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Abstract

The past three decades of research on multiparameter singularly
perturbed systems are reviewed, including recent results. Particular
attention is paid to stability analysis, control, filtering problems and
dynamic games. First, a parameter-independent design methodology
is summarized, which employs a two-time-scale and descriptor systems
approach without information on the small parameters. Further, vari-
ous computational algorithms are included to avoid ill-conditioned sys-
tems: the exact slow-fast decomposition method, the recursive algo-
rithm and Newton’s method are considered in particular. Convergence
results are presented and the existence and uniqueness of the solutions
are discussed. Second, the new results obtained via the stochastic ap-
proach are presented. Finally, the results of a simulation of a practical
power system are presented to validate the efficiency of the considered
design methods.
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1 Introduction

When several small singular perturbation parameters of the same order of
magnitude are present in the dynamic model of a physical system, the control
problem is usually solved as a single parameter perturbation problem [18, 19,
21]; such a system is called a singularly perturbed system (SPS). Although
this is achieved by scaling the coefficients, these parameters are often not
known exactly. Thus, it is not applicable to a wider class of problems.
One solution is to use the so-called multimodeling systems approach (see
e.g. [1, 2,7, 21, 22]). In addition, a joint multitime scale-multiparameter
singularly perturbed system (MSPS) has been formulated [14, 23]. It should
be noted that these small parameters are of different orders of magnitude.

Stability analysis, control and filtering problems in MSPSs have been
thoroughly investigated. Multiarea power systems [1, 7] and passenger cars
[15, 17, 29] can be modelled as MSPSs, which are widely used to represent
system dynamics.

Since the investigations into the stability for the multimodel situation
in [3, 4, 6], much of the interest in linear quadratic (LQ) control has been
motivated by applications of the theory to multimodeling systems [1, 2, 12].
These interests in extending LQ control to dynamic games [5, 8, 9, 10, 13]
were revealed. An overview of multimodeling control may be found in [11].
The recent theoretical advances in multimodeling techniques allow a revisit-
ing of LQ control [49, 50, 52], the filtering problem [51, 54], the Ho, control
problem [48, 59], guaranteed cost control [56] and Nash games [53, 55, 57, 58].
A direct approach to the Lur’e problem for MSPSs has been proposed [27].
To extend the validity of continuous MSPSs, stability analysis, composite
state feedback control and Nash games have been considered for discrete
MSPSs [24, 25, 26].

In this paper, we present a survey of MSPSs in various control prob-
lems. Although many of the references consider deterministic problems,
stochastic cases are also reviewed here. First, the results of stability analy-
sis and the important related tests are given. After introducing the feature
of the multiparameter algebraic Riccati equations (MARE) that is based
on the LQ control for MSPSs, we discuss the two-time-scale design method
for cases where the singular perturbation parameters are sufficiently small
or unknown. However, iterative methods for finding the desired solutions
are discussed when such parameters are known. In particular, to avoid ill-
conditioned systems, the exact slow-fast decomposition method, recursive
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computation and Newton’s method are surveyed. It is shown that these
results are also valid for the filtering problem, H., control problem, guaran-
teed cost control and Nash games. Moreover, some new results for stochastic
systems that are governed by Ito differential equations are also discussed.
Finally, it is shown that the concepts and methods surveyed in this paper
can be exploited to solve the stochastic Hy, control problem for an actual
MSPS.

Notation: The notations used in this paper are fairly standard. block diag
denotes the block diagonal matrix. detM denotes the determinant of M.
vecM denotes an ordered stack of the columns of M. ® denotes Kronecker
product. ReA(M) denotes a real part of A € C of M. E[-] denotes the expec-
tation operator. The space of the R¥-valued functions that are quadratically
integrable on (0, o) are denoted by L(0, 0o).

2 Stability

A general frame-work for the stability of a MSPS is formulated in [1, 3, 4,
6, 7, 21, 22|. Stability is very important for a linear or nonlinear MSPS
when capturing the behaviour of the closed-loop MSPS. For a linear MSPS,
the sufficient conditions for uniform asymptotic stability have been derived,
and the asymptotic behaviour of the solution has also been investigated
by using the transformation [1] and the D-stability [3]. In contrast, it is
known that the Lyapunov method can be used to estimate the stability
of a system by using a Lyapunov function without solving the nonlinear
differential equations [4, 6]. The purpose of this section is to review the
asymptotic stability for several sufficiently small parameters. These results
are based on the asymptotic stability of a reduced-order slow system and
fast subsystems.

A linear system of strongly coupled slow subsystem and weakly coupled
fast subsystems is considered by (1).

N
B(t) = Agz(t) + ) Agjz(t), (0) =a”, (1a)
j=1

N
eiti(t) = Awz(t) + Auzi(t) + D eijAiyz(t), z:(0) =20, (1b)
=1, j#i
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where z(t) € R" means the slow state vector. z;(t) € R™, i =1, ... |N
mean the fast state vectors. All matrices above are of appropriate dimen-
sions. The small singular perturbation parameters ¢; > 0, one per subsys-
tem, represent time constant, inertias, masses etc., while the small regular
perturbation parameters €;;, ¢ # j represent weak coupling between the
subsystems.

The following result is well known for the stability of linear MSPS.

Lemma 1. [1] If ReA(4;;) < 0,i=1, ... ,N and ReA(A;) < 0, then there

exists a positive scalar o1 such that
z(t) = xs(t) + O([e]), (2a)
t
ailt) = —A5 A0 + 55 (L) + O(lel (2b)

€

hold for all t € [0, o0) and alle € H, 0 < |e| < o1, where

2
622[51 -+ EN €12 - EN(N,l)]E%N,

H .= {66%]\[2

£ Eij _ -
j . ij

mij S S Mij, mg; < — = M;j,
(2 7

mg; > 0, my; > 0, Mij < 00, Mij < OO},
N
io(t) = Ags(t), A= A=)  Agj A7 Ajo, 25 (t):=Aiizif(t),i =1, ..., N.
7=1

As an important implication, the following result is given for the stability
of an uncertain MSPS.

Lemma 2. [52] Let us consider uncertain MSPS

i(t) = [Fo+ O(leD]x(t) + [For + O(JeD]=(t), =(0) =2,  (3a)
Hez(t) = [Fro + O([e])]x(®) + [Fy + O(leD]=(2), 2(0) = =

where

I, := block diag ( e1ln, -+ enlny ), 2(t) =] 21 (t) -+ 2% (t) ]T,
Fof:: [F01‘ . ~F0N],Ff02: [Fljg] . -F}GO}T,Ff::block diag(Fll- . 'FNN)v
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x(t) € R and z(t) € R™, i =1, ... ,N are the state vectors. All matrices
above are of appropriate dimensions.
IfFy,i=1, ... ,N and F = Fy — Zjvzl FQijgleg are stable, then

there ezists a positive scalar oo such that for all t € [0, co) and all € € H,
0 < |e| < o2, uncertain MSPS (3) is asymptotically stable.

Asymptotic expansions of the solutions as well as the problem of expo-
nential stability of the zero state equilibrium of a singularly perturbed linear
system with several small parameters of different orders of magnitude may
be found in [39], see also Chapter 3 in [40].

At the end of this section, sufficient conditions are stated to guarantee
the asymptotic stability of a class of nonlinear SPS with several perturbation
parameters of the same order. Now, let us consider the nonlinear MSPS given

by (4).

(1)
II.4(t)

)+ F(t, x)z(), (4a)

f(t
g )+ G(t, z)z2(t). (4b)

(t

We assume that the following conditions are satisfied for all z(t) € S,
where S, is a closed set in ™ containing the origin and for all ¢ > .

, X
, T

(a) =(t) = 0 is the unique point in S, for which f(¢, 0) = 0 and g(¢, 0) = 0.

(d) f,g9,F,Gandh:= G (¢, x)g(t, =) are bounded and satisfy the neces-
sary smoothness requirements for existence, uniqueness and continuity
of the solution of (4). Moreover, G(¢, x) and h(t, x) have bounded
first partial derivatives with respect to ¢ and x(t).

(c) There exists a positive definite Lyapunov function V (¢, z) such that

Vi+ Vafo(t, z) < —k®(x), |VoF(t, )] < roto(a),

[t + ha fo(t, @) < K39p(2),

ov oV

folt, x) = f(t, ) — F(t, z)h(t, x), V; := T Ve = £
Oh oh
hy .= —, hy = —,
LT ot o

where 1 (x) is a positive definite function of x(t), k1, k2 and k3 are
positive scalars.
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(d) The real parts of the eigenvalues of II-1G are strictly negative, that
is ReA(TIZ1G) < —7 < 0 for all € € H, where 7 is a positive scalar
independent of ¢, x and e.

The asymptotic stability of equation (4) is established in the following
basic lemma.

Lemma 3. [6] Under conditions (a)-(d), there exists a positive scalar o3
such that for all e € H with 0 < |e| < o3, the origin x =0, z = 0 is an
asymptotically stable equilibrium point of (4).

It should be observed that in practice, Lemma 1 is included in Lemma 3
as a special case.

For the problem of exponential stability of a singularly perturbed linear
system with state delays we refer to [16] and [41].

3 Linear Quadratic Regulator (LQR) Problem

The solution of a LQ regulator (LQR) problem is usually given in the form
of state feedback control. Indeed, the LQR technique was used to solve
the active suspension control problem [29]. In this section, we discuss the
LQR problems from the point of view of the reduced-order technique and
numerical aspects. These results will be covered as the extension of SPS
[18, 19, 21].

3.1 Two-Time-Scale Decomposition

When the small perturbation parameters ¢; are not known, a popular ap-
proach to deal with the MSPS is the two-time-scale decomposition method
(see e.g. [1, 21]). In practice, since ¢; is very small or unknown, the previous
technique is very efficient. First, the LQ control problem for the MSPS was
studied by using composite controller design [1, 2]. In [2], the resulting near-
optimal controller has been proven to have a performance level, i.e. O(|¢]),
where |e| denotes the norm of the vector € := [g1 --- en], close to the
optimal performance level for the standard and nonstandard MSPS. How-
ever, one major drawback of this method is that the fast state matrices A;;
are invertible. Indeed, if this condition holds, we cannot obtain the reduced-
order slow subsystems. To avoid the invertibility assumptions, the descriptor
systems approach [28] can be used. The descriptor systems approach will
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be discussed later as a nonstandard MSPS. Although the descriptor systems
approach can still be used for general MSPSs, the two-time-scale decomposi-
tion method is recommended in this case because the fast state matrices are
invertible in most practical systems. Some properties of the two-time-scale

decomposition method are described next.

We consider a specific structure of N-lower level multi-fast subsystems in-
terconnected through the dynamics of a higher level slow subsystem [1, 7, 52].

N
@(t) = Ao (t) +ZAom >+ZBOjuj(t>, z(0) = a°,

Eiéi(t) = AZ()IL'( ) + A”ZZ( ) + Biiui(t), ZZ(O) = ZZQ, 1= 1,

where u;(t) € R™i, i =1, ..., N are the control inputs.

It should be noted that all fast state matrices A;, i = 1, ...,

invertible. The performance criterion is given by

1 [ N
Y GO0 # 2o O 0) | (6)
where

N

gty =[2T(t) ) - L) ] €eRY, a= n,
i=0

Qu @ Y
Q = cTo = [ Q%; Qoff ] , Qoo = C(%FCO = ;C%Cjo,
Qo =CoCr=[Qu -+ Qo] =1[ChCu - CL,COnn],
Qs = C{Cy=block diag ( Qu1 -~ Qnn ) =

block diag ( CLC11 -+ CHyCwn ),



Control of Deterministic and Stochastic Systems 119

Coo
Cho
C = [Cy Cpl, Cy = : ;
Cno
0 00 0
Cn 0 0 --- 0
Cf = . . . . . 9
0 00 --- Cpyn
R = blockdiag( Ry -+ Ry )
Let the optimal control for the L(Q control problem (5) and (6) be
Uopt(t) = Koptg(t) = _R_lBZPf:{(t)v (7)
where P. satisfies the MARE
P6A€+A3PE_PES€P6+Q:07 (8)
with
A . Ao AOf
° It Apg TLMAf |7
T
Aop = [An - A ], Apo = [ Al o AR ]
Ay = block diag( Aip - Ann ),
S, SofII;!
o —1pT _ 00 orllz
Sc = BRTB = [ 'Sy, Thseast |
N
Sw = BoR'Bj = Y ByR;'Bj,
j=1
Sof = BoRT'Bf = [So1 - Son | =
[ BuRi'Bf, -+ BonRy'By ],
Sy = ByR'B} = blockdiag( S11 ‘- Snn )=
block diag ( Bi1R;'Bf; -+ BynRy'Bhy ).
B
B. = [H;lOBf]’ By == [ Ban -+ Bon |,

Bf = block diag( Bll BNN )



120 Hiroaki Mukaidani, Vasile Dragan

However, we cannot solve the MARE (8) without the knowledge of the small
perturbation parameters €;. When ¢; is very small or unknown, the two-time-
scale design method [1, 52] is very efficient.

According to [1, 7], the near-optimal closed-loop control is given by

Uicom(t) = —[(Im; — Ry 'BEX;; A Bi) Ry YD Cio + BE Xoo)
+RIBEX; A Apla(t) — Ry IBLE Xyi2i(t), i =1, ..., N, (9)
Whel“e Boi = Boi — AoiAy Bii, Cio = Cio — Ci A Ajg, Ry = R; + DI'D;,
C’L’LA 1B’L’L

In the above Xoo is the unique stabilizing positive semidefinite symmet-
ric solution of the following algebraic Riccati equation (ARE)

Xoo(As — B,R;7IDTC,) + (As — BsR;7IDTC )T Xog —

—XooBsR; Bl Xo0 + CT(I; - DsR;* DT C, = 0, (10)
where
Ry = R+ D] D, By = By— AgsA;'By =
[ By — AnAy'Bir -+ Bon — AonANNBwn |
Cs=Co—CrA; Ajg = [ Cfy  (Cro— CiAff Aro)”
_ T
(Cno — OnNARNAN)T]
0 . 0
. CllA 'Byy - 0
Ds:—CfAf By =— . :
0 - OnnAyyByN
X, i =1, ..., N are the unique stabilizing positive semidefinite solution of
the following AREs
XiiAii + AL Xii — X53S: X + Qi = 0. (11)

It is well known from [1] that the controller (9) is identical with the following
controller

Uicom (t) = —R; ' BE Xoox(t) — Ry BE Xjox(t) — Ry 'BL Xiizi(t),  (12)
where X0, 1 =1, ... ,IN are

X} = [Xoo(S0iXii — Aoi) — (AL X + Qoi)] (Asi — S Xai) L. (13)
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Furthermore, the composite controller ucom (t) = [ Ucom(t)T -+ Uncom(t)T ]T
can be rewritten as the following composite controller

Xoo o o0 -- 0
X0 X111 0 .- 0

ucom(t) = Kcomg(t) = _R_IBT . . .. . f(t) (14)
Xnvo O 0 - Xnn

Theorem 1. [1] There exists a positive scalar 1 such that for alle € H with
0 < |e| < a1 the closed loop MSPS (5) is asymptotically stable. Furthermore,
the use of the composite controller (14) results in Japp satisfying

li Jeom — Jopt) = 0, 15
i o) (15)

where Jopt = £ (0)P-£(0) and Jeom = ET(0)W:£(0) with
We(Ae + BeKeom) + (Ac + BoKeom) W + KL REKcom + Q = 0.

According to Theorem 1, the detailed cost degradation has not been
established. This property is described in a subsequent section.

3.2 Matrix Riccati Equations

The multimodel strategies for the LQ control problem are given in terms of
Riccati or Riccati-type equations, which are parameterized by several small
positive perturbation parameters. The existence of a unique and bounded
solution to the MARE (8) was first shown in [13]. This important result is
summarized as follows.

Since the matrices A; and B, contain the term of 5;1, a solution P. of
the MARE (8), if it exists, must contain terms of ¢;. Taking this fact into
consideration, we look for a solution P. of the MARE (8) with the structure

[ Puw P%Ha T
P, = Py, H.P; | Pyo = Py,

Pfo = : 3
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[ P 2Pl ausPh - anPE, i
Py Py Y 2 R aon Py
Py o= ; : ) ’
Pn-1y1 Piv-1)2 Pv-1)3 N-1)N Py (nv-1)
L Pm Py Pys Py i
Py = P/ II..

In order to guarantee the existence of the reduced-order ARE and its
standard stabilizability and the detectability conditions when || — +0,
Assumptions 1 and 2 are needed.

Assumption 1. The triples (A, Bii, Cy), i = 1, ... ,N are stabilizable
and detectable.

Assumption 2.

SIn — Ao —A()f B(] :| _
rank 0 =N, 16a
[ —Ap —Ap By (162)

sy — A§ =A%, 1
rank [ _A()Tf —A? CJ? =n, (16b)

with Vs € C, Re[s] > 0.

Before investigating the optimal control problem, we investigate the
asymptotic structure of the MARE (8).
The MARE (8) can be partitioned into

f1 = P&;AO + AEPOO + P%Afo + ACJZ;OPfO — PgE)SOOPOO —

—P}E)Sfpfo — ng)sofpfo — P%Sg;cpoo + Qoo =0, (17&)
fo = AJ Pl + AL Py + Pio Aoy + PloAs — PioSoo Pfolle —
— PS¢ Pl — Py Sor Py — PSPy + Qoy = 0, (17b)

fs=Pf Ap+ AT P + . Ppo Aoy + AL PRTI. — P} S, Py
—Pf 8§ Pl — I ProSos Py — - PpoSoo Pfolle + Qf = 0. (17c)
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It is assumed that the limit of o;; exists as €; and ¢; tend to zero (see e.g.,
[1, 2]), that is

&j

Qijj = lim Qi = lim - (18)
EjH+0 Ej~>+0 E;
g;—+0 g;—+0

%, 1 =1, ..., N are nonsingular. Sub-
stituting the solution of (17¢) into (17b) and substituting P}‘O into (17a)
and making some lengthy calculations (the detail is omitted for brevity), we
obtain the following zeroth-order equations (19)

Assumption 1 ensures that A;; — Sy P

PjnA+ ATPy — PSPy +Q =0, (19a)
P}y = —Nj + N[ P, (19b)
D* T p* D* 5%
where
A = Ag+NiAp+ Sop Ny + N1SyNY
S = Soo+N15&c+ngNf+N15fN?,
Q = Quo— NaAgy— ANy — NySyNy
Py = [PT - P )", P; = block diag ( Py, --- Piy ),
Pyt = —[PyDoi + (AP + Qi) Dy
PiA;+ ALP: — PiS;Pi4+ Qi =0, i=1, ... ,N,
P _ _1 1T T
NlT = _AfTAOTf = [_D01D111"'_D0NDN§V] = [Nll"NlN]
T A = = T
Ny = AfTng = [ QuDu -+ QonDnn | = [Na -+ Noy
Agf = Aof—S()fP; = [D01 DON]a
Af = Af—SfP}k = blockdiag(DH DNN)7
Qoy = Qus+A}PF = [ Qo -+ Qon |,
Doi = Aoi — Soily, Dii == Ay — SiuPy,
Qoi = Qui+ALP; i=1, .. N.

In the following we established the relation between the MARE (8) and the
zeroth-order equations (19). Before doing that, we give the results for the
AREs (19).

Y

]T

)
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Lemma 4. [52] Under Assumptions 1 and 2, the following results hold.

(i) The matrices A, S and Q do not depend on P}, i =1, ... ,N. That is,
following formulations are satisfied.

A -8 N
[ CQ AT } = Tho —;TojTjj Tjo, (20)
where
e[ 4, S )m-[ 4 ]
Tio := [ _Aéogi :i%Ti ] y Tii = [ _Aéi“ :iZTZ ] ,i=1, ...,N.
(ii) There exist a matriz B := [ Bo1 + N11B11 -+ Bony + NinByny ] S

RWXM = Zjvzl m;j and a matriz C with the same dimension as Cy
such that S = BR™'BT, Q = CTC. Moreover, the triple (A, B, C)
is stabilizable and detectable.

Remark 1. Note the relation

T--::[A” —Sul:{fm 0}{1% _Sii:|[lm 0]

' —Qii _Ag; P Iy, 0 _Dg —P; I,

Since Ty; is nonsingular under Assumption 1 and the ARE (19¢) has a stabi-
lizing solution under Assumption 2, Dy; is also nonsingular. This means that
Ti;l can be expressed explicitly in terms of D;l. Using the similar manner,
we have the following relations.

N L A IR
" P; Ini 0 —D; _P;; Ini

Theorem 2. [13, 52] Under Assumptions 1 and 2, there exists a positive
scalar Go such that for all e € H with 0 < |e| < o2 the MARE (8) admits a
symmetric positive semidefinite stabilizing solution P. which can be written
as

(21)

P — o, [ By +O(lel) [Py + O(le)] L. }

Pry+O0(le) - Pr+0(leD)
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Py +O(lel) [Py + O(le))" L
IL[PF + O(lel)] - He[Pf +O(leD] |

where ®. = block diag( Iy eiln, -+ enlny )

This result can be easily extended to the other multimodeling-type ARE
(see e.g., [48, 51, 53]). The cross-coupled MARE is discussed later.

3.3 Nonstandard MSPS

If one of the fast state matrices A;, j = 1, ... , N is singular, the MSPS is
called a nonstandard MSPS. In such a case, we cannot utilize the two-time-
scale decomposition technique.

Recent theoretical advances in the descriptor system approach allow a
revisiting of the various control problems [28]. Since the feedback controller
in such problems can be expressed by solutions of the reduced-order and
parameter independent AREs, the resulting feedback is derived without in-
vertibility assumptions.

We focus on a specific linear state feedback controller which does not
depend on the values of the small parameters. Our methodology is different
from the methodology of [1]. This design method is based on the descriptor
system approach. If || is very small, it is obvious that the optimal linear
state feedback controller (7) can be approximated as

%
venn(®) = Kat(t) = =B7'5 | 0 5|, (22

where

_ _ - I
Poy=1[ Py —In, |T;'To [ J_%"(; } .

Theorem 3. [52] Under Assumptions 1 and 2, the use of the approximation
controller (22) results in Jopp satisfying

Japp = Jopt + O(||5||2), (23)
whereJapp = EL(0)U-£(0) with

Ue(Az + BeKapp) + (Ae + BeKapp) U + K, REapp + Q = 0.
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The following theorem gives a relation between the composite controller
(14) and the approximate controller (22).

Theorem 4. [52] Under Assumptions 1 and 2, the following identities

Xii = Py, Xio = Pjy, Xoo =Py, i =1, ... ,N (24)
hold. Hence the resulting composite controller (14) is the same as the com-
posite optimal controller (22).

It can be observed that the new near-optimal controller (22) is equivalent
to the existing one [1] in the case of the standard and the nonstandard
MSPSs. We claim that the proposed controller (22) includes the composite
near-optimal controller [1] as a special case since the proposed controller can
be constructed even if the fast state matrices are singular.

3.4 Numerical Algorithms

In order to obtain the optimal solution to the multimodeling problems, we
must solve the MARE, which are parameterized by the small, positive pa-
rameters €;, ¢ = 1, ... , N, which have the same order of magnitude. Various
reliable approaches to the theory of ARE have been well documented in many
literatures (see e.g. [32, 33]). One of the approaches is the invariant subspace
approach, which is based on the Hamiltonian matrix [32]. However, such an
approach is not adequate for the MSPS since the workspace dimensions re-
quired to carry out the calculations for the Hamiltonian matrix are twice
those of the original full-system. Another disadvantage is that there is no
guarantee of symmetry for the solution of the ARE when the ARE is known
to be ill-conditioned [32]. It should be noted that it is very difficult to solve
the MARE due to the high dimension and numerical stiffness [18, 19]. To
avoid this drawback, various reliable approaches for solving the MARE have
been well documented. Three types of numerical algorithms are presented
in this paper: the first one is the exact slow-fast decomposition method, the
second is a recursive algorithm and the third one is Newton’s method.

3.4.1 Exact Slow-fast Decomposition Method

The exact slow-fast decomposition method for solving the MARE has been
tackled in [15]. In order to simplify the notation, N = 2 is summarized [15].
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Let us consider the nonlinear matrix algebraic equations.

Ti1Ly — Tio — e1L1(Too — Tor L1 — Toa Lz + ToaL3L1) = 0, (25a)
Tys Lo — a12L3T1o — Tog — e2L2(Too — To2L2) = 0, (25b)
TysLg — a12L3T11 — eaLa(Tor — ToaL3) = 0, (25¢)
—H1Ty — e1H1 L1 (Tor — ToaL3) + (To1 — To2L3) +e1(Too —  (25d)

—To1L1 — Toa Lo + To2LsLy)Hy =0,

—HoTos + ai2Th1Hay + e2Ly (Tor — To2Ls)Ha + (25e)
+(L1 —eaHaLo)Tp2 = 0,
—H3Tyy — e9H3LoToo — e2(Tor — ToaLz) — To2 + €2(Too — (25f)

—To1 L1 — Too Lo + Toe L3 L1)Hs = 0.

These equations can be solved by utilizing the fixed point iterations for L;
and H;, i = 1, 2, 3 [15]. On the other hand, reduced-order pure-slow and
pure-fast asymmetric algebraic Riccati equations are derived as follows.

P,a1 — a4 Ps — a3 + PsasPs = 0, (26a)
Pf1b1 — b4Pf1 — b3+ Pflbgpfl =0, (26b)
Procy — c4Ppy — c3 + PracaPpa = 0, (26¢)
where
a; a
[ v ] = Too — Tor1L1 — Too Lo + Toa L3 Ly,

as aq

by by 1 C2

be b | T Tiie1 L1 (Tor — To2L3), = Too + €2 LoTpo.

3 4 C3 C4

It should be noted that unique positive semidefinite stabilizing solutions
exist for the asymmetric AREs defined in (26) exist. These solutions can
be obtained by using Newton’s method. It is well known that Newton’s
method converges quadratically under appropriate initial conditions. In fact,
this important feature has been proved in [15]. Using the above results, the
following matrix is defined.

H::|:H1 1T

_ T
M, II, ] =F5 KEy, (27)
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where

Ino —e1H1Lq1 4+ e1e9H1HoLg + e9H3Lo

K .= Ll - €2HQL2
Lo
—e1Hy +e1e9H1HoLg + e9Hg Lo 62(H3+€1H1H2)
I, —e2Ho L3 —eoHy ;
L3 Ing
(I, 0 0 0 0 0
0 0 0 I, 0 0
b | 0 Ln 0 0 0 0
1o 0 0 0 'L, O ’
0 0 I, 0 0 0
L 0 0 0 0 0 &', |
(I, 0 0 0 0 0
o o 0 I, 0 O
B | 0 w0 0 0 0
’ o 0 0 0 I, O
0 0 I, 0 0 0
. 0 0 0 0 0 I, |

Finally, we can express P. in terms of Ps, Py and Pjo.

P. = [Qs + Q4 - block diag( Py Pr1 Ppo )}

[ + Q- block diag ( P, Py Ppp )], (28)

where

ol Q|
0[BT

However, these results are restricted to the MSPS such that the Hamiltonian
matrices for the fast subsystems have no eigenvalues in common (see e.g.,
Assumption 5, [17]). Thus, we cannot apply the technique proposed in [15]
to the practical system.
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3.4.2 Recursive Computation

Now, let us define ¢ := || = /% + €3. The solution (21) of MARE (8) can

be changed as follows.

Poo+¢Eon  e1(Pio+ ¢Ew0)" ea(Pao + ¢E0)”
P. = | e1(Pio+ ¢Er0) e1(Pr1+ ¢En) $Eg, ;o (29)
e2(Pao + ¢E0) ¢ En e2(Pa2 + 0En2)

T T T

The O(J¢|) approximation of the error terms E,, will result in O(|]?)
approximation of the required matrix P,,. That is why we are interested
in finding equations of the error terms and a convenient algorithm to find
their solutions. Substituting (29) into (17), we arrive at the recursive algo-
rithm.

DLEN™ + BV Dy,

2
9 — — n n 3 n n
= *;}(Dapfo + PioDo1) — e1(DLEQT + EX) Doy + Elpfo)soopfo a
+er (B SH PR + PR SuEY) + er/an(ByY T SHPET +

+ P S ESY + ¢(EM S BN + ago ESVT 800 ESY), (30a)

DLES™ + Byt Dy

2
6 D — n n 6 n n
_ —i(D&PQT() + PyyDoy) — eo(DLEST + ESV Dyy) + ﬁpgo)soopz(o )T
€2
vV a12
n n n n 1 n n
+ P S0 ESDT) + ¢ (ESy) S ESy) + OTHE&)SHE&)T), (30b)

n n)T
(E§1)SOT1P2(0) +

+ea(BYy SHPWT + Py S ESy) +
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nT (n+1)T
,ﬁE"* D22+—D E,
V/447
“1poD 2pT pr _ o E™p pL gWT P g, B
% 10 02—5 01Po0 — €18,y Dog — e2Dy1 By’ +e1(Pyg’ So2 Egy” +

n T n)T
\/?Pfo)SmE&) )+52(E§1)501 20 ‘|'v0‘1 E( N 502P2( ) )
5182

¢ 2P S0Py + o(var B SnEyy (30c)

1 n)T n)T
+\/TTE§1) shEST,

DTEég-l-l) + E(n+1)D
—Dj Dl H(gl) Ho(l)D_11D10 D3,D5; H(gz)
+¢( 00 SOOE((]O) + E§o) So1Eg (n) + E(()O)S E(n)

+EMTST B E(”>SO2E§O> + EWTSTEM 4 BT 6, B0, (30d)

— HY D3, Dy

20
ECIT = (a{M - B Do) DY, i =1, 2, (30¢)
where
n n g — n
q"W = —pLEMY — ar; DL BT ngOToplTO — e, DL EWT

+¢( 00 SOlE(n) +E§0) SllEn ) + ¢/ a2 (Eoo 502E§1)
(n) SZZEél)) +e1(E (n)SOO + E§o) Sy + Eéo) Sg2) P _1(0 )T=

n n+1 n+1 £92 = n)T
H52> — DR ELT —a DLEGTIT - PRaE — ey DY ESY)
+ OB Sa By + Esy) T S ESy)) + \/gb—(Eéo)SmEén)T

BT SHEST )+52(E( 'So0 + + B3 5§ + BT S5 Py
PI(O) = Puy+ 0By, Py = P + 0EY),
B8 5 = 5 = 59 = £ = 50 =0
The following theorem indicates the convergence of the algorithm (30)

Theorem 5. [49] Under Assumptions 1 and 2, there exist the unique and
bounded solutions E,, of the error equation in a neighborhood of |e| = 0
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Moreover, the algorithm (30) converges to the exact solution E,q with the
rate of convergence of O(|e|™), that is

|Epg — ESV| = O(le|™), n=1, 2, ..., pg =00, 10, 20, 11, 21, 22. (31)

However, there exists the drawback that the recursive algorithm con-
verges only to the approximation solution [49] since the convergence of the
recursive algorithm depends on the zeroth-order solutions.

3.4.3 Newton’s Method

In this section, we develop an elegant and simple algorithm which converges
globally to the positive semidefinite solution of the MARE (8). The algo-
rithm uses the Kleinman algorithm [33], which is equivalent to Newton’s
method. Thus, this paper presents important improvements upon some of
the results of [15, 49] in the sense that one need not assume that the Hamil-
tonian matrices for the fast subsystems have no eigenvalues in common.
Moreover, the convergence solution does not depend on the initial guess,
and quadratic convergence is attained.
We propose the following algorithm for solving the MARE (8)

(A — gpr)T pintl) o prt)T (4 _ gpM)y 4 p(ITgp) L g =0, (32)

/i = 07 ]-7 27 ey Ps(n) = (pEP(n) — P(n)T(pE7
Py ep” af pT
pn) — Pl(g) Pf?) _—_pWT L, A=3. A, S=3.5.9,

ot 2!
20 Va21lg 22
with the initial condition
1?00 e1P 1T e P

PO = Pro P 0 ; (33)
Py 0 Pss

where Py, pg =00, 10, 20, 11, 22 are defined by (19).
The algorithm (32) has the feature given in the following theorem.

Theorem 6. [50]/ Under Assumptions 1 and 2, there ezists a positive scalar
a1 such that for alle € H with 0 < |e| < &1 the iterative algorithm (32) con-
verges to the exact solution P} = ®.P* = P*T®_ with the rate of quadratic
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convergence, where Pg(n) = &, P = PMT,_ s positive semidefinite. More-
over, zero-order solution P©) is in the neighborhood of the exact solution P .
That is, the following conditions are satisfied.

”P(n) _ P*” < (20)2" — O(”g”Zn) n=0.1. 2 ... (34&)
— 2”’,6.[/ ) ) ) ) )
1
T e P ﬁ[l —Vv1-—26], (34b)
where
L:=2|S| < o0, 8= |[VE(Po)] '], 0:= Byl
with
[ VeCF()() i
vecFg
VeCF20
ni= B |F(Po)l. F(P)i= | Yoo |,
VeCF21
| VeCF22 |
Foo Fiy Fi
ATP+PTA-PTSP+Q=| Fiy F. FL |,
Fao Fo1 Fo
and
[ vecPy | [ VeC]?()O i
vecP10 VGCPlO
_ OF(P) | vecPy vecPag
VE(P):= opPT ’ P= vecPyp |’ Po = vecPyy
vecPo; 0_
| VeCP22 | L VeCPQQ |

These proofs can be derived by applying the Newton-Kantorovich theo-
rem [34, 35].

It should be noted that the proposed algorithm, which is based on the
Kleinman algorithm, has quadratic convergence. It may also be noted that
to solve the multiparameter algebraic Lyapunov equation (MALE), a fixed-
point algorithm can be combined. See [50] for details. In addition, it has
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been proved that the resulting O(|e|?") accuracy controller achieves the cost
n+1
Jopt +O(||€”2 )

Remark 2. Using the Newton-Kantorovich theorem [34, 35], which will be
presented later in this paper, it is clear that there exists a positive scalar
a9 such that for all e € H with 0 < |e| < &2, the MARE (8) has positive
semidefinite solutions within the limits of the sufficiency condition. More-
over, it should be noted that the asymptotic structure of (21) can also be
obtained by applying the Newton-Kantorovich theorem.

4 Extension to Other Problem

The above-mentioned techniques can be demonstrated for the filtering and
the various control.

4.1 Filtering Problem

Filtering problems for MSPS have been investigated extensively. In [51], a
new design method for the near-optimal Kalman filters has been proposed.
As a result, the high-dimensional ill-conditioned MARE is replaced by the
low-order singular perturbation parameter-independent ARE. Furthermore,
the proposed filters can be implemented even if the fast state matrices are
singular and the perturbation parameters are unknown. In [12], the well-
posedness of multimodel strategies for a LQ-Gaussian (LQG) optimal control
problem has been studied. In addition, numerical stiffness is avoided by us-
ing the exact slow-fast decomposition method for solving the filtered MARE
in [17]. The local control problem of a control agent of the above paper is
obtained by neglecting the fast dynamics of the other agent’s subsystem, and
each agent uses the optimal solution of its local control problem. However,
the nonsingularity assumptions for the fast state matrices A;;, i =1, ... ,N
are also needed. To avoid this drawback, a new recursive algorithm for solv-
ing the MARE has been proposed [54]. It has been proved that the solution
of the MARE converges to a positive semi-definite stabilizing solution with
the rate of convergence of O(||¢|"*!), where i denotes the number of required
iterations. Moreover, it has been recently proved that the resulting Kalman
filter achieves a performance level, i.e. O(|e|*"*1), close to the optimal mean
square error.
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4.2 H_ Control Problem

The asymptotic expansions for MARE with a sign-indefinite quadratic term
that arises in the H,, control problem and an iterative technique for solving
such MARE are described in [48]. In [59], a new iterative algorithm for
solving MARE with a sign-indefinite quadratic term has been proposed for
the general case. The proposed algorithm consists of Newton’s method and
two fixed-point algorithms. As a result, it has been proven that the solution
of the MARE converges to a positive semi-definite stabilizing solution with
a rate of convergence of O(|e|?"). Moreover, compared with the existing
results [48], a reduction in the size of the computational work space can
be achieved even if the MSPS has many fast subsystems. This algorithm
for solving the MARE and MALE is applied to a wide class of control law
synthesis methods involving a solution to the MARE, such as in the robust
stabilizing control problem. On the other hand, a reliable H,, control for
linear time-invariant MSPS against sensor failures has been investigated [30].
The main contribution of this paper was an extension of the previous study
of the reliable H,, control.

4.3 Guaranteed Cost Control Problem

The multi-parameter singularly perturbed guaranteed cost control problem
has been demonstrated [56]. By solving the reduced-order slow and fast
AREs, the new e-independent guaranteed cost controller can be obtained.
The new technique has the following advantages: It does not need informa-
tion on the small parameters ;. The required work space is the same as that
of the reduced-order slow and fast subsystems. The present new results can
be applied to the MSPS without the need for the various assumptions that
have been made for the fast subsystems in the existing results, although the
fast subsystems have the uncertainty. Therefore, the new design approach
has been successfully applied to a more practical uncertain MSPS. Further-
more, if the parameters are known, we can obtain the exact GCC by using
the above-mentioned numerical technique. As another important approach
to the uncertain MSPS except for the guaranteed cost control problem, the
fault diagnosis of two-time-scale MSPSs has been considered in [31].



Control of Deterministic and Stochastic Systems 135

5 Nash Games

The LQ Nash games for the MSPS have been studied by using composite
controller design [5, 57, 58]. Furthermore, a decentralized stochastic Nash
game has been presented for two decision makers controlling MSPS [8]. Ac-
cording to this result, in order to obtain near-equilibrium Nash strategies, the
decision makers need only to solve two coupled low-order stochastic control
problems. Furthermore, decentralized team strategies for decision makers us-
ing MSPS have been developed [10]. The well-posedness of the multimodel
solution was demonstrated. Recently, computational approaches for Nash
games have been studied [53, 55, 62]. For obtaining the strategies, Newton’s
method [55] seems to be very powerful tool. In this section, existing and
recent progress on the use of the two-time-scale decomposition method and
numerical analysis related to Nash games for MSPSs will be reviewed.

5.1 Parameter Independent Strategies

Consider a linear time-invariant MSPS

N N
z(t) = Aoz(t) + Z Angj (t) + Z Boju; (t), =(0) = .TO, (35a)
=1 =1

eizi(t) = Apz(t) + Auzi(t) + Biui(t), %(0) =2), i =1, ... ,N,(35b)

with the quadratic cost functions

1 o0
Ji(u, ... ,un) = 2/ [%Tyz + UZTRiiui]dta (36a)
0

yi = Ciox + Ciizi = Ci&. (36b)

These conditions are quite natural since at least one control agent has to
be able to control and observe unstable modes. Our purpose is to find a
linear feedback strategy set (uj, ... ,uj ) such that

Ji(uy, ., uy) < Ji(uy, o, wiog, ug, Ui, ., uy), =1, .., N(37)

The decision makers are required to select the closed loop strategy u;, if they
exist, such that (37) holds. Moreover, each player uses the strategy u; such
that the closed-loop system is asymptotically stable for sufficiently small ;.
The following lemma is already known [36].
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Lemma 5. There exists an admissible strateqy such that the inequality (37)
holds iff the cross-coupled multiparameter algebraic Riccati equations

(CMARES)

T
N N
P |A: — Z Sjgpjg + e Z Sjana Pic + PicSie Pic + Qz =0, (38)
o =1
1 =1, ... ,N,have solutions P > 0, where
Pi1o
[ Poo Pl  _pl p :
Pie := [HgPifO m.py | Fo0 = oo B 2
Pino
[ P a2 Ph oasPh, arn Pl |
Pio: Pias aggPLy - aon Py
Py = : : : : ;
Pynv-n1 Pinv-12 Piv-nsz - O‘(Nfl)NPg]ﬂv(N_l)
Pin1 Pino Ping - Pinn A
" By | Bio [ Bon |
B : 0
By:=| 0 |, Bi:=| By |, - ,By:= 01,
| 0 | 0 | BN
Sie == ®.'B;R;;' Bl ¢,
Sioo O Sioi O
O O O O
S; := B;R;;' B’ ST 0 Su O
O O O O
Qioo O Qini O
O O O O
= 00 = 7
Qz 14 %z 0] Qm 0
O O O O
®,. := block dz'ag( Iny eiln, -+ enlny )

Then the closed-loop linear Nash equilibrium solutions to the full-order prob-
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lem are given by

uf(t) = —Ry;' BLP:E(1). (39)
It should be noted that it is impossible to solve the CMARE (38) if the
small perturbed parameter ¢; are unknown. Thus, the purpose of this section
is to find the parameter-independent Nash strategies.
The parameter-independent Nash strategies for the MSPS will be studied
under the following basic assumption.

Assumption 3. The Hamiltonian matrices Ty;, i =1, ... N are nonsingu-
lar, where
A =S
Toei i i [ ] 40
" [ —Qiii —AZ; ] (40)

Under Assumptions 1-3, the following zeroth-order equations of the
CMARESs (38) are given as |¢| — +0.

T
N N
Pioo (As = > Se,Pjoo| + [As =D Ss; Pioo| Pioo + (41a)
7j=1 7j=1
+Pi00Ss, Pioo + Qs, = 0,
Al Piii + Piii A — PyiiSiii Pisi + Quii = 0, (41b)
Py =0, k>1, Pijj =0, i # (41c)
= T
5 B 5 Py 1 Ing 0 -+ 0
Pio Powo -+ Py | = Tl | 20 _
[ 110 17210 NlO] |:_In1:| 1114110 00 Paoo -+ Poo |
= T
5 B 5 Pago 1 0 Iy, -~ 0
Pioo Py - Prao | = T Tos| o o _
[ Przo Poo oo | [—Im } 2272200 Prog P -+ Proo

L _ Pnvan] 0 0 -1
[Pino Pano- -+ Pnno| = [_A}NN] TN}VNTNNO[PmO P200"-P;(())o] , (41d)

nN
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where
N
As * o AO * -1
[ « AT ] = [ « AT ] —;TiOiTiiiTn’o,

* —Ss, _
[ % ] = Tioo — Ti0iT;5; Tiio,

Q. x iii
Ao —Sioo Aoi —Sioi A —Sipy;
’ —Qioo —Af o —Qui —Af |7 " —Qh —Af |’
i=1, ...,N.
The following theorem shows the relation between the solutions P; and the
zeroth-order solutions Py i =1, ... ,N, k>1, 0<k, [ <N.
7/1? @ Ing+1In, ® AT B —(55213190) ® Ing—1In, ®A(Ssgp100) e
dot —(Ss; P200) ® Ing—1Ing ® (Ss; Paoo) AT @ I, +1,, ® AT
€ . .

—(Ss, Prnoo) ® Ing —Ing @ (Ss; Pnoo) —(Ssy Pnoo) ® Ing —Ing @ (Ssy Proo) « -

x _(Sle?l()O) R Ing—1Iny ® (Sst?loo)
coo = (SsnP200) @ Ing —Ing ® (Ssp Paoo)
: : #0, (42)
AT @ I, J.rlno ® AT

N
where Ag : = A; — Z Ssjpjoo and Ag are stable matrix.

j=1
Theorem 7. Suppose that the condition (42) holds. Under Assumptions 1
and 2, there is a neighborhood V (0) of |e| = 0 such that for all |e| € V (0)
there exists a solution P; = Pi(e1, ... ,en). These solutions are unique in a
neighborhood of P; = P;(0, ... ,0). Then, the MARE (38) possess the power
series expansion at || = 0. That is, the following form is satisfied.

[Pgo 0 -0 0 0 -0

P 0--0 0 0 -0

COE L o). (43)

Pie:=®:P, Bi=Pi+ Olel=| 5 0 ... g B 0 ... 0

Prxo 0 -0 0 0 -0
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5.2 Numerical Algorithms

When the parameters represent small unknown perturbations whose values
are not known exactly, the previously introduced composite design is very
useful. However, the composite Nash equilibrium solution achieves only a
performance level of O(|e]), close to the full-order performance. Another im-
portant drawback is that since the closed-loop solution of the reduced Nash
problem depends on the path along €1 /g3 as || — +0, we cannot conclude
that the closed-loop solution of the full problem converges to the closed-
loop solution of the reduced problem [2]. Therefore, as long as the small
perturbation parameters ¢; are known, much effort should be made towards
finding the exact strategies which guarantees Nash equilibrium without ill-
conditioning. In this subsection, the iterative algorithms for solving the
CMARESs are summarized.

5.2.1 Recursive Computation

A recursive algorithm for solving singularly perturbed Nash games has been
attempted [53]. It has been shown that the recursive algorithm is very
effective in solving the CMAREs when the system matrices are functions of a
small perturbation parameter ;. However, the recursive algorithm converges
only to the approximation solution because the convergence solutions depend
on the zeroth-order solutions. In addition, the recursive algorithm has the
property of linear convergence. Thus, the convergence speed is very slow.

5.2.2 Newton’s Method

In order to improve the convergence rate of the recursive algorithm, we
propose the following algorithm which is based on the Newton’s method.
(I)(n)TP(n-i-l) + P(n—l—l)T(I)(n) _ @(n)TP(n+1)J o JP(n—l—l)T@(n) + E(n) =0,
n=0,1, ..., (44)

n)

(I)gn)TPI(n—&-l) + Pl(n—i-l)Tq)gn) . an)TPén—i—l) . P2(n+1)T@gn) + Eg — 0,
¢gn)TP§n+l) + P2(n+l)Tq)§n) . an)TPI(nJrl) . Pl(nJrl)T@gn) + E;n) — 0,

where

M .=4 - SPpM — JSPMJ = n)
(I)2

™ 0 ]
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~ (n)
om.=ggpn — | OO
=2M.=Q 4+ PpMTSPM 4 gpMWTsypr) 4 pMT g5pM) g
= o
o =
e I
Tt ta |09 7 | O O O
L Pogi Doy Pooi Os0; ©21; Osy;
[ =) =) =)
)| o O
=T So1g Ei; S |0 t= L2
=T ()T  =(n)
L —02: —127 =227
P
P .— 1 7
o0 R
B n n)T n)T
- Pliog 81]3(1(152 52P1(23( -
n)._ n n -1 n
Py P1(10 Py ) Vool Ppo )
L Plgo \/0421P1(21 P1(g2)
B n n)T n)T
) PQEOO €1P(2(1§ 52P2(23( -
n n n -1 n
Pyi= P2(10 P211() \/0‘21(])3221 )
| Paog  o21Po9q Paog
Ao A 0 N Ql 0 & . S1 0
A=l ol e=[% ol s= 0 sl
J.= Iq I(;_Z],A::(IJEAE.

and the initial condition P has the following form

[Pioo 1Py e2Ply
P P 0
Prag 0 0

0 0 0

0 0 0
0 0 0

0 0 0

0 0 0

0 0 0
1?200 €1 Pgio 52P2T20
Psio 0 0
Pso 0 Psoo

(45)
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Note that the considered algorithm (44) is original. The new algorithm
(44) can be constructed by setting Pt — p) 4 AP™ and neglect-
ing O(AP™TAP™) term. Newton’s method is well-known and is widely
used to find a solution of the algebraic equations, and its local convergence
properties are well understood.

Theorem 8. Under Assumptions 1-3, the new iterative algorithm (44) con-
verges to the exact solution P* of the CMAREs (38) with the rate of quadratic
convergence. Furthermore, the unique bounded solution P™ of the CMAREs
(38) is in the neighborhood of the exact solution P*. That is, the following
conditions are satisfied.

[P™ — P < O(le[*), n=0, 1, ..., (462)

”P(n) _P*” < BE [1 _ \/1_72(5]7 n=20,1, ..., (46b)

where

P 0
0 Py
i = |[VE@PO) - [FPD)].

p:pn:[ ],i:mﬁmﬁ:[vnp@nw,@zﬁb

6 Stochastic MSPS Governed by Ito Equations

The various control problems for stochastic systems governed by Ito’s dif-
ferential equation have attracted considerable research interest. The stabi-
lization, LQ optimal control and H,, control problems for singularly per-
turbed stochastic systems (SPSS) with state-dependent noise were investi-
gated [37, 43, 44]. Although these results are very elegant and despite it
being easy to obtain a controller, the multiparameter singularly perturbed
stochastic systems (MSPSS) remain to be considered. The problem of ex-
ponential stability of the zero state equilibrium of a linear stochastic system
modeled by a system of singularly perturbed It6 differential equations is
investigated in [20, 37, 42],

The LQ optimal stochastic control problem for MSPSS in which N lower-
level fast subsystems are interconnected through a higher-level slow subsys-
tem has been investigated [60]. The stochastic Hy, control problem for the
MSPSS has been discussed [61]. In particular, a new iterative algorithm for
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solving the stochastic multimodeling algebraic Riccati equation (SMARE)
that has sign-indefinite quadratic form has been proposed. Stochastic Nash
games have been studied for stochastic multimodeling systems [62]. The
main contribution of this paper is the new strategy set that is independent
of the small parameters. In [63], the guaranteed cost control problem for
MSPSS has been re-formulated as an extension of [56].

In this section, the numerical solution to the SMARE with a sign-indefinite
quadratic term related to the stochastic H,, control problem with state-
dependent noise is investigated. It may be noted that a similar technique
can be used for several stochastic control problems [60, 62, 63].

We consider the following MSPSS that consist of N-fast subsystems with
specific structure of lower level interconnected through the dynamics of a
higher level slow subsystem.

M
dé(t) = [A=€(t) + Beu(t) + Dev(t)ldt + > Apeb(t)dwy(t),  (47a)
p=1
#(t) = [ gi((?) ] : (47D)
where
0 il
£(t) = : eR" wu(t) = : e R™
ZN'(t) un ()
() ]
u(t) = : e R
| on(t)
N N N
n an, m = ij, l —Zl],
Jj=0 j=1 j=1
Ape = [H = 0 Huép(ﬁpf]a Apop = [ Apor - Apon ],
Apfo = [Afw A;}FNO ]T7
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Dy

D, = |:H6—1Df ], Dy := [ Doy -+ Don |,

D; := block diag( D11 -+ Dpyn ),

H := block diag( Hy1 -+ Hpyn )
vi(t) € lei (0, 00), i =1, ..., N is considered to be an unknown finite-energy
deterministic disturbance [45, 46]. z(t) € R? is the controlled output. £; > 0,
i=1, ..., N and p > 0 are small parameters and 6 > 1/2 is independent of
€ :=min{eq, ... ,en}. It should be noted that the parameters p and ¢ have

been introduced in [43, 44] for the first time. Moreover, the considered
MSPSS consists of N-fast subsystems as compared to [43]. wy,(t) € R,
p=1, ..., M is a one-dimensional standard Wiener process defined in the
filtered probability space. Note that one of the fast state matrices Ay,
1 =1, ..., N may be singular.

Remark 3. In stochastic problems, careful treatment is required to establish
the validity of the multimodel problem [11]. In addition to the usual difficul-
ties encountered in modeling a fast stochastic variable, the problem is rether
inwvolved due to the presence of information patterns. To simplify this aspect,
the scaling parameter u is considered.

Without loss of generality, the stochastic H., control problem for the
MSPSS is investigated under the following basic assumption [45, 46].

Assumption 4. H'H = I,.

It should be noted that the matrix pair (F, G) is deemed stable, if
d¢(t) = E&(t)dt + GE(t)dw is asymptotically mean square stable [46].

The stochastic Hy, control problem for MSPSS is given below [45, 46].

Given a constant v > 0, find a matriz K satisfying the following condi-
tions:

i) The system

M
dE(t) = [Ac + BKJE(t)dt + ) Apct(t)dwp(t) (48)
p=1

is exponentially mean-square stable (EMSS) internally, i.e. it satisfies
the following equation.

E[E0)I? < pe"IE[E(s)P, 3p, v > 0. (49)
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ii) The closed-loop system

M
d(t) = [(Az + BeK)&(t) + Dev(t)dt + Y Apel(t)dwy(t), (50a)
p=1

0= 4 | €0 (50)

corresponding to the system in equation (50) with feedback control u(t) =
KE(t), satisfies following condition.

3 By CTc«t) el
sup 3 = sup T T <92 (51)
e ko, oo),HUHQ v e L0, oo, Ef v t)dt
#0, £(0)=0 v #0, (0) =0

The following result is well known [45, 46].

Lemma 6. Suppose that Assumption /4 is satisfied. The stochastic Hy, state-
feedback control problem has a solution if and only if there exists a symmetric
non-negative definite solution Z. to the following SMARE

M
G(Z.) = AL Z. + Z. A+ > AL Z.Ape
p=1
~7Z.(B.B =42 D.DIZ. + CTC =0 (52)

such that the stochastic system

M
dé(t) = [Ac = B:BI Zo + 42D DI ZJ¢(t)dt + )~ Apel(t)dwy(t) (53)
p=1

is EMSS.
The controller solving this Hy, problem is given by equation (54).

u(t) = KE(t) = —BI Z:£(t). (54)
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6.1 Asymptotic Structure of SMARE

In this section, we need to first analyze the asymptotic structure of SMARE
(52) to obtain the controller. In order to simplify the presentation, the
following matrices are defined.

Soq S'OfAﬂg_l
H;lson -tS,ast |

Sof = [SOI S(]N ], Sf := block dlag( S’ll SNN )

S. := B.B'—~472D.DF =

Let Zoo, Zgo and Z; be the limiting solutions of the above SMARE (52) as
uw— +0,e; - 40, 1 =1, ..., N, then we obtain the following reduced-order
equations (55).

M
ZQOAO + AgZOO + Z};OAfO + A?()Zfo + Z Ag(]OZOOApOO
p=1

—Z00So0Zoo — Z oSt Z g0 — ZooSosZgo — Z oS0 Zoo + Qoo = 0, (55a)
A?OZf + ZooA[)f + Z?OAf - Zoos()fo - Z?OSfo + Qof =0, (55b)
Z?Af+A?Zf—Z?Sfo+Qf:0, (55¢)

First, the following AREs are introduced.

ZiAi+ AL Z,

— 75825+ Qu =0, i=1, .. ,N. (56)

Moreover, let us define the following sets.
I'y, = {y > 0| the ARE (56) with S;; = BiiBg —’y*QDiiDZZ; has a positive
semidefinite and stabilizing solution Z}}, i =1, ... ,N.

Assumption 5. The sets I'y, are not empty.

Lemma 7. Under Assumption 5, the asymmetric ARE (55¢) admits a unique
symmetric positive semidefinite stabilizing solution Zy which can be written
as

Zj :=block diag ( 7}, --- Zyy )- (57)

Assumption 5 ensures that A;; — S'iiZi*i, 1 =1, ..., N are nonsingular.

Substituting the solution of (55¢) into (55b) and substituting Z}o into (55a)
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and making some lengthy calculations, we obtain the following zeroth-order

equations (58).

M
Z% A AT = Z% 7% Q7 ~
ZooA+ A Zy + E Ao Z0 A0 — Z508 25 + Q = 0, (58a)

p=1
- . A I
Zz’OT = [ Zii *Ini ]T” 17—%0 |: ZZO :| s (58b)
00
ZiAii+ AL 25 — 255625 + Qui = 0, (58¢)
751 «T 1T
where Z%, := [ Z3¢ zZh ]
A -8 I
SR =Too — > To; T T,
-Q _A" 00 ]; 07555 +30
; Ao —5'00} 2 [ Ay —Soi ]
T = 5 T s = ,
% [—Qoo —Af o —Qoi —Al
. As _S8T . A -G, '
Ty = 30 0 :| , T = |: i 73 :| Q= 1’ ,N.
10 |: B %; _A%; i1 _Qii _Az“
Remark 4. For each i € {1, ... ,N} equation (56) is a Riccali equation

arising in connection with the deterministic Ho, problem. Hence, if I'y, is
not empty then 'y, = (v, 00). On the other hand, if v € I'y, then the matric
A — gllZ;‘ is a stable matrixz. Therefore the hamiltonian Tm 1s invertible.

The ARE (58¢) produces a positive semidefinite solution if + is sufficiently

large. Hence, let us define the set.
I's = {y > 0f the SARE (58a) has a positive semidefinite and stabilizing

solution Zg,}.
We introduce the assumption:

Assumption 6. The set I's is not empty and it has the form I's = (ys, 00).

Remark 5. a) In the considered general case it is not clear how the co-
efficients A, S’, Q are depending upon ~. That is why we have to
introduce as an assumption the fact that the set I's takes the form of
a right unbounded interval. It is worth mentioning that this happens if

all matrices A;; are invertible.
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b) The fact that Z3, is the stabilizing solution of (58a) means that the
trajectory x(t) = 0 of the Ité differential equation

M
dx(t) = [A — SZgo|a(t)dt + > Apoox(t)duwp () (59)
p=1

is EMSS. Thjs s equivalent to 7the fact that the Lyapunov operator
X - [A-SZ}) "X + X[A - SZ;) + Z;\il Ag(]OXAPOU are located in
the half plane ReX < 0. This means that (59) is true.

The limiting behavior of Z. is described by the following theorem.

Theorem 9. Under Assumptions &5 and 6, if a parameter v > 7 :=
max{Ys, Vfi, - ,Vfn} 15 selected, there exists a small o* such that for
all |v| € (0, o*), the SMARE (52) admits the unique symmetric positive
semidefinite stabilizing solution Z. for stochastic system (47) which can be
written as

Z. — @, [ Zso +O(Iv])  [Z50 + O(lv) T ]

Zi+0(vl)  Zp+0o(v

_ [ Zy+O(vl) [ Zo + O(v])] L ]
L(Zj +O(lvD)]  W:(Z;+O(v])] |’

whereu::[sl e EN p]E%NH.

It should be noted that there is no solution of to the SMARE (52) as
long as there are no positive semi-definite solutions Z; to the SARE (58c).
Conversely, the asymptotic structure of the solution to the SMARE (52) can
be established by using the reduced-order solution Z;; of the SARE (58c)
via an implicit function theorem. Therefore, the existence of the reduced-
order solution Z; of the SARE (58¢c) will play an important role in this
study. In this case, it is easy to verify that the magnitude of the disturbance
attenuation level ~yy, influences the existence of the reduced-order solution
Zi;. In fact, when 7f, tends to zero, it is hard to obtain the reduced-order
solution Z;; except for the special case. Finally, the problem considered in
this study is restricted for the disturbance attenuation level 7y, such that
the reduced-order SAREs (58c) have the solutions Z;.
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6.2 Newton’s Method

Let us consider Newton’s method (61).

Zén—l—l) (Aa o Sfaze(n)) + (AE . SvEZgn))TZén—l-l)

M
+> ALz A, + 2SS 2+ Q =0, (61)
p=1
where n =0, 1, ..., and the initial conditions are chosen as follows.
20— g [ Zo0 Zigle | g 5 62
e T F¢& Z;O Z;E - reH ( )

Using the asymptotic structure of (60), it should be noted that the initial
condition is chosen as (62).

The algorithm represented by equation (61) has the feature given in the
following theorem for the MSPSS.

Theorem 10. Suppose that Assumptions 5 and 6 are satisfied. If the
parameter-independent reduced-order SARE (58c) has a positive semidefi-
nite solution, there exists a positive scalar & such that for all e € H with
0 < |e| < &, the iterative algorithm represented by equation (61) converges
to the exact solution of Z. with a rate equal to that of quadratic convergence;
here, Zg(n) 1s positive semidefinite. Moreover, the convergence solutions equal
those of Z. in the SMARE (52) in the neighborhood of the initial condition

Za(o) = ®.7. In other words, the following condition is satisfied.
(20)*"

HREFAE oL =0([v|*), n=0, 1, ..., (63)

wher:e ) X X o
i- 2||S€(l| < o0, B = ||[OVG(Z€(0))]*1||, 0=pnL <27 i =
IVG(ZEN 1 - 1G(Z7).

7 Simulation Example

In order to demonstrate the efficiency of the stochastic H., control for
MSPSS, we present results for practical multiarea electric energy systems.
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The state variable model of the megawatt-frequency control problem was
developed in [47].
In developing the state space model, the following basis equations were

used:
APiei = > _Tj, (/Afidt - /Afvdt> :

2H; d
APy — APy = T*Z%Afi + DiA fi + APei,
d 1 1
AP = — = AP+ —AX i
dt qi T, gi T T, quis
d 1 1 1
—AX i = —— AX i — Af; AP,;.
dt gui Tgvi gui TgviRi fi+ Tgm‘ ci

Some system parameters used in our study are referred to [47] for details.
For a two-area MSPSS, the following state, control and disturbance vari-
ables can be defined.

E(t) := [ [APjerdt [Afrdt Afy [Afodt Afo APy APp|AXg|AX gy

=[2(t) | 2(t) | 2t) ]"
u(t) = [ APCI APCQ ]T, U(t) = [ APdl Apdz

]T

]T
The following system data were used for the numerical calculation.

P,y = Py = 2000 [MW], Hy = Hy =5 [sec],
Dy = Dy = 8.33 x 1073 [puMW /Hz],

Ty = Ty2 = 0.3 [sec], Ty1 = 0.030,

Tyv2 = 0.029 [sec], 67 — 05 = 60 [degree],

Ry = Ry = 2.4 [Hz/puMW], f* =60 [Hz|,
T}, = 0.315 [puMW], AP = 0.1 [puMW].

0 0.315 0 —0315 0 0 0
0 0 1 0 0 0 0
0 —1.888 —0.0498 1.888 0 6 0
Ap=1]0 0 0 0 1 0 0 ,
0 1.888 0 ~1.888 —0.0498 0 0
0 0 0 0 0  -3333 0
0 0 0 0 0 0  —3.333
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0 0
0 0
0 0
Aot = 0 ;» Aoz = 0 ;
0 6
3.333 0
L 0] | 3.333
4 _[0 0 041666 0 0 00
"7loo 0 0 —041666 0 0 |
[0 0 0.41666 0 0 00
Az = 00 0 0 —0.41666 0 0 } > Au = Az =1,
Ajgo = block diag ( 0 0 0.00249 0 0.00249 0 0 ),

Aj1p = A120 =0 € RVT, Ay = Aj1o = A1a2 =0, Bo1 = Bpp = 0 € R7,
Bii=1,Byy=1Duy=[00 —06 00 0 0],
Die=[0000 =060 0]", Diy =Dy =0,

() = block diag (17 0.2513) .

The system matrices are given by the top of this page. It is assumed that
time constant of the governors represents the small singular perturbations.
Hence, small parameters are Ty, := €1 = 0.030 and T2 = €2 = 0.029.
Moreover, it should be noted that p = 0.

It should be noted that the deterministic disturbance distribution v(t) :=
[AP;; APgp]T = [0.1 0.1]7 and the state-dependent noise related to the
load frequency constant [47] are both considered compared with the existing
results [48, 49]. We suppose that the error in the load frequency constant
is within 5% of the nominal value. Therefore, the proposed design method
is very useful because the resulting strategy can be implemented on more
practical MSPSS.

For every boundary value v > % := max{vys, vf, 7} = 2.2608¢ — 1,
the SMARE (52) has a positive definite stabilizing solution because the
AREs (55¢) and the SARE (55a) have a positive definite solution, where
Vs = 2.2608¢ — 1, vp, = vp, = 00.

Now, we choose v = 0.3 (> ¥) to solve the MSARE (7). The efficiency of
Newton’s method (61) is demonstrated. It is easy to verify that algorithm

(61) converges to the exact solution with an accuracy of |G (Zgn)) | <1.0e—11
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after five iterations.

Table 1. Errors per iterations.

n |G(z™)]
0 1.5667

1 4.2489¢ — 01
2 3.3631e — 03
3 2.0470e — 05
4 1.5710e — 11
5 9.1508¢e — 12

In order to verify the accuracy of the solution, the remainder per iteration
is substituted as Z™ into SMARE (52). In Table 1, the results of the error
||G(Z€(n))H per iteration are given. It can be seen that algorithm (61) yields
quadratic convergence. Using the obtained iterative solution, the high-order
approximate stochastic H,, controller is given as follows.

B 1.5893 9.4531e — 1 4.1393 1.6120 1.8547e —1
| —7.8321le—1 1.7522e —3 2.3204e —1 1.1581 9.5872¢ — 1

4.2214 —2.8374e —2 4.6816e —1 2.1536e — 2 £(t)
2.6205e — 1 9.3331e — 2 2.2279¢ — 2 2.6668e — 1 '

w® (t)

In addition, when the small parameters €;, ¢ = 1, 2 are unknown, we can
obtain the parameter-independent control as follows by using the similar
technique in section 3.3.

Uay (£) = 1.3707  8.778%e —1 3.5978 1.3178 1.3358e —1
APPATT 1 —7.8269¢ — 1 —4.5742e — 2 1.8744e —1 1.1557 9.1813e — 1
3.5938 —2.5123e —2 1.1803e —1 0 £(t)
2.1534e — 1 1.0543e — 1 0 1.1803e—1 '

This control will also be reliable because they seem to be close.

8 Conclusion

The existing results and recent research trends in the various multimodel-
ing analysis and design methods have been briefly summarized. A thorough
study of both the parameter-independent methodology and the numerical
algorithms revealed the properties of the different methods have been given.
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The following conclusion can be drawn: When the small perturbation pa-
rameters g; are not known, it is strongly recommended that the two-time-
scale decomposition method or descriptor systems approach be used. On
the other hand, as long as the small perturbation parameters ¢; are known,
effort should be made towards finding the exact solutions by means of numer-
ical algorithm. In particular, since the closed-loop solution of the reduced
Nash problem depends on the path, the required solution has to be solved
numerically.

This survey has mostly concentrated on some classical and recent devel-
opments in parameter-independent and computational methods for design-
ing the strategy. Although the choice of topics was necessarily somewhat
limited, there are some topics which deserve further attention. For example,
the mathematical model described by Ito, i.e. differential equations with
Markovian switching in the multimodel situation, is very interesting. This
problem will be addressed in future investigations.
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