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STABILITY IN TERMS OF TWO MEASURES FOR
DIFFERENTIAL EQUATIONS WITH “MAXIMA”"

Atanaska Georgieva, Stela Gluhcheva, Snezhana Hristova

Stability in terms of two measures for nonlinear differential equations with “maxima”
is studied. Two different measures for the initial conditions and for the solution are
employed. Method of Razumikhin as well as comparison method for scalar ordinary
differential equations have been employed. The usefulness of the introduced definition
and the obtained sufficient conditions is illustrated through an example.

1. Introduction. Differential equations with “maxima” first appeared as an object
of investigation about thirty years ago in connection with the solution of some applied
problems. For example, in the theory of automatic control of various technical systems it
often occurs that the law of regulation depends on the maximum values of some regulated
state parameters over certain time intervals [6].

The problems of stability of solutions of differential equations via Lyapunov functions
have been successfully investigated in the past. One type of stability, very useful in real
world problems, deals with two different measures. Stability in terms of two measures for
differential equations has been studied by means of various types of Lyapunov functions
(111, 121, [4], [5], [7] and references therein).

In the paper the stability as well as uniform stability in terms of two different mea-
sures is defined for differential equations with “maxima”. The Razumikhin method and
comparison results for scalar ordinary differential equations are employed to study the
introduced stability.

2. Preliminary notes and definitions. Let R be the n-dimentional Eucledian

space with norm |- |, Ry = [0,00), and > 0 be a given number.
Consider the following nonlinear differential equations with “maximum”
(1) ' = F(t,z(t), max z(s)) for t>tg
set—r,t]

with initial condition

(2) z(t) = ¢t —to), tE€ [to— 7, to],

where z € R", F: Ry X R" xR" - R", ¢ : [-1,0] = R", tp € R

We assume that the solution x(¢; %o, ¢) of the initial value problem (1), (2) is defined on
[to — r, 00) for any initial function ¢ € C([—r,0],R"™).
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Definition 1 ([5]). The function V(t,x) belongs to the class A if V(t,z) € C(A x
QRy), A C[-r00),QCR" 0eQ, V(0) =0 fort € A, and it is Lipschitz with
respect to its second vector argument.

Consider the following sets:

K ={a € CR4,RL] : a(s) is strictly increasing and a(0) = 0};
I'={heC[[-r,o0) x R"R4] : mﬁélw h(t,z) =0 for each t € [—7r,00)};
relx™
S(h,p) ={(t,z) e Ry xR™: h(t,z) <p}; p>0, hel.
We introduce a definition for stability in terms of two measures for a system of differential
equations with “maxima” which follows the ideas of [5].

Definition 2. Let h,hg € T'. A system of differential equations with “mazima” (1),
(2) is said to be:

(S1) stable in terms of two measures (ho, h) if for every e > 0 and tg € Ry, there
exists ¢ 8(to,€) > 0 such that for any ¢ € C([—r,0],R™) the inequality

H[laXO] ho(to + s, p(to + s)) < 0 implies h(t,x(t;to, P)) < € fort > to;
se|—nr,

(52) uniformly stable in terms of two measures (ho, h) if § in (S1) is independent on
to.-

In our further investigations we use the following comparison scalar ordinary differ-
ential equation:

(3) u' = g(t, u)?
where u € R, g(t,0) = 0. We denote the solution of (3) with initial condition u(tg) = ug
by w(t; to, uo).

Definition 3 ([5]). Let h,ho € T'. The function ho(t,x) is uniformly finer than
h(t,x), if there exists a constant § > 0 and a function a € K such that ho(t,xz) < §
implies h(t,x) < a(ho(t,x)).

Let V€ A, t € A and ¢ € C([-r,0], R"). We define derivative of the function V
along the trajectory of solution of (1) as follows:

Dy V{t,6(0) = limsup ~{V(t +€,0(0) + eF (1, 6(0), max 9(s))) = V(t,9(0)}

We introduce the conditions:
H1. Function F € C[Ry x R" x R",R"], F(¢,0,0) = 0.
H2. Function g € C[R; x R4, R4 ], ¢g(¢,0) = 0.
H3. Functions hg,h € I', hg is uniformy finer than h.

Lemma 1. Let the conditions (H1), (H2) be fulfilled and the function V€ A, A =
[to,T), T < o0, be such that for any t € [to,T) and ¥ € C([-r,0,R™) :  V(t,4(0)) >
V(t+s,9(s)) for s € [=r,0) the inequality D)V (t,4(0)) < g(t, V(t,(0))) holds. Then,

the inequality r?aXO]V(to + 5,60 + 5)) < g implies V (¢, x(t;t0,¢)) < u*(t) fort €
se|—r,

[to, T'), where u*(t) = u*(t;to,uo) is the mazimal solution of (3) with initial condition
u*(tg) = up which is defined for t € [to,T).
The proof of Lemma 1 is a partial case of that of Lemma 1 [3] and we omit it.
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3. Main results.

Theorem 1. Let conditions (H1)-(H3) be fulfilled and there exist a function V (t,x) €
A and a constant p > 0 such that:

(i)  for any number t > 0 and any function b € C([—r,0],R"), such that ¥(0) €
S(h,p) and V (t,1(0)) > V(t + s,9(s)) for s & [-r,0), the inequality D)V (t,(0)) <
g(t, V(t,4(0))) holds;

(1) b(h(t,z)) <V(t,z) <alho(t,x)) for (t,x) € S(h,p), where a,b e K.

Then, if the zero solution of the scalar differential equation (3) is stable (uniformly
stable), the system of differential equations with "mazima” (1) is stable (uniformly stable)
in terms of two measures (ho, h).

Proof. Let 0 < ¢ < p. There exist §o > 0 and a function ¥; € K such that
ho(t,x) < 8 implies h(t,z) < 1(ho(t,x)). There exists §; € (0, p), 61 = d1(to, €) such
that |ug| < d; implies

(4) [u(t;to, ug)| < ble), t>to.
Since a € K and ¢; € K, we can find a d; = da(€) > 0, d2 < min(dp, p) such that
(5) P1(02) < € a(da) < 1.

Choose ty € Ry and ¢ € C([—r,0],R™) such that n[laxol ho(to + s,¢(s)) < d2 < do.
se|—r,
Then
(6) max h(to + s,0(s)) < ¥ ( maX]hO(to +5,0(s))) < ¥1(d2) < e

s€[—r,0

We prove that h(t,z(t;t9,$)) < € holds for t € [ty — r,00). Assume the contrary.
Then there exist a point t* > t; such that

(7) h(t*, x(t";to,®)) =€, h(t,z(t;to,d)) <e, tE[to—rt").
Since € < p, it follows that (¢,z(t)) € S(h,p), t € [to — r,t*]. From (7) it follows that
(8) b(h(t", z(t"; to, §))) = b(e).

Define z(s) = x(s;to, @), s € [to — 7, t*]. If we assume that ho(t*, z(t*)) < d2, then
from the choice of d; and inequality (5) it follows
h(t*, x(t)) < ¢ (ho(t", 2(t7))) < ¢1(d2) <,
which contradicts (7). Hence, ho(t*,z(t*)) > d2. Therefore, there exist a point tfj €
(to,t*) such that ho(ts, z(t5)) = d2, and ho(s,z(s)) < o2 for s € [tog — 7, t§).
Let w*(t;t5,ufy) be the maximal solution of (3), with initial condition

*

ufy = [maX ]V(t7 2(t)). Then, from condition (i) of Theorem 1 and Lemma 1 it follows
telty—rts

9) V(t,z(t) <u*(&65,uy), tE[ts,t7].

From condition (ii) of Theorem 1 it follows

V(g + s, x(tg +5)) < alho(ty + s, z(t5 +5)) < a(d2) <61, s€[-r,0].

Hence, V(t§ + s,z(t + s)) < 01, s € [—r,0]. Therefore, |uf| < d1 and according to (4)
the inequality
(10) W (5 85, 0p)] < o), ¢ > 4
holds.
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From (8), (9), (10) and condition (ii) of Theorem 1 it follows
b(e) = b(h(t", x(t"))) < V (", x(t")) < u™(t"; 15, ug) < ble).

The obtained contradiction proves the validity of Theorem 1. [

Remark 1. Partial cases:

1. For r = 0 the results of Theorem 1 reduce to stability in terms of two measures for
differential equations.

2. For the measures h(t,x) = ho(t,x) = |z| for t € [—r, 00), the results of Theorem 1
reduce to stability for differential equations with “maximum?”.

3. For the measures h(t,xz) = ho(t,z) = |z| for ¢ € Ry and r = 0 the results of
Theorem 1 reduce to stability for differential equations.

Now we illustrate some applications of the obtained sufficient conditions.

Example. Consider the linear system of differential equations perturbed by the
maximum function

(11) ¥ =—-2+2y+C; max xz(s)
sE[t—r,t])

(12) Y =—2—y+Co max y(s),
sE€[t—mr,t])

where z,y € R, C}, Cy are constants such that Cy + Cy < 1.

1
Consider the function V : R? — Ry, V(z,y) = 5:02 + 92, Note that the condition

(ii) of Theorem 1 is satisfied for a(s) = s2, b(s) = %SQ, hz,y) = Va2 +y2, ho(z,y) =
|| + |yl.
Let ¢ € C([—r,0],R?), ¢ = (1h1,%2) be such that V(1(0),12(0)) > V(1h1(s), ¥2(s)),
s € [-r,0). Then,
D(11),12)V (¥1(0),12(0))
= —91(0) = 2¢5(0) + C1¢1(0) max 1(s) +2C2¢h2(0) max 1o(s).

s€[—r,0 s€[—r,0]

Note that

$1(0) max hi(s) < [¢1(0)] | max ¢ (s)] = v/ (¢1(0 max 1y (s))?

s€[—r,0] s€[—r,0] ée[—r, ]

<V (11(0))2 + 2(12(0))? /(11 (€)) + 2(¢1(£))? < (11(0)) + 2(¢2(0))?
and 2¢(0) max wz( ) < (1(0))2 + 2(2(0))?, where € € [—r,0].

-

Hence

Dy, 12)V (¥1(0), 42(0)) < —7(0) =293 (0) + C1 (7 (0) +245(0)) + C2 (4 (0) + 25 (0))
= (¥1(0) + 2¢3(0)) (=1 + C1 + C2) < 0.
Consider the scalar differential equation u’ = 0 which zero solution is stable. Therefore,

according to Theorem 1 the solution of (11), (12) is uniformly stable in terms of the
measures (hg, h).
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YCTOMUYMBOCT HA JU®EPEHIINAJIHI YPABHEHUS C
“MAKCUMYMMW” ITO OTHOIIIEHUWE HA JIBE MEPKUN

Aranacka I'eopruesa, Cresia I'myxuyeBa, CHexkana XpucroBa

Wscnensana e ycTONYMBOCTTA Ha HEJWMHENHU IuEPEHIINATHN YPABHEHUS C “MaKCH-
MyMu”’ IO OTHOIIIEHHE Ha JiBe MepKH. [IpuiokeHu ca jBe pa3jndHd MEPKHU 33 HaJaJI-
HUTE YCJIOBUSI M 3a pelreHnero. V3mosBan e MeToabT Ha PasyMuxuH, a ChIO Taka
U METOIbT Ha CPABHEHWETO Ha OOMKHOBEHM CKAJIAPHU TU(MEPEHITNATHU YPABHEHUSI.
IIpuioxkenneTo Ha MOJIyYEHUTE PE3YJITATH U JIOCTATHIHU YCJIOBUSI 38 YCTOWYUBOCT €
WIFOCTPUPAHO C TIPUMED.
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