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Abstract

In this paper two-dimensional systems of differential equations are consid-
ered together with their stabilization by a hybrid feedback control. A sta-
bilizing hybrid control for an arbitrary controlled system that belongs to a
certain category within two-dimensional systems is constructed as a result of
this study and some stabilization proprieties of the system with the obtained
hybrid control are presented.
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Chapter 1

Introduction to systems of
linear differential equations
with control

In this chapter we will introduce some elements of control theory. But first,
some notations that are used throughout this paper will be defined.

1.

2.

C(R"™) is the set of all continuous functions u : [0, 00) — R";
Cs(R™) is the set of all piecewise continuous functions w : [0,00) — R™;
L(R™ R™) is the set of all linear operators from R™ to R™;

The set of all matrices with real entries of dimension m X n we denote
by M(m,n,R);

The euclidean norm |-| in the space R™ is defined by |z| = /27 + 23 + .

o(A) is the set of all eigenvalues of a square matrix A, called the
spectrum of A.

1.1 Solution of the system i@ = Ax and its expo-

nential estimate

Consider the following linear differential system

T = Az, t €[0,00) (1.1)

where A € M(n,n,R).
Let us present some facts that will be useful for the purpose of this paper.

(see [2], [5] )

2.
otz



Theorem 1.1.1. The solution of the linear system (1.1) with the initial
condition x(0) = xo exists and is uniquely defined by

z(t) = elay.
Corollary 1.1.1. For any solution of the linear system (1.1)
z(t) = A=)z (s), t,s €[0,00),

where the matriz exponential e is defined by

A2 A3

A OoAn
e :Zom:I+A+2!+3!+...
n=

Theorem 1.1.2. If the matrix A has pairwise distinct eigenvalues, then any
of the solutions of the system (1.1) satisfies the exponential estimate

M_eM2(0)] < [2(t)] < My fe(0)], ¢ >0, (1.2)

where A\_ = min{Re\ : A € 0(A)}, Ay = max{Re : X\ € g(A)} and the
constants M_ and My do not depend on x(0). Furthermore, the constants
Ay and A_ cannot be improved in the following sense : the inequality on the
right is not valid for any constant A < Ay and the inequality on the left is
not valid for any constant A > A_.

The constants Ay and A_ are called upper Lyapunov exponent and lower
Lyapunov exponent .
. . 1
Example 1.1.1. Consider the system (1.1) with A = [ _(i a ] where
a is a real parameter. This system is called the system of the generalized
harmonic oscillator. The equation in coordinate form is

{ T = ari + xo (1 3)

Tog = —I1+ar
It is more effective to present the system’s solution in polar coordinates,
(r, ), giving
x1 =rcosf, xo=rsind,

because it helps to visualize the system’s trajectory.
Converting the variables into polar coordinates we have

Fcos® —rfsinf = arcosf+rsind
rsin@ +rfcosf@ = —rcosf -+ arsinb

Multiplying the first and the second equations of the system by cos # and
sin @, respectively, and adding we obtain 7 = ar.



Now, Multiplying the first and the second equations of the system by sin ¢
and cos 6, subtracting the second equation from the first, we have = —1.

So,we get a system, that has the function r(¢) only in its’ first equation
and the function #(¢) only in the second. Solving this system, we get the
solution in polar coordinates:

r(t) = r(0)e®
{ 0(0)—t - (1.4)

We will draw the trajectories of the system that starts at a position z(0) # 0
on the phase plane in the figure 1.1. The trajectories will be presented
separately for each case for a different sign of the parameter a .

= (x1(0). x2(0)) B
\ . o
?/ o 7 X,

Figure 1.1: The trajectory of the system (1.3) for the cases: (a) a <0, (b)
a=0,(c)a>0.

Caso a<0 K
(x1(0). x2(0))

Caso a=0 Caso a>0

Note that from the solution (1.4) in polar coordinates it is easy to convert
to into a solution in cartesian coordinates.
{ z1(t) = €™ (21(0) cost + z2(0) sint)

1o(t) = e¥(—x1(0) sint + x2(0) cost) (1.5)

According to the theorem 1.1.1 the solution can be presented as z(t) =

et2(0). This means that (1.5) implies, in particular, a form of a matrix A
exponential of the system:

A a 1 7 QAL _ gat C9st sint .
-1 a —sint cost

At the end of this example we illustrate Theorem 1.1.2.
Let us calculate the spectrum of the matrix A:

a— A\ 1

det(A—)J):[ 1 a2

}:(a—)\)2+1:0 = o(A) ={a—ia+i}

Therefore, the Lyapunov exponents in the estimation of the solution (1.5)
are



/\_:)\+:a.

This fact agrees with the direct evaluation of the exponents from the first
equation of the solution (1.4):

r(t) =r(0)e” e Ju(t)] = e"|z(0)].

(in the estimation (1.2) we can take M_ = M, = 1). From here and from the
picture 1.1 it is possible to observe that the system has different asymptotic
proprieties for different signs of a:

a<0, |z(t)] = 0 whent— oo

(the norm of the solution decreaces exponentially);
a=0, |z(t)] = |z(0)] (the norm of the solution is constant);
a>0, |x(t)] = oo whent— oo

(the norm of the solution increaces exponentially).

1.2 Notions of control systems theory

In this section we present some theoretical background of dynamical control
systems. For more details consult [17], for example.

Let us suppose that the trivial solution of the system & = Ax with
A € M(n,n,R) is not asymptotically stable. Then our goal is, by applying
a control to the system, to stabilize it (obtain asymptotic stability of the
system).

How can we control the system? The control of the system depends
on the nature of the process that the given system describes. One possible
choice of control is to sum a vector u to the right part of the matrix equation,
obtaining £ = Axz 4+ u. If it were possible to change the vector w in an
arbitrary way or in the way of linear dependence from the vector x € R"
that characterizes the state of the system, that means in the form Gz, then
we would always get the asymptotic stabilization of the system’s trivial
solution.

However, in practice we usually can only control a part of the state space
R™ or add only a vector from a proper subspace of R™. Then the equation
would take the form & = Az + Bu, where B is an n x £ matrix, £ < n, also
called the control matrix.

Moreover, as a rule, the control u cannot depend on the whole trajectory
x(t) but only on a part of it which is the ”observable” part and represents
the projection of values of x(t) onto a subspace of R™ with dimension m < n
that is also called the observable subspace. The observation y € R™ with
m < n is linearly dependent on z so that y = Cxz where C' is a m X n
matrix named the output matriz. In general the control u only depends on
the observation y = Cz.



Now we are going to present some definitions.
Consider the dynamic system:

{ & = Ax + Bu

o , (1.6)

where z € R" is the state vector, y € R™ is the output vector that charac-
terizes the observation and u € R is the input vector or control vector, that
characterizes the control of the system.

The trio of matrices (A, B,C) consists of the n x n system matriz A,
the n x ¢ entry matriz B and of the control m x n matrix C'. This trio of
matrices is defined by the nature of the process that the system describes and
together with the control u determines completely the controlled system.

Example 1.2.1. A controlled harmonic oscillator is a two-dimensional
system (1.6) with the trio of matrices

(A,B,C):([_(l) H[‘”u 0]> (1.7)

that is, the system

i‘l = X9
To=—x1+u . (1.8)
y=x

In this model we can only control the second equation of the system
& = Az (that means, the speed of the second component of the trajectory
x9 affects the angular acceleration 6 of the pendulum) and observe only the
first component x1 = 6

Let us clarify how it is possible to control the system (1.6). From the
previous description follows that u is a function defined on the interval
[0,00) with its values in the input space in RY. This function is piecewise
continuous (can be discontinuous at the points of an increasing sequence
{ti}32,, satisfying 22£(ti+1 —t;) > 0.) In this case we have the equation

#(t) = Az(t) + Bu(t), t €[0,00). (1.9)

The solution of differential equation (1.6) is a continuous function z : [0, c0) —
R™ that is continuously differentiable in the intervals (0, 1), (¢, ti+1) (i € N)
and that satisfies the equation in any of these intervals (in the points ¢; the
function z is continuous but can be not differentiable.)

In the model (1.9) the control u does not depend on the solution z. If
u : [0,00) — R somehow depends on the solution z : [0,00) — R, then that
type of control is called feedback control and the system (1.6) is called a
feedback system or a auto-requlating system. In the previous description it
was defined as a rule that u does not depend on the whole trajectory x, but



only on its observable part, that is, on the output y, more precisely, on the
output function y(t) = Cz(t). Therefore,in general any feedback control of
the system (1.6) is uniquely defined by the operator W,, : C(R™) — C,(R?)
so that

u(t) = (Wuy)(t),  tel0,00). (1.10)

W, is called the control operator. In this case, the system (1.6) is equivalent
to the functional differential equation

#(t) = Ax(t) + BW,Cx)(t),  tel0,00). (1.11)

For any x € C(R") the right hand side of (1.11) is a piecewise continuous
function. The solution of (1.11) can be understood in the same sense as it
was defined for the equation (1.9).

Example 1.2.2. For the harmonic oscillator of the example 1.2.1 the equa-
tion (1.11) in the coordinate form is

{ o1 (t) = w2(t)
Go(t) = —x1(t) + (Wyz1)(t)

Let us go back to the general model (1.6). In case of the operator W,
that has the form of

(Wuy) = g(y(t)),  te€[0,00) (1.12)

with some continuous function ¢ : R™ — R’ we have a local dependency of
the control u on the output y, meaning that in any specific moment of time
t* the value of the function u : [0,00) — R’ at the moment +* depends only
on the value of the function y : [0,00) — R™ at the same instant and it does
not depend on the values of y(t) at t < ¢*. In this case, the equation (1.11)
is an ordinary autonomous differential equation

@(t) = f(x(t),  te][0,00)

f(z) = Az + Bg(Cx).
Particularly, when in (1.12) the function g is linear, that means g €
L(R™ RY), the control operator has the matrix form

(Wuy)(t) = Gy(t),  t€[0,00) (1.13)

with some matrix G € M (¢,m,R). This type of control is called standard
linear control. The standard linear control is the most simple of the feedback
controls , and in practice it makes sense to test if this control stabilizes the
system (1.6). The system (1.6) is equivalent to the differential linear system
(particular case of the system (1.12))

i =(A+BGO)z,  tel0,00). (1.14)

10



Example 1.2.3. For the controlled harmonic oscillator from the example
1.2.1 we have £ = m = 1, so the matrix G € M (1,1) is a real number «, so
that the equation (1.14) has the following form:

o B 0 1 T = T2
& = (A4+aBC)x where A+aBC = |: “14a 0 :| , Or { 9= (a— 1)1

In general the control operator is not representable in the form of (1.12).
In this case the dependency v = W,y does not have a local character. That
means, the value of the function u : [0,00) — R’ at a instance t* depends not
only on the value of the function y : [0,00) — R™ at the same instance, but
also on the values of y(t) at the previous instances ¢ < t*. In this case, the
equation (1.11) is not an ordinary differential equation anymore. In general
we have a functional differential equation with a delay that depends on the
solution. The study of the asymptotic proprieties of the solutions for these
systems is impossible only with the methods of the ordinary differential
equations theory and also the fact that the delay depends on the solution
makes it more difficult to apply the ideas and the methods of the modern
theory of functional differential equations ([1],[3]).

1.3 Stabilization of controllable systems. Lyapunov
exponents

Let us again consider the controlled system

{a;—Aa:—i—Bu ’ (1.15)

y=Cx

where z € R is the state vector, y € R™ is the output vector and u € R is
the control vector. According to the expression (1.10), in the system (1.15)
we consider the control operator W,,.

Let us denote by U* = U* (¢, m) the set of all the possible controls, that
means the set of all controls defined by all the operators W, : C(R™) —
C,(RY).

Let us denote the subset of U*, that consists of all linear controls of the

form (1.13) by LH;.

To find a way to achive the desirable proprieties of the system’s (1.15)
trajectory with a fixed control u € U* or with one of the controls from a class
U C U* has been one of the main problems in the control theory. Among
the ”desirable” proprieties one of the most important are the asymptotic
and exponential stabilities of the system with a given upper exponent.

Let us present the definitions for the asymptotic and exponential stabil-
ities.

11



Definition 1.3.1. The trivial solution of the system (1.15) with the control
u € U* is asymptotically stable if the following statements hold:
1) Ve > 0 exists 6 > 0 so that for every solution z(t) of the system (1.15)
with the control u, satisfying |x(0)| < ¢ it holds that sup |z(t)| < € ;
>0

2) for any closed and bounded set K C R™ and Ve > 0 exists £, > 0 so
that for any solution z(t) of the system (1.15) with the control u that at
t = 0 satisfies z(0) € K it holds that sup |z(t)| < e.

t>te

Definition 1.3.2. Given u € U*, the system (1.15) is called stabilizable
through the control u, (u-stabilizable) if the trivial solution of the system
(1.15) with the control u € U is asymptotically stable. In that case we also
say that the control u stabilizes the system (1.15).

Given the set of controls U C U*, the system (1.15) is called stabilizable
through the family of controls U (U-stabilizable) if there exists u € U so that
the system (1.15) is u-stabilizable.

Definition 1.3.3. Let (1.15) be a system with a control u € ¢. The infimum
of A € R with which for every solution of the system it holds:

lz(t)| < MeM|2(0)), t €[0,00). (1.16)

with M positive and independent from the solution constant is called upper
Lyapunov exponent of the system (1.15) with the control v and is denoted
by A((4, B,C),u) (abr. A(u)).

If there is no such A\, M € R so that all the solutions of the system (1.15)
with the control u so that (1.16) is valid, then the upper exponent is equal
to 400, which means \((A, B,C),u) = 4o0.

Definition 1.3.4. Let U C U*. Upper exponent of the system (1.15) with
the family of controls U is the value A\((A4, B,C),U) ( A\(U)) defined by

A(A, B.C).U) = inf A(4, B,0), u).

Surely, the upper exponent is important because it characterizes the
asymptotic behaviour of the solutions. For the family of controls we have
the following:

a) if the exponent A(U) is positive, then it shows how it is possible
to ”limit the speed of growth” of the solution’s |z(¢)| norm when ¢t — oo
through the controls of the family U;

b) if the exponent () is negative, it shows how it is possible to achieve
a quicker convergence |z(t)| — 0 when ¢ — oo, by a control from the family
Uu.

In particular, if (1.16) is valid with some negative exponent A then the
system (1.15) is stabilizable by u. To be more specific, the following propo-
sition holds:

12



Proposition 1.3.1. 1) If A(u) <0, then the system (1.15) is stabilizable by
the control u.

2) If A\(U) < 0, then the system (1.15) is stabilizable by the family of
controls U.

3) The equality A(U) = —oo is equivalent to: YR > 0 (arbitrary big)
exist u € U and M > 0 such that the solution of the system (1.15) with the
control u satisfies the estimate

lz(t)] < Me Tt 2(0)], t €[0,00).

It is clear, from the point of view of the stabilization of controllable
systems, that it is good to find a class of controls U that is convenient for
the application to a practical problem and that also satisfies the condition
AU) = —o0 .

1.4 The insufficiency of a standard linear control
for the stabilization of some linear systems

As in the previous section, let us consider:

{x—Ax—i—Bu , (1.17)

y=Cx

where z € R™ is the state vector, y € R™ is the output vector, u € R is the
control vector.

Let us present now the concepts of controllability and observability which
are important in the control system theory ([17]).

Definition 1.4.1. The system (1.17) (and also the pair of matrices (A4, B))
is called controllable if by the means of a sectionally continuous control w(t)
it is possible to take the system from any initial state xg to a final state x
at the end of a finite period of time ¢; .

More precisely, Vg, 1 € R and V#; > 0 exists a u € C(R?) so that the
solution z(t) of the equation #(t) = Az(t) + Bu(t) that begins at the point
x(0) = x( satisfies z(t1) = x1.

Definition 1.4.2. The system (1.17) (and also the pair of matrices (A, C))
is called observable if by observing the values of the output y(t) = Cx(t)
after a finite period of time ¢ the initial state x(0) of the system can be
uniquely determined.

Precisely for any xg,Zo € R™ so that xg # z¢ for the solutions z(t) and
Z(t) of the equation & = Ax that satisfy the initial conditions x(0) = z¢ and
Z(0) = Tp, holds: Cx(t) # CZ(t) on the interval [0, c0).

Let us present next some duality proprieties of controllability and ob-
servability and the Kalman criterion. The proofs can be found in [17].

13



Theorem 1.4.1. The pair (A, B) is controllable if and only if the pair
(AT,BT) is observable. The pair (A,C) is observable if and only if the
pair (AT, C") is controllable.

Theorem 1.4.2. The following statements are equivalent:

1. The pair (A, B) is controllable ;
2. rank [B AB A’B ... A""'B| =n;

3. For any set K consisting of at most n complex numbers satisfying
condition z € K = z € K there exists a matriv G € M({,n,R) such
that o(A+ BG) = K.

Theorem 1.4.3. The following statements are equivalent:

1. The pair (A, C) is observable;

C
2. rank CA =n;
CAnfl
3. For any set K consisting of at most n complex numbers, satisfying
the condition z € K = Z € K there ezists F' € M(n,m,R) such that
oc(A+ FC) =K.

The following proposition clarifies the meaning of the concepts of con-
trollability and observability for the stabilization of systems through the
standard linear control.

Theorem 1.4.4. Let one of the following statements be valid:
1) The pair (A, B) is controllable and rank C' = n, or
2) The pair (A, C) is observable and rank B = n.
Then, \(A,B,C),LH;) = —o0.

Remark 1.4.1. The theorem 1.4.4 is basically a generalization of the propo-
sition from [11], p.492 for the planar systems with n = 2.

Remark 1.4.2. The theorem 1.4.4 states that in case the system (1.17) is
controllable then we can observe all of the trajectory components. For ex-
ample, when C' = I, that system can be stabilizable through a standard
linear control, so that we can tend the solutions to zero with any nega-
tive and arbitrary large exponent by its modulo. The same propriety holds
for the observable system and when the input matrix B has o rank n, for
example, when B = I.

In practice, the situation when both matrices B and C have their ranks
inferior to the dimension of the system n, for example £ < n and m < n,is
very interesting. In this case the controllability and the observability of the
system does not guarantee the stabilization of the system by a standard
linear control. Let us present the following example.

14



Figure 1.2: Trajectory of the system (1.18) with control u, = ay starting
at point A = (—1,1), for cases: (a) « =1.8, (b) a =0.8, (¢c) a = —3.

N

£

Example 1.4.1. Consider the controlled harmonic oscillator

1= 01]fo0
B vn e o wsa=([ 0 0] )
y=x1
(1.18)
(see the example 1.2.1). Note that

0 1 C 10
rank[B AB]—raLnk[1 0}—2, rank[CA}—rank[O 1]—2,

so the pair (A4, B) is controllable and the pair (A, C') is observable.

As it was analyzed in the example 1.2.3, any u € LH; has the form of
u = ay, where a € R, such that the system with control u, = ay has the
form

T=Aqnxr where A,=A+aBC= 0 1 , that is 3.31 -
a—1 0 o= (a— 1)1

We have
{—\/oz -1, vVa— 1} se a>1

{0} se a=1,
{—iVi—a,ivli—a} se a<l
therefore Ay (a) = max{Re\: A € 0(A,)} > 0. According to theorem 1.1.2
the system (1.18) is not stabilizable by a standard linear control. As an
illustration, let us present the trajectories of the system (1.18) on the phase
plane with the control u, = ay, for some values of a € R. See figure 1.2.

0(Ay) =

Remark 1.4.3. The presented example shows that there exist a two-
dimensional controllable and observable systems (1.17) such that cannot
be stabilizable by a standard linear control. So, it is important to chose
a class of controls that generalizes the standard linear controls and allows

15



the stabilization of the systems of the same type as the harmonic oscillator.
In this case, it is pertinent to chose a control that is convenient in prac-
tice. This type of control was found in the second half of the 20th century
by Z.Artshtein [4] and some other mathematicians of that time and it was
given the name of hybrid feedback control. Let us proceed with the definition
of the hybrid control and the description of some basic results of that control
in the next chapter.

16



Chapter 2

Some elements of the hybrid
feedback control theory

2.1 Description of a switching control on the ex-
ample of the harmonic oscillator

Again, let us consider a system with control called the controllable harmonic
oscillator

{ziéi+Bu with (A,B,C):q_(l) (1)],[(1)],[1 ()]> (2.1)

that is, the system

T1 = T2
To=—T1+u
y=x

As it was shown in the example 1.4.1, the system (2.1) is not stabilizable by
a standard linear control.

The trajectories of the system (2.1) with the controls u_,uq € LH;
defined by u— = 0 and ug = —3y are presented in the following way:

an
NV

Figure 2.1: The trajectory of the system (2.1): (a) with the control u_ = 0;
(b) with the control ug = —3z;.

u_=0 Uug = —3x4

17



That way we have a circular and a ellipsoidal trajectories. It is clear
that each of the controls u_ and ug do not stabilize the system.

Let us now suppose that by means of some automaton A it would be
possible to somehow switch the control u_ to the control ug and vice versa.
That way we obtain two automaton states: ¢_ and ¢4. @ = {q—, g4}, where
Q@ is the set of all the automaton states. When the automaton is at the
state ¢_ we get the system (2.1) with the control u_ and when we have the
automaton at the state g; we get the system (2.1) with the control ug:

0 when ¢g=q_

—3 when ¢ =gy
(2.2)
The switching system (2.2) is not completely defined because the commu-
tation rule from one state to another of the automaton was not yet defined.
The aim is to define it in a way that stabilizes the system. From the figure
2.1 it is evident that for a given system, the stabilization can be achieved
if at the instances ¢ that correspond to the point x(t) being at the I and
11T quadrants of the phase plane the automaton is in the state g; and when
the point z(t) is found at the IT and IV quadrants of the phase plane the
automaton is at the state q_. That way we get the following switching

System:

T & &= (A+aBC)r where a=
o= (a— 1)1

0 when m(t)x2(t) >0 (2.3)

t=(A+aBC)x where o= { —3 when z;(t)za(t) <0

Let us examine the trajectory of that system in the figure 2.2.

w

~

Figure 2.2: Trajectory of the switching system (2.3).

18



In the figure, when the state gq is activated, the trajectory x(t) of the
system (2.3) is marked by the red solid line and when the ¢_ state is activated
the trajectory is marked by a dashed blue line. The controls related to
systems with commutation are usually visualized by diagrams. The diagram
of the switching control u that corresponds to the system (2.3) is presented
in the following figure:

q— dd

x1(t)xa(t) >0 x1(t)xa(t) < 0

Figure 2.3: Switching control u of the system (2.3).

Clearly, the solution of the system with the control u satisfies |z(t)| — 0
when ¢ — 400 so that the convergency is uniform in relation to the initial
conditions |z(0)| < R for any fixed R > 0 . That way, the system (2.1) is
stabilizable by the control wu.

The switching control that was presented is not the only control that
stabilizes the system (2.1). For example, it is possible to decrease the number
of switching instances at any finite interval of time. That way, we can suggest
the switching control @ in which the system is affected by the control at the
I,I11 and IV quadrants and is not affected by control (or affected by a null
control) only in the 11 quadrant.

q- dd

z1(t) < 0O Axo(t) >0 z1(t) > 0V aa(t) <0
Figure 2.4: Switching control u of the system (2.1).
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It is clear that the switching control u as the control u stabilizes the
harmonic oscillator (2.1), see the figure below.

Figure 2.5: Trajectory of the system (2.1) with control w.

2.2  From switching control to hybrid control

In the previous section the switching system and switching control were
described and with the example of the harmonic oscillator it was shown that
there are linear differential systems that cannot be stabilized by a standard
linear control but can be stabilized by a switching control.

Even though it is possible to stabilize the system (2.1) by a control
u or u (see figures 2.3 and 2.4), in practice, the switching control has its
disadvantages. Let us describe some of them and also suggest some methods
in order to overcome these disadvantages.

a) The continuous observation of the system’s state z(t) is not always
possible, which makes it impossible to instantly switch the automaton’s
state from one to another. For example, for the system (2.3), the instant
switching of the automaton’s states at the moment when the trajectory
x(t) intersects the coordinate axes is only possible if the observation of the
system’s state z(t) is continuous. If we consider the predator-prey models it
becomes clear that in practice it is impossible to continuously monitor some
animal populations, it is only possible at discrete instances of time.

This way, we can assign to each of the automaton’s states ¢ € @) a fixed
positive period 7;. Therefore, a switch of the automaton’s states can be only
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done at the instances ¢; that correspond to the end of the respective period
of the given state of the automaton, in dependency of the system’s state
x(t;) at that moment. That way we have a sequence of switching instances
{t;} and that sequence depends on the initial condition z(0).

b) As it was said in the section 1.4, in the applications it is common
that the ranks of input matrix B and of control matrix C' are less then the
systems dimension n, such that the vector Bu and the output vector y = Czx
take the values of the proper subspaces of R™ and the control u only depends
on y. This situation can occur, for example, in the case of the controlled
harmonic oscillator (2.1) where we can only control the second component
of the trajectory x(t) and observe only the first component.In this example
we can vary the system by the means of a switching control only by adding
a member axy at the right part of the second equation of the system (see
(2.2)). However, at the switching controls v and u in figures 2.3 and 2.4 a
dependency on the complete trajectory z(t) was admitted, not only on the
first observable component y(t) = x1(t).

But in practice, it is natural to suppose that at the switching instances
and the control u only depend on the observable part of the trajectory.
The switching controls v and u in figures 2.3 and 2.4 do not satisfy this
condition, for that they would have to be altered so that the automaton
states depend only on the signum of z (). For the predator-prey model the
idea of incomplete observation can be justified by the following:it can be
easier and cheaper to monitor only the preys or only the predators, but not
both.

Paradigm. To modify the switching control in correspondence to a) and
b) we need to suppose that each state ¢ € @ of the automaton has its own
fixed period of time 7, > 0. The switch from one state to another can occur
exclusively at the moments ¢; that correspond to the end of the period of a
automaton’s state and is dependant only on the output of the trajectory at
that instance, that means y(¢;) = Cx(t;).

The control that satisfies the conditions described above was defined in
the article [4] and was given the name of hybrid feedback control (HFC).
The word hybrid means that the system has a continuous-discrete nature
(a continuous trajectory z(t) with a discrete sequence {t;} of instances for
switching the states of the automaton).

Feedback means that the trajectory z(t), and the state of the automata
q(t) at the instant ¢ depend on the trajectory and on the previous automa-
ton’s states at the instances s < t. The exact definition of HFC is given in
[8]. In [8]-[15] many results concerning the stabilization of systems by HFC
were obtained.

The definition and the presentation of some elements of the theory of
systems with HFC can be found in the next sections of this chapter. Let us
now show some examples of HFC for the harmonic oscillator.
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Consider the system (2.1) with the hybrid control uy (see [4], [10]), pre-
sented in the following diagram:

Figure 2.6: Hybrid control uj of the system (2.3).

The automaton of the control u, has three states: @ = {qq,q+,q9-}. In
the circles it is presented how u is dependent on y = x; and the period
of the correspondent automaton state. The arrows between the circles and
the comments represent the way that the switching occurs at the switching
moments. For example, if at an instant ¢; the automaton switches to the
state q—, then the next switching moment is ¢;11 = t; + §, such that, in
dependency of the sign(z(¢)) in that moment the switch from the state ¢_ to
the state ¢4 occurs if x1(t;+1) > 0 or remains in the state ¢_ if z1(t;41) < 0.

Note that regardless of the fact that the formulas for v and T are the
same in the states g_ and ¢, these states are different because the switching
conditions at the end of the period 7 = § are different.

The positive number 4 is relatively small, at least 6 < 7. Let us suppose
that 6 = w/20 and that the initial state gy of the automaton is g4. Let us
depict in the figure 2.7 the trajectories of the system (2.1) with the hybrid
control uy, that have different starting positions.

As it can be observed, the system’s trajectories with the control u; and
the switching instances t; only depend on the initial condition z(0). How-
ever, from a certain instant a certain regularity can be noted: the trajectory
ug prevails at the first and the third quadrants and the solution’s norm de-
creases. But in other periods of time, when the states ¢t and g_ are active,
the solution’s norm does not alter. Therefore, |z(t)] — 0 when ¢ — co. In
[13] is proved that for a small § > 0, A((4, B,C),up) < 0. That means, the
upper Lyapunov exponent of the system (2.1) with the control wuy is nega-
tive, in particular, the system (2.1) is uy-stabilizable (check the definition
1.3.3 and the proposition 1.3.1).

Comparing the switching control « in figure 2.3 and the hybrid control
up, in figure 2.6 we could see that the later can be constructed on base of
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a(t) T z(t1)

Figure 2.7: Trajectory of the system (2.1) with control u;, and initial condi-
tion : (a) 2(0) = (0, 3.5)T; (b) z(0) = (3, 0.94)".

the control u, and the control v can be also intuitively considered as a limit
control of hybrid controls up when § — 0.

In the same way, using the switching control figure 2.4, the hybrid control
up, can be found, that, in contrast with the control uj; has two automaton

states: ¢4 and ¢_ (see [6], [12]).

xl(t) <0

qd— dd

Figure 2.8: Hybrid control uy, of the system (2.3).

Note that the arrow without any comment and the exit from the state
qq means that at the end of the period of the state g4 the switch to the state
g— is automatic and independent from y = 1.

Supposing that § = 7/10 and the initial state go of the automaton is gq.
Let us depict the trajectories of the system (2.1) with the hybrid control uy,
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that start at different x(0) # 0.

Figure 2.9: Trajectory of the system (2.1) with control u;, and initial condi-
tion: (a) z(0) = (1, 3)T; (b) z(0) = (—0.3, —=3) .

In [12] it was shown that for a sufficiently small § > 0
M(A, B,C),up) <0,

which means that the system (2.1) is uy-stabilizable.

Furthermore, it follows from the results in [6] and [12], that if the hybrid
control u(R,d) is considered which is the generalization of the control from
the figure 2.8 when the state g4 corresponds to the control u = —Rx1 where

T
R > 0 is a positive parameter and the period of qg is T = ———, then
1% 1% p qdad 9 ma

by changing R > 0 and § > 0 we can achieve the exponential estimate of
the solution
jz(t)] < M e Mz(0)],  t€[0,00)

with the constant N > 0 possible to choose arbitrary large. In other words,
by considering the class of hybrid controls A = {u(R,d): R > 0, 6 > 0},
for the harmonic oscillator (2.1) we have that A\((A, B,C), A) = —ooc. We
will consider the HFC class A with more details in the last section of this

chapter.
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2.3 Definition of the hybrid feedback control

In this section we will present some definitions from the theory of linear
differential systems with hybrid control, including the generalized definition
of the HFC which is necessary for the purpose of this paper. The definitions
follow from [12], [14]. For more details, consult [10].

Let us consider a controlled system

{x:Aac—l—Bu , (2.4)

y=Cx

where z € R™ is the state vector, y € R™ is the output vector, u € R is the
control vector. The system (2.4) is completely defined by the trio of matrices

(A, B,C), where A € M(n,n,R), B € M(n,¢,R) and C € M(m,n,R).

Definition 2.3.1. A hybrid automaton is a set of six objects
A= (Qalv M7Taja QO)? where

1) @ is a finite set of all the automaton’s states;

2) I is a finite set called the input alphabet;

3) M : Q xI — @ is an function that determines a new state of the
automaton based on its previous state ¢ and a element from the alphabet
1 € I that corresponds to the switching moment of the state;

4) T : Q@ — (0,00) is a function that establishes the time period T (q)
between two switching moments, satisfying 125 T(q) > 0;

q

5) j : R™ — I is a function that corresponds to the output vector y € R™
and the element j(y) of I
6) go = q(0) is the automaton’s initial state.

Each hybrid automaton A = (Q,I,M,T,j,qo) 1is associated to an
operator Fa : P(R™) — P(Q) called the hybrid operator. Such that P(X)
is a set of functions v : [0,00) — X. Let us present the recursive definition
of Fa.

Definition 2.3.2. For any y(-) : [0,00) — R™, the function ¢(-) = (Fay)(-) :

[0,00) — @ is defined by:

a) q(0) = qo, t1 = T(qo), q(t) = qo (Vt € [0,1));

b) q(t1) = M(qo,j(y(t1))), t2 = t1+ T (q(t1)), a(t) = a(t1), (V¢ € [t1, t2));
c) Let k € {2,3,...}. Suppose that ty = 0,¢1,...,t; and that the values

of q(t) for t € [0,t;) were already defined. Then, ¢34 and ¢(t) for ¢t €

[tk, tk+1) are defined by:

q(ty) = M(q(tk—1), j(y(te))), ther =te +T(q(tr)), a(t) = q(tr)
(Yt € [tr, thr1))-

Note that the sequence {t,} in the definition of Fa is a sequence of
switching moments associated to the function y(-).
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Definition 2.3.3. A pair u = (A, ®), where A = (Q,I,M,T,j,q) is a
hybrid automaton and ® : R™ x Q — R is a function, is called hybrid
feedback control (HFC).

The hybrid control operator W, : C(R™) — Cs(RY) (see (1.10)), associ-
ated to the control u = (A, ®), is defined by

(Wuy)(t) = @(y(t), (Fay)(t),  t€[0,00)
where Fa is the operator that was recursively defined above.

Remark 2.3.1. According to the definition 2.3.3 and to expression (1.11),
the linear system (2.4) with the hybrid control u = (A, ®) is equivalent to
a functional differential equation

#(t) = Az(t) + BO(Cx(t), (FACZ)(t)),  t€[0,00). (2.5)

Example 2.3.1. Let us again consider the controlled harmonic oscillator

{j:éi+3u with (A,B,C)—d_(l] (1)],[(1)],[1 0]) (2.6)

with hybrid control u; defined by the diagram in figure 2.8. Let us now
present the definition of @, in correspondence with the definitions 2.3.1,
2.3.3. The hybrid control @y, is defined by u, = ((Q, I, M, T, j,qo), ), where

1) Q@ = {q4,q-} is a set of two automaton’s states ;

2) I = {i4+,i_} is the input alphabet that consist of two elements;

3) the function M : @ x I — @ is defined by

M(qa,iy) = M(qa,i-) = M(q—,i-) =q-,  M(q-,i4) = q4;
4) The function that determines the periods of the automaton 7 : Q —
(0,00) is defined by T (qa) = 2%, T(q-) = § = m/10;
. S
5) The function j : R — I is defined by j(y) = { b+ it y=0

- i y<0’
6) go = qq is the initial state of the automaton;

7) The function ® : RxQ — R is defined by ®(y, q) = { -3y it ¢g=q

0 if g=q_ °
The system (2.6) with the control wuy, is equivalent to the differential
functional equation

l’(t) = (A + a(FAxl)(t)BC)x(t)a te [07 OO)

where

[ A=3BC if (Fazm)(t) =
A+ a(pya ) BC = { A if (Fam)(t) = g-

26



2.4 Linear hybrid control. Hybrid trajectory

Definition 2.4.1. Let u = (A, ®) be a hybrid control of the system (2.4),
where A = (Q? Ia Ma T’j’ qO)
The HFC w is called linear hybrid control (LHFC) if it satisfies the fol-
lowing conditions:
(a) the function j : R™ — I, satisfies the condition j(\y) = j(y) for
any y € R™ and A > 0;
(b) the function ®(y, q) is linear in relation to y.

We will denote the LHFC class by LH = LH (¢, m).

Of course that LHFC with only one state @ = {¢} of the automaton
represents a linear standard control from the section 1.2. Using the one-
to-one correspondence between the set of the linear operators L(R™, R")
and the set of matrices M (¢, m) we can reformulate the definition 2.3.3 for

LHFC.

Definition 2.4.2. Let A = (Q,I,M,T,j,qo) a hybrid automaton in which
Q@ and [ are finite and j(A\y) = j(y) for any y € R™ and A > 0. A pair
u = (A, {Gq}qecq) where G, € M(¢,m) (¢ € Q) is called linear hybrid
control (LHFC).

The hybrid control operator W, : C(R™) — Cy(R’) associated with
u = (A,{Gq}q4ecq) is defined by

(Wuy)(t) = G(ray)my(t),t € [0,00).

Remark 2.4.1. According to the definition 2.4.2, the linear system (2.4) with
LHFC u = (A, {Gq}q4eq) is equivalent to the functional differential equation

i(t) = (A+ BGpyenynyC)z(t),  t€[0,00).

Definition 2.4.3. In case of the two-dimensional systems (2.4), when A €
M(2,2,R), B € M(2,1,R) and C € M(1,2,R) the linear hybrid control is
defined as a pair u = (A, {aq}qeq) where A = (Q, 1, M, T, j,qo) is a hybrid
automaton in which the set () is finite, the set I contains at most three
elements, the function j : R — I only depends on the sign of y, such that
Jj(y) =j(sign(y)) (y € R) and oy € R (g € Q).

The hybrid control operator W, : C(R) — Cs(R) associated to the LHFC
u = (A,{ag}qeq) is defined by

(Wuy)(t) = a(pay) (L), t € [0,00).

The linear system (2.4) with LHFC wu is equivalent to the functional differ-
ential equation

&(t) = (A+ apyonmBC)x(t),  t€]0,00).
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Remark 2.4.2. {t,} is the sequence of switching moments that is linked to the
observation y(-) = Cz(-) of the system (2.4) with LHFC u = (A, {Gq}q4e0)-
Therefore, during each time interval between the switching moments J; =
(ti, ti+1), the automaton does not change its state, so (FACx)(t) is a constant
q[i]. Thus, during J;, the dynamics of the hybrid system is simple because
the equation (2.4.1) represents a linear differential equation & = A;z with
a constant matrix A; = A + BG,;C, such that, according to the corollary
1.1.1, the solution of which is defined by

a:(t) = e(AJrBG‘I[i]C)(titi)l‘(ti), t e [ti, t’i-i—l}v

on this time interval. However, the overall dynamics of the linear system
with LHFC on [0, 00) is complicated, because the function ¢(t) = (FACx)(t)
at the moment ¢ depends on the observable component of the trajectory
y(s) = Cx(s) at all moments s < t. The equation (2.4.1) represents a
functional differential equation in which the delay depends on the solution
x(+). As it was said in the section 1.2, the study of the asymptotic proprieties
of the solutions for these systems is impossible only with the methods of the
ordinary differential equations ([2]) or with modern methods of differential
equations theory ([1], [3]).

Example 2.4.1. The hybrid control uy from the example 2.3.1 (see also
the figures 2.8 and 2.9) is a linear hybrid control with two automaton states
such that, u, € L£H(1,1). That control is defined by u, = (A, {ag}qeeq)
where the components of the hybrid automaton A = (Q, I, M, T, j,qo) were
defined in 1)-6) of example 2.3.1 and

g, = —3, ag_ = 0.
Definition 2.4.4. Given the system (2.4) with hybrid control u. The func-
tion h: [0,00) = R™ x @ % [0,00) defined by
h(t) = (x(t),q(t), 7(t)),  te€[0,00)

is called hybrid trajectory of the u-controllable system (2.4) in which the first
component z is the system’s trajectory, this is, the solution of (2.5), q(t) =
(Fay)(t) the automaton’s state at the moment ¢ and the third component
7(t) is the remaining time until the next state switch.

2.5 Group of transformations G71. Classification
of the linear planar systems

Let ¥ = M(2,2,R) x (M(2,1,R) \ {O}) x (M(1,2,R) \ {O}), this means,
Y. is the set of all the trios of matrices (A, B,C) where A € M(2,2,R),
B € M(2,1,R) and and C € M(1,2,R), so that B and C are non-zero
matrices. Let us denote by GL(2) the multiplicative group of the square
non-singular real matrices of order 2.
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Definition 2.5.1. We define the applications T1(D), T>(m1, m2, ms) and
T3(a) from ¥ to ¥ by the formulas:

Ti(D)(A,B,C) = (DADY,DB,CD™ 1), D e GL(2);
TQ(ml,mz,TH,g)(A,B,C) = (mlA,mgB,mgC),

mi > 0, ma,mg € R\ {0};
Ts(a)(A,B,C) = (A+aBC,B,C), acR.

Let us consider the set of all the applications defined above:

GTy = {Tl(D) D e GL(Q)}U
{Tg(ml,mg,mg): mq > 0; mo,m3 €R \ {0}} U {T3<O¢>: o€ R}.

It is clear that any element in T" € Gy is a bijective function T" : ¥ — ¥, this
means, is a transformation of the set ¥.. Therefore, GTy C B(X) where B(X)
is the group of all transformations on ¥ with the binary operation that is
the composition of transformations. In that way we defined the transforma-
tion’s group GT, generated by the set GTy. Consider the following theorem

([90,[14]).

Theorem 2.5.1. Any transformation T € GT can be represented as
T= Tl(D) o Tg(ml, mo, TTL3) o Tg(a)

for some matrix D € GL(2) and some constants my > 0, ma, m3 € R\ {0}
and o € R. The representation T = T;(-) o Tj(-) o Ty (-) is also valid for any
of the sixz permutations {i,j,k} of the set {1,2,3}.

The meaning of the group GT in the problem of stabilization of planar
systems
{ i = Az 4+ Bu

Y= Ca , t €0, 00) (2.7)

with Q = (A, B,C) € ¥ is clarified by the theorem below ([11],[14]).

Theorem 2.5.2. Let Q € X. Each of the predicates P; : ¥ — {0,1} (i =
1,2,3) is an invariant of the group GT such that

Pi(Q) = {\Q,LH1) < 0} = {Q is stabilizable by a standard linear control},
Py(Q2) = {\Q, LH) < 0} = {Q is stabilizable by a linear hybrid control},
Py(Q) = {A(%, £H) = —o0} =

{Q is stabilizable by any LHFC with any upper Lyapunov exponent}.

Note that the group GT' generates the equivalence relation in X, so that
O ~ Qg if and only if Qy = T'(21) for some T" € GT. The theorem 2.5.2
states that in the stabilization problem of the systems through the hybrid
control it is of a great importance to find the characteristic propriety of
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each class in terms of (A, B,C) and to highlight a representant of every
class, named the canonic form.

Let us present the result of this classification in the form of a table that
is analogue to the tables presented in [14] and [15], though by convenience,
presenting only the most important proprieties among those found in the
cited articles. But first, let us define some functions.

Let ¥; = {2 = (A,B,C) € £: CB # 0}. The functions w,n : ¥; — R
defined by the formulas:

CAB _ CAB

v =wA-gps =g

Let 39 = {Q=(A,B,C) € £1: n(A, B,C) # 0}. The function ¢ : ¥3 — R
is defined by

w(Q) — det A.
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Class Characteristic Canonical trio Invariants
notation propriety
5(170,/0, CB_:CAB:07 [ I 0 0 (17 130) lf/’t =-1
v, (8 ][] )
pe{-1,0,1) p=signh L0 m 1 (0,0,0) if o € {0,1}
CB=CAB=0,
5(1,a,-1), A < Ao, (-a 17 1} . H) (1,1,0) if a < —1
a€R AB = M B, L Loa 7 -1 (0,0,0) if a > —1
4= No=x
CB=CAB=0,
S(1,a,1), A < Ao, (' o 1] } 1 1]) (1,1,0) if a < —1
a€R AB =238, N (0,0,0) if a > —1
= A
5(2,0, 1), CB =0, - (1,1,1) if p = —1
CAB 40, ( s 1],[‘”7[1 0])
pe{-1,0,1} pu=signtrA L~ H (0,1,1) if p € {0,1}
CB #0,
n(2) =0, .
S(3,0, ), det[B AB] = 0, ({ 40 ] { 1 } " 0]> (1,1,0) if p = —1
pe{-1,01} dm[ é;»]::a 0 p ][0} (0,0,0) if yu € {0,1}
= sign w(Q)
CB #£0,
v(Q) =0, .
S(3,~1,1), | det[B AB] =0, ({ uo1 ] { 1 } 1 ()]) (1,1,0) if = —1
pe{-1,01} daW:éL 40 \LO p7LO} (0,0,0) if yu € {0,1}
p = sign w(Q)
CB #0,
n(§) =0, _
S(3,1,p), det[B AB] # 0, ({ w0 ] [ 1 } 1 o]) (1,1,0) if p = —1
pe{-1,01} dm[ é;_]::a Lo 7L0 ) (0,0,0) if 4 € {0,1}
= sign w(2)
S@4,-1,a), | ¢B#0, 1 1 (1,1,1)ifa <1
n) <0 (EERED)
aeR a=1(Q) —1 a7 0 0,1,1) if a > 1
S(4,1,a), CB #0, ) . (1,1,0) if a < 0
n) >0 ([ o116 ]0a)
aeR a=1(Q) Loa 7o (0,0,0) if a > 0

Using the table, let us select all the equivalence classes for which the
system (2.7) is LH-stabilizable but not L£H;-stabilizable, in other words,
when the system is not stabilizable by any standard linear control but is
These classes are S(2,0,0) (note that
the canonic form of this class is the harmonic oscillator), 5(2,0,1) and

stabilizable by a hybrid control.
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S(4,-1,a) for @ > 0. A question arises: how, basing ourselves on the
results for the canonical trios, find LHFC that would stabilize any system
belonging to S(2,0,a) and S(4,—1,a)? Currently this is an open problem.
In this way the purpose of this paper is presented, which is the described
problem for any system of equivalence classes that belong to the category
S(2,0,p) (€ {—1,0,1}). This means, it is necessary to find a linear hy-
brid control for any (A, B,C) € ¥ that satisfy the conditions CB = 0 and
CAB # 0 for any N > 0, so that A\(Q(a),u) < —N. This problem is solved
in the next chapter of this paper.

But before proceeding to the presentation of these results, a brief sum-
mary of some results for the canonical forms of the classes S(2,0, u) pub-
lished in [6] and [12] is made in the next section.

2.6 Stabilization of the generalized harmonic os-
cillator through a linear hybrid control

Consider the linear differential system with control:

t=A,x+Bou . _ _ g1 0
{ y:Coac with Q[M]—(A“,Bo,C())—([ 1 [ :|,|: 1 :|,[1 O])

this is, the system

T1 = pr1 + T2

To = —T1 + px2 +u

y=m
called the generalized harmonic oscillator. Again, note that the trio Q,) =
(A, Bo, Cp) of the system (2.8) is the canonical trio of the equivalence classes
H(2,0, pu) where € {—1,0,1}. Asin [12] and [6] we will not limit the study
of the system to these three values of the parameter y but will consider the
system with an arbitrary parameter p € R. Let us present some basic results
on the stabilization of the system (2.8) through a linear hybrid control ([6]).

Let us define LHFC A(R,0,m) € LH, where R > 0, § > 0 and m €

{0,1} by A(R,0,m) = (A,{aq}qeq) where the components of the hybrid
automaton A = (Q, I, M, T, j,qo) are given by

Q= {Qd7Q—}7 I= {i.:,_,i_},

M(qq,iy) = M(Qdaifg =M(q_,i_)=q-, M(q—,iy) = qa,
v

T(qa) = Ta(R) = Nﬁa T(q-) =9,
oy Jag it y>0 _Jg- if m=0
](y)_{i_ it y<0’ qo_{qd it m=1

and {ag}qeq = {ag_,aq,} where oy =0, g, = —R. The diagram hybrid
control A(R,d,m) is presented in the figure 2.10.
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Vxl(t)

Figure 2.10: Linear hybrid control A(R,, m) of the system (2.8).

Note that LHFC uy, defined in the example 2.3.1, corresponding to the
figure 2.8 is a special case of the control A(R,d,m) when R =3 and m = 1.
The system’s trajectories (2.8) with p = 0 and the control A(3,7/10,1) in
the phase plane that have two different initial states z(0) are presented in
the figure 2.9.

Let us introduce the hybrid control families

A(R):{A(R,(S,m): 0<d< mE{O,l}} (R>0), A= U A(R).

R>0

’7T
4V/1+R’
Of course that A(R) C A C LH.

Let us define the function A : (0,00) — (0,00) by

_ V1+Rhn(l+R)
AR) = T(3+VI+R)

Let us now study the assymptotic proprieties of the system’s (2.8) tra-
jectories with controls from the class A(R,d,m) ([6], [12]).

Theorem 2.6.1. For any R >0 : A\(Q(n), A(R)) = p—A(R). If p < A(R),
then the system Q(u) is stabilizable through the family of hybrid controls
A(R), if u > A(R) the system Q(u) is not stabilizable by the family of
hybrid controls A(R). (see the figure 2.11).

The theorem 2.6.2 implies the main result of this section.

Theorem 2.6.2. For any p € R it is valid: A\(2(p), A) = —o0.
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exponential growth of |x(t)|
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Figure 2.11: Function p = A(R).

Remark 2.6.1. The theorem 2.6.2 states that Vi € R the generalized har-
monic oscillator (2.8) can be stabilized by a family of controls A, such that
a negative upper Lyapunov exponent —N can be chosen as large by the
modulo as we define it.

Theorem 2.6.3. Let i € R and N > 0 be arbitrary constants. Therefore,
for any R > A=Y(pu+ N) exists a 6o = 6o(pt, N, R) > 0 such that ¥5 € (0, 6g)
and Ym € {0,1}, any solution x : [0,00) — R? of the system Q(u) governed
by LHFC A(R,d,m) satisfies the exponential estimate

lz(t)] < M e N z(0)], t € [0,00)

where the constant M = M (i, R, 5, m) >0 does not depend on the solution
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Chapter 3

Stabilization of systems for
case CB =0, CAB # 0 with
hybrid control

3.1 Formulation of the problem

According to the classification made in the section 2.5, we have categories
of systems that can be stabilized by hybrid control and a hybrid control was
already constructed for the canonical cases of these categories (sections 2.6
and [12], [6]).

Specifically, the category S(2,0, 1), which contains all the trios (A, B, C)
that satisfy BC' = 0, CAB # 0 will be examined. This category consists
of three equivalence classes corresponding to cases when p € {—1,0,1} and
the characteristic propriety of each of these classes is CB = 0, CAB # 0
and sign tr A = . The canonical form of these classes is

(5 2 [2] 00

The hybrid controls A(R, §, m) that stabilize the system

i

T = Az + Bu
y=Cx

with the canonical trio €, and the results about the estimate of Lyapunov
exponents for the system’s solutions are presented in the section 2.6. By
having an arbitrary trio €2 that satisfies BC' = 0, CAB # 0 the goal is to
construct a hybrid control with the trio €2 for the corresponding system,
using the theorem from the next section. This means, to construct a hybrid
control for an arbitrary system that belongs to the category in question.
For that it is necessary to determine the parameters of the transformation T°
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from GT so that T'(2) = €, and with the aid on the inverse transformation
T~ using the results from the sections 2.6 and 3.2-3.4 find the linear hybrid
control that stabilizes the system {2 with any upper Lyapunov exponent.

In summary, this chapter contains the solution for the problem described
above. This is the main problem of this paper and the results presented are
new.

3.2 Relation between hybrid trajectories of equiv-
alent systems

The denotations from the section 2.5, connected to the GT' transformation
group will the followed.

Proposition 3.2.1. Let the transformation T € GT be given and repre-
sented in the following form :

T = Tl(D) o Tg(ml,mg,mg) o T3(O¢)

for some matriz D € GL(2) and some constants m; > 0, ma, mg € R\ {0}
and o € R.Then, the inverse transformation T~ of T is defined by

T ' =T5(-a) o Ty (my ', mytmzt) o T (D).

Theorem 3.2.1. Let the trios Q; = (A;,B;,C;) € ¥ (i = 1,2) be given,
such that Qo =T (1), T € GT can be written as:

T = Tg(a) e} Tg(ml, mg,mg) o Tl(D), (31)

with some matriz D € GL(2) and some constants my > 0, mg, m3 € R\ {0}
and o € R.
Let us consider two controllable systems (S1) and (S2):

with hybrid control

: ur = (A1, {a{" }ee0) € LH(1, 1),
where A1 - (Q7I7 M77-17j17QO)7
with hybrid control

C = (A, o }eq)) € LH(L ),
where AQ = (Qv I7 Mv 7-27.j27 QO)7

. T = A1z + Biu
(S1) - { u=Chy

) T = Asx + Bou
(82) { u= Cay

such that the components Q, I, M,qo of the hybrid automatons A; are the
same and

T2lq) =mi'Ti(q) (Vg€ Q), ja(y) = ji(ysignms) (Vy € R),

3.2
—a (Vge@). (3.2)

mi
o — af
moms

1)
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Consider the hybrid trajectories hi(t) = (x@(t), qi(t), (1)), (t € [0,00)) of
the systems (S;) (i = 1,2), such that the initial conditions of the components
() of these trajectories satisfy the relation 2 (0) = D21 (0). Then, the
following relations take place: Yt € [0, 00)

23 (t) = DaW(mit), @) =q@mt), () =m n(mt).

The results of the theorem above follow naturally from the results that
are found in [11], however, some changes were necessary because of some
inaccuracy found in it.

Corollary 3.2.1. Let us consider the same systems with hybrid controls
(S1) and (S3) as in theorem 3.2.1. For any solution z™) of the system (Sy)
the exponential estimate is satisfied:

()] < My MaD(0)l, ¢ € 0,00) (3-3)

such that the constants A € R and M; > 0 that do not depend on the
solutions if and only if for any solution £ of system (S2) the exponential
estimate is satisfied:

2 ()] < Mp ™M |2P(0)], t € [0,00) (3-4)

such that Mo > 0 do not depend on the solution and the constant mi > 0 is
the same as in the transformation (3.1).

Proof. By the theorem 3.2.1, a function z() : [0,00) — R? is a system’s
solution (S;) if and only if the function (3 : [0,00) — R? defined by

22 (t) = DzW(myt),  te0,00),

which is the solution of the system (S3). So, from the estimate (3.3) we
have:

2 (t)] = [Da® (myt)| < ||D]| [P (mat)] < || DI My e™ Mz (0)] =
ID|| My e™ XD~ e®(0)] < Mae™M[aP(0)], ¢ € [0,00)
where My = M ||D|| ||D7!||. Reciprocally, from the estimate (3.4) we have:
2O () =D 1a® (m )] < [ D 23 (my )] < | DL My e M2 (0)]
= | DY Mz | Dz (0)] < My Mz (0)],  te€[0,00)
where My = My ||[D7Y| || D] O

Corollary 3.2.2. Let us consider the same systems with the hybrid control
(S1) and (S2) as in the theorem 3.2.1, which means, the systems with the
trios Q; = (Ai, Bi, C;) such that Qo = T(Q1) where T is defined by (3.1) with
controls u; € LH connected by (3.2). Then the upper Lyapunov exponents of
(Si) satisfy the relation:

)\(QQ, UQ) =mi )\(Ql, ul).
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The corollary’s 3.2.2 proof follows from the corollary 3.2.1 and from the
definition 1.3.3.

3.3 Transformation of the trio (A, B, C) in case BC =
0, CAB # 0 into canonical form

In this section the transformation T' € GT will be determined in the form of
a composition of the transformations T;(-) (i = 1,2, 3) defined in the section
2.5 that transform a trio €2 that satisfies BC' = 0, CAB # 0, in the canonical
trio

Q1 = (Ayg, Bo, Co) = ([ K H[?][l 0}), pe{-1,0,1} (3.5)

Let the initial trio 2 be given and defined by

o-wno- ([ ][ 1] e o)

such that CB = bjcy + bacg = 0, CAB # 0. Let p = sign (tr A). Accord-
ing to the classification presented in the section 2.5 there exists only one
transformation 7' € GT such that T'(2) = €. The goal now is to find the
representation of this transformation 7" in terms of elements of matrices A,
B and C. The problem is solved in some steps, described bellow.

1) First, the transformation 73(3) is applied, where

2det A —tr2 A

5= 20 AB if trA#0 :detA—%tr2A+|M|—1. (3.6)
detA—1 £ ot A0 CAB
CAB BoaT

We get a new trio
Tg(ﬁ)(ﬂ) = T3<5)(A,B,C) = (A+,3BC,B,C) = (Al,Bl,Cl) = Q.

As it can be noted, the only matrix that suffers some transformations is the
matrix A, such that in the trio € the matrices B; and C are the same to
the matrices B and C, respectively, from the initial trio 2. Now the form
of the matrix A; will be determined:

ai; a2 by a1 + Bbicr  aiz + Bbico
A = + =
! [am a22:| b [52] [er 2 [am + Bbact  aga + Bbacy

The goal of applying the transformation 75(/) is to obtain the matrix A;
with two complex eigenvalues which have the same real and imaginary parts
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by modulo. More precisely, we have

trA | trA trA | trA .
(Ay) = {2‘1'2’2“'2}’ if trA#0
{—1i, i}, if trA=0

Note that the idea of using the transformation 73(3) with the described
propriety of the spectrum of A; can be found in [15], p.33, however, some
changes were necessary due to some inaccuracy in the expressions of 8 and

O'(Al).
2) Next, the transformation T5(v, 1,1) is applied to the trio £y with

2 .
v=d Toap Torei=bil (3.7)
1, if u=20

The trio Qg = (A9.B2,Cy) = Ta(v,1,1)(A1, Aa, A3) is obtained. Being that
the two of the last parameters of T, are equal to 1, the matrices B and C
remain the same. Thus, Bs and (5 are the same as B; and (', that are the
matrices B and C from the initial trio 2. The matrix Ao has the following

form:
v(aiy + Bbicr) v(aiz + pbica)
V(a21 + ﬁbgcl) I/(CL22 + ,BbQCQ)

The goal of applying the transformation T»(v, 1, 1) is to obtain the spectrum
J(AQ) = {M - Z.mu + Z} (VM € {_17 07 1})

3) The goal of this third step is to obtain the canonical matrix A
defined by (3.5) from the matrix As. This transformation was obtained
from the theorem 9 in [7], p.299.

Let us determine a eigenvector v of the matrix As associated to the
eigenvalue A\ = p + i

AQ = I/A1 =

(Ao — (u+D)Ju=0 =

{ (v(a11 + Bbicr) — (p+1i)) v + v(ai2 + Bbicz) va =0
v(agr + Bbacr) v +  (v(age + Bbaca) — (u+1i)) va =0
v {Ul] _ 1 v(ai2 + Bbica)
U2 v(ar2 + Bbice) [p—v(arr + Bbicr) +if’

and define a real matrix V by
1 0
V = [Rev Imv] = | p—v(an + Bbicr) 1
v(ai2 + Bbica) v(aig + pbica)
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Let us now apply the transformation 77 (D) for the trio Qo where

o 1 0
b=v—= v(air + Bbicr) —p v(az + BbICZ):| ' (38)

We obtain the trio Q3= (As, Bs, C3)=T1(D)(£2), such that, (see [7],p.299),

A3 = DASD™ ' = V1AV = [_“1 ﬂ .

Note that the matrices Bs and Cj are:

b1
Bs=DB =
K [V(a11b1 + a12b2) — ,U«b1:| ’
_ - + Bbicy)) C2
C3=CD ' =CV = [c | eln—vian
5 ! v(aiz + Bbica) v(aiz + Bbica)

So, by the steps 1), 2) and 3) the matrix A3 = A, is obtained from the
canonical trio €2f,;. The goal of the next two steps in to find the transfor-
mations from the group GT that transform Bz and C3, to By = [0 1]T and
Co = [1 0],conserving the matrix Az = Ay,

4) As it was deducted in [15], p.32, the matrix A3 commutes with any

matrix of form
Y €
L =
(¢¢€) [ ey }
such that L(p,e)As(L(p,€))~! = As. Let us find the values of ¢ and & such
that L(p,e)Bs = By = [0 1]". Solving the linear system L(y,e)Bs = By,
this means

{ b1 © + (l/(aubl + algbg) — Mbl) e =0
(V(allbl + ajobg) — /Lbl) Y — be =17

in respect of ¢ and e, we obtain

_ v(ai1by + aiaba) — uby oo by
b2 + (v(a11b1 + a12be) — puby)?’ b2 + (v(ariby + arzbs) — Ml()l)Q)
3.9
Let us now apply the transformation T; (L), where L = L(p, ) with ¢ and
¢ defined by (3.9), that means

¥

I 1 |:I/(a11b1 + algbg) — ,ub1 7b1

- b3 + (v(a11by + aizbe) — pby)? b1 v(aiiby + ajby) — pby |-
The trio Q4 = (A4, Ba,Cs) = T1(L)(£23) is obtained, where

0

Ay=LAsL = Az= { ? 1} . By=LB;=DBy= [1

I ] Cy=C3L™'=1[6 0],

40



where

ca(p —v(an + Bbicr) \ bica
v(

<I/(a11 1+aibs)—p 1> (Cl - v(ais + Bbics) a12 + Bbica)

Simplifying the expression of §, according to (3.6), (3.7) and CB = bic; +
bacs = 0, we obtain

d=v-det[B AB|-w(B,C) (3.10)
sendo c
_le’ if by £0
w(B,C) = C; .
2t b £0
by

Note that —c1 /by = c2/b; in case of bibe # 0, because CB = 0. The constant
w(B,C) has the following geometric interpretation: if consider B and C''
as vectors in R?, then we have w(B,C) = |C'T|/|B]| if the angle between the
vectors B and C'T are equal to 7/2, and w(B,C) = —|CT|/|B| if the angle
between the vectors B and C' is equal to —7/2.

5) At last, we apply the transformation T5(1, 1,6~1), obtaining the canon-
ical trio €, defined by (3.5).

6) Thus, a resultant transformation is presented:
T =Ty(1,1,6 1) o T1(L) o Ty (D) 0 To(v,1,1) o T3(B)

such that T'(2) = €. By applying the propositions of the lema 2.6 from
the article [9], the transformation T can be presented in a much compact
form:

T =T (LD) o To(v,1,6 1) o T3(B).

such that the matrices L, D and the real constants v, § and 8 are defined
in (3.3), (3.8), (3.7), (3.10) and (3.6), respectively. To conclude the formal-
ization of T', we compute the matrix LD and simplify the expressions of its
entries.

Thus, the following theorem has been proved:

Theorem 3.3.1. Let be given a trio of matrices

0= (4,B,0) = ([ ot ] ’ { \ ] ez CQ])

where CB =0 and CAB # 0 and the trio

Q= (Ap), Bo, Co) = <[ _/f H[?][l 0]>’
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where p = sign (tr A). Therefore there exists a unique transformation T €
GT such that T(Q2) = €, and that transformation can be represented as
following:

T = Ty(P) o To(v,1,6 1) o T3(f),

where
2
—— if pe{-1,1 det A—Ltr2 A+ |u|—1
v=o( |[trA| ned }, B = 2C’AB ;
1, if w=0
—zi, if by £0
d=v-det[B AB] -w(B,C) such that w(B,C)= 62
172’ if b #£0
1

and the elements of the matriz P = [gl ig] are defined by
3 4

V(a12b2 — ﬂb%cl)

br= b? + (v(a11by + a12bs) — pby)?’
p= —biv(ais + Bbica) ’
T+ (v(a11br + a12ba) — puby)?
D3 = b1 + (v(a11b1 + a12ba) — pby)(v(ain + Bbicr) — )
b? + (v(a11b1 + arabs) — pby)? ’
Dy = v(v(aiiby + aiabe) — pubr)(aiz + 55102).

b? + (v(a11by + ajabe) — uby)?

Let us now present three examples of the trios Q@ = (4, B,C) € ¥ from
the category with the invariant CB = 0, CAB # 0 that belong to the three
different equivalence classes H(2,0,u) for 4 = 1, p = —1 and pu = 0, and
construct for each of the trios, basing ourselves on the theorem 3.3.1, the
transformation 7" that maps this trio into the canonical trio ).

Example 3.3.1. Consider the trio of matrices

Q:(A,B,C’):([é _g},[_ﬂ,u 4]).

Of course that CB = 0, CAB # 0 and pu = sign (tr A) = sign4 = 1. So,
€ H(2,0,1). Also note that o(A) = {2 — 3,2 + 3i}. The transformation
T that maps €2 to the canonical form

oo (2 18] 00)
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(T € GT, such that T'(2) = (Qy})) is defined by the formula:

1 1 5
T=T (=1, — T3 | —
1( )O 2<2a ’37>O 3(74>7

Example 3.3.2. Let us consider the trio of matrices

QZ(A,BC):([;) gH_(lJHO i])

CB =0, CAB # 0 and pu = sign(trA) = sign(—1) = —1. Therefore
Q€ H(2,0,—1). Also note that o(A) = {—4,3}. The transformation T'
that maps {2 into a canonical form

1 4
37 37
o L
74 37

is defined by:

T:T1<

Example 3.3.3. Consider the trio
-5 -1 V2
Q(A,B,C)([ 5 5][ s ],[—6 2f2D

CB = 0,CAB # 0 and p = sign (tr A) = sign0 = 0. So, Q € H(2,0,0).
Note, 0(A) = {—5,5}. T that transforms 2 into the canonical form

SRR

this means, T' € GT tal que T'(2) = (Q(q)),is defined by:

__ 1 7 \/ﬁf 1 13
T T 3410v2 36+10v2) | | o (17 ! > oT <_> 7
1 5 914+15v/2 2 18+60v2) >\ 9+30v2
3+10v2 573

3.4 Inverse Transformation

Let Q = (A, B,C) be an arbitrary trio, such that CB = 0, CAB = 0.
Having the transformation

Ty =Ti(P)oTy(v,1,671) o T3(B),
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such that T'(Q2) = ) where y = sign (tr A) (see the theorem 3.3.1), let us
now determine the inverse transformation of T}, this is, the transformation
T =T; " such that T(Q,) = Q.

According to the proposition 3.2.1 the transformation 7' can be repre-
sented in the following form :

T = Tg(a) o Tg(a, b, C) o] Tl(D)
where

D=pP1 a=—, b=1, c=79, a=—0.
14

Using the formulas of the theorem 3.3.1, by rewriting the parameters of T'
in function of the matrices of the trio €2, we get the following theorem:

Theorem 3.4.1. Let the trio of matrices

o-wno- ([ ][ 1] e o)

be given,where CB =0, CAB # 0 and the trio
1 0
Q[/‘] = (A[HbBOvCO) = <|: K :| ) |: 1 :| 7[1 O]) )

-1 pu

where p = sign (tr A). There exists a unique transformation T € GT such
that T'(S2y,;) = Q and that transformation can be represented in the following
form:

T = Tg(a) o Tg(a, b, C) o Tl(D>,

where
1,.2
stre A—det A+ 1— |y |tr Al
_ 2 — _ —
o = CAB bl a = 2 + 1 |/’L|7 b 17
, Zi if by #£ 0
c=-det[B AB|w(B,C) with w(B,C)={ 2 :
a 20 b A0 (3.11)
b1
(@11 — a22)b1 + 2a;12by b
D= 2a !
2a2101 — (a11 — a22)be b
2
2a

For each trio from the examples 3.3.1, 3.3.2 and 3.3.3 let us present a
transformation 7' that maps a the canonical trio to these trios. The trans-
formation T can be obtained from the theorem 3.4.1 or by inverting the
transformation that was obtained in each of the examples in the section 3.3
with the use of the proposition 3.2.1.
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Example 3.4.1. Consider the trio of matrices

Q—(A,B,C)—([; _g},[_ﬂ,[l 4]).

in which CB = 0, CAB # 0 and p = sign (tr A) = 1. The transformation
T € GT such that T(Qpy)) = Q is defined by the formula
-1 4

)
TZTl( 19 1 >0T2(2,1,37)OT3<—74),

Example 3.4.2. Consider the trio

Q=<A,B,C)=(H —ZH_éHO i])

such that CB =0, CAB # 0 and p = sign (tr A) = —1. The transformation
T € GT such that T(Q_y)) = Q2 is defined by the formula

-3 -1 1 25
T—T1<|:_10 0:|>OT2<2,1,—2>OT3(—2),
Example 3.4.3. Consider the trio
B (-5 -1 V2
Q_(A,B,C)_<[ 5 5][ A ],[—62&}).

such that CB =0, CAB # 0 and p = sign (tr A) = 0. The transformation
T € GT such that T(Qg)) =  is defined by the formula

—3-5V2 V2 13
T=T 0Ty (1,1,18 + 60v2) o T (>
1([ 15 ﬂ) :( ) o™ (55 a0va

3.5 Construction of a stabilizing hybrid control for
case CB =0, CAB #0

Consider the controllable differential linear two-dimensional system:

1 = a1y + a2 + bu

To = a1%1 + a22x2 + bau (3.12)

Y =171 + C2T2
where u(+) : [0,00) — R depends only from the output u(:) : [0,00) — R by
a linear hybrid control. Suppose that the real parameters a1, a2, a21, a2,
b1, ba, c1, co of the system that satisfy the conditions:

bici + baco =0, a11bicy + aiabacy + as1b1ca 4+ agsbacs # 0. (3.13)
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This section contains the main results of this paper: the control u € LH
that stabilizes the system (3.12), satisfying (3.13),such that the solution’s
norm decreases exponentially with any Lyapunov exponent.

Note that the system (3.12) with the conditions (3.13) in its vectorial
form is:

(3.14)

&= Az + Bu
y=Cxz

in which the trio of matrices

n-wzo=([o 2] [3] e )

satisfies CB = 0 and CAB # 0. Thus, we have the trio from the class
H(2,0,u) where p = sign(tr A) € {—1,0,1}. The canonical form of the
class H(2,0, u) is

Q) = (A, Bo, Co) = <[ _q /”’H]’D 0]>7

According to the theorem 3.4.1 the transformation T' € GT exists and is
unique and 7'(€2,) = 2. This transformation can be presented as following:

T = T3(a) o Ta(a, b, ¢) o Ty (D) (3.15)

such that the constants «,a,b,c and the matrix D are defined by the for-
mulas (3.11).

Let us generalize the results from the section 2.6, concerning the stabi-
lization of the system , by a control A(R,d,m) € LH defined in (2.6)
(see also the figure 2.10), for the system with an arbitrary trio € such that
CB =0, CAB # 0. The generalization is based on the theorems 3.2.1 and
3.4.1.

Firstly, let us define the LHFC H(Q2, R,0,m) € LH such that R > 0,
d > 0 and m € {0,1} in the following way. If (S1) is the system with the
trio ] and control u; = A(R, d,m) defined in (2.6) and (S2) is the system
with the trio Q and control ug = H(2, R, , m), then the parameters of the
control us can be expressed by the parameters of the control u; using the
formulas (3.2) from the theorem 3.2.1 with the use of the expressions (3.11)
from the theorem 3.4.1 for the transformation parameters 7' (T has the form
(3.15) such that T(Q[H]) = Q)

Definition 3.5.1. Given Q € X defined by (3.14) where CB = 0 and
CAB # 0 and given R > 0, 0 > 0 and m € {0,1} the LHFC H (2, R,d,m) €
LH is defined by H (2, R,,m) = (A, {ag}qeq) where the components of the
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hybrid automaton A = (Q, I, M,T,j,qo) are given by

Q - {qd7Q—}a I= {i+,i_},
M(qq,iq) = M(qq,i-) = M(q—,i-) =q—, M(q—,iy) = qa,

3 (3.16)
T =T, R, = ) - _57
(qd) d( CL) 2am (q )
oy Jag it vy >0 g if m=0
](y)_{z’_ if vy <0 qo_{qd it om=1
such that
tr A
a= \r2+1 —|p|, where p = sign (trA),
) —Zi, if by £ 0
c=—det[B AB]w(B,C) where w(B,C)=4 > . (3.17)
@ 172 if by #0
1

Ftr2 A—det A+ 1— |yl

o =

and {ag}tqeq = {ag_, g, } where ag_ =0 and oy, = — (gR + a).
c

The diagram of the hybrid control H (2, R,d, m) is presented in the figure
3.1.

vCx(t) >0
vCx(t) <0

q— dd

VCx(t)

Figure 3.1: Linear hybrid control H(Q2, R,d, m) where a,c, a, v are defined
in (3.17).
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The families of hybrid controls are introduced.

H(Q,R):{H(Q,R,(S,m):0<5< me{O,l}} (R >0),

T
4ar/1T+ R’
H(Q) = RL>JO’H(Q,R).

It is clear that H(S2, R) C H(Q2) C LH.
As in the section 2.6 we define the function A : (0, 00) — (0, 00) by

_ VI+RI(1+R)
MR = iR

We remember that in this section we always consider the system (3.12)
satisfying the conditions (3.13), or, indeed, the system (3.14) with trio Q =
(A, B, C) satisfying the condition CB = 0, CAB # 0. For convenience we
designate this system for (.9).

The theorems 2.6.1-2.6.3, 3.4.1 and the corollaries 3.2.1-3.2.2 imply the
theorems below that consist of the main results of this paper.

Theorem 3.5.1. For any R > 0, A(Q,H(Q,R)) = a(p — A(R)), where p
and a are defined in (3.17).

Theorem 3.5.2. 1) If tr A < 0 (this is, when p = —1 ou p = 0), then
VR > 0 the system (S) is stabilizable by a family of hybrid controls H(S2, R).

2) If tr A > 0 (this is, when pu = 1), then in case R > A71(1), the
system (S) is stabilizable by a family of hybrid controls H(), R) and in case
R < A=Y(1) the system (S) is not stabilizable by a family of hybrid controls
A(Q, R) (see the figure 3.2).

os s =A(R)

R

0 10 20 30 40 50 60 7 80

ATH(1)

Figure 3.2: Function s = A(R).
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Remark 3.5.1. Note that A=1(1) ~ 69.89 .
Theorem 3.5.3. For any$) € X, such that CB =0, CAB # 0, A\(, H(Q2)) =

—0Q.

Remark 3.5.2. According to the theorem 3.5.3, the system (.5) is stabilizable
by the hybrid controls from the family #(€2), such that the negative upper
Lyapunov exponent in the solution estimate can be as large by modulo as
we define it.

Let us complement the theorems 3.5.1-3.5.3 with a result which word-
ing is more convenient for the applications. Also note that exists A~! :
(0,00) — (0,00) such that lim A~'(s) = 0 and lim A~'(s) = 4+o00. For

5—0+ s—-+00

convenience, let us extend the function A~! to any set R by assigning, by
definition A=1(s) = 0 when s < 0.

AR

160
140
120

100

A_]‘ (1)800— ————————————

40

20

jd @ = = -

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

«y

Figure 3.3: Function R = A~1(s).

Theorem 3.5.4. Let N > 0 be an arbitrary constant. Then, for any positive
number R that satisfies

-1
R>A! (sign(trA)+N<|tr2A+1—|p|> ) (3.18)
where V1I+ RIn(1+ R)
_ V1+RIn(1+
ARy = 7 (3+V1I+R)

exists 69 = 0p(tr A, N, R) > 0 such that Y6 € (0,09) and Vm € {0,1} any
solution of the equation x : [0,00) — R? of the system (S) with LHFC
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H(Q, R, 6, m) satisfies the exponential estimate
()] < Me M2(0)],  te€0,00)

where the constant M = M (Q, R,6,m) >0 does not depend on the solution

Remark 3.5.3. The inequality (3.18) is common for the cases p € {—1,0,1}.
Of course that in each of these three cases this inequality admits a more
simple form:

if tr A < 0, then the condition (3.18) is equivalent to the condition

2N
—1 o e .
R>A ( 1 trA)’

if tr A = 0, then the condition (3.18) is equivalent to the condition

R>A1(N);

if tr A > 0, then the condition (3.18) is equivalent to the condition

2N
A1+ ).
r>at (14 2%)

3.6 Examples of the systems that satisfy C'B = 0,
CAB # 0 and stabilizing hybrid controls

In this section we will consider three specific systems of type (3.12) that
correspond to the trios (A, B, C) considered in the examples from the sec-
tions 3.3 and 3.4. For these systems, based on the results of the section 3.5,
linear hybrid controls that stabilize it will be presented. Even more, the
chosen control parameters are the ones that decrease the solution’s norm as
in (3.5.4) with a given upper Lyapunov exponent—N. Let us first define the
function A : (0,00) — (0,00) by

_ VI+RW(1+R)
ARy = m(3+VI+R)

(see Figure 3.2). For convenience, consider that the function A~! is pro-
longed to R where by definition, A=!(s) = 0 when s < 0 (see Figure 3.3).

(3.19)
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Example 3.6.1. Consider the system:

T1 = x1 — 229 + 4u
To =bxr1 +3x9 —u (320)
y =1 + 4z

or, in the vectorial form:

{i”:A“B“ with Q:(A,B,C):([é ‘g},[_ﬂ,u 4]).

y=Cz
(3.21)
We have CB = 0 and CAB # 0. Let us compute the constants u,a, ¢, v, o
by the formulas (3.17):

trA
u:sjgn(trA):l’ a:‘ ! ’—{—1—|”|:2, 62702 det[B AB]:37,
2 aby
_ sign() =1 gtr?A—detA+1—|ul 5
v =sign(c) =1, a= CAD = .

(3.22)
Consider the hybrid control H(Q, R,d,m) = ((Q,I, M,T,j,q),{a—,aq}) €
LH defined in the section 3.5. According to the definition 3.5.1 and the
expressions (3.22), the control components are given by:

Q = {Qd7Q—}7 I= {i+,i_}7
M(qq,iv) = M(qq,i-) = M(q—,i-) =q-, M(q-,it) = qu,

3T
T(qa) = Ta(R,a) = m» (g-) =9,
oy Jip it y>0 g if m=0
](y)_{i if y<0 qo_{ ga if m=1"
1
ag =0, ag, = ﬂ(5 —4R),

check the diagram in the figure 3.4.
The theorems 3.5.2 and 3.5.4 imply the following conclusions about the
system (3.20) with linear hybrid control H (2, R, d,m).

Conclusion 1. For any m € {0,1}, R > A~(1) ~ 69.89 where A is
defined in (3.19) and for all sufficiently small § > 0 the system (3.20) is
stabilizable by the hybrid control H(2, R, J, m).

Conclusion 2. Let N > 0. For any m € {0,1}, R > A~'(1+ N/2) and
for all sufficiently small § > 0, any solution  : [0,00) — R? of the system
(3.20) with control H (€2, R, d, m) satisfies the exponential estimate

lz(t)] < M e N z(0)], t €[0,00)

o1



x1+ 4z >0

1+ 4xs <0

Figure 3.4: Hybrid control H (2, R, d, m) for Q defined in (3.21).

where the constant M = M (€2, R,d,m) >0 does not depend on the solution

For example, if a decrease of the solution with N = 2 is needed, then
we can conclude that if R > A~!(2) ~ 977.35 and 6 > 0 is sufficiently
small, then any solution x of the system (3.20) with control H(2, R, d,0) or
H(2, R, 6, 1) satisfies the condition

()] < Me[x(0), e [0,00)
where M > 0 does not depend on the solution.
Example 3.6.2. Consider the system:

T1 =21+ 229 —u
iz = 5%1 - 2%2 (323)
Yy = %132

or, in its vectorial form:
&= Ax + Bu . _ _ 1 2 -1 )
(iztrem u acwsa- ([} 2] 2] 7).
(3.24)

We have CB = 0 and CAB # 0. Let us compute the constants u,a, ¢, v, «
by the formulas (3.17):

tr A 1 2
pi=sign (tr A)=—1, o= r2 |+1—|u|:2, c:ac—;det[B AB]:—;
s(trA)? —detA+1—
v =sign (c) = —1, ozzg(r ) CZB i |M|:—2.
(3.25)
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Consider the hybrid control H(Q, R,d,m) = ((Q,I, M,T,j,q),{a—,aq}) €
LHo defined in the section 3.5. According to the definition 3.5.1 and the
expressions (3.25), the components of this control are given by:

Q = {Qd7Q—}7 I= {i-‘mi—}v
M(Qd7i+) = M(dei*) = M(q,,i,) =dq-, M(q*7i+) = 4d,

3m
T(qq) = Ta(R,a) = \/ﬁ’ T(q-) =4,
ooy Jap it y<0 g if m=0
j(y)_{z'_ if y>0 " qo_{ g if m=1"
R
aq*:()’ an:%+27

see the diagram in the figure 3.5.

o >0

Figure 3.5: O hybrid control H (2, R, d,m) for Q defined in (3.24).
Theorems 3.5.2 and 3.5.4 imply the following about the system (3.23)
with LHFC H(Q, R, 5, m).

Conclusion 1. For any m € {0,1}, R > A~(1) ~ 69.89 where A is
defined in (3.19) and for all sufficiently small § > 0 the system (3.23) is
stabilizable by the hybrid control H (2, R, d, m).

Conclusion 2. Let N > 0. For any m € {0,1}, R > A~'(2N — 1) and
for all small § > 0, any solution z : [0,00) — R? of the system (3.23) with
control H (2, R, §, m) satisfies the exponential estimate

lz(t)] < M e N z(0)], t €0,00)
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where the constant M = M (2, R,6,m) >0 does not depend on the solution

For example, if a decrease of the solution with N = 2 is needed, then we
can conclude that if R > A~1(3) ~ 15545 and § > 0 is sufficiently small, then
any solution z of the system (3.23) with control H(2, R,d,0) or H(Q2, R, 0, 1)
satisfies the condition

z(t)] < M e *|z(0)],  te0,00)
where M > 0 does not depend on the solution.

Example 3.6.3. Consider the system

1 = —bx1 —x2 +V2u
To = bxg — 229 + 3u (3.26)
y = —06x1 + 22 29

and in its vectorial form

{i:éi*B“ with Q:(A,B,C)z([g ;H\f“—ﬁ 2\/§D
(3.27)

CB =0 and CAB # 0. Let us compute the constants p,a,c,v,a by the
formulas (3.17):

tr A
w! =sign (tr A) =0, a:‘rzl—i—l—mlzl, c:c—;det[B AB]=18 + 60V/2,
a0
fen (¢) = 1 Ftr? A—det A+ 1— |y 13
v =sign(c) =1, a= = :
¢ CAB 943012

(3.28)
Consider the hybrid control H(Q, R,d,m) = ((Q,I, M,T,j,q0),{a—,aq}) €
LHs defined in the section 3.5. According to the definition 3.5.1 and the
expressions (3.28), the components of this control are given by:

Q = {Qd7Q—}7 I= {i-‘r?i—}?

M(qa,iq) = M(qq,i-) = M(q—,i-) =q—, M(q—,iy) = qa,
3T

T(Qd) = %(Ra a) = m» (Qf) =0,

oy Jap it y>0 g if m=0
‘](y)_{i if y<0’ qo_{qd if om=1"
Y 0 e . Rt

- g 6(3+10v2)’
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—3z1 + V222> 0

—3x1+V215<0

y— (R+26) (31— 2
T 3(3+10V2)

_ 3

T 2V1+ R

Figure 3.6: O hybrid control H(Q2, R, , m) para £ definido em (3.27).

see the diagram from the figure 3.6.
Theorems 3.5.2 and 3.5.4 imply the following about the system (3.26)
with LHFC H(Q, R, §, m).

Conclusion 1. For any m € {0,1}, R > A~1(1) =~ 69.89 where A is
defined in (3.19) and for all sufficiently small § > 0 the system (3.26) is
stabilizable by the hybrid control H(S2, R, d, m).

Conclusion 2. Let N > 0. For any m € {0,1}, R > A~Y(N) for all
small 6 > 0 any solution z : [0,00) — R? of the system (3.26) with control
H(2, R, 6, m) satisfies the exponential estimate

lz(t)] < M e Nz(0)], t €0, 00)

where the constant M = M (2, R,6,m) >0 does not depend on the solution
For example, if a decrease of the solution with N = 2 is needed, then
we can conclude that if R > A™1(2) ~ 977.35 and § > 0 is sufficiently

small, then any solution x of the system (3.26) with control H(€2, R, d,0) or
H(2, R, 6, 1) satisfies the condition

lz(t)| < M e 2|x(0)], t €[0,00)

where M > 0 does not depend on the solution.
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