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ABSTRACT In this paper, we study the problem of exponential stability of impulsive cascaded systems.
In particular, we provide some sufficient conditions that guarantee the exponential stability of the cascaded
systems, provided that the two subsystems are also exponentially stable. The proof of the stability of the
cascaded systems is based on the second Lyapunov method and the existence of converse theorems for
the stability of impulsive systems. Finally, the usefulness of our results is illustrated by its application to

the problem of trajectory tracking for a wheeled robot.

INDEX TERMS Cascade impulsive systems, second Lyapunov method, impulsive control.

I. INTRODUCTION

The present study of cascaded impulsive systems finds its
motivation for two main reasons: the importance of impulsive
systems and the importance of cascaded systems.

First, it is known that many biological systems, optimal
control models in economics, theoretical physics, ecology,
and industrial robotics have a sudden change in the form of
disturbances in their states [1]-[4]. These short-term pertur-
bations have a duration that is negligible compared to the
duration of the processes. Therefore, it is natural to assume
that these perturbations act instantaneously or as impulses.
Consequently, impulsive differential equations appear to be
a natural description of these processes. On the other hand,
impulsive systems appear naturally in certain control strate-
gies of dynamic systems, such as the impulsive control strat-
egy or the intermittent control strategy. Impulsive control is
a control theory based on impulsive differential equations.
The key idea of impulsive control is to change the state
instantaneously at certain instants, and the information is
transmitted only at certain discrete times. Thus, compared
with the continuous control strategy in which the informa-
tion is transmitted continuously, the control cost and quan-
tity of transmitted information can be effectively minimized.
In addition, in some cases, impulsive control can be an
efficient method for treating systems that cannot withstand
continuous disturbances [5]-[10].
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Initially, the impulsive control approach was used in ordi-
nary differential equations to stabilize networked systems
and multi-agent systems [11]-[16] and the references therein.
Recently, impulsive control has also been used to control par-
tial differential equations [17]-[19]. Most recently, an impul-
sive control was designed via the event-triggered method
to establish the rapid exponential stabilization of a class of
damped wave equations derived from brain activity in [20],
as well as to achieve the same stability result for the dynamic
population Lotka-McKendrick equation in [21].

However, unlike in impulsive control where the control
signal is instantaneous, in intermittent control, the control
signal is on for some non-zero periods of time but is off
for other periods. This type of control is thus a transition
between continuous and impulsive control and has often been
the focus of the study of synchronization in complex network
systems [22]-[25].

Second, a large class of nonlinear systems can be decom-
posed into cascaded subsystems that are less complex than the
original system. Moreover, cascaded systems may appear in
many control applications. Most remarkably, in some cases,
a system can be split into two subsystems for which control
inputs can be designed with the aim that the closed-loop
will have a cascaded structure [26]-[29]. In the literature,
cascaded continuous systems were originally introduced
for autonomous systems; their roots can be traced back
to [30], where the authors offered some sufficient condi-
tions for the global stabilizability of two cascaded con-
nected nonlinear autonomous systems. In this study, using
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the LaSalle-Krasovskii invariance principle, the authors have
shown that a cascaded autonomous system is globally asymp-
totically stable (GAS) if all orbits are bounded and if both
subsystems are GAS. The boundedness condition on the
solutions was later eased in [31] for some particular cases.
Sufficient conditions for the interconnection term to prove
the global stabilization of partially linear cascade systems
were proposed in [32]. Sufficient growth conditions were also
given in [33] for the global stabilization of nonlinear cas-
cade systems. In [34], sufficient conditions for global smooth
stabilization of cascaded nonlinear systems were achieved
when making the first system strictly passive for an output
that spans the unstable part of the vector field of the second
system. In [35], an added integrating technique was used to
prove the global asymptotic stabilization for the cascaded
system, while in [29], an adaptive controller was devel-
oped using feedback passivation together with an explicit
Lyapunov function built for cascaded systems. In [36], some
theoretical challenges for the stability analysis of cascaded
nonlinear systems were presented.

For the case of a class of cascaded nonautonomous sys-
tems, it was shown in [37]; that a cascaded nonautonomous
system is globally uniformly exponentially stable if and only
if each isolated subsystem is globally uniformly exponen-
tially stable. This statement fails, for example, for asymptotic
stability properties, an additional property on the bounded-
ness of solutions can be added to recover the asymptotic
stability for the entire system. It has been shown in [27], [28],
that the compound cascaded system of two globally uni-
formly asymptotically stable subsystems is globally uni-
formly asymptotically stable provided that its solutions are
globally uniformly bounded. This boundedness assumption
of solutions was also used to show a similar result for the
semi-global stability in [38]; and practical stability properties
in [39]. A survey of some analyses and designs of cascaded
nonlinear nonautonomous systems is given in [40].

The stability of discrete-time cascaded systems was also
discussed in [41]-[46]. In [41], a partial state feedback con-
troller design scheme was considered for the study of the
global stabilization problem for a class of cascaded nonlin-
ear systems with a time-varying delay. In [42], the output
tracking problem for cascaded switched nonlinear systems
was studied based on the mean residence time method. In the
case where the zero dynamics were not stabilizable under
an arbitrary switching signal, sufficient conditions for that
problem were established. In [43], the dwell time method was
used to study the stabilization problem of a class of cascaded
switched nonlinear systems in the presence of actuator satu-
ration. Sufficient conditions have been proposed for cascaded
switched systems to be exponentially stable by designing
state feedback controllers. Later, in [44], using the forwarding
technique and some recently developed tools for the input-to-
state system (ISS), a global state feedback controller was con-
structed to solve the global stabilization problem for a class of
cascaded nonlinear systems with upper triangular structures.
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Reference [45] used the idea of the cross-term constructed
Lyapunov function, first introduced in [29], to present some
sufficient conditions for semi-global and practical asymptotic
stability as well as the construction of a controller stabilizing
such systems.

However, the possibility of impulses has been excluded
from the above-mentioned works. In general, the stability of
impulsive differential equations has been extensively devel-
oped in the last decades; and many results of this theory can
be found in the literature [1]-[4] and the references therein.
Recently, using a converse theorem for the practical expo-
nential stability of impulsive systems, [47] established the
practical exponential stability of cascaded impulsive systems.
More recently, and in a similar spirit, the practical asymp-
totic stability of cascaded impulsive systems was elaborated
in [48].

In this study, as a continuation of previous works,
we established the uniform exponential stability of cascaded
impulsive systems. The present work is an attempt to lay a
foundation for the study of the exponential stability of cas-
caded impulsive systems and to explore the eventual benefits
of their application in the impulsive control of continuous
systems. Thus, the main purpose of this work; is to use
the results obtained on the exponential stability of cascaded
impulsive systems to control continuous cascaded systems
via an impulsive controller.

The remainder of this paper is organized as follows.
Section 2 contains some definitions and preliminary results.
In Section 3, sufficient conditions are provided to guaran-
tee the uniform exponential stability of cascaded systems.
In Section 4, an example of a pursuit problem for a mobile
wheel robot that moves in a plane with numerical simulations
is presented as an illustration. Section 5 presents the conclu-
sions of this study.

II. PRELIMINARIES
Let us consider the cascaded impulsive system in the follow-
ing form:

x1 = filt,x1) + gt x)x2, 1 F 1, (1)
X = folt, x2), 2
Ax; = L)+ Lixa, t=1, k=1,2,.. (3)
Axy = Jr(x2). @)

The two isolated subsystems are given by

X1 =filt,x1), t#K 5
Axy =I(x1), t=t, k=1,2,.. (6)
and
X =Hx), t#k (7
Axy = Jr(x), t=t, k=1,2,.. (8)

wheret € Ry, x; € R", xp € R, andx = [x1, x2]7. Fori =
1, 2, the jumps Ax;(t;) = x;(tx ) — x;(tx ), where xi(ty ™) =
limy,_, o+ xi(tx + ), xi(t™) = limy,_, o+ x;(tx — h).
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Throughout this paper, we suppose that the following
assumptions hold:

(H1) The functions f [tp,00) x R" — R" f :
[to, 00) x R — R™ and g : [tp, 00) x R — R#*M
are continuous in their arguments, locally Lipschitz in x,
uniformly in #, f1(., .), f2(., .) are continuously differentiable
in both arguments and f(¢, 0) = f>(¢, 0) = 0. The functions
I R — R"J; : R" — R™ and L : R — RV
are locally Lipschitz and I3 (0) = J;(0) = 0.

(H2) The fixed sequence of times (fx)xen satisfies the
conditions 0 < fy <ty < ... <1l <...,and ty —> +00 as
k — +oo0.

Note that the standard assumptions (1) — (H3) guarantee,
for any initial condition xg = [xj0, xzo]T, the existence and
uniqueness of the solution x(t) = [x1(¢), x2(¢)]7 defined
in the interval [#g, +00) for system (1)-(4). According to
the classical assumptions in the theory of impulsive dif-
ferential equations, we assume that x(fx~) = x(t). The
solution x(¢) is then continuously differentiable for all r #
tt,k = 1,2,... and left-continuous at the discontinuity
points #x, k = 1,2, ... [1], [2].

The following notations and definitions will be needed for
later use.

Notation 1: KC denotes the class of continuous functions
o : Ry — R} such that « is continuous, strictly increasing,
and «(0) = 0.

Notation 2: PC[R4, R"] denotes the set of functions 4 :
Ry —> R”", which are continuous for t € Ry, t # 1,
have discontinuities of the first kind at points # and are left
continuous.

Notation 3: Vg (resp., V1) denotes the class of functions
V:Ry xR" — R, such that V(z,0) = O forall t € Ry
and V(t, x) is locally Lipschitz in x, continuous everywhere
except possibly at a sequence of points {#;}, where V (¢, x) is
left continuous and the right limit V(t,;1r , x) exists for all x €
R" (resp. the class of functions V € )} and it is, moreover,
continuously differentiable).

Definition 1: The equilibrium point x = 0 of
system (1)-(4) is said to be uniformly exponentially sta-
ble (UES) if there exist positive constants r, k, and X such

that
lx(Dl < kllx(to)lle ™), Vi > 19, ¥ |xoll < 7. (9)

Definition 2: The equilibrium point x = 0 of
system (1)-(4) is said to be uniformly bounded (UB) if there
exist a class C function « and a constant ¢ > 0 such that

lxI < e(llx@)I) +c, V1 =10. (10)

Definition 3: We define the Dini derivative or the upper
right-hand generalized derivative of a function V (¢, x1) along
the solutions of (1) as follows:

D Vay(t, x1)

. 1
= limsup —[V( + h, x1 + ~f1(t, x1)) — V¢, x1)]
h—0t h
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lIl. MAIN RESULT
In this section, we state and prove our main result. First,
we recall an auxiliary result which is taken from [2], and
a converse theorem concerning the exponential stability of
impulsive systems which can be found in [1], which will be
used later.

Lemma 1: Assume that

1) vey,

2) fork=1,2..,t > 1

Dv(t) < a(t)v(t) + b(1), 1 # 1y,
V() < cevite) + di,

where a, b € PC[R4, R], ¢y > 0 and dy are constants.
Then

wt) < V(to)( 1_[ ck)ef’:) a(s)ds

o<t <t

! t
+ / ( TT ee)e’ “@b(s)ds
fo

s<ty <t

+ Y (1 ) a

<tk <t, 179 <tj<t

The following converse theorem for the exponential stability
of impulsive systems is taken from [1].

Proposition 1: Let conditions (H1) — (H3) hold and let
solution x| of system (5)- (6) be exponentially stable.

Then, there exist positive constants p, cy, c2, ¢3, ¢4, K and
a function V € V) such that the following conditions are
satisfied for all x1, y; € B, = {y € R"; |lyll < p}andt >0,

@) ctllxl? < Vi, x) < ealbal?,

(i) Vi), x1) < —e3V(t, x1), 1 # I,
(i) 155, 2Dl < eallall, £ # n,
@iv) V@, x1) =V, yDl < Kllxi —yill,

) V(1 x1() + L () < Ve, x1(t).
Now, we are in a position to introduce our main results.

Theorem 1: Assume that systems (5)-(6) and (7)-(8) are
UES and the interconnection terms g(., .) and L (.) satisfy the
following conditions, for all t > 0, x € Rm

@ g, )l =M +ellx|,

®) LI < mg + exllx|l,
where M, ¢ are positive constants and, my and € are sup-
posed to be bounded with respect to k. Then, the impulsive
cascaded system (1)-(4) is UES.

Before proving Theorem 1, let us first quote the following
remarks.

Remark 1: First, note that because (7)-(8) is exponentially
stable, there are positive real constants r;, k», and u such that:

lxa(0)]l < kallxaolle ™0, ¥ 1 > 1, (11)

for all xpg such that ||xp|| < rp, where x»(¢) is the solution
of the impulsive subsystem (7)-(8) with initial condition x»(.
Because |[x2g|| < r2 and e #U~0) < 1 V¢ > 1o, it follows
from (11) that

lx2()l < 02 := kor. (12)
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Additionally, we can suppose that c¢3 in (i7) in Proposition 1
and p in (11) are equal. Indeed, if this is not the case,
by replacing either ¢3 in (if) or w in (11) by min{c3, u} we
get the wished result.

—c3V(t, x1)
e~ Mi—10)

—min{c3, u}V(t, x1)

=
<e min{c3, u}(1—tp)

Remark 2: Second, to simplify the proof, we will prove
Theorem 1 under the following hypotheses (a’) and (b’)
instead of hypotheses (a) and (b) respectively.

@) g, 0l =M +ellxl,
b))  NLeG < mg + ellxtll.
In fact,

g, )l = M + ¢llx]|,

=M +elxill + ellx2|l,

=M +ellx|| + o2,

<M +e¢lxll,
where M’ = M + o5.

Proof: We break up the proof into two steps. In the

first step, we prove that solutions xj(.) of the impulsive
cascaded system (1)-(4) are bounded, while in the second

step, we establish the UES of the impulsive cascaded
system (1)-(4).

A. FIRST STEP: BOUNDEDNESS OF SOLUTIONS

Subsystem (5)-(6) is UES, then by Proposition 1, there exists
a Lyapunov function V' € Vj satisfying all conditions (i)-(vi).
For t # t, the derivative of V along the solutions of
system (1)-(4) is given by

Viy(t, x1) = Visy(t, x) + aa—Zg(I,X)JQ,

—c3V(t, x1) +ca |lxa [ 18, )l [lx21l,
—c3V(t, x1) +callxi | (M + ellxr D) [1x2l,
—c3V (1, x1) + caellxa x|

+ea M2l Hlx1 ]

IANIATA

Using (12) and the fact that |lx; 1> < iV(Z,xl), it follows
that

Vay(t, x1) < —e3V(t, x1)+cq 803 |xi |*+ca Moa ||x1 |,
C4E
< —(es = =l Vi)
&]
c4M oy
+ —— V(. x),
NG
—(63 — )\1€_C3O_t0))V(I, Xx1)
+ A1/ V(t, x1), (13)

where A1 = %222 and g; = ”M—Cl”z.

On the other hand, for t = #;, we have

IA

Vs x@h)
= V(" x1(te) + Te(er () + L (e(ti))xa (),
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= V(" xi(@) + i (1)
+ L (x(tr))x2(k )
— V@, x1 () + LG (1)
+ V(@5 X)) + LG (),

From (iv) and (v) in Proposition1, we obtain successively

VIt x1(te) + T (er (1)) + L Ge(ti)xa (1)
V@, xi () + L(xi (1)
< K L@l ez @l

and
Vet xi(t) + Ik (i (86))) < V(te, x1(80)).
This gives

Vet xi @) < Vite, x1(t) + K L @)l Ixa (o)l

and by assumption (b’), we obtain

VS, a1 < Vi, x@)) + K (my
+ exllx1 @)D 2@l

V(t, x(1) + Kexllx2(zi) |l lx1 (7o)l
+ Kmyc [|lx2(ti0) |l

Kék 2
Vit X)) + —= In@ollIx @)l

IA

IA

Keg
+ TIIXz(lk)II + Kmy [|[x2(ti)|l,

IA

K
(1+ T ool V e x(00))
c1

€k
+ K (5 +m) el

< (14 ae™ 3%V Y (g, x(1))
+ de—cs(tk—to)7 (14)

where o = KZ‘ZE andd = Koo (% +m) .

Let w(t) = /V(¢,x1). Then, from (13) and (14), w(t)
satisfies

. C3 Al —c3(t—tg) /31
(8 _ e A 1
W = —(5 - e Jror+ 5 En ()
w(t,:r) < (1 + \/56773(t"7’°))w(tk)
4 Vde= T 10, (16)

It follows from the Lemma 1 that for V¢ € (#, tx4+1] we have

wo) < wito) [ (14 Ve 2070

fo<tx <t
t (B _ A1 ,—e3(s—r ))
o ol (3 =Femestm0)ds

t o
+f ( T a+ Vae 200y
fo

to<ts<t
(% _ %Ie—fw—fo))du Bi

X ef; N —ds
2
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+ Y (] a+vae 7o)

fo<tp<t, MH<tj<t
ol ~(3-4 o)y
_ B4
x/de™ 2 =10 (17)

Now let us give estimates of the three integrals on the right-
hand side of the inequality (17). Firstly,

t 3 A —ca(s—t, X
ol —(F-Feat0)as
= g_%(t_f)

21 [ p=e3t—t) _ p—c3(t—tg)
X e23 [e e ! ]

ag A
< e 2Dk (18)

. — B (t—t0) .
Secondly, the series Z e~ 2 k=10 jg convergent according

k>1
to the comparison criterion for numerical series (let us note

§ its limit), and as it has the same nature as the infinite

product l_[ (1 + \/&ef%(”ﬁt(’)), it follows that l_[ (1 +
k=1 k=1

Jae 3 ~)) is also convergent to a limit which we will
note P. Then the inequality (17) becomes

‘ A
w(t) < w(to)P o~ 3 (=10, 25

B1 . A

t C
+ ?Pez e~ 294

0]
= ~S—1) ,— S (1)
+P de™s E e 2T T kTl
o<t <t

~B1—10) 7k
< w(tg)Pe 2V 710Ve23

2] )
+ BiPe™3 _[1 _ e—i(t—to)]
C3

A C
+ P«/Eeﬁ Z 6_73(”‘_’0),

o<t <t
M 1 A A
< w(tg)Pe™s + —B1Pes + P/de™3 S,
c3
In the light of (i) in Proposition 1, this leads to
i@ < yillxwoll + 2,

2L L5
where y; = %pezzs and y, = L(%lglpezq +

Jer

A
PJde™s S). The uniform boundedness of solutions x; of
system (1)-(4) is then proved, and consequently, there exists
a constant oy > 0 such that: ||x;(?)|| < o1, V,t > 1.

B. SECOND STEP: EXPONENTIAL STABILITY OF
SOLUTIONS

Using the calculations we did for the proof of the bounded-
ness of solutions, we obtain that the derivative of V along the
trajectories of equation (1) for ¢ # # is given by

Vi, x1) < =3V, x1) + cq llxi || lg@, )l [1x2l.
< —a3V(t, xp) +cq llxr [l (M + € [lxi [ 2l
< —c3V(t.x) + Ballxolle™ 7,
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where B8y = c401(M + eo01)ky. And for t = f;, we have

VS xh) < (14 ae 3% )y (g, x(1)

+d |y fle™ 1),
where d = %22
forall t > 1y

+ Kkym. According to the Lemma 1, we get

Vit,x)) < V(to,xlo)l'le_c3(’_’0)
t
+ PBallxaoll | e U 3lm0) gy
Ip
+ dPlx0|| Z =3 =1) =3k —t0)
fo<tr <t,
p 2gmesli=to) — t)e—C3(t—10)
c2Pllxiof"e + Ballxaollz — to)e

+dPllyl Y e R F ),

o<t <t

IA

—c3(t—1tp) + 2/32”)520” 6‘_673(1_10)
cze

+d SP||xylle” 7 ¢
_ B
< C(Ilxioll + llxaoll)e™ 2@~ (19)

2
2 Pllx1oll7e

IA

where C is a positive constant that is independent of the initial
conditions. Consequently, we obtain

JC 3
1] < ﬁ(llxloll-l-\/llxzoll)e 7 (t=to),

&([lxol)e” T,

IA

where & is a class K function; thus the proof of Theorem 1 is
achieved.

Remark 3: In the available results concerning continuous
systems, the boundedness of the solutions is a necessary con-
dition to guarantee the asymptotic stability of the cascaded
system of forms (1)-(2). Therefore, the question was how
to ensure this uniform boundedness. Additional assumptions
were imposed on the growth rate of the interconnection
term g as

g, 0l < Brllx21) + O2(llx2 D llx1 (20)

where 61,67 : Ry — R, are two continuous functions
[27], [28], [33], [38]-[40], [47], [48]. Contrary to what we
mentioned above, in Theorem 5 the boundedness of the
solutions is not a necessary condition to guarantee the con-
vergence of the cascaded system; moreover, the condition
imposed on the interconnection term g(¢, x) between the two
subsystems is more general than condition (20), and than the
one mentioned in [37].

IV. APPLICATION: TRACKING CONTROLLER FOR ROBOT
MANIPULATORS

To illustrate our theoretical results, we consider the problem
of tracking a wheeled robot that moves in a plane. The motion
of this tracking robot is given by the following system of
differential equations [26], [49];

Xx(t) = v(t)cos(6(1)), 2n
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y(t) = v(1) sin(6(2)), (22)
0(1) = w(1), (23)
where v is the forward velocity, w is the angular velocity,
(x, ) are the coordinates of the center of the vehicle, and 0 is
the angle between the heading direction and the x-axis (see
Figure 1). The problem of tracking a reference robot as done
in [26] and [51]
X (1) = vy (2) cos(O:(1)),
yr(t) = v (1) sin(0, (1)),
0, (1) = ().

If we define the error coordinates as in [26], [49]-[51]

xo(t) cos(@(t)) sin@()) 0 [ x,(t) — x(¢)
Ye(®) | = | —sin(0()) cos(8(r)) O yr(@) —y@) |,
0,(1) 0 0 1]|]|6@)—00

then the coordinates of the error equations in the moving
frame can be expressed in the following form

Xo(t) = o(1)ye(t) — (1) + v, (t) cos(@e(t),  (24)
Fe(t) = —w(t)xe(1) + v, (1) sin(@,(1)), (25)
0e(t) = w, (1) — (t). (26)

The trajectory tracking problem of system (24)-(26) has been
studied in depth using cascaded systems in several papers,
for example, in [50] and [26] (where the control repre-
sents a function that depends on two variables of the triplet
(Xes Ve, 0) and an additional variable defined by a certain
differential equation. This control was nonlinear in [26], and
was reduced to linear in [50]). The same problem was treated
later for delay systems in [49]. In the following, we study
this problem using impulsive control such that the following
closed error equation

ze(t) = f(t, 2e(1)) + 8(t, Ze(1), 0 (1)) 27)
be(t) = w,(t) — w(t) (28)
ze(t") = (14 Mze(tr) + Li(ze(2), 0(1)) (29)
0e(t;) = (1 + M)Be(tr) (30)
() =20, 0et]) =60 31)

is exponentially stable, where A € (—1, 0) and

.= [)yce} Lt 2(t) = [w(t)ye(t) - v(t)]’

—(t)x.(t)
V(1) cos(8.(1))
vr(8)sin(0.(1)) |’

where A is a positive constant that is strictly smaller than 1.
Clearly, system (27)-(31) can be considered as a cas-
caded system of the form (1)-(4), whose subsystems (5)-(6)
and (7)-(8) are respectively:

8(1, z.(1)) = [

Ze(t) :f(ts Ze(t))’ (32)
ze(t;) = (14 Mze(ty), (33)
z(t)) = z0. (34)
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and
Be(1) = w, (1) — w(t), 35)
Oe(t;) = (1 + M)0e(t), (36)
0ty = 6o. (37

The cross terms g(t,z.,0.) =  (vy(¢)cos(0.(1)), vr(t)
sin(6,(1))) and L(t, z.(t), 6.(¢)) are considered to satisfy con-
ditions (a) and (b) in Theorem 1.

X

FIGURE 1. Wheeled robot coordinates.

A. EXPONENTIAL STABILITY OF SUBSYTEM (23)-(24)
The system (32)-(33) can be written as
Ze(t) = A(t)z.(t) + ¢(1), (38)

where (1) = [—v(1) + (1), 0" and A1) = (_a(:(t) w(()t) '

This system can be interpreted as a perturbed linear time-
varying system with an exponentially stable nominal system.
The derivative of the Lyapunov function V(¢) = z.(1)T z.(t) =
xez(t) + y?(t) along the trajectories of the nominal system
of (32)-(33) gives Vi)=0, V1€ (i, tr+1] and then

VO =V, Vie gl (39)
Furthermore, for all t = #;
V(th) = 2D,

= (1 4+ M|zl

= (1422l DI,

= (1L+ V().
It yields that

V) =1 +0*Fvih,

which gives
V@t < VghHeH ), (40)
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Asforall ¢ € (t, ty+1] we have r — 19 < (k+ 1)A. It follows
from (39) and (40) that V ¢t € (¢, tx+1]

V() < V(ta')e—Zln(l+A)e%1n(1+)\)(t_lo),
and consequently
Izl < Collzolle™ 0=, 4D

where Cy = ¢~ "0+M and ) = —% In(1 + 1) > 0, respec-
tively. In view of the foregoing, the exponential stability of
the nominal system of (32)-(33) results.

Concerning the perturbed system (32)-(33), let us suppose
that the velocities v and v, satisfy the following assumption

(1) = v ()] < Cre ", (42)

for some positive constants C1 and y;. Let W be the Lyapunov
function given by Proposition 1 for the nominal system
of (32)-(33). The derivative of W along the trajectories of
system (32)-(33) gives, for ¢t # #

W(t) < —c3W(t) + caCre™" |zl
< —aWO) + = /Wne ",
Jer

and for t = t, W(t;") < W(t). If we pose w(t) = W),
we obtain

t#£

c
w(t) < —gw(t) +cse N,
w(td) < wit).
Due to the Lemma 1, we obtain
. [
w(t) < W(IJ)E_TS(’_IO) +65/ e_%(l_s)e_yzsds,
fo

¢ t ¢
< W(IJ)E_%(I_IO) +c5 / e_TS(’_S)e—Vz(S—Zo)dS’
fo
- t - -
w(tg‘)e—l/(l—lo) +C5/ e—y(t—s)e—y(s—to)ds’
fo
S W([(—)i_)e_l;(f—f(]) + Cj(t _ tO)e_J;(t_IO),

IA

< witghe 7 4 265 ~%—10)

A

2c 7
= (Vo] + =e 20,

this gives

2 2cs P
lzeI < (,/ = llzoll + ) 2(—10)
. oS =

and the exponential stability of the system (32)-(33) results.
Concerning the subsystem (35)-(37), we assume that, for
t € (t, ty+1], the following hypothesis is verified

t
lim (k1n|1+x|+/ wr(s) — w(s)ds) = —o0.  (43)
k——+00 1

This assumption guarantees the exponential convergence of
subsystem (35)-(37), therefore, condition (a) of Theorem 1 is
fulfilled. One can easily ensure that if

vr(f) <7 < +o00. (44)

VOLUME 10, 2022

The function g(z, z., 6,) satisfies condition (b) with M = v
and ¢ = 0. Hence, in view of Theorem 1, the solution of
system (1)-(4) is UES.

Remark 4: We would like to draw attention to the fact
that assumption (42) is not restrictive. Indeed, the nominal
system of (32)-(33) is exponentially stable, and by adding the
element @(¢), the system becomes non-homogeneous, which
makes its exponential stabilization more difficult. To main-
tain the exponential convergence of the system (32)-(33) and
to limit the effect of the ¢(¢) perturbation on it, we must either
add a term to the instants of the impulses, or make these
perturbations themselves exponentially close to zero. To see
this more clearly, let us take the following scalar example
where the ¢(¢) term is close to zero (but not exponentially
close to zero) and yet does not preserve the exponential
stability of the system (32)-(33):

Yy = 30 g 45)
ta

x(kT) = %x(k+), (46)

x(0) = 1. (47

The solution of the nominal system of (45)-(47) is given
by x(t) = 5, forany t € (k,k + 11,k > 0. This
solution was clearly exponentially stable (red in Figure 2).
The solution of (45-47) is not exponentially stable (blue in
Figure 2).

,
IR AA AR AR AR A
TV VIV YV
FIGURE 2. Solutions of nominal syst;m and system (45)-(47).
For the simulation, we take v(t) = 1.25 ¢ 05 v.(r) =

03 w(t) = sin(t), o (1) = 1sin(t/5) + sint), 1 =
—0.6, while the perturbed term at the jump instants is taken

equal to Ly (z.(1), Be(1)) = (fijj;‘f;;, - lyijgf;; ). Finally, the

pulse step taken is equal to 0.01 and the initial condition

—%, . )T It can be verified that all conditions (42), (43)
and (44) are satisfied and the system is UES. The state tra-
jectories of system (27)-(31) without impulses are depicted in
Figure 3. The convergence of the trajectories of the impulsive
subsystems Equations (32)-(34) and (35)-(37) is shown in
Figure 4, which illustrates the exponential convergence of
the isolated subsystems, while Figure 5 reveals the exponen-
tial convergence of the solution of the cascaded impulsive
system (27)-(31) to zero.
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X 01, 0.0,0)

25
time ()

Solution of (27)-(31) without impulses.

X0y, 00,0

012
time (1)

FIGURE 4. Solutions of subsytems (32)-(34) and (35-37) without
interconnection.

X, 05,00,0
T
I

L L L L L
008 01
time (1)

L L L
o 002 004 006

FIGURE 5. Solution of (27)-(31) under impulsive control.

V. CONCLUSION

In this paper, we addressed the problem of the exponen-
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