.



