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CONTINUOUS-DISCRETE DYNAMIC MODELS

V.P. MAKSIMOV

Abstract. We consider dynamic models with an aftereffect in the form of functional differ-
ential equations with continuous and discrete time. We formulate a general control problem
with respect to a given system of target functionals and a brief summary of known results
on solvability of this problem under polyhedral point control constraints. In concluding
section we present results on estimating the set of attainability under integral restrictions
for the control. The proposed version of the synthesis of continuous and discrete systems
is based on the systematic use of the theory abstract functional differential equation and
has certain advantages in the study of systems and processes with aftereffect. Continuous-
discrete functional-differential models allow us to take into consideration the aftereffects
when modeling, including cases of complete memory, and effects arising when impulse per-
turbations (shocks) are taken into consideration and they are leading to jump changes in
the phase state by components with continuous time.

Keywords: functional-differential systems, control problems, hybrid systems, set of at-
tainability.
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1. INTRODUCTION

Actual applied problems arising in various fields of applications, including problems of anal-
ysis, synthesis and control for real technical and social-economic systems, constantly give rise
to new types of mathematical models involving ordinary differential equations. These models
include dynamic models containing simultaneously phase variables and equations with both
continuous and discrete time; such models and corresponding systems are often called hybrid.
An interest of researchers in various classes of hybrid models has been steadily increasing over
the last 15 years. We just mention here well-known works of Russian and foreign authors, see
[31, B8], [13]-[15], [19], [20], [23], [24], [27]-[30], [35]. It should be said that the aim to offer an
universal point view on differential equations and equations in finite differences led to creating
the theory of dynamical equations on time scales, see, for instance, works [4], [16]-[18], [22].

Despite the presence of plenty of particular results, the general and relatively complete theory
of hybrid systems of a sufficiently general form is currently absent. In this paper we discuss
a version of the synthesis of continuous and discrete systems based on the theory abstract
functional differential equation (AFDE) [21] and having certain advantages in studying systems
and processes with an aftereffect. Continuous-discrete functional differential models give an
opportunity to cover the aftereffects in real applications, including the cases of complete memory
and the effects arising when impulse disturbances are taken into account (shocks) leading to an
abrupt change in the phase state with respect to the components with continuous time. One
of the main aspects of this problem is the possibility, need and feasibility of using complete
results currently known for functional differential systems and systems of difference equations.
We note that, with rare exceptions, in papers on hybrid systems, a corresponding continuous
time subsystem is described by ordinary differential equations. In contrast to these works,
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the models we consider here cover a very general case of differential and integro-differential
equations with aftereffect, including systems with impulse actions.

2.  CONTINUOUS-DISCRETE MODELS WITH AFTEREFFECT

In order to describe a considered class of models, we first introduce basic spaces. We fix
a finite segment [0,7] € R. By L" = L"[0,T] we denote the space of summable functions
v:[0,7] — R"™ with the norm

T
loll 2 = / [0(8) . ds,
0

where | - |, (| - | if the dimension of the space is clear from the context) is the norm in the
space R". By the symbol L} = L3[0,T] we denote the space of square summable functions
u: [0, 7] — R" with the scalar product

where the symbol ()" denotes the transposition.

We define a set {71,...,7Tm}, 0 <7 < ... <7, <T, and we introduce a space PAC™(m) =
PAC™0,7,...,7Tm,T], see [1], as the space of piece-wise absolutely continuous functions z :
[0, 7] — R™ which can be represented as

¢ m

x(t) = /v(s) ds + z(0) + ZX[%T}(L‘)AQC(T;C),

0 k=1

where v € L™, Ax(7,) = (1) — 2(7x —0), X}r.,1(t) is the characteristic function of the segment
[Tk, T]:

Xmor(t) =1 as te€[n, T,  xpm)=0 as t¢[n,T]
Thus, the elements of the space PAC™(m) are functions absolutely continuous on each of the
segments [0, 71), [11,T2), -, [Tm, T], right continuous at the points 1y, ..., 7,,. Being equipped

with the norm
|2l pacnmy = 2] v + [2(0)n + > |Az(7k)]
k=1

the space PAC™(m) becomes Banach and isometrically isomorphic to the direct product L™ x
Rn—i—nm.

The space AC™ = AC"[0,T1] is the space of absolutely continuous functions x : [0,7] — R”"

with the norm
[z][acm = [|2([ Ln + |2(0)]n-

We note that space PAC™(m) is a finite-dimensional extension of the space AC™. At that,
the jumps Az (7g) of the elements in PAC™(m) can be interpreted as a result of impulse action
on the elements of the space AC™; a detailed description of such interpretation can be found
in [1J.

We fix a set J = {to,tl,...,tu}, 0 =1 < t1 < ... < t# = T. By FDV(/L) =
FD"{tg,t1,...,t,} we denote the space of functions z : J — R” with the norm

I
Izl o = Y J2(t)lo.
=0

Below we employ the symbol z for the elements of the space F'D" bearing in mind that z =
col(z(to), ..., 2(t,)), and we introduce the symbol pz = col(z(t1),...,2(t,)). The space of all
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pz,z € FD", embedded into FD"(u): pz — col(0, z(t1),...,2(t,)) € FD", is denoted by the
symbol FDy.

While describing continuous-discrete models, we follow work [26]. We write a general case of
linear impulse continuous-discrete model as

& =Tnr + T2z + f,

pz =Tnx + Tz + g,
where linear bounded Volterra operators 7T;;, 7,5 = 1,2, act as follows:
Ti1 : PAC™ — L™, Tio: FD” — L™, To1 : PAC" — FD", Too : FDY — FD".

We recall that a linear operator V : X — Y, where X and Y are linear spaces of measurable
on [0, 7] vector function, is called Volterra operator if for each 7 € (0,7") and each x € X such
that z(¢t) = 0 on [0, 7], the identity holds (Vx)(t) = 0 on [0, 7]. In the case when the operators
7i; are Volterra ones, system is a dynamical model with an afteraffect.

The used representation of these operators is given below. Together with model , we
shall also consider its restriction corresponding to the case when the phase space PAC™ of the
component x with a continuous time is replaced by the space AC™. In this case the impulse
action is absent and all Ax(7;) vanish. While referring to such model, we shall additional
employ the asterisk: *.

System is a particular case of an abstract functional differential equation (AFDE) [21],
[1]. We recall the definition of AFDE. Let D and B be Banach spaces and D be isomorphic to
the direct product B x R? (briefly D = B x RP). The equation

Ly=¢ (2.2)
with a linear bounded operator £ : D — B is called a linear AFDE. The theory of equation
(2.2)) is systematically exposed in [21], [1]. We fix an isomorphism J ={V,T}: B x R? — D
and we denote by J~' = [4,7] the inverse mapping. Here V : B — D, T : R® — D and
d:D — B, r:D — R" are corresponding components of the operators J and J '

J{v,a} =Vuv+Ya € D, ve B, aeclR?,
Jly ={6y,ry} € B x RP, yeD.

(2.1)

The system
oy =v, 1y =« (2.3)
is called the principal boundary value problem. For each {v,a} € B x RP, an element
y=Vuv + Ta (2.4)

is a solution of problem ([2.3)). Representation ([2.4]) provides that for the operator £ we have
Ly = L(Vv + Ta) = LVv + LYY o« = Qv + Aq,

the operator () : B — B, a so-called principal part of the operator £, and finite-dimensional
operator A : R? — D are defined by the identities ) = LV and A = LY. A general theory of
equation (2.2)) was constructed under the assumption that the operator () is Fredholm, that is,
it can be represented as the sum of an invertible and a completely continuous operators.

From the point of view of the AFDE theory, system can be written as equation
with the operator £ defined by the identity

T —Tnxr — Tz
b= <P2’ — Tz — 7522> ’ (25)

where y = col(x,z) € PAC™ x FDV. In this case D = B x Z, B = L" x FDY and Z =
R x R”. We also observe that here the operators ¢ and r are defined by the identities

dy = col(z, pz), ry = col(z(0), Ax(m), ..., Ax(1y), 2(0)).
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In order to define the principal part ) : B — B, we introduce the operators
V:.L"— AC", U:FD{ — FD"

by the formulae
t

(VV)(t) = / W(s)ds,  Uv = col(0,0).
0

Thus, we arrive at the representation
v v — TuVv — T Uv 06
Q v - U—751VV—752UU ' ()
In all cases we consider below, the Fredholm property of the operator () is implied by its
invertibility. The general theory of AFDE answers principal questions on the structure of a
general solution of equation ([2.1)), the dimension of the space of solutions to the homogeneous
equation (f = 0, g = 0), criterions of unique solvability of general boundary value problems.
This gives an opportunity to concentrate on a detailed studying actual problems having also
an application value, while considering continuous-discrete FDE, employing at the same time

the features of this class of dynamical models. In the present work we restrict ourselves by the
results obtained while studying control problems.

3. CONTROL PROBLEMS

In order to formulate a general control problem, we introduce control actions into system

Z1):
& =Tnx + Tiez + Fu + f, (3.1)
pz = Tor1x + Taoz + Gu + g, '

where F' : Ly — L™, G : Ly — FD" are linear bounded Volterra operators and we define
operators 7T;j, 4, j = 1,2, by the identities:

m

(Tiz)(t /Kl (t,s)x(s)ds + Al( )z(0) + ZA,li(t)Aa:(Tk), t € 10,7,

k=1

where the entries kj;(t,s) of the kernel K'(t,s) are measurable on the set 0 < s <t < T and
possesses a common majorant (t) summable on [0, 77:

B(ts)] < /), Gj=1.m

while (n x n)-matrices A}, ..., Al have summable on [0, 7] entries;
122 Z B 7 te [07 T]7
{j:ti<t}
where the entries of the matrices B ]1., j=0,..., u, are summable on [0, T]; as usually, hereinafter

!
> P =0forall Pifl <k:

i=k
ti—1

(Ton)(t:) = / K2(s)i(s)ds + ABa(0)+ 3 AZAx(n), i=1,....4

0 ki <t;
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where the entries of the matrices K? are measurable and essentiable bounded on [0, T, (v x n)-
matrices Afk, 1=1,...,u, k=1,...,m, are constant;

1—1
(Ta22)(t:) = ZB%Z(%), i=1,...,1
=0

where BY; are constant (v X v)-matrices.
The initial state of the control system is supposed to be given:

z(0) = a, 2(0) = . (3.2)
The target of the control is defined by the identity
x
ty=1 (z) — 3, BeRY, (3.3)

where ¢ : PAC™(m) x FD"(u) — RY is a linear bounded vector functional. We recall a
representation for such vector functional:

T
x m "
l (Z) = /q><s)g;~(s) ds + ox(0) + > WpAx(r) + > Tyz(ty).
0 k=1 §=0
Here Uy, k = 0,1,...,m, are constant (N X n)-matrices, I';, j = 0,1,...,u, are constant
(N x v)-matrices, ® is a (N x n)-matrix with measurable and essentially bounded on [0, T
entries. We assume that the entries ¢; : PAC"™(m) x FD"(u) — R, i = 1,..., N, are linearly
independent.

In the case, when the control v € L} and an impulse control, the role of which is played
by the jumps Axz(7x), k = 1,...,m, of the trajectory x € PAC™(m), obey no constraints, the
solvability criterion of problem f in the class of program control was formulated in
[26].

In the case of polyhedral point restrictions for the control w:

A-ut) <y, ~yeRM, te|0,T], (3.4)

in a natural way, there arises a problem on describing the set of all target values /3, for which
control problem — is solvable. The mentioned set is called an attainability set for this
problem. We note that in the most part of works on attainability sets for controlled dynamical
models the attainability is understood for the terminal values of the trajectory, while in our
work it is understood for a target vector functional ¢ of a general form (¢-attainability). The
main constructions for obtaining estimates for the sets of f-attainability are based on using the
results from [31] on studying a general moment problem and they are presented in work [32] for
the case, when the impulse part of the control is absent. The case with the impulse component
was considered in [9]. All constructions used for obtaining internal (lower by inclusion) and
external (upper by inclusion) estimates for the attainability set were essentially based on a
representation for the solution for the Cauchy problem of system (12.1)):

sy (o) +e()) 29

Ci1 Ci2
Here Y is a fundamental matrix of solutions of a homogeneous system, C = ( Co C > is
21 C22

the Cauchy operator, o = col(Axz(7), ..., Ax(7,)). The structure of the Cauchy operator, the
representations and the properties of its components were studied [33], [L0], while in works [I1],
[34] there was selected and studied a class of continuous-discrete models with a discrete memory,
for which the Cauchy operator is constructed explicitly by the parameters of the model. In this
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class, it is possible to solve explicitly the problem on constructing program controls leading to
given attainable target values [12]. Applications of continuous-discrete models to problems of
economy dynamics were discussed in [11], [2], [25].

4. ESTIMATE OF ATTAINABILITY SET FOR
CONTROL PROBLEM WITH INTEGRAL CONSTRAINTS

We consider the control problem (3.1))*—(3.3) with integral constraints on a control u € Li:

/A(t) (B dt < v, 4 EeRM, (4.1)

where A(+) is a (V7 x r)-matrix, the entries of which are square summable on [0, 7]. We recall
that the asterisk * in the reference (3.1)* indicates the restriction to the space AC™ of all
operators acting on the component z of the phase vector y = col(z,z) and in this way the
impulse control component is excluded.

We employ representation and obtain an expression for the values of the target vector
functional on all trajectories generated by controls u € Lj:

T
x d
V4 (Z) = / (I)(S)% (Cllf -+ Clgg -+ CHFU + ClgGU) ds + \IJQCY + F05
0

+ T (Corf 4 Co2g + Co1 F'u 4 C2oGu)

where I' = (I'y,...,T,).
We collect terms involving the control:

T
T d N
14 (Z) = /(I)(S)% (CHFU + ClgG’U,) ds+T (621Fu + 622Gu) + 8,
0

where
T

~ d
G /@@)% (Cirf + Crog) ds + T (Carf + Cang) + Woar + TS (4.2)
0
is the sum of terms containing no control variable and reflecting the dependence on the initial
state of the system and on given external actions.
For further calculations we employ a representation of the components of the Cauchy operator
constructed in [33]:

t
(Ciif)(t) = /C’ll(t, s)ds, (Cr2g)(t Z /012 (t,s)dsg(t;), te]0,T7;
0 It <t 0
t;

(Car f)(t:) = /021(i7 s)f(s)ds, (Caag)(t Z Cigt)), i=1,..., 4.
0

The expressions for the kernels Cj;, 4, 7 = 1,2, can be found in the mentioned work. Employing
these representations, identity (3.3)) defining the target of the control can be reduced to the
integral form with respect to the control w:

/ M) -ult)dt = B — B, (4.3)
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where M(t) is an (N X r)-matrix (moment matrix) and the constant vector 3 is defined by
identity (4.2)). Thus, control problem with integral restrictions for the control is reduced to the

system
T

/M(t) u(t)dt = (8- B) € RV, /A(t) u(t)dt < v € RM. (4.4)

A lower by inclusion estimate for the attainability set is based on the following constructions.
We partition the segment [0, 7] into partial intervals by the points ¥y, ..., ¥xc_1:

0="g < <...<Vx_1 <T =7,

and we denote by y;(t) the characteristic function of the interval (¥;_1,7;]. We restrict the
class of used controls by piecewise constant controls of the form

u(t) = Zdz‘X1;<t>7 (4.5)

where d; € R are constant vectors. We define constant (N x r)-matrices M; and (N; X r)-
matrices A; by the identities

9, 0,
M; = / M (t)dt, A= A(t)dt
91 Vi1
We fix a set of vectors Ay, ..., Aj, ..., Ay € RY and for each j we formulate the problem of
the linear programming:
K K
> N Mid; — max, > Aid; <. (4.6)
i=1 i=1

Let Aj,, ..., Ajy, be a subset of the set {N\}, 7 =1,...,N, and for each its entry problem (4.6)

has a solution D* = (d{’“, e ,dfé), k = j1,...,Jn,.- While substituting each such solution into
(4.5)), we define a program control w’*(t), which gives an attainable value of the target vector

functional ¢:
T
x , .
/ (2) = /M(t) ~uk () dt = p*.
0

The set of these values, being the points in the space RY, allows us to provide an internal
estimate for the attainability set.

Theorem 4.1. Let P be the set of all convex combinations of the points p*, k = j1, ..., jn, -

Then each value B € RN such that the point p = 3 — E with the constant vector B defined by
identity (4.2)) belongs to the set P is an attainable value of the target functional ¢ in problem

*7; '

Proof. Each control u/*(t) satisfies integral constraint (4.1). Each control

satisfies this constraint at well; here
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Indeed, it follows from

that

T T
wk/A(t)ufk(t)dt = /A(t)wkujk(t)dt <wy, k=1,...,.M
0 0
Summing up these inequalities, we obtain
T
/ A()u(t)dt < 4
0

In order to complete the proof, it remains to observe that each point in the set P determined
by a fixed set of the coefficients of the convex combination corresponds to a program control

with the same set of the coefficients at the controls u*(t). O
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