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1. INTRODUCTION

Systems described by singularly perturbed differential equations have been
the subject of intensive study during the last fifty years. Recall here that a sin-
gularly perturbed system of differential equations contains small parameters
€ as coefficients of the derivatives of some unknown functions of the system.
Usually, in the deterministic case, such small parameters are neglected, thus
one may associate two subsystems of lower dimensions which are independent
of the small parameters, namely the fast subsystem (boundary layer subsys-
tem) and the reduced subsystem (the slow subsystem). Some properties of
the solutions of the original system are then deduced/approximated from the
properties of the corresponding subsystems independent from the small pa-
rameters €. The interested reader can refer to the textbooks [2, 8, 12] and the
references therein.
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It is important to point out here that in the stochastic framework, such a sim-
ple neglection of the small parameter ¢ doesn’t generally lead to satisfactory
solutions. Hence, problems related to singularly perturbed stochastic systems
could not be viewed as simple extensions of there deterministic counterparts.
This makes the study of this class of systems a challenging (and relatively not
fully investigated) topic. The problem of exponential stability for a class of
singularly perturbed stochastic systems has been addressed in [9, 3] (for the
linear case) and [17, 16] (for the nonlinear case). Linear-quadratic type con-
trol problems are addressed for instance in [5, 14] as well as H-type control
problems in [4].

The aforementioned works, both in deterministic and stochastic cases, have in
common that they all consider the case with only one fast time scale. Very
few results have been reported in the literature dealing with several fast time
scales. We cite here [15] for the deterministic case and [6] for the stochastic
framework. Pursuing our efforts in the study of singularly perturbed stochas-
tic systems, we consider in this paper a stochastic optimal control problem
described by a quadratic performance criterion and a linear controlled system
modeled by a system of singularly perturbed It6 differential equations with two
fast time scales and Markovian jumping. Our goal in this work is to analyse
the asymptotic structure with respect to the small parameters e; > 0, j = 1,2
associated to the two fast time scales of the stabilizing solution of the matrix
Riccati equation associated to the optimal control problem under consider-
ation. The results derived in this stochastic framework cannot be obtained
mutatis-mutandis from the already existing ones in the deterministic case, as
those from [1]. The knowledge of the asymptotic structure of the stabilizing
solution of the Riccati equation allows us to avoid the ill conditioning of the
numerical computations required for obtaining the gain matrix of the optimal
control. Also, the analysis performed in this work may be used for the design
of a near optimal control for many practical applications in which the values
of the small parameters are not precisely known.

The remainder of the paper is organized as follows. In the next section we for-
mulate the considered problem. The main results of the paper are presented in
in Section 3 and we conclude the paper in Section 4. Due to page limitations,
proofs of main results have not been included here.
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2. THE PROBLEM

Let us consider the optimal control problem described by the controlled
system

2
exdry(t) = Z Apj(ng)w;(t) + Br(ng)u(t) | dt
j=0

2
+e) | Y Crj(n)w(t) + Di(ny)ult) | dw(t)
=0
$k(0) = Tko, ke {0, 1, 2} (1)

and the quadratic cost functional
Xl 2

Too,u) <E [ | 37 a0 Mig(n)a (0

0 k=0
2

+2) @] () Ly(n,)u(t) +u” () R(n,)u(t) | dt (2)
j=0

Myj(n) = Mj(n), 0 <3j <k <2, R(n) = R"(n,), where z;(t) € R™,
0 < j < 2, are the state vectors and u(t) € R™ are the control parameters;
{w(t)}+>0 is a one dimensional standard Brownian motion defined on a given
probability space (2, F,P) and {n,}+>0 is a standard homogeneous Markov
process taking values in the set 9t = {1,2,..., N} and having the transition
semigroup P(t) = e?! with the generator matrix Q = (g;;) whose elements
satisfy ¢;; > 0if i # j and Zgﬂ gt = 0 for all ¢, 5 € M. Throughout the work
{w(t) }+>0 and {n, }+>0 are independent stochastic processes. E stands for the
mathematical expectation.

In (1) eo =1 and for k > 1, ¢ : [0,e*] — [0, 00) satisfy

iii% ex(e)/ex—1(e) = 0. (2)

We also assume that in (1), § > % The class of admissible controls Uggm (o)
consists of all measurable stochastic processes u = {u(t)}+>o which are adapted
to the filtration generated by the stochastic processes {w(t)}+>0 and {n;}+>0
having the properties:

[e.o]

(a) / Ellu(t) Pldt < oo

0
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(b) J(.’E(), u) < o0
(c)

2
Jim 3Bl 600,00l = i = (4)
pe

where x(t; 9, u), 0 < j < 2 is the solution of the problem with given ini-
tial value (1) determined by the input u and E[-|n, = ] is the conditional
expectation with respect to the event {n, = i}.

The linear quadratic optimization problem (LQOP) which we want to solve
requires to finding a control @ € Uygm (zo) with the property that

J(xo,u) = min  J(xg,u).

u€Ugdm (xO)

3. MAIN RESULTS

We shall write A; (i), By (1), ... instead of Aji(n;), B (7;), ... every time when
1, =1 € . We introduce the notations:

Ago(i)  Aor(i)  Aoa(i
A(i) = ( %AIO(Z) iAn i) éAm(i) )
: . (i

L(i) = ( Lg(l) L{(Z) Lg 7 )T c RXm

compact form as follows:

da(t) = (A(n)2(t) + B(n,)u(t))dt + (C(n,)x(t) + D(ne)u(t))dw(t) (5)

J (o, u IE/ T z(t) + 227 () L(ne)u(t) + u” (t)R(n)u(t)ldt  (6)
0
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where z(t) = ((af(t) =T (t) 2I(t) )T, zo = (xfy =i, =i )T. From (6)
and (7) one sees that for each fixed value of ¢ > 0 the optimal control problem
stated before is a standard stochastic LQ problem which was investigated in
[11] and for a more general settings see also Chapter 6 from [7].

Applying the results derived in the afore mentioned references, it follows that
the optimal control in the optimization problem described by (6) and (7) and
the class of admissible controls Uygm (o) is

u(t) =F(n,)z(t) (7)
where
F(i) = —(R(i) + D" (i) X () (i)~ (BT () X (i) + D (i) X (1)C(i) + L" (i) (8)

X = (X(1),..., X(N)) is the unique stabilizing solution of the algebraic Riccati
equation of stochastic control SARE

AT()X (1) + X (0)A>) + CT () X (1)C (i) + M(i)—
— (X(@)B@) + CT () X ())D(i) + L(1))(R(i) + DT (1) X (i)D(i)) "'x  (10)

(X(@)B(i) + CT ()X (1)) + L) + D ;X (j) =0

satisfying the sign conditions
R(i) + DT (1) X (1)D(i) > 0, 1<i<N. (10)

In [11] was proposed a method based on a semidefinite programming (SDP)
for numerical computation of the stabilizing solution of SARE which satisfies
(11), while in [7] was proposed an iterative procedure for computing of this
solution.

From (5) one sees that the presence of the small parameters ¢ in the coef-
ficients of the system (6) favors the appearance of the stiffness phenomenon
which leads to ill conditioning of numerical computations performed to obtain
the stabilizing solution X in (10). On the other hand, in many applications the
precise value of some of the small parameters ¢, involved in the mathematical
model of the regulated phenomenon are not known. That is why, in the case
of Riccati equations of type (10) with the structure of the coefficients given in
(5), is preferable to be done a detailed study of the dependence of the stabi-
lizing solution X of (10) with respect to the small parameters e;, 1 < k < 2.
The goal of this work is to perform such an investigation of the asymptotic
behaviors of the stabilizing solution X of SARE (10) satisfying the sign condi-
tions (11) when the small parameters ¢y, satisfy the condition (3). This study
allows us to point out the dominant part of the stabilizing solution X as well
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as the dominant part of the optimal feedback gain F given in (9). Based on
the dominant part of the optimal feedback gain, we shall construct a subop-
timal control ugpy(t) = Fupp(n;)x(t) which stabilizes the given system (1) and
achieves a near optimal value J(xg, ugpp) of the cost (2). We shall provide
an estimation of the deviation of this suboptimal value of the cost from the
optimal value J(xq,@).

In the deterministic case, that is Cy;(i) = 0, Dp(i) =0, 0 < k,j < 2,3 € N,
an analogous study was done in [2], [8], [1 ] and [12] for the case of system
with only one fast time scale and in [1] respectively [15] for case with several
fast time scales.

3.1. THE DERIVATION OF THE REDUCED
COUPLED ALGEBRAIC RICCATI
EQUATIONS

Following the approach from [1] we shall investigate the asymptotic behavior
of the solution (X, F) of the following Lurie-Yakubovich-Popov type system of
stochastic control:

BT (i) X (i) + DT (1) X (0)C(i) + LT (i) = —(R(i) + DT () X (1)D(3) )F(3)
AT ()X (i) + X ()A(4) + CT () X (1)C(3) + M(i)— (12)
N

= FT(i)(R(i) + D7 (1) X ())D(0))F (i) + Z ;X (j) = 0.

Proceeding in this way, we obtain simultaneously both the asymptotic struc-
ture of the stabilizing solution of SARE (10)-(11) as well as the asymptotic
structure of the optimal stabilizing feedback gain (9).
We take
X()o(l €1X01(i) EQX()Q(i)
X(Z) = €1X01(Z) Elel(i) 62X12(i)
EQXOQ(Z) €2Xf2(i) 62X22(i)

and F(i) = (Fo(i) Fi(i) Fa(i), Xpi(i) € R™"", Xj5(i) = X[;(4), Fj(i) €
R™M j=0,1,2.
Using (5) we obtain the following partition of the system (12):
By () Xoo(i)+Bi (i) Xo1(4)+ B3 () Xo2(i)+Dg (i) (Xo0(i) Coo (%)
+€3 X01(i)Cho(i) + +€5 X02(i)Ca0 (1)) + DT (i) (€3 X01 (1) Coo (i) +€3° ' X11 (i) Co (i)
+(§)6€f‘HX12( i)Ca0(i)) + D3 (i)(£5X02(i)Coo (i) + (51)5 27 X (1) Cho (1)

€87 Xaa (i) Can(0))+ L§ (1) = —(R(3) + DT () X (VD)) Fo(0)
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e1Bg (1) Xo1(1)+Bi (1) X11(6)+ B3 (4)X12(i)+Dg (i)(Xoo(i)Cor (4)
+&9 X01 (1) C11(i) 425 Xo2(i)Ca1 (i) + DT (i) (5 Xty (1) Con (i) +€3°7 X141 (4) C11 (i)
+(81>‘5 37 X12(1) Ca1(4)) + D3 (i) (£3 X 02 () Co1 (i) + (51 )23 X {5 (3)Cua (4)

+€37 X (1) Cin (8)) + LT (6) = —(R(3) + DT () X ()D(0)) F1 (3)

e2B5 (1) Xo2(i) + (%)31 (i) X12(i)+ B3 () X22(i)+Dg (i) (Xoo(7)Coz ()
+E§X01(i)012(i)+ +€§X02( )022(1))+D1T(i)(5(1onT1(i)Co2(i)+E?&1X11(i)cm(i)

€2 €2

+(5)5 e X12(i)Ca(8)) + +D3 (8) (€3 X02(4) Co2 (4) + (5)565’5_1X1Tz(i)012(i)

+e5’ ! Xaa (i) Caa (1)) + L3 (i) = —(R(i) + DT (1) X (1)D(d)) F2 (i)

Ado (i) Xoo (1) + Alo () Xo1 (1) + A20 (1) X02 (i) + Xoo (1) Aoo () + Xo1 (i) A10 (1)
+ Xo2(i) A20 (1) +[CT (1) X ())C(i)]oo — Fy (i) (R(3)

+D(6) X (1)D(7)) Fo (i) + Moo (i) + ) _ aijXoo(j) = 0

Jj=1

e1 480 (1) X o1 (1) +ATo (1) X11(2) + Al (1) X 1o (4) + Xo0 (i) Ao1 (1) +Xo1 (3) A11 (0)
+ Xo2(i) A21 (1) +[CT (1) X ())C(3)]or — Fy (i) (R(i)

+D7 (i) X (4)D(i)) F1 (i) + Mo (i) + €1 Z i Xo01(j) =0

E2A0To(i)X02(i)+ZAlTo(i)XM(i)JrAgo(i)Xm (4) +Xoo(#) Ao2 (%)
+ Xo1 (i) A12 (1) + Xo2(i) A2z (4) +[CT (1) X (4)C(i)] o2 — Fo (1)(R(3)

+DT (§) X (§)D(i)) F2 (i) + Moz (i) + €2 Y _ ¢ Xo2(j) = 0

Jj=1

e1 A1 (1) Xo1 (i) + AT () X11 (1) + Ady (1) X T (i) 421 X o (1) Aox (i)
+ X11 (1) A11 () + X12() A1 () +[CT (6) X ())C (i) 1 — FY () (R(3)

Mz

+D7 ()X (D)) F1L (i) 4+ M (3) +e1 > qij X11(j) =0

.
Il
N

e2 AT (1) Xo2 (¢)+%A{l(i)xlg(z’)+A2Tl(i)X22(i)+51XOTl (i) Aoa (i

+ X11.(6) Ar2(6) + X12(6) A2z (i) + [CT (4) X (1) C(i)] 12— (13)
— F{'(i)(R())+D" (1) X (i)D(4)) F2 (i) + Mi2(i) + £2 Y qi; X12(j) =0

Jj=1
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E2AOT2 (i)XOQ (7/)+ %A’{Q (“Xl?(i)+A§2(i)X22(’L‘)+62Xg; (2)A02(Z)+
+ng(i)Am(i)+X22(i)A22(z‘)+[CT(i)X(i)C(i)}zz

= F5 ()(R()+D" ()X ()D(0)) Fa (i) + Ma2(i) + £2 ) a1 X2 (j) = 0

j=1

where [CT (i) X (i)C(i)]x; is the kj-block of the matrix CT (i) X (i)C(i), 0 < k,
J<2

Setting formally e = 0 in (13) and taking into account (3) and § > % we
obtain:
By (i) Xoo(3) + B (i) X0 (i) + By (1) Xg2(i)+ Dy (2) Xoo (i) Coo (i) + L (i)
= —(R(i)+Dg (i) Xoo(i) Do (i)) Fo i)
BY (1) X11(i)+ By (1) X15(i)+Dg () Xoo (i) Con (1) + L1 (1)
= = (R(i)+Dg (i) Xoo (i) Do(i)) Fi (i)
B3 (i) X22(i) +Dg (i) Xoo(i) Coz (i) +L3 (i) = —(R(i)+Dg () Xoo (i) Do(i)) Fa (i)

Ago (1) Xoo(4)+ Ao (1) Xg, (i) + Agp (1) X o () + Xoo (1) Aoo (4)
+Xo1 (i) A10(4) + Xoa(i) A20(4) + Cio (1) Xoo(7) Coo (i)

— Fy (i) (R(i)+Dg (i) Xoo (i) Do(i)) Fo (i) + Moo (i) + ZngXoo
Ao (1) X11 () + A% (1) X T3 (6) + Xoo (1) Ao (1) + Xo1 (1) A1 (i) + Xo2 (i) Az (i 1+
+Co() X00()Cor (i) — Fy () (R(i)+Dg (i) Xoo (1) Do(i)) F1 (i) + Moy (i) = 0

A% (1) Xa2(4)+Xoo(4) Aoz (i) + Xo1 (i) Ara (i) + Xo (1) Aza (i)
+Co (1) Xoo (i) Coa (i) — Fy (i) (R(i)+Dg (i) Xoo(i) Do (i) Fa (i) + Moz (i) = 0

AT} (1) X11 (1) + A3 (1) X19(8) + X11 (1) A11 () + X 12(4) X1 (7)
+C1 (1) Xo0(4)Cor (i) — FY (i) (R(i) +Dg (i) Xoo (i) Do (4)) F1 (i) + M1 (i) = 0

AS) (1) X12(8)+ X11(8) A2 (i) + X12(i) Ag2 (1) + Cg (1) Xoo (i) Coa (i)
—F (i) (R(i)+ Dy (i) Xoo () Do(i)) Fa (i) + M2 (i) = 0
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AZo (1) X2 (1) + X2 (1) Aa (i) + Cip (i) Xo0 (i) Coa (i)
)

—~F3 (i)(R(i)+Dg (1) Xoo (i) Do (1)) F2(i) + Maa (i) = 0. (14)
Assuming that Ass(i) are invertible, we may introduce the notations:
Akj () = A0~ Aka( 1) Agy (1) A; (i) (14)
(Z) = B](Z) ( )A221(i)32(i)7 ka] = 031

Cor(i) = Corli) — Coa(i) Ay (i) Agk(i)
Li(i) = Li(i) — A3 (i) Ay (i) La(i) — (15)
—(Mk2( ) - AQk:( )A22 ( )M22('))A§21(i)32(i), k=0,1

R'(i) = R(i)— Lj(i)Ay ())Ba(i) —
— B3 (i) Ay’ (i) La(i)+ B3 (1) Az (1) Moo (i) Az (1) B2(i) - (16)
2(i

Dy(i) = Doli) - Coz(z)Azl() )
and
T
( oo Mo;@)( 0 0 )
(M01) (’L) Mll(z) —A2_21(’i)A20(i) _A2—21(Z-)A21(,L~)
M00<i) M()l(’L) M()Q(Z) Ino 0
x [ ML) Mi(i) Mip@i) | x 0 L, (17)
Mg (i) Mi5(i)  Maa(i) — Ay (1) Az0(i)  —Ay (i) A2 (3)

The next result allows us to reduce the number of equations and the number
of unknowns of the systems (14).

Lemma 3.1. If Ags(i) are invertible, the following hold:

(i) 1f (Xoo(4), Xo1(4), X11(4), Xoa(i), X12(i), Xo2(4), Fo(i), F1(i), Fa(2)),7 € N
is a solution of the system (14) with the property that the matrices
Ago (i) + Ba(i)Fa(i) are invertible, then

(Xo0(i), Xo1(i), X11(i), X22(d), Fy (i), Fi (i), Fa(i))

s a solution of the following system:

(Bo)" (1) Xoo (i) +(B1)" (i) Xg1 (i) +(Dg) " (1) Xoo (1) Coo () +(Lg) " (1) =
—(R'(#)+(Dg)" (i) Xoo () Dy (i) Fy (i)
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(B (1) X11()+(Dg) " (1) Xoo()Cin () +(L1) " (i) =
~(R*(i)+(Dg)" (1) Xoo () Dy (0)) Fi (i)

B3 (i) X22(i)+D§ (1) Xo0(i)Coa (1) + L3 (i) =
— (R(i)+D§ (i) Xoo (i) Do (i) Fa (i)

(Ago)" (1) Xoo (1) +(Alo)" (1) X5 (1) +Xoo (i) Ao (1) + Xo1 (1) Ao (D)+
+(Coo) " (1) X00(2)Coo(0) — (Fp) " () (R' (3) (19)

+(Dg)" (1) Xoo(8) D4 (1)) Fy (1) + Moo (i +ZngXoo

(A1o)" (1) X11 (1) + Xoo(i) Agy (1) +Xo1 (1) A1y (i) +(Cgo) ™ (i) X00(i) gy (i)
—~(Fy)" (1) (R' (4)+(Dg) " (1) Xoo(4) D (1)) F (6)+ Mgy (i) = 0

(A1p)" (1) X11.(1) + X11(1) A1y (6) +(Cp) ™ (4) Xoo (8) G (0)
()T @)(R (i) +(Dg) " (1) Xoo (1) Dy () F{ (i) +Mjy (i) = 0

ASy (1) Xaa (1) + Xaa (1) Aga (i) + Coiy () Xoo (i) Coa (i)
—F3 (i) (R (i) +Dg (i) Xoo (i) Do (1)) Fa (i) + Maa (i) = 0.

where

F} (i) =(Im + Fa(i) Ay (i) Ba(i)) ™ (F (i) — Fa(i) Ay (i) A;(7)),  (20)
j=0,1

(i1) If (Xoo(i), Xo1(4), X11(3), Xo2(3), Fy (i), F{ (i), Fo(i)),i € N is a solution
of the system (19) with the property that Ass(i) + Be(i)Fa(i) are invert-
ible, then

(Xoo(4), Xo1(7), X11(7), Xo2(i), X12(4), X22(7), Fo(i), F1(7), F2(i)),7 € N
is a solution of the system (14) if

Fy(i) =(Im + Fa(i) Ay (i) Ba(i)) F} (i) + Fa(i) Ay (i) Az (i),
j=0,1 (21)
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and

Xoa(i) = — [A%(1) X22(i) + Xoo(i) Aoz (i) + Xo1 (i) A11(4)
+ Co (1) Xo0 (i) Coa(i) — Fy (i) (R()
+ D{ (i) Xoo(4) Do () Fa(i) + Moa(i)] Az, (i) (22)

Xi12(i) = —[A3; (1) X22(8) + X11 () A12() + Cgy (1) Xoo(i) Coa (i)
— FI(i)(R(i) + D§ (i) Xo0(1) Do (i) Fa(i) + Mia(i)] Az (). (23)

Proof. Proof is done by direct calculation. The details are omitted. I

We assume now that A}, (i) are invertible and introduce the new notations:

A1) = Ago(i) — Agy (1) (A1) ™ (1) Ajg (0)
Clo(i) = Colo(i) Cor (1) (A1) ™1 (1) A1 7)
By(i) = By(i) - Am(@)(AhY (1) B (4) (23)
Di(i) D (i) = Coy (1) (A1) ™' (8) B1 (i)

The next result allows us to reduce the number of equations and unknowns of
the system (19).

Lemma 3.2. Assume that A}, (i) are invertible, then the following hold:

() 1 (Xoo(9), Xoa(), X110, Xaali), E30), Y (0), F3(0))i € R s a solution
of the system (19) with the property that A%, (i) + B} (i)FL(i) are invert-
ible, then (Xoo(i), X11(1), X2a(i), FQ (i), Fi (i), F2(4)) is a solution of the
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system:

(By)" (4) Xo0(i)+(D§) " (4) Xoo (i) Coip (#) + Lo (i)
=—(R°(i)+(Dg)" (i) Xoo(#) Dy (i)) Fy (i)
(B1)™(0)X11(i)+(Dg) (i) Xoo (i) Coy (1) +(L1) (i)
=—(R"(1)+(Dg)"(4) Xo0(i) Dg (1)) Fy (i)
B3 (i) X22(i)+Dg () Xo0(i)Coa (1) + L (i)
=—~(R(i)+D{ (i) Xoo(i) Do (i) Fa (i)
(ABo)" (4) Xo0(#)+ Xoo () Ay (1) + (Co) (')Xoo(')Cgo(’)—(Fg)T(i)(Ro(i)

+(D)" () Xoo (i) DG (1)) Fy (i) +M° (i) + Z ¢ Xo0(7)

v\_/

(A1)" (1) X11.(6)+ X11 (i) Ay (i) + (Cop) " ( ) Xo0(i)Cp1 ()
—(F)T (@) (R (1) +(Dg)" (1) Xo0(1) Dg (i) Fy (i) + M7 (i) = 0 (26)
AZo (i) Xaa(8) + Xoa(i) A2a (i) + (Co2)™ (i) Xoo (i) Coa (i)—

— Fy (i) (R(i)+Dg (i) Xoo(#) Do (i) Fa (i) + Maa (i) = 0

where

Fy (i) = (I + FI () (A1) 7 () B1(0)) 7 (Fo () — Fi () (A1) ' (§)Ato(3)).  (26)

(i1) If (Xoo(i), X11(7), Xoa(i), F{ (i), FL(i), F2(3)),i € M is a solution of the
system (26) with the property that

A1y (i) + BL (i) Fi (i)
are invertible matrices, then
(X10(3), Xo1(i), X11(i), Xoa(i), Fy (i), F1 (4), Fa(i)),i € N
is a solution of the system (19) if
FHG) = (I + FLOAY) T OBL ) FG) + FLOA) ()AL @7)
and
Xo1(i) = =[(A10)" (1) X11(4) + Xo0(8) Ao () + (Coo)” () Xoo (i) Con (4)—

(Fo)" () (R () + (Do) () Xoo(d) Do () F (i) + Moy ()](A11) ™ (0)- (29)

Proof. The proof may be done by a laborious calculation. i
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Assuming that Xog(7) are such that the matrices
R%(i)+(D5)" () Xoo()) Db (i), R' () +(Do)" (i) Xoo(#) Do(d), R(i)+Dg ()Xoo(i)Do(i)

are invertible we may remove the unknowns F\)(i), Fi (i), F2(i) from (26) and
obtain the following system of nonlinear equations with the unknowns Xgg(4),
X11(4), Xaa(d):

(AB0)" () Xo0(2) +Xoo () Ago (1) +(CGo) " () Xo0 () o (i)~
—(Xoo (1) B (1) +(Cho) " (1) Xoo(4) Do (0) + Lo (1)) (R (0)
+(D6)" (1) Xoo (1) DG (1)) ™" x ((BG)" (1) Xoo (1)

+(D)" () Xo0 () Cgo (i) +(L5)T) (1) + M (i) +ZQUX00

(A11)" (1) X11(7) + X11.(0) A1y (6) +(Cp) ™ (4) Xoo(8) Gy (1) — (X11.(4) B1 ()
+(C1) " (1) Xoo(4) Dy () + L1 (0)) (R (i) +(Dg) " () Xoo (4) Dy (1)) ™
x ((B1)" (1) X11(0)+(Dg)" (1) Xoo (1) Co (1) +(L1) T () + M1y (i) =0 (30)

AT (1) X9 (i) + X22(1) Aza (i) + Cila (i) Xo0() Coa (i) — (X 22(i) B2 (4)
+Cgp (1) Xo0(2) Do (i) + La (1)) (R(i) + D§ (i) Xoo (i) D (l)) x (Bj (i) X22(i)
+DT (i) Xoo (i) Coa (i) + LY (i) + Mas (i) = 0.

In the special case
Cir(i) =0, Dp(i)=0, 0<5,k<2, i=1

the system of nonlinear equations (30) reduces to three uncoupled algebraic
Riccati equations arising in the investigations of the asymptotic structure of
the stabilizing solution of an algebraic Riccati equation associated to a lin-
ear quadratic optimization problem for a deterministic controlled system with
several time scales (see e.g. [1]).

In the stochastic context considered on this work, the system of nonlinear
equation (30) will play the same role which, in the deterministic case, is
played by the algebraic Riccati equations of lower dimension obtained ne-
glecting the small parameters. That is why, in the following, the system (30)
will be called the system of coupled reduced algebraic Riccati equa-
tions (SCRARE).

In the next subsection we shall introduce the concept of stabilizing solution of
the system (30) and we shall provide a set of necessary and sufficient conditions
for the existence of the stabilizing solution.
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3.2. STABILIZING SOLUTION OF SCRARE

Let 8,, C R™*™ be the linear space of symmetric matrices of size ny x ny,
0<k<2 Weset

X = (8ny X 8ny X 8ny) X (Spg X 8py X 8py) X o+ X (8 X 8py X 8py)-
Hence, X € X if and only if
X = ((Xo(1), X1(1), Xo(1)), - -+, (Xo(NV), X1 (N), Xa(N))) .

X is a real Hilbert space with respect to the inner product

N 2

(X,Y) =) > TrlX;()Y;(0)] (30)

i=1 j=0

for all X, Y € X. On X we consider the ordering relation ”>" induced by the
convex closed cone with not empty interior

Xy ={X € XX = ((Xo(1), X1(1), X2(1)), - , (Xo(N), X1(N), X2(N)))
X;(i)>0,j=0,1,2, ieMN}.

The system of nonlinear equations (30) can be regarded as a generalized
algebraic Riccati equation on X of the form:

ATX + XA + 11 [X] + M~
(XB + IL[X] + L)(R + I3[X]) " YXB +IL[X]+ L)Y = 0 (31)

where
1
A= ((Ago(l) + 5 qilng, Afp (1), Axa(1)),

-, (AQ(N) + %QNNInm A (N), A22(N))>

N
IL[X](0) =(CO)" () Xo()CFE)+ Y aiXo(),
i#ii=1
Cot (1) Xo(i)Ca (i), (1) Xo () Con (i)



On the Asymptotic Structure of the Stabilizing Solution... 81

(4), (Cor) " ()Xo (i) Dg (i), Ca (i) Xo(4) Do(i))
(i), (Dg)" (1) Xo () Dy (i), D (i) Xo(i) Do (7))

I, [X] (i) = ((Cpo)" (4) Xo(4) D
II3(X] (i) = (DY) (4) X0 (i) D
1 <i< N and for all X € X.

We set II[X](i) = < Hl[[};(]]((?) gi }8 ) To the triple (A,B,II) and
; 2(1)), -

the feedback gain F = (( 0(1), F1(1), F»(1) , (Fo(N), Fi(N), F»(N))) with
F;(i) e R™*™i, j =0,1,2,i € M we associate the linear operator Ly : X — X
by

oo COo

Lp[X](i) = (Lro[X](), Lr1 [X] (i), Lr2[X](7))
with
Lio[X] (i) =(Afo(4)+Bg (i) Fo (i) Xo () +Xo(4) (Ado (i) + By (i) Fo(i))
+(Co () + Dy (i) Fo (1)) " Xo(4) (Cly (4)

+D0 +ZQWXO

L1 [X](i) =(A}; (i) + By (i) F ( ))T 1(6)+X1(i) (A} (1) + B1 (i) F1(4))
+(Co (1) + Dy (i) F1.(8)) " Xo () (Coy () + Do (i) Fi (7)) (33)

L2 [X] (i) =(Aga(i)+ Ba(i) Fa ()" Xa (i) + Xa (i) (Az2(i) + Ba(i) Fa (i)
+(Coa(i)+ Do (i) Fa ()" Xo(i)(Coz (i) + Do (i) Fa(i))

for all X € X,i € M.
Several properties of the operator of type (33) are summarized in the following
proposition:

Propoziia 3.1. (i) For each feedback gain the corresponding operator Ly
generates a positive evolution on the space X, that is:

eH‘Ft%Jr C %+
for allt > 0.

(ii) The spectrum of the operator Ly is in the half plane C_ = {)\
ReX < 0} if and only if, there exists X € IntX such that Ly[X] <

Now we are in position to introduce the concept of stabilizing solution of
SCRARE (30).

Definition 3.1. A solution
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of (30) is named ”stabilizing solution” if the spectrum of the linear operator
L is located in the half plane C_, L being the linear operator of type (33)

defined for F = ((Fo(l),ﬁ’l(l),ﬁ’g(l)),--~ ,(FO(N),F]_(N),FZ(N))) where

Fo(i) = —(R°()+(Dp)" (i) oZDS(Z'))”X
((BO)" (1) Xo(i)+ '
Fi(i) = —(R'(i)+ (Dé) (1) X
((B )() )+

Definition 3.2. We say that the triple (A, B, II) is stabilizable if there exists a
feedback gain F = ((Fo(1), F1(1), Fa(1)), -+, (Fo(N), F1(N), Fo(N))) with the
property that the spectrum of the corresponding linear operator Ly is located
i the half plane C_.

Necessary and sufficient conditions for the stabilizability of the triple (A, B, IT)
can be derived employing part (ii) of Proposition 3.1 combined with Schur
complement technique.

The next result provides a set of conditions equivalent to the existence of the
stabilizing solution X of SCRARE (30) satisfying the sign conditions:

oli Dg(z') >0 (34)

Theorem 3.1. The following are equivalent:

(i) the SCRARE (30) has a unique stabilizing solution
X = ((Xo(1), X1(1), Xa(1), -+, (Ko(V), X1(N), Xa(N))
satisfying the sign conditions (35);
(ii) the triple (A, B,II) is stabilizable and there exists
Y = ((Yo(1),Y1(1),Ya(1)), - -, (Yo(N), Y1(N), Y2(N))) € X

solving the following system of LMIs:
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( €9 (Yo, 1) Yo (§) B (4) +CR3(4) Yo (1) DY (1) + LY (3) ) <o

BYT (i)Y (i) + DT (1) Yo (1) 8y (i) + LY T (1) RO (i) + DYT (i) ¥y (i) DY (i)

( ©1(Yp, Y1, 19) v1<1)B%(7¢>+03%T<i>yg(i>Dé<1)+L%(7¢> ) -
B1T() vy (i) + DT (i)Yo () edy () +L1T() RY(i)+DGT (i)Yo (i) D (4)

( ©3(Y0, Y2, 1) Y2 (i) B2 () +Ca () Y0 () Do (1) + La () ) >o.
BY (i) Y2 (i) +DE (1) Yy (i) Co2 (1) + LE (1) R(i)+ D (i)Yo (i) Do (1)

where

O0 (Yo, 1) =(A)T (4)Yo(i) + Yo(i) AY (1) + (Cho)™ (4) Yo (i) CGo i)
N
+ MO() + > g Yo(4)
j=1

01(Y0, Y1,1) = (A1) ()Y1(i) + Y1(i) A1, () + (Co1) " (1) Yo(i)Cpy (8) + M7, (i)
02(Y0, Ya, 1) = Agy(i)Ya(i) + Ya(i) A2z (i) + Cga (i) Yo (i) Coz (i) + Maa(i)
3.3. THE ASYMPTOTIC STRUCTURE OF THE
STABILIZING SOLUTION OF SARE

Let us assume that conditions from Theorem 3.1 (ii) are fulfilled. Then
SCRARE (30) has a unique stabilizing solution

X = ((Xo(1), K1(1), Ka(D),++ , (Ko (W), X1 (N), Xa(N)))

satisfying the sign conditions (35). Let (Fy(i), Fy (i), Fa(4)) be the correspond-
ing feedback gains defined in (34). Employing Proposition 3.1 (ii) in the case
of operator L we may infer that the matrices Agj (1) +B§(i)ﬁ’j (7) are Hurwitz
matrices 0 < j < 2,7 € N, with A%,(i) & Ago(i) and B3(i) £ Ba(i). Taking
Fl(i) 2 F1(i) we compute Eg (i) by

Fy (i) = (Im+F} () (A11) 7 () BL () Fo (4) + F () (A11) T (D) Afo (4)- - (35)
Further, we compute lg’J(z) by

ny(i) = (Im+F2(i) A3 (i) Ba(0)) F} (i) + Fy(i) Az (1) Ag; (i), j=0,1  (36)
and

Fa(i) = Fa(i). (37)

i)+ (Cho) ™ (1) Xo(i)Coy (i)
)+ Mgy (1)](A) 7M@), (38)

—~
~—
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Then, we compute Xo(i), X12(i) by:
KXoz (i) =—[AZo(8) X (i) + Xo(i) Aoz (8) + Xo1 (1) Ar2(4) +Cop () Xo (4) Coz (4)
— Fo (3)(R()+ DE () Xo() Doi)) Fai) + Moo ()] AZH @) (40)

X12(1) =—[A%l(i)j@(i)‘f'j(l(i)Alz(i)'i‘Cg; (Z)Xl (i)Alz(i)+C()T1(i)j(o(i)coz(i)
- If“lT(i)(R(i)+D0T(i)X0(i)D0(i))1§2 (i) + M2 ()] Ay (i) (41)
Applying Lemma 3.1 (ii), Lemma 3.2 (ii) together with (36)-(41) we obtain
that
(Xo(i), Xo1(8), X1 (1), Koa(0), X12(0), Xali), Fo(i), F1(i), Fa(i)),i € N

is a solution of the system (14) obtained starting from the stabilizing solution
of SCRARE (30).

In order to obtain the existence of the stabilizing solution of SARE (10) satisfy-
ing the sign condition (11), we shall use the implicit function theorem applied
to the system (13). To this end, we regard (13) as an equation of type

O(W,v)=0 (41)
on the finite dimensional Banach space

w :87];; % (Rnoxnl)N > 87].:]1 > (Rnoxnl)N % (Rn1><n2)N

% 87]:[2 % (RanO)N > (RmXTn)N % (Rmxng)N.

In (42) v stands for (g1, e, %,5‘{,5%5_1,53,5%5_1, (%)5) One shows that the

assumptions of the implicit function theorem are fulfilled for equation (42)
around to the special solution W = (W (1), W(2),--- ,W(n)) with

and v = 0.
Thus we obtain the main results of this work:

Theorem 3.2. Assume:
(a) the matrices Aga(i) and Al (i) are invertible;
(b) conditions from (ii) of Theorem 3.1 are fulfilled.

Then the following hold: there exists €, > 0, p* > 0, with the property that
for any 0 < ep < ef, k =1,2 and 0 < e2/e1 < p* the SARE (10) has a

stabilizing solution X (e1,e2) = (X(e1,€9,1),---, X (e1,9, N)) satisfying the
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sign condition (11). Furthermore the solution X(e1,e2) has the asymptotic
structure:

Xo()+0(v)  ei(Xo()+0(v)) e2(Xoa(i)+0(v))
)+0(v))  e1(X1(0)+0(v))  e2(X12(i)+0(v))
)+0(v)) e2(X{h()+0(v))  e2(X2(i)+0(v))

X(e1,69,i) = 51():(0T1(z'
e2(Xga (i

and the corresponding feedback gain (9) of the optimal control has the asymp-
totic structure:

F(ey,e9,1) = ( Foli) Fi(i) Fa(3) )+O(u). (42)

3.4. NEAR OPTIMAL LQ REGULATOR

The asymptotic structure (43) of the optimal feedback allows us to design
a near optimal control whose gain matrices do not depend upon small param-
eters g, k = 1,2.

Theorem 3.3. Assume that the assumptions of Theorem 3.2 are fulfilled.
Consider the control

Uapp(t) = Fo(ny)zo(t)+F1(ny)w1(t) +Fa(n,)z2(t) (43)

whose gain matrices F;, 0 < j <2 are computed via (36)- (38) based on the
stabilizing feedback gains (Fo(i), F1(3), Fo(i)) defined in (34) corresponding to
the stabilizing solution X of SCRARE (30). Under the considered assumptions
the control (44) stabilizes the system (1) for e1 > 0, €2 > 0 small enough. An
upper bound of the loss of performance is given by:

0 < J (0, tapp) — J (z0, @) < yllv]|?|zof.

Remark 3.1. The gain matrices of the control (44) do not depend upon the
small parameters €1, €9 and % They may be computed using (34), (36)-
(38), based on the stabilizing solution of SCRARE (30), satisfying the sign
conditions (35).

4. CONCLUSION

We have addressed in this note an LQ-type control problem for a class of
Ito differential equations with two fast time scales and Markovian jumping
of there parameters. Our goal was to perform a detailed investigation of the
e-dependence of the stabilizing solution of the Riccati equation involved in
the construction of the optimal control of the considered LQ problem. The
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asymptotic structure of the stabilizing solution of the algebraic Riccati equa-
tion associated to the considered LQ control problem was obtained applying
the implicit functions theorem. Based on the dominant part of the gain matri-
ces of the optimal control we have constructed a near optimal e-independent
control law.
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