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Abstract. This paper focuses on the problem of exponential stability of certain classes of dynamic per-
turbed systems on time scales using time scale versions of some Gronwall type inequalities. We prove
under certain conditions on the nonlinear perturbations that the resulting perturbed nonlinear initial
value problem still acquir uniformly exponentially stable, if the associated time-varying linear system
has already owned this property. Furthermore, an example is given to illustrate the applicability of the
obtained results.
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1 Introduction

The theory of time scales, which has recently received a lot of attention, was introduced
by Hilger [17] in his Ph. D. thesis in 1988 in order to unify continuous and discrete anal-
ysis. A great deal of work has been done since 1988, unifying the theory of differential
equations and the theory of difference equations by establishing the corresponding results
in time scale setting. A time scale T is an arbitrary nonempty closed subset of the set of
real numbers R. During the last decades, time scale methods have rapidly been developed,
and have received a lot of attention by several authors, not only to unify continuous and
discrete processes, but also help reveal diversities in the corresponding results. The analysis
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of nonlinear perturbations of linear systems is not only important for its own sake but also
has a broad range of applications.

One of the analytic methods of the perturbation theory was referred to integral inequal-
ities to quest some type of stability. Latterly, there have been several papers [2,3,5,8-12,
14-16,19-22], studying various types of stability of dynamical time scale systems.

In this paper we investigate uniform exponential stability for nonlinear perturbed sys-
tems on time scales by using the Gronwall- Bellman-Bihari type integral inequality.

The paper is organized as follows: in Section 2, provides a brief review of the time scale
theory and integral inequalities which play an important role in our analysis. In Section 3,
contains the statements and proofs of our main results.Section 4 shows the applicability of
the theoretical results by numerical example.

First, we will briey mention some basic definitions and results of time scale calculus for
reader’s convenience, as they are detailed in the books of M. Bohner and A. Peterson [6,7].

2 Preliminaries

2.1 Time scale calculus

In what follows, R denotes the set of real numbers, R, = [0, c0) is the given subset of
R and T is an arbitrary time scale. The forward and backward jump operators o, p : T — T
are defined by o(t) := inf{seT:s>t}, p(t) =: sup{seT:s<t}. Ifo(t) > ¢,
we say that ¢ is right-scattered, while if p(¢) < ¢; we say that ¢ is left-scattered. Also, if
t < supT and o(t) = t; then t is called right-dense, and if ¢ > inf T and p(t) = ¢, then ¢
is called left-dense. A function f : T — R is called rd-continuous provided it is continuous
at right-dense points in T and left-sided limits exists( finite) at left-dense points in T and
denotes by Cpq = Cpq(T) = Cpq(T,R). The set T* which is derived from the time scale
T as follows: If T has a left-scattered maximum m, then TF = T — {m}, otherwise, Tk
= T. The graininess function p : T — [0, 00) is defined by p(t) := o(t) — t. A function
f: T — Ris called regressive if 1 + u (t)p (t) # 0 forallt € T*. ® = R(T,R) denotes
the set of all regressive and rd-continuous functions, we define the set of all positively
regressive functions by

R = RT(T,R) = {peR: 1+ pu(t)p(t) > 0for all t € T}.
Also we define the interval [a, b] means the set {t € T : a < ¢ < b} for the points a < b
in T. If b = 400, we denote T, = [a, +00].

Definition 2.1 Ifp € PR(T, R), then we define the generalized exponential function e, (t, to)
by

t
ey (1, to) = exp ( im0 <T>>AT) fort,to €T,
to

where &y (2) is the cylinder transformation given by

fh(Z)z%log(th), if h #0,

& (2)=2, ifh=0,
Corollary 2.1 [6] Let p € R and t,ty,s € T, then
(i) eo(t,to) =1 andey(t,t) =1,
(ii) e (0 (), t0) = (1+ (D) p (1)) ep (1, o),
(iii) ep (t, to) €p (to, s) =ep(t,s),
(iv) ep (t,t0) = ep(t07t),
(v) If p€ R thene, (t,t9) > 0forallt € T.
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Definition 2.2 A function w : Ry — R belong to the class H if

(H1) w(u) is nondecreasing and continuous for u > 0 and positive for v > 0,
(Ha2) there exists a continuous function ¢ on Ry with w(ou) < ¢(a)w(u) for o > 0,u > 0.

Definition 2.3 [13] A function w : Ry — R is said to belong to class §, if it satisfies the
following conditions

w(z) > 0 is nondecreasing and continuous for x > 0,

1w(av) <w (g) for a > 0.

a

Lemma 2.1 [2] Suppose that y, f,g,h,m € Crq (T,Ry) . If

u(t) < F(t) + g(t) / {h(s)y(s) + m(s)} Asfor allt € T,

then

t

y(t) < f(t) +g(t)/ {h(s)f(s) +m(s)}exp [/( )h(T)g(T)AT

Asforallt € T/ .

Lemma 2.2 [1] Suppose that g is continuous and nondecreasing, p is rd-continuous and
nonnegative, and y is rd-continuous. Let w be the solution of

w? = p(t)g(w(t), w(ty) =

and suppose there is a bijective function G with (G o w)A = p. Then

yt) < B +/ p(T)g(y(7)) AT forallt € T

to
implies

t
y(t) < G71 [G (B) + / p(7) AT] forallt € T.
to

2.2 Stability definitions
For our purpose, we will assume that the time scale T is unbounded above, i.e.,
supT = +o0. Let tg € Tandt € T;B . Let us consider time scale dynamic equations of
the form

A (t) = f(t, z(t)), 2.1)

:L’(to) = X0.

where x : ']I‘:g — R" is the state vector and f : ']I‘zg x R™ — R" is a rd-continuous vector-
valued function. It is assumed that the conditions for the existence of a unique solution of
system (2.1) are satisfied. For the existence, uniqueness and extensibility of its solutions,
one can refer to [6]. Designate any solution of (2.1) with the initial state (¢o, z¢) by z(t) =
x(t,to,zo). The Euclidean norm of an n x 1 vector x(t) is defined to be a real-valued

function of ¢ and is denoted by ||z(t)|| = \/z(t)Tz(t).

Definition 2.4 [7] A mapping A : T — M, (R) is called regressive if for each t € T the
n x n matrix I, + p(t)A is invertible, where I, is the identity matrix.
The class of all regressive and rd-continuous functions A from T to M,,(R) is denoted

by CrdR(T’ M, (R))
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Definition 2.5 [/8] Let tq € T. The unique matix-valued solution of the IVP
XA =AWX  X(to) = I, (2.2)

where A € CrqR(T, M, (R)), is called the matix eponential function and it denoted by
dal(t,to).

Accordingly, the matrix function ¢ 4(t,ty) possesses the following two properties:

¢ﬁ(t7 tO) - A(t>¢A(t7 t0)7
QZ)A(tQ,t()) =1,.

This matrix function is referred to as the state transition matrix, and our assumption in
the nature of A(t) turns out that the state transition matrix exists and is unique.

Theorem 2.1 [6] Suppose A, B € C.4R(T; M, (R)) are matrix-valued functions on T,
then

(l) (f)A(t,T‘)QbA(T, 8) = ¢A(t7 S)fO}’ allr,s, t €T,

(ii) pa(o(t), s) = (I + u(t)A(t))Pa(t, s),

(131) If T = R and A is constant, then ¢ 4(t, s) = ea(t,s) = eAtt=9),
(t—s)
(t)If T = hZ, with h > 0, and A is constant, then ¢ 4(t,s) = (I + hA) = .

Definition 2.6 [12] The system of dynamic equations (2.1) is said to be uniformly expo-
nentially stable if there exist constants vy > 1 (independent of to), A > 0 (=X € RT) such
that

lz@)1] < vllzolle-x(# to)-

Definition 2.7 [9] The system of dynamic equations (2.1) is said to be h-stable if there
exist a nonincreasing bounded rd-continuous function h : ’]T;;—> R, a constant v > 1 such
that, any solution x(t) = x (t,to, xo) of equation (2.1) satisfies

lz(®)ll < YllzollA(t) (b (t)) ™" forallt € T,

(here (h(t))~! = m)

Now, we give the following characterization in terms of the transition matrix for system
(2.2).

Theorem 2.2 [12] The system of dynamic equations (2.2) is uniformly exponentially stable
with respect to t € ’]I'zg if and only if there exist constants X > 0 (—\ € RT) and v > 1
such that

lpa(t,to)l| < ye_x(t,to)forallt € Ty .

Theorem 2.3 [9] The system of dynamic equations (2.2) is h-stable if there exist a non-
increasing bounded rd-continuous function h : ’]I‘;E — R, a constant v > 1 such that

[@a(t,to)l] < Allwolla(t) (b (t0) ™" forallt € T

The notion of h-stability was introduced by Pinto [22] which is an extension of the
notions of exponential stability and uniform stability. For the various definitions of stability,
we refer to [12].
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3 Main Results

In this study, we consider, a particular class of systems ( 2.1), i.e the system
2 (t) = A(t)z + F(t, z(1)),
x(ty) = zo,
where zg,z € R", F(t,0) = 0,t) € T, and F : 'Ej(’) x R™ — R™ is an rd-continuous
function. F represents the disturbance of the time-varying linear system :
A (t) = A(t),
x(tg) = wo, 0 # 0.

Theorem 3.1 [2] Consider the regressive time-varying perturbed system of the form (3.1).
Then, every solution can be written in the form

3.1

3.2)

x(t) = Pa(t, to)xo + /t DA(t,0(s))F(s,x(s))As, t € Ty . (3.3)

to

Theorem 3.2 Suppose that the linear system (3.2) is uniformly exponentially stable with
positive constants A and v and

F(t,z) < gt)yw(|=]),t € T (3.4)

to?

where g is a positive and rd-continuous,and w € H with corresponding multiplier function
®. Let r be the solution of

r2(t) = p()w(r(t)), r(to) =~
and assume that there is a bijective function W satisfying

Wor)®=p with / p(s)As < o0

to

forall ty € T, where p(t) = %g(ﬂw <7Jf7?t‘l)t)> Then the perturbed system

(3.1) is uniformly exponentially stable.

Proof. For any t( and x¢p = 2(t¢) and from (3.3), the solution of the perturbed system (3.1)
is given by :
t
z(t) = Pa(t, to)wo +/ DA(t,0(s))F(s,2(s))As.
to

By taking the norms of both sides and taking into account the fact that (3.2) is uniformly
exponentially stable, we obtain

[z@)] < |, o)l [[zoll +/t [@a(t, o ()1 F (s, (x(s))]| As

< ye_x(t, to) |lzol + €A(tﬂfo>/t ve—x(to, a(s))g(s)w(l|z(s)|)As

< e_x(t.to) [vllxo! -/ ve_mo,o—<s>>g<s>w<ux<s||ms} ,

to

e-(to,?) lz (@)l §7+7/t €fA(t070(3))g S)w< |zol|  e-x(to,5) HJC(SH) As.

o]l o llzoll e-x(to, s) ol



6 Sufficient conditions for uniform exponential ...

Letting u(t) = W, then the above inequality becomes
¢
ve-a(to, o(s)) < ol >
u(t) < +/sw ———u(s) | As.
=t ol M\ 9

Since w € H , then we have

) <5 [ T2 g0 (B e as

o ol e-x(to, s)

then the above inequality can be expressed as

u(t) <~ +/ p(s)w(u(s))As,

to

where

_ ve_x(to, o(t)) ( ol >
— 9o ———— |-

PO = ] e x(to. D)

Applying Lemma 2.2, we get

wy <w [+ [ o)
<wo[we+ [T nas)

forall t € T} .
Then, we have

lz(®)]] < de_x(t,to) [lzol| -

where

[e.9]
d=w"! [W (v)+ / p(s)As} .
to
It is easy to prove that d > 1.
Then the perturbed system (3.1) is uniformly exponentially stable.

Remark 3.1 In [9, Theorem 2.10] , the authors proved the h-stability of the system (3.1).

Theorem 3.3 Assume that there exist d, k € C,4(T,R,.) that satisfy the following condi-
tions:

(B1) [|[F(t,x)|| < n(dt)||z] +k(t)) and n : Ry — Ry is a differentiable increasing
function on |0, 4+o00[ with continuous nonincreasing first derivative 1'on 10, ool ,
(B2) Suppose that the linear system (3.2) is uniformly exponentially stable with growth con-

stants \ and vy,
(By) [ioe QDA As < d < o0, [, n(k(s))e-r(to, 0 (s))As < k < +o0.

Then the perturbed system (3.1) is uniformly exponentially stable.
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Proof. Lettg € T,z90 € R and ¢ € T;g. For any tg and g = x(t() and from (3.3), the
solution of the perturbed system (3.1) is given by :

(1) = B4t 1o)z0 + / " Bu(t () F (5. 2(5)) As.

to
Taking into account the fact that (3.2) is uniformly exponentially stable, we obtain

()]l < ye-x(t, to) [lzoll +’Y€A(t7to)/ e-x(to, o(s))n (d(s) [|z[| + k(s)) As. (3.5)

to
Applying the mean value Theorem for the function 7, then for every 1 > y; > 0, there
exists ¢ € Jyi, z1[ such taht
(1) —n(y1) = 1'(e) (@1 —y1) < ' (y1) (21 — 1)

which gives:
n(d(s) lz]| + k(s)) < n'(k(s)) x d(s) [lz]| + n(k(s)). (3.6)
From (3.5) and (3.6), we get
[z(@)[] < ve-x(t, to) !!$o||+76—x(t7to)/t e-x(to,0(s)) [ (k(s)) x d(s) [lz(s)|| + n(k(s)] As.

Applying Lemma 2.1 to the above inequality, we obtain

lz(®)]] < ~ve-x(t,to) [IISCOH + (fy (e=a(to, () (k(s))d(s)ve-x(s,to) [|zoll + er(to. o(s))n(k(s))

x exp (1) ealto, (7)) (k(7)) x d(r)ye_(r to) A7) As| .
3.7
According to the hypothesis (8B3) and from (3.7) , we extract the estimate

@)l <7 (1+vdexp (vd) ) el to) o]l + vk exp (vd) e-a(t.to).

Fosp (1)

= et to) o] |14 9dexp (3d) +

Then the perturbed system (3.1) is uniformly exponentially stable.

Theorem 3.4 Suppose that (3.2) is uniformly exponentially stable with positive constants
A and 7, and
F(t,x) < g(t)w(||z|),t € T}

to?

where g is a positive and rd-continuous function and w € §. Let r be the solution of

r2(t) = pr(®w(r(t), r(to) =,

and assume that there is a bijective function W satisfying

(Wor)®=p, with / p1(s)As < 0o

to

forall ty € T, where pi(t) = 11%21&)' Then the perturbed system (3.1) is uniformly expo-
nentially stable.
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Proof. Lettg € T, zo € R and ¢ € ’]I‘;;. For any ¢y and 29 = x(tg) and from (3.3), the
solution of the perturbed system (3.1) is given by :

x(t) = Palt, to)x(to) +/ Du(t,o(s))F(s,z(s))As.

to

Then, by taking into account the fact that w € §, we have

t
(@)l = 1@a(t, o)l [zl +/t [@a(t, o (s)IE (s, (x(s))] As

< e (t.to) |oll + e—x(t.to) / ve_x(to, o(5))a(s)w(z(s)]]) As

< ye-(t; to) ||x0||+€_/\(t,t0)/t ve_x(to, a(s))g(s) ||zo] w(!‘!‘x(()T’)H)A

< ye-x(t, to) [[zol| +6—/\(t7t0)/ ve_x(to,o(s))g(s) ||lzol e—x(s, to)w (Hfﬂ(s)ﬂ)> As

to llzoll e—x(s, to

< ettto) ool |1+ [ (0,0 ()g(s)ex (s, to)uw (el ) ).

o |zol| e~x(s, o)

Set u(t) = le®le-alto.) ‘thep we get

llzoll
t

u(t) < v+ /t %w (u(s)) As.

The last inequality can be reformulated as

u(t) < v+ / p1()w (u(s)) As,

where
()

Applying Lemma 2.2 to the above inequality, we obtain
t 00
u(t) < Wt [W(’y) +/ pl(s)As} <w-! [W(’y) —|—/ pl(s)As] :
to to

Then, we have

[zl < dflzoll e-x(%, t0),

d=w=! [W(W) + /OO pl(s)As] :

to

Then the perturbed system (3.1) is uniformly exponentially stable.
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4 Numerical examples

Let T be a mixed continuous-discrete time scale and ¢ty = 0. The discrete part has
non-uniform step size. The graininess function is bounded as follows: V¢ € "]I‘ar

1
0< /«L(t) < Mmax = 5

Consider the following time-varying system:

22 (1) = —a1(t) + 3 (e 1 0] + e+ 1),
k(t)|x
22'(t) = —w2(t) + 3 W(mpmyey 20 + aEg—+1), @D
x(O) ( 1,00 2,0 )
where z(t) = (21(t), 72(1))7 € R% k € Cra(T, Ry) and k(t) = e spze-a(o(t), 0).

System (4.1) can be written as system (3.1):

1 1 E(#)|z2(t)|
wA(t) = <_1 : ) x (xl(t)) | (w1 OV e e T Y

0 -1 t V3 1 k()21 ()]
552( ) TID(W|$2(t)|+m+1)
“4.2)
where A = ( 01 0 ) € CrgR(T, My (R)), u # 1, F(t,0) = 0 and
— 671(1'3,0) 0 +
B4 (t,0) = ( 0 el(t’0)> ,te T, 4.3)
and
[Ba(t,to)]| = V2e_1(t,0). (4.4)

The perturbation satisfies condition (*8;) of Theorem 3.3 with n(zx) = In(x + 1) is a
differentiable increasing function on]0, co[ with continuous nonincreasing first derivative.

1
(t+1)(o(t)+1)

It is clear that assumption (By) of Theorem 3.3 is satisfied with (\,7) = (1,v2).
Moreover, one can verify that hypothesis (*83) of Theorem 3.3 is verified, since

1f (¢, )] < In 2]l + k@) +1) = n(d®) [lz]| + k@), (4.5)

+00 s))d(s
0 n((,\il(s(ﬂs = fo = ,u(s 1+k(s)1) (s+1)(<17(s)+1)A57
<f = ,u(s ) I (sTa@) A% (4.6)

As=2=d < +o0.

1
<2 [ G OS]

+o00
In(k(s) + 1)e_x(0,0(s))As

|
§/O+Ook(s)eA(O,a(s))AS:/OJrOO( stols)+2 4
|

s+ 1)2(o(s) + 1)2

2)AA3:1:E<+m.
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From Theorem 3.3, one can conclude that system (4.1) is uniformly exponentially stable.

Acknowledgement. The authors are grateful to the referees for their valuable sugges-
tions.

References

1.

2.

3.

4,

10.

11.

12.

13.

14.

15.

16.

17.

18.

Agarwal, R.P., Bohner, M., Peterson, A.: Inequalities on time scales: A survey, Math.
Inequal. Appl. 4, 535-557 (2001).

Ben Nasser, B., Boukerrioua, K., Hammami, M.A.: On the stability of perturbed time
scale systems using integral inequalities, Applied Sciences, 16 (1), 56-71 (2014).

Ben Nasser, B., Boukerrioua, K., Hammami, M.A.: On stability and stabilization of
perturbed time scale systems with Gronwall inequalities, Zh. Mat. Fiz. Anal. Geom.
11, 207-235 (2015).

Ben Nasser, B., Boukerrioua, K., Defoort, M., Djemai, M., Hammami, M.A.: State
feedback stabilization of a class of uncertain nonlinear systems on nonuniform time
domains, Systems Control Lett. 97, 18-26 (2016).

. Ben Nasser, B., Boukerrioua, K., Defoort, M., Djemai, M., Hammami, M.A., Taous-

Meriem Laleg-Kirati.: Sufficient conditions for uniform exponential stability and h-

stability of some classes of dynamic equations on arbitrary time scales, Nonlinear
Analysis: Hybrid Systems 32, 54-64 (2019).

. Bohner, M., Peterson, A.: Dynamic Equations on Time Scales - An Introduction with

Applications, Birkhduser, Boston, Mass, USA, (2001).

. Bohner, M., Peterson, A.: Eds., Advances in Dynamic Equations on Time Scales,

Birkhdiuser, Boston, Mass, USA, (2003).

. Bohner, M., Martynyuk, A.A.: Elements of Stability Theory of A.M. Liapunov for Dy-

namic Equations on Time Scales, Nonlinear Dynamics and Systems Theory, 7 (3),
225-251 (2007) .

. Choi, S.K., Koo, N.J., Im, D.M.: h-Stability for Linear Dynamic Equations on Time

Scales, .Math. Anal. Appl. 324, 707-720 (2006).

Choi, S.K., Goo, Y.H., Koo, N.: h-Stability of Dynamic Equations on Time Scales
with Nonregressivity, Abstract and Applied Analysis, Article ID 632474, 13 pages,
(2008).

Choi, S.K., Im, D.M., Koo, N.: Stability of Linear Dynamic Systems on Time Scales,
Advances in Difference Equations, Article ID 670203, 12 pages, (2008).

Dacunha, J.J.: Stability for Time Varying Linear Dynamic Systems on Time Scales, J.
Comput. Appl. Math. 176 , 381-410 (2005).

Dhongade, U.D., Deo, S.G.: Some generalizations of Bellman-Bihari integral inequal-
ities, J. Math. Anal. Appl. 44 , 218-226 (1973).

Hamza, A.E., Al-Qubaty, M.A.: On the Exponential Operator Functions on Time
Scales, Advances in Dynamical Systems and Applications, 7 (1), 57-80 (2012).
Hamza, A.E., Oraby, K.M.: Stability of Abstract Dynamic Equations on Time Scales,
Advances in Difference Equations, 2012:143, 15 pp , (2012).

Hamza, A.E., Oraby, K.M.: characerizations of stability of abstract dynamic equations
on time scales, Communications of the Korean Mathematical Society, 34 (1), 185-202
(2019).

Hilger, S.: Ein Masskettenkalkiil mit Anwendung auf Zentrumsmannigfaltigkeiten
(Ph.D. thesis), UniversitditWiirzburg, (1988).

Martynyuk, A.A.: Foundations and Applications Stability: Theory for Dynamic Equa-
tions on Time Scales, Birkhauser, Boston (2016).



Khaled Boukerrioua, Dallel Diabi, Meissoun Meramria, Mohamed Ali Hammami 11

19.

20.

21.

22.

Oraby, K.M.: Asymptotic Behavior of Solutions of Dynamic Equations on Time
Scales, M.SC thesis, Cairo University (2012).

Neggal, B., Boukerrioua, K., Kilani, B., Meziri L.: h-stability for nonlinear abstract dy-
namic equations on time scales and applications, Rendiconti del Circolo Matematico
di Palermo Series 2, (2019).

Peterson, A., Raffoul, R.F.: Exponential stability of dynamic equations on time scales,
Adv. Difference Equ. Appl. 133144 (2005).

Pinto M.: Perturbations of Asymptotically Stable Differential Systems, Analysis, 4 (1-
2), 161-175 (1984).



