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1 Introduction

Consider the following controlled system

&= F(x)+ Bu

Y= O, (1)

where € R™ is the physical state of the system, y € R™ is the output, v € U C R is the

control, F' : R” — R" is a differentiable at 0 vector field, B, C' are given real matrices of the sizes
n

n x £, m x n, respectively. Denote by A the Frechet derivative (the Jacobi matrix) [gf’ (0)}
j

ij=1
of the vector field F' evaluated at 0, and rewrite the system (1) as follows

&= Az + Bu+ f(x)

y = Cux, 2)

where f(z) = o(|z|) (here and below |- | stays for Euclidean norm in a finite-dimensional space).

According to the general theory of ordinary differential equations (see, for example (Arnold,
1992; Hubbard and West, 1991)), if the eigenvalues of the matrix A have negative real parts,
then under absence of any control (i.e. if u = 0), the corresponding solution of the system (2)
starting at x(0) satisfies the following estimate

[z(t)] < M exp (=A1) [z(0)], =0, (3)
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where the constants A > 0, M > 0 do not depend on |z(0)|, and |z(0)| is sufficiently small. This
fact is sometimes called the first Lyapunov method in stability theory. This method provides, as
we see, the (local) exponential stability of the zero solution with respect to small perturbations
of initial data.

For the controlled system (2) with an arbitrary matrix A, it is always possible (see for example
(Sontag, 1989; Wonham, 1979; Litsyn et al., 1998)) to make the zero solution exponentially
stable using a linear feedback control u = Gz, provided that the pair (A, B) is controllable and
rank C' = n (which describes the case of complete observability of the solution). This justifies
an analog of the first Lyapunov method for controlled system like (2).

However, it is known that in practice the case of complete observability is rather an exception
than the rule. The most typical and interesting situation for applications is therefore the case
when rank C < n.

Let us consider an illustrating example where A = (_01 é), B = <(1)>, C = (1, 0) This is

nothing, but the classical harmonic oscillator where we can only observe the physical state and
control the velocity. In this case, the matrix A is perturbed by a matrix of rank 1 representing
any linear control u = Gy chosen. It can be shown (Artstein, 1996) that no ordinary linear
controls of the form u = Gy asymptotically stabilize the solutions of the linearized system (2),
so that stability properties of (2) essentially depend on the nonlinearity f(z), or more precisely,
on the higher order terms, rather than the linear ones, in the Taylor expansion of the function
F(z) at 0 (as e. g. in the Lyapunov test for weak source in the Hopf bifurcation; see (Arnold,
1992), or (Hubbard and West, 1991, p. 292) for details). As it is pointed out by Sontag (1989,
Example 6.2.1) and Artstein (1996, Example 3.1), no stabilization can be achieved by means of
nonlinear autonomous controls of the type u(z) = col{0, u2(y)} as well.

However, one will be able to stabilize systems like the above harmonic oscillator if one
uses special feedback controls called hybrid feedback controls (abbr. HFC) (Nerode and Kohn,
1993; Artstein, 1996). Such controls can often stabilize systems where the ordinary feedback
paradigm does not work (see e.g. (Litsyn et al., 1998)). On one side, HFC generalizes the
classical autonomous control u(t) = u(y(t)), on the other side, the discrete nature of this control
makes its realization easier in practice.

In (Litsyn et al., 1998) the question whether it is possible to stabilize an arbitrary linear
system of the form (2) with f = 0 was formulated and positively answered.

There is no doubt that also the problem of how to stabilize quasi-linear controlled systems
like (2) with small non-linear perturbations f, where the linearized system is supposed to be
asymptotically stable, is of interest. Recently, some breakthrough attempts to extend the Lya-
punov stability theory to investigate the asymptotic stability of systems with HFCs have been
undertaken (see e.g. (Branicky, 1994, 1995), and references therein). However, as far as we know,
no complete solution of the discussed problem has been achieved by now (even for 2 x 2 systems).

In this paper, we will try to contribute to this problem in a way described below.

Namely, we shall justify the first Lyapunov method for controlled 2 x 2 systems of the type
1

(2), where A = (_01 O)’ B = ((1)>’ C = (1, 0), and u(-) is an elementary hybrid control
(see e.g. Artstein (1996, Example 5.2)). The technique to be used will be based on direct
calculations rather than on the method of Lyapunov functions. Referring the reader to Section
6 for further explanations, let us only remark here that the dynamics of such systems does
not fit in with the traditional framework to study stability properties of ordinary differential
equations and, probably, autonomous switched systems investigated in (Branicky, 1994, 1995).
For example, trajectories of systems with HFCs may have intersections (which is impossible

in "usual” autonomous systems), and it may even happen that two trajectories stick together
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resulting in a new single trajectory.

2 Basic notions and definitions

Consider a general nonlinear system

&= F(x,u)
y =c(z), F(0,u) =0, (4)

where x € R™ describes the physical state of the process ("plant”) y € R™ is the output, that
is, the quantity which can be measured, and the control u is a element of a fixed subset U of
the space RY.

The question is how to choose a control strategy u(-), so that a prescribed state, say = 0,
becomes stable. Only the quantity that can be measured, namely the output y, can be used by
the control. In the classical output feedback paradigm, one tries to find a feedback u(y) = u(c(x))
making the zero solution asymptotically stable. If the feedback u(y) is continuous, solutions to
the resulting differential equation are well defined (for the formal definition of a stabilizer under
the continuity assumption see Definition 2.2 in (Artstein, 1996)).

However, the output feedback may fail to stabilize even quite simple systems. This justifies
a need to modify the ”classical” output feedback approach.

We will follow our previous paper (Litsyn et al., 1998) to specify our setting. Let us start
with some exact definitions.

Definition 2.1. (see e.g. (Artstein, 1996)) The system (4) is stabilizable by a control u(-)
(u— stabilizable), if two following conditions hold:
(a) For any € > 0 there is 6 > 0 such that every solution x(t) of the system (4) with the
property |x(0)| < & satisfies the inequality sup |x(t)| < e.
>0

(b) z(t) — 0 as t — oo, the convergence being uniform w.r.t. the starting point 2(0) taken
from an arbitrary compact set K C R".

Definition 2.2. Denoting by Z the set of all admissible controls, we say that the system (4)
is Z—stabilizable if there exists a control u € Z under which (4) is u—stabilizable.

A typical automaton is given by a triple A = (Q, I, M), where

(i) @ is a set of all possible automaton states (locations), card Q < No;

(ii) the set I contains the input alphabet, card I < Ry;

(iii) the transition map M : Q x I — @ indicates the location after a transition time, based
on the previous location ¢ and input ¢ at the time of transition.

The automaton is supposed to follow solutions of the system (4). This fact is described by
another given triplet B = (7,1, qp) where

(iv) T : Q — (0,00) is a mapping which sets a period T'(q) between transitions times,

(v) i : R™ — I is a function providing the element i(y) of the alphabet I for any output y
of the system (4),

(vi) and go = ¢q(79p) is a state of the automaton at the initial time 7.

The case 179 = —o0o is excluded from our considerations, so that later on we can assume,
without loss of generality, that 79 = 0.

Definition 2.3 ((Litsyn et al., 1998)). By an automaton, we mean a 6-tuple A =
(QaI)M7T7i7QO)'

For arbitrary sets X, Y (topological spaces X, Y) we denote by P(X,Y) (resp. C(X,Y))
the set of all functions (resp. continuous functions) from X to Y.
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Now, for any automaton A satisfying (i)-(vi) we define by induction a Volterra operator
Fa : C([0,00), R™) — P(]0,00),Q). For each y € C([0,00), R™) FA is given by:
L (Fay)(0) = q(0); 7 =T(q(0)); (Fay)(t)=q(0), te][0,m);
2. (Fay)(m) = M(q(0),i(y(n1))) == q(m); 72=m+T(q(m));
(Fay)(t) = q(m), t € [m,72);

3. If 79,71, ..., 7, and the values (Fay)(t) for t € [0, 1) are already known, then 7,1 and
(Fay)(t) for t € [, Tk41) are defined by the equalities

(Fay)(me) = M(q(tr—-1),i(y(7))) := q();  Totr = 7 + T(q(7k));
(Fay)(t) = a(tk), 1t € [T, Thot1)-
Definition 2.4. A control u(-) of the type

u(t) = @(y(t), (Fay)(t)), (5)

where ® : R™ x Q — RY is a certain function, will be addressed as a hybrid feedback control
(abbr. HFC).

Further on we shall denote by H, the class of all HFCs described in Definition 2.4. Thus,
any control u € H, is uniquely defined by the pair (A, ®), consisting of an automaton A =
(Q,I,M,T,i,q) and a function ® : R™ x Q — R’. Below we use the following notation:
u=(A,®)eH,.

We will need some special subclasses of the class H,:

Ho :={(A,®) € Hy | ®(y, q) does not depend on ¢}, it is the class of ordinary (not hybrid)
controls.

Hn:—{(A ®) € Hy | cardQ < n, cardI < n}, n=1,2

He := U1 H,, is the class of elementary HFCs (Artstein, 1996)

LHy :={(A,®) € Hy | P(y, ¢) linearly depends on y} is the class of linear HFCs.

£He =LH,NLHe, LH,:=LH,NLH,, n=0,1,2,...

It is natural to call HFCs belonging the class LH, elementary, while the subclass LH,, can
be addressed as the class of HFCs with n locations.

It is clear that

Ho = H1 C Ha c ... C H,, C Hn+1 C He C Ho
U U U U U U U .
LHy = LH1 C LHy C ... CLH, C LHp+1 C LH. C LH,

However, these inclusions need some comments.

1. The class Ho consists of ordinary (nonlinear) feedback controls which are of the type
u = ®(y), where ® : R™ — RF. It is also evident that £H, is nothing, but the class of linear
feedback controls of the form ®z = Gz for some ¢ x n-matrix G.

2. Evidently, H; = Hg, i.e. in case @ degenerates into a singleton, any hybrid feedback
control is given by a feedback control of the type u = f(y) with a given function f : R™ — RY.

3. An elementary hybrid system is that with a finite number of locations @ = {q1, ... ,qn}
(see (Artstein, 1996)). An elementary hybrid system gives rise to an elementary HFC. In
our notation, an elementary HFC is nothing but n-HFC (or HFC of the class H,,) for some
natural number n. A typical elementary (or, more general, discrete) hybrid system’s dynamic is
continuous, and the solution satisfies (4) on the intervals (7;, 7,41] if u = ®(y,¢;). In (Artstein,
1996) more specific examples of HFCs belonging to the classes Ho, LHa, Hs, LH3 are given.
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4. In (Litsyn et al., 1998) the following result is proved: under assumptions of controllability
of the pair (A, B) and observability of the pair (A, C') any linear system (2) of an arbitrary order
with f = 0 is H,-stabilizable. Let us observe that, in fact, the stabilizing control constructed in
(Litsyn et al., 1998) belongs to the set Hy \ (LHo U He).

By the present paper we intend to start investigating stability properties of nonlinear sys-
tems like (4). Our specific objective in this paper is a detailed study of a perturbed harmonic
oscillator, i.e. a specific nonlinear 2 x 2 system. This system cannot be stabilized by ordi-
nary Ho-controls, but, as we will show, it admits stabilization by more general LHs-controls
introduced in (Artstein, 1996, Example 5.2).

3 LHs-controls for a perturbed harmonic oscillator and formulation of the main
result

Consider the following controlled system

E=n+ fi(&n),
n=—-£+ fa(&,n) +u, (6)
y=¢

(known as a perturbed harmonic oscillator).
If we assume &, 7 to be the coordinates of a point x € R?, then we get the following matrix
representation of the system (6):

& = Ax + Bu + f(z)
y = Cu,

0 1 0
where A = <_1 O>’B_ (1>, C=(1,0).

We are going to investigate an asymptotic behaviour of the trajectories of the controlled
system (6), or its equivalent matrix form.

We refer the reader to the paper (Artstein, 1996) where the author introduces a specific
HFC u belonging to the class £LH3 which stabilizes the corresponding linear harmonic oscillator
(f =0). This HFC (which is also described below) will be denoted in this paper by A(d).

We shall use Definitions 2.3, 2.4 to define the HFC A(§). To do it we put
(A7 q)) - ((Qv I7 M7 T7 i, QO)a q’)a

where Q = {q+,q9-,q94}, I ={I+,1-}, qo € Q are arbitrary abstract objects, while the functions
M:QxI—Q, T:Q— (0,0), i:R'xT—Q, ®:R!xQ — R! are given by

M(Q+al+) :M(Qd7j+) =4+, M(q,,I,) :M(qd>I*) =q-; M(Q+7I*) :M(qfaIJr) = 4qd,

T(gr)=T(q-) =5,  T(a) =70
WP (F STRR S S
2@{12, if £€<0’
(b(é-qur) = q)(f,qf) =0, (I)(and) = -3

Let us remark that we slightly modified the definition of A(d) as compared with the paper
(Artstein, 1996, Example 5.2) (in (Artstein, 1996) it is assumed that T'(qq) = 7/4 — 26). This
modification was done just for the sake of a technical convenience and does not really matter.
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We observe now that A(d) € LHs.
It was shown in (Artstein, 1996) that the linear system

£=n,
=t "

with the control u € A(¢) is asymptotically stable if § > 0 is small enough. We again remind
the reader that it is impossible to stabilize this system via ”ordinary” feedback controls.

The main result of the present paper is a generalization of the above linear theorem proved
by Artstein to the case of controlled systems (6) with small nonlinear perturbations.

Theorem 3.1. There exist positive numbers §, M, X such that for any Lebesgue-measurable
function f : R? — R2, satisfying |f(x)| = o(|x]), |x| — 0, one can point out ¢ > 0 for which
any solution x(t) of the system (6) controlled by the HFC u = A(J), satisfies the estimate

#(0)] < Meap(-AD)J(0)], >0, (®)
for an arbitrary initial value x(0), |x(0)| < e. The theorem implies the following

Colollary 3.2. Let B = (?), C = (1, 0). Then there exist positive numbers §, M, X\ such

that for any differentiable function F : R? — R2, F(0) = 0 with the Jacobi matriz (evaluated at

0) J:= [gf;ﬁ (O)} = ( 01 (1)) , one can point out € > 0 for which any solution x(t) of the
i lig=1 \7
non-linear system
&= F(x)+ Bu
y = Cu,

controlled by the HFC u = A(9), satisfies the estimate (8) for an arbitrary initial value x(0),
2(0)] <.

As an example, let us consider a 2 x 2 Hamiltonian system with one degree of freedom. The
system is described by the Newton equation

£=F(6), (9)

where F' : R — R is a differentiable function (Arnold, 1992). The equation (9) can also be
rewritten as follows:

£=n,
. 10
i = () (10
where £ is the state coordinate of the oscillator, n is the velocity, 7 is the acceleration, while F
describes the corresponding force field.
In applications, it may be possible to control the acceleration 7 as the function depending on
the coordinate £(t) evaluated at any time t. We consider therefore the following control system

£=n,
= F(©) + (1)

If F(0) =0, F'(0) = —1, the (linearized) system will be of the form (7), so that no ”ordinary”
feedback control u(§), (u € Hp) can get the spectrum of the system’s matrix out of the imaginary
axis. Thus, the linearized system cannot be asymptotically stable. As it was mentioned in
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the introduction, in such a case we cannot say much about asymptotic properties of the non-
linearized system, unless we have an additional information about the higher derivatives of the
function F(z).

On the other hand, as it follows from (Artstein, 1996) the linearized system (11) is stabilizable
by the HFC u = A(J) (Artstein, 1996). Using our Theorem 3.1 and Corollary 3.2 above we
immediately get

Corollary 3.3. There exist §, M, A\ > 0, such that for any differentiable function F : R — R,
F(0) =0, F'(0) = —1 one can point out € > 0, for which any solution xz(t) of (11) controlled
by the HFC uw = A(0), admits the asymptotic estimate (8) if the initial value x(0) satisfies the
condition |x(0)] < e.

For example, Corollary 3.3 can be applied to the non-linear pendulum which is a well-known
"test” object in mechanics (see, for example, (Arnold, 1992)):

é: —siné.

There exist more specific examples of (6) which are not stabilizable by any ”ordinary” feedback
control, but which (according to Theorem 3.1) admit stabilization via hybrid feedback controls.
We just mention here two nonlinear systems which are used in (Hubbard and West, 1991,
Chapter 9) to illustrate two kinds of an asymptotic behaviour near the equilibrium:

{ § =n+& (center); { 5 =n+&n° , (weak source).
n=—¢ n=—=E+&n—mn

Assume we are able to influence the velocity 7 by making use of values of the state coordinate
&, only. Our Corollary 3.3 guarantees then that the HFC u = A(d) asymptotically stabilizes
both systems in the vicinity of 0.

Remark 3.4. In fact, Theorem 3.1 and all the corollaries contain even more information
about stability properties of the system in question. Namely, the zero solution of the quasi-linear
equation (6) is not only asymptotically stable, but also exponentially stable, and this stability is
uniform with respect to the perturbations f := col{f1, fa}.

The next two sections include a proof of Theorem 3.1. We start with two (rather technical)
auxiliary lemmas in Section 4 and use them in Section 5 to give a proof of our main result
(Theorem 3.1).

4 Some auxiliary results

Let T a,b,c,m,T2,a1,c2 > 0 be arbitrary. By &(T,a,b,c, 1,72, a1,a2) we denote a set of
functions r : [0,7] — (0, o), satisfying the following conditions:
1) For any ¢ € [0, min{a, T'}]

r(t) <b-r(0). (12)
2) If T > a, then there exist a finite increasing sequence tg,t1, ... ta, € [0,00) such that
to €10, al, bt ST <ty + 71+ 72,
r(t) < c-r(tan), t € [ton, min{T toy 2}, n=0,..., m. (13)
Moreover, for m > 0
tonti — tonri—1 < Ti, i=1,2, n=0,...,m—1; (14)
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7(t2n+i)
(t2n+i-1)
Notice that if T' < a, then r should satisfy the estimate (12), only; if 7 > a, then m cannot
be zero; if T > a + 71 + 7 then necessarily m > 0. Lemma 4.1 below is of technical nature and
should be regarded as a rather convenient tool to study the dynamics |z(¢)| of a system with a
HFC. The lemma will be essentially used in the proof of Theorem 3.1 in Section 5.
Lemma 4.1. We are supposed given some constants T, a,b,c, 1,7, a1,as > 0, where ay -
ag < 1. Then for any r € E(T,a,b,c, 11,72, a1, a2) we have

<a;, =12 n=0,...,m-1. (15)

r(t) < M e Mr(0), t € [0,T7], (16)
where A > 0, M > 0 are defined by

5= _ln 041052, M= bce)\(a+r1+7'2)‘ (17)
T + T

Proof. We fix an arbitrary function r € £(T,a,b, ¢, 71, T2, a1, a2).
1) The inequality (12) implies that
r(t) < (be) (e M)r(0) < bere Mr(0) < M e (0), t € [0, min{a, T'}] (18)

where the constants A\, M are defined by (17).

2) Let t < a and let the numbers tg, 1, ... ta, be chosen according to the definition of £(-).
Then the following two cases can occur:

a) m = 0. According to (13) and (12) we have Vt € [tg, T

r(t) < er(ty) < beee™r(0) < M e Mr(0). (19)

Due to (18), the inequality r(t) < M e~ is also valid Vt € [0, T]. Thus, (16) is proved.
b) m > 0. For any t € [tg,T] we let n(t) = max{n € Z|t > 2n}. Then the formulae (14),
(13) imply that
T’(t) < Cr(t2n(t))7 te [t(]aT]’ (20>

and from (15) it follows that

T(tont2) < aranf(tan), n=0,...,m—1. (21)
According to (14) we get
t <top+ (r1+m)(n(t)+1),
which in turn implies the estimate

t—to
1+ T2

n(t) > —1,  telt,T). (22)

Finally, from (14), (20)—(22) and ajag < 1, we obtain

t —to
T+ T2

r(t) < cem@re) () < ¢ exp {(m a1az) (

- 1> }r(to) < M e~ r(0)

which holds V¢ € [to,T]. A similar inequality for ¢t € [0, %] vytekaet is (18). The lemma is
thereby proved. O
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Lemma 4.2. Let a function ¢ : [0,00)% — [0,00) satisfy the following conditions:

1) (-, p) is continuous for all p € [0,00);

2) C(0, ) = 1 for all p € [0,00);

3) there exist constants M > 0, € > 0, A > 0, such that for allt > 0 the following implication
18 true

[sup C(s,p) <e :>[Vs€[0,t] C(S,,U,)SMG_)\S-M}.

s€0,t]

Then Vi € (0, Mg—i— 1)

(typ) <Me™Mop,  t>0.

Proof. Suppose, on the contrary, that this is not true. Then by virtue of the condition 3), for
some [ € (O, ﬁ) one can find ¢* > 0 such that {(t*,pu) > €.
Since ¢(0, ) = p < € and ((-, ) is continuous, we have

t1 :==min{¢ € [0,00) |((t,pn) =€} € (0,t7). (23)
Then Vt € (t1/2,t1) we obtain the estimate sup ((s,u) < €, and according to the condition
s€0,t]
3) of the lemma we get
M
((t,p) < Mpe™ < M—fle—“ <ee M2 e (th/2,h).

Because of the continuity of the function (-, ) at the point ¢; we have
C(ti,p) <ee ™/ < e,

which contradicts (23). O

5 Proof of the Theorem 3.1

19. A definition of some constants.

Consider (6) with the HFC u = A(6) where § > 0 is an arbitrary fixed number satisfying
the following property

max {2 tan 261, VG sin? 51} < 1, W1 € [0,0]. (24)

We define three functions w; : [0,1) — R as follows:

wﬂ’y)z(%—é) (1+’y)(4+’y)—arctan< liv-cot(é(l-i-’ﬂ))a

Y

™ 7T

on(n) = [ -tan (G + T 45— 1) JT- =) - 1

|4+ 65sin®§
ws(7) = Jr%.6%7/4_1_

Taking into account (24), we have

lin%)wi(v) = w;(0) < 0, i=1,2,3.
’Y—P
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This implies existence of a number « € (0, 1) for which

wi(y) <0, i=1,2,3. (25)

Finally, fix an arbitrary v € (0, 1) satisfying (25) and put

4 In(ws(y)+1) B 2 1 27 5m
A= e , M-exp{w7<1_7+4>+)\<1_’y+ 4>} (26)

By definition, A > 0, M > 0.

29, Some inequalities related to the dynamics of (6) with u = A(9).

Let us fix an arbitrary Lebesgue measurable function f:=col {f1, fo} : [0, 00) — R?2, satisfying
|f(x)| = o(|z]) for = — 0, as well as an arbitrary initial state gy € {q+,q—, g4} of the automaton.

Consider a trajectory x(t) of (6) which starts at x(0). If x(0) = 0, then, evidently, x = 0
which proves (8).

Assume now that x(0) # 0.

Let T' be the plane transformation given by £ = rcosy, n = rsinep. The Jacobi matrix
of the transformation will be called J. Then any solution z(t) = (£(t),n(t)) of (6) is uniquely
determined by a pair of functions r : [0,00) — [0,00), ¢ : [0,00) — R/(27Z) where £(t) =
r(t) cos p(t), n(t) = r(t) sin p(t).

In what follows we assume that the function ¢ takes values from the interval (—m,7]. We let
also h = col {hy, ha} :== J 1 fT.

Within any interval S = (s1,s2) C [0, 00) where the automaton does not change its location,

the solution xz(t) satisfies one of the following systems of differential equations:

B _ ;:h(?",@)
(qt)=q4, t€S) V (qt)=q-, t€S) = {@:—ll—khz(?”,@),

.3
(q(t)=qa, t€S) _ Jr=—gsin2p+ hi(r,)
¢ = —1—3cos? o+ ha(r, ).

Clearly, |h(r,¢)| = o(1), and r — 0 uniformly with respect to ¢. For the number -, defined
in the item 1Y of the proof, one can find € > 0 such that

|hi(r,0)| <v,  Vrel0e], Vo, i=1,2.

We fix now an interval (s1, s2) C [0,00). The estimates above imply the following statements:
1) If Vt € (s1,s2), r(t) <e, and either ¢(-) = ¢+, or ¢(-) = g4 on (s1, s2), then

~(t
REE EL I B R GRS ER S L B} (21)
2) If Vt € (s1,52), 7(t) <eand q(-) =qq on (s1,52), then
3 . 7(t) 3 .
—~v—Zsin?2 < —< <y—=sin2
¥ gsin2o(t) < ) <y 3 sin2(r). o)

—1—v—3cos?p(t) < p(t) < =1+~ —3cos? p(t), te (s1,82).

Integrating these inequalities, we obtain the following:
1) If Vt € (s1,82), r(t) <e, and either ¢(-) = ¢4, or ¢(-) = g+ on (s1, s2), then
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(1 =7)(s2 = s1) < p(s1)p(s2) < (1 +7)(s2 — 1), (29)
7”(82) e'y(sg—sl)
< . (30)

2) If Vt € (s1,82), 7(t) <eand q(-) =qq on (s1,s2), then

‘so=<p(81) (31)

e=¢p(s1)
YL+7,9) | =2 U= 9)

)
o=0p(ta p=p(s2)

(o, p) = m arctan <\/QI+3 tan cp). (32)

If, in addition, ¢([s1,s2]) C [0,7/2] (mod ), then

where 1 is given by

T(SQ) < 1 +7+3COS§ 90(81) 67(32—51). (33)
r(s1) 1+ v+ 3cos? p(s2)
In the items 3°-6° below we fix an arbitrary T' € (0,00) and assume that the estimate
r(t) <e, t € [0,T] (34)

holds true.
We shall investigate the dynamics of the system (6) for various 7. We notice first that (27)
and (28) imply ¢(t) <0, 7(t) <~ (Vt €[0,7T]). Therefore,

r(t) < ' (0) < 6'12%7«(0), te [o,min{ff—'fy,TH . (35)

We shall also assume in the three forthcoming items of the proof that 7" > 12_ ~

3Y. A definition of a switching sequence for the automaton defined on [0, T).
First of all we note that if the locations g4 or ¢_ are switched on within a sub-interval

[t1,ta] C [O, %}, then (35) holds, while in case the location g4 is switched on within [t1, t2],
we will, by virtue of (31), have that

pltr) - oltz) <2+ (5 - 6) < (36)

T
5"
A simple straightforward analysis of the trajectories’ behavior with different 2(0) and gy as well
as the observation that (29), (36) and (35) hold for t € {O, 12_—7] imply that the automaton’s

location ¢4 will be switched on at some time point ¢y € [O, %} for which

olto) € |5 - 81+2).5]. (37
In other words, the time t = ty is nothing, but a transition time of the automaton when the
latter comes to the location gg from another location (the number of previous switches to the
location g4 does not matter here).

Continuing our proof we call by tg,t1, ... ,tm, respectively, all the transition times of the
automaton from a location g¢; to a different location ¢; # ¢; until the moment ¢t = 7" (we ignore
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all ”switches” from ¢y to ¢4+ and from ¢_ to ¢_). Assume without loss of generality that {¢;} is
an increasing sequence. By now, we have just verified the fact that the time tg does exist and
coincides with the time when the automaton gets to the location gq (see (37)). Note that the
number m depends on T and that we do not assume that m > 0. The case m = 0 is therefore
not excluded.

4%, The dynamics of q(t) and ©(t) on [0,T].
Let Ty = /4 =6, t* = min{T to + Ty}. By virtue of (31) we have

w/2—26

Tg>t—to > (147, ‘P)‘ (t) Zv(1+7.9) ‘so(t)

see (25)) imply that () > 0.

where 1 is defined by (32). This and the inequality wq(y) < 0 (
) > 0. For such T the estimates (31)

Thus, in the case T' > to + Ty we obtain that ¢(to + Ty

imply that
/2

Q(to+Ta)

»(to)

Ta <y =79) ’WHTGZ)S ¢

(1+7,¢) |

;From this and from the inequality wa(v) < 0 it immediately follows that ¢(tg + Ty) < /4.

Assuming T' > to 4+ Ty, we can therefore define the time t; = g + Ty when switching from gq4
to ¢4+ occurs and where we also have 0 < p(t;) < 7/4.

According to (29), if the automaton’s location ¢4 is switched on, the function ¢(t) will
decrease for ¢ > t;. It is also clear that no transition will occur as long as ¢p(t) > —n/2. If
m > 2, then to becomes a time when the automaton switches over to the location gz, and due
to (29) we get

™
t2€fttital,  elte) € =5 =01 +7),—5

This implies, in particular, that m > 2 for T > t; + .

Repeating this argument inductively between the transition times to, and to,t2, we arrive
at the following conclusion (referred in the sequel as Property A) describing the dynamics ¢(t)
and the sequence of the transition times {¢;}.

Property A. Let T > %, 1 = Tyg, o = w. Then the sequence of transition times
to,t1, ... stom (from q; to qj, where q; # q;) possesses the following properties:

27 us T .
1) to€ [0,725 ], wlto) € [§ =31 +7).F] (modm), qlto) = gu
2) tom ST <t + 71+ T2
3) If m > 1, then for n =0,1, ... m — 1 we have

0 < topti — tonyi—1 < Ti, 1=1,2;

q(t2n+2) = qd; P(tant2) € [% —0(1+7), %} (mod 7);
a(tani1) € {as,0-}, ltansr) € [0, 5] (mod ).

59. The dynamics of (t) on [0,T].
Let a finite sequence tg,t1, ... ,ton be chosen according to Property A. The estimates in
Property A imply that for o(¢;) the following holds:

3
3 sin 2¢(t) < 0, t € [ton, min{T ton+2}], n=0,1,...,m—1.
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According to the two first inequalities in (27), (28) we get

(t
(t

Thus, we obtain the estimate

=.
N—

<%, t € [ton, min{T, to,12}], n=0,1,...,m—1.

~—

<

r(t) < r(ten) U2m) < 5 A (ty,),  t € [tan, min{T, tans2}], n=0,1,....,m—1. (38)

Now, (30) and Property A imply that

w < Mltan—tan—1) < ™ = g, n=0,1,...,m—1. (39)
r(tont1)
Similarly, for n = 0,1, ... ,m — 1 the inequality (33) and Property A yield

r(t2n+1) < 14+~ 4 3cos? p(tan) o (tanp1—tan) < 4+ 6sin?§ T . o, (40)
r(t2n> o 1+ v+ 3 cos? (p(t2n+1) - 5

6Y. According to the definition of the constants aj,as v (39) i (40) and the inequality
ws(y) < 0 (see (25)) we have ajas < 1. This, the estimates (35), Property A and the in-
equalities (38)—(40) imply that under the assumption (34) the function r(¢) belongs to the class
E(T,a,b,c,11,72,01,q2), introduced in Lemma 4.1, where 71 = Ty, 79 = m, a postoyannye a, b,

c opredelyayutsya ravenstvami a = 12_77 > b=exp {f—f%}, c=e™/4,

Applying Lemma 4.1, we conclude that VT € (0, c0)
[r(t) <e, t€[0,T]] = [r(t) < Me™r(0) |, (41)

where the constants A > 0, M > 0 are defined by (26).

79, Finally, we define a function ¢ : [0,00)% — [0,00) as follows: ((t,u) = |z(t)|, where z(t)
is a trajectory of (6) controlled by u = A(§), and |x(0)| = p. From (41) it follows that  satisfies
all the conditions of Lemma 4.2.

According to this lemma the inequality (8) holds true for all sufficiently small |z(0)| the
constants A > 0, M > 0 being defined by (26). It is straightforward that the constants do not
depend on the choice of a function f : R? — R? satisfying |f(z)| = o(|z|). This completes the
proof of the theorem. O

6 Final remarks

To prove Theorem 3.1 we employed an approach based on certain direct calculations applied
to the hybrid dynamics, rather than the method of Lyapunov functions widely used to study
asymptotic stability of various dynamical systems. This can be explained by a number reasons.

1. The dynamics described by the equation (6) equipped with the hybrid control u = A(J)
is normally quite different from the standard dynamics arising from ordinary differential
equations. The dynamics of a hybrid system like (6) rather comes from delay equations
and inherits some of properties typical for them (see e.g., (Azbelev et al., 1996; Berezansky
and Braverman, 1995; Chukwu, 1992; Kolmanovski and Nosov, 1986)).
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2. Of course, one may try to use generalizations of the Lyapunov method to the case of
functional differential equations by introducing Lyapunov functionals (see (Chukwu, 1992;
Kolmanovski and Nosov, 1986)). We suspect that this, in principle, is possible, but one
should always remember that such a technique may lead to serious difficulties, both tech-
nical and ideological, related to the problem how to construct such functionals and how
to use them properly. One of the difficulties is that the operators one gets from (even
linear) systems with HFCs are usually nonlinear. Moreover, one should be prepared to
deal with differential equations with time lags depending on the solution itself (known as
systems with auto-control). A typical operator related to such a system is, in general,
discontinuous. It is not clear for us for the time being how to study such operators and
their (dis)continuity properties in functional spaces, and it is not clear for us either how
to deal with the corresponding Lyapunov functionals which cannot properly be defined
outside the trajectories of solutions. By these reasons, any usage of Lyapunov functionals
was beyond the scope of this particular paper.

3. We failed as well to use the machinery of the so-called multiple Lyapunov functions devel-
oped in (Branicky, 1994, 1995). In particular, we encountered a problem of how to pass
from the system (6) to a switching system in the sense of Branicky (1995). However, it
does not mean of course that it is impossible at all.

Moreover, we do believe that any further considerable progress in developing the Lyapunov
method focused on systems with HFCs could only occur in the form of either the method of
Lyapunov functionals, or the method of multiple Lyapunov functions for switching systems.
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