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INFINITE HORIZON CHEAP CONTROL PROBLEM
FOR A CLASS OF SYSTEMS WITH STATE DELAYS

VALERY Y. GLIZER

ABSTRACT. An infinite horizon quadratic cheap control of a linear system with
point-wise and distributed time delays in the state variable is considered. This
optimal control problem is transformed to an optimal control problem of a sin-
gularly perturbed system with state delays. The resulting problem is considered
in the sequel as an original one. Two methods of suboptimal solution of this
problem are proposed.

1. INTRODUCTION

The cheap control problem is an optimal control problem with a small control cost
(with respect to a state cost) in the cost functional. This problem is of considerable
importance in many topics of control theory, for instance, in singular optimal control
and its regularization [1], limitations of linear optimal regulators and filters [3], [17],
limitations of nonlinear optimal regulators [22], high gain control [15], [28], inverse
control problems [18], robust control of systems with disturbances [24], and some
others.

The smallness of the control cost yields the singular perturbation [15] in the
Hamilton-Jacobi-Bellman equation, as well as in the Hamilton boundary-value prob-
lem, associated with the original problem by control optimality conditions.

The cheap control problem for differential equations without delays has been
extensively investigated in the literature for both, finite horizon and infinite horizon
cost functional, cases (see e.g. [2], [13], [15], [19], [20], [21], [23] and references
therein). The cheap control problem with a delayed dynamics was investigated only
in few works in the literature [6]- [8], [11], and these works are devoted to the case
of a finite horizon cost functional.

In this paper, an infinite horizon linear-quadratic cheap control problem with
point-wise and distributed state delays in the dynamics is analyzed. For our best
knowledge, the cheap control problem with a delayed dynamics and an infinite
horizon cost functional has not yet been studied in the literature.

Two methods of a suboptimal solution of this problem are proposed. The first
one is based on an asymptotic solution of a set of Riccati-type matrix equations
associated with the original problem by the control optimality conditions. Using
this asymptotic solution, an asymptotically suboptimal state-feedback control is
constructed for the cheap control problem. The second method is a direct method
of suboptimal solution of this problem. This method is based on: (i) an equivalent
transformation of the cheap control problem to a control problem with singularly
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perturbed dynamics; (ii) an asymptotic decomposition of the resulting problem into
two much simpler parameter-free subproblems, the slow and fast ones. It should
be noted that the fast state variable of the control problem, obtained after the
transformation, becomes a control in the slow subproblem. The slow subproblem is
an optimal control problem with a delayed dynamics. The fast subproblem does not
contain delays, and it is solved analytically. Using the optimal feedback controls of
the slow and fast subproblems, a suboptimal state-feedback composite control for
the transformed problem is designed. The latter yields a suboptimal control for the
original cheap control problem.

The paper is organized as follows. The next section is devoted to a rigorous
problem formulation. In Section 3, an asymptotic solution of the set of Riccati-type
equations, associated with the original control problem by the control optimality
conditions, is constructed and justified. Parameter-free conditions of the existence
and uniqueness of solution to the original control problem are derived in Section
4. In Section 5, the proof of the theorem, justifying the asymptotic solution of
the set of Riccati-type equations obtained in Section 3, is presented. In Section 6,
an auxiliary lemma, formulated in Section 3, is proved. In Sections 7 and 8, two
suboptimal state-feedback controls for the original control problem are designed
and justified by using the asymptotic solution of the set of Riccati-type equations
obtained in Section 3. The direct method of suboptimal solution of the original
control problem is described in Section 9. Concluding remarks are presented in
Section 10.

The following main notations and notions are applied in the paper:

(1) E™ is the n-dimensional real Euclidean space;

(2) || - || denotes the Euclidean norm either of a vector or of a matrix;

(3) the prime denotes the transposition of a matrix A, (A") or of a vector x, (z);

(4) L2[b, c; E™] is the Hilbert space of n-dimensional vector-valued functions v(t)
defined, measurable and square-integrable on the interval [b,c), the inner prod-
uct in this space is (v(:),w(:))r2 = fbcv/(t)w(t)dt, and the norm is ||[v(")||z2 =

CORIONE

(5) L*®°[b,c; E™] is the space of n-dimensional vector-valued functions z(t)
defined, measurable and essentially bounded on the interval [b,c), ||z(-)]|lcc =
ess Supyey,q) [|2(¢)| denotes the norm in this space;

(6) M[b,c;n,m] denotes the Hilbert space of all pairs f = (fg, fL(")), fE €
E™ fr(-) € L%b,c; E™], the inner product in this space is (f,9)m = frge +
(f£(-),92(-)) 12, and the norm is || fllx = v/(f, £

(7) I, is the n-dimensional identity matrix;

(8) ReA is the real part of a complex number \;

(9) col(x,y), where z € E",y € E™, denotes the column block-vector of the
dimension n + m with the upper block = and the lower block vy, i.e., col(z,y) =
(@'y');

(10) a self-adjoint operator F, mapping the space MIb, ¢; n; m] into itself, is called
positive if (Ff, f)m > 0VYf € MIb,c;n;ml;
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(11) a self-adjoint operator F, mapping the space M|[b,c;n;m]| into itself, is
called uniformly positive if there exists a positive constant v, such that (Ff, f)a >
VI[fl3 Vf € Mb, ¢;n;m].

2. PROBLEM FORMULATION

2.1. Cheap control problem. Consider the controlled system
0

(2.1) dz(t)/dt = Az(t) + Hz(t — h) + / G(1)z(t + 7)dr + Bu(t), t>0,
—h

where z(t) € E™,u(t) € E",(n >r), (u is a control); h > 0 is a given constant time
delay; A, H,G(7) and B are given time-invariant matrices of corresponding dimen-
sions; B has full rank r; the matrix-valued function G(7) is piece-wise continuous
for 7 € [—h,0].

Using that rank B = r and results of [16], one can transform (2.1) to an equivalent
linear controlled system with state delays, in which the matrix of coefficients for the

control has the form < 0

I > Therefore, in the sequel we assume (without a loss of
-

generality) that

(2.2) B:<£).

The initial conditions for (2.1) have the form

(2.3) (1) =¢(7), 7€ [=h,0);  2(0) = o,

where ¢(7) € L?[—h,0; E"] and ¢y € E™ are given.
Let partition z(t), A, H and G(7) into blocks in the accordance with the block-
form of B

(2.4) z(t)z(iEQ), A:(j; ﬁj),
e =) en=(Gi )

where z(t) € E" ", y(t) € E"; A1, H; and G1(7) are of the dimension (n—r)x (n—r),
while A4, Hy and G4(7) are of the dimension r x r.
Using (2.2) and (2.4)-(2.5), one can rewrite (2.1) as follows

dxz(t)/dt = Ayz(t) + Agy(t) + Hiz(t — h) + Hay(t — h)

(2.6) - /_ 1 (Gi(T)alt +7) + Galr)y(t +7)]dr,

dy(t)/dt = Asx(t) + Agy(t) + Hsz(t — h) + Hay(t — h)

0
(2.7) + /_ ) (Ga(r)alt +7) + Ga(r)y(t +7) | dr + u(t).
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For the system (2.6)-(2.7) with the initial conditions (2.3) the following perfor-
mance index is considered

+o0o
2.8)  J.(u) 2 /0 [m’(t)pgca:(t)+y’(t)Dyy(t)+52u’(t)Mu(t) dt — min,

where D, D, and M are symmetric positive-definite matrices; € is a small positive
parameter. The latter means that the problem of minimizing the cost functional
Je(u) along trajectories of the system (2.6)-(2.7) with the initial conditions (2.3) is
the cheap control problem.

In the sequel of this paper, we concentrate on the following case:

(29) HQ = 0, H4 = 0, GQ(T) = 0, G4(T) =0.
By the control transformation

(2.10) u(t) = (1/e)v(t),

where v is a new control, this cheap control problem becomes
0
(2.11) dz(t)/dt = A1x(t) + A2y(t) + Hiz(t — h) + / Gi(1)z(t + T)dT,
—h

(2.12)
0
edy(t)/dt =¢ {Agx(t) + Ayy(t) + Hsx(t — h) + /h Gs(T)z(t + T)dT} +v(t),

+oo
213)  J) 2 / [« (1) Da(t) + 4/ (NDyy(t) + o' ()Mo (1)) dt — min
0

It should be noted that the system (2.11)-(2.12) is singularly perturbed [15]. The
state variable z(-) is slow, and the one y(-) is fast. It is seen that in this system,
the slow state variable is with a delay, while the fast state variable contains no any
delay. It should be also noted that, due to the lack of a delay in the fast state
variable, the initial conditions (2.3) for the system (2.11)-(2.12) become as follows:

(2'14) ‘r(T) = 9090(7_>7 TE [_ha 0>; 1’(0) = L0z, y<0) = Loy,

where ¢, (1) € L2[—h,0; E""], por € E"" and g, € E" are given.

In the sequel, we deal with the problem of minimizing the cost functional J(v)
along trajectories of the system (2.11)-(2.12) with the initial conditions (2.14). This
problem is called the original optimal control problem (OOCP). It is clear that once
an optimal (suboptimal) control of the OOCP is obtained, the respective optimal
(suboptimal) control of the problem (2.3),(2.6)-(2.7),(2.8),(2.9) is obtained directly
by using the equation (2.10).

2.2. Control optimality conditions.
Definition 2.1. For a given ¢, the system (2.11)-(2.12) is said to be L?-stabilizable
if for each triplet

(2.15) T2 (g@x('),QO()m,(poy) € L*[~h,0; E" " x E"" x E",
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there exists a control function v(t), (v() € L?0, +o0; Eﬂ), such that the solution
z(t) = col(x(t), y(t)) of the system (2.11)-(2.12) with the initial conditions (2.14)
satisfies the inclusion z(-) € L?[0, +o0; E™].

Let introduce the following block-matrices of the dimension n x n

(2.16) S(e) = ( o > D= < O gy )

Using (2.16) and the results of [4], let us write down the set of Riccati-type
algebraic, ordinary differential and partial differential equations for the matrices P,
Q(7) and R(, p) associated with the OOCP. This set has the form
(2.17) PA+ A'P—PS()P+Q(0)+Q (0)+ D =0,

!

(2.18) aQ(r)/dr = (A= S(=)P) Q(r) + PG(7) + R(0,7),

(219)  (9/07+8/8p)R(r,p) = G (NQ(p) + Q (1)G(p) ~ Q' (1)S()Qp).
The matrices Q(7) and R(7, p) satisfy the boundary conditions

!

(2:20) Q(—h) = PH, R(~h,7)=H Q(r), R(r,—h)=Q (7)H.
The set of equations (2.17)-(2.20) is considered in the domain
(2.21) D={(r,p): —h <7<0, —h < p<0}.

It is seen that the matrix-valued functions Q(7) and R(7, p) are present in the set
(2.17)-(2.19) with deviating arguments. The problem (2.17)-(2.20) is, in general,
of a high dimension. Moreover, due to the expression for S(e) (see (2.16)), this
problem is ill-posed for e — + 0.

Let, for some £ > 0, the triplet {P(e), Q(t,¢), R(7, p,€)} be a solution of (2.17)-
(2.20) in the domain D. Consider the linear bounded operator F, : M[—h,0;n;n| —
M([—h,0;n;n| given by the equation

Felf ()]

0 0
(222) = (P(e)fE + [ @noin dmass+ [ R, s)fL<p>dp> ,

where f(-) = (fg, fr(-)), fe € E", fr(-) € L?[=h,0; E"].

By virtue of [4] (Theorems 5.8, 5.9, 6.1), one directly has the following lemma.
Lemma 2.2. Let, for a given € > 0, the system (2.11)-(2.12) is L*-stabilizable.
Then, for this €, there exist a solution {P(e),Q(7,e), R(T,p,e)} of (2.17)-(2.20)
such that the operator F. is self-adjoint and positive. Moreover:

(a) such a solution is unique;

(b) the matriz P(e) is positive definite;

(¢) the OOCP has the unique optimal state-feedback control
(2.23)

0
vi[z()](t) = —e tMTB [P(E)Z(t) + /hQ(T, ez(t+7)dr|, z= col(z,y);
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(d) the closed-loop system (2.11)-(2.12),(2.23) is L?-stable, i.e., for any given
0s(-) € L2[—h,0; E™™"], @or € E™" and poy € E, the solution z(t,e) =
col(m(t,s),y(t, g)) of (2.11)-(2.12) with v(t) = v:[z()](t) and the initial
conditions (2.14) satisfies the inclusion z(t,) € L?[0, +oo; E™].

2.3. Objectives of the paper. Our objectives in this paper are the following:
(i) to construct and justify an asymptotic solution of the set (2.17)-(2.20);
(ii) to derive e-free sufficient conditions for the existence and uniqueness of so-

lution to the OOCP uniformly valid for all sufficiently small € > 0;

(iii) to obtain an asymptotically suboptimal (as ¢ — +0) state-feedback control
for the OOCP.

3. ZERO-ORDER ASYMPTOTIC SOLUTION OF (2.17)-(2.20)

3.1. Transformation of (2.17)-(2.20). In order to remove the singularities at
e = 0 from the right-hand sides of the equations (2.17)-(2.19), we represent the
solution {P(e),Q(r,e), R(7, p,e)} of (2.17)-(2.20) in the block form

Pi(e)  eP(e) Qi(r,e)  Q2(r,€)
(3.1)  Ple)= < SPUE) cPy(o) > Qre) = ( Qslr2) Qulr2) >

R (T,,O,€) R (T,p,€)
(32) R(T7p7€) = < Ri(p, T, 5) Ri(ﬁp,g) > ’

where Pj(e), R;(T,p,e), (j =1,2,3) are matrices of the dimensions (n —r) x (n —
r), (n —r) X r, rxr, respectively; Qi(7,¢), (i = 1,...,4) are matrices of the
dimensions (n —r) x (n—7r), (n—7r) X7, rx (n—7r), r X r, respectively.

Note that, subject to some symmetry assumptions on P;(¢) and Ry(T,p,¢), (I =
1,3), the form (3.1)-(3.2) provides the operator F. to be self-adjoint.

By substituting (3.1)-(3.2), as well as the block representations for the matrices A,
H, G(7), S(e) and D (see (2.4)-(2.5),(2.16)) into (2.17)-(2.20), and using (2.9), the
system (2.17)-(2.20) becomes as follows (in this system of equations, for simplicity,
we omit the designation of the dependence of the unknown matrices on ¢):

(3.3)  PLA| + A\ P+ cPyAs + APy — .M ' Py + Q1(0) + Q,(0) + D, = 0,

(34)  PlAs+ePyAy+ APy + A3 Py — PaM ™ P34 Q2(0) + £Q5(0) = 0,

(3.5) ePyAg +cAyPy + eP3Ay + e Ay Py — PsM ™' Py + £Qu(0) 4 £Q,(0) + D, = 0,
dQ1(7)/dr = ALQ1(7) + eA3Q3(T) — PaM ' Qs(7)

(3.6) + P1G1(7) + ePaG3(7) + R1(0,7),

(3.7) dQs(7)/dr = ALQa(7) + £A5Qu(T) — PaM~'Qu4(7) + R2(0,7),
edQs(7)/dT = AyQ1(7) + eA3Q3(T) — PsM~Q3(7)

(3.8) +eP,G1(T) + e P3G3(7) + Ry(7,0),

(3.9) edQu(7)/dT = AyQa(7) + A, Qu() — PsM~1'Q4(7) + R3(0,7),
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(0/07 +0/0p)Ra (7, p) = Gy (T)Q1(p) + Q1(T)G(p)

(3.10) + £G3(T)Q3(p) + £Q3(7)Ga(p) — Q5(1)M ' Qs(p),

(3.11) (9/07 + 8/3p)Ra(, p) = G(T)Qa(p) + £G5(7)Qa(p) — Q3(r)M ' Qu(p),
(3.12) (8/07 +0/dp)Rs(7, p) = —Q4(7)M " Qu(p),

(3.13) Q1(—h) = PiH; + eP,Hs, Q2(—h) =0,

(3.14) Q3(—h) = PyHy + PsHs,  Qu(—h) =0,

(315)  Ri(=h,7) = HiQi(7) + cH3Q3(7), Ru(7,—h) = Q\(7)Hi1 +£Qs(7) Hs,
(3.16) Ry(—h,7) = H,Qa(7) + eHsQu(7),  Ra(r,—h) =0,

(3.17) R3(—h,7) = R3(t,—h) =0.

It is verified directly that we can set
(318) QQ(T) =0, Q4(7-) =0, R?(Tv p) =0, R3(Ta p) =0, (7_7 10) €D
without a formal contradiction with the system (3.3)-(3.17). In the sequel, we seek

the solution of this system satisfying the condition (3.18).
By substitution (3.18) into (3.3)-(3.17), the latter is reduced to the system

(3.19)  PyA; + A\ Py +ePyAs + APy — P,M ' Py + Q1(0) + Q) (0) + D, =0,

(3.20) PLAy + cPyAy + e A\ Py + €Ay Ps — PyM ™' P34 £Q5(0) = 0,

(3.21) ePyAy + eAyPy + eP3 Ay + e AyPs — PsM ™ Py + D, =0,
dQ1(1)/dr = A1Q1(7) + eA3Q3(7) — PLM ™1 Q3(7)
(3.22) + PiG1(7) + eP2G3(7) + R (0, 7),

(3.23) edQs(7)/dr = A5Q1(7) +eA,Q3(1) — PsM ' Q3(7) + e PyG1 (1) +eP3Gs(7),
(0/07 + 0/dp)Ri(, p) = G1(1)Q1(p) + Q) (T)G1(p)

(3.24) + G3(m)Qs(p) + Qs(r)Gs(p) — Q3(r)M ' Qs(p),

(3.25) Qi(—h) = P H, + Py Hj,

(3.26) Qs(—h) = PyH; + P3Hs,

(3.27)  Ri(=h,7) = HiQ:1(7) + eH3Q3(7), Ri(r,—h) = Q) (7)H + Qs () Hs.

The system (3.19)-(3.27) represents a singularly perturbed boundary-value prob-
lem for a hybrid set of equations, which contains matrix algebraic, and ordinary
and partial differential equations of Riccati type. Moreover, the unknown matrices
Q1(7), Q3(7) and R:(7,p) are with deviating arguments in this set. This problem
is considered in the domain D with a non-smooth boundary. In order to construct
the asymptotic solution of this problem, we adapt the idea of the boundary function
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method [25] (a short explanation of the boundary function method is presented in
Appendix A, Section 11).

3.2. Formal asymptotic solution of (3.19)-(3.27). We seek the zero-order as-
ymptotic solution of the problem (3.19)-(3.27) in the form

(328) {ijanO(Tae)aRlo(Ta pae)}y ] = 172737 l= 1737

where the matrices Pjy are independent of e, while the matrices Qo(7,¢) and
Ryo(T, p,€) have the form

(3.29) Qio(7,e) = Quo(T) + Qp(n), 1=1,3, n=(7+h)/e,

(330) RlO(T7 P 8) = RIO(Tv p) + RIO(U? p) + Rll)O(T7 C) + Rﬂ)p(m <)7 (= (IO + h)/{f

Here the terms with the bar are so called outer solution, the terms with the su-
perscript 77”7 are the boundary layer correction in a neighborhood of the bound-
ary 7 = —h, the term with the superscript ”p” is the boundary layer correc-
tion in a neighborhood of the boundary p = —h, and the term with the super-
script 77, p” is the boundary layer correction in a neighborhood of the corner point
(tr = —h,p = —h). Equations and conditions for the asymptotic solution are ob-
tained by substituting (3.28),(3.29) and (3.30) into (3.19)-(3.27) and equating coef-
ficients for the same power of € on both sides of the resulting equations, separately

for the outer solution and for the boundary layer corrections of each type.

3.3. Obtaining Q7,(n). Let us substitute Py, (k = 1,2), (3.29) and (3.30) into
(3.22) instead of Py, (k = 1,2), Qi(7), (I = 1,3) and Ri(7,p), respectively. After
such a substitution, let us equate the coefficients of ¢!, depending on 7, on both
sides of the resulting equation. Thus, we obtain the following equation for Q7,(n):

(3.31) dQ1o(n)/dn =0, n1=0.
Due to the boundary function method [25] (see also Appendix A, Section 11), we

require that Q7y(n) — 0 for n — +oo. Using this requirement, one directly has
from (3.31)

(3.32) Qio(m) =0 ¥y >0.

3.4. Obtaining R,(n, p), R{y(7,¢), R1y(n,¢). In order to obtain RI,(n,p),
Ro(7,¢), R{¥(n,C), let us substitute (3.29) and (3.30) into (3.24) instead of Q;(7),
(I =1,3) and Ry(r, p), respectively. Then, let us equate the coefficients of ¢!, sep-
arately depending on (7, p), (7,¢) and (n, (), on both sides of the resulting equation.
Thus, the following equations are obtained for R],(n, p), R}y (7,¢), Ry (n,¢):

(3.33) ORiy(n,p)/On=0, n=>0,
(3.35) (8/0n+0/0C)RT (n,¢) =0, n>0, ¢=>0.

Based on the boundary function method [25] (see also Appendix A, Section 11), we
require that

nN—+00
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(337) CETOO RTO(T, C) = Oa TE [_h7 0]7
(3.38) i REE.0) = 0.

The equations (3.33)-(3.35) subject to the conditions (3.36)-(3.38) yield the unique
solutions

(3.39) Rio(n,p) =0 V(n,p) € [0,+00) x [, 0],
(3.40) Riy(1,¢) =0 V(7,¢) € [=h,0] X [0, 4+00),
(3.41) Ri¥(n,¢) =0 VY(n,¢) €[0,400) x [0, +00).

3.5. Obtaining the outer solution.

3.5.1. Equations and Conditions for the Outer Solution. Equations and conditions
for the outer solution are obtained by substituting (3.28) into the system (3.19)-
(3.27) instead of {P;,Qi(7), Ri(7,p)}, (j = 1,2,3; | = 1,3) and equating those
coefficients for ', which are the outer solution terms, on both sides of the resulting
equations. Thus, we have in the domain D

(3.42) PioA1 + AL Pig — PooM ' Pyy 4 Q10(0) + Q(0) + D = 0,
(3.43) PygAy — PyoM ™' Pyy = 0,
(3.44) —PsgM " P3y + Dy = 0,

(3.45) dQ1o(7)/dr = ALQ10(7) — PooM ' Qs0(7) + PioG1(7) + R10(0,7),

(3.46) AyQ1o(7) — PsgM ~'Qso(7) = 0,

(3.47) (8/07+0/0p) Rio(, p) = G1(7)Q10(p) + Q1(7)G1(p) — Qo (1) M Qso(p),
(3.48) Qio(—h) = PioHy,

(3.49) Rio(—h,7) = H{Quo(r), Rio(r, —h) = Qio(r)H,.

The equation (3.44) has the following unique symmetric positive definite solution
[27]

1/2

(3.50) Py = M/ (M—l/QDyM—l/z) M2,

where the superscript ”1/2” denotes the unique symmetric positive definite square
root of respective symmetric positive definite matrix, the one ”-1/2” denotes the
square root of respective inverse matrix.

The equations (3.43) and (3.46) yield, respectively,
(3.51) Py = PrpAsa™,
and

(3.52) Qs0(7) = (o) T A5Q10(7).
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where
_ 2
(3.53) a2 M~ Py = M~L/2 (M*l/QDyM*ﬂ) M2,

Since Dy, is positive definite, all eigenvalues of a are real positive.
Eliminating Py and @Q30(7) from the equations (3.42),(3.45) and (3.47) by using
(3.50) and (3.51)-(3.52), we obtain the set of equations

(3.54) PigA1 + A Pig + Q10(0) + Q'9(0) + Dy — ProAs D, ' Ay Pig = 0,
(355) d@l()(T)/dT = A;Qlo(T) + Pl()Gl (T) + Rm(o, 7') — PlOAQD;lAIQQl()(T),
(8/07 + 8/9p) Rao(7, p) = G (T)Q10(p) + Q1o(T)G1(p)

(3.56) —Q;O(T)A2D;1A,2Q10(P)-

Thus, in order to obtain the outer solution, one has to solve the system (3.54)-
(3.56) with the boundary conditions (3.48)-(3.49).

3.5.2. Reduced Optimal Control Problem and Solution of the Problem (3.48)-(5.49),
(8.54)-(3.56). Setting formally € = 0 in the OOCP, one obtains the following prob-
lem, after a simple rearrangement and a redenoting x, y and J by Z, § and J,
respectively,

(3.57) dz(t)/dt = A1z(t) + Hiz(t — h) + /_(; Gi(T)z(t + 7)dT + A29(t),

1>

— +OO 7 _ _/ _ 3
(3.58) J /0 [x () DuZ(t) + 5 (t)Dyy(t)} dt — min.
(3.59) (1) = pa(7), TE[-h0); To= poa

Since the variable §(t) does not satisfy any equation for ¢ € [0,400), the cost
functional J can be minimized only by a proper choice of %(t), t € [0, 4+00). This
means that the variable () is a control variable in the problem (3.57)-(3.59). This
optimal control problem is called the reduced optimal control problem (ROCP)
associated with the OOCP.

Definition 3.1. The system (3.57) is said to be L2-stabilizable if for each pair
(3.60) P £ (0u()s p0r) € L2[=h,0: B" "] x E",
there exists a control function y(¢), <gj() € L?[0, +oo; ET}), such that the solution
Z(t) of the system (3.57) with the initial conditions (3.59) satisfies the inclusion
z(-) € L?[0, 4+o00; E™77].

In the sequel, we assume:

A1l. The system (3.57) is L2-stabilizable, i.e. (see [26]),

rank(Wl()\) Ay, Ag) —n—r YA: ReA>0,
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where
Wi(A) = Ay + Hyexp(—Ah) + /(:Z G1(1)exp(AT)dr.
Let the problem (3.48)-(3.49), (3.54)-(3.56) h_awe a solution
e {P10,Q10(7')J§10(T, ,0)}

in the domain D. Based on this solution, let construct the linear bounded operator
F: M[=h,0;n —r;n —1r] = M[—h,0;n —r;n — r] given by the equation
(3.61)

0
Flg()] = <p109E+/_h Q1o(p)gr(p)dp, Q;O(T)QE-F/

—h

0 _
fao<77p>gL<p>dp),

where g(-) = (9r,95(*)), 98 € E" ", gL(-) € L*[—h,0; E"7"].
Based on results of [4] (Theorems 5.8, 5.9, 6.1), one directly obtains the following
lemma.

Lemma 3.2. Under the assumption A1, the optimal feedback control of the ROCP
exists, is unique and has the form

0
(3.62) 7' [%(t), 2 (t)] = —D, Ay {Pwsz(t) + /_h Q1o(T)Z(t + 7)dT |,

where t > 0; Zp(t) = {Z(t +7) V7 € [=h,0)}; the matrices Pio and Q1o(7) are the
respective components of the unique solution S to the problem (3.48)-(3.49),(3.54)-
(3.56), meeting the conditions:

(i) Pio is a symmetric positive-definite matriz;

(ii) R;O(Ta p) = Rlo(l% 7—);

(iii) the operator F is self-adjoint and positive.

Moreover, the system (3.57) with the optimal control y*[-] is L2-stable, i.e., for
any initial conditions (3.59), its solution #*(¢) belongs to L?[0, +o00; E™"].

3.6. Obtaining Q73(n). Let us substitute Py, (k = 2,3) and (3.29) into (3.23)
instead of Py, (k = 2,3) and Q;(7), (I = 1, 3), respectively. After such a substitution,
let us equate the coefficients of €', depending on 7, on both sides of the resulting
equation. Using (3.32), (3.39)-(3.41) and (3.53), we obtain the following equation

for Q5 (n):
(3.63) dQ%o(n)/dn = —a' Q%y(n), 1> 0.

The condition for Q%,(n) is obtained by substituting Py, (k = 2,3) and (3.29) into
(3.26) instead of Py, (k = 2,3) and Q3(7), respectively, and equating the coefficients
of €¥ on both sides of the resulting equation. Thus, we obtain

(3.64) Q%(0) = PyyHy + PsgHs — Qso(—h).

Let us transform this condition. First, using the equation (3.48) and the equations
(3.51)-(3.52), one has

(3.65) Qs0(—h) = PyoH.
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Now, the equations (3.64) and (3.65) yield

(3.66) Q7(0) = P3oHs, .
Solving the initial-value problem (3.63),(3.66), we obtain
(3.67) Q30(n) = PsoHz exp(—a'n), 1> 0.

Since all eigenvalues of the matrix « are real positive, the equation (3.67) leads
to the inequality

(3.68)

|Qa(n)|| < aexp(=pn), n =0,

where a > 0 and 8 > 0 are some constants.
3.7. Justification of the asymptotic solution.

Theorem 3.3. Under the assumption Al, there exists a positive number &}
such that, for all ¢ € (0,e5], the problem (3.19)-(3.27) has a solution
{P;j(e),Qi(r,¢),Ri(7,p,e), j =1,2,3, l = 1,3} in the domain D. For all (1,p,c) €
D x (0,e7], this solution satisfies the conditions

(3'69) Pl/(e) = Pl(5)v l=1,3; R/I(Ta p,E) = Rl(vave)v

and the inequalities

(3.70) HPJ<€) — ]53-0H < ag, HR1<T,p,€) — Ryo(r, p)H <ae, j=1,2,3,

(3.711) HQ1(778)—Q10(7)H < ae, HQ:&(T,E) —Qso(ﬂE)H < ae,
where a > 0 is some constant independent of €.

The proof of the theorem is presented in Section 5.
As a direct consequence of Theorem 3.3, we have the following corollary.

Corollary 3.4. Under the assumption A1, for all € € (0,e7], the problem (3.3)-
(3.17) has a solution {Pj(e),Qi(r,¢),R;(T,p,e), j = 1,2,3, i = 1,...,4}. The
components Q(t,e), (k = 2,4) and Ri(1,p,e), (I = 2,3) of this solution satisfy
(3.18). The other components of this solution constitute the solution of the problem
(3.19)-(3.27) mentioned in Theorem 3.3.

3.8. Operators based on the asymptotic solution. Let us consider the follow-
ing n X n block matrices

(3.72) Ry(e) = ( e > Qo(re) = < 5%2,((2 €) 8 )

— _
EPQO €P30

(373)  Qulre) = ( Sole), >  Rlrp) = ( Fuo(rp) 0 >

For a given € > 0, consider two linear bounded operators Fo . : M[=h,0;n;n] —
M[—=h,0;n;n] and Fo. : M[—h,0;n;n] — M[—h,0;n;n] given by the following
equations

Foelf ()]
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0 0
(3.74) = (Po<e>fE + [ Qs Qe+ [ Ralr p)fL(ﬂ)dp> ,

ForlfO)]
— 0 — —7 0 —
(3.75) = (Po<s>fE + / Qolp2)fulp)dp. Qo) e+ / Tl p)fL<p>dp) ,

where f() = (fEafL<)>7fE < En?fL(> € L2[_haO;En]' _

By virtue of the equation (3.50) and Lemma 3.2, the operators Fy . and Fo . are
self-adjoint.

Let us denote by F. the linear bounded operator given by (2.22), where
{P(e),Q(r,¢),R(t,p,e)}, (1,p) € D is the solution of the set (2.17)-(2.20) having
the block form (3.1)-(3.2) and satisfying (3.18),(3.69),(3.70)-(3.71).

Lemma 3.5. Let the assumption A1 be satisfied. Let the operator F, given by
(3.61), be uniformly positive. Then, there exists a number €5 > 0, such that the
operators Fo ., Foe and F. are positive for all € € (0,5].

The proof of the lemma is presented in Section 6.
4. e-FREE CONDITIONS FOR THE EXISTENCE AND UNIQUENESS OF SOLUTION TO

THE OOCP

Lemma 4.1. Let the assumption A1 be valid. Then, for all € > 0, the system
(2.11)-(2.12) is L*-stabilizable.

Proof. Due to results of [26], for any ¢ > 0, the system (2.11)-(2.12) is L2-stabilizable

if and only if the following condition is satisfied
Wi(A) = Ay Az 0

(4.1)  rank < Wa(\) Ay =M, eI,

where

)zn YA:ReA >0,

0
W3(A) = As + Hsexp(—Ah) + /h G3(T)exp(AT)dr.

The validity of the equation (4.1) for any positive ¢ directly follows from the
assumption Al, which proves the lemma. O

Lemmas 2.2, 3.5, 4.1, Theorem 3.3, Corollary 3.3 and the results of [4] (Theorems
5.7, 5.9, 6.1) directly yield the following theorem.

Theorem 4.2. Let the assumption Al be satisfied. Let the operator F, given by
(8.61), be uniformly positive. Then, there exists a number g > 0 such that, for all
e € (0,ep]:

(i) the set of Riccati-type equations (2.17)-(2.20) has the unique solution
{P(e),Q(r,¢e),R(T,p,e)}, (7,p) € D providing the operator F. to be self-
adjoint and positive, and the matriz P(e) to be positive definite;

(i) this solution has the block form (3.1)-(3.2) and satisfies the conditions (3.18)
and the inequalities (3.70)-(3.71);
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(iii) the OOCP has the unique optimal state-feedback control (2.23), and this con-
trol provides the L?-stability for the closed-loop system (2.11)-(2.12),(2.23);
(iv) the optimal value of J(v) in the OOCP has the form

, , 0 , 0
J7 = o P(e)go + 2 <% / QU (i + g, / Qulr sm(T)dT)

0 0
42) o+ / h / TR 2Vpulp)rdp, 0 = coll e o)

5. PROOF OF THEOREM 3.3
The proof is based on the following auxiliary results.

5.1. Auxiliary Lemmas. Consider the system

(5.1)  dw(t)/dt = A(e)w(t) + A () / Glr, e)w(t +7)dr, t>0,
where w € E™ and the n x n-matrices A(e), H(e) and G(r,¢) have the block form
bt Al(E) Hl( ) 0
2 Ae) = i
(5 ) (6) < 8_1A3( 1A4 < 1H3( ) 0 ’
£) 0

~ G 1(7 €) + Gha(n, _
(5.3) G(r,e) = < ! UG (r.€) 4 Goa(m.2)] 0 ) . n=(T+h)/e,

Gy 1(7,€) and Glg(n, e) are of the dimension (n—r)x (n—r),
(¢), G31(7,€) and Gsa(n, €) are of the dimension 7 x (n—7).

the blocks Ay (e), Hy(e),

and the blocks A3(¢), Hs
We assume that:

A2. There exists a constant £; > 0, such that:

(a) A;(e) and H(e), (i = 1,...,4; | = 1, 3) satisfy the Lipshitz condition with respect

to e € [0,1];

(b) Gii(7,¢€), (I = 1,3) are piece-wise continuous with respect to 7 € [—h, 0] for each

€€ [0,51];

(¢) Gu(r,e), (I = 1,3) satisfy the Lipshitz condition with respect to e € [0,&]
uniformly in 7 € [—h,0];

(d) Gpa(n,e), (I = 1,3) are piece-wise continuous with respect to 1 € [0, h/e] for
each ¢ € (0,&1];

(e) Gra(n,€), (I =1,3) satisfy the inequality

(5:4) |Gr2(n, )l < aexp(=fn) V(n,e) € [0,+00) x [0, 1],

where a and [ are some positive constants independent of €.
A3. The matrix A4(0) is a Hurwitz one.
A4. The reduced-order subsystem associated with (5.1)

(55) d’lf)l(t)/dt = F’lf}l( )+@w1 t— / Q w1 t—i—T)d t >0,

where w(t) € E"", and
(5.6)  T'=A1(0) — A3(0)A;'(0)A5(0), © = Hy(0) — A2(0)A;"(0)H3(0),
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(5.7) Q(7) = Gu1(7,0) — A3(0) A1 (0)G31 (7, 0),
is asymptotically stable, i.e., all roots A of the equation
0
(5.8) det |I" + exp(—Ah)O + / exp(AT)Q(1)dT — I, | =0
—h

have negative real parts.
Let W(t,e) be the fundamental matrix of the system (5.1), i.e., it satisfies this
system and the initial conditions

(5.9) U(te)=0, t<0; U(0,e)=1I,.

Lemma 5.1. Let ¥y (t,e), Ua(t,e), Vs(t,e) and Y4(t,€) be the upper left-hand, upper
right-hand, lower left-hand and lower right-hand blocks of the matriz U (t,e) of the
dimensions (n —r) X (n—7r),(n —r) X r,r x (n—r) and r X r, respectively. Under
the assumptions A2-A4, there exists a constant €2 > 0 (€3 < £1), such that for all
t >0 and € € (0,&2], the following inequalities are satisfied:

(6100  [W(te)] <aexp(—vt), (I=1,3), [Tat,e)] < asexp(—vt),

(5.11) [W4(t, )|l < aexp(—vi)[e + exp(—pt/e)],
where a > 0,v > 0 and B > 0 are some constants independent of €.

Proof. The lemma is a direct extension of results of [5] (Theorem 2.1) in the case
where the slow state variable has a single point-wise delay and a distributed delay,
while the fast state variable has no delays. The inequalities (5.10)-(5.11) are proved
in the same way as the similar inequalities in [5]. O

Consider the particular case of the system (5.1) with the coefficients

(5.12)  A(e)=A-S(e)Pe), H(e)=H, G(r,e)=G(r)—S()Qo(re),
where A, H and G(7) are defined in (2.4)-(2.5),(2.9); Py(¢) and Qo (7, ) are defined
in (3.72).

Let A(t,e) be the fundamental matrix of the system (5.1) with the matrices of
coefficients given by (5.12). Let Ai(t,€), Aa(t,e), As(t,e) and A4(t,e) be the upper
left-hand, upper right-hand, lower left-hand and lower right-hand blocks of the
matrix A(t,e) of the dimensions (n —r) x (n—7r),(n—7r) xr,r x (n—7r) and r x r,
respectively.

Lemma 5.2. Under the assumption Al, there exists a constant €3 > 0, such that
for allt >0 and € € (0,£3], the following inequalities are satisfied:

(513) At o) < aexp(—vt), (1=1,3), [[As(t,e)]| < acexp(—vt),

(5.14) |IA4(t, e)|| < aexp(—vt)[e + exp(—pt/e)],
where a > 0,v > 0 and 8 > 0 are some constants independent of €.

Proof. First, let note that the matrices in (5.12) satisfy the assumption A2. More-
over, for the matrix A(g), given in (5.12), the block A4(e) has the form Ay(e) =
€Ay — a. The latter means the fulfilment of the assumption A3 for this matrix.
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Now, let construct the reduced-order subsystem, associated with the system
5.1), (5 12), and show the asymptotic stability of this subsystem. By virtue of
5.2)-(5.3) and (5.12), one has
5.

15 Al(E) = Al, AQ(E) = AQ, 1213(8) = €A3—M_1P2,0, /14(6) = €A4—M_1p30,

Cﬂ
—_

)
6) ﬁl(8):Hl, l:1,3,
) Gu(r,e) =Gi(r), Gra(n,e) =0,

ot

A7

5.18) Gai(r,e) = eGa(r) = M~ 'Qs0(r),  Gaa(n.€) = =M Qo).

By substituting (5.15)-(5.18) into (5.6)-(5.7), one obtains (after some rearrange-
ments) the matrices I, © and Q(7) of coefficients for the reduced-order subsystem
(5.5) associated with the system (5.1),(5.12). Namely,

(519) F = A1 — A2]53—01]32’07 @ - Hl, Q(T) = Gl(’]') - AQPS_OIQ30(T).

Let transform equivalently the expressions for I' and Q(7). Substituting (3.51)
and (3.52) into the expressions for I and (1), respectively, and using (3.53), yield
after some rearrangements

(520) I'= A1 — Agpi)lMp?jolAéplo, Q(T) = Gl(T) — Agpi]lMpgalA/QQlo(T).
From the equation (3.44), one directly has

(
(
(
(5.
(
(

(5.21) Py'MPy' = Dt

Finally, substituting (5.21) into (5.20), we obtain
(5.22) =4, - AQD;lAéplo, Q(T) =Gi(T ) AQD A2Q10( )

Now, let us consider the system (3.57) with the control 3(t) = y*[z ( ), Zp(t)],
where y*[] is given by (3.62). Substituting (3.62) into (3.57) instead of y(t), one

obtains the closed-loop system

dz(t)/dt = (A1 — As D' Ay Pro)a(t) + Hiz(t — h)

0
(5.23) + / [Gl(T) — AQD;lAQQlo(T) .f'(t + T)dT.
—h
Due to Lemma 3.2, this system is L?-stable.
Consider the characteristic equation of the system (5.23)

det [Al — AsDy M Ay Prg + exp(—Ah)H,

0
(5.24) +/ exp(AT) (Gl(T) — AnglA;Qm(TDdT — In_r] =0.
—h

Using L?-stability of (5.23) and Proposition B.1 from Appendix B, Section 12
(for more details, see Theorem 5.3 in [4]), we obtain that all roots A of (5.24) have
negative real part. The latter means that the system (5.23) is asymptotically stable
in the sense mentioned in the assumption A4.

Comparing the reduced-order subsystem (5.5),(5.19) with the system (5.23), and
using the equivalent expressions for I' and Q(7) (see the equation (5.22)), one can
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conclude that these systems coincide with each other. Thus, the reduced-order
subsystem (5.5),(5.19), associated with the system (5.1),(5.12), is asymptotically
stable, i.e., this system satisfies the assumption A4.

Thus, the system (5.1),(5.12) satisfies the assumptions A2-A4. The latter, along
with Lemma 5.1, directly yields the statement of the lemma. O

5.2. Main part of the Theorem’s Proof. Let us make the following transfor-
mation of variables in the problem (3.19)-(3.27)

(525) PJ(E) = PjO + 5Pj(6)7 J=12,3,

(5.26) Q1(7,€) = Q10(7) + ePooHs + 601(7,¢),  Qs(7,¢) = Qs0(7,€) + dg3(7,€),
(5.27)

Ri(7,p,€) = Rio(T,p) + 6[@;,0(778)1{3 + HyQs0(p,€) — HépsoHs} +0r1(T, p, €),
where 6p;(e), (j = 1,2,3), dqi(7,€), (Il = 1,3) and dg1(7, p, €) are new matrix-valued

variables of corresponding dimensions.
Let us introduce in the consideration the following n X n-matrices

_ ([ dpi(e)  edpae) _( dar(re) O
(5.28) Op(e) = < E§;2(E) 5(51;23(5) ) - falne) = ( 532@3(7’5) 0 > ,

(5.29) Salr p.e) = ( ominee) © ) |

Substituting (5.25)-(5.27) into the problem (3.19)-(3.27) and using (5.28)-(5.29),
as well as the equation (3.29) for | = 3, the set (3.42)-(3.49) and the set (3. 63) (3.64),
one obtains the following problem for the new matrix-valued variables dp(¢), (7, €)
and Og(7, p,€) in the domain D

(5.30) dp(e)A(e) + A'(€)dp () + 00 (0,2) +65(0,€) + Dp(e) — 6p(€)S(e)dp(c) =0,
dog(r,e)/dr = ( €)oq(r,e) +dp(e)G (7',5)
(5.31) + 0r(0,7,¢) + Dg(T,e) — 0p(e)S(e)dg(T,€),

/

(0/07 +0/0p)or(7, p.e) = G (7,)0q(p, ) + dg(7,)C(p,€)

(5.32) + Dr(r, p,e) — 8 (7,€)S(€)dg(p,€),
(5.33) 5o(—h,e) = 6p(e)H
(5.34) Sr(~h,7,e) = H 6g(r,e),  Op(r,~h,e) = dg(r,e)H,

where the matrices A(e) and G(7,¢) are given in (5.12).

Matrices Dp(e), Dq(7,¢) and Dg(7,p,¢) are expressed in a known form by the
matrices Py(e) and Qo(7,¢). These matrices are represented in the block form as
follows:

[ Dpi(e) Dpale) _ ( Dqa(r,e) 0
539 Do) = (00 DG ). Petma= (2 0 ).
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(5.36) Da(r.p.) = JrAme) 0,

0 0
The dimensions of the blocks in (5.35)-(5.36) are the same as in (5.28)-(5.29), and
(537) D,P,l(g) = DP7l(€)7 =13 D;%,l(’ra P 6) = DR,l(pv 7_75)'

Moreover, by application of Lemma 3.2, the equations (3.52) and (3.67), and the
inequality (3.68), it can be shown the existence of a constant &4 > 0 such that
Dg(r,€), (1 =1,3) and Dg (T, p,€) are continuous in 7 € [—h, 0] and in (7, p) € D,
respectively, for any ¢ € (0,&4], and the following inequalities are satisfied for all
€€ (0, 54]:

(5.38) |Dpj(e)]| <ae, j5=1,2,3,
(5.39) D@ (7,e)|| < afe +exp[—B(r + h)/el},  [[Dos(T,e)| < ae,
(5.40) |Dri(7,p,e)|| < a{e + exp[—B(T + h)/e] + exp[—F(p + h)/e]},

where (7,p) € D; a > 0 and [ > 0 are some constants independent of e.
Let us denote

(5.41) Aplop)(e) 2 Dp(e) — 6p(2)S(2)0p(2),

(5.42) Aqlop,)(7,€) £ Do(r,e) — 6p(2)S(e)dq(T, ),

(5.43) ARl0Q)(7, p.2) E Dr(1, p.2) — 0(7,2)S()dq (p. ),

(5.44) Alt,me) 2 At — T — h,e)H + ' At =1 — p,e)G(~p,€)dp.

T

By virtue of (2.5),(2.9),(2.16) and (5.12), the matrix A(t, 7, €) has the block form

(5.45) At,r,e) = ( ﬁ;g: 3 8 ) .

Moreover, using Lemma 5.2 yields the following inequalities for all ¢ > 0, 7 € [—h, 0]
and ¢ € (0, £3]:

(546) HAl(tv 7_75)H < aexp(—yt), l=1,3,

where a > 0 and v > 0 are some constants independent of ¢.

Let estimate the matrices dp(e), dg(7,€) and 0r(7, p,€). For this purpose, we
will transform equivalently the problem (5.30)-(5.34). This transformation is based
on some results of [4], namely, on Theorem 6.1 and its proof (see the equations
(6.3),(6.6),(6.10)-(6.11) and (B.4),(B.6),(B.18) in [4]). Using these results allows us
to transform the problem (5.30)-(5.34) to an equivalent set of integral equations.
Thus, by using the notations (5.41)-(5.44) and the above mentioned results of [4],
as well as the fact that A(¢,¢) is the fundamental matrix of the system (5.1) with
the coefficients (5.12), we can rewrite the problem (5.30)-(5.34) in the following
equivalent integral form (similarly to [9], [10])

Sp(e) = /O o [A’(t,g)AP[ap] (€)A(t, )
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+/ A (t,e)Agldp, dg)(T,e)A(t + 7, e)dr
—h

0
+ / N (t+7.6) A6, S0l (r, )A(t, ) dr
—h

0 0 ,
(5.47) —I—/_h /_hA (t+7,e)AR[0Q](T, p,e)A(t + p,e)dpdT|dt,
+o0 , ~
So(r,e) = /0 [A (t,2)Ap[0p](e)A(t, T )
0
+ [N (£ 8gl8n, 80l A+ 7N
/ N (t+ p,2) A or, 6l (p, VA (L, 7, )dp
/ / (t + 0,6)AR[dQ] (0, p,)A(t + p, T, €)d0’dpj| dt
+/O [A (t,€)Ag[op, 6o)(T — t,€)
0 /
(5.48) + /h A (t+ p,e)ARldgl(p, T —t, a)dp} dt,
+o0 -, ~
Or(T,pye) = /0 [A (t,m,e)Aplop|(e)A(t, p,e)
+/0 Nt £)Ag[0p, 60 (0, e)A(t + 0, p,€)do
—h
0
+ / K (t+0,7,2) Agldp, 6] (0. €)A(t, p. e)do
/ / (t+o0,7,6)AR[ég|(0,01,€ )A(t—l—al,p,e)dadal}dt
p+h -,
+O /0 [ (t7.0)Aq [0, (o — 1.2)
+ / . N(t+o,r, e)Arldgl(o, p—t, a)da} dt
- T+h , B
+ /0 [Al6p. 5l (7 — t.2)A(t,p.)
0 ~
+ /_ Arlil(e:7 ~ At + 0 p, 5)40] dt

min(7+h,p+h)
(5.49) +/ AR[oQ)(T —t,p—t,e)dt.
0

It is verified directly that
(5.50) 0 <min(r +h,p+h)<h, (r,p)€D.

217
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Now, applying the procedure of successive approximations to the set (5.47)-
(5.49) with zero initial approximation for dp, dg and g, and taking into ac-
count Lemma 5.2, the equations (5.35)-(5.36),(5.37), (5.41)-(5.44) and the inequal-
ities (5.38)-(5.40), (5.46) and (5.50), one directly obtains the existence of solu-
tion {0p(e),dq(T,€),0r(T, p,e)} of the system (5.47)-(5.49) (and, consequently, of
the problem (5.30)-(5.34)), having the block form (5.28)-(5.29), and satisfying the
following conditions and inequalities for all (7,p) € D and ¢ € (0,€5], where
0 < &5 < min(€3,£&4) is some constant,

(551) 5}’[(5) = 5Pl(5)7 l= 1,3; 5;%1(7-7 p>5) = 6R1(:0a 7_75)3

(5.52) ||0pj(e)|l < ae, 7=1,2,3; |[0qi(T,e)|| <ae, 1 =1,3; ||6ri(7,p,e)| < ae,

where a > 0 is some constant independent of €.
The conditions (5.51) and the inequalities (5.52), along with the equations (5.25)-
(5.27), directly yield the statements of the theorem. O

6. PROOF OoF LEMMA 3.5

Let begin with the proof of the positiveness of the operator Fy.. Remind that,
for a given € > 0, the operator Fy . is positive if

(6.) (Foclf ) £0)) 20 VF() € MI=h, 0 i)
The condition (6.1), along with the equation (3.74), yields

0
1) 2 (Foclf O 10) |, = FPo@ e+ 205 [ Qulpe)fulo)ds

o 0
(6.2) —I—/h /h fr.(T)Ro(T, p)fr(p)drdp >0 VYfg € E", fr(-) € L*|~h,0; E"].

Let fg (n—r) and fg, be the upper and lower blocks of the vector fg of the
dimensions (n—r) and 7, respectively. Similarly, let, for any 7 € [~h,0], fr, (n—p)(7)
and fr,,(7) be the upper and lower blocks of the vector fr(7) of the dimensions
(n —r) and r, respectively. Then, by using the equation (3.61) and the block form
of the matrices Py(e), Qo(7,¢) and Ro(T,p) (see (3.72)-(3.73)), the expression for
v(g) can be rewritten as follows

(6.3) v(e) =71 + ev2 + ev3(e),
where
(6.4) = (FlosOlgs ) -
gf() é (fE,(?’L—T)? fL,(n—r)(')) € M{_h7 O;n—mrin— T])
(6.5) Y2 = f};,TP:sofE,r,

0
(6.6) Y3(e) = 2f/E,(n_r)p20fE,7' +2fp, /_h Q30(p,€) fL,(n—r)(P)dp.
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Since, due to the assumption of the lemma, the operator F is uniformly positive,
then there exists a positive number p; such that

71 2 24 () I2 4 11,0y ()22

2
> i1 (5, + 12,y (2

(6.7) VS5, n-r) € B, fr (n-r) (") € L*[=h,0; E""].
Using the positive definiteness of the matrix Psg, one obtains the inequality

(6.8) v 2 2l fel? Ve € B

where p9 > 0 is some constant.
Moreover, using the expression for Q30(7,¢) (see (3.29)) and the inequality (3.68)
yields the following estimate of ~y3(g) for all ¢ > 0:

(1, | + 12,2 22 )

Iv3(e)| < 23| fEr

(69) va,T € ET? fE,(n—T) € En—’l‘, fL,(n—T)(') € L2[—h, 05 En—'/‘]’

where us > 0 is some constant independent of e.
Using the equation (6.3) and the inequalities (6.7)-(6.9), we directly obtain for
alle >0

2
&) = 1 (1o mnll + 1 Ollzz) + epiall forl?
= 2epigl| fr | (1. )+ 12 n ) )l 22)

(6.10) Vg mr) € E"", fBr €E", fi(n-r() € L*[=h,0; E""].

A simple equivalent transformation of the right-hand side of the inequality (6.10)
yields the inequality

1) 2 (VA e mnll + e Oll2) — vEml fasl)
+ 2vVe(Vpz — Veps)| fer

(1. |+ 12,y 22 )

(6.11) VfEmr) € E"", fos € E", f1(nr)() € L*[=h,0; E""].
The latter implies that, for all & € (0, uypu2/p3],
(612) 7(6) >0 VfE,(n—r) €EE", fE,T’ €E, fL,(n—r)(') S LQ[_hao;En_r]‘

The inequality (6.12), along with the equation (6.2), directly yields the inequality
(6.1), which completes the proof of the positiveness of the operator Fy.. The
positiveness of the operators .’/T:_o,6 and F; is proved similarly. Note that in such a
proof for F., Theorem 3.3 is used. U
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7. SUBOPTIMAL FEEDBACK CONTROLS OF THE OOCP

7.1. e-free state-feedback control. Consider the following state-feedback control
for the OOCP

(7.1) v =1o[z()](t) = —e'MT'B [Po / Qo(T,e)z(t + 1)dT |,

where z = col(z,y).

This control is obtained from the OOCP optimal state-feedback control (2.23)
by replacing there the matrices P(¢) and Q(7,¢) by the ones Py(e) and Qo(T,e¢),
respectively.

Substituting the block form of the state variable z and of the matrices B, Py(¢)
and Qo(r,¢) (see (2.2), (3.72) and (3.73)) into (7.1) yields after a simple rearrange-
ment

(72) v = 170[2(-)]@) =M1 <P2/0x( + Pgoy / ng ) ) .

It is seen that the state-feedback control v = vg[z(-)](¢) is independent of .
Substituting v = vg[z(-)](f) into the system (2.11)-(2.12), one obtains the system

(7.3)  da(t)/dt = Ayw(t) + Agy(t) + Hys(t — / G (r)a(t + 7)dr,

edy(t) /dt = (gAg - M—lpgo)x(t) v (5A4 M P30>y(t)

0

(7.4) +eHsz(t — h) + /—h <6G3(T) - M_1Q30(T))$(t +7)dr.

Lemma 7.1. Under the assumption A1, there exists a positive constant &, such
that for all ¢ € (0,21] the system (7.3)-(7.4) is L*-stable.

Proof. Let, for a given ¢ > 0, A(t,e) be the fundamental matrix solution of the
system (7.3)-(7.4). Let Ai(t,e), Aa(t, ), As(t,e) and A4(t,e) be the upper left-
hand, upper right-hand, lower left-hand and lower right-hand blocks of A(t,e) of
the dimensions (n — ) X (n —7r), (n —r) X r, r X (n —r) and r X r, respectively.
Then, similarly to the proof of Lemma 5.2, one obtains the existence of a constant
g1 > 0, such that the following inequalities are satisfied for all ¢ > 0 and ¢ € (0, &]:

(7.5) IA;(t,8)|| < aexp(—vt), (1=1,3), |Az(t,e)|| < acexp(—vt),
(7.6) [Aa(t, )| < aexp(—vt)[e + exp(—pt/e)],

where ¢ > 0, > 0 and 8 > 0 are some constants independent of .

Using the variation-of-constant formula [12] and the block form of the fundamen-
tal matrix solution A(t,¢) of the system (7.3)-(7.4), one can write down the solution
of this system with the initial conditions (2.14) as follows

0
(77) I’(t, 8) = Al (tv 8)()0033 + /_\2 <t7 8)()001/ + / Al(t, T, €>¢$(T>d77 t 2 07
—h

0
(78)  y(t,e) = As(t,)p0e + Aalt, )y + / Rs(t,7,0)a(r)dr, t>0,
—h
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where
Al(t, 7,8) = Al(t — 7 —h, E)Hl + Az(t -7 — h,E)Hg
h
[ [l po6i-p)
(7.9) +As(t =7 = p,e)(Ga(—p) =™ M~ Qaol(=p) ) | d,
As(t,7,e) = A3(t — 7 — h,e)Hy + Ay(t — 7 — h,e)H3
h
+ [ [fat 7= p2)Gi(-p)
(7.10) +ha(t =7 = p.e) (Gal(—p) — 7 M7 Qao(~p) ) | dp.
By virtue of (7.5)-(7.6), we obtain the following inequalities for all £ € (0, &]
(7.11) |Ai(t, 7,¢)|| < aexp(—vt), t>0, 7€[-h,0], [=1,3,

where ¢ > 0 and v > 0 are some constants independent of ¢.

Now, using the equations (7.7)-(7.8), the inequalities (7.5)-(7.6) and (7.11), and
the Cauchy inequality, we directly obtain the following estimates of z(t, ) and y(t, )
for all € € (0,&]

(712) (e o)l < aexp(—vt) (llpowll + llpoyll + lgalliz ), £20,

(713) (o)l < aexp(—vt) (loll + gyl + lealliz ), £20,

where a > 0 and v > 0 are some constants independent of ¢.
The inequalities (7.12)-(7.13) imply the L2-stability of the system (7.3)-(7.4) for
all € € (0,&1]. Thus, the lemma is proved. g

Consider the following system of algebraic, ordinary differential and partial dif-
ferential equations with respect to n x n-matrices P, Q(7) and R(T, p)

(7.14) PA(e) + A' ()P 4+ Q(0) + Q' (0) + D + Py(e)S(e) Py(e) = 0,
(7.15) dQ(r)/dr = A'(£)Q(7) + PG(r,e) + R(0,7) + Py()S(e)Qo(, ),

(7.16) (9/07 +0/0p)R(7,p) = G (1.£)Q(p) + Q' (T)G(p, ) + Qo(7,2)S(£)Qu(p €),
where the matrices S(¢) and D are given by (2.16), the matrix A(e) is given in
(5.12), and the matrix G(r,&) has the form

(7.17) G(r,¢) = G(r) — S(e)Qo(T, ¢),

the matrix G(7) is given in (2.5),(2.9).
The system (7.14)-(7.16) is considered subject to the boundary conditions

(7.18) Q(—h)=PH, R(-h,7)=H Q(r), R(r,—h)=Q (1)H,
where the matrix H is given in (2.5),(2.9).
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Let Jo- be the value of the cost functional .J(v) (see (2.13)) obtained by employing
the state-feedback control (7.2) in the system (2.11)-(2.12) subject to the initial
conditions (2.14).

Lemma 7.2. Let the assumption Al is satisfied. Then, for all e € (0,&1]:
(a) the problem (7.14)-(7.16),(7.18) has the unique solution
{P(e), Q(7,¢), R(7,p,€)} in the domain D;
(b) the operator F. : M[—h,0;n;n] — M[—h,0;n;n], given by the equation

FlfC)]

~ 0 ~ ~/ 0 ~
119 = (P@e+ [ Qoo ot [ Rirpefilold).
—h —h
where £(-) = (f5, f1()): fi € B, f1() € L2[=h, 0; B, is self-adjoint and
positive;
(c) the matriz P(e) is positive definite.

Proof. The statements of the lemma are direct consequences of Lemma 7.1 and the
results of [4] (Theorem 5.3, Proposition 5.4, Theorem 5.5). O

Lemma 7.3. Let the assumption Al is satisfied. Then, there exists a positive
number &y (9 < &1), such that for all € € (0,&9]:
(a) the solution {P(),Q(r,€), R(t,p,€)}, (1,p) € D of the problem (7.14)-
(7.16),(7.18) has the block form

= [ Pi(e) ePye) A _( @ulre) 0
e Po=(B) B0 ) =G5 5)

(721) R(Ta Ps 5) = iy (7-7 P E) 0 )
0 0
where Pj(e), (j = 1,2,3) are matrices of the dimensions (n —r) x (n —

r), (n—7r)xr, rxr, respectively; Qi(r,e), (I =1,3) are matrices of the
dimensions (n—1) x (n—r), rx (n—r), respectively; Ry(T, p,€) is a matriz
of the dimension (n —r) x (n —r);

(b) these matrices satisfy the inequalities

(7.22) HPj(g) - 15jOH <ae, j=1,23,
(7.23) | @i(r,e) = Quo(r)|| Sas,  ||Qs(re) = Quolre)| <ae,  rel-n0)
(7.24) |&i(r.p.2) = Ruo(rp)| <@, (rp) €D,

where the matrices Pjo, (j = 1,2,3), Q10(7), Qs0(7,€) and Rio(7, p) are the
same as in Theorem 3.3; a > 0 is some constant independent of €;
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(c) the value Jo- can be expressed as

— / ~ ’ 0 ~ ’ 0 ~
Joe = oo P(e)po +2 (wox /_ Qi (i + 25, /_ Gl a)wx(r)d7>

0 (0 ~
(125 + / h / G (. en(p)drdp, 0 = collgn o).

Proof. The statements (a) and (b) of the lemma are obtained similarly to Theorem
3.3 and Corollary 3.3. The statement (c) follows directly from Lemma 7.1, the
results of [4] (Theorem 5.3, Proposition 5.4 and Theorem 5.5) and the statement
(a) of the lemma. O

Based on Lemma 7.3 (statements (a) and (b)), the following lemma is proved
very similarly to Lemma 3.5.

Lemma 7.4. Let the assumption A1 be satisfied. Let the operator F, given by
(3.61), be uniformly positive. Then, there exist positive numbers vy, vo and vs,
such that, for all € € (0,v11v9/v3] and f(-) € M[—h,0;n;n], the following inequality
is satisfied

(Z1£0170)) 2 (VA 2l + 110y Ollz) = VTR ])
+ 2Va (i = Ve fee | (15,0 | + 1 fr,n Ollz2) 2 0,

(7'26) fE,(n—r) €EE", fE,T € ETa fL,(n—r)(') € L2[_h70;En_r]7
implying that the operator F. is positive for all ¢ € (0, v119/v3].

Theorem 7.5. Let the assumption Al be satisfied. Let the operator F, given by
(3.61), be uniformly positive. Then, there exists a positive number &5, such that the
following inequality is satisfied for all € € (0,&7]:

(7.27) 0.< Joe = J2 < a2 ((lpoll)* + (e () 122)%)

where J¥ is the optimal value of the functional J(v) in the OOCP; a > 0 is some
constant independent of €.

Moreover, if pz(-) € L*®[—h,0; E"""], then there exists a positive number &5,
such that the following inequality is satisfied for all € € (0, &5]:

(7.28) 0 < Joe = J2 < az((lleol)? + (2 ()lloe)?)

with some positive constant a independent of ¢.
The proof of the theorem is presented in Section 8.
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7.2. e-dependent state-feedback control. In this subsection, we consider an-
other state-feedback control for the OOCP. Namely,

(7.29) v = [z()](t) = —e "M B’ [Po / Qo(T,€)z(t +7)dr|,

where z = col(z,y).

This control is obtained from the OOCP optimal state-feedback control (2.23)
by replacing there the matrices P(¢) and Q(7,¢) by the ones Py(e) and Qo(T,¢),
respectively.

Substituting the block form of the state variable z and of the matrices B, Py(¢)
and Qo(7,¢) (see (2.2) and (3.72)) into (7.29) yields after a simple rearrangement

— — 0
(7.30) v =wo:[z(")](t) = —M! <P20:E(t) + Psoy(t) + / Qso(T,e)x(t + T)dT) )
h

It is seen that the state-feedback control v = vp:[2(+)](¢) depends on e.

Let Jo. be the value of the cost functional J(v) (see (2.13)) obtained by employing
the state-feedback control (7.30) in the system (2.11)-(2.12) subject to the initial
conditions (2.14).

Theorem 7.6. Let the assumption Al be satisfied. Let the operator F, given by
(3.61), be uniformly positive. Then, there exists a positive number £§, such that the
following inequality is satisfied for all e € (0,§]:

(731) 0 < o — 72 < a2 ((lwoll? + () 12)?),

where J* is the optimal value of the functional J(v) in the OOCP; a > 0 is some
constant independent of €.

Proof. The theorem is proved similarly to Theorem 7.5. g

8. PROOF OF THEOREM 7.5

Consider the matrices

(8.1) p(e) £ Pe) = Pe),  Aq(re) 2 Q(r,¢) — Q(r,2),
(8.2) r(r, p,€) 2 R(r,p,e) — R(7,p,<),
where {P(¢), Q(t,¢), R(r,

,R(7,p,€)} is the unique solution of the problem (7.14)-(7.16),
(7.18); {P(e),Q(1,¢), R(T,p,e)} is the solution of the problem (2.17)-(2.20) men-
tioned in Theorem 4.2.
By using the sets of equations (7.14)-(7.16),(7.18) and (2.17)-(2.20), one can show
that the matrices Yp (), Yo (7,¢) and Jgr(7, p,€) satisfy the following problem

(8.3) Ap(e)A(e) + A'(e)ip(e) + 30(0,€) + 7o (0,€) + Dp(e) = 0,
(8'4) d:yQ(Tv €>/d7_ - ‘Zl, (5):)@ (7—7 8) + :)/P(g)é(’r? 5) + :)/R<07 T, 6) + [)Q(T? 6)7
(8.5) (9/07 +0/0p)AR(T, p,€) = G (1,€)70(p,€) + Ao (T, €)G(p,€) + Dr(7, p,€),

(86) ﬁQ(_h75) = :}/P(E)Ha &R(_hﬂ_» 5) = H/'?Q(Tv 5)7 7R(7'7 _ha 6) = ’%9(7_7 E)H7
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where

(8.7) Dp(e) = [P(e) = Po(e)]S(e)[P(e) — Poe)],

(8.8) Dq(r,¢) = [P(e) — Po(e)]S()[Q(7, ) — Qu(7, )],
(89) DR(Tv P 5) - [Q(Tv 8) - Q0<T7 5]/S<€)[Q(p7 5) - QO(pv 5)]

Using Theorem 4.2 and the block form of the matrices ]?0(5) and Q()N(T,E) (see
(3.72)-(3.73)) yields the following block form of the matrices Dg(7,¢) and Dg(7, p, €)

(159 §). panna=(8070 )

where the matrices Dy (7, €) and Dgs(, ¢) have the dimensions (n—7) x (n—r) and
r x (n—r), respectively; the matrix Dgy (7, p, ) has the dimension (n—7) x (n—7).
Moreover, by using the inequalities (3.70)-(3.71), one obtains the following estimates
for the matrices Dp(e), Dgi(7, ), (I = 1,3) and Dg (7, p,¢) for all (7,p) € D and
e € (0,e7):

(8.11) HDp(e)H < ae?, HDQZ(T, e)|| < aele + exp(—=0B(T + h)/e)], 1=1,3,
IDR1(7, p,€)|| < ale® + e exp(—B(7 + h) /&)

(8.12) + eexp(—B(p+ h)/e) +exp(—B(T + p+ 2h) /)],

where a > 0 and § > 0 are some constants independent of €.

Similarly to Lemmas 7.2 and 7.3, it is obtained that, for all € € (0, min(e}, &2)],
the problem (8.3)-(8.6) has the unique solution {¥p(¢),3q(T, <), Yo (7, p,€)} in the
domain D, and the components Jq(7,¢) and Jgr(7, p,€) of this solution have the
block form
813 detre) = ( 220 00 surpe = (gm0 0,
where the matrices Yg1(7, €) and 4gs3(7, €) have the dimensions (n—r) x (n—r) and
r X (n—r), respectively; the matrix 41 (7, p, €) has the dimension (n —r) x (n —1r).

Now, rewriting the system (8.3)-(8.6) in the equivalent integral form (similarly to
the proof of Theorem 3.3), and using the inequalities (7.5)-(7.6) and (8.11)-(8.12),
one directly obtains the following inequalities for all (7, p) € D and € € (0,&}] with
some 0 < & < min(e}, &2):

(8.14) I7p@E)l <a?,  Iane)l <a®, 1=13,

(8.15) 19R1(7, p, €)|| < agle + exp(=p|T — pl/e)];

where a > 0 and 8 > 0 some constants independent of ¢.
Using (4.2) and (7.25), we obtain

Joe = JZ = poTp(e)po

0 0
o <so0x / il dpa(r)dr + 2, / hmsw,e)%(f)dr)
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0 0
(8.16) -+b/°hJ/]Lwz<f>aR1<T,p,s>¢x<p>dvdp, 0 = col(os, woy)-

Using this equation, as well as the inequalities (8.14)-(8.15) and the Cauchy in-
equality, directly yields the inequality (7.27) stated in the theorem. The inequality
(7.28) follows from (8.14)-(8.16) and the inequality ||z (7)|| < ||¢z(-)||co for almost
all 7 € [—h,0]. Thus, the theorem is proved. O

9. DIRECT METHOD OF SUBOPTIMAL SOLUTION OF THE OOCP

In this section, we propose another method of constructing a suboptimal state-
feedback control for the OOCP. This method is not based on the asymptotic solution
of the set of Riccati-type matrix equations arising in the control optimality condi-
tions for the OOCP, but it is based on an asymptotic decomposition of the OOCP
into two much simpler e-free subproblems, the slow and fast ones.

9.1. Slow subproblem. The slow subproblem is obtained from the OOCP by
setting there formally ¢ = 0 and redenoting z,y,v and J by x,ys,vs and Jg,
respectively. Thus, one obtains

(9.1) dxs(t)/dt = Arxs(t) + Agys(t) + Hizs(t — h) + /(; Gi(T)zs(t + 7)dr,

(9.2) vs(t) =0, tel0,+00),

2 o z T / — min
(9.3) @—A [, () Dera(t) + (1) Dyys (1) dt — mim,
(9.4) zs(T) = pa(1), TE[=h,0); x(0) = @go.

It is seen that the slow subproblem consists of the equation (9.2) and the problem
of minimizing the cost functional Js along trajectories of the system (9.1) with the
initial conditions (9.4). Since the variable ys(¢) does not satisfy any equation, the
cost functional Jg can be minimized only by a proper choice of ys(t), i.e., in the
problem (9.1),(9.3),(9.4), the variable y;(t) is a control variable.

Comparing the problem (9.1),(9.3),(9.4) with the ROCP introduced in Section
3.5.2, one can see that these problems coincide with each other. Thus, due to
Lemma 3.1, the optimal state-feedback control of the problem (9.1),(9.3),(9.4) has
the form

0
(9'5) y: [$s(t)a xsh(t)] = _Dy_lA2 |:P10$s(t) + / QIO(T)xs(t + T)dT >
—h
where t > 0; 2,(t) = {2s(t+7) V7 € [=h,0)}; the matrices Py and Q10(7) are the

respective components of the unique solution S to the problem (3.48)-(3.49),(3.54)-
(3.56), satisfying the conditions mentioned in Lemma 3.2.
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9.2. Fast subproblem. The fast subproblem is obtained in the following way: (I)
the slow variable z(-) is removed from the equation (2.12) and the performance
index (2.13) of the OOCP; (II) the transformation of variables ¢ = &£, y(¢£) =
y£(&),v(ef) = ve(§), J(v(ef)) = eJ¢(vs(€)) is made in the resulting problem, where
&, yr,vp and J; are new independent variable, state, control and cost functional,
respectively. As a result, one obtains the problem

(9.6) dyy(§)/d€ = eAays(§) + vy (§),

+o0o
00 T = [ [P, + oM, d — min.

Now, neglecting formally the term with the multiplier € in (9.6) yields the fast
subproblem consisting of the system

(9-8) dys(£)/d§ = vy(§)

and the performance index (9.7).
Due to results of [14], we obtain the following lemma.

Lemma 9.1. The fast subproblem (9.7)-(9.8) with a given initial value y¢(0) of the
state variable has the unique optimal state-feedback control

(9.9) Uiy (§)] = =M~ Pryg(€),

where the r x r-matriz Py is the unique symmetric positive definite solution of the
algebraic Riccati equation

(9.10) PiM~'P; — D, = 0.
Moreover, the optimal trajectory y¢(§) of the fast subproblem satisfies the inequality
(9.11) ly (O < aexp(=BE)lly(0)l, &£=0,

where a > 0 and B > 0 are some constants.

Comparing the equation (9.10) with the equation (3.44), one can see that these
equations coincide with each other, implying that

(9.12) P = Py

9.3. Composite control for the OOCP. In this subsection, based on the con-
trol vs(t) of the slow subproblem, the optimal state-feedback control y*[zs(t), zsx(t)]
of the problem (9.1),(9.3),(9.4) and the optimal control vi[ys(¢)] of the fast sub-
problem, we construct a composite state-feedback control for the OOCP. Then, we
show an asymptotic suboptimality (for all sufficiently small ¢ > 0) of this composite
control.

The composite control is obtained in the form

(9.13) vel (), y(t), zn(t)] = vs(t) + v [5(t/e)],
where (t/¢) is defined as follows

(9.14) j(t/2) 2 y(t) — ytla(t), an(0)).
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Substituting (9.2) and (9.9) into (9.13), and using (9.12) and (9.14), yield after
some rearrangement

vela(t), y(t), en(t)] = —M_lpso{y(t)

(9.15) +D, A2 Proz(t / Qro(T)z(t + T)dT]}

By virtue of the equations (3.51),(3.52) and (5.21), the expression (9.15) can be
transformed equivalently as follows

(9.16) wela(t), y(t), an(t)] = M~ (P;ox<t>+ﬁgoy / e t+7>dr).

Comparing the expression (9.16) for the composite control with the expression
(7.2) for the e-free suboptimal control of the OOCP, we obtain that these controls
coincide with each other. Thus, the statements of Theorem 7.5 also are valid for
the composite control v.[z(t), y(t), zx(t)], meaning its suboptimality in the OOCP
for all sufficiently small € > 0.

10. CONCLUSIONS

In this paper, the infinite horizon linear-quadratic optimal control problem for a
system with point-wise and distributed delays was considered. It is assumed that
the system consists of two modes. One of them is controlled directly, while the other
is controlled through the first one. Moreover, the case where the state variable of
the mode, controlled directly, has no delays is treated. The control cost in the cost
functional is assumed to be small with respect to the state cost, i.e., the considered
problem is the cheap control problem. By a simple control transformation, this
problem was converted to the optimal control problem for a system with a small
multiplier ¢ > 0 for a part of the derivatives (a singularly perturbed system). In
this singularly perturbed system, the slow state variable has delays, while the fast
state variable has not. For the transformed control problem, considered in the
sequel as an original one, two methods of suboptimal solution were proposed. The
first method is based on the asymptotic solution of the set of Riccati-type matrix
equations associated with the control optimality conditions. This method yields two
suboptimal state-feedback controls, e-free and e-dependent ones. It was established
that, in the case of a square-integrable initial function for the slow state variable,
the e-free suboptimal state-feedback control provides the corresponding value of the
cost functional to be within an O(e3/2)-vicinity of the optimal value. In the case
of an essentially bounded initial function for the slow state variable, the value of
the cost functional, corresponding to this control, belongs to O(g?)-vicinity of the
optimal value. The e-dependent state-feedback control provides the corresponding
value of the cost functional to be within an O(g?)-vicinity of the optimal value for
any square-integrable initial function of the slow state variable.

The second method is based on an asymptotic decomposition of the original
optimal control problem into two much simpler e-free subproblems, the slow and
fast ones. For each of these subproblems the optimal state-feedback control was
obtained. Then, using these controls, the suboptimal state-feedback composite
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control for the original problem was designed. It was shown that this composite
control coincides with the e-free state-feedback control obtained by the first method.

11. APPENDIX A: BOUNDARY FUNCTION METHOD

In this section, a short explanation of the boundary function method is given.
This method is applied for asymptotic solution of various classes of singularly per-
turbed differential and difference equations (see e.g. [25] and references therein).
Below, we describe an application of this method to an asymptotic solution of ini-
tial value problem for a set of linear ordinary differential equations with a small
multiplier for a part of the derivatives.

Consider the following set of equations

(A.l) dm/dt:Alx—i—Agy—i—fl(t), t e [O,T],

(A.2) edy/dt = Asx + Agy + fo(t), t€]0,T],

where z € E™, y € E™; A;, (i =1,...,4) are given constant matrices of correspond-
ing dimensions; the m x m-matrix Ay is a Hurwitz one; f;(t), (j = 1,2) are given
vectors of corresponding dimensions; the vector-valued functions fi(t) and fa(t) are
continuously differentiable for ¢ € [0,T]; € > 0 is a small parameter.

The system (A.1)-(A.2) is subject the following initial conditions

(A.3) 2(0) =2 y(0) =1y’

where 2 € E™ and ° € E™ are given.

Note that the state variables x and y are called the slow and fast ones.

We look for the zero-order asymptotic solution of the problem (A.1)-(A.3) in the
form

(A.4) o(t ) = o(t) +25(€),  wo(t,e) = Ho(t) +y5(6),
where
(A.5) E=t/e.

The terms Zo(t) and 7o(t) constitute the outer part of the asymptotic solution, or
simply the outer solution. The terms z(£) and y§(¢) constitute the boundary layer
correction of the asymptotic solution in a right-hand neighborhood of t = 0, or
simply the boundary layer correction.

Substituting xo(t, ) and yo(t, €) into (A.1)-(A.2) instead of x and y, respectively,
one obtains after some rearrangement

(A6) dzo(t)/dt + e~ dug(€)/dE = Aro(t) + Aagio(t) + f1(t) + Arzg(€) + Azyg (€),

(A7) edgo(t)/dt + dy((€)/d€ = Aszo(t) + Aagio(t) + fa(t) + Asz((€) + Aay(€),

Now, equating the coefficients for €°, which depend on ¢, on both sides of the
equations (A.6) and (A.7) yields the following equations for the outer solution

(A.8) dzo(t)/dt = A1Zo(t) + A29o(t) + f1(t), t e [0, T],

(A.9) 0 = AsZo(t) + Aago(t) + f2(t), ¢ €0,T].
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The system (A.8)-(A.9) is differential-algebraic. However, since A4 is a Hurwitz
matrix, the algebraic equation (A.9) can be resolved with respect to go(t), yielding

(A.10) Bo(t) = —A7' (Aszo(t) + (1)), te[0.T].

Substituting (A.10) into (A.8) converts the latter to the differential equation with
respect to Zo(t)

(A.11) dzo(t)/dt = AoZo(t) + fo(t), te€0,T],
where
(A.12) Ag= A1 — A AT A3, fo(t) = fi(t) — AsAL fo(t).

In order to obtain a single solution of the equation (A.11), one needs an initial
condition. This condition will be obtained below.

Now, let proceed to the boundary correction. Equating the coefficients for =1,
which depend on &, on both sides of the equation (A.6) yields the following equation
for the term z(¢) of the boundary layer correction

(A.13) deb(€)/dé =0, £€>0.

Similarly, equating the coefficients for €, which depend on &, on both sides of the
equation (A.7) yields the following equation for the term yf(£) of the boundary layer
correction

(A.14) dy)(6)/d€ = Azx(€) + Aayp(§),  €20.

In order to obtain a single solution of the set (A.13)-(A.14), we also need an
additional condition. By such a condition, we use a reasonable requirement that
the boundary layer correction is considerable only in some right-hand neighborhood
of £ =0, and it tends to zero while £ — 400, i.e.,

A.15 lim x4(¢) =0,
(A.15) i (€)
A.16 lim y§(£) = 0.
(A.16) Jim 5(8)
Thus, solving the equation (A.13) subject to the condition (A.15) yields
(A.17) () =0, €20

Substituting (A.17) into (A.14), we obtain the differential equation with respect
t0 5(8)

(A.18) dyg(€)/dE = Aayp(€),  €>0.

Thus, we have obtained one term z} (&) (see (A.17)) of the zero-order asymptotic
solution (A.4) to the initial-value problem (A.1)-(A.3). For the terms Z(t) and
yh(€), we have two differential equations (A.11) and (A.18), respectively. For the
term go(t), we have the explicit expression (A.10) by Zo(¢).

In order to complete the obtaining the zero-order asymptotic solution (A.4), we
need conditions for the differential equations (A.11) and (A.18). It should be noted,
that although the condition (A.15) helped us to distinguish the unique solution of
the equation (A.13), the similar condition (A.16) cannot help us in such a task for
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the equation (A.18) because, due to Ay is a Hurwitz matrix, all solutions of this
equation satisfy (A.16).

Substituting xo(t,€) and yo(t,€), given by (A.4), into (A.3) instead of z(-) and
y(+), respectively, one has

(A.19) Zo(0) + x5 (0) = 2°,

(A.20) 70(0) + y6(0) = ¢°,
Now, the equations (A.17) and (A.19) yield the initial condition for the differential
equation (A.11)

(A.21) 70(0) = 2,
while the equation (A.20), along with (A.10) and (A.21), yield the initial condition
for the differential equation (A.18)
(A.22) uh(0) = o + 47" (452 + £2(0)).

Solving the differential equation (A.11) subject to the initial condition (A.21),
we obtain

(A.23) Zo(t) = exp <A0t>$0 + /0 t exp (Ao(t - 5)) fols)ds, te[0,T].

Solving the differential equation (A.18) subject to the initial condition (A.22),
one has

(A20)  yh©) = o+ A7 (Asa® + £2(0)) [ exp (Asg), €20,

Thus, we have completed the formal constructing the zero-order asymptotic so-
lution (A.4) of the initial-value problem (A.1)-(A.3).

As a direct consequence of results of [25] (Chapter 2), we obtain the following
proposition, which justifies the zero-order asymptotic solution (A.4).

Proposition A.1.‘There ezists a positive number €*, such that for all e € (0,&*]
the solution col(:r(t, ), y(t, 5)) of the initial-value problem (A.1)-(A.3) satisfies the
inequalities

(A.25) |lx(t,e) — zo(t,e)|| < ae, t 0,7,

(A.26) ly(t,e) —wo(t,e)l| <ae,  t€[0,T],

where a > 0 is some constant independent of €.

12. APPENDIX B: CRITERION OF L?-STABILITY OF A LINEAR SYSTEM SITH
DELAYS

Consider the system
0
(B.1) dz(t)/dt = Az(t) + Hz(t — h) —l—/ G(r)z(t +1)dr, t>0,
—h

where z(t) € E™; h > 0 is a given constant time delay; A, H and G(7) are given
time-invariant matrices of corresponding dimensions; the matrix-valued function
G(r) is piece-wise continuous for 7 € [—h, 0].
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Along with the system (B.1), consider its characteristic equation

0

(B.2) det |A + exp(—Ah)H —I—/ exp(AT)G(7)dT — I,| = 0.

—h

The following proposition is formulated and proved in [4] (Theorem 5.3).

Proposition B.1. The system (B.1) is L?-stable if and only if all roots A\ of its
characteristic equation (B.2) have negative real parts.
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