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1 INTRODUCTION

Differential equations are a strong tool for modelling and solving numerous engineering,
mechanical, economic or population problems. It is well-known that in such problems a
time delay arises quite naturally. For example, in electrical engineering, the time delay can
be measured as the difference between the input of a signal in an electrical circuit and its
response. In general, there is always a time delay in the real-life processes depending on time.
So, differential equations with time delay are an important field of research. As the systems
with feedback can be described (under certain conditions) by systems of differential equations
with a delay or by difference equations, a wide range of applications is opened for research.

In practical applications, the behaviour of many dynamical systems depends on their previous
history. This phenomenon can be brought about by the presence of delays in the equations
under consideration. In view of the intrinsic difficulties in solving such problems, progress in
this field is slow. This is why using the optimal control of delay systems is so needed and
important.

The thesis is devoted to the optimal control problem of delayed differential equations.

The fundamentals of the theory of functional and ordinary differential equations are well
described, for example, in books by R.D. Driver [12], J.K. Hale [22|, L.E. Elsgolts and
S.B. Norkin [13], N.N. Krasovskii [25], R.P. Agarwal, L. Berezansky, E. Braverman and
A. Domoshnitsky [3], R.P. Agarwal, M. Bohner and Li Wan-Tong [4], I. Gyori and G.
Ladas [21]. Classics in the field of the optimal control are R. Bellman [9], L.S. Pontryagin,
V.G. Boltyanskij, R.V. Gamkrelidze and E.F. Mishchenko [40], A.A. Fel’dbaum [14], A.M.
Letov [28], [29], V.M. Alekseev, V.M. Tikhomirov and S.V. Fomin [5], I.G. Malkin [33], R.
Gabasov and F. Kirillova [18], [19], D.E. Kirk [24], E. Fridman [16], A.V. Kim and A.V.
Ivanov [23].

1.1 CURRENT STATE

Differential equations have been the object of research since the 17th century (after works by
Newton and Leibniz) and have been intensively developed for the last century. Monographs
summarizing some outcomes were mentioned above in the Introduction.

One of the most important sections of the qualitative theory of functional differential
equations is the theory of stability. The method of Lyapunov functionals, proposed by
Krasovskii in [25], is still one of the main methods in the research of the delayed system’s
stability. Analytical research of the stability of some dynamic systems led to the emergence
of a new independent field of science - the theory of automatic control (regulation). The
basis of this theory is usually associated with the book [35]. The theory of optimal control
is an important part in the theory of automatic control, formed primarily on the basis of
the classical calculus of variations, the Pontryagin maximum principle [40] and Bellman’s
dynamic programming [9]. The direct Lyapunov method (Lyapunov function method) [31],
which is the basis of the modern nonlinear theory of automatic control, is widely used in
modeling control structures of nonlinear systems. In addition to the stability conditions, the
method includes an analysis of the quality of control processes.



Numerous papers on the qualitative theory of differential equations, control theory, and
optimization are published every year. Some interesting results have been published on
representations of solutions of delayed systems [11], [26], on stability of solutions [17], [30], and
on optimal control for delayed differential equations [36], [42], [45], [49]. Functional differential
equations for modeling the biological problems were first used and investigated in [44]. There
are many later works on modeling of biological processes, for example, [1], [2], [20], on applying
optimal control in biology and medicine [7], [27], [41]. In [47], the authors introduced a version
of the stochastic discrete-time maximum principle for solving an optimal control problem.
In [37], the damping of the solution problem is solved by means of a linear difference—differential
controller with a state feedback. Here a certain form of the control function was used to
stabilize the solution. There are numerous works (for example, [15], |[46]) where the authors
study the control of systems using some specific control functions.

1.2 AIMS OF THE THESIS

The aim of the thesis is to solve the optimal stabilization problem for processes described by
a system of delayed differential equations

2 (t) = f(t,z,u), t>to,

where ¢ty € R, f is defined on a subspace of [ty, 00) X C™* xR", m,r € N, C™ = C (|-, 0], R™),
7> 0, 240) :=x(t+0), 0 € [-7,0], x: [to—7,00) — R™. Under the assumption f(¢,6%,6,) =
0., where 0% € C™ is a zero vector-function, 6, and 6, are r and m-dimensional zero vectors,
a control function u = u(t,z;), u: [tg,00) x C — R", u(t,8%) = 0, is such that the zero

solution x(t) = 0,,, t >ty — 7 of the system
2'(t) = f(t, 2, ult, z)), t>to,

is asymptotically stable and, for an arbitrary solution x = z(t), the integral

/OO w (t, x4, u(t, zy)) dt,

to

where w is a positive-definite functional, exists and attains its minimum value in a given sense.
The thesis solves a problem of optimal stabilization for differential non-delayed and delayed
equations and their systems.

The motivation of our research goes back to the results by I.G. Malkin. His book [33] (we refer
to the original book written in Russian, to the best of our knowledge, there is no translation
into English of the second revised edition, the book [34] is an English translation of the
first edition of Malkin’s book and does not include the results mentioned) contains, among
others, a general principle related to optimal stabilization of ordinary differential systems
and its application to linear ordinary differential systems. This principle we apply to some
types of linear differential equations and their systems to solve optimal control problems. We
analyzed Malkin’s approach and, as a result of our investigation, we present its modification to
differential delayed systems. Illustrative examples showing how this principle can be applied
are developed and, in addition, linear differential delayed systems are considered.

Some results of this work have been already published by the author of the thesis, as a co-
author, e.g., in [52]- [60].
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1.3 PRELIMINARIES

For the auxiliary material given in this part for the reader’s convenience, we refer, for
example, to [12,22].

Let C" = C([—7,0],R™), where 7 > 0, m € N, be the Banach space of continuous mappings
@: [-7,0] = R™. If Ais any set in R™, we will set C™*(A) = C([—,0], A).

Let C™(D) be the space of continuous mappings from the interval [—7,0] into the set
D ={¢eR™: ||£|| < M}, M is a positive constant (or M = 00).

For each t > t;, we define z; € CI" by z4(0) = z(t +6), 0 € [—7,0].

Consider a delayed differential system
2'(t) = G(t, @), (1.1)
where G: [, 00) X C"(D) — R™ and « € R. Given any ¢y > « and any ¢ € C”(D), we shall
study in conjunction with the initial condition
Ly, = . (1.2)

Let x: [t — T,00) — R™ be a continuous vector-function, to € R, and let 7 > 0 be a number.
To emphasize the dependence of z on ¢y and ¢, we will sometimes denote z(t) by z(t; to, ).
LetﬁleR,t0<51§oo.

Definition 1.3.1. A continuous function z: [ty — 7, 1) — D with 51 € (tg,00) is called a
solution of the initial problem (1.1)), (1.2]) on [ty — 7, 51) if the equation ([1.1]) is satisfied on
[to, B1) and if x(tg + 0) = ¢(0) for every 0 € [—7,0].

For a given t € [tg, 00), we define a norm

o0, = max (ot + )],
where
|lz(s)]| := izrllaxn{\:vi(sﬂ}, s € [ty — T,00). (1.3)

=1,..,

If o € C7" then

where

le@)]] = max {l¢i(6)]}.

.....

Let us assume that, for each ty > «, G satisfies the following Condition (C) on [ty, 00) x CI™*(D).

Definition 1.3.2. Condition (C) We say that the functional G(¢,x;) is continuous if it is
continuous with respect to ¢ in [tg, c0) for each given continuous function z: [to— 7, 00) — R™.

If G satisfies Condition (C), then a continuous function z: [to — 7, 51) — D is a solution of
the initial problem (1.1)), (1.2) if and only if
@(t—to) for tO—TStStQ,

x(t) = t
0(0)+ | G(s,xs)ds for to <t < fy.

to
Moreover, we will assume that G is locally Lipschitzian and quasi-bounded, see definitions
below. Let the symbol J mean either [ty, c0) or [a, 00) as required.



Definition 1.3.3. The functional G: J x C"(D) — R™ is locally Lipschitzian if, for each
given (t*,¢*) € J x C™(D), there exist numbers a > 0 and b > 0 such that

C=(t"—at' +anJ)x{p el o—¢|, <b}

is a subset of J x C7*(D) and G is Lipschitzian on C. In other words, for some number K (a
Lipschitz constant depending on ('),

IG(t, ) = G(t, )l < Kl — 7|,
whenever (¢, ) € C and (¢, ¢*) € C.

Definition 1.3.4. The functional G: [ty, 00) x C*(D) — R™ is said to be quasi-bounded if
G is bounded on every set of the form [ty, 51] x C7(A), where ty < ; < oo and A is a closed
bounded set of D.

The properties described in Definitions [1.3.2} are basic for ensuring, for example, the
existence and uniqueness of a noncontinuable solution of the problem (|1.1)), , see Theorem

below, and its continuation (Theorem [1.3.7]).

Theorem 1.3.5. (Local Existence) Let G: [ty,00) x C(D) — R™ satisfy Condition (C)
and let it be locally Lipschitzian. Then, for each ¢ € C™(D), the initial problem (1.1, (1.2)
has a unique solution on [ty — T,to + A) for some /A > 0.

Definition 1.3.6. Let x on [ty — 7, £1) and y on [ty — 7, B2), B2 > to, both be solutions of the
initial problem , . If 5 > B1, we say y is a continuation of x, or x can be continued
to [to — 7, 32). A solution z(t) of the initial problem (L.1), is noncontinuable (on an
interval [ty — 7,00)) if it has no continuation.

Theorem 1.3.7. (Extended Existence) Let G: [ty,00) x CT'(D) — R™ satisfy Condition
(C) and let it be locally Lipschitzian and quasi-bounded. Then, for each ¢ € C™(D), the
problem , has a unique noncontinuable solution x on [ty — 7, 1); if p1 < oo, then,
for every closed bounded set A C D, z(t) ¢ A for some t in (ty,51).

Definition 1.3.8. The trivial solution of (|1.1]) is said to be stable at ¢y > « (in the sense of
Lyapunov) if, for each € > 0, there exists § = d(e,?y) > 0 such that, whenever ||¢||. < 0, the
solution x(t;tg, ) exists on [ty — 7,00) and

llz(t; to, )| < e

for all t > ty — 7. Otherwise, the trivial solution is said to be unstable at t;. The trivial
solution of ([1.1)) is said to be uniformly stable on [, 00) if it is stable at each ¢y > « and the
number ¢ is independent of #y, i.e., 6 = d(¢) depends only on «.

Definition 1.3.9. Let Z: (o —7,00) — D satisfy the equation (1.1]) on [, 00). We say that =
is stable at ¢y > « (in the sense of Lyapunov) if, for each € > 0, there exists a § = d(g,%y) > 0
such that, whenever || — Zy |- < 9, it follows that z(-; ¢, ¢) exists on [ty — 7,00) and

[ (t; to, o) = T(1)]| <€

for all t > ¢ty — 7. Otherwise, the solution Z is said to be unstable at to (in the sense of
Lyapunov). The solution Z of (1.1)) is said to be uniformly stable on [«, 00) if it is stable at
each tp > « and the number § is independent of ¢, i.e., § = d(¢) depends only on e.
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Definition 1.3.10. The trivial solution of (1.1)) is said to be uniformly asymptotically stable
if it is uniformly stable and there exists a d; (independent of ;) such that, whenever tq > «
and ||¢]|; < d1, the expression

tends to 0 as t — oo in the following manner:

For each n > 0, there exists T'= T'(n) > 0 (independent of ¢) such that
= (t; to, )l <

forall t >ty +T.

The following definitions are related to the estimation of functionals. Throughout the thesis,
we will denote by V' = V(¢,2;) a functional such that

V' [to,00) x C" — R. (1.4)

Definition 1.3.11. Let a functional V' be given. It is called positive-definite if there exists a
continuous non-decreasing function w: [0, M) — R, w(0) = 0, w(s) > 0 if s € (0, M) such
that

V(t,4) = w(|[v(0)]])

on (o, 00) X C™(D).

Definition 1.3.12. Let a functional V' be given. V is said to have an infinitesimal upper
bound if there exists a continuous non-decreasing function W: [0, M) — R, W(0) = 0,
Wi(s) > 0if s € (0, M) such that

V(t,9) < W(ll¥ll,)
on (a,00) x C™(D).

Definition 1.3.13. A positive-definite functional V' having an infinitesimal upper bound is
called a Lyapunov-Krasovskii functional.

Definition 1.3.14. Let z: [to — 7,00) — R™. The derivative of a functional V (¢, z;) at a
point t >t is defined as
dV(t,x) i V(IE+ A za) = VIt 2)

dt = AN A ’

provided that the limit exists and is finite.

Below we assume that there exists the derivative dV (¢, x;)/dt of the functional V (¢, z;) along
the trajectories of the differential delayed systems considered, that is, we will assume that x
is a solution of a given system.

Theorem 1.3.15. If there exists a Lyapunov-Krasovskii functional V' and if it defines a non-
increasing function of t on [tg, 00) whenever

T = ‘r(';t()u 80)7 te [to -7, OO)

is the noncontinuable solution of (1.1 through some (to, @) € [a, 00) x C™(D), then the trivial
solution of (1.1)) is uniformly stable.



In the work, we need the following theorem, taken from [12, Theorem C, p. 366].

Theorem 1.3.16. Let w; be a continuous non-decreasing function on [0, M) which is zero
at 0 and positive on (0, M). Let |G(t, )| < B for some constant B > 0 for all (t,¢) €
[a, 00) x C™(D). If there exists a Lyapunov-Krasovskii functional V' such that, whenever
(to, ) € [a,00) x CI(D) and x = z(-;tg, ) on [ty — T,00), we have

im,xt) < —wi(J|z(#)])

for t € [tg,00), then the trivial solution of (1.1)) is uniformly asymptotically stable.

2  OPTIMIZATION IN NON-DELAYED CASE

A stabilization problem for a system of differential equations without delay is investigated in
this part. Below in parts and we denote by H a positive number. Parts and
are modifications of parts of [33]. We will use the original concepts and definitions of [33].

2.1 FORMULATION OF THE PROBLEM

Consider a system of non-delayed functional differential equations
2'(t) = F(t,z), (2.1)
where F': ®; — R™,
D = {(t,ﬂ?) € [to,OO) X Rm, ||£L‘|| < H}

Assume that F' is continuous and satisfies a local Lipschitz condition with respect to x.
For controllability problems we will consider systems ({2.1) with explicitly indicated control
functions in the form

d'(t) = f(t,2,u), (2.2)
where f: D — R™, f(t,0,,,0,) = O,

D :={(t,x,u) € [tg,00) x R" x R", ||z|| < H}.

Applied stabilization problems with the requirement of asymptotic stability of a given motion
described by the system of differential equations (2.2)) require the best possible quality of the
transition process. The best quality criterion is very often formulated minimizing the integral

I = /oow(t,x,u)dt, (2.3)

to
where w: ® — R. Frequently, the integrand is assumed to have a quadratic form
w(t,r,u) =27 Cx +u’ Du
with a positive-definite constant m x m matrix C' and an r x r matrix D.

Problem 2.1.1. The optimal control problem is formulated as follows. Find a function u = uyg
such that the quality criterion (2.3)) is fufilled and the trivial solution of ({2.2)) is asymptotically
stable.
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In other words, let a quality criterion of a process x(t) in the form ({2.3)) be fixed. It is necessary
to find a control function u = wug ensuring the asymptotic stability of non-perturbed motion
x(t) = 0 such that, for any other admissible control function v = u*, the inequality

/ w(t, x,up)dt < w(t, z,u")dt
to to
holds. The function u = uyg is called an optimal control function.

Definition 2.1.2. Let V': [tg, 00) Xx R™ — [tg, 00) be a continuous function. Then, V' is called
a Lyapunov function if it is a locally positive-definite function, i.e.

V(to,0) =0, V(tg,x) >0 for V(t,z) € [ty,00) x U\{0}
with U being a neighbourhood region around = = 0.

Definition 2.1.3. Let V be a Lyapunov function by Definition [2.1.2] V' is said to have an
infinitesimal upper bound if there exists a continuous non-decreasing function W: [0, H) —
R, W(0) =0, W(s) > 0if s € (0, H) such that

Vit z) < W([lz[))
on [ty,00) x R™.

Theorem 2.1.4. If a function V' can be found for the differential equations of the disturbed
motion satisfying Definition for which the derivative with respect to time based

on these equations dV/dt is negative and the function V itself permits an infinitesimal upper
bound, then the undisturbed motion is asymptotically stable.

2.2 MALKIN’S RESULT
Define an auxiliary function B: ®9 — R,
Dy ={(v,t,z,u) € R X [ty,00) x R™ x R", ||z|]| < H},
by the formula

dV (t, z)

BV t,z,u) = P

+w(t, x,u),

where V' is a Lyapunov function.
Let us formulate the main theorem of optimal stabilization presented in [33, p. 475-514]
utilizing the second Lyapunov method as applied to ordinary differential equations.

Theorem 2.2.1. Assume that, for the system of differential equations , there exists a
Lyapunov function Vy(t,x) having an infinitesimal upper bound and a function ug such that
i) the function w(t,x,u) is positive-definite for every t > to, ||z|| < H, u € R";

”) B (%7 t,l’, uO) = 07'
iii) B (Vo,t,x,u) > 0 for any u # ug.
Then, the function ug is a solution of the optimal control problem and

/oow(t, x, up)dt = min {/Oow(t, x,u)dt} = Vo (to, ).

to to

11



2.3 APPLICATIONS TO LINEAR EQUATIONS AND SYSTEMS

In this part, we apply Theorem to a class of ordinary differential equations and their
systems. The results derived are not included in [33].
I. Consider a scalar equation
2'(t) = az(t) + bu, (2.4)

where a and b (b # 0) are real constants. Together with the equation (2.4), we will consider
the quality criterion ([2.3]) with
w(t, z,u) = cx?(t) + du?,

where ¢ > 0, d > 0, that is,
- / (ca®(t) + du?)dt. (2.5)

to

Theorem 2.3.1. If, for the optimal control problem (2.4)), (2.5)), a Lyapunov function in the
form
V(L) = ha?(t),

where

h:

ad + Va2d? + b%cd
b2

is used, then the optimal control function is

hb
uy = —Fx(t).

I1. Consider a linear system with a scalar control function:
2'(t) = Az(t) + bu, (2.6)

where A € R™*™ b€ R™, x(t) € R™, u € R. We need to find a control function u = wg for
which the system (2.6 is asymptotically stable and a given integral quality criterion

= / (27 (1) C(t) + du?) e (2.7)

to

has a minimum value provided that C' is an m X m symmetric positive-definite matrix and
d > 0. We will use a Lyapunov function

V(t,x) = a7 (t)Hx(t),

where H is an m x m positive-definite symmetric matrix.
In the sequel, define ©,, as a zero k X k matrix.

Theorem 2.3.2. Assume that there exists a positive-definite symmetric matriz H satisfying
the matrixz equation

1
ATH+ HA+C - gbeTH = Opxm-
Then, the optimal stabilization control function uw = ug of the problem (2.6), (2.7) ezists and

Uy = —ClleHx(t).
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ITI. As the next application consider a system:
2'(t) = Az(t) + Pu, (2.8)

where A € R™*™ P e R™" z(t) € R™, u € R". We need to find an optimal control function
u = ug for which the system is asymptotically stable and an integral quality criterion

1=/ (27 ()Ca(t) + uT Du) dt (2.9)

to

takes a minimum value provided that C' € R™*™ is a symmetric, positive-definite matrix and
D is a diagonal control matrix, D = diag{d;}, d; >0, j=1,...,r.
We will use a Lyapunov function

V(t,x) = x" (t)Hx(t),
where H is an m X m positive-definite symmetric matrix.

Theorem 2.3.3. Assume that there exists a positive-definite symmetric matriz H satisfying
the matrix equation

A"H+ HA+C—HPD 'P"H = O,y
Then, the optimal stabilization control function u = ug of the problem (2.8), (2.9) exists and

uy = —D'PTHa(t).

3 OPTIMIZATION IN DELAYED CASE

In this part, we will consider systems of delayed scalar equations with constant coefficients.
For such equations, we will find control functions theoretically and, in specific cases, by using
the formulas obtained. The results of this chapter are new.

3.1 FORMULATION OF THE PROBLEM

Consider an arbitrary dynamic process and assume that it can be described by a system of
functional differential equations of delayed type

() = F(t,x), (3.1)

where F': D; — R™,
Dl = {(t,$t) S [tO,OO) X 077_71’ th“T < Mx}

and M, is a given positive constant. Let the functional F' be continuous, locally Lipschitzian
and quasi-bounded. Together with (3.1)), we consider the initial problem

T, = @, (32)

where ¢, > ty, and ¢ € C".
Our goal is to be able to control the process. Consider a process z: [tg — 7,00) — R™,
controlled by means of a control function (or control functional) u = u(t, z;), where

w: Dy — R”, u(t,0%) =0,
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such that ||u(t, z;)|| < M,, (t,z:) € Dy, M, is a given positive constant, and assuming that u is
continuous, locally Lipschitzian and quasi-bounded. Assume that the process can be modelled
by a system of differential equations of delayed type

d'(t) = f(t,xu), t>to, (3.3)
where f: D — R™,
D= {(t, 1, u) € [to, 00) X CT X R", ||zl < M, [Jull < M.}
and ||ul| is defined as in (1.3)). Assume that

F(£,605,0,) = O

Yy Ymo YT

and that f is continuous, locally Lipschitzian and quasi-bounded. Let, moreover, for a constant
Ky >0, ||f(t,z,u)|| < Ky whenever (t,x;,u) € D.
If we specify F(t,x;) := f(t, x4, u), where u = u(t, x;), then the system

2'(t) = f(t, x,ult, z)), t>to (3.4)

is a particular case of the system (3.1)) and (1.1)) and, consequently, the auxiliary concepts

formulated for (1.1]) in part can be applied to the system (3.4) as well.
In what follows, we will assume, without loss of generality, that the constant M, is so large

that the below solutions of the system ({3.4), defined on [ty — 7,00), satisfy ||z(t)]| < M,,
t €[ty —T1,00).
The problem under consideration is formulated as follows.

Problem 3.1.1. Find a control function u = wuy(t, z;) such that the zero solution x(t) = 6,,,
t > tog — 7 of the system
' (t) = f(t, @, u0(t, 1)), t > to, (3.5)

is asymptotically stable and, for an arbitrary solution z: [ty — 7,00) — R™ of (3.5]), satisfying
|zl < n, nis a sufficiently small positive number such that n < M, the integral quality
criterion

[e.e]

I= w (t, xy, uo(t, z¢)) dt, (3.6)

to

where w: D — R is a given positive-definite functional, exists and attains the minimum value.
This means that, for an arbitrary control function v = u*(¢,x;) such that the zero solution
x(t) = Opp, t >ty — 7 of system

' (t) = f(t, ze, u*(t,24)), t > to, (3.7)

is asymptotically stable, we have

o0

/ww(taxtauo(t7$t))dt < w (t,zp, u'(t, z7)) dt,

to to

where z: [ty — 7,00) — R™ is the solution of (3.5)) defined by the initial problem (3.2)) where
t, :=tg, and x*: [ty —7,00) — R™ is the solution of (3.7)) defined by the same initial problem.
The initial function ¢ in (3.2)) is arbitrary except for the assumption ||¢||. <.
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Remark 3.1.2. Modifying the above Definition of a positive-definite functional to the
functional w: D — R used in , we specify that w is a positive-definite functional if there
exists a continuous non-decreasing function w*(y1, y2) defined on the set S := {[0, 00) x [0, 00) }
such that w*(0,0) = 0 and w*(y1,y2) > 0 if (y1,92) € S\ {(0,0)}, and

w(t, ze, u) 2w (@), [lull), =t
whenever (¢, z;,u) € D. The non-decreasing property of w* means that

w*(y1,y2) < w*(y1,Ya)
whenever y; < ¥y, yo < ¥2 and (y1,92) € S, (Y1, 92) € S.

Remark 3.1.3. We call the function ug(t, ;) solving Problem the optimal stabilization
control function. Moreover, the problem of minimizing the integral I by an optimal
stabilization control function, as described in Problem[3.1.1] can be formulated more succinctly
using the following notation

I= min/ w(t, zy,u(t, x;))dt.
u tO

Problem [3.1.1] extends to delayed differential equations Problem II formulated for ordinary

differential equations in Malkin’s book [33, p. 479]. This problem is formulated above in part

as well (Problem [2.1.1)).

Remark 3.1.4. The optimal stabilization control function ug(t, z;), solving Problem [3.1.1] as
well as every other control function (¢, ;) mentioned in the work, is actually a function of
the variable t. Therefore, without loss of generality, we sometimes use ug(t), u(t) or ug, u for
short if there is no danger of ambiguity.

3.2 GENERALIZATION OF MALKIN’S RESULT

To solve the problem we are motivated by Malkin’s approach, presented in Section 2.2}
Define a functional B: Dy — R,

Dy :={(v,t, 2, u) € R x [to,00) X CT" X R, [[z|, < My, [[ul| < M.},

by the formula

dV(t, .Z't)
BV t,z,u) = ——=

Vot,zs,w) dt

where V' is defined by (1.4)) and the derivative of V' is computed as in Definition [1.3.14] provided
that x is an arbitrary fixed solution of the system (3.3)).
The next theorem is a generalization of Theorem for the case of delayed differential
equations.

+ W(t, T, U,),

Theorem 3.2.1. Assume that, for the system of differential equations of delayed type (3.3)),
there exists a Lyapunov-Krasovskii functional V(t,z;) and a control function ug(t,z;) such
that

i) the functional w: D — R is positive-definite;
i1) the identity
B(V,t,x,ug(t,zy)) =0
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holds on [ty, 00) for every solution x: [to—T,00) — R™ of the system (3.3)), where u = ug(t, x¢);

i11) the inequality B(V,t,xy,u) > 0 holds on [tg, 00) for every solution x: [ty — T,00) — R™ of
the system ([3.3)) with arbitrary fized control function u = u(t,x).

Then, the function uy(t, x;) is the optimal stabilization control function solving Problemm
that is,

o0

I= min/mw(t,xt,u(t,xt))dt :/ w(t, ze, up(t, xy))dt

u Jtg to

and, moreover,
/ W(t,l’t,UO(t,l’t))dt = V(t07$t0)-

to

Remark 3.2.2. Theorem [3.2.1] is an extension to delayed differential equations of Theorem
IV in Malkin’s book [33] p. 485] formulated there for ordinary differential equations. Optimal
problems for delayed differential equations with integral quality criteria are often considered
for a finite upper limit in an integral quality criterion I and are, in general, not applicable to
the case of this limit being infinite (we refer, for example, to [6,8,9}/18}/19.24,[25/32,(38/39,/43|48]
and to the references therein). In [16,23], the quality criteria are considered in an integral
form with an infinite upper limit. Unlike our investigation, a control law is searching in the
prescribed class of functionals. In [10], an integral quality criterion with an infinite upper limit
is used for solving an optimal control problem, but a weight function of an exponential type
is used to preserve its convergence.

3.3 APPLICATION TO LINEAR EQUATIONS AND SYSTEMS

I. Consider linear scalar equations with constant coefficients and a single delay
Z'(t) = ax(t) + bx(t — T) + cu, (3.8)

where a, b # 0, c are real constants, 7 > 0 is a delay and u is a control function.
Together with the equation (3.8)), we will consider a quality criterion (3.6)) with

w(t, x,u) = ax?(t) + 2B2(t)x(t — 1) + y2*(t — 1) + ou?,
i.e., (3.6) being a quadratic criterion

I= (aazQ(t) +2Bz(t)x(t — 7) + y2?(t — 7) + (5u2)dt, (3.9)
to
with
a>0, ay—p%>0, §>0.
Theorem 3.3.1. If, for the optimal control problem (3.8), (3.9), a Lyapunov-Krasovskii
functional is used in the form

¢
V(t,x,) = ha*(t) +d z?(s)ds, h >0, d >0,

t—T1
with h = —£/b (6b<0), d =,
§(2ha +d + a) — h*c* =0,
then the optimal stabilization control function ug equals

Uy = —};cm(t).
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I1. Consider linear scalar equations with constant coefficients and delays
—|—be )+ cu, t>0, (3.10)
where a, b; and c are real constants, i1 =1,...,n, 74 < < --- <7, =7 are delays and u is a

control function.
Together with the equation (3.10)), we will consider a quality criterion (3.6 with

w(t, zy,u Zaa: t—T;) —i-QZBz x(t — 7)) + yu?,

where 79 = 0, i.e., (3.6) being a quadratic criterion

/ <wa t =) +226z t—n)+7u>dt (3.11)

where ag, a5, 5; (1 =1,...,n) and 7 > 0 are constants and the matrix
ag B B2 ... P
Bl a1 0 e 0
/82 0 Qo ... 0
B 0 0 ... «a

is positive-definite.
Theorem 3.3.2. Let

If for the optimal control problem (3.10), (3.11) a Lyapunov-Krasovskii functional is used in
the form

V(t ) = +Zd / 22(s)ds, h >0, d; > 0,

t—7;
with
di = Q4

and if i
¥ <2ha + Zdi + a0> — KW =0,

i=1
then the optimal stabilization control function ug equals

he
Uug = ——x(t).
0 S (t)

ITI. Consider linear systems with constant coefficients and a single constant delay
z'(t) = Aox(t) + Ajx(t — 7) + bu, (3.12)

where Ay, A; are m X m constant matrices, b € R™, u € R, and a quality criterion (3.6]) with

w(t, z,u) = 27 (H)Crx(t) + 27 (1) Crax(t — 7)
+ a2t (t — 7)Corz(t) + 27 (t — 7)Coox(t — 7) + du?,

17



where m x m matrices C1q, Cy and an 2m X 2m matrix

Cll Cl?
C = 3.13
<021 022> (3.13)

are positive-definite and symmetric, Cy; = C}, and d > 0, i.e., (3.6)) is a quadratic criterion

I= /°° (2" () Cu(t) + 2 (1) Crow(t — 7)

to
+al(t — 7)Conx(t) + 27 (t — 7)Copa(t — 7) + du?) dt. (3.14)
We will employ a Lyapunov-Krasovskii functional
t
V(t,x) = a" (t)Hao(t) + 27 (5)Gx(s)ds, (3.15)
t—1

where H and G are m X m, constant, positive-definite and symmetric matrices.

Theorem 3.3.3. Assume that there exists a positive-definite symmetric m x m matric H
satisfying a matrixz equation

1
ATH + HAg + Cyp + Oy — gbeTH = Opmxm- (3.16)

If, moreover,
HA; + Cia = Opxm,

the optimal stabilization control function uw = ug of the problem (3.12)), (3.14)) exists and

1
Uy = —ngHx(t).

I'V. Consider linear systems with constant coefficients and a single constant delay
2'(t) = Aox(t) + Ajx(t — 7) + Pu, (3.17)

where Ay, Ay are m x m constant matrices, P € R™*" u € R", and a quality criterion (3.6])

I= [ (@ ()Cuz(t) + 2 (1) Croz(t — 7)

to

+ Z'T(t — T)CQﬂL’(f) + Z'T(t — 7)022$<t — T) -+ UTDU)dt, (318)
where m x m matrices C11, Cy and an 2m x 2m matrix (3.13)), i.e.,
Cii Ch
C =
(Cm Coy
are positive-definite and symmetric, Cy; = CJ, and D is a diagonal matrix, D = diag{d;},

dj >O,j: 1,...,7”.
We will use a Lyapunov-Krasovskii functional (3.15)), that is
t
V(t,z) = a7 (t)Ho(t) + 27 (s)Gx(s)ds,

t—1

where H and G are m x m constant, positive-definite and symmetric matrices.

18



Theorem 3.3.4. Assume that there exists a positive-definite symmetric matriz H satisfying
the matrixz equation

ATH + HAy+ Cyy + Cyy — HPD'PTH = 6,1 . (3.19)

If, moreover,

HA; + Ci2 = Onxm,
the optimal stabilization control function uw = ug of the problem (3.17)), (3.18)) exists and

wy = —D ' PTHa(t).

V. In this part, we consider systems of linear differential equations with delays

n

(1) = Ai(t — ) +cu, t>t, (3.20)
i=0
where A;, i =0, ...,n are mxm real matrices,c E R™, 0 =71y <13 < -+ < Ty, x: [tg—T,00) —

R™, ty € R and v € R is a control function. Set 7 := 7,,. A minimization problem ({3.6)) with

n n

wt,zpu)=> 't —7)Cuxt —7)+ > x" (t)Cox(t — 7)

i=0 i=1
+> 2" (t — 7)Ciox(t) + du® (3.21)
i=1
will be solved for the system (3.20]), where constant symmetric m X m matrices Cj; and an
auxiliary matrix

Coo Coi ... Con
c_ CilO C.n . Oy ,
Cw Cu ... Cu,

(Wlth Cij = Cj' = @me, 1> ] > 1, Z,j =1,... ,TL) are positive—deﬁnite, COi and C’z’o, O()i = C;I(;
are m X m constant matrices, d > 0. We will employ a Lyapunov-Krasovskii functional

noot
Vit 2) = o () Ha(t) + 3 / 2T (5)Gi(s)ds, (3.22)
i=17t"Ti
where m x m matrices H and G;, ¢ = 1,...,n are constant, positive-definite and symmetric.

Theorem 3.3.5. Assume that the matrix C is positive-definite and there exists a positive-
definite symmetric matriz H satisfying the matriz equation

n 1
ATH+ HA + > Cyi — chcTH = Opxm. (3.23)
=0

If, moreover,
AZTH_FCiO:@mea 1= 1,...,77,

then the optimal stabilization control function of the problem (3.20)), (3.21) ezists and equals

1
ug = ——c’ Ha(t).

d
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VI. In this part, we consider systems of linear differential equations with delays

n

i=0
where A;, i = 0,...,n are m X m real matrices, C' is an m X r real matrix, 0 = 79 < 71 <

cee < Ty, X g — T,00) = R™ tg € R and u: Dy — R is a control function. Set 7 := 7,,. A
minimization problem

I = min /Oow (t, 2, u) dt, (3.25)
u to
where
w(t,zg,u) =Y o' (t —m)Cux(t —7;) + > 2" () Coix(t — 1)
i=0 =1

+ iiT(t —7;)Ciox(t) + i u' Diz(t — 1)

i=1 =0

+> a"(t = 7)Dfu+u"Du (3.26)
i=0

will be solved for the system , where Cj; are m X m constant symmetric matrices, Cy;
and Cjy, Co; = CF are m x m constant matrices, D is an r X r symmetric matrix and D;, D,
D; = (D;)T are r x m and m x r constant matrices, respectively. Define auxiliary matrices
Cij = Cji = Opsem, (1 >j >1,4,7=1,...,n). Let X(¢) be an [(n + 1)m + r] x 1 vector
defined by the formula

Xt)=@"@t), 2"t —71),..., 2" (t — 1), u)"

and
Coo Co1 ... Con D
Cwo Cn ... Ci Dj
C=] : : - :
Cow Cn ... Cun D
Dy Dy ... D, D

Then, the formula (3.26)) can be written in the form
w(t,z,u) = XT(#)CX(t).
Below we assume that the matrix C is positive-definite, that is, the functional w(t,x;,u) is

positive-definite. In the following, we will employ a Lyapunov-Krasovskii functional (3.22)),
that is

V(t,z) =" (t)Ha(t) + zib: /ttn 27 (5)Gyx(s)ds,

where m x m matrices H and G;, i = 1,...,n are constant, positive-definite and symmetric.
Their elements will be defined in the formulation of the theorem below.
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Theorem 3.3.6. Assume that the matriz C is positive-definite and there exist positive-definite

symmetric matrices H and G;, i = 1,...,n, satisfying
ASH + HAg + Coo + - Gi — [HC + Dg) D [C"H + Do = O, (3.27)
i=1

ATH + Cio = D;D7Y[CTH + Do| = O, i=1,...,m,
Gi - C“ - D;kD_lDl = @mxma 1= 1, o, n.
If, moreover,
DiD7'Dj = Opxm, 4,5 =1,...,m, i # ],
then the optimal stabilization control function of the problem (3.24)—(3.26|) exists and equals

ug = —D ' [CTH + Do|a(t) - D' Dia(t — 7).
=1

As a particular case of Theorem [3.3.6, consider the system (3.24) with the quality

criterion (3.25) where matrices D;, D}, ¢ =0,...,n are zero matrices, that is, let

n

w(t, xp,u) == ixT(t — 1) Cuz(t —7;) + > " (1) Coiz(t — 1)

=0 =1

=1

Then, the following holds.

Theorem 3.3.7. Assume that the matrixz C is positive-definite and there exist positive-definite
symmetric matrices H and G;, i = 1,...,n, satisfying

ATH+ HAy+ Coo+ > Gi— HCD'C"H = Oy, (3.29)
=1

AZTH—FCZ() :@mxm; 1= 1,...,77,.
If, moreover
GZ:CM, izl,...,n,

then the optimal stabilization control function of the problem (3.24]), (3.25)), (3.28) ezists and
equals

uy = —DTCTHz(t).

4 CONCLUSIONS

The thesis considers the problem of optimal stabilization for ordinary and functional
differential systems. It is based on the result [Theorem m, page given in Malkin’s
book [33, Theorem IV, page 485]. The book [33] is a revised edition of the book [34] and,
furthermore, contains new parts - Additions -1V, prepared by Malkin’s followers led by
academician N. Krasovskii. In the thesis, first Theorem [2.2.1] was applied to some classes of
linear non-delayed differential equations and then the previous result was extended to delayed
differential equations and systems. If the delay vanishes (7 = 0), our results reduce back to
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those already known from [33].

The main result of the thesis is Theorem m (page , which solves the problem of
minimizing an integral quality criterion. In order to solve this problem, we find an optimal
stabilization control function, which simultaneously guarantees the asymptotic stability of a
given system of differential equations. The result obtained is successfully applied to certain
classes of linear differential equations with delays.

The problems and derived results, formulated in the thesis, can serve as a motivation for
further research. For example, in the thesis, the assumption i) (B(V,t,z;,uy) = 0) from
Theorem m (page is considered only in cases explicitly solvable with respect to ug. It is
also an open question if the theory of implicit functions can be applied to more complicated
cases and, consequently, if the results obtained in the thesis can be extended. Another
challenge is to apply the results to linear systems with variable coefficients, first in the case
of the coefficients being almost constant (for ¢ — o).

As a topic for future research, investigation of the solvability of the matrix equations (in the
thesis, for example, equations (3.16)), (3.19)), (3.23)), (3.27])) with respect to the matrix H can
be suggested as well.

Application of the main result to linear systems leads to complicated systems of nonlinear
equations, which determine the elements of the matrix H that has a crucial role in the
formulated criteria. In the examples of this thesis, we sometimes overcome this circumstance
by using a suitable software. That is why it could be useful to create a special program for
solving certain classes of the problems considered.
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ABSTRACT

The present thesis deals with processes controlled by systems of delayed differential
equations
?'(t) = f(t,xu), t >t

where ty € R, f is defined on a subspace of [ty, 00) X C™ X R", m,r € N, C™ = C([-, 0], R™),
7> 0, 2:0) :=2(t+0),0 € [-7,0], z: [to—7,00) — R™. Under the assumption f(t,6},,60,) =
O, where 0% € C" is a zero vector-function, 6, and 6,, are r and m-dimensional zero vectors,
a control function u = wu(t, z), u: [tg,00) x C™ — R", u(t, 6%,) = 0, is determined such that
the zero solution z(t) = 6,,, t > ty — 7 of the system is asymptotically stable and, for an
arbitrary solution x = x(t), the integral

/too w (t, x, u(t, z,)) dt,
0

where w is a positive-definite functional, exists and attains its minimum value in a given
sense. To solve this problem, Malkin’s approach to ordinary differential systems is extended
to delayed functional differential equations and Lyapunov’s second method is applied. The
results are illustrated by examples and applied to some classes of delayed linear differential
equations.

ABSTRAKT

Dizertacni prace se zabyva procesy, které jsou rizeny systémy zpozdénych diferencialnich rovnic
l’/(t) = f(ta .ﬁlﬁ't,U), t 2 tO

kde tg € R, funkce f je definovéna v jistém podprostoru mnoziny [tg, c0) X C™ x R", m,r € N,
cr = C([-7,0,R™), 7 > 0, (0) := x(t +0), 0 € [-7,0], x: [to — T,00) — R™. Za
predpokladu f(t,0%,,0,) = 0,,, kde 0%, € C™ je nulova vektorova funkce, 6, a 6, jsou r a m-
dimenziondlni nulové vektory, je fidici funkce u = u(t, x;), u: [tg,00) x C™ — R", u(t, %) = 6,
urcena tak, ze nulové feseni x(t) = 0,,, t > to — 7 systému je asymptoticky stabilni a pro
libovolné feseni x = x(t) integral

/too w (t, x, u(t, z,)) dt,
0

kde w je pozitivné definitni funkcional, existuje a nabyva své minimélni hodnoty v daném
smyslu. Pro TeSeni tohoto problému byla Malkinova metoda pro obycejné diferencialni
systémy rozsitena na zpozdéné funkcionalni diferencialni rovnice a byla pouzita druha metoda
Lyapunova. Vysledky jsou ilustrovany ptiklady a aplikovany na nékteré tridy zpozdénych
linearnich diferencialnich rovnic.
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