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Abstract. An infinite horizon H.. state-feedback control problem for singularly perturbed linear systems with
multiple pointwise and distributed small state delays in the dynamics is considered. This problem is solved by the
separation of motions method. Due to this method, the original H.. control problem is decomposed asymptotically
into two much simpler parameter-free H.. control problems, the slow and fast ones. A solution (controller) of the
original problem is obtained as a proper composition of solutions of the slow and fast problems. Gain matrices
of this controller are parameter-free, and it solves the original problem for all sufficiently small values of the
parameter of singular perturbation. An illustrative example is presented.
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1. INTRODUCTION

Dynamics of many real-life systems has a multi-time-scale (mainly, two-time-scale) struc-
ture. Such systems are modeled by singularly perturbed equations (see, e.g., [4, 10, 13, 15, 23]
and references therein). The infinite horizon H. control problem for singularly perturbed sys-
tems without delays has been analyzed extensively in the literature. The following two main
methods were used to solve this problem: (I) the separation of motions (the separation of time
scales) method (see, e.g., [1, 14, 17, 18, 21, 22, 24, 25] and references therein); (II) the method
based on the asymptotic analysis of the game theoretic matrix Riccati equation associated with
the original problem by the sufficient conditions for the existence of its solution (see, e.g.,
[1,2, 12,17, 18, 22] and references therein).

It should be noted that in contrast with a large number of works, devoted to studying the
infinite horizon H., control problem for singularly perturbed undelayed systems, there exist
(to the best of our knowledge) only few works devoted to investigation of such a problem for
singularly perturbed time delay systems (see [3, 7, 8, 9, 11]). Thus, in [3, 9, 11], the case where
the dynamic system has only a single point-wise small state delay of order of a small parameter
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€ > 0, multiplying a part of its derivatives, was considered. It should be noted that the case of
the small delay arises in various applications (see, e.g., [10, 16, 19, 20] and references therein).

In [3], the LMI method was applied to solve the considered problem. In [11], the solution
of the original H.. problem was derived by the reduction of this problem to the singularly per-
turbed set of three Riccati-type matrix equation (algebraic and ordinary and partial differential
ones). The zero-order asymptotic solution of this set of equations was formally constructed
and justified. Using this asymptotic solution, &-free sufficient conditions for the existence of
solution to the original H., control problem, valid for all sufficiently small values of &, were
established. The simplified controller with €-free gain matrices, solving the original H., prob-
lem for all sufficiently small values of €, was designed. In the short conference paper [9], the
infinite horizon H., control problem for singularly perturbed linear systems with multiple point-
wise and distributed small delays in the state variable was considered. This problem was solved
by its asymptotic slow-fast decomposition (the separation of motions) approach. This approach
yields two much simpler parameter-free H.. control problems, the slow and fast ones. To solve
each of these two problems, the Riccati Matrix Inequality/Equation method was applied. The
controller, solving the original problem, was design as the composition of the controllers solv-
ing the slow and fast problems. Gain matrices of the composite controller are parameter-free,
and it solves the original problem for all sufficiently small values of the parameter of singular
perturbations. Since the paper [9] is a short conference one, it presents the results in a brief
form and without proofs of the assertions. Another type of singular perturbation in an infinite
horizon H. control problem with nonsmall state delays in the dynamics, which is generated by
the cheap control in the cost functional, was studied in [7, 8].

In the present paper, we consider (similarly to [9]) the infinite horizon H.. control problem
for singularly perturbed linear systems with multiple point-wise and distributed small delays
in the state variable. However, in contrast with [9], here we present a complete analysis and
solution of the considered problem by the separation of motions approach with rigorous proofs
of all the assertions. A more general illustrative example also is presented.

The paper is organised as follows. In the next (second) section, the original H. control
problem is rigorously formulated. Its asymptotic decomposition into the slow and fast He.
control problems is carried out. The objectives of the paper are presented. In Sections 3 and
4, the solutions of the fast and slow H.. control problems, respectively, are derived. Composite
controller, solving the original H., control problem, is designed in Section 5. In Section 6, the
illustrative example is solved. Conclusions are placed in Section 7.

The following main notations are applied in the paper:

(1) E™ denotes the n-dimensional real Euclidean space.

(2) Lp[a,b;E"] denotes the space of n-dimensional real vector-valued functions quadrati-
cally integrable in the interval (a,b).

(3) I ly(a,p) denotes the norm in Ly [a, b; E"].

(4) col(x,y), where x € E" and y € E™, denotes the column block-vector with the upper
block x and the lower block y.

(5) The upper index “T” denotes the transposition either of a vector x (x7) or of a matrix A
(Ah).

(6) I, denotes the n-dimensional identity matrix.
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(7) The inequality A > (>)B, where A and B are symmetric matrices of the same dimension,
implies that the matrix A — B is positive semidefinite (positive definite).

2. PROBLEM STATEMENT

2.1. Original H., Problem. Consider the system

ZA,zt—eh +/ )z(t +€n)dn +Bu(t) + Fw(t), t>0, (2.1)

v(t) =col{Cz(t),u(t)}, >0, (2.2)

where for any ¢ € [—h,+o0), z(t) € E"™™; for any t € [0,+), u(t) € E", (r <n+m), (uis a
control); for any ¢ € [0, +0), w(z) € E4, (w is a disturbance); for any ¢ € [0, +0), v(¢) € EPT", (v
is an output); € > 0is a small parameter (¢ << 1); 0 =ho < h; < ... < hy = h are given constants
independent of €; N > 1 is an integer; the vector z and the matrices Ee, A}, (j=0,1,...,N),
G(n), B, F, C have the block-form

z=col(x,y), x€E", yecE™, (2.3)

(e, ) e (G 00 ) o= (Gl G )

_( B _( B _
B—(BZ), F—(Fz), C=(C,).

Here, the blocks A j; and G (1) are of the dimension n X n; the blocks A j; and G4(n) are of
the dimension m x m; the blocks B and B, are of the dimensions n X r and m X r, respectively;
the blocks F; and F, are of the dimensions n X g and m X g, respectively; the blocks C and C,
are of the dimensions p X n and p X m, respectively.

The matrix-valued function G(n) is piece-wise continuous for n € [—h,0].

Assuming that u(t) € L,[0,+o0; E"] and w(t) € L]0, 4o0; E4], we consider the cost functional

J(u,w) = ||v(t ||L2 0,+c0) VZHW ||L2 0,+00)" (2.5)

where ¥y > 0 is a given constant.

and

(2.4)

Definition 2.1. The infinite horizon H., control problem for a performance level ¥ is to design
a controller u*[z(-)](¢) such that, for any w(z) € L[0,4o0; E9]: (i) there exists the unique locally
absolutely continuous solution z*(¢;w(t)) of the equation (2.1) with u(r) = u*[z(-)](¢) and the
initial condition z(¢) = 0, t < 0 in the interval (0, +o0); (ii) the following inequality is valid

J(u* [z*(-;w(t))](t),w(t)> <0. 2.6)

In what follows, we call this problem the Original H., Control Problem (OHCP).
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Remark 2.2. Using (2.3) and (2.4), we can represent the OHCP in the following equivalent
form:

dx(t) X 0
= L (At —ehy) +Apy(t—eh)))] +/h [G1(n)x(t +&n) +Ga(n)y(t +en)]dn
j=0 -
+Biu(t)+ Fw(t), t>0,
(2.7)
N
edil—(;) =Y [Ajsx(t —ehj) +Ajay(t — €h;)] +/(j1 (G3(n)x(t +€m) + Ga(n)y(t +en)]dn
j=0 -
+Bou(t) + FKw(t), t>0,
(2.8)
J(u,w) = |0l (Cx(t) + Coy(t),1()) 17 0,40y = PIWO I 0,1 (2.9)

2.2. Asymptotic Decomposition of the OHCP. Consider the following two much simpler &-
free H. control problems associated with the OHCP. Equation of dynamics and cost functional
of the first problem are obtained from the OHCP by formal setting there € = 0 and re-denoting
z, u, w, v, J with zg, uy, wy, v, Jg, respectively . Thus, we have

d[E(z;(t)] = Azy(f) + Bug(t) + Fwy(t), Eozs(0) =0, (2.10)

Js(us, ws) = [|[vs(t ||L2 0,+c0) — P [lws(t) ||L2 (0,400 vy(t) = col{Cz(t),us(t) }, (2.11)

where for all 7 € [0, +0), z,(¢) € E"™, us(t) € E", wy(t) € E9 and vy(t) € EPT"; uy is a control,
wy 1s a disturbance. vy is an output;

I, 0 _—— 0
EO:E£|80:<O o>’ A:ZAj—l—/hG(n)dn. (2.12)
j=0 -

Note that, due to the block form of the matrix Ey, the system (2.10) is a descriptor (differential-
algebraic) system.

Definition 2.3. The infinite horizon H.. control problem with the dynamics system (2.10) and
the cost functional (2.11) for the performance level ¥ is to design a controller u}[zs(-)](7) such
that, for any wq(r) € L[0,4o0; E9]: (i5) there exists the unique solution z} (#;ws(r)) of the sys-
tem (2.10) with uy(z) = u¥[z5(-)](z) and the initial condition z4(0) = 0 in the interval (0, +oo);
(iis) Eozi(t;ws(t)) is a locally absolutely continuous function in the interval (0, +o0); (iiis) the
following inequality is valid

Iy (5 25 Cows ()] (1), w(0) ) <0, (2.13)
In what follows, we call this problem the Slow H., Control Problem (SHCP).

The second problem, associated with the OHCP, is obtained from the equations (2.8) and (2.9)
in the following two stages. First, the variable x(+) is removed from these equations. Second,
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the following transformation of variables is made in the resulting differential equation and cost
functional:

t=e8, y(e&)=yp(8), u(ed)=us(&), w(ed)=ws(&), J(u(ed),w(€d))=1Jr(uswy),

yielding the dynamics equation

dyy(8)
dg

N
= ZOAJW(@ —hj) +/Oh Ga(M)ys(& +n)dn +Baus(§) + Fwp(8), & >0,

yr(§)=0, £<0,
(2.14)

and the cost functional

g, wr) = 1T 0,00) = VW EE (0 1emys v7(E) = cOl{Corp(&),ur(§)}, € >0,
(2.15)
where y((§) € E™, us(§) € E”, (uy is a control), wr(&) € E4, (wy is a disturbance), v¢({) €
EP*T, (v is an output).

Definition 2.4. The infinite horizon H., control problem with the dynamics equation (2.14) and
the cost functional (2.15) for the performance level ¥ is to design a controller u[y¢(-)](S) such
that, for any wy(&) € L,[0,400; E?]: (if) there exists the unique locally absolutely continuous
solution y(S;wy(S)) of the equation (2.14) with ug () = u}[ys()|(§) and the initial condition
yf(&) =0, & <0in the interval (0,+oc0); (iif) the following inequality is valid

T (57w (ENI(E) wr(§)) < 0. 2.16)
In what follows, we call this problem the Fast H., Control Problem (FHCP).

Comparing the SHCP and the FHCP with problem OHCP, we can conclude that the SHCP
and the FHCP are much simpler than the OHCP. The SHCP is without delays. The FHCP is of
a lower dimension. Moreover, these problems do not depend on €.

2.3. Objectives of the Paper. The objectives of the present paper are the following: (a) to
design the controllers u}[z¢(-)](S) and ug[z;(-)](r) solving the FHCP and the SHCP; (b) based
on these controllers, to construct a composite controller solving the OHCP for all sufficiently
small € > 0.

3. SOLUTION OF THE FAST H., CONTROL PROBLEM

Consider the following hybrid set of Riccati type matrix inequality and ordinary and partial
differential equations for m x m-matrices P, Q(n) and R(n,)) in the domain Q = {(n,%) :
~h<n <0, —h<x<0}:

PAos +AlP + PS3P+Q(0) + Q7 (0) + D3 <0, (3.1)
do(n) T &
— = = (Ags +PS3)0(N) + Y, PAjud(n +hj) + PGa(n) +R(0,7), (3.2)

dn =



6 V.Y. GLIZER
o . 2\g =G ()G
(%+@) (n,2) =G4 (MQ(x) + 0" (n)Ga(x)

+NZ:A,T~4Q(X)5(77 +hj) +1:Zj Q" (MAwS(x +h) + 0" (1)$30(x),
] (3.3)
where 6(+) is the delta-function of Dirac,
Sy =y R”E —BBY, D3=ClC,. (3.4)
The set of the equations (3.1)-(3.3) is subject to the boundary conditions
O(—h) = PAya, R(—h,n)=AR,Q(n), R(n,—h) = Q" (N)Aya. (3.5)

Let us assume:

Al. The problem (3.1)-(3.3), (3.5) has a solution {P,Q(n),R(n,x)} in Q such that: (I)
P =PT; (I) Q(n) is a piecewise absolutely continuous matrix-valued function with breaks at

n=—hj, (j=1,..,N—1),and Q(—h;+0) — Q(—h; —0) = PA;s; A1) R(n,x) =R" (x,N);
(IV) R(n, x) is piecewise absolutely continuous in each argument in the domain Q with breaks
atn = —hj, (j=1,...,N—1), R(—hj+0,x) —R(—hj —0,x) = AL O(x)) and at x = —h,
(k=1,....N—1), R, ~hg+0) = RN, —hx— 0) = QT (n)Asa).

A2. All roots A of the quasi-polynomial equation
det [um —Aos+BBEP— XV Ajsexp(—Ah;) — [%,[Ga(n) —BngQ(m]exp@n)dn] —0
lie strictly inside the left-hand half-plane.

Lemma 3.1. Let the assumptions Al and A2 be valid. Then, the controller

0
() = ~BF | Pys(@)+ [ omiyy(e-+ mpan] 36
solves the FHCP.

Proof. For any & > 0, let us consider the Lyapunov-Krasovskii-like functional
g
Vg1 = ()P() + 255 (8) [ 0 &hy(aat

& /¢
+/§—h/g_hyfT”(T)R(T —&.p—&)ys(p)drdp,
3.7)

where y ¢ 2 yr(0),0 €[E—hE]| Let V¥ (E;wy) = V[y}i(éw,r(é)),ﬂ where, for any given
wr(&) € L]0, +o0; EY), y;}(é ;swr(&), & €1]0,+00) is the solution of the equation (2.14) generated
by the controller us () = u}[ys(-)](S) (see the equation (3.6)) and subject to the initial condition
y7(§) =0, & <0. Due to the assumption Al and the form of u}[y(-)](§), the aforementioned
solution of the equation (2.14) exists, is unique and locally absolutely continuous in the interval
[0, 4-c0). Differentiating V*(&;w) with respect to & and using the assumption Al, we obtain
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after a routine algebra the following expression (in this expression for the sake of simplicity we
omit the designation of the dependence of y}‘l(é swr(€)) onwp(&)):

dv*(&;wy) dy;(&)
dgf 2(ﬁ%—)( +/ )m)
1205(8))" (Q<o>y;z<e:> Q- —h)
: e *
_/é_h dQ n ‘n_r_éy?(f)df) +2(y;k‘(§)) /—hR(O’p —§>yf(p)dp
:
_20?@——M)fé R(=h.p—&)yj(p)dp

/g h/§ " (an aa%) (n, X)‘n g g ye(p)dtdp, & >0.
(3.8)

Changing the variables N = T — &, ¥ = p — & in the integrals of the equation (3.8) and using
the equation (2.14) with us(&) = uy[y(-)](&). as well as the problem (3.1)-(3.3), (3.5), we can
convert (3.8) to the following inequality:

av*(&;wy)

i < —(vi(&)) (D3 + v 2PRF] P+ PB:BYP)yi(£)

+2wf ()R <ny +/ )’f(§+71)d71)
~205(8))" (1 *PEr] +PBa5T) [ (i +

-/ Oh (57 +m)" Q" (man (v R +B:83) [ (;Q(Jc)y}(éiw)dx, £ 0.

(3.9)
Finally, using (3.6) and the notation
wi(&) 272 |Pyj(@)+ [ 0lmi(& + man.
we see that (3.9) can be rewritten as:
T < (57(6) Doy (6) P wr(8) ~w5(8) (01(6) ~ w3 ©)
+PWE €W (&) = (il ()(E)) wplyF (&), & >0,
(3.10)

Let, for any given &y > 0, y.;,(7) be a given m-dimensional vector-valued continuous function
in the interval [y — &, &g]. Let yr0(&), & > &y be the solution of the equation (2.14) generated
by the controller uy(&) = uy[ys(-)|(&) (see the equation (3.6)), the disturbance w¢(&) = 0 and
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the initial condition y/(7) =y, (7), T € [§o — h,&o]. Due to the assumption A2,

lim y/o(E) =0. (3.11)
E—rtoo
Let V(&) Sy r0(€); €], & > &. Then, quite similarly to the inequality (3.10), we obtain

d‘géé)g_%(é )D3y70(E) — Pwho(E)wpro(E) — (uho(&)) uig(E), E>&, (3.12)

where

wr0(8) 2728 [Prral&)+ [ 0ol +man| . upo®) 2 i@ E2

The inequality (3.12) yields

_dVo(8)
dg

>0, £>&. (3.13)

Integrating this inequality from & = & to +o0 and using the definition of Vy(& ) and the equations
(3.7), (3.11), we have

So
Y ol@)Pyso(&) +25 (&) [ 0yl

0—

o
/ / Yo(TR(T—&o,p — &)yro(p)dtdp >0

implying the inequality

S0
inl 8Py 1n(80) + 2] (80) [ 01— Gohrran()az

"
o
/ / Yiin(DR(T—&o,p — &0)yr.in(p)dTdp > 0.
(3.14)

Remember that in this inequality &y is any nonnegative number and y ;,(7) is any m-dimensional
vector-valued continuous function in the interval [§y — h,&p]. Based on this observation, we
continue to treat the inequality (3.10). Since ¥*(w/(§) — wji(&))T (wr(€) - w*}(é)) >0, the
inequality (3.10) implies the inequality

03(E) Dy (E)+ (b (NN b () — P Ews(®) < - 20
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Integrating the latter from & = 0 to any & > 0, using the equation (3.7) and taking into account
that y3(§) = 0, & <0, we obtain

: . )

| (070 Davi(0) + (i )](0)) w35 () (0) — P (0w (o) do
:

- [(y?(é‘))TPy?(é) +2(y}(§))T/§hQ(r—Jg)y;;(f)df

+/§ h/g X R(t—&,p—&)ys(p )drdp}, £>0.

(3.15)

Now, taking into account that the function y}(g) is continuous for & > —h and using the
inequality (3.14), we have from inequality (3.15) that

:
/O [(Y?(G))TDW?(G) + (5 ()(0)) Wi lys())(0) — Pwh (o) }do <0, £>0.

This inequality, along with the inclusion w¢(§) € L,[0,4-00; E?], yields

g
| {0300 Davi(0)+ (b 01(@) b (@) do < [wr(©)l[E 0y & 20

(3.16)
Since the matrix D3 is symmetric and positive semidefinite, the integral in the left-hand side
of the inequality (3.16) is a non-decreasing function of & > 0 and this function is bounded
from above. Therefore, this integral has a finite limit for & — +o. This observation, along
with the equation (2.15) and the inequality (3.16), directly yields the inequality (2.16), where
u}[yr(-)](§) is given by the equation (3.6). Thus, the lemma is proven. O

The following assertions present some useful properties of the solution to the problem (3.1)-
(3.3), (3.5).

Proposition 3.2. Let the assumption Al be valid. Then the following equality holds:
T

/o <0n>dn+/ <n0dn—<ZA +/ Gi(n dn) /OhQ(n)dn

+/(;QT(n)dn (j_ZlAj4+/hG4(n>dn) +/ZQT<n>dn53/ZQ<n>dn-

Proof. The proposition is proved by the consecutive integration of the equation (3.3) with re-
spect to 1) (from —# to 0) and with respect to )} (from —# to 0), and using the boundary condi-
tions for R(1, ) given in (3.5). O

(3.17)

Consider the matrix

0
PQéP+/_hQ(n)dn. (3.18)
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Lemma 3.3. Let the assumption Al be valid. Then, the matrix Py satisfies the Riccati matrix
inequality

PhA4+ AL P+ P)S3Py+D3 <0, (3.19)
where Ay is the lower right-hand block of the matrix A of the dimension m x m.

Proof. Integrating the equation (3.2) from 1) = —h to 11 = 0 and using the initial condition for
Q(n) given in (3.5), we have

0)=P NA- 0G d AL, +PS " d ORO d 3.20
0(0) = (}; J4+/_h 4(1) n>+(04+ 3>/_hQ(n)n+/_h (0,m)dn. (3.20)

Substitution of (3.20) into (3.1) and use of the expressions for A;, (j =0,1,...,N), G(n), A
(see the equations (2.4),(2.12)) and the definition of A4 yield after a routine matrix algebra

_ _ 0 0
PA, +ATP+ PS;P+ (AT, +PS3) /_ Q(n)dn + /_ 07 (m)dn Aoy +5:P)

0 0
+/hR(0,n)dn +/hR(n,0>dn +D3 <0.
(3.21)

Now, substituting (3.17) into (3.21) and using the expression for Py (see the equation (3.18)),
we obtain after a routine matrix rearrangement in the left-hand side of the resulting inequality
the statement of the lemma. O

The following assertion is a direct consequence of the assumptions Al and A2.

Proposition 3.4. Let the assumptions Al and A2 be valid. Then, the matrix M 2 Ay — Bng Py
is nonsingular.
4. SOLUTION OF THE SLOW H., CONTROL PROBLEM
Consider the generalized Riccati matrix inequality with respect to the n X n-matrix K
OK) 2 KTA+ATK + K'SK +D <0, @.1)
where
S=y2FFT —BB", D=C'C. (4.2)
The inequality (4.1) is subject to the condition
EoK = KTEy. (4.3)

Based on a proper solution of (4.1),(4.3), we are going to construct the controller solving the
SHCP. We seek the solution of (4.1),(4.3) in the block form

_ (K 0 T _
K_<K2 K ), K| =Kj, 4.4)

where the blocks K| and K3 are of the dimensions n X n and m x m, respectively. Such a form
of the matrix K satisfies the condition (4.3).
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Substitution of (4.4) into (4.1) yields after a routine matrix algebra

O(K) = ( 82% o ) <0, (4.5)

where

0, =0 (Kl,Kz) = K]A] —{—A{Kl —FKgAg —|—A§K2 + K1 51K4

+K1S,K> + KI SYK| + KT S3K, + Dy, (4.6)
@, = 0,(K1,K2,K3) = K1A, + K; Ay + AL K3 + K1 $:K3 + K; S3K3 + Dy, 4.7
03 =03(K3) = K3TA4 —|—AZK3 —I—K3TS3K3 + D3, (4.8)

A1,A, and A3 are the upper left-hand, upper right-hand and lower left-hand blocks of the matrix

A of the dimensions n x n, n x m and m x n, respectively; S; = y 2F{F' —BB!, D; = CIC;,

1
(i = 1,2); the matrices S3 and D3 are given in the equation (3.4).

Remark 4.1. Note, that the right-hand side of the equation (4.8) with K3 = Py coincides with
the left-hand side of the inequality (3.19), meaning that @3(Pp) < 0.

Based on Remark 4.1, let us assume
A3. Matrix inequality (4.5)-(4.8) has a solution {K},K>,K3} such that K3 = Pp.
Consider the following matrices:
A=A, —LA3+BBYLY —L,B,BILY, §S=BB", (4.9)
where
Li=(Ay—BBIPp)M™", Ly =—(KiLi+K}), B=B;—LiBs. (4.10)

Letus assume
Ad4. The matrix (A — SK) is a Hurwitz one.

Lemma 4.2. Let the assumptions AlI-A3 be valid. Then the system
d[Eoz(t)]

dt
is asymptotically stable if and only if the assumption A4 is satisfied.

= (A-BB'K)z(t), t>0 (4.11)

Proof. Let us represent the vector Z(r) in the block form as Z(¢) = col (¥(),3(¢)), where x(r) €
E", §(t) € E™. Since K3 = Py and the matrix M is invertible (see Proposition 3.4), we can
rewrite the system (4.11) in the equivalent form
dx(t)
dt

= (A; — BB K| — B1BY K>)%(t) + (A, — BiBS Pp)j(t), t>0, (4.12)

§(t) = —M~'(A3 — BoBT K| — B:BYK>)%(1), t>0. (4.13)
Substitution of (4.13) into (4.12) and use of the equations (4.9)-(4.10) transform the equation
(4.12) after a routine matrix algebra to the equation
dx(t)
dt

= (A—SK)x(t), t>0. (4.14)
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This equation is asymptotically stable if and only if the assumption A4 is satisfied. Hence, the
system (4.12)-(4.13) (and, therefore, the system (4.11)) is asymptotically stable if and only if
the assumption A4 is satisfied. This completes the proof of the lemma. U

Lemma 4.3. Let the assumptions Al1-A4 be valid. Then, the controller
ul[z5(t)] = =BT Kz,(t) (4.15)
solves the SHCP.
Proof. Based on Lemma 4.2, the lemma is proven similarly to Lemma 3.1 using the functional
V(zs] = 2l EgK 75 and that EpK is a symmetric matrix. O
5. COMPOSITE CONTROLLER FOR THE ORIGINAL H.,, CONTROL PROBLEM

The composite controller design consists of two stages. At the first stage, for any ¢t > 0, the
following auxiliary vector-valued functional is constructed

ua[2()](0) = us[Z(0)]| + uz[y()1(/€),  z=col(x,y), x€E", y€E", (5.1)
where u;[-] and u}[] are given by (4.15) and (3.6), respectively;
Z= COl(st)a 57([/8) :y(t) _ys(t)a )’s(t) =0Vr <0, (5.2)

and y;(7) is the lower block of the state vector zs(¢) (see the equation (2.10)) of the dimension m.
Substituting (5.2) into (5.1) and using the equation (4.4), the assumption A3 and the equation
(3.18), we obtain after a routine rearrangement

GIEON0 = (BT K+ BEKaJx(0) B [Py() + [ etmy(e+ eman)

0
~B] [ 0(ml(e)—w(e+en)lan.
(5.3)

Equation (5.3) means that u[z(-)](¢) cannot be used immediately as a controller for the OHCP,
because it contains the state variable y,(-) of the SHCP. At the second stage, we eliminate y;(-)
from (5.3) by the formal setting € = 0 in the term depending on y;(-). Such an elimination
yields the composite controller for the OHCP

GO0 = ~BTK + B0 B [y + [ oy renan]. 6

To show that this controller solves the OHCP, we need two more assumptions and two more
auxiliary assertion. Namely, let us assume
AS. All roots A of the quasi-polynomial equation
det [/Um —Ag —S3P— YN Ajaexp(—2Ah)) — [,[Ga(n) +530(n)] exp(ln)dn] =0
lie strictly inside the left-hand half-plane.
The following assertion is a direct consequence of the assumptions Al and AS.

Proposition 5.1. Let the assumptions Al and A5 be valid. Then, the matrix M 2 Ay +S3Py is
nonsingular.
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Consider the following matrices:

é_

_ AN
A —NiA3 —SHNT +NiS3NT, §=

A vy 2FFT —BB", (5.5)
where
YA —
N| = (A2 —l—SzPQ) , Np= (K]N] —|—K2 )

Fi =N F3, B :Bl — N1 Bs.
(5.6)
Letus assume
A6. The matrix (A + SK)) is a Hurwitz one.

Similarly to Lemma 4.2 (see also the results of [11] (Lemma 3.5)), we have the following
assertion.

Proposition 5.2. Let the assumptions Al, A3 and A5 be valid. Then, the system

d[EoZ(t)]
dt
is asymptotically stable if and only if the assumption A6 is satisfied.

= (A+SK)z(t), >0 (5.7)

Theorem 5.3. Let the assumptions AI-A6 be valid. Then, for all sufficiently small € > 0, the
controller (5.4) solves the OHCP.

Proof. First of all, let us note the following. Since the composite control u:[z(-)](7) is linear with
respect to x(¢) and y(t + €n), N € [—h,0], then, for any disturbance w(t) € L, [0, +oo; EY], the
system (2.1) with u(z) = u?[z(-)](¢) and zero initial condition has the unique locally absolutely
continuous solution z (t;w(t)), t € (0,4-o0). Thus, due to Definition 2.1, to prove the theorem,
we should prove the inequality (2.6) with u* = u and z* = z.

Consider the following (n + m) X r-matrices:

A= (BUKy+BIKy, BYP),  #(n) = (0,B50(n)). (5.8)

Using these matrices, we can rewrite the composite controller, given by (5.4), in the form

EOI0) = ~#z) ~ [ Famy-reman, 2= collxy). 59

Substituting u(f) = u}[z(-)]() into system (2.1)-(2.2) and cost functional (2.5), we obtain the
following differential system and cost functional:

dz(t)
dt

EZ _ +ZAjzt—8h +/ Vot +en)dn + Fw(t), (5.10)

too 0
F ) =dtn) = [ [T 00+ 20:0 42 0) [ Fo(metr+emyan

+ / / (t+en)Zr(n,x)z (t+8x)dndx—vsz(t)wO)}dt,
(5.11)
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where

oy =Ao—BA;, 9(n)=G(n)—-BY(n), Zp=H'X,

Do(n) = A" V:(n), Zr(n,2) = VT (M) V(X)-
(5.12)

Thus, the fulfillment of the inequality (2.6) with u* = u and z* = z{ is a direct consequence of
the fulfillment of the inequality

F (W) <0 V() € L]0, +o0; E] (5.13)

along trajectories of the equation (5.10) subject to the initial condition z(¢) =0, r < 0.

To prove the inequality (5.13), first, we are going to show the asymptotic stability of the sys-
tem (5.10) for w(z) = 0 and all sufficiently small € > 0. Decomposing asymptotically this sin-
gularly perturbed differential system, we directly obtain that its slow subsystem coincides with
the descriptor (differential-algebraic) system (4.11), while its fast subsystem coincides with the
differential equation (2.14) with us(&) =} [ys(-)] (see the equation (3.6)) and w(§) = 0. Due
to Lemma 4.2 and the assumption A2, both subsystems are asymptotically stable. Therefore,
by virtue of the results of [5], the system (5.10) with w(z) = 0 is asymptotically stable for all
sufficiently small € > 0.

Now, let us consider the following hybrid set of Riccati type matrix inequality and ordinary
and partial differential equations for &, 2(7) and Z(t,p) in the domain Q, = {(7,p): —eh <
<0, —eh<p <0}

PE A + ATEJ NP+ PSP+ 2(0)+ 27 (0) + D+ Dp <0, (5.14)
d2(7) T 1 N poel -1
i = (A E; '+ P.S)2(1) + ;@Eg A;S(t+eh)+ (1)) PE; "9 (t/¢)
p=
+%(0,7)+ (1/€)PDp(t/€), 2(—eh) = PE; Ay,
(5.15)
d Jd T -1 T —1
(55 + 55 ) #(E0) = /1 (c/0)E: 2(0) + (1/6) 2" (DE; 'Y p/e)
N—1 N—1
+ Y ATE'2(p)8(t+ehj)+ Y. 2T (1)E;'A;8(p +€hj) + 27 (1).7:2(p)
j=1 j=1
+(1/€*)Zr(t/e,p/e), H(—eh,T) =ARE; ' 2(t), Z%(t,—eh) =2 (7)E, 'Ay,
(5.16)

where .7, = v 2.7, F,., Fe = E; 'F. Let, for a given € > 0, { P, 2:(1),Z:(1,p)} be a
solution of the problem (5.14)-(5.16) such that

Pi = Pe, K (t,p)=Ze(p,7). (5.17)
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Then, for this €, the inequality (5.13) is proven similarly to Lemma 3.1 using the asymptotic
stability of the system (5.10) with w(z) = 0 and the Lyapunov-Krasovskii-like functional
t

W (zi,t] = 21 (1) Pez(t) +2: (1) De(k—1)z(K)dK

t—eh

+/t;h/t;hZT(K)R(’<—f»C—f)Z(C)deC,
(5.18)

where z; 2 z2(x), K € [t — &h,t]. As it is aforementioned, the system (5.10) with w(t) = 0 is
asymptotically stable for all sufficiently small € > 0. Therefore, to complete the proof of the
theorem, we should show the existence of the solution { Z;, Z¢(7),Z¢(7,p)} to the problem
(5.14)-(5.16) for all sufficiently small € > 0. By —Dy, let us denote the left-hand side of the
inequality (4.1), i.e. Dy = —@(K) where K is the solution of (4.1) mentioned in the assumption
A3. The matrix Dy is symmetric and positive semidefinite. Thus, the matrix K, satisfying the
inequality (4.1), also is a solution of the equation

KTA+ATK+KT'SK+D+Dy=0. (5.19)

Moreover, using assumption A3, as well as the equations (3.17), (3.18), (3.20), and (4.8), one
can show that the matrices P, Q(n),R(n, x), satisfying (3.1)-(3.3), (3.5), also satisfy the prob-
lem consisting of the equation

PA4+AL P+ PS3P+Q(0) + Q" (0) + D3+ Do3 =0, (5.20)

as well as equations (3.2), (3.3) and the boundary conditions (3.5), where Do3 is the lower
right-hand block of the matrix Dy of the dimension m x m.
Consider the equation

PE A+ ATEJ'\ P+ PSP+ 2(0)+ 27 (0)+D+ Dp+ Dy = 0. (5.21)

It is clear that if, for any € > 0, matrices &, 2(7),Z(t,p) satisfy (5.15), (5.16), and (5.21),
they also satisfy problem (5.14)-(5.16).

Now, using the results of the papers [6, 11], as well as the aforementioned relations between
the inequality (4.1) and the equation (5.19) and between the problem (3.1)-(3.3), (3.5) and the
problem (5.20), (3.2), (3.3), (3.5), one can show that, for all sufficiently small € > 0, there exists
the solution to the problem (5.15), (5.16), (5.21) satisfying the symmetry properties (5.17).
Hence, the problem (5.14)-(5.16) also has the solution for these € satisfying the symmetry
properties. Thus, the theorem is proven. 0

6. EXAMPLE

Consider the example of the OHCP (see the equations (2.1)-(2.2), (2.5)) with the following
data:

n=m=r=q=p=1, N=1,
Apy=—4, Ap=-2, Aps=1, Apu=-2, Ann=-2, An=2, Ay=-1, Alu=-1,
Bi=1, Bo=1, =1, /=05, C;=V2, C;=V?2, y=0.5,
Gi(n)=0, G2(n)=0, G3(n)=0, G4(n) = 1.
(6.1)
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The example of the OHCP with the data (6.1) will allow us to clearly illustrate the theoretical
results of the paper, while avoiding too complicated analytical/numerical calculations.

Let us start with the solution of the FHCP (see the equations (2.14)-(2.15)) subject to the data
(6.1). Due to the results of Section 3, to design the controller of the FHCP, we should solve the
problem (3.1)-(3.3), (3.5). Subject to the data (6.1), this problem becomes as:

—4P +20(0) +2 <0, (6.2)
d
O — —20(m)+P+RO.M), O(-1) =P 63)
2 9\ — R(=h,n) =R(n,—h) = 6.4
(5t 3 ) RO =001 +0n). R-hm) =R~} =—Q(n), (64
where —h <1 <0, —h < ) <0. Solving (6.4), we obtain
n
R =2m=a)+ | o wm [Q(s—n+x)+0(s)]ds, (n,%) € [=h,0]x [-h,0],
7 6.5)
where
B O(—o—h), —h<0<0,
@(g)__{ o(c—h), 0<oc<h 6.6)

Using (6.5)-(6.6) and calculating R(0, 1), we have after a routine rearrangement

n 0
R(0,7) = —0(—1 —h) + /_ O(s1)dsi + /_ |, Q(2)dsy, e [h0] 6.7)

Substitution of (6.7) into (6.3) yields the following initial-value problem for the functional-
differential equation:

d n 0
L =20 +P=0(n-h+ [ oG+ [ Olsa)dss
ne [—h,O], Q(_h) =—F.
(6.8)
Solving this initial-value problem, we obtain
O(n) = Po(n,h), n € [=h0], (6.9)
where
oy — D (V50 1) — g2 exp (= V50 +1)
go(h)
g1(h) =6—2v5+2exp(—V/5h), ga(h) =6+2V5+2exp(V/5h),
go(h) = 4V/5 +2exp(V/5h) — 2exp(—V/5h).
(6.10)
From (6.10), we have
o(0,) = S xR (VSh) — ea(h)exp (= V5h) (6.11)

go(h)
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This value is an increasing function of 4 € [0, 4o0) and

—1<w(0,h) < sup o(0,h)=3—+5<2. (6.12)
he[0,4-o0)

Substituting (6.9) into (6.2), solving the resulting inequality with respect to P and taking into
account (6.12), we obtain

1
P> ———  hec|0,+00). 6.13
WA [0, +-c0) (6.13)
Due to the equation (6.12), any P, satisfying the inequality
1
P> ) (6.14)
V5-1

satisfies the inequality (6.13) for all i € [0, 4-o0).

Now, let us show the validity of the assumptions A2 and A5. We start with the assumption
A2. Subject to the data (6.1), the matrix appearing in this assumption becomes the following
scalar function of A:

0
a1(A) =A+2+P+exp(—Ah) —/_h [1—Pw(n,h)]exp(An)dn, he[0,400). (6.15)

Using this equation, we have
Re(a;(4)) =Re(A)+2+P+Re(exp(—Ah))

0 (6.16)
—/h [1—Po(n,h)|Re(exp(An))dn, h € [0,+oo).
Let us observe that
[Re(exp(—Ah))| <1,
0 N 0
[ 1= Potn.]Re(exn n))dn' < [ max[1-Potn])an < (1+ P
Re(A) >0, hel0,+e).
(6.17)

Using the equation (6.16) and the inequalities in (6.17), we obtain the inequality
Re(ai(A)) >Re(A)+1+P—(1+P)h, Re(A)>0, he[0,+). (6.18)

This inequality directly shows that, for the validity of the assumption A2, it is sufficient that
1+ P— (14 P)h > 0, meaning that all values of & satisfying the inequality

0<h<1 (6.19)

provide the validity of the assumption A2. Proceed to the assumption AS. Subject to the data
(6.1), the matrix appearing in this assumption becomes the following scalar function of A:

0

(L) = A +2 +exp(—Ah) — / exp(Amdn, he[0,429). (6.20)

Due to this equation,

Re(a(4)) =Re(A) +2+Re(exp(—Ah)) —/lee(exp(iLn))dn, h€0,+e). (6.21)
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Using equation (6.21), the first inequality in (6.17), and |Re(exp(ln)) ‘ < 1forall Re(1) >0,
N € [—h,0], h € [0,+0c0), we obtain

Re(ax(A)) >Re(A)+1—h, Re(A) >0, he[0,+), (6.22)

meaning that, for the validity of the assumption AS, it is sufficient that 1 — /4 > 0. Thus, the
inequality (6.19), providing the validity of the assumption A2, provides also the validity of the
assumption AS. Using Lemma 3.1 and equations (3.6), (6.1), and (6.9), we obtain the controller
solving the FHCP for all 2 € [0,1)

1) =P 5@+ [ ot (&+man] 62)

where P satisfies the inequality (6.13).

Now, proceed to solution of the SHCP (see the equations (2.10)-(2.11), (2.12)) subject to the
data (6.1). Due to the results of Section 4, to design the controller of the SHCP, we should solve
the matrix inequality (4.5), (4.6)-(4.8). Subject to the data (6.1), this matrix inequality is with
respect of 2 x 2-matrix K of the form (4.4). The matrix @(K) in the left-hand side of (4.5) also
is of the dimension 2 x 2 with the following entries:

®; = 0 (K1,K>) = — 12K, +3K{ + 2K K> +2,
©, = 0, (Ki,K2,K3) = (h—3)K> + K1 K3+ 2,
@3 = 03(K3) =2(h—3)K3 + 2,
hel0,1).

(6.24)

The matrix inequality (4.5) with the entries of the matrix ®(K), given in (6.24), has multiple
solutions. Let us chose the following solution of this inequality:

3
3—h’
For this solution, ®; (Kl,Kz) <0, 0, (K1 ,Kz,K3) =0,03(K3) <0,he[0,1),i.e., for this solu-
tion, the matrix ®(K) becomes negative definite. Once the solution of (4.5), (6.24) is obtained,

we can equate K3 and Py in order to satisfy the assumption A3. Thus, using equations (3.18),
(6.9), and (6.25), we have

Ki=1, K= Ks=1, helo,1). (6.25)

0
= (1+/ha)(n,h)dn)P, helo,n), (6.26)

yielding

A 1

"1+ /% 0(n.h)dn
By direct calculation, we have that minyc(y j P(h) = 1, meaning that P = P(h) satisfies the
inequality (6.14). Therefore, P = P(h) is the component of the solution to the problem (6.2)-

(6.4) for all h € [0,1). Now, let us show the validity of the assumptions A4 and A6. Using
Propositions 3.4 and 5.1, as well as equations (4.9), (4.10), (5.5), (5.6), (6.1), (6.25), and Py =

P=P(h) . hel0,1). (6.27)
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K5 =1, we obtain

-~ - 4h—15 [3—h\*
A—SK;=-6 — he |01
1 +(4—]’l>2 (4-]1) ) 6[7 )7
~ A~ 3h—5
A—SKi=—, he|0,1
1 3—1’17 6[7 )7

(6.28)

meaning that A—SK, <0and A—SK; <0forall he [0,1). Thus, the asuumptions A4 and A6
are valid for these values of 4. Using Lemma 4.3 and equations (4.15), (6.1), and (6.25), we
obtain the controller solving the SHCP for all 4 € [0,1)

uglzs(2)] = — <§%Z : 1> zs(1). (6.29)

Finally, using Theorem 5.3, as well as equations (5.4), (6.1), (6.23), and (6.29), we obtain the
composite controller solving the OHCP for all sufficiently small € > 0

BN =5

0
X0 =P+ [ o hy(+en)dn].

7. CONCLUSIONS

In this paper, the infinite horizon state-feedback H.. control problem for singularly perturbed
linear systems with state delays (multiple point-wise and distributed) was studied. The delays
are small of order of the small parameter € > 0 multiplying a part of the derivatives in the
system. It was shown the applicability of the separation of motions method to solution of this
problem. Namely, the original H., problem was decomposed asymptotically into two much
simpler €-free H., control problems, the slow and fast ones. Based on the solutions (controllers)
of these problems, the composite controller, having €-free gain matrices and solving the original
problem for all sufficiently small € > 0, was designed. This result is valid for both, standard
and nonstandard, forms of the singularly perturbed system in the original H. control problem.
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