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Abstract. In this paper, we obtain some new sufficient conditions for
W —asymptotic stability of trivial solution of a nonlinear Lyapunov matrix
differential equation with integral term as right-hand side.
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1 Introduction

The Lyapunov matrix differential equations occur in many branches of control theory
such as optimal control and stability analysis.

Recent works for U— stability, ¥— asymptotic stability, ¥— boundedness, ¥— in-
stability, controllability, dichotomy and conditioning for Lyapunov matrix differential
equations have been given in many papers. See [3], [4], [5], [6], [7], [8], [10], [14], [15],
[16] and the references therein.

In this paper are presented a several new sufficient conditions for ¥— asymptotic
stability of the trivial solution to the nonlinear Lyapunov matrix differential equation
with integral term as right-hand side:

t
(1.1) Z'=A(t)Z+ ZB(t) + / F(t,s, Z(s))ds.
0

These conditions can be expressed in the terms of a fundamental matrices of the

matrix differential equations

(1.2) X' = A(t)X
(1.3) Y' = YB(t)

and on the function F.

Here, ¥ is a matrix function whose introduction permits to obtain a mixed asymp-
totic behavior for the components of solutions.

The main tool used in this paper is the technique of Kronecker product of matri-
ces (combined with the variation of constants formula), which has been successfully
applied in various fields of matrix theory, group theory and particle physics. See, for
example, the cited papers and the references cited therein.
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2 Preliminaries

In this section we present some basic notations, definitions, hypotheses and results
which are useful later on.
Let R? be the Euclidean d — dimensional space. For x = (1,22, ...,24)T € RY,
let || z || = max{| x1,| x2], ..., | z4} be the norm of = (here, T denotes transpose).
Let My«q be the linear space of all real d X d matrices.

For A = (a;j) € Mgxq, we define the norm | A | by formula | A | = sup || Az | .
llzll<1

d
It is well-known that | A | = 1rgza<xd{ ‘21 | aijl}-
<i<d =

By a solution of the equation (1.1) we mean a continuous differentiable d x d
matrix function satisfying the equation (1.1) for all t € Ry = [0, 00)

In equation (1.1), we assume that A and B are continuous dxd matrices on Ry and
F:D— Mgxg, D={(t,5,2) |0 < s <t < +00,Z € Myxq}, is continuous function
such that F(t,s,04) = Oq4. It is well-known that these conditions ensure the local
existence of a solution of (1.1) passing through any given point (¢g, Zo) € Ry X Myxq,
but it does not guarantee that the solution is unique or that it can be continued for
large values of t € R,..

Let ¥; :Ry — (0,00), i = 1,2, ...,d, be continuous functions and

U= dlag [\1117\1127 T \Ild]

In this paper, we will admit the following hypothesis:

(H) For all tg € Ry, Zy € Mgxq and p > 0, if | ¥(£9)Zo |< p, then any solution
Z(t) of (1.1) which satisfies the equality Z(tp) = Zy exists on R and satisfies the
inequality | U(¢)Z(t) |< p for all t € [0, to].

This is a natural hypothesis in studying ¥— stability of trivial solution of (1.1).
See, for example, [12], [11], [9].

Definition 2.1. ([3], [4]) (i) The trivial solution of the equation (1.1) is said to be
W— stable over R, if for each ¢ > 0 and each t; € R there is a a corresponding
0 = d(e,t9) > 0 such that any solution Z(t) of (1.1) which satisfies the inequality
| W(to)Z(to) |< 0, exists and satisfies the inequality | U(¢)Z(¢) |< e for all t > to.

(ii) The trivial solution of the equation (1.1) is said to be ¥— asymptotically stable
over R if it is U— stable over Ry and in addition, for each ty € Ry, there is a
corresponding dg = do(tp) > 0 such that any solution Z(t) of (1.1) which satisfies the
inequality | U(tg)Z(to) |< dp, satisfies the condition tlggo U(t)Z(t) = Og.

Remark 2.2. 1. The Definition extends the definition of (asymptotic) stability from
(vector) differential equations to matrix differential equations.

2. For ¥ = I, one obtain the notion of classical stability (see [2]).

3. It is easy to see that if ¥ and U~! are bounded on R, , then the U— stability is
equivalent with the classical stability.
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Definition 2.3. ([1]) Let A = (a;j) € My, xn and B = (b;j) € Mpx4. The Kronecker
product of A and B, written A ® B, is defined to be the partitioned matrix

anB  ai2B -+ a1, B

anB  apB - a,B
A® B = . . . .

amlB GmQB T amnB

Obviously, A ® B € M,,pxng-
The important rules of calculation of the Kronecker product are given in [1], [13],
Chapter 2 and Lemma 1, [3].

Definition 2.4. ([13]) The application Vec : M, x,, — R™™, defined by

T
VGC(A) = (a117a217"' sy Am1,A12,022,°° ,Am2,° " ,Aln,A2n, " " * 7amn) )

where A = (a;;) € My, xn, is called the vectorization operator.

For important properties and rules of calculation of the Vec operator, see Lemmas
2,3, 4, [3].

For ” corresponding Kronecker product system associated with (1.1)”, see Lemma
5, [3].
The Lemmas 6 and 8, [3], play an important role in the proofs of main results of
present paper.

3 Main results
Theorem 3.1. Suppose that:
(1) the hypothesis (H) is fulfilled;

(2) the fundamental matrices X (t) and Y (t) for the linear Lyapunov matriz differen-
tial equations (1.2) and (1.3) respectively satisfy the condition

t
/ e(s)|(YT)(YT) ™ (s)) @ (W)X ()X (s)¥ ()| ds < M, for all t >0,
0
where M is a positive constant and ¢ is a continuous function ¢ : Ry — (0,00) such
that [ ¢(t)dt = +oo;
(8) the matriz function F(t,s,Z) satisfies the inequality
| W(t)F(t,s,2) [< f(t,s) | B(s)Z |,

for (t,s,Z) € D, where f(t,s) is a continuous nonnegative function for t > s > 0
such that

t t
f(t,s) 1 . / f(s,u)
K = su ds < —, lim du =0, forallt> 0.
p/ p(t) T Md oy (s g

Then, the trivial solution of (1.1) is U-asymptotically stable over R .
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Proof. We will use Definition of W—asymptotic stability. For a given £ > 0 and
to € Ry, we choose § = d(e,to) such that 0 < 0 < min{3, %i}, where N
and Ny are positive constants that will be specified below.

Let Z(t) be any solution of equation (1.1) which satisfies the inequality | ¥(t9)Z(to) |<
0. From hypothesis (1), Z(t) exists on R and satisfies the inequality | ¥(¢)Z(t) |< 0,
for all t € [0, to).

We may reason by reduction ad absurdum.

Suppose that there exists 7 > to such that | U(7)Z(7) |= ¢ and one can consider
| O(t)Z(t) |< € for t € [tg, T).

Then, Z(t) is a solution of the equation

Z'=At)Z + ZB(t) + /t F(t,s,Z(s))ds, t€ [to,T].
0

From Lemma 5, [3], the vector function z(t) = Vec(Z(t)) is a solution of the corre-
sponding Kronecker product system associated with this equation, i.e. of the system

(3.1) 2= (Ia®A(t)+ BT (t) ® I3) = + /0 f(t,s,2(s))ds

where f(t,s,2) = Vec(F(t,s,Z)), on the same interval [tg, T].

From Lemma 8, [3], we know that if X(¢) and Y (¢) are fundamental matrices for
equations (1.2) and (1.3) respectively, then, the matrix U(t) = Y7 (¢) ® X(t) is a
fundamental matrix for the linear homogeneous system associated with system (3.1),
i.e. for the differential system

(3.2) 7= I ®Alt)+BT(t) ® 1) 2

Therefore, by the variation of constants formula (see [2], Chapter II, section 2 (8))

2(t) = U U (to)zo + Ut)U (s) /08 f(s,u, z(u))duds,

to

for t € [tg, 7], where zg = Vec(Z(ty)).
From Lemma 1, [3],

UBU (o) = (YT(t)@ X)) (YT(t) ® X(to)) ' =
_ (YT(t) (7)™ (to)) ® (X)X (o)), t > to,

and then, for ¢t € [to, 7]

A = [(YOET) T 0) @ (XOX T 0)] 20+
(3.3)

-|-/t [(YT(t) (YT)_1 (s)) ® (X(t)Xfl(s))} /OS f(s,u, z(u))duds.

to
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We define the vector function w(t) by setting w(t) = (Iy ® ¥(t)) 2(¢), for t € [tg, 7]
and the matrix function ®(t,s) = (YT(t) (YT)71 (s)) @ (TO)X ()X (s)T1(s)),
for t > s > 0. Multiplying through I; ® ¥(t¢), we have (see Lemma 1, [3])

w(t) = O(t, to)w(to) +/t O(t, s) /OS (Ig @ ¥ (s)) f(s,u, z(u))duds, t € [tg, T].

As a result, for t € [tg, 7],
(3.4)

[ w(®) |<[ @, to)ll] w(to) | +/t | ®(t,5) | /0 | (Ia @ W(s)) f(s,u,z(u)) || duds.

From hypotheses and Lemma 6, [3],
| (e @ W(s)) f(s,u,2(u) | = || (Ja @ ¥(s)) Vee(F(s,u, Z(uw))) | <

< (W) F(s,u,Z(w) | < f(su) | W(w)Z(u) | <
<d-f(su) || (Ia®@W(u) Vee(Z(w)) || = d- f(s,u) [|w(w) |,

for s € [tg, 7], s > u > 0.

From hypothesis (2), Theorems 1 and 2, [3] and Theorem 2, [4], there exists a constant
N > 0 such that | YT (¢) @ U(#) X (t) |[< Ne=M "o #(®)ds for ¢ > 0.

As a result, for ¢ € [tg, 7],

[otto) | = | (YT (YT) 7 (k) @ (BOXHX () (ko)) | =
= | (YT(t) @ ¥(t)X(t)) - ((YTY1 (to) ®Xﬁl(to)‘1’71(to)) | <

< YT @UBXE) (| (YT) ™ (t) ® X1 (t)¥ L (t) | < NNo,

where Ny =| (YT) ™" (t0) @ X2 (to) U~ (to) | -
Therefore, from (3.4) and the above results, for ¢ € [to, 7],
Il w(t) I1<] @(tto) [ wlto) | + fy | @t ) | fo || (Ta @ () f(s,u,2(w)) | duds <

<NNMM@0H+M $) [ 0(t3) | (Jy S | w(u) || du) ds <
t s,u s f(s,u
< NNob+d [} ¢ |<I>ts (foof;(Q | w(u) || du+ [ Lo ||w()||du)ds§
t s,u
<NNo(5+d5ft )1 0(ts) | (fo" Lsddu) ds +
+df e |<I>ts (f;f;égy I w( )Hdu)dsg
<NN05+d5Kft s) | ®(t,s) | ds +
+d [} o(s) | @(t, s) [fi R (tes[ltlp] | w(t) ||> du] ds <
077—

<HNNo+dKM)+dKM | sup | w(t)]

teto,T]
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It follows that

(3.5) ( sup || w(t) |

te(to,T]

_ NNo +dKM
= 1-dKM

and then, || w(t) ||< o3, for t € [to, 7].

From Lemma 6, [3], it follows that| W(7)Z(7) |< §. This is a clear contradiction of

the fact that | \I/(T)Z(T) |=e.

From Definition, it follows that the trivial solution of (1.1) is ¥'— stable over Ry.

To prove that the trivial solution of (1.1) is W— asymptotically stable over R, we

must show furter that for each ¢y € Ry, there exists dg = Jo(to) > 0 such that if

| \I’(to)Z(to) |< dg, then tliglo \If(t)Z(t) = Oy.

From the above result, it follows that for ¢ = 1 and ¢y > 0, there exists dg = §(1,t9) <

1 such that if Zy € Myxq and | ¥(¢g)Zo |< do, then any solution Z(t) of (1.1) which

satisfies the equality Z(tg) = Zy, satisfies the condition | ¥(¢)Z(t) |< 1, for ¢t > 0.

Then, || w(t) ||< 1 for ¢t > 0.

We will show that tlglgo U (t)Z(t) = Oy, by showing tlgglo || w(t) ||=0

Suppose that limsup || w(t) || = € > 0. Let 6 be such that dKM < 6 < 1. Tt follows
t— o0

that there exists t; > to such that | ¥ (¢)Z(¢) |< g, for t > ¢1. From hypothesis (3), it
follows that there exists sy > t1 such that
B f(s,u) 0 —dKM

o) du < /¢ 200 , for s > sg

From (3.4), we obtain an estimate for || w(t) ||, for t > s¢ :
Il w(e) 1<) ®(t,to) [ wlto) | + fy, | @) | Jo Il (Ta ® W(s)) f (5,0, 2(w)) | duds <
< YT @ WX () || (YT) ™ () @ X~} (1) (t0) | St

+f:° s) | ®(¢,s) ( o d]:p((ssu) w(u) || du) ds+

Lo els) [0(ts) | (Jo L | wiw) | du) dst

L e(s) |t s) | (5 L I wiw) | du) ds <

< (Nobo + Po) | YT (t) @ U(t) X (t) | +de FEM N + dMK £,

where Py = [} Co(s) | (YT)_1 (s) ® X~ 1(s)U1(s) | ( N dj;s“ du) ds.

From fhm | YT(t) ®@U(t)X(t) | = 0, it follows that there exists ta > s¢ such that
L— 00

(L 0+dKM
0

YT () @ U(1)X(t) |< for all t > to.

2 (Nodo + Py)’
Thus, for t > ty, we have
L O+dKM 0 — dKM VA dKM
) 1< (Nodo + P e M+dMK- = - —_—).
I wte) Il (Nodo + Po) 52 gy + Al —sggag M + MK 4<3+ 0 )

From this and definition of ¢, we obtain £ < g (3 + %) < ¢, which is contradictory.
Therefore, tlim [l w(t) ||= 0 and then (see Lemma 6, [3])
hade el

lim W(t)Z(t) = Oq.

t—o0
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Thus, the trivial solution of equation (1.1) is ¥— asymptotically stable over R;.. O

Theorem 3.2. Suppose that:

(1) the hypothesis (H) is fulfilled;

(2) the fundamental matriz X (t) for the linear matriz differential equation (1.2) sat-
isfies the condition

/Ot o(s) | O)X )X (s)U ™ (s)|ds < M, for all t >0,

where M is a positive constant and ¢ is a continuous function ¢ : Ry — (0,00) such
that [ ¢(t)dt = +oo;
(3) the matrixz function F(t,s,Z) satisfies the inequality

| U(t)F(t, s, 2) |< f(t,5) [ W(s)Z |,

for (t,s,Z) € D, where f(t,s) is a continuous nonnegative function for t > s > 0
such that

_ | B(t) | " f(ts) ] 1 [ f(su)
K = iglg[ (D) +/0 o0) ds <M, Slg{)lo/o 2(5) du =0, for allt> 0.

Then, the trivial solution of (1.1) is ¥— asymptotically stable over R.

Proof. We will use Definition of W— asymptotic stability. For a given ¢ > 0 and
to € R, we choose § = d(e, tg) such that

1-KM

) -
0<o< NN0+KM€’

where N and Ny are positive constants that will be specified below.

Let Z(t) be any solution of (1.1) which satisfies the inequality | ¥(¢9)Z(to) |< 9.
From the first assumption of the Theorem, the solution Z(t) is defined on Ry and
| U(t)Z(t) |< d for all t € [0,t0]. The solution Z(t) satisfies the equation (1.1) written
in the form

t
Z'=At)Z + [ZB(t) +/ F(t,S,Z(S))dS] , t€Ry.
0
From the variation of constants formula (see [2], Chapter II, Section 2 (8))
(3.6) Z(t) :X(t)X*l(to)Z(to)Jr/t X ()X ' (s) [Z(S)B(S)Jr/os F(s,u, Z(u))du| ds,

for all t > tg.
From hypothesis (2), Theorems 1 and 2, [3] and Theorem 2, [4], there exists a constant
N > 0 such that

| T(HX (1) |[< NeM " Joe®)ds gor ¢ > 0.

We define the matrix function ®(t,s) by ®(t,s) = U(t)X(t)X (s)¥~Y(s), for t >
s> 0 and Ny :| Xﬁl(to)\l’il(to) | .

For an arbitrary T € (tg, 00), let W(T') be defined by W(T') = sup | ¥(t)Z(¢) | .
te[to,T]
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It follows from (3.6) that, for ¢ € [to, T,
t |

| E(OZ(2) |<] POXOX (1) Z (1)

Ly | WOXOX T ()T(5) || W) Z()B5) + J; W(s)F s,y Z(u))du | ds <
< WX (X () ¥ (to)‘I’(to) <to>|+

+ iy | 8E5) | [ 6)Z0) [ Bs) | + g | V) (sv Z(w) | d] ds <

<L W)X (1) || X (1) 0 (t0)||‘1’(750) <to>|+

+ 510Gt s) | [ W) Z(s) || B(s) |+ fy Fls.w) | ¥(w)Z <>|du]d

< NNob+ [ o) | @(t,9) | [| 0()Z(s) | 23!+ 5 2o | w(w) Z(u) | du) ds <
< NNod+ [ (s) | Dt s) | [| U(s)2(s) | L + [ L85 | w(w)Z(u) | du+
+ [ e m(ﬂmmg

< NNod + [, () | (t,5) | [W<T>‘B<S‘+6f5° L+ [ L5 W (T)du] ds <
< NNob + SKM + W(T) [ o(s) | @(ts) | [ 28] + [ Hotdau] s <
SMNMHJMﬂ+KMW()

It follows that

(3.7) W@Ugﬁ?§%%¥$<a

From this,

| U(t)Z(t) |< e, for all t > t.
Thus, we proved that for a given € > 0 and for each ty € Ry, there exists a § €
(O, NINO%E) such that any solution Z(t) of (1.1) which satisfies the inequality
| U(to)Z(to) |< 6, exists and satisfies the inequality | ¥(¢)Z(t) |< ¢, for all t > &.
From Definition, it follows that the trivial solution of (1.1) is ¥— stable over R.
To prove that the trivial solution of (1.1) is W— asymptotically stable over R, we
must show furter that for each tg € Ry, there exists dg = Jo(to) > 0 such that if
| U(to)Z(to) |< do, then tlim U(t)Z(t) = Og.
— 00
From the above result, it follows that for ¢ = 1 and ¢y > 0, there exists dg = §(1,tg) <
1 such that if Zy € Mgxq and | ¥(tg)Zy |< do, then any solution Z(t) of (1.1) which
satisfies the equality Z(to) = Zo, satisfies the condition | ¥(¢)Z(t) |< 1, for ¢ > 0.
We will show that tlim Y (t)Z(t) = Oq.
bade el
Let ¢ = limsup | ¥(¢)Z(¢) | and choose 6 so that KM < 0 < 1.
t—o0

If £ >0, then | U(¢)Z(t) |[< &, for t > t; > tg say.
From hypothesis (3), we can choose sy > t; so large that

t
v f(su) 0 — KM

du </ , for s > sq.

o (s 20M ’

Now, from (3.6) and the above results, for t > sq,

| ¥(@Z() |<| POX (@)X (t0)Z (to)|+

+ fy | EOXOX ()T (s) || U(5)Z(5)B(s) + [y U(s)F(s,u, Z(u))du | ds <
< \W() (t) [ [| X7 H(to) ™ @@llw(%) @0)|+

+ [ XN )TN (s) || U(s)Z(s)B(s) + [ ¥ st@MMd%+
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+ i |<I>ts>|[|w<> o (w)Z(w) | du] ds <
s\\lf()(H[IX ()\If‘()ll ()(to)|+ _
+ for | X7 (s) | W) Z(8)B(s) + J W(s)F (s, Z(w))du | ds| +
+ft |<I> t,s) | [glg((;)l —i—fotl féé “)du—i—fsl féisu)[du} ds <

S\‘If() @) [ [ X~ (o) (to) || ©(t0)Z(to) | + ]
2 XY (s) U (s) || W(s)Z(5)B(s) + [y U(s)F(s,u, Z(uw))du | ds| +
+ MOSSEM LM = '
< [UOXE) ][] X (k)T (¢ )||‘I/(t0) (t )|+

t fo [ XTHSTT () || W) Z(8)B(s) + o U(s)F (5,0, Z(w)du | ds| +
+ (LM
Letting t — oo, we get
0+ KM
(<fl—7oo </
< 20 < £,

which is impossible.
Therefore, ¢ = 0.
From Definition of ¢, it results that tlim U(t)Z(t) = Oq.

—00
Thus, the trivial solution of (1.1) is ¥— asymptotically stable over R,.. O
Remark 3.1. The Theorem 3.2 is no longer true if we require that the above equation
(1.2) is only ¥— asymptotically stable over Ry instead of the sufficient condition (2)

of Theorem for ¥— asymptotic stability of equation (1.2) (see Theorems 1 and 2, [4]).
To see this, we show the following simple example, adapted from Example 4, [4].

Example 3.2. Consider the equation (1.1) with

0 0
A(t) = 0y, B(t) = ( 0 o ) JF(t,s,Z) = 0,
Vit

where a ia a positive constant.
A fundamental matrix X(t) for the matrix differential equation (1.2) is X (¢) = Is.

1

= 0

Consider ¥(t) = ( B+ )

0 &
From tlim U(t)X (t) = Oy and Theorem 1, [4], it follows that the equation (1.2) is ¥—

— 00

asymptotically stable over R .
It is easy to see (by reduction to absurdity) that there is not a function ¢ to satisfy
the condition of Theorem 2.
Now, the equation (1.1) becomes Z’ = ZB(t) and have the general solution

1 0
Z(t):C(O eQam)a

where C' is a real 2 X 2 constant matrix.
A particular solution of the equation is

1 0
Zo(t)C( 0 62(1\/t+71 >7
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where c is a real constant.

From tlim | W(t)Zo(t) |= +o0, it is easy to see that the equation is not ¥— asymp-
—00

totically stable over R, .

Theorem 3.3. Suppose that:

(1) the hypothesis (H) is fulfilled;

(2) the fundamental matriz Y (t) for the linear matriz differential equations (1.3) sat-

isfies the condition

/0 e(s) | (YT @)(YT) ™ (s)) @ (¥(t)¥'(s))|ds < M, for all t >0,

where M is a positive constant and ¢ is a continuous function ¢ : Ry — (0,00) such
that [~ @(t)dt = +oo;
(3) the matriz function F(t,s,Z) satisfies the inequality

| W) F (s, 2) [< f(t,s) | W(s)Z |,

for (t,s,Z) € D, where f(t,s) is a continuous nonnegative function for t > s > 0

such that
~ | w()AB)T (1) | LIt s) o1
r= t>§[ (1) +d/o =0 d] <

and

t
lim / f(s,u) du =0, for all t > 0.
0 (s)

§—00 QD

Then, the trivial solution of (1.1) is ¥— asymptotically stable over R..
Proof. We see equation (1.1) in the form

Z'=7ZB(t)+ [A(t)Z + /OtF(t,s,Z(s))ds} , t>0.

With a similar proof as in Theorem 3.1, we have the conclusion. ([l

Remark 3.3. 1. The above Theorem is no longer true if we require that the above
equation (3) is only U—asymptotically stable over R, instead of the condition (2) of
Theorem. A simple example can shows this.

For Theorem 3.1, we have a similar situation.

2. On the other hand, if the assumption ” ILm fot féig) du = 0, for all t > 07 is

omitted in Theorems, the trivial solution of (1.1) cannot be ¥—asymptotically stable
over Ry.

Remark 3.4. The above Theorems generalize the results from Theorem 4.2, [12],
Theorem 4.1, [9], and Theorem 5, [11], from differential systems to Lyapunov matrix
differential equations.

Remark 3.5. The above Theorems have very useful corollaries in the particular cases
when f(t,s) = h(t)g(s) or f(t,s) = k(t — s).

Remark 3.6. The function ¢ in the above Theorems can serve to weaken the required
hypotheses on the fundamental matrices X and Y or function F'.
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