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Stability of solutions to linear

differential equations of neutral type*
G.V. Demidenko

Abstract. In the present paper we study stability of solutions to
systems of linear differential equations of neutral type

d

W)+ Dy(t —7)) = Ay(t) + By(t —7), t>m,

where A, B, D are n xn numerical matrices, 7 > 0 is a delay parame-
ter. Stability conditions of the zero solution to the systems are estab-
lished, uniform estimates for the solutions on the half-axis {¢ > 7}

are obtained. In the case of asymptotic stability these estimates give
the decay rate of the solutions at infinity.
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Introduction
In the present paper we consider systems of linear delay differential
equations of the following form

9 y(1) + Dyl —7) = Aylt) + Byt —7), 1>, 1)

where A, B, D are n x n numerical matrices, 7 > 0 is a delay parameter. In
the case of D # 0 these equations are called equations of neutral type. We
study conditions of stability of the zero solution to the systems and obtain
uniform estimates for solutions on the half-axis {¢ > 7}. In particular, it
follows from these estimates that, in the case of asymptotic stability, for
| D|| <1 all the solutions stabilize y(t) — 0 as ¢ — oo with an exponential

rate.

*The research was supported in part by the Siberian Branch of the Russian Academy
of Sciences (interdisciplinary project no. 107).
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1. The problem of stability of solutions to de-
lay differential equations

For systems of linear differential equations of the form (1) we have the
spectral criterion for asymptotic stability (for example, see [1-4]) which is

stated in terms of the location of the roots of the quasipolynomial
det(A+e ™B - X —Xe D) =0 (2)

in the left half-plane C_ = {A € C : Re\ < 0}. However, the practical
verification of this condition is rather difficult because the problem of find-
ing the roots of (2) is ill-conditioned. In the case of D = B = 0, there are
numerous examples illustrating this fact (for instance, see [5, 6]). There-
fore, studying asymptotic stability of solutions to certain systems of the
form (1), Lyapunov type theorems are usually taken instead of the spectral
criterion (for example, see [1-4]). In this case the main problem is to find
a Hermitian matrix Hy = H§ > 0 and verify the matrix inequality
( HoA+ A*Hy + vHy HoB + A*HoD ) <0, 750
B*Ho+ D*HgA D*HoB+ B*HoD —~vHy ) — 7 ’
(for example, see [4, chapter 5]). The proof of stability of the zero solution

to (1) involves the Lyapunov—Krasovskii functional

vo(t,y) = (Ho(y(t) + Dy(t — 7)), (y(t) + Dy(t — 7)))

~

y / (Hoy(s), y(s)) ds 3)

t—T

over solutions to (1).

It should be noted that the Lyapunov-Krasovskii functional of the
form (3) plays also a key role for proving asymptotic stability of solu-
tions. In this respect functional (3) is an analog of the Lyapunov func-
tional (Hy,y), where H = H* > 0 is a solution to the matrix equation
HA+ A*H = —1I for a Hurwitz matrix A. However, the use of functional
(3) does not allow us to obtain estimates for the decay rate of the solu-
tions to the differential equations of neutral type (1) at infinity, whereas

the Lyapunov functional is used in order to obtain the inequality

l=(®)ll < V2IANH]e™ =T |2(0)], ¢ >0, (4)




Solutions to linear differential equations 121

d
for the solutions to the system P Az (see [7, chapter 1]). (Henceforth

we consider the spectral norms of matrices.)

Estimates of type (4) play an important role in the study of asymptotic
stability of solutions to ordinary differential equations. In particular, they
make it possible to estimate the decay rate of the solutions as ¢ — oo
without finding eigenvalues of A. Therefore, obtaining analogs of such
estimates is a very important problem in the theory of delay differential

equations.

Observe that behavior of solutions to delay differential equations at
infinity in the case of D = 0 has been studied in the papers [8, 9]. The
authors used the following modification of the Lyapunov—Krasovskii func-

tional
t

V(t,y) = (Hy(t),y(t)) + /(K(t—S)y(S),y(S»dS-

By the functional, for the system of equations

V(0 = Ay(t) + F(t,y(t),y(t = 7)), t>,

conditions of asymptotic stability of the zero solution and estimates of

exponential decay of the solutions at infinity were established.

In the present paper we continue the study of [8, 9]. Using a modifi-
cation of the Lyapunov-Krasovskii functional, we obtain uniform estimates
for norms of solutions to (1) on the whole half-axis {¢ > 7}. In the case of
ID]| <1 atheorem on stability of the zero solution to (1) follows from these
estimates. The obtained estimates give also the decay rate of the solutions

as t — oo in the case of asymptotic stability.
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2. Estimates for the solutions to the equations
of neutral type

Consider the initial value problem for (1)

Lly() + Dy(t — 7)) = Ay(t) + By(t — ), t> .
dt (5)

y(t) =) for tel0,7],
where ¢(t) € C[0,7] is a given vector function. It is well known that the

initial value problem (5) is uniquely solvable (for example, see [1-3]).

We have the following result.

Theorem 1. Suppose that there are matrices H = H* > 0, K(s) =
d
K*(s) € CY[0,7] such that K(s) > 0, EK(S) < 0, s € [0,7], and the

compound matriz

(6)

c__ ( HA+AH+K(0) HB+ A*HD
- B*H+D*HA  D*HB+ B*HD — K(r)

is positive definite. Let c1 > 0 be the minimal eigenvalue of C, let k > 0

be the mazimal number such that

diiK(s) +kK(s) <0, sel0,7]. (7)

Then the following inequality holds for a solution to the initial value problem

(5)

Yt —7)
< e (-2 (A7) + DelO), (0(5) + Do(O)

T

+ /(K(T — 8)p(s), go(s))ds] , t>T, (8)

0

where

. C1
=m ——  k|H]| ¢ . 9
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Proof. Let y(t) be a solution to the initial value problem (5). Consider the

following modification of the Lyapunov—Krasovskii functional

V(t,y) = (H(y(t)+ Dy(t—7)), (y(t) + Dy(t —7)))

+ / (Kt~ s)y(s), y(s))ds. (10)

t

By positive definiteness of the matrices H and K(s), this functional is

positive definite. Differentiating yields

%V(ty) = <HLZ(( +Dyt—7’} —|—Dyt—7'))>

+<H(()—|—Dyt—7' {dt —|—Dyt—7‘))}>
HE(0)y(t),y(t)) — (K(r)y(t —7),y(t — 7))

+/ <jtK<t—s>y<> Vo) .

t—T1
Since y(t) is the solution to the equation of neutral type, then

vy = (HAy

HA+A*H+K(O) HB+ A*HD y
B*H+D*HA  D*HB+ B*HD — K(7)

. ( yé/(—t)ﬂ ) ’ ( yé/(—t)ﬂ ) >

t

" / <$K(t - 3)9(8),y(8)> ds.

t—T
Hence, from the definition (6) we have

%V(t,y) + <C< y(?(_t)T) ) ; < y(?(_t)T) >>
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—/t<%K(t—8)y(8),y(8)>d850~ (11)

t—T

According to the conditions of the theorem, the matrix C is positive

definite and ¢; > 0 is its minimal eigenvalue. Therefore,

(e (@) (L, %))z alb@P + lue-nP. a2

Prove the following inequality

<C< y(?(—t)T) >( y(?(—t)T) >>

C1
> GTBEE W) + Dyt~ 7)), (wlt) + Dyl ~ 7). (13

First show the estimate

@1 + llyt =) > (t) + Dy(t — 7)|*. (14)

o

Indeed, using simple inequalities, we have

ly(®) + Dyt =D)I* < (ly®Il + Dyt — 7))

< (ly®1 + DIy - 7))
Iy + 2llyONDIly (¢t — )l
DIyt — 7)II?
ly @I + lyO 11D + lly(t — 7)1
HIDIly(t = 7)II?
= @A+ 1DIM)UlyOI + llyt = 1))

IN

Hence, we obtain (14).
By positive definiteness of the matrix H, from (14) we obviously have

1
W<H(y(t> + Dy(t _ 7.))7

(y(t) + Dy(t — 71))).

ly @I + Iyt —D)* >

It follows from the inequality and (12) that (13).
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Using (7) and (13), from (11) we obtain the inequality

C1

d
i’ 9t DR

p (H(y(t) + Dy(t — 7)), (y(t) + Dy(t — 7)))

t

k / (K (t — $)y(s).y(s)) ds < 0.

t—7

Taking into account (9), we have

d v
—V(t,y) + ——V(t,y) <0, t>0.
dt | H |

Hence,
Yt —7
V(t,y) < exp <— (|H| )> V(r,@), t>r

By the definition (10), the inequality coincides with (8).

The theorem is proved. O

Corollary. Let the conditions of the theorem be satisfied. Then the follow-

ing estimate holds for a solution to the initial value problem (5)

I+ Dyte — )l < exo (- U ) VIETV G ) 057, 19

where v > 0 is defined by (9).

Proof. The proof follows immediately from inequality (8) and the definition
(10).

Remark 1. The requirement of positive definiteness of (6) is equivalent to
the matrix inequalities

D*HB+ B*HD < K(7),

HA+ A"H + K(0)+ (HB+ A*HD)(K (1)

~D*HB - B*HD) (B*H + D*HA) < 0.

This fact follows from the well-known theorems on positive definiteness of

Hermitian block matrices (for instance, see [10, chapter 7]).

Remark 2. If D is the zero matrix, then (8) and (15) coincide with

analogous estimates of [8, 9].
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3. Stability of the solutions to the equations
of neutral type

The estimates obtained in Section 2 can be used for prooving stability
of the zero solution to the equations of neutral type. First, using (15), we

establish estimates for a solution to the initial value problem (5).

Theorem 2. Let the conditions of Theorem 1 be satisfied.

a) If||D|| < ¢, ¢ = exp T , then the inequality holds for a
2| H]
solution to the problem (5)

ly ()] < exp (—’Y“ - ﬂ) (M1 —g|D])" + 1)@, t>7 (16)

2| H]|
where
M = VIHEIH]1+[DI?) +7K),
K = max [[K(s),
s€[0,7]
d = .
Jmax le(s)l

(b) If |D|| = ¢~ ', then the inequality holds for a solution to the problem

(5)

ly(®)] < exp (—ﬁt”;ﬁ >) (Mg ; 1) o, t>r (1)

(c) If g1 < ||D|| < 1, then the inequality holds for a solution to the
problem (5)

ly(®)] < exp (@ In |D||) (My(@ID]| - 1)~ + 1)@, ¢ > 7. (18)

T

Proof. Observe that from (15) the inequality follows

Io(o)] < exp (=24 ) VIV + 100ls(e = D). ¢ 7. 19)

Then, for t =7+ s, s € [0,7), we have

Iv(o)l < exp (- 257 0) VIETIVG 0 + D]
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Using the inequality, from (19) for t = 27+ s, s € [0, 7), we obtain

_FY(t_T) 1 T
o 2|H|> V(9

H-V( D D|“®.
rexp (- 25220 ) VTV 21 1] + DI

Using this estimate, from (19) for ¢ = 37 + s, s € [0, 7), we have

ly@I <

PO exp(ﬂ;@ﬁ)) ERID

+exp( )wf Vi) D]
ZHHH
+exp< >\/|H V9 1Dl + |D].
]

Arguing in similar way, from (19) for t =7 + s, s € [0,7), we obtain

ool < exp (=247 ) VIV ZqHDn +IDle. (20

Using (14) and the definition of V' (7, ¢), it is not hard to establish the

inequality
V(r,¢) < QIH||(1+[ID|]?) + 7K)®*.

By the estimate, from (20) for t =i7 + s, s € [0,7), we obviously have

-1
ol < (e (-5 ) (@l + 101 | 2. (21)
=0

Consider the first case: |D|| < ¢~! = exp (—2|7—12|> Represent ¢ in

the form ¢t = I7 4+ s, where s € [0, 7). From (21) we have

ol < (e () @ e (~gi)

(o (- ()

e., (16) is proved.
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Consider the second case: ||D| = ¢~!. Let t = IT+ s, where s € [0, 7).
Obviously, from (21) we obtain

ly(t)]| < (exp (— VSI_JIT)) M1 + exp (—%)) .

This inequality yields immediately (17).

Consider the third case: ¢=! < ||D| < 1. Choosing t = IT + s,
s €[0,7), from (21) we have

ol < (e (<2572 ) ol S0+ o) | o
=0
_ (it —7) -1
— (oo (-2 ) Md@pl - v +1) D).

Taking into account the inequalities 0 < s < 7, we obtain

ly®] < exp (]| D) (Mq(q| D] =)' + 1)@

t—7 _
< oo (w0l ) (rgtalnl) - 17+ D,
i. e., (18) is proved.

The theorem is proved. O

The next theorem on stability follows from Theorem 2.

Theorem 3. Let the conditions of Theorem 1 be satisfied. If |D| < 1, then
the zero solution to (2) is asymptotically stable. If ||D|| = 1, then the zero
solution to (2) is stable.

Proof. If | D|| < 1, then asymptotic stability of the zero solution follows
from (16)—(18). If || D|| = 1, then stability of the zero solution obviously
follows from (18).

The theorem is proved. O
Remark 3. By (16)—(18), the rate of the convergence
y(t) — 0, t— oo,

is exponential for || D] < 1.
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