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Abstract. The method of Lyapunov is one of the most effective methods for the analysis of the partial
stability of dynamical systems. Different authors develop the problem of partial practical stability based on
Lyapunov techniques. In this paper, we investigate the partial practical stability of linear time—invariant
perturbed systems based on the integral inequalities of the Gronwall type, in particular of Gamidov’s type.
We derive some sufficient conditions that guarantee global practical uniform exponential stability with
respect to a part of the variables of linear time—invariant perturbed systems. Also, we have developed
the local partial practical stability of nonlinear systems. Further, we provide two examples to support our
findings.

1. Introduction

In 1892, Lyapunov, a Russian mathematician, mechanician and physicist, proposed the concept of the
stability of motion. He provided general research methods in his doctoral dissertation [10] “The general
problem of the stability of motion”, in which he set the basis for the theory of stability.

In the study of nonlinear systems, in particular the study of dynamical systems, it is not possible to
study the stability of all variables due to technological difficulties, the limitation of practical conditions, or
itis not necessary to study all variables considering the actual need. In consequence, the study of the partial
stability of differential equations becomes more important. As well, partial stability is used extensively
in science and technology. For instance the absolute stability of famous Lurie adjusting systems can be
changed into a problem of partial stability. In a word, it is of practical significance to study the partial
stability of differential equations.

A. M. Lyapunov [11], the founder of the modern theory of stability, was the first who formulated the
question of partial stability. Later work by V. V. Rumyantsev [12] attracted the attention of numerous
mathematicians in the world to this issue.
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Lyapunov functions are used to prove the partial stability criteria of differential systems. A function is
called a Lyapunov candidate function if it has the possibility to prove the stability of the differential system
as an equilibrium, with the development of Lyapunov’s first and second methods, more and more work
is based on Lyapunov methods to study the stability with respect to a part of the variables of differential
systems, see [13-15].

When origin is not a trivial solution, we can investigate the asymptotic stability of the solution to a small
neighborhood of origin. The objective is to analyze the asymptotic stability of a system whose solution
behavior is a small ball of state space or close to it. It is guaranteed that all state trajectories are bounded and
close to a sufficiently small neighborhood of the origin. In this sense, the limit boundedness of solutions of
systems, or the possibility of convergence of solutions often need to be analyzed on a ball centered on the
origin, which is called “Practical Stability”.

In particular, partial practical stability of differential equations is well developed in [2—4].

Recently, in [8], Ezzine et al. was the first who introduced and developed the concept of partial practical
stability of differential equations via Lyapunov techniques.

Nevertheless, constructing an appropriate Lyapunov function is still a challenging task. The novelty
of what we do is the development of the problem of partial practical stability of perturbed systems based
on the explicit solution formed through integral inequalities of the Gronwall type, in particular Gamidov’s
inequality.

The present article provides a new class of integral inequalities of Gamidov’s type stated by Ben Maklouf
et al. in [1]. Then as an application, the linear time-invariant perturbed systems is considered, and the
partial practical stability criteria is obtained.

The purpose of this paper is to state partial practical stability theorems for linear time-invariant per-
turbed systems. The authors use the method of integral inequality to establish a stability criterion. Also,
the local partial practical stability of nonlinear systems.

The main structure of this paper is as follows: In Section 1, we introduce some needed preliminaries
and definitions related to the partial stability. In Section 2, we present partial practical stability theorems
for linear time-invariant perturbed systems by using the method of integral inequalities. In Section 3, the
problem of local partial practical stability of nonlinear systems is discussed. As a concluding point, two
examples are provided to illustrate the theoretical outcomes.

2. Preliminaries
We consider the following linear time-invariant system:
x(t) = Ax(t), 1)
where
ﬂl 0 m np
A= 0 A, |’ x:=(x1,x) ER"XR"?, n; >0, 1, 20, ny +ny =n.
e A is a constant n1 X 17 matrix.
e A, is a constant 1, X n, matrix.

The linear time-invariant system (1) might be expressed as the following;:

x1(t) = Arxq(t)

X2 (t) = Axxa(t),

with initial condition xp := (x1,, X2,) € R™ X R".
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Definition 2.1. [8] The equilibrium point x = 0 of linear time—invariant system (2) is said to be globally uniformly
exponentially stable with respect to x1, if there exists a pair of positive constants C; and Cy such that for all xy € R”,
the following inequality is:

i ()] < Callxolle™!, ¥t > 0.

Assume that some parameters are excited or perturbed, and the perturbed system has the following
form:

X1(t) = Ar(Hx1(t) + G(¢, x1(t), x2(t))
3)
Xo(t) = Axxa(t),

with the same initial conditions and G : Ry X R" x R — R™ is a continuous function in (t, x1, x), locally
Lipschitz in x, uniformly in t.

We denote by x(t, to, x0) := (x1(t, to, X0), x2(¢, to, X0)) the solutions of the perturbed system (3) with initial
condition x(fp) := xp := (x1,, X2,)-

Assume that there exists ¢ such that G(t,0,0) # 0, i.e., the perturbed system (3) does not have the trivial
solution x = 0.

The study of the stability with respect to a part of the variables of the solutions of the perturbed system
(3) leads back to the study of the stability with respect to a part of variables of a ball centered at the origin:

B, :={xeR":|x||<r}, r>0.
Definition 2.2. [8]

i) The ball B, is said to be globally uniformly exponentially stable with respect to x1, if there exists a pair of positive
constants ki and ky such that for all xy € R", the following inequality is:

b (O] < allxolle™ + 7,V 20, @

ii) The perturbed system (3) is said to be globally practically uniformly exponentially stable with respect to x1, if
there exists r > 0 such that B, is globally uniformly exponentially stable with respect to x;.

Remark 2.3. Eq. (4) implies that x1(t) will be bounded by a small bound r > 0, that is ||x1(t)|| will be small for
sufficiently large t. It means that the solution given in (4) will be uniformly ultimately bounded for sufficiently large
t. This means that solution given in (4) will be uniformly ultimately bounded for sufficiently large t. The factor ky in
Eq. (4) is called the convergence speed, whereas the factor ki is called the transient estimate.

It is also worth noticing that in the previous definition if we take r = 0, then we recover the standard concept of the
global uniform exponential stability with respect to a part of the variables of the origin considered as an equilibrium
point.

3. Global partial practical exponential stability

Our objective now is to state sufficient conditions to provide the global practical uniform exponential
stability with respect to a part of the variables of the linear time-invariant perturbed system (3). In fact if
we suppose that the perturbation term is bounded, then the origin is not necessarily an equilibrium point.
For that reason, we will analyze the convergence of the solutions toward a neighborhood of origin.
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Remark 3.1. Different authors are well developed the problem of practical stability with respect to a part of the
variables of differential equations via Lyapunov functions, see [6-8]. The construction of an appropriate Lyapunov
functions is not always possible, which motivates us to look for another method. Our approach in this paper is to

analyze the partial stability by using the explicit solution form and it is based on integral inequalities in particular of
Gamidov’s type.

We suppose that the nominal system is globally uniformly exponentially stable with respect to x;. A
basic result in systems theory is that

o(A) cC,

where 0(A;) denotes the set of eigenvalues of a the matrix A;. Under the condition, we obtain ReA(A;) < 0,
where ReA(A;) denotes the real parts of the eigenvalues of matrix (Aj.

First, we suppose the following assumption required for the stability purposes.

(Hy) Assume that ReA(A;) < 0. Note that the assumption (H;) implies that
lle"|| < ae™, V>0,

for a certain @ > 0 and
B < min [ReA;(A)l.
1<i<n

(H>) There exists a continuous non—negative known function ¢(t) such that
IG(¢, x1, x2)Il < @(F), Vx = (x1,x2) € R xR™, Vt>0.
(H3) The non—negative continuous function ¢(t) is such that
fm () =0.

Theorem 3.2. Under assumptions (H1), (Hz) and (Hs) the linear time—invariant perturbed system (3) is globally
practically uniformly exponentially stable with respect to x;.

Proof. The solution of the sub-system x; with initial condition x;, of the linear time-invariant perturbed
system (3) is expressed as follows:

t
x1(t) = ey, + f eI G(s, x1(s), xo(s))ds, Vit > 0.
0
Thus, we obtain
t
e (1] = lle™™ | [y, || + f e IG(s, 21(5), x2)llds, Yt 2 0.
0

Based on assumption (H1), one obtains

t
1 (B)I] < ey, || + f ae P1|G(s, x1(s), x2(s))llds

0

f
< ae Pjxy | + f a9 G(s, x1(s), 2 ())lIds.
0
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The assumption (H>), yields
t
e ()l < ey, || + f ae P9 p(s)ds
0

t
< ae Pjxy, || +aeﬁtf e qp(s)ds.
0

Assumption (7H;) yields that there exists ¢ > 0 such that

pt) <@, Vt=0.
Thus, it yields that

t
Il < ae -+ ae [ eas
0
< ae Pl | + 22
p

That is, we see

04
(B < ae by, | + ?(P, V20,

As a consequence, the linear time-invariant perturbed system (3) is practically uniformly exponentially
stable with respect to x;. O

A simple extension can be made if we replace the hypothesis (#3) with the following;:

(H;) The continuous non-negative function ¢(t) satisfies

f @(t) < oo,
0

() <P <oo, V0.

or

Theorem 3.3. Under assumptions (H,), (Hz) and (H}) the linear time—invariant perturbed system (3) is globally
practically uniformly exponentially stable with respect to x;.

Proof. The solution of the sub—system x; with initial condition x;, of the perturbed system (3) is the
following:

¢
x1(t) = etﬂlxlo + f e MG(s, x1(s), x2(s))ds, YVt > 0.
0

Based on assumption (), it yields that

t
e ()] < ae™ ||y, || + f ae PG s, x1(s), x2(5))lds.

0
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Using (H>), we obtain that

t
e (B)I] < ey, || + f ae P=Igp(s)ds
0

t
< ae P ||xy, | +ae‘ﬁtf P p(s)ds.
0

Indeed, since the non-negative continuous function ¢(t) satisfies assumption (73), there exists x > 0 such
that

'
e‘ﬁtf Fp(s)ds <k, Vt=0,
0

where ¥ = min (%, ||(p||1), thus one gets

1 (Bl < ae Py || + ax, Yt >0.
As a result, we arrive at
1 (D]] < ae™P|xol| + ax, YVt >0.

Hence, the linear time—-invariant perturbed system is globally practically uniformly exponentially stable
with respect to x;. m|

In the sequel our objective is to prove the practical uniform exponential stability with respect to a part of
the variables of the linear time-invariant perturbed system (3) by using the generalized integral inequality
of the Gamidov type.

In [9], Gamidov has demonstrated the following generalized integral inequality:

Lemma 3.4. [9] Assume that

t
U <Pt +v fo E(S)U(s)ds,

where all functions are continuous and non—negative on [0,b), 0 < d < 1,and b, v > 0. Then there exists a constant
p > 0 such that

' 1-d
U < P) + vpd (f Elld(s)ds) .
0
Later on Abdellatif et al. [1] improved the previous lemma for b = co.

Lemma 3.5. [1] Assume that

U <Pt +v fo E(S)U(s)ds,

where all functions are continuous and non—negative on [0, 00), 0 <d <1, and v > 0.
Then there exists a continuous non—negative function p > 0 such that

+ 1-d
fu<t>sq><t>+vpd<t>( fo afus)ds) .
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In particular for &(f) = e~ and ¢(t) < m, they have established the next lemma.

Lemma 3.6. [1] Assume that

t
Ut <m+v f V=P (s)ds,

0

where U is continuous and non—negative on [0,00), 0 <d <1,and m, v > 0.
Then

d,\
ru(t)szf’dm+(%”) e,

A simple extension may be made if we replace () with the following hypothesis about the perturbed
term.

(H’») There exists two continuous positive functions I';(t) and I'>(f) such that
Gt x1, )l < Ta@)llxall +To(), 0<d <1, Vx=(x;,x) €R™ xR®, Vt>0,

where the function I'; () satisfies _
ri(t) <y, Vt=0,

and the function I';(-) satisfies

f e’gsl“z(s)ds = -1:2 < 00.
0

Theorem 3.7. Suppose that assumptions (H1) and (H';) are satisfied, then the linear time—invariant perturbed
system (3) is globally practically uniformly exponentially stable with respect to x1.

Proof. The solution of the sub—system x; with initial condition x;, of the perturbed system (3) is the
following:

¢
x1(t) = etﬂlxlo + f e =MG(s, x1(s), x2(s))ds, YVt > 0.
0

Based on assumption (H}), it yields that

t
1 (B)I] < ae™ ey, || + f ae PG s, x1(s), x2(5)) llds.

0

By assumption (H’,) we obtain that
t
I (Bl < ae™Plxy, || + ae ™ f e (T1(9)xa (G + To(s)) ds
0
t
<yl +ac [ Eaetln I + ) s
0
Multiply each side with e/, one obtains

t t
el ()] < allxq, |l + oIy f eﬁsllxl(s)lldds + ozf T (s)ds.
0 0
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Let set the function U(t) by ef!|lx1 ()|, we get

t f
U®) < allxy |l + aTy f e(l‘d)ﬁsfbld(s)ds + af eI (s)ds.
0

0

Since f P T5(s)ds = T, < o0, we have
0

¢
UP) < allxg,ll + al'y f DB (5)ds + aTl,.
0

Accordingly,
t
Ut <m+v f DB (5)ds,
0

where m = a|xy,|| + al», and v = aT’.

From the Gamidov inequality (Lemma 3.6), it yields that

d,,\ =4
fu(t)szfdm+(%) e,

We can see that

1
o [2%\TF
Py (1)]] < 2777 + (?V) ePt,

Then we obtain

~ L
e —pt A = 2dar1 o n n
[lx1 ()] < 272 ax||xplle™ + 22 al, + 8 , Vx=(x1,x) e R" xR"”, Vt>0,
thus the linear time-invariant perturbed system (3) is globally practically uniformly exponentially stable
with respect to x;. m]

Lastly, for the standard case, we assume that the perturbed term G(t, x) meets the following hypothesis.
(A,) There exists a continuous non-negative known function 1(t) such that
Gt x1, 2l < POllxall,  Yx = (x1,x2) € R" XR™, ¥Vt >0,

where ¢(t) is bounded and satisfies

supP(t) <0p, 0<O< 1
£20 a

Theorem 3.8. Suppose that assumptions (H) and (Ay) are satisfied, then the linear time—invariant perturbed sys-
tem (3) is globally uniformly exponentially stable with respect to x1.
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Proof. Similar to the previous theorem, we have

f
x1(t) = eMxy, + f e MG(s, x1(s), x2(s))ds, Vit = 0.
0

Combining (H;) and (A;), one obtains
¢
rer (Ol < ae Pl || + f ae PG (s, x1(s), x2(5)) llds
0

t
<P+ [ eI Els
0

Multiplying both sides by ¢!, one gets

t
IIX1(t)IleﬁtSallxloll+f ael*y(s)|lx (s)l1ds.
0

We suppose that 1(t) = [lx1(t)|lef!, one gets

t
n(t) < allxyll + afo Y(s)n(s)ds.

Applying Gronwall’s lemma [5], we get

n() < albaylle* b ¥O% < albay || exp(a®@pr).
Thus, we deduce that
lIx1 ()l < allxollexp (=p(1 — a®)t), Vx = (x1,x) € R™ X R™, Vt > 0.

Hence the linear time-invariant perturbed system (3) is globally uniformly exponentially stable with respect
to xq. O

In the sequel we will consider the following linear time-invariant perturbed system associated to the
system (3):

xX1(t) = A(Ox1 () + G(¢, x1(£), x2(8)) + A(E, x1(F), x2(1))

Xo(t) = Axxa(t),
where A : Ry X R" x R™ — R™ is a continuous function in (¢, x1, x2), Lipschitz in x, uniformly in ¢.
(As) There exists a non—negative constant A such that
A, x1, )l < Allxa (Bl Vx = (x1,x2) € R X R™.

Theorem 3.9. Suppose that assumptions (H1), (H,) and (Az) are satisfied, then the linear time—invariant perturbed
system (5) is globally practically uniformly exponentially stable with respect to x1.
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To prove the previous theorem, we need to recall a generalized integral inequality of the Gamidov type,
proved in [1].

Lemma 3.10. [1] Assume that
t
U <+ f (ve "L (s) + L UGs)) ds,
0

where U is continuous and non—negative on [0, 00), 0 <d <1,andm, v > 0,and , tsuch that 0 <1 < p.

Then

1
4y, \Ta
U(t) < 277 me" + 2 ) e,
p—v

Proof of Theorem 3.9. The solution of the sub—system x; with initial condition x;, of the perturbed system
(5) has the following form:

t
xi(t) = eixy + f 9 (G(s,x1(5), 22()) + A(s, x1(8), x2(9))) ds, ¥t > 0.
0

Since the unperturbed nominal system is globally uniformly exponentially stable, one obtains
t
a1 < e[y, || + f ae PGS, x1(5), x2(5)) + A5, 21(5), x2(5))IIds.
0
. Op .
Based on assumption (Ajs), for A = o 0 < O < 1, it follows that

Q)
IAG, 31,5 S il Vi = (1) € R XRE, Vi 200 6)

Applying assumption (H;) and Eq. (12), we see that

t ®
ol < ae i+ ae [ (@I + L)+ o) s
0

Multiply each side with e/, yields

t

1 ()]l < allxy, || + fot e (Fl(S)IIX1(S)|Id + %lel(S)ll)ds + afo Ty (s)ds.
Let U(t) = ef||x1(#)], and with the assumption (H}), we arrive at
U(H) < allxy, |l + fo t (D=l U (5) + OBU(S)) ds + a fo ) P To(s)ds
< allxy, || + fo t (el U (5) + OBU(s)) ds + al.
Thus,

t
U <+ f (ve U (s) + 1 UGs)) ds,
0



F. Ezzine et al. / Filomat 37:27 (2023), 9339-9356 9349
where m = af|xy, || + aﬂ, V= afl, and ¢ = ©f.

By applying the Gamidov lemma 3.10, one gets

1
d =4
UH) < 275770 + (ﬁz—v) o,
— L

As a result, we have

1
_ 2d =
eﬁtllxl(t)H < Zﬁme” + (ﬁ_V) et
-1

That is,

d T T-d .
llr (B)]] < 277 atl|xolle™ O + [—] +277aT,, Vx = (x1,x) € R xR™, Vt > 0.

Consequently the perturbed system (5) is globally practically uniformly exponentially stable with respect
to x1. O

Example 3.11. Let us consider the following system:

x1(t) = Arxa(t) + G(t, x1(t), x2(t)
()
Xao(t) = Axxa(t),

where x = (x1,%2) € R, x1 = (21,22) € R?, xp = (23,24) € R%.

-2 0 0 -1 bl _ot
ﬂl:( 2 2 ) ﬂz:( 1 0 ) g(t'xl'x2)=[ Trp 0@ +e } 9>2,
0

with initial condition xo = (x1,, X2,), X1, = (21,, 22,), and x2, = (23,, 24,)-

Notice that, with the perturbed term G, the fact that the function +|xi| is not Lipschitzian around zero is not
problematic for the uniqueness of the solutions because the concept of practical stability is based on the convergence of
solutions towards a neighborhood of the origin.

The solution of the sub—system with respect to the variable x, of the perturbed system (7), is provided by the next:

230(t, w) cos(t) — z4o(t, w) sin(f)

x(t) = zao(t, w) sin(t) + zao (£, w) cos(t) |

That is,
2 (I = Iz, I

. Hence, for all t > 0, and all x5, € R* with ||xp,|| < m’, one obtains||xo(t)|| < m’. Thus, the state x,(t) is globally
uniformly bounded as can seen from the Figure. 1.
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Solutions (23, 24)
=
——

Figure 1: Time evolution of the states z3(t) and z4(t) of the system (7)

The system (7) can be considered as a perturbed system of the following linear time—invariant system:

x1(t) = Arx(t)

(8)
Xo(t) = Faxa(t),

The nominal system is globally uniformly exponentially with respect to x1, since the sub—system x(t) = Arx1(t)
satisfies ReA (A1) < 0. Figure 2 shows the trajectories of the sub—system xq of the linear time—invariant system (8).
Otherwise, we have

sl +e7 %,

1+¢#2

G (¢, x1, x2)I| <

Consequently assumption (Hj) is satisfied with T'1(t) = ﬁ, IH(t) = e .
Applying Theorem 3.8 we deduce that the linear time—invariant perturbed system (7) is globally practically

uniformly exponentially stable with respect to x1. For visual simulation, we select = 3. Figure 3 shows the
trajectories of the sub—system x1 of the perturbed system (7).

Remark 3.12. We remark that we cannot prove the global practical uniform exponential stability in the standard

sense, i.e., with respect to all the variables, since the sub—system with respect to the variable x, is globally uniformly
bounded.

Remark 3.13. Note that we cannot prove the practical uniform exponential stability for the previous example with
respect to all the variables, since the solutions of the sub—system with respect to the variables y3 and y4 are periodic,
which implies that are globally uniformly bounded.
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Solutions (21, zz)
[=]
[8)]

05 . . . L . . . L .
0 5 10 15 20 25 30 35 40 45 50

Time (s)

Figure 2: Time evolution of the states z;(f) and z(t) of the nominal system (8)

15 1

-
T
L

Solutions (21 \ 22)
[=]
m
——
;

05 . L . L
0 5 10 15 20 25

Time (s)

Figure 3: Time evolution of the states z1(t) and z;(t) of the perturbed system (7)

4. Local partial practical stability of nonlinear system

We consider the following nonlinear system:

X1 (8) = Fa(x1(8))

©)
Xo(t) = Fa(x2(t)),
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where x = (x1,x2) € R" X R™ is the state vector, 1, #, are two smooth functions defined respectively on
R™, R", with #1(0) = 0, #2(0) = 0.

We may use a linear approximation to explore the partial stability problem for such systems, since #;
and ¥, are smooth functions, locally on a certain neighborhood of the origin V(0), thus we may write %5
and ¥, as follows:

F1(x1() = Arxa () + @r(x1 (1)),

and _
Fa(xa(t)) = Axxa(t) + @a(xa(t)),
where ?Il = 3?‘1(0)/ glz = aﬁ(o),with lim 1 G0 =0, and lim p20x2)l =0.
(9X1 83(2 x1—0 ||x1|| x—0 ||X2||

Next we prove the local partial uniform exponential stability with respect to a small ball for nonlinear
system. We will investigate the asymptotic behavior of the solutions with respect to a part of the variables
in the sense that the trajectories converge to a small ball centered at the origin $(0, ), r > 0 small enough in
such away B(0, r) € B(0, 7) and for all solutions starting from B(0, 7) \ B(0, r), will approach partially expo-
nentially to B(0, r) for t large enough. We consider the nonlinear system in the presence of the perturbation
term G(t, x).

Theorem 4.1. Suppose that (Hy) and (H.) are satisfied, then there exists r > 0 such that B, is partially uniformly
exponentially stable with respect to system:

x1(f) = F1(xa(h) + Gt x1(8), x2(5))
(10)
Xo(t) = Fa(x2(8))-

Proof. The perturbed system (10) may be expressed as the following for all x € V(0):

2(t) = Arxi (1) + @1 (x1 (D) + Gt x1(8), xa(8)

12(t) = Foa(t) + Pa(xa(h).
The solution of the sub—system x; with initial condition x1, of the above system is given by the following:
— t -
x(t) = ey, + f (G5, x1(5), 12(5)) + @r(xa(5)) ds, V= 0.
0

Similar to the the proof of Theorem (3.7) and based on assumption (), one obtains

t
e () < ae Py |l + f ae PG5, x1(s), %2(5)) + 1 (31 (5)) s,
0

Since,
(e

im =0,
10 ||xq]]
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then for a given constant / > 0, there exists [y > 0, such that Vx € B(0, lp) € B(0,]), for all t > 0, we obtain

llpr (el < Ul -

OB .
Forl = - it follows that

OB
ll1 (xp)Il < — 0<O<1.

By Assumption Hj, it follows immediately that

t (S
1 ()] < ae ™y, || + f ae P9 (F1||x1(5)||d +Ia(s) + 75||x1(5)||) ds.
0

Multiplying both sides by ¢!, one see

t

pt t ps d ®ﬁ Bs
Pl (DI < allxa, |l + ael® [T1(s)|lx1 ()" + " ller(S)l||ds + ¢ | eP°Ta(s)ds.
0 0
Let U(t) = eP!||x1(t)||, then we obtain

t o0
U < allxg,ll + f (ae(l‘d)ﬁsﬂ(s)ﬂd(s) + @ﬁ'ﬂ(s)) ds + af P T (s)ds.
0 0

By assumption (H;), we find that

Ut < allxy,|| + fo t (el U (s) + OBU(S)) ds + al,. (11)
Thus, one obtains
UL <+ fo t (ve PP qh(s) + L U(s)) ds,
where m = af|xy,|| + afz, V= 0[1:1, and 1 = ©f.

Using the Gamidov lemma 3.10, it follows from Eq. (11) that

1
d,, \ T
U(t) < 277 me" + (ﬁz—v)l ePt,
-1t

As a result, we have
1
— 24y \ ™
(Bl < 27570 + (ﬁ__vl) o
That is,
L e, [ _2eD |7 o F = " x R™
llx1 (Il < 272 af|xplle + +21al,, Vx = (x,%) € R" xR™, ¥Vt > 0.
Zdafl
(1-0)

nonlinear system (10) with respect to x;. O

As a result the ball B, with r =

1-d
] + 21 aT; is uniformly exponentially stable with respect to the
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Example 4.2. We consider the following nonlinear system:

x1(t) = F1(a () + G, x1(t), x2(t))
(12)

Xo(t) = Fa(xa(t)),
where x = (x1/x2) € R4r X1 = (le ZZ) € Rz/ X2 = (Z3/ 24) € RZ/
z1 cos(z1) — 2 sin(z1) cos(z4) n/lyil +e#, 1>0
Fi1(x1) = , Falx) = , Gt x) =
—z1 — sin(zy) cos(z3) —cos(z3) 0.
with initial condition xy = (x1,, X2,), X1, = (214, 22,), and X, = (23,,24,)-

The state x, of the system (12) is globally uniformly bounded as we have already explained in example 3.11, the
nonlinear system (12) can be regarded as a perturbed system of the following form:

x1(t) = F1(xa(t))

(13)
X(t) = Fa(xa(t)).-
The linear approximation for the associated unperturbed system is the following:
#1(t) = A (1)
(14)

io(t) = Apxa(),

where
~ -1 0 ~ 0 -1
a-(3 4) #2-(17)

Notice that, the previous approximation can be done in a small neighborhood of the origin, i.e., there exists T > 0, such
that for all x € B(0, T) the passage from nonlinear system to linear system is possible. The point is to find a constant
r > 0 small enough in such away B(0,r) € B(0, 7) and all solutions starting from B(0, ) \ B(0, r), will approach
partially exponentially to B(0, r) for t large enough.

Indeed, since 7{6/\(.%1) < 0, then the unperturbed nominal linear time—invariant system (14) is globally uniformly
exponentially with respect to x1, as appears from Figure 5.
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2.5|‘

22)

- 1_5*

Solutions (z

Figure 4: Time evolution of the states z;(f) and z(t) of the unperturbed nominal linear system (14)

In addition, we have

Gt 0IP = nlxi] + e

Time (s)

20

25

where T1(t) = nand Ty(t) = e=*, which satisfy both conditions of assumption (H).
Hence by applying Theorem 4.1, the nonlinear system is practically uniformly exponentially stable with respect

to x1, as can be seen in Figure 5, for n = 3.

35

[

[ w
T T
-

Solutions (21, 22)
o
—

05t .
\\

Figure 5: Time evolution of the states z1(t) and z;(f) of the nonlinear system (12)

Time (s)

20

25

9355
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5. Conclusion

In this article, we use the method of integral inequalities to establish partial practical stability criteria for
certain classes of linear time—invariant perturbed systems. The proof procedure is explained in details by
using integral inequalities of the Gronwall type, in particular of Gamidov’s type. At the same time, we also
develop the problem of local partial stability of nonlinear systems. We also give two examples to illustrate
our theoretical results.
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