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1. Introduction

Vector-valued differential equations with small positive parameters, multiplying some of the
highest order derivatives, are called singularly-perturbed differential equations. Such equations
serve as mathematical models in various applications where multi-time-scale dynamics appears.
These parameters are called parameters of singular perturbations. In applications, they can be
small masses, small time constants, small capacitances, small geotropic reactions, as well as many
other small positive parameters in electrical engineering, control engineering, aerospace engineering,
mechanical engineering, physics, chemistry, biology, medicine, etc. (see, e.g., [1-3] and the references
therein). An important class of singularly-perturbed differential systems is the class of the systems
with small time delays (of order of the parameter of singular perturbation). Such systems appear in
various real-life applications, for instance in nuclear engineering [4], in botany [5], in physiology and
medicine [6,7], in control engineering [8], and in communication engineering [9,10].

Various theoretical and applied issues in the area of singularly-perturbed controlled systems
without delays, as well as with state and /or control delays were extensively studied in the literature
(see, e.g., [1,11-13] and the references therein).

One of the basic properties of a controlled system is its controllability. The controllability means
the existence of a control function transferring the system from any admissible initial position to any
admissible terminal position in a finite time. This property was extensively studied in the literature
(see, e.g., [14-18] and the references therein). To find out whether a singularly-perturbed system
is controllable with respect to a proper definition, corresponding controllability conditions can be
directly used for any pre-chosen value of the small parameter ¢ > 0 of singular perturbation. However,
the stiffness and a possible high Euclidean space dimension of this system can considerably complicate
this use. Moreover, such a use depends on the value of ¢, and it should be repeated more and more
while this parameter changes. Furthermore, it should be noted that in many applications, the current
value of ¢ is unknown. These circumstances show how it is important to derive e-free conditions,
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which provide the validity of the controllability for a singularly-perturbed system robustly with respect
to ¢, i.e., for all sufficiently small values of this parameter.

Controllability of singularly-perturbed systems, robust with respect to ¢, was studied in the
literature in a number of works. Thus, in [19-22], the complete controllability of some linear and
nonlinear systems without delays was analyzed. The robust complete/output Euclidean space
controllability for various linear time-dependent/time-invariant systems either with delays only
in state variables or with state and control delays was analyzed in [23-32]. However, the functional
controllability (approximate and exact) of singularly-perturbed time delay systems was studied only
in a few papers (see [33] and the references therein). Moreover, to the best of our knowledge, the exact
functional controllability of a singularly-perturbed system was studied only in [33]. Namely, in this
work the functional null controllability was investigated for a singularly-perturbed linear constant
coefficients system with non-small point-wise commensurate delays (of order of one) only in the slow
state variable. Parameter-independent sufficient conditions for the functional null controllability of
this system were derived.

In the present paper, two types of singularly-perturbed nonlinear time-dependent systems with
point-wise non-commensurate delays and distributed delays are considered. The delays are small
of the order of e. For each type of these systems, e-free functional null controllability conditions
are derived. These conditions are robust with respect to ¢, i.e., they guarantee the functional null
controllability of a corresponding system for all sufficiently small positive values of this parameter.

The following main notations are applied in the paper:

E" is the n-dimensional real Euclidean space.

The Euclidean norm of either a vector or a matrix is denoted by || - ||

The upper index T denotes the transposition either of a vector x (xT) or of a matrix A (AT).
I, denotes the identity matrix of dimension .

Gl ® N

Clt1, tp; E"] denotes the linear space of all vector-valued functions x(-) : [t;, 2] — E", continuous

in the interval [ty, t5].

6. col(x,y), where x € E", y € E™, denotes the column block-vector of the dimension n + m with
the upper block x and the lower block y, i.e., col(x,y) = (xT,yT)T.

7. ReA denotes the real part of a complex number A.

2. Problem Formulation

Consider the controlled system:

dx(t)
dt

M=

.
i
o

[Aqj(t)x(t — ehj) + Ay (t)y(t — ehy)]

+ /Oh [Gy(,T)x(t + 7) + Galt, D)y (t + e7)]dT + fi (2(0), 1)

+f2(z(t —€hy), ..., z(t — €hn),t) + By (t)u(t), t >0, 1)
dy(t) &
]:

+ /fh [Ga(t, T)x(t + £7) + Ga(t, T)y(t + e7)]dT + f5(2(1), 1)
+fu(z(t — ehy), ..., z(t — ehn), ) + Ba(H)u(t), t >0, ()
where x(t) € E", y(t) € E", z(-) = col(x(-),y(-)), u(t) € E" (u(t) is a control); ¢ > 0 is a small

parameter; N > 1; 0 = hy < h; < .. < hy = h are some given e-independent constants; Al-j(t)
and Bi(t), (i = 1,..,4, j = 0,1,..,N; k = 1,2) are matrix-valued functions of corresponding



Axioms 2019, 8, 80 30f 19

dimensions, continuously differentiable for t € [0,+); G;(t,T), (i = 1,...,4) are matrix-valued
functions of corresponding dimensions, piecewise continuous in T € [—h,0] for any ¢ € [0, +o0) and
continuously differentiable with respect to t € [0, +0c0) uniformly in T € [—h,0]; fi(z,t), (I = 1,3) are
given vector-valued functions of corresponding dimensions, continuous for (z,t) € E"™" x [0, 4+c0);
fr(q1,..,qn, 1), (p = 2,4) are given vector-valued functions of corresponding dimensions, continuous
for (q1,....qn,t) € E" x .. x E"™ x [0, +c0). Moreover, the functions f(z,t) and f,(q1,...,qn, t),

A

(I =1,3; p = 2,4) satisfy the following limit conditions uniformly in ¢ € [0, £]:

lim lAGEA1_ 0, 1=1,3, 3)

K1 —r+00 1

1 fp (g1, - qn 1)

li =0, =24, 4
Bézig.lkoo (Xz p ( )
where f > 0 is any given time instant, and:
A A .
a1 = |lzll, az = |col(qr,...qn)||, z€E"™, g; € E"", j=1,.,N. (5)

For any given ¢ > 0 and piecewise continuous control function u(t), t € [0, +o0), the system
(1) and (2) is a nonlinear time-dependent functional-differential system. It is infinite-dimensional
with the state variables x(t + €7), y(t + ¢7), T € [—h,0]. Moreover, for 0 < ¢ << 1, this system is
singularly-perturbed. Equation (1) is called a slow mode, while the Equation (2) is called a fast mode
of (1) and (2). The important feature of (1) and (2) is that this system has the state delays proportional
to the small multiplier e for a part of the derivatives, namely for dy(t)/dt.

Let t. > 0 be a given time instant independent of &.

Definition 1. For a given ¢ € (0,t./h), the system (1) and (2) is said to be functional null controllable at the
time instant t. if for any @x(-) € C[—¢eh,0; E"| and ¢y(-) € C[—¢eh,0; E™], there exists a piecewise continuous
control function u(t), t € [0, tc], for which the solution col(x(t,€),y(t,€)), t € [0, tc] of the system (1) and (2)
with the initial conditions:

(1) = ¢x(1), y(1) = ¢y(7), 7€ [~eh,0] Q)
satisfies the terminal conditions:
x(t,e) =0, y(te)=0 Vte ]t —eh,t]. ?)

In what follows, we study two particular types of the system (1) and (2). In the system of the
first type, the slow mode is uncontrolled, and this mode does not contain the delayed state variables.
In the system of the second type, the fast mode is uncontrolled, and it does not contain the delayed
state variables. The objective of the paper is the following: or each of the above-mentioned types of the
system (1) and (2), to derive e-free conditions of the functional null controllability, which are valid for
all sufficiently small values of e.

3. Preliminary Results

3.1. Euclidean Space Null Controllability of a Singularly-Perturbed Linear Time Delay System

In this subsection, we consider the linear system associated with the original system (1)
and (2). Namely,
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X N
d dgf) _ Zo [Avj(D)x(t — ehy) + Ag()y(t — eh)]
]:
N /70}1 [Gl (t, T)X(t I ST) + Gz(t/ ’Z_')]/(t + ST)]dT + B1<t)u(t>, t>0, (8)
N
Zo Azj(t)x(t — ehj) + Agj(t)y(t —ehy)]
=
- /,Oh [Ga(t, T)x(t + €7) + Ga(t, T)y(t + eT)]dT + By(H)u(t), +>0. ©

Let &2 > 0 be a given number. Let f(¢), ¢ € [0,¢] be a given continuously-differentiable
non-increasing function of ¢, and f(¢) > 0, ¢ € [0,¢°]. Thus,

0 < f(e) <F0) Vee]0,€. (10)

Definition 2. For a given ¢ € (0,€°], the system (8) and (9) is said to be Euclidean space null controllable
at the time instant F(e) if for any ¢x(-) € C[—eh,0; E"] and ¢, () € C[—¢h,0; E™], there exists a piecewise
continuous control function u(t), t € [0,£(¢)], for which the initial-value problem (8), (9), and (6) has the
solution satisfying the terminal conditions:

x(E(e)) =0, y(f(e)) =0. (11)
3.2. Euclidean Space Null Controllability of the Original System (1) and (2)

Definition 3. For a given e € (0,€°], the system (1) and (2) is said to be Euclidean space null controllable
at the time instant F(e) if for any ¢x(-) € C[—eh,0; E"] and ¢, () € C[—¢h,0; E™], there exists a piecewise
continuous control function u(t), t € [0, ()], for which the boundary-value problem (1), (2), (6), and (11) has
a solution.

Based on the limit conditions (3) and (4) and the results of [34], we directly obtain the
following assertion.

Proposition 1. Let for a given e € (0,&°], the system (8) and (9) be Euclidean space null controllable at the
time instant F(e). Then, for this ¢, the singularly-perturbed nonlinear system (1) and (2) is Euclidean space null
controllable at the time instant f(e).

4. System of the First Type

In this section, we consider the following particular case of the system (1) and (2):

P _ Awlb)x() + An(By(®) + fi((0),8), t20, (12)

N
= Z(:] [Asj(t)x(t — ehj) + Agj(t)y(t — ehy)]
j=

+ /j]h [Ga(t, T)x(t +eT) + Ga(t, T)y(t + €T) | dT + f3(2(t), )
+fa(z(t —eh), ..., z(t —ehn), t) + Ba(t)u(t), t = 0. (13)
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The linear system, corresponding to (12) and (13), is a particular case of the system (8) and (9),
and it has the form:

dx(t)

T = Ayp(t)x(t) + Azo(t)y(t), t>0, (14)

N
sdzl—(:) = Z(:] [A3j(t)x(t —eh;) + Agj(t)y(t — eh]-)]
i=
+ /th [Gg(t, T)x(t +eT) + Gu(t, T)y(t + sr)]d’r + Bo(t)u(t), t > 0. (15)

4.1. Auxiliary Results

4.1.1. Asymptotic Decomposition of (14) and (15)

Let us decompose asymptotically the system (14) and (15) into two much simpler e-free
subsystems, the slow and fast ones.

The slow subsystem is obtained from (14) and (15) by setting there formally ¢ = 0. Thus, the slow
subsystem has the form:

dx;ft) = A(H)xs(t) + A (t)ys(t), t>0, 6)
0= A3s(t)xs(t) + A45(t)ys(l‘) + BZ(t)Ms(f), t>0, 17)

where xs(t) € E", ys(t) € E™, ug(t) € E™, (us is a control);
N 0
A(t) = Y A(t) + / Gilt, )T, =34 (18)
j=0 B
The slow subsystem (16) and (17) is a differential-algebraic system.
In what follows, we assume that:
det Ag(t) #0, t>0. (19)

Subject to this assumption, the slow subsystem (16) and (17) can be reduced to the differential equation
with respect to xs(t):

dxs(t)
dt

= As(t)xs(t) + Bs(t)us(t)/ t>0, (20)

where:
As(t) = Agg(t) — Axo(t) AL (1) Ass(t),
Bs(t) = —Ax(t) A, (1) Ba(t).

The differential Equation (20) also is called the slow subsystem, associated with the system (14)
and (15).
The fast subsystem is derived from the fast mode (15) of the system (14) and (15) in the following

way: (a) the terms containing the state variable x(t + et), T € [—h,0] are removed from (15);

(b) the transformations of the variables t = t; + ¢¢, y(t; + ) 2 yr(8), u(ty +€f) 2 us(g) are

(21)
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made in the resulting system, where t; > 0 is any fixed time instant, and ¢ > 0 is a new independent
variable. Thus, we obtain the system:

d N
s (@) _ Y Ayi(tr +€8)yp(E — hy)
dg =0

0
+ [ Galty+ €8, Ty s(& + )T+ Ba(tr + 2y (2)
Now, setting formally & = 0 in this system and replacing ¢; with ¢ yield the fast subsystem:

N
dyg;? =Y Ay (E— )
=0

0
+ [ Galt Dyp(e + )T+ Ba(ug(@), £ 0, @)

where t > 0is a parameter; y¢(¢) € E™; y¢(¢ + T), T € [—h,0] is the state variable; u¢(¢) € E™ (uf($)
is the control).

The new independent variable ¢ is called the stretched time, and it is expressed by the original
time t in the form § = (t — t1)/e. Thus, for any ¢ > t1, { — +ooase — +0.

The fast subsystem (22) is a differential equation with state delays. It is of a lower Euclidean
dimension than the system (14) and (15).

Definition 4. The slow subsystem (20) is said to be null controllable at the time instant (0) if for any xo € E",
there exists a piecewise continuous control function us(t), t € [0,£(0)], for which (20) has a solution x(t),
t € [0,(0)], satisfying the initial and terminal conditions:

x5(0) = xo, x5(£(0)) =0. (23)

Definition 5. For a given t > 0, the fast subsystem (22) is said to be Euclidean space null controllable if for
any @y¢(-) € C[—h,0; E™|, there exist a number {c > h, independent of ¢, ¢(-), and a piecewise continuous
control function us(&), ¢ € [0,Gcl, for which the system (22) with the initial and terminal conditions:

yr(T) = @yp(7), TE€[-h0], (24)
yr(&c) =0, (25)
has a solution.

4.1.2. Null Controllability Conditions for the Slow and Fast Subsystems

Let the n x n-matrix-valued function ¥s(¢), ¢ € [0,£(0)] be the unique solution of the
terminal-value problem:

d¥s(0)
do

= —Al(0)¥s(0), o€[0,0)), ¥s(F(0)) = L. (26)

Let, for any given t > 0, the m x m-matrix-valued function ¥ f(C, t) be the unique solution of the
initial-value problem:

d¥¢(¢)
dg

N 0
= Y ALY, —hy) +/hG4T(t,T)‘I’f(§—|—T)dT, £>0,
=0 -

Yi(&) =0, £<0, ¥(0)= Iy (27)
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Consider the matrices:

Wa(E0)) = [ ¥T(0)Bu ()BT (0) (o), )
Wi(E 1) = /O é‘l’};(p, DB (1B (1)¥ (0, )dp, E>0, >0, (29)

By virtue of the results of [30] (Section 3.1), we have the following two assertions.

Proposition 2. The slow subsystem (20) is null controllable at the time instant (0), if and only if
det W, (£(0)) # 0.

Proposition 3. For a given t > 0, the fast subsystem (22) is Euclidean space null controllable if and only if
there exists an instant { = {c > h such that det Wg (G, t) # 0.

4.1.3. e-Free Conditions for Euclidean Space Null Controllability of the Linear System (14) and (15)

Here, we assume:
(I;) All roots A(t) of the equation:

Oh Gy(t, T)exp(AT)dT| =0 (30)

N
det (AL, — ) Ayj(t) exp(—Ahy) —/
=0

satisfy the inequality ReA(t) < —p forall t € [0,#(0)], where B > 0 is some constant.
Quite similarly to the results of [25], we obtain the following assertion.

Proposition 4. Let the assumption (Iy) be valid. Let the slow subsystem (20) be null controllable at the time
instant £(0). Let, for t = £(0), the fast subsystem (22) be Euclidean space null controllable. Then, there exists a
positive number e1 < ° such that, for all e € (0,1, the singularly-perturbed linear system (14) and (15) is
Euclidean space null controllable at the time instant (e).

Based on Propositions 2 and 3, Proposition 4 can be reformulated as follows.

Proposition 5. Let the assumption (I;) be valid. Let detWs (£(0)) # 0. Let there exist a number ¢ > h
such that det Wy (Cc, f(O)) # 0. Then, there exists a positive number g1 < 9 such that, forall e € (0,¢1],
the singularly-perturbed linear system (14) and (15) is Euclidean space null controllable at the time instant F(e).

4.1.4. Euclidean Space Null Controllability of the Nonlinear System (12) and (13): e-Free Conditions

Based on Equations (3) and (4) and the results of [34], and using Proposition 5, we directly obtain
the following assertion.

Proposition 6. Let the assumption (I;) be valid. Let det Ws(£(0)) # 0. Let there exist a number {. > h
such that det We (éc, f(O)) # 0. Then, there exists a positive number g1 < 9 such that, forall e € (0,¢1],
the singularly-perturbed nonlinear system (12) and (13) is Euclidean space null controllable at the time
instant (e).

4.2. Main Result

In this subsection, we assume that u(t) € E™ and B;(t) is an m x m-matrix. Furthermore, we
assume:

(II;) The matrix B,(f;) is invertible.
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(If)  f1(0,t) = 0forall t € [0, t].

(IV1) The vector-valued functions fi(z,t) and f3(z, t) satisfy the local Lipschitz condition with respect
to z € E"™ uniformly in t € [0, £].

Lemma 1. Let the assumption (11y) be valid. Then, det We(Ge, tc) # 0 for any & > h.

Proof. The statement of the lemma directly follows from the definition of the matrix wf(g, f) (see
Equation (29)). O

Theorem 1. Let the assumptions (I;)—(IV;) be valid. Let det Ws(t.) # 0. Then, there exists a positive number
e* < tc/(2h) such that, for any € € (0, €], the system (12) and (13) is functional null controllable at the time
instant t..

Proof. Let us choose f(¢) in the form:
fe)=tc.—¢h, €e€]0,t:/(2h)]. (31)

Then, by virtue of Proposition 6, there exists a positive number ¢; < t./(2h) such that, for all
e € (0,¢1], the system (12) and (13) is Euclidean space null controllable at the time instant
tc — eh. Hence, for any ¢ € (0,¢1] and any ¢« (-) € C[—¢h,0; E"], ¢y(-) € C[—¢h,0; E™], there exists
the piecewise continuous control function u(t) = i(t,e), t € [0,t. — eh], for which the solution
col(x(t),y(t)) = col(%(t,€),§(t €)) of the initial-value problem (12), (13), and (6) satisfies the zero
terminal conditions, i.e.,

%(tc —eh,e) =0, G(tc —eh,e) =0. (32)

Note that any piecewise continuous control u(t), t € [0, t, — ¢h], which differs from ii(¢, ¢) only at the
single point t = t. — ¢h, generates the same solution col(%(t,¢), 7(t,€)) of the initial-value problem
(12), (13), and (6) in the entire interval t € [0, ¢, — eh], i.e., (32) holds for any such control.

Now, for any € € (0, 1], we consider the initial-value problem (12), (13), and (6) in the interval
[0, t;]. In the system (12) and (13), we choose the control u(t) = #(t,€) in the interval [0, t. — ¢h),
while in the interval [t, — h, t.], the piecewise continuous control u(t) will be chosen later. Namely, in
the interval [t — ¢h, t.], the piecewise continuous control u(t) will be chosen in such a way that the
solution of (12) and (13) with the initial conditions:

x(p) = x(p,e), y(p) =F(p,e), p € [tc —2¢eh, tc —eh] (33)

will be zero for all + € (t. — ¢h,t;]. For this purpose, we introduce in the consideration the
following functions:

X(t—¢hje), te [te—ehtc—e(h—hy)), .
Xi(t,e) = 1 1 =1,..,N 4
j(te) { 0, t € [te —e(h—hy), tc], J= S B (54)

§(t —¢hje), te [te—ehte—e(h—hy)), .

Y (t — ] ] =1,..
jtre) { 0, t € [te—e(h—h)),t], =L, %)
Zj(te) = col(X;(t,e),Yj(t,€)), te[te—ent], j=1,.,N, (36)
te —t

w(t,e) = —h, te€ltc—c¢eht]. (37)

€
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Furthermore, we represent the integral in the right-hand side of (13) as:
0
/h [Gs(t, T)x(t +eT) + Ga(t, T)y(t + e7)]dT =
w(te)
/h [Ga(t, T)x(t +eT) + Gu(t, T)y(t +€T)]dT
0
—I—/ o) [Gs(t, T)x(t +eT) + Gu(t, T)y(t +€T)|dT, t€E [tc —eh,tc]. (38)
w(t,e

The first integral in the right-hand side of (38) can be rewritten as:

/_:(t’e) [Gs(t, T)x(t +€T) + Ga(t, T)y(t + €T1)|dT =

(te)
/j; ) [G3(t, T)%(t +eT,€) + Gu(t, T)J(t +€T,€)|dT, € [tc —eh, tc]. (39)

The second integral in the right-hand side of (38) can be rewritten as:

/O(t : [G5(t, T)x(t +eT) + Ga(t, T)y(t + e7)]dT =

/t-t |:G3 (t, X ; t) x(x) + Ga (t, X‘St)y(x)} dx, tE [tc—eh,t.]. (40)

c—¢h
Thus, due to (38)—(40),
/jl [G3(t, T)x(t +eT) + Ga(t, T)y(t +€T)]dT =

w(te)
/h [Gs(t, T)%(t + eT)dT + Gy(t, T)F(t +e7)]dT +

t x—t x—t
/tc—sh {Gg, (t, - >x(x) + Gy <t, s)y()()} dx, te€ltc—eh,t]. (41)
Furthermore, we note that, due to the smoothness of the matrix-valued function B(t) and
the assumption (II;), By(t) is invertible in the entire interval t € [t. — ¢eh,t;] for all € € [0,¢,],
where 0 < g5 < g1 is some sufficiently small number.
For any ¢ € (0, &2], we choose the above-mentioned control u(t), t € [t — €h, t.] as:

w(te)
u(t) = i(t,e) = —le(t){ / \ t [G3(t, T)%(t + €T) + Ga(t, T)F(t + €T)]dT

N
+ Y [As5i(H)X(te) + Asj(1)Yj(te)] + f3(0,t) + fa(Zi(t,€), ..., Zn(t,€), 1) } (42)

j=1

Substitution of this control into (13) and use of Equation (41) yield the following equation in the
interval [t. — eh, t.]:

SdL(t) = Azo(t)x(t) + Ago(t)y(t)

d
+ tct—sh [Gs (t, X~ t);()() + Gy (t, Xs_t>y(X)] dx

+f3(z(t),t) — f3(0,t) + T (z(t —€hy), .., z(t — ehn), t), t€ [tc—eh, L], (43)
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where:
N
T(z(t—ehy), ... z(t —ehyn),t) = ) (Asj(t), Asj(t)) (z(t —ehy) — Zj(t,¢))
=1
+fa(z(t —ehy), ..., z(t —ehn),t) — fa(Z1(t,€), ... Zn (L, €), t). (44)

Remember that z(-) = col (x(-), y(-)).

Let us solve the system (12) and (43) in the interval [t. — ¢h, t.] subject to the initial conditions (33).
To do this, we use the method of steps. Namely, let us consider this initial-value problem in the interval
[tc — eh, tc — e(h — hy)]. By virtue of (34)—(36), we have:

T(z(t —ehy),..,z(t —ehn),t) =0, t€ [tc—ehtc—e(h—hy)].

Due to the latter, Equation (43) becomes:

D pso(ey(t) + sy (1)
[ e (82 w00+ 6 (12wt ax
+f3(z(t),t) — f3(0,t), te€ [te—ehtc—e(h—h)]. (45)

Moreover, due to (32) and (33), the point-wise initial conditions for the system (12) and (45) become:
x(tc —eh) =0, y(t—eh) =0. (46)

Solving the initial-value problem (12), (45), and (46) in the interval [t. — eh, t, — e(h — h1)] and taking
into account the assumptions (III;)-(IV;), we directly obtain that its unique solution is:

x(t) =x(te)=0, y(t)=y(te)=0, te[tc—eht.—elh—h)]. (47)
Now, based on the solution (47) of the the initial-value problem (12), (45), and (46), let us consider

Equation (43) in the interval [t, — &(h — hy),tc — €(h — ho) ], where hi; = min{2hy, hy}. Similarly to (45),
we obtain this equation in the following form:

MO poa0x(0) + Aso (1)
+/tj_£(h_hl) [Gg<t, - t)x()c) + G4(t,X€_t>y(7c)]dX
+f3(z(t),t) — f3(0,1), te€ [te—e(h—hy)tc—e(h—hy)]. (48)

The system (12) and (48), along with the initial conditions:
x(te—e(h—hy)) =0, y(tc—e(h—hy)) =0,
yields the unique solution:
x(t) =x(t,e) =0, y(t)=y(t,e)=0, te [te—e(h—h),t.—elh—hy)]. (49)

Continuing to solve the system (12) and (43) in the interval [, — €h, t.] subject to the initial
conditions (33) by the method of steps, we obtain (similarly to (47) and (49)) the unique solution of this
initial-value problem in the entire interval [t. — ek, .]:

x(t) =x(t,e) =0, y(t)=y(te) =0, tEe€ [tc—eh,tc]. (50)
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Thus, for any ¢ € (0, €3], the control u(t) = i(t,¢), t € [t — ¢h, t.], given by (42), generates the unique
zeroth solution of the system (12) and (13) subject to the initial conditions (33) in the entire interval
[tc — €h, t.]. Therefore, the control:

u(t) = {

generates the solution x(t) = x(t,¢), y(t) = y(t,e), t € [0,t] of the initial-value problem (12), (13),
and (6) satisfying the terminal conditions (7). The latter, along with Definition 1 and the notation

(t,e), te€0,t.—c¢eh),
(t,e), te[te—eh,t]

AN

(51)

=i

A
€" = g7, completes the proof of the theorem. [

Remark 1. The idea to establish the functional null controllability of a time delay system, based on its Euclidean
space null controllability and using a control variable at the final interval as a proper function of the state
variable at the preceding interval, was applied in the literature in a number of works (see [15,35,36]). In these
works, the simplest unperturbed linear differential-difference systems with constant coefficients were considered.
The results of the present paper are an essential extension of the application of this idea to the functional null
controllability analysis of singularly-perturbed nonlinear time-dependent systems with multiple point-wise and
distributed delays.

4.3. Example

Consider the following system, a particular case of (12) and (13):

d";t(t) = —tx1(8) + (t+2)x2(t) — y(1)
+sin (x1 () — x2(t)) +cos (ty(t)) —1, t>0, (52)
dx;fﬂ = (= 1)x1 () — (E+1)xa(t) + (t)
—1In (14 23(t) + x3(t)) +arctan (y(£) /(t+1)), t>0, ©2)
8% = x1(t) —x2(t) = 2y(t) + 21t — &) +txa(t — ) +y(t —¢)

+2 /i [tTxq (t +€T) — Toxp(t + eT) | dT + (1 + 23 (t) + x3(t) +y2(t))1/4

+(t+2)cos? (x1(t—e) +xa(t —e) +y(t —€)) +u(t), t>0, (54)

where xq(t), x2(t), y(t), and u(t) are scalars,ie, n =2,m=1,r = 1.
In this example, we study the functional null controllability of the system (52)—(54) at the time
instant {, = 1 for all sufficiently small € > 0.
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Comparing the systems (52)—(54) with the system (12) and (13), we obtain that in this example:
N=1h =h=1,and:

Alo<t>=<f_1 _t(ij), Azo(f)=<11>/ Asolt) = (1, -1),

Ag(t) ==2, Asn(t)=(1,1), Aa(t)=1,
Gs(t,T) = (2tTt, —27), Gu(t,T) =0, By(t) =1,

_( sin(xa(t) = xa(t)) + cos (ty(1)) — 1
fi(z(t),t) = ( “In (113(%(1‘)196%(??)) + arctan (y(t)/(t+1)) > '

fa(z(), 1) = H(1+ 5(8) + 23 (1) +2(0)
fa(z(t—e),t) = (t+2) cos® (x1(t —€) + x2(t —€) +y(t —¢)), (55)

where z(-) = col (x1(-), x2(-), y(-).

Thus, in this example, the limit conditions (3) and (4) are valid for I = 1,3, p = 4. The coefficients
of x1(-), x2(+), y(-), and u(t) in the linear terms are smooth functions for + > 0, T € [—1,0].
Moreover, the assumptions (II;)-(IV;) also are valid. Let us show the validity of the assumption
(I1). In this example, Equation (30) becomes:

A+2—exp(—A) =0. (56)
For all complex numbers A with ReA > —0.4, we have the inequality:
Re(A +2 —exp(—A)) > 0.108,
meaning that such A are not roots of Equation (30). Therefore, all roots of (56) satisfy the inequality:
ReA < —0.4,

i.e., the assumption (I;) is valid for g = 0.4.
Using (18) and (21), we obtain:

Ass(t)(2—1t, 1), Ag(t)=-1, te[0tc], (57)

Ad(t) = < _12 _21 ) By(t) = ( _11 ) te0t]. (58)

Remember that t. = 1 and, therefore, £(0) = t. = 1.

Now, let us show that in this example, the matrix W;(t.), given by (28), is invertible. Since the
matrices A;(t) and B (t) are constant (see Equation (58)), then, due to the results of [14], the invertibility
of Ws(t.) is equivalent to the following condition:

rank(Bs , AsBs) = 2. (59)

Calculating the matrix in the left-hand side of (59), we obtain:

-1 4
(Bs/AsBs):< 1 2)1

meaning the validity of the condition (59) and, therefore, the invertibility of the matrix W;(t).
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Thus, in this example, all the conditions of Theorem 1 are fulfilled. This yields the existence of a
positive number ¢* such that, for all ¢ € (0,¢*], the system (52)-(54) is functional null controllable at
the time instant . = 1.

5. System of the Second Type

In this section, we consider the following particular case of the system (1) and (2):

N
Z Agj(t)x(t — ehj) + Ay(t )y(t—ehj)]

+ /_Oh [G1(t, T)x(t +eT) + Go(t, T)y(t + eT)]dT + f1(2(t), )
+f2(z(t —€hy), ..., z(t — €hn), t) + By (Hu(t), t>0, (60)

MU A (0x(0) + A0y + (=01, £>0. (61

The linear system, corresponding to (60) and (61), is a particular case of the system (8) and (9),
and it has the form:

N
T = L [Ay(x(e—ely) + Ay (yte ey
=
+ /foh [G1(t, T)x(t +eT) + Go(t, T)y(t +€T)|dT + B (H)u(t), >0, (62)
W) 4 (0x(t) + Aw(Dy(H), > 0. (63)

dt
5.1. Auxiliary Results
5.1.1. Asymptotic Decomposition of (62) and (63)

Decomposing asymptotically the system (62) and (63), we obtain its slow subsystem:

dxs(t)
dt

= Ass(t)xs(t) + Aos(t)ys(t) + Br(tus(t), =0, (64)

0= Aso(t)xs(t) + Ago()ys(t), =0, (65)

where x;(t) € E", ys(t) € E™, us(t) € E" (us is a control);

N
Z i +/ i=1,2. 66)

Like in Section 4.1.1, the slow subsystem (64) and (65) is a differential-algebraic system.
In what follows, we assume that:

det Ago(t) #0, t>0. (67)
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Subject to this assumption, the slow subsystem (64) and (65) can be reduced to the differential equation
with respect to xs(t):

dxs(t)
dt

= Ag()xs(t) + Bi(Bus(t), >0, (68)

where:
As(t) = Ags(t) — Ags () Ay (1) Aso (£). (69)

Like in Section 4.1.1, the differential Equation (68) also is called the slow subsystem,
associated with the system (62) and (63).

The fast subsystem, associated with the system (62) and (63), is obtained in a way similar to that
of obtaining the system (22). Thus, we have:

Y~ atuy @), 220 70
where t > 0 is a parameter; { > 0 is an independent variable; y f(§ ) € E™ is a state variable.

The meaning of the new independent variable ¢ and its connection with the original independent
variable t are the same as in Section 4.1.1. However, in contrast with the results of Section 4.1.1
(see the Equation (22)), the fast subsystem (70) does not contain a control variable, i.e., it is completely
uncontrollable. Therefore, the method, proposed in Sections 4.1.2—4.1.4, for the e-free analysis of the
Euclidean space null controllability of the first type system (12) and (13), is not applicable for such
an analysis of the Euclidean space null controllability of the second type system (60) and (61). In this
section, we apply another method for this analysis, which is based on the results of [28].

5.1.2. e-Free Conditions for Euclidean Space Null Controllability of the Linear System (62) and (63)

Here, we assume:
(I;) All roots A(t) of the equation:

det MLy — Ag(£)] = 0 (71)

satisfy the inequality ReA(t) < —p forall t € [0,#(0)], where B > 0 is some constant.

Remember that f(¢), e € [0,¢°] is a given continuously-differentiable non-increasing function of ¢,
satisfying the inequality (10).

Let the n x n-matrix-valued function ®;(0) be the solution of the following
terminal-value problems:

Adds (o)
do

= —Al(0)®s(0), c€[0,£0)), @:(F(0)) = I. (72)
Let:
®(2) £ exp [AL (F(0))E], €>0. 73)
From the assumption (I), we directly obtain:

[@f(E)] < aexp(=pE), ¢ >0, (74)

where a > 0 is some constant.
Let:

0/(2) £ AL(H0) [ @p(w)ax, &0 75)
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Due to the inequality (74), the integral in the right-hand side of (75) converges and:

0/(2) = AL (10) (A (H0))) " exp [aL(0)E, £>0

Consider the matrices:

M, (F(0)) = /0 @7 (0)By ()BT () ®s (¢)dor, (76)
N IR
My (E0) = [ ©F (£)B1 (F(0)) BT ((0) @ (£)de. 77)

Quite similarly to the results of [28], we obtain the following assertion.

Proposition 7. Let the assumption (Ip) be valid. Let det M (£(0)) # 0, det M (£(0)) # 0. Then, there exists
a positive number e1 < €° such that, for all e € (0, 1], the singularly-perturbed linear system (62) and (63) is
Euclidean space null controllable at the time instant (e).

Remark 2. Due to the results of [28], the matrix My ((0)) is nonsingular if and only if the following system
is null controllable at some ¢ = C.:

dj(e)
a4

where §(&) € E™ is a state variable; (&) € E" is a control variable.

20(£(0)7(2) + Ay (£0)) Aso (£(0)) B1 (F(0))#(8), & >0, (78)

5.1.3. Euclidean Space Null Controllability of the Nonlinear System (60) and (61): e-Free Conditions

Based on Equations (3) and (4), the results of [34], and using Proposition 7, we directly obtain the
following assertion.

Proposition 8. Let the assumption (Ip) be valid. Let det M (£(0)) # 0, det M (£(0)) # 0. Then, there exists
a positive number g1 < €9 such that, forall € € (0, €], the singularly-perturbed nonlinear system (60) and (61)
is Euclidean space null controllable at the time instant (e).

5.2. Main Result

In this subsection, we assume that u(t) € E" and Bi(t) is an n x n-matrix. Along with this,
we assume:

(II;) The matrix By(t.) is invertible.

(Il) f3(0,¢) = O forallt € [0, t].

(IVy) The vector-valued functions f(z, t) and f3(z, t) satisfy the local Lipschitz condition with respect
to z € E"*™ uniformly in t € [0, t.].

Note that the assumption (IVy) is the same as the assumption (IV) in Section 4.2. However, for the
sake of the paper’s readability, we repeat here this assumption.

Lemma 2. Let the assumption (1) be valid. Then, det M (t.) # 0.
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Proof. Due to the smoothness of the matrix-valued function By (f) and the assumption (II), there
exists a number t; € (0,t.) such that, for all ¢ € [t1,t.], the matrix By (t) is invertible. Using Equation
(76), we can represent the matrix M;(t.) as:

M(t) = [ ®1(0)B1(0)B] (0)@s(0)do + | ] (0)B1(0)BY (¢)4 (0)dor 79)

The first integral in the right-hand side of (79) is at least a positive semi-definite matrix, while the
second integral is a positive definite matrix. Therefore, the sum of these integrals is a positive definite
matrix, which completes the proof of the lemma. O

Theorem 2. Let the assumptions (I;)~(1V3) be valid. Let det M (tc) # 0. Then, there exists a positive number
e* < tc/(2h) such that, for any € € (0, €], the system (60) and (61) is functional null controllable at the time
instant t..

Proof. Using Proposition 8 and Lemma 2, the theorem is proven quite similarly to Theorem 1. [
5.3. Example
Consider the following system, a particular case of (60) and (61):

d’ff? = x(t) + 2y1 () + 5822 (t) + tx(t — ) — ya(t —€) +ya(t —¢)

—2t /i Tx(t +eT)dT — 10t2/ Ty1<t+€f)dT+COS( x(t) +y1(t) — tya(t))

— sin? (x(t—e) + y1(t—e) +yo(t — €)) +tu(t), t>0, (80)
Edy,f,t(t) =2x(t) — y1(t) = 5tya(t) —In (1 + tx2() + 3 (1) +13(t)), t >0, 81)
8dy;t(t) = —x(t) + ty1(t) — y2(t) + arctan (x(t) — ty1 (t) + y2(t)), t >0, (82)

where x(t), y1(t), y2(t), and u(t) are scalars, ie, n =1, m=2,r = 1.

In this example, like in the example of Section 4.3, we study the functional null controllability of
the system (80)—(82) at the time instant ¢, = 1 for all sufficiently small ¢ > 0.

Comparing the system (80)—(82) with the system (60) and (61), we obtain that in the present
example: N =1,h; =h =1, and:

Aw(t) =1, Ax(t)=(2,5), As(t)= ( _21 ) ,

As() = ( o ) An() =t Au()=(-1,1),

Gi(t, 1) = —2t7, (t,T) (—10£27, 0), By(t) =t,
Fi(z(8), ) = cos (Px(t) +y1 () — tya(t)),
fo(z(t—e),t) = —sm2 (x(t— )+t2y1(t—£ ) Fya(t—e)),
o —In (T t2(t) + Y3 () + v3(
f3(z(t),1) = < arctan (x(t) — tyll —i—yzz ) ®3)

where z(-) = col(x(-),y1 (), y2(+))-
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Thus, in this example, the limit conditions (3) and (4) are valid for I = 1,3, p = 2. The coefficients
of x(+), y1(+), y2(+), and u(t) in the linear terms are smooth functions for t > 0, T € [—1,0].
Moreover, the assumptions (II;)-(IV3) also are valid. Let us show the validity of the assumption (I).
In this example, Equation (71) becomes:

(1+A)%+5t2 =0, (84)

yielding the roots:
M(t) = =14++V5t, Ay(t) = —1—+/5ti, t>0,

where i is the imaginary unit.

Thus, the real parts of the roots of Equation (84) equal —1, meaning the fulfillment of the
assumption (I;) with any g larger than one.

Now, let us show that det Mf(t;) # 0. Due to Remark 2, this inequality is equivalent to the
null controllability of the system (78), where (0) = f. = 1. Since the coefficients of this system are
constant, then, due to the results of [14], the null controllability of this system is equivalent to the
following condition:

rank (A (1)As0(1)B1(1), Aso(1)B1(1)) =2. (85)

Calculating the matrix in the left-hand side of (85), we obtain:

(Asg (1) Aso(1)B1(1) , Aso(1)Ba(1)) = ( R )
meaning the validity of the condition (85) and, therefore, the null controllability of the system (78).
Thus, in this example, the matrix M f(tc) is nonsingular. Hence, in this example, all the conditions of
Theorem 2 are fulfilled. This yields the existence of a positive number ¢* such that, for all ¢ € (0, ¢*],
the system (80)—(82) is functional null controllable at time instant t. = 1.

6. Conclusions

In this paper, two types of singularly-perturbed nonlinear time-dependent-controlled differential
systems with time delays (multiple point-wise and distributed) in the state variables were analyzed.
The case, where the delays are small, of the order of a small positive multiplier ¢ for a part of the
derivatives in the differential equations, was treated. In the system of the first type, the slow mode
equation was uncontrolled, and this equation did not contain the delayed state variables. In the system
of the second type, the fast mode equation was uncontrolled, and it did not contain the delayed state
variables. The functional null controllability of the considered systems, robust with respect to the small
parameter g, was studied. For each type of system, e-free conditions, guaranteeing the functional null
controllability for all sufficiently small values of ¢, were derived. These results were based on the e-free
analysis of the Euclidean space null controllability of the considered systems.
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