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Abstract. One linear autonomous discrete-continuous system (also known as hybrid system) with
uncertain coefficients is considered. The continuous component is described by a delay differential
equation. The necessary conditions of asymptotic stability for this system are obtained.
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1 Introduction

A continuous-discrete system of functional-differential equations is a system that contains both con-
tinuous and discrete components. Such systems are also called hybrid.

Various works are devoted to the stability of hybrid systems. The Lyapunov-based approach is
applied in [4-6]. Application of the fixed point principle is considered in [3]. Azbelev’s W-method is
applied in [2,9].

Hybrid systems can be divided into two classes. The first class includes systems whose asymptotic
properties are determined by some auxiliary difference (finite-dimensional) system. In particular, this
class includes such hybrid systems, whose continuous part satisfies ordinary differential equations.
As a rule, effective coefficient criteria are obtained for asymptotic stability of such hybrid systems
(see [7,8,10]).

The second class includes hybrid systems, whose continuous part satisfies a delay differential equa-
tion. The coefficient conditions of stability for such systems are investigated not enough. At the same
time, one can expect to obtain the necessary and sufficient stability conditions for linear autonomous
hybrid systems from this class.

Consider the differential equation

(1) + ax(t — h) —|—6x([%]> —0, teR,,

where [-] is the integer part of the number, R, = [0;4+00), h > 0, o, B € R.
Without loss of generality, we can assume that h = 1;

i(t) +az(t—1)+bz([t]) =0, t € Ry, (1.1)

where a = ah, b = Sh.
Equation (1.1) can be rewritten in the equivalent form

{;t(t) tart—1)=—by(n), tefn+1), o

y(n+1) = z(n),
One can see that the first equation is a delay differential equation. The stability criterion for this

system is unknown. In this paper, we consider the necessary conditions of asymptotic stability for
equation (1.1).

2 Main result

We say that the Cauchy problem for equation (1.1) is posed if the equation is considered with the
initial data z(0) € R and the initial function % such that

2(t) = (t) if t € [~1,0).

It is assumed that the function v is summable.
The solution of the Cauchy problem exists and is unique in the space of locally absolutely contin-
uous functions [1].
Definition 2.1. Equation (1.1) is called asymptotically stable if tlim l|z(t)|| = 0 for any initial data
—00

2(0) € R and any summable function 1.
Denote by a* the unique positive root of the equation e¢® = 2a + 1.

Theorem 2.1. Fquation (1.1) is asymptotically stable only if a +b > 0 and one of the following
conditions holds:
. b<acoth% and a < a*,

e a<e ' —banda>a*.
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Proof. Denote by x,, the solution of equation (1.1) in the interval [n,n + 1). We have
Tn(t) +axp_1(t —1) +bx(n) =0, ¢t €n,n+1). (2.1)

Suppose a = 0. Then
xn(t) = z(n)(1 — b(t — n)).

Hence
z(n+1)=xz(n)(1 —b) and z(n) =z(0)(1 —b)".

Thus, equation (1.1) is asymptotically stable if and only if b € (0, 2).
Suppose a # 0.
Suppose that ¢ (t) = eM and

ek(t—n) -1 1— e/\(t—n—l)
One can see that

Zp(n) =x(n) and z,(n+1) = z(n+1).

Hence - A b
AerrTm AertTnT
{ = — 1) — —— 2.
ba(t) = 5w+ 1) = 2 a(n) (23)
and A(t—n) A(t—n—1)
et — 1 1 —et "
To find a value of A, we substitude (2.3) and (2.4) into (2.1):
A(t—n) A —1)— A
66/\7_1 (Az(n+1) = Az(n) — az(n — 1) + ax(n)) + ac’z(n = 1) a:;\(i)l—i— bz(n)(e ) =0.

This equality holds for any t if and only if A satisfies the following system:

Az(n+1) — Ax(n) —ax(n — 1) + ax(n) =0,
{ae’\x(n — 1) — az(n) + bx(n)(e* — 1) = 0. (2:5)
Denote A\
Ta+t bC(Li —e)’ (26)
It follows from the second equation of system (2.5) that
z(n+ 1) = wz(n).
Hence from the first equation of system (2.5) it follows that
AMwz(n) —z(n)) = a(m(n) - @)
This equality holds if wA + a = 0. We substitude (2.6) into the latter equation:
A
ﬁ A+a=0.
We transform the last equation as
(b—Ne* =a+b. (2.7)

So, the solution of equation (1.1) has form (2.2) if \ satisfies equation (2.7).
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It follows from equation (2.6) that if [w| > 1, then
z(n + 1] = [z(n)].

The inequality |w| > 1 is equivalent to the inequality |A| < |a|. Thus equation (1.1) is asymptoti-
cally stable only if |A| > |a| for any root of equation (2.7).

The study of the case A € C is a difficult problem. In this paper, we consider only the case A € R.

Consider the function

FO) = (b= N)er.
This function has one extremum at the point A = b — 1. The maximum value is
fb—1)=¢e"1
We have
lim f(A)=0, lim f(\)=—o0.

A——o0 A——+o0
Thus, equation (1.1) has
e no real solutions if @ > e?~1 — b,

e one real solution A =b—1 if
a=e"1—p, (2.8)

e two real solutions Aj, \g such that A\; € (—00,b— 1), Ay € (b—1,b) if a € (=b,e’~1 —b),
e one real solution A = b if a = —b,

o one real solution A > b if a < —b.
Equation (2.7) has the root A = —a if and only if
a+b=0 (2.9)

or
a=0. (2.10)

Equation (2.7) has the root A = a if and only if
a
b = acoth 2 (2.11)

This function is defined by the continuity at zero.
Consider the point P*(a*,a* 4+ 1). If we substitute a = a* and b = a* + 1 into (2.8) or (2.11), we
obtain

a=e"t—b=b-1,

b:acothg:a+1.

If we substitute @ = a* and b = a* + 1 into the derivatives of functions (2.8) or (2.11), we
respectively obtain

aa *
— =e% —1=2a"
0. e a”,
b=b"
ob B e2e” — 1 — 2q*e® 1
0a|a—a* e —1)2 T 2¢*°
a=a; ( )

The functions (2.8), (2.11) are convex. Hence the graphs of these functions are touching at the
point P*.

Obviously, the roots of equation (2.7) depend on a, b continuously (except the line a + b = 0).
Lines (2.8)—(2.11) divide the plane Oab into 9 domains (see Fig. 1). If two points belong to one domain,
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Figure 1. Domains D1—Dyg.
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Figure 2. Necessary conditions of asymptotic stability for (1.1).

then the corresponding equations have the same number of real roots in the interval (—|al,|a]). We
call this number the index of a domain.

The index of the domain D; is equal to zero because equation (2.7) has no real roots at all.

The index of the domain Dy is equal to 2 because this domain contains the point a = b, where a
is positive and sufficiently large. Equation (2.7) can be written in the form 2ae* = a — A. One can
see that this equation has two real roots in the interval (0, a).

On the curve line (2.11), we have

ox 1—e? _pa (e —1)2
b 14+ X—b|r=a N et —2a—1"
b=a coth &
Thus,
sgh o = sgn(a — a*).

Hence if the point (a,b) crosses line (2.11) along the axis b to the right of the point P*, then one
real positive root of equation (2.7) leaves interval (—a,a) throw the point A = a. And if the point
(a,b) crosses line (2.11) along the axis b to the left of the point P*, then one real positive root of
equation (2.7) moves inward to the interval (—a,a) throw the point A = a. Hence the index of the
domain Dj is equal to 1 and the index of the domain D, is equal to 0.

The domain Dy contains the point (a,0) such that a is positive and sufficiently small. Equa-
tion (2.7) can be written in the form e~ = —\/a. One can see that this equation has two real roots
in the half-interval (—oo, —a). Thus, the index of this domain is equal to 0.

The domain Dg contains the point (—1,2). Equation (2.7) can be written in the form e™* =2 — \.
One can see that there are no roots of this equation in the interval (—1,1). Hence the index of this
domain is equal to 0 and the index of the domain D7 is equal to 1.



Necessary Conditions of the Stability of One Hybrid System 117

The points (—1,0) and (1, —2) belong to the domains Dg and Dy. Equation (2.7) can be written
in the form e = X and e™ = X\ + 2, respectively. The unique real root of each equation belongs to
the interval (0,1). Thus, the indices of these domains are equal to 1.

Above, we have showed that on the line (2.8) there is a unique root A = b — 1. This root belongs
to the interval (—a,a) if and only if

b—1<e ' —b.

This inequality holds if and only if b < b*.

Finally, equation (1.1) is asymptotically stable only if the point (a,b) belongs to the domains D,
Dy, D5, Dg or border between them (yellow domain on Fig. 2). On dotted lines, the asymptotic
stability is possible. On solid lines, the asymptotic stability is impossible. O

Conclusion

We have obtained the necessary conditions of asymptotic stability for (1.1) by investigating the location
of roots of quasipolynomial (2.7). In this paper, we have considered only the real roots. To improve
the results, the complex roots of this quasipolynomial should be considered.
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