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Abstract—This paper studies the optimal control design
problem for linear discrete-time systems with stochastic
multiplicative uncertainties. These uncertainties are as-
sumed to be present in the control inputs and modeled
as independent and identically distributed (i.i.d.) random
processes. The optimal performance under study is defined
in the mean-square sense, referred to as the mean-square
optimal H. performance. It is shown that the mean-square
optimal #H, control problem via state feedback can be
solved using a mean-square stabilizing solution to a mod-
ified algebraic Riccati equation (MARE). A necessary and
sufficient condition for the existence of this solution is pre-
sented, which constitutes a generalization of the solution
to the classic optimal . state feedback design problem,
whereas the latter can be obtained by solving an algebraic
Riccati equation (ARE). It is also proven that the optimal
control design problem can be cast as an eigenvalue prob-
lem (EVP). For the output feedback case with possible input
delays, we show that the mean-square optimal #. control
problem also amounts to solving an MARE, when the plant
has no nonminimum phase zeros from the inputs to the
measurement outputs. That is, the global optimal solution
is obtained by solving an MARE incorporating the delays.
The implication is that in this case a separation principle
still holds.

Index Terms—Algebraic Riccati equation, optimal control,
output feedback, stochastic multiplicative uncertainties.
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I. INTRODUCTION

VER the last four decades, optimal control of linear time-

invariant (LTI) systems with stochastic multiplicative
uncertainties has attracted a great deal of research interest (see,
e.g.,[2],[6],[9], [13], [17], [18], [25], [34], [40]). Several appli-
cations which appear in economic systems ([1], [8]), aerospace
engineering [20], floating point numerical calculation errors in
digital systems [34], etc., also motivate the research in this area.
Recent development in networked control shows that stochastic
multiplicative uncertainties can be used to effectively model
certain transmission losses in communication channels such as
packet drop-outs ([9], [10], [26], [35], [37]). This observation
has consequently motivated active research in both networked
control and stochastic control. The major technical difficulty
with optimal control under multiplicative uncertainties is that
the conventional tools for linear optimal control are inadequate
to cope with the inherent nonlinearities yielded by such un-
certainties. Many fundamental issues facing this problem are
still open.

Studies into LTI systems with stochastic multiplicative un-
certainties, typically modeled as independent and identically
distributed random processes, can be traced back to the 1960’s
(see e.g., [16], [19], [32]), in which one of the major research
issues is mean-square stability analysis. In [15], [16], [19], the
criterion of mean-square stability was presented for systems
given in state space models. On the other hand, Willems and
Blankenship [34] studied the mean-square stability problem
from a frequency-domain, input-output formulation for single-
input single-output (SISO) LTT systems. A necessary and suf-
ficient condition for mean-square stability, refered to as the
Mean-Square Small Gain Theorem in the literature (see, e.g.,
[18] and [24]), was obtained for SISO systems. This result was
extended to a more general version for multi-input multi-output
(MIMO) systems in [ 18], which formed a primary machinery in
the authors’ development of mean-square stabilizability condi-
tions in Part 1 of this paper [24].

In parallel, Wonham [32], [33] formulated an optimal linear
quadratic regulation (LQR) problem for LTI systems subject to
stochastic multiplicative uncertainties, and proved that the op-
timal state feedback can be constructed by obtaining a positive
semidefinite solution to a modified algebraic Riccati equation
(MARE). Using a numerical example, however, Wonham also
showed that the optimal state feedback may not stabilize the
system in the mean-square sense, when the noise variance
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becomes excessively large [33]. Willems and Willems [36]
subsequently employed the LQR approach to study the mean-
square stabilization problem for these stochastic uncertain sys-
tems. They found that when in the quadratic cost the state and
control input weighting matrices are both full-rank, a system
will be mean-square stabilizable via state feedback if and only
if the MARE admits a positive definite solution. Moreover, the
resulting optimal state feedback stabilizes the system in the
mean-square sense. Despite this significant discovery, a funda-
mental question has remained elusive and longstanding: In the
general case without the aforementioned full rank condition,
what is the necessary and sufficient condition for the existence
of the mean-square stabilizing solution to the MARE? Endeavor
on this fundamental problem has been met with only limited
successes. In [25], for a class of LTI systems with the stochastic
multiplicative uncertainties, the mean-square stabilizing solu-
tion to the MARE was obtained by solving a linear matrix
inequality (LMI). In [7] and [39], the problem was studied in
terms of mean-square stabilizability and a generalized observ-
ability of the stochastic uncertain systems, to which sufficient
conditions were presented in several special cases.

In the networked feedback control setting, Elia [9] revisited
the mean-square stabilization problem for MIMO LTI systems,
in which stochastic multiplicative noises are used to model
communication channel uncertainties. Sinopoli et. al. [26], [27]
studied Kalman filtering problems with packet loss in com-
munication channels, where the channel uncertainty caused
by packet loss is modeled as a stochastic multiplicative un-
certainty, and a filter design approach based on an MARE is
presented. Xiao et. al. [37] studied the stabilization problem for
networked systems with packet loss and presented an explicit
connection between mean-square stabilizability and signal-to-
noise ratios of communication channels. In a similar networked
control setting, the authors [23], [29] studied optimal track-
ing problems with stochastic multiplicative uncertainties. In
particular, in Part 1 of this paper [24], the authors studied
in great depth the stabilization problem with this stochastic
multiplicative uncertainty model and developed necessary and
sufficient conditions for mean-square stabilizability.

In Part 2 of this paper we expand our inquiry even further, to
more challenging optimal performance problems for LTI sys-
tems subject to stochastic multiplicative uncertainties, which,
as stated above, can be considered both as optimal stochastic
control problems in the classical sense and as optimal control
problems in a networked control setting. Our development
thus serves a dual purpose: on one hand we develop optimal
feedback laws to achieve optimal performance for systems
with communication channels operating under stochastic mul-
tiplicative noises, while on the other hand, we attempt to solve
a longstanding optimal stochastic control problem subject to
stochastic multiplicative uncertainties. These two problems are
unified under the general framework of mean-square optimal
‘Ho control, where a generalized H2 norm of an LTI system with
stochastic multiplicative uncertainties is defined in the mean-
square sense and minimization of the generalized H2 norm via
feedback control is considered.

The contributions of this paper can be summarized as fol-
lows. We first formulate the mean-square optimal #s con-

trol problem under stochastic multiplicative uncertainties and
present a complete state feedback solution to this problem.
More specifically, we show that the optimal state feedback law
can be designed based on the mean-square stabilizing solution
to an MARE. Subsequently, a necessary and sufficient condi-
tion for the existence of the mean-square stabilizing solution to
the MARE is obtained explicitly. This result thus resolves the
longstanding open issue concerning the existence condition for
the mean-square stabilizing solution alluded to above. Interest-
ingly, when the stochastic multiplicative uncertainties are void,
the condition reduces to the well-known solution to the classical
optimal H. state feedback problem (see, e.g., [38]). Moreover,
we show that the optimal state feedback design amounts to
solving an eigenvalue problem (EVP), which can be solved
using any LMI solver [3].

Another main result of this paper is a solution to the mean-
square optimal #2 control problem via output feedback. In its
full generality, the output feedback optimal design can be done
based on the solutions of two coupled algebraic Riccati equa-
tions. Serious technical difficulties arise due to this coupling.
However, under the assumption that the plant transfer function
from the inputs to the measurements is minimum phase, we
show that this coupling does not present a technical difficulty,
even when the plant may contain input delays, which can be
regarded as a special nonminimum phase behavior. In this case,
it turns out that the optimal output feedback controller is fully
determined by a delay-dependent MARE for state feedback
design. Accordingly, the optimal output feedback design can
be accomplished by constructing equivalently an optimal state
feedback design based on an auxiliary plant generated from
the original plant combined with the delay information. Stated
alternatively, a separation principle holds in the sense that the
optimal output feedback controller is an observer-like state
feedback controller with the state feedback gain fully deter-
mined by the solution to an optimal state feedback problem,
and the “observer” gain is given by a separate design.

The remainder of this paper is organized as follows. In
Section II, we formulate the mean-square optimal o control
problem. In Section III, we solve the mean-square optimal Hs
control via state feedback. Section IV studies the mean-square
optimal Hsy control via output feedback. The optimal output
design problem is solved for a minimum phase plant with
possible input delays. Section V concludes the paper.

Partial results of this paper have been previously presented in
[23],[29], and [30]. The notation of Part 2 follows that of Part 1
[24]. For ease of readability, Part 2 of this paper is attempted to
be sufficiently self-contained.

Notation: We denote a real n-dimensional vector space by
R™; the transpose, inverse, Moore-Penrose generalized inverse
of amatrix by ()T, ()71, (-), respectively; the spectral radius
of a matrix by p(-). For symmetric matrices X and Y, X > Y
(respectively, X > Y) mean that X —Y is positive definite
(respectively, positive semidefinite). Denote the /; norm (or the
sum norm) of a vector by || - ||1 (see [14] for details), and the
expectation of a random variable by E{-}. RH, is the set of all
proper stable rational function matrices. Denote the 7y norm
of a proper stable rational function matrix by || - ||2 (see [5] and
[38] for details).
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Fig. 1. An LTI system with stochastic multiplicative uncertainty at the
control input.

Il. PROBLEM FORMULATION

This paper studies an optimal control problem for discrete-
time LTI systems with stochastic multiplicative uncertainties.
The feedback system under study is shown in Fig. 1, where P is
the plant, K is a feedback controller, [ is an identity matrix, and
A = diag{A4,...,A,,} represents stochastic multiplicative
uncertainty with a diagonal structure. The control signal u is
“corrupted” by the stochastic uncertainty A and the “corrupted”
control signal uy is used to drive the plant. The signals v, y
and z are the input, the measurement output, and the controlled
output, respectively. The state space model of the plant P is
given by

x(k+1) = Az(k) + Biv(k) + Baua(k),
z(k) =Crx(k)

y(k) = Cax(k) ()

where z(k) is the state of the plant. Denote the error in

the control signal by d(k), which results from the stochastic
multiplicative uncertainties Ay, ..., A, i.e.,

2(0) =0

d(k) = ua(k) — u(k) = A(k)u(k). 2

We shall consider both state feedback controller u(k) = Fx (k)
and output feedback controller

Z(k+1) =Acz(k)+ Bey(k)

respectively. We impose the following assumption throughout
the paper.

Assumption 1: The uncertainties {A;(k)},i = 1,2,...,m,
are independent and identically distributed (i.i.d) processes and
mutually uncorrelated with
0'127 kl = kg

E{Ai(k)} =0, E{Ai(k1)Ai(k2)} = {0 k1 # ke

E{8i(k)A; ()} =0 Vi J.

In addition, {A;(k)}, i =1,2,..
input signal {v(k)}.

For simplicity, we also assume that the plant P is strictly
proper. Our results, nevertheless, can be extended to the case
where z contains feed-through terms ug and v. On the other
hand, when the measurement y in the plant (1) includes the
term uq, extra assumptions are needed to avoid certain technical
difficulties (see [9] and Remark 1 for details).

., m, are uncorrelated with the

'

Y

Fig. 2. The closed-loop system with stochastic multiplicative uncer-
tainty.

A. Mean-Square Stability

In this subsection, we give the definitions of mean-square
stability and mean-square stabilizability as well as a prelimi-
nary result on mean-square stability. To this end, we reconfigure
the system in Fig. | as the system in Fig. 2. The signals v, z
and u are the same as in Fig. 1 and d is defined in (2). Here
A represents the diagonal stochastic multiplicative uncertainty,
and P(K) is the nominal closed-loop system, i.e., the closed-
loop system of the plant P with a feedback controller K in
Fig. 1 when the stochastic uncertainty A is void. With the error
signal given in (2), we may rewrite the plant model as

x(k + 1) = Az(k) + Biv(k) + Bad(k) + Bau(k)
y(k) = Cox(k). “)

|
Q

Denote the transfer function of P(K) from {v,d} to {z,u} by
G. and partition it as follows:

GZO Gzl sz
G = Gho G11 Gim (5)
GmO Gml Gmm,

where G .o maps v to z, G; maps the ith component d; of d to
z, Gjo maps v to the ith component of v and G;; maps the jth
component d; of d to the ith component of v, 7 =1,2,...,m.
For convenience, denote the ith block-column of G, by G;_1,
i.e., Ge = [Go G1 Gm]

Definition 1: The closed-loop system in Fig. 2 is said to
be mean-square stable if K stabilizes P and in addition, for
zero input and any initial state, the covariance of the state
E{z(k)x(k)T} is bounded for all k£ and converges to zero
asymptotically.

Definition 2: The plant (1), (2) is said to be mean-square
stabilizable via state feedback (or via output feedback) if there
exists a state feedback law wu(k) = Fa(k) [respectively, an
output feedback law (3)] such that the resulting closed-loop
system is mean-square stable.

Denote
_Gll Glm,
G = (6)
_Gml Gmm
(Gl 1Gmll3
G = (7
_”Gmng ||GanH§
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and ¥ = diag{o?,...,02%}.

Lemma 1—(see [18]): Suppose the nominal closed-loop
system G of the system shown in Fig. 2 is stable. Then, the
system is mean-square stable if and only if the spectral radius
of the matrix G’ is less than one, i.e., p(GX) < 1.

B. Mean-Square H, Norm and Optimal Ho Control

Suppose the feedback controller K stabilizes the plant (1),
(2) in the mean-square sense, i.e., the closed-loop system in
Fig. 2 is mean-square stable. Assume that the input sequence
{v(k)} is an i.i.d. process with zero mean and that the covari-
ance matrix is an identity matrix. In addition, assume that the
initial state of the plant is zero. The mean-square Ho norm of
the system is defined as the square root of the averaged power
of the output signal z. Denote this averaged power by Jp,, i.e.,

®)

Note that the controlled output z is related to the input noise
v and the stochastic uncertainty A. The expectation in (8)
thus operates jointly over the distributions of v and A. In the
classic optimal Hy theory, Jp, given by (8) is the square of
the standard Ho norm of an LTI system in the absence of the
uncertainty A (see, e.g., [38]). In that case, the expectation in
(8) is taken solely over v.

Let K be the set of all possible controllers stabilizing the
closed-loop system in Fig. 2 in the mean-square sense. For any
given K € K, denote the function Jy, by Ju,(K). Then the
optimal performance of interest in this paper is given by

: e 1 1
JOptlggcJHQ(K)lggclg)f{o_g T, (K) < U—g}. ©)

This ushers in the mean-square optimal o control problem,
the central problem to be tackled in the sequel.

Mean-Square Optimal 7, Control Problem: The objective
of this problem is to find an optimal controller K, to stabilize
the plant (1), (2) in the mean-square sense and to minimize the
performance cost Jg,, i.e.,

Kopy = arg li<rgcJH2 (K).

We have the following characterization of the mean-square
Ho norm.
Lemma 2: Suppose the plant in (1) and (2) satisfies
Assumption 1. Let the controller K stabilize the plant P in the
mean-square sense. Then

|Gem|52(I — GE) 7
|G1oll5

2 2
JH, = HGZOHQ + HGleQ
X : (10)
2
1Gmoll
Proof: See Appendix A. |
It is clear that when the uncertainties are absent (equivalently,

0;=0,1=1,...,m), Jy, reduces to the standard Hy cost
HGZ()Hg in the conventional 75 control problem (see, e.g., [38]).

v _ z _
| P(K) :
d' U
A e
I
v _ z
| Ge
d g u

A

A

Fig. 3. Mean-square performance problem transformed to mean-
square stabilization problem.

Remark 1: The key feature of the closed-loop system in
Fig. 2 which is used in the proof of Lemma 2 is that A;(k)
is uncorrelated with u; (k) fori=1,...,m, k=1,2,..., 00.
This holds when the parameter matrix of w4 in the measurement
output equation is equal to zero matrix, and is a strict upper or
lower triangular matrix (more details see [9]). Once Lemma 2
holds, the results in this work can be extended to these cases
when z and y include feed-through terms u4 and v, without
technical difficulties.

Now, let
2 2 2
Gually Gl |G}
¢ _ |IGuld el Gl | oy
2 2 2
[Gmollz  [|Gmall2 Gl

The lemma below follows from straightforward algebraic ma-

nipulations, which can also be established following [18].
Lemma 3: Suppose that the plant in (1) and (2) satisfies

Assumption 1 and K stabilizes the plant P. Then for any o9 > 0

Ji, < — and p(GY) < 1 (12)
0
if and only if
p(GeXe) < 1

where ¥, £ diag{oZ,02,...,02}.

Thus in the same spirit as in [18], Lemma 3 shows that the
mean-square performance problem can be reformulated as a
mean-square stabilization problem for the augmented system
G, with the mean-square stability determined by the condition
p(GeXe) < 1, in light of Lemma 1. This recognition underlies
our essential technical approach in solving the optimal mean-
square Ho control problem. Fig. 3 illustrates this transformation.

I1l. MEAN-SQUARE OPTIMAL Ho CONTROL
VIA STATE FEEDBACK

The section studies the mean-square optimal o control via
state feedback. Our objective is to find an optimal state feed-
back law for the plant (1), (2) such that the resulting closed-loop
system is mean-square stable and its mean-square /o norm
(or the performance cost Jp,) is minimized. From Lemma 3
and the characterization (9), it is clear that this amounts to
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finding an optimal state feedback such that it stabilizes the plant
in the mean-square sense and additionally

o 1 1
Kopt = argil(rgclg)f{a—g s, (K) < U—(Q)}

= arg inf inf {% p(GeXe) < 1} . (13)

Kek oo on
In this optimal controller design problem, the spectral radius
p(GeZe) of the matrix G.3. plays a key role. To study this,
we note that GeEe is a positive matrix (i.e., all of its entries are
nonnegative) and give a preliminary result on positive matrices.
Lemma 4—(see [14]): For any square positive matrix 7, its
spectral radius is given by

1
T) = inf max 24—
p( ) T zi:% 1],}/]2'

where I' = diag{~,...,72,} > 0 and t;; is the {4, j}th entry
of the matrix 7.

Applying Lemma 4 to the optimal design constraint
p(GeZe) <1

we obtain that for any o satisfying inf Jpg, < 1/0Z, there
exists ' = {1,T},T = {4%,...,92,} > 0 such that

where e; is the ith column of the (m + 1) x (m + 1) identity
matrix.

From the definition of the 7> norm (see [38]), the constraint
(14) in the optimal feedback design can be written as

where I'. = diag{/,I'} and I is an identity matrix with a
compatible size.

In the state feedback case, according to (15), we obtain the
following lemma:

Lemma 5: A state feedback law

Gon e

[ <Li=lo.m+1 (14)

1 2 g2
reG|| 5 <1,i=
2

i

0,1,....,m, %=1 (15)

u(k) = Fa(k) (16)

stabilizes the plant (1), (2) in the mean-square sense with
Jr, < 1/0d foragiven o > 0 if and only if there exists I' > 0
such that

Ch 2 9
P%F (ZI— AF)Bl o) <1
2
C 2 52
H [T%H (21 — Ap)Ba; % <l,i=1,....m  (7)
2 i

where Ap = A + Bs I and By; is the ith column of Bs.

Lemma 5 shows that in the optimal state feedback design, the
design constraint p(GeEe) < lisequivalentto (17). Hence, we
re-formulate the optimal state feedback design problem in (13).
The mean-square optimal Hy control via state feedback is
to find

1
Fopt = arg }nf {? : subject to (17)} .
,00 0

Next, we review the standard optimal H, state feedback
design for the following auxiliary plant (without stochastic
multiplicative uncertainties):

ar(k+1) = Azr (k) + Biv(k) + Bou(k)

2r(k) = ﬁl]xr(k) + [Foé]u(k) + Du(k).  (18)

Lemma 6: For the plant (18), the discrete algebraic Riccati
equation (DARE)

Xr=A" X A= A" XpBo(T+BY XrB,) ' BYXrA+CTCy
19)

has a stabilizing solution! Xt if and only if (A, Bs) is sta-
bilizable and (A, C7) has no unobservable poles on the unit
circle. Moreover, Xt is the unique stabilizing solution and the
largest positive semidefinite solution to the DARE (19). This
stabilizing solution X is a positive definite matrix if (4, C1) is
observable. The minimum #> norm of the closed-loop transfer
function from v to z via state feedback u(k) = Farp(k) is
given by

2

{Fch] (21 — A= ByF) 'By + D

min
F 2

=tr{B{ XrB:} + tr{D"D} (20)
and the associated optimal state feedback gain is given by

Fr = — (T + BIXrB,) "' ByXrA. 1)
The first part of the lemma above follows [5], [38] and the
second part comes from Theorem 6.4.1 in [5].
To generalize this lemma to the mean-square optimal Hs
state feedback design for the plant (1), (2), consider the follow-
ing MARE:

X=A"XA-A"XBy[®(X)S+BI X B, ' BIXA+CTCy

(22)
with ®(X) = diag{ B, X Ba1, ..., B X Bs,,}. A solution
X to the MARE (22) is called a mean-square stabilizing
solution if the closed-loop system of the plant (1), (2) with the
state feedback (16) is mean-square stable, where

F=—[®(X)S+BIXB,| ' BIXA. (23)

We have the following result.

Lemma 7: The plant (1), (2) is mean-square stabilizable via
state feedback and the closed-loop system has Jy, < 1/0? for
a given g > 0 if and only if there exist Xr > 0,I' > 0, Fr
such that

Xr > (A+BoFr) ' Xr(A+Bo )+ O C1+ FET Fr - (24)

1 1
tr{BI XrB1} < =, By XrBy < —e/Teji=1,...,m.
0 i

(25)

IThe solution X to (19) is said to be a stabilizing solution if A 4+ B2 FT is
stable with FT in (21).
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Proof: See Appendix B. |

We are now ready to state the first two main results of this

paper, one on mean-square stabilisability and one on mean-
square Ho performance control.

Theorem 1: Suppose the plant (1), (2) satisfies Assumption 1.
The MARE (22) has a mean-square stabilizing solution X if and
only if the plant (1), (2) is mean-square stabilizable and (A4, Cy)
has no unobservable poles on the unit circle. In addition, this
solution X is the unique mean-square stabilizing solution and
the largest positive semidefinite solution to the MARE.

Proof: See Appendix C. |

Theorem 2: Suppose the plant(1), (2) satisfies Assumption 1,
(A, Bg) is stabilizable and (A4, C}) has no unobservable poles
on the unit circle. Then the plant is mean-square stabilizable if
and only if the largest solution®> X to the MARE (22) is positive
semidefinite. When the above holds, the minimum performance
cost Jg, of the closed-loop achievable via linear state feedback
is given by

inf T, = tr {BI XB:}

and the optimal state feedback gain Fy,, is given by (23).
Proof: See Appendix D. |

In the case when the matrix ClT C1 has full rank, the optimal
state feedback design problem was solved in [32], [33] and [36].
However, there appears a peculiarity in this design problem,
which is illustrated in Example 1 later, in the case when the
matrix CT'Cy is not a full rank matrix. This has attracted
many research efforts (see, e.g., [39] and references therein).
Theorem 1 presents a complete answer to this problem, i.e., the
necessary and sufficient condition for which the largest positive
semidefinite solution to the MARE (22) can be used to design
the mean-square optimal Hs state feedback law in the latter
case. It would be interesting to notice that, when the stochastic
uncertainties in the plant are void, the mean-square optimal
‘Ho control problem reduces to a standard optimal H, control
problem. In this case, the necessary and sufficient condition
for the existence of the mean-square stabilizing solution to
the MARE (22), which degenerates to a DARE, becomes that
(A, Bg) is stabilizable and (A, C) has no unobservable poles
on the unit circle. This is a well-known result in the classic
optimal H control (see for example [5] and [38]).

Compared with the existing results (see for example [36] and
[39]), Theorem 2 gives a more precise description for the mean-
square stabilizability of the plant (1), (2) in terms of the plant
model and the solution to the MARE (22).

Now we offer a numerically efficient algorithm for solving
the mean-square optimal state feedback gain.

Theorem 3: Suppose the plant (1), (2) satisfies Assumption 1
and (A, C1) has no unobservable poles on the unit circle. Then,
the MARE (22) has a mean-square stabilizing solution X if
and only if the following linear matrix inequality problem,

2X being the largest solution means that X > X for any other solution X.

called the EVP problem (see [3] for definition), has a positive
semidefinite solution S

S,Z,V,l7rr11f,...,7rm tr{Z} (26)
subject to
R SAT +VTBT vT  scT
AS + BV S 0 0
1S 0 0 I
[z BT = m; B, .
|51 S} -0 |:7TiB2i s |7 0,¢=1,....,m

(28)

Moreover, when the solutions exist, the minimum performance
cost Jp,, the mean-square stabilizing solution X to the MARE
(22) and the optimal state feedback gain are given by

_ T
opt opt» F= V;)ptsopt

inf J, :tr{BlTST Bl}, X =4
respectively, where S,y and V¢ are the optimal solution to
the EVP problem (26)—(28).
Proof: The proof is the latter part of that for Theorem 1.
|
The following example illustrates the peculiarity of unob-
servable poles on the unit circle in the mean-square optimal 5
control problem. The algorithm in minimizing the performance
cost Jp, is also illustrated using this example.
Example 1: Consider the plant (1), (2) with parameters as
follows:

1 0 0 1 1 0
A=11 -1 1|, Bi=|1|, By=11 1
0o 0 2 1 0 1

Ci=[1 o0 1].
The variances o7 and o3 of the stochastic multiplicative un-
certainties A; and A, are equal to 0.01. The largest positive
semidefinite solution to MARE (22) and the optimal state
feedback (23) are given by, respectively

1.0082 0  1.0038
X = 0 0 0
1.0038 0 1.0335
ja —-0.8096 0  —0.3755
T |-0.1831 0 —1.6192|°

The poles of the resulting nominal closed-loop system are —1,
0.0066, 0.5646. Note that the unobservable pole of (A, Cy) is
—1. The state feedback gain F' designed by the solution X can
not relocate this pole.

On the other hand, when C; =[1,1,1], (A,C4) has no
unobservable poles on the unit circle. The largest solution to
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Fig. 4. The numerical solutions of the minimum performance cost Jy, .

the MARE (22) and the optimal state feedback (23) are

1.0333  0.9876  1.0014
X = (09876 1.0214  1.0058

1.0014  1.0058  1.1277
r_ —-0.8262  0.3086  —0.0343

—-0.1661  0.1874 —1.465 |-

The poles of the resulting nominal closed-loop system are
—0.3439, 0.0189, 0.5298. Moreover, according to Theorem 3,
we obtain that the minimum performance cost infz Jg, of
the resulting closed-loop system is 9.1719. On the other hand,
according to (8), the performance cost Jp, is calculated
by using the output z of the resulting closed-loop system.
Fig. 4 shows the simulation results with steps from 103 to 107,
respectively. The numerical results are convergent to the theo-
retic result when simulation steps are increasing.

Notice in this example that the two plants have the same state
space equation (which is mean-square stabilizable) but different
output equations. We have obtained the largest positive semi-
definite solutions to the MARE:s for the two plants, respectively.
In the former case, the state feedback designed by the positive
semidefinite solution to the MARE associated with the first
plant can not stabilize this plant (i.e., the resulting closed-loop
system has a pole on the unit circle) while in the latter case, the
state feedback designed by the positive semidefinite solution
to the MARE associated with the second plant stabilizes the
second plant in the mean-square sense. This difference results
from the unobservable pole of the plant on the unit circle.

Before completing this section, we give a generalized version
of Theorems 1 and 2 to systems also with state-dependent
stochastic multiplicative uncertainties. More specifically, we
consider a generalized version of the plant (1) as follows:

J?(k—f—l) = (44— ib: AzA%(kJ)> J?(k)—l—Bl’U(k)—l-Bguq(kJ)

i=1

z(k) =Crx(k) (29)

where Ag;, i =1,...,mg, are the state-dependent stochastic
multiplicative uncertainties.

Assumption 2: For the plant (29), the following conditions
hold:

1) The stochastic uncertainties Ay;, 7 = 1,...,mg, are mu-
tually independent i.i.d. processes with zero mean and

variances o;, respectively, and these noises are indepen-
dentofvandall A;,j=1,...,m.

2) The matrices A; ¢ =1,...,ms have rank one, A; =
B,;Csi, By; and Cy; are a column vector and a row
vector, respectively,z = 1,...,mg.

Theorem 4: Consider the generalized plant (29) with (2)
satisfying Assumption 1 and 2. The MARE (30) has a unique
mean-square stabilizing solution X

X=ATXA+Y o2 ATXA+C{Cy
i=1

— ATXB, [0(X)S + BIXB,]

BfxA (30

with  ®(X) = diag{B{, X By1,...,Bl XB,,} if and
only if the plant (29) is mean-square stabilizable and
A [ctcy - CSTmS]T) has no unobservable poles on the
unit circle. In addition, X is a positive semidefinite matrix and
the largest solution to the MARE (30). When the above holds,
the mean-square optimal 2 control via state feedback (16) is
given by (23) with X being the unique mean-square stabilizing
solution to (30), and the minimum performance cost is
given by

inf Jp, = tr {BY XB1} .

Proof: See Appendix E. |

IV. MEAN-SQUARE OPTIMAL Hs CONTROL
VIA OUTPUT FEEDBACK

We now generalize the optimal design approach in
Theorems 1-3 to output feedback design with possible input de-
lays. It turns out that the general case is very difficult to deal
with. For this reason, we restrict ourselves to minimum-phase
plants with fixed input delay steps.

Suppose that the plant (1), (2) has input delay steps 7o — 1,
ry —1,...,7, — 1 in the input channels for the input signal
v and the control signals wugq1, ..., uqm, respectively, where
r; > 1,49=0,1,...,m. The transfer function G, of the plant
from (v, uq) to y is cascaded by the original plant C(z] —
A)~Y[B; Bs] and the channel with fixed delay steps, i.e.,

G, = Cy(2] — A) ' [B1 By

x diag{z "otz e L (3]
It is clear that the transfer function G, has all the zeros of the
original plant and that the input delay steps change the relative
degrees of the columns in the transfer function or the zeros in
infinite only. We add the following assumption:

Assumption 3: The transfer function of the original plant
Co(zI — A)™'[B;y By] is minimum phase. The transfer func-
tion from v to y has relative degree o > 1 and the transfer func-
tion from the i-th component of u4 to y has relative degree r; >
1,ie,CoA7B; =0,5=0,...,ro — 2, the matrix Co A" 1 B;
has full column rank, C4A’By; =0, j=0,...,7 —2 and
CyA™ 'By; #£0,i=1,...,m, respectively, and

U =[A""'B, A" !By A" Bon] (32)
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has full column rank.

Remark 2: Assumption 3 means that the transfer function
Gydiag{z"1I, 2", ..., 2"} is left invertible in RH,,. But we
do not impose any constraint on the transfer function from
(v,uq) to z for the plant. Moreover, the plants which satisfy
Assumption 3 are slightly more general than those plants given
by (31) since these plants have given relative degrees but may
not have the component diag{z~"ot17 2=+l - =rmFly

Suppose that Assumption 1 holds for the plant (1), (2).
We consider all possible output feedback controllers in the
form of (3) which can stabilize this plant in the mean-square
sense. Following the discussion in Section III, the mean-square
optimal Hs control design is to find the optimal output feedback
law K,y in (13) among all possible mean-square stabilizing
output feedback controllers (3) subject to the constraint (15).

Note that the set of inequalities in (15) can be expressed as

_ . _ m 1 2 0',2
max Ty, < 1, with Jg, = ;Af 2 GMHQ Z<1ey
where 79 = 1, tr{A.} = 1 with A, = diag{)\3,\2,... A2 }.

To solve this optimal design problem, the following auxiliary
plant with given parameters I'. and A, is considered:

Zr(k+1) = AZp (k) + Biooiov(k)

+ ByX2T 2 A%d(k) + Bou(k)
[(E;l]:ir(k) + [Poé]u(k')

yr (]f) =CoIr (k)

2r (]f)

(34)

The performance cost Jg, given in (33) is the square of Ha
norm of the plant (34) with an output feedback controller in the
form (3). For the given I" and A, the optimal feedback control
design in minimizing the performance cost .Jy, is the standard
optimal Hy control problem via output feedback, which is
solved from the stabilizing solutions Xt and Yt to the DARE
(19) and following DARE (35), respectively

AVP AT —Yr— AYrCF (CoYrCT) Coyr AT
+ B1ogNBY +BoT' " 'SABT =0. (35)

Assumption 4: For the plant (1) (or (34)), it is assumed that

1) (A, By) is stabilizable and (A, C1) has no unobservable
poles on the unit circle;

2) (A, () is detectable and (A, [B; Bs]) has no unstabiliz-
able poles on the unit circle.

Lemma 8—(see [31]): For the auxiliary plant (34), the
following statements are true:

1) The DARE (19) has a unique stabilizing solution Xr if
and only if Assumption 4.1 holds;

2) The DARE (35) has a unique stabilizing solution Yr if
and only if Assumption 4.2 holds.

In addition, X and Yr are positive semidefinite matrices.
The optimal output feedback controller K for the auxiliary

plant (34) is given by
A, B.
C. | D,
_ [ A+ ByFr+LrCy — BoLorCa | Lr—BaLor
LFCQ — Fp | LOF
(36)
where
Fr= — (T +BfX¢By) ™ BIXrA (37)
Lr = — AYrCY (Covicl)!
Lor = — FvYrCy (CoYrC3)'. (38)

The corresponding minimum performance cost for the plant
(34) with this output feedback is given by

inf Ju, =0ogAjtr {BY XrBu} + tr { By XrBol' ' YA}
+tr {ZFYr FY Z}
—tr {ZFFYFCéT (CQYFCQT)T CQYFFFTZ} (39)
T 1/2
where Z = (I' + B; XrB2) '".

The lemma above shows that the optimal output feedback
K for the given I' and A, includes three parameters Fr, Lp
and Lor, determined by two equations (19) and (35) which are
highly coupled through I'" and A.. This causes a huge diffi-
culty in the mean-square optimal H3 control design via output
feedback. However, we show below that, under Assumption 3,
solutions can be simplified. The key observation is that under
Assumption 3, the coupling between two DARESs becomes very
weak. It turns out that the optimal output feedback for the aux-
iliary plant (34) is a much simpler than that given by Lemma 8.

Lemma 9: Suppose the plant (1) satisfies Assumptions 3

and 4. Then, for given I' and A., the stabilizing solution to the
DARE (35) is given by

7’071

Y=Y A'Bio3ABT AT
=0

m Ti—1 ]
+ 33" A'Byo? 2B AT (40)
j=1 i=0

Moreover, Yr is the unique stabilizing solution to the
DARE (35), i.e., Yr > 0 and A + L1Cs is stable with L =
—AYrCT (CoYr O
Proof: The fact that (40) is a positive semidefinite so-
lution to (35) follows by direct substitution. The stabilizing
property and uniqueness come from [28] and [31] under the
given assumptions. n
Remark 3: In the case when the plant (1) has relative degrees
one, i.e., without input delays, the stabilizing solution to the
DARE (35) given by Lemma 9 is written as follows:

Yr = B1og\3BY + B 'SAB; . (41)
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On the other hand, compared with the DARE (35), the DARE
associated with optimal Ho design would be more complicated
when the measurement y includes the feed-forward term from
the input signal v. For left-invertible plants, the solution to this
DARE is a zero matrix (see [22]). The result in the remainder
part holds in these cases.

Using Lemma 9, the minimum performance cost for the
closed-loop system studied in Lemma 8 and the parameters
Fr, L1, Lor of the optimal controller are given in the following
result.

Lemma 10: Suppose the plant (34) satisfies Assumptions 3
and 4. For the given I" and A., the control parameters Fr, Lp
and Lt of the optimal H 5 output feedback are given by (37) and

r=—AU(CLU),  Lpo=—FU(CU).  (42)
The minimum performance cost for the resulting closed-loop
system is given by

ZO’Q/\Q’}/Z ¢i(Xr) (43)

inf J, H, =
K

where 7o = 1 and

Go(X1) = tr {BITATT“’lpr’"O—lBl}

ro—2 )
+Y {BlTATJClTClAjBl}

Jj=0

(44)

:B%;AT”_lXFAm—lB%
ri—2 )
+ Z BLAT CTCiA' By, i = 1,.. .,
=0

¢i(Xr)

m. (45)

Proof: See Appendix F. |

It is shown in Lemma 10 that for the given I' and A., the
optimal parameters Lt and Lr, in the observer-like part are de-
termined by the plant model and the optimal state feedback Fr-.
Moreover, these optimal parameters are not related to the para-
meter A.. Thus, the optimal output feedback controller given by

Lemma 10 minimizes all components |\Fé/2Gi+1||z(Ui2/'yi2),
i=0,1,...,m in the performance cost Jg,. Now, the key
issue in the mean-square optimal output feedback design is to
find the optimal state feedback F1 and associated parameter
matrix [" subject to the design constraint (15).

To this end, we study the mean-square optimal Ho state
feedback problem for a new auxiliary plant with stochastic
multiplicative uncertainties below

Pk +1) = Az(k) + A" ' Byo(k)
+ [Amlem .. A’"m/’lBgm]d(k) + Bou(k)
(46)
= [ [F]ow+ [ oo
d(k) = A(k)u(k) “7)

where A(k) = diag{A1,..., A}, A, i =1,...,m, are sto-
chastic multiplicative uncertainties satisfying Assumption 1,
v(k) is an i.i.d input noise as studied in Section II

7’072 .
DiDy=> BfA™cClC,AB,
j=0
1
r1—2 ) 2
Dy =diag{ | Y BLATCTC1ATBy | ...,
§=0
1
Tm—2 ) 2
> B3, AT CTCLA By,
§=0
Lemma 11: Suppose the plant (46), (47) satisfies
Assumption 1. The following MARE:
ATXA— X — ATXB, [®(X)% + BYXB,] BIXA

+Clcy =0 @48)

with ®(X) = diag{$1(X), ..., dn(X)} and ¢;(-) in (45), has
a mean-square stabilizing solution if and only if this plant
is mean-square stabilizable and (A, C}) has no unobservable
poles on the unit circle. In addition, this solution is the unique
mean-square stabilizing solution and the largest positive semi-
definite solution to the MARE (48).
Proof: See Appendix G. |
Lemma 12: Suppose the plant (46), (47) satisfies
Assumption 1 and (A,C;) has no unobservable poles on
the unit circle. Then, the plant is mean-square stabilizable if
and only if the MARE (48) has a positive semidefinite solution.
When the above holds, the mean-square optimal o state
feedback gain F; is given by
Fo = — [8(X)S+ BIXB,] ' BYXA  (49)
and the minimum performance cost for the resulting closed-
loop system is given by

min Jp, = tr {BlTAT’“C’*XAro*lBl}
ro—2 )
+y tr{BlTAchlTClAjBl}. (50)

J=0

The proof follows that of Theorem 2 and is omitted.

Now we are ready to present the main result for the plant (1),
(2) with input delays.

Theorem 5: Suppose the plant (1), (2) satisfies
Assumptions 1, 3, and 4. If the MARE (48) has a mean-
square stabilizing solution X > 0 (i.e., the plant (46), (47)
is mean-square stabilizable), then the minimum performance
cost Jp, of the plant with an output feedback (3) is given by
ming Jg, in (50) and the optimal parameters of the output
feedback controller are given by (49) and

L=—AU(CoW)T,

Lo = —F,p U(Co®)1. (51)
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Proof: In view of Lemmas 3, 8, and (13), the optimal
output feedback design problem is to find F, L and Lg in
minimizing 1/0¢ subject to the constraints

2 52
’ T <1,i=0,1,...,m, with~o = 1.

27
Under Assumptions 3 and 4, it is shown by Lemma 10 that
for any given I' = diag{~?,...,72}, the output feedback
controller with the parameters given by (37) and (42) mini-

iel (52)

2
mizes ||I‘é/2G¢H2,i =0,1...,m, simultaneously. Moreover, it
holds that

3 2 03 27
re G0H2 v =0y¢0(XT)

0
1 2 52 o2 _ )
’Fgai T =T6u(Xn) i=1m (53)
i [

where X is the stabilizing solution to the DARE (19). Substi-
tuting (53) into (52) leads to the optimal output feedback design

constraint below
2
— lo
oado(Xr) <1 and 7—;¢1(XF) <l,i=1,...,m.
i

Hence the optimal output feedback design is to find the min-
imum 1/0? under the constraint that the inequalities above
hold. This problem is equivalent to the optimal state feedback
design studied in Lemmas 11 and 12. Applying these lemmas,
we obtain the optimal parameter F,,,; for the output feedback
and the minimum performance cost given by (49) and (50),
respectively. The controller parameters L and L are obtained
by applying Lemma 10. |

Remark 4: This theorem shows that, for a minimum phase
plant (1), (2) with input delays, a separation principle holds
in certain sense for mean-square optimal H, output feedback
design. More precisely, the optimal state feedback gain is ob-
tained from the mean-square stabilizing solution to the MARE
(48). The remaining parameters Ly and L, which are related
to an observer-like part in the feedback law, are obtained from
the plant model and the optimal state feedback gain matrix. It
must be noticed that, in this case, the optimal state feedback
design is based on the plant (46), (47) which is generated
from the original plant (1), (2) but involves the input delay
information in its model. This is conceptually different to the
separation principle for the conventional optimal o output
feedback design.

Remark 5: In addition, it is shown in the preceding section
that the optimal state feedback design is an EVP problem and
a numerical algorithm for solving it is presented in Theorem 3.
This means that the mean-square optimal 2 control via output
feedback is numerically solvable for a minimum phase plant
(1), (2) satisfying Assumptions 3 and 4. It is also explicitly
explained by (50) that the delay size degrades the performance
exponentially.

Now, we consider the case when the plant (1), (2) is minimum
phase with relative degree one and without input delays. In
this case, the auxiliary plant (46), (47) which is used to design
the optimal state feedback gain Fi in this optimal output
feedback reduces to the plant (1), (2). This leads to the corollary
below, straightforwardly.

Corollary 1: Suppose that the plant (1), (2) satisfies
Assumptions 1, 3, and 4 with ro =r; =--- =1, = 1. Sup-
pose the plant is mean-square stabilizable (i.e. the MARE (22)
has the mean-square stabilizing solution). Then, the minimum
performance cost via output feedback (3) is given by

inf Jp, = tr {BY X B1}

and the optimal parameters of the output feedback controller
Kp are given by

F=—[®(X)S+BIXBy) ' B"XA (54
L= —A[B; B|(C2[B Bal)
Lo= —F[B; By|(Cs[B; By)) (55)

where X > 0 is the mean-square stabilizing solution to the
MARE (22).

V. CONCLUSION

In this paper, we have solved the mean-square optimal o
control design problem for linear systems subject to stochas-
tic multiplicative uncertainties. The optimal mean-square state
feedback is designed using the mean-square stabilizing solution
to a modified algebraic Riccati equation (MARE) or, alter-
natively, a set of linear matrix inequalities. A necessary and
sufficient condition is presented for the existence of the mean-
square stabilizing solution to the MARE. In the output feedback
design, a separation principle holds for minimum-phase plants
with/without fixed input delays in the sense that the optimal
controller is designed using the optimal mean-square state feed-
back, and two observer gains determined by this optimal state
feedback and the parameters of the plant model. Given the close
connection between stochastic multiplicative uncertainties and
modeling of network transmission errors (such as packet drop-
outs), the results in this paper are expected to have important
applications in networked control. Future research can focus on
the general output feedback control design where the minimum-
phase assumption is removed.

APPENDIX A
PROOF OF LEMMA 2

Let {G¢(0),Gc(1),Gc(2), ...} be the impulse response as-
sociated with the transfer function G, in (5). Following the
partition of G, in (5), we write G.(k), k = 0,1,2, ... as:

QZO(k) gzl(k) gzm(k)
_ gio(k) g11(k) g1m (k)
gno(k) g (k) Guam ()

Note the fact that the nominal plant (4) has a strict proper
transfer function from input {v,d,u} to output {z,y}. The
transfer function G, of the plant with a proper feedback control
law is also strict proper. Hence, it holds that g;;(0) =0, i =
0,1,...,m, 5 =0,...,m. When the initial state of the system
in Fig. 2 is at rest, the output of the system is given by

[esenltT] e
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where d(k — i) = A(k — ¢)u(k — 7). Write the output z(k) is

(k) = 2o(k) + > za, (k) (57)
j=1

where

k
2 (k) = Z G.o(i)v(k — 1)

k
za, (k) =Y Goi(i)d;(k—i), j=1,...,m. (58)
i=1
Under Assumption 1, we obtain that

BA=T(R)2(k)} = B (=] (0)20 ()} +_ B {=] (0)24, (k) }

(59)
Substituting (58) into E{zgj (k)za; (k)} leads to

E {zgj (k)za, (k-)}
k k T
=E{trd Y G (i)dj(k—i)[z sz(i)dj(k—z')]
i=1 i=1

k
= Ztr (G ()G (1)] o2 B {u(k — i)} . (60)

Taking summation on both sides of (60), we obtain that
k
S B {2 ()20, ()}

k=1

r[GL;(0)GL (i) o2 E {u3(k — i)}

b

|
]
_Fjw

:1% 1 :
o7 Y N e [Go ()G ()] E{ud(k — i)}

i=1 k=i

[\

<

Then, the averaged power of the signal 24, is given by

=02 Yt (G (G5 O] B {Jlusl) } -

i=1

(61)

Noting the fact that ||G.; | = 37, tr[G.; ()G ()], we
rewrite (61) as below

E{|lzu,lly} = o21G 3B {2}

Similarly, noting the stochastic properties of the signal v, we
have that

(62)

E{llzl3} = G-l (63)

With (59), (62) and (63), we have that
2 2 2
E{J1212} = 1Gaolls + Y- o?IGal3E {luill2} - 64
i=1
In the light of the discussion above, we can also obtain that

2 2 2 2 .
Bl } =1Gsol3+>_ oI Csl3E]lul} }, 5 =1, ... m
i=1
or

E{llmlZ}]  [E{Icwl}
: = : + G2

E{lunl2}] B {IGnol2)

From (64) and (65), we obtain (10).

APPENDIX B
PROOF OF LEMMA 7

Following Lemma 5, we can see that the plant (1), (2) is
mean-square stabilizable if and only if there exist F', I > 0 and
oo > 0 satisfying (17). Hence, it holds for some ¢ > 0 such that

2

el 1

Ch (ZI — AF)7131 <=3

I2F , 70

el ? 9

_ Y .

C1 (ZI—AF) 1321‘ <—12,z=1,...,m.
I:F , i

According to Lemma 6, the terms on the left-hand sides of the
inequalities above are minimized simultaneously by

-1
F.=—(T+BJ Xr.B)) BjXr.A

where Xt . > 0 is the stabilizing solution to the DARE

Xr.=ATXr A+ C{Cy + €1
— ATXp B, (U + BY Xp.By) ' B X1 . A.

Moreover, it holds that

[ el T 2 1
tr{Bf Xr.Bi} = ||| Co | (2]~ Ap) "By <=
L2 Fe 2 70
[ el ] ? 5
BIXp Byi= ||| C1 | (21— Ap) ' Byl <%
3 F. | , i
t=1,...,m.

From F. and the DARE above, we obtain the following
inequality:

Xre> (A+ BQFE)TXF,E(A+BQFE)+01TC1+FETPF€.
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The inequalities (24), (25) follow from the above by setting
ignoring the subscript €.

APPENDIX C
PROOF OF THEOREM 1

Sufficiency: Suppose the plant (1), (2) is mean-square stabi-
lizable and (A, C) has no unobservable poles on the unit circle.
Then, there exists a state feedback u(k) = Fpa(k) such that
the performance cost Jg, of the resulting closed-loop system
is bounded by a constant 1/03. Moreover, for some I'g =

diag{~3,,...,78,,} and I'co = diag{I, T}, the inequalities in
(17) hold, i.e.,
J H[Cl}(f Ap) ' B 2<1 (66)
0 1_‘5 FO Fy 1 , 0'8
C 2 2
Jz_H[ 11 :|(ZI—AFO)IB% <’y—021,i:1,...,m.
I's Fo 5 O
(67)

The function .Jy on the left-hand side of the inequality (66) is the
square of the Ho norm of the auxiliary plant (18) with the state
feedback law u(k) = Foz(k), T =T and D = 0. Applying
Lemma 6, we design the optimal state feedback gain Ft, to
minimize .Jy as follows:

-1
Fr, = —(To+ Bj Xr,B2)  Bj Xp,A (68)

where X1, is the stabilizing solution to the following DARE:
XFO = ATXFOA + Cchl
— AT X1, By (To + BY Xp,By) ' BY X, A, (69)

For the closed-loop system, the corresponding minimum per-
formance cost of Jj is given by

Jo,min(To) = tr { Bf X, By} . (70)

It must also be noted that the state feedback gain Fr, in (68)
minimizes the cost functions Ji, ..., J,,, simultaneously and
the minimum values of these functions are

Jimin(To) = B3, Xr,Bai, i = 1,...,m. (71)

Substituting Jo min(I'o) and J; min(I'o) into (66) and (67)
leads to

ogtr { Bl Xr,B1} <1, 07 B3, X1, B2 <73;, i=1,...,m.

(72)
Now, let T'o; = diag{I,T'1} with Ty = diag{~?,...,7%,.}
and 73, = 02 B1, X1 Ba;, i = 1,...,m. It follows from (72)
that I'y < I'g. Similarly, consider the auxiliary plant (18) with
I' =T';. According to Lemma 6, we design the optimal state
feedback Fr, for the plant using the stabilizing solution to the
new DARE below

Xpl = ATXFIA + Cchl

— AT X1, By Ty + BY Xr,B,) ' BI Xp, A, (73)

Since I'y < T, it holds that X, < Xp,. This leads to
ogtr {Bf Xr,B1} <1

2
maX{J—;B,QZ;XIHBin Z_laam} <1 (74)
Vi

Subsequently, we can construct I's < I'y with the posi-
tive semidefinite solution Xr,. Repeating the process above,
we obtain a sequence {I'g,I'1,T'o,...} satisfying I’y > T"1 >
I's >--->0. The sequence of positive semidefinite solu-
tions {Xr,, Xr,, Xr,,...} to the DAREs associated with
{T9,T'1,Ty,...} satisfies Xp, > Xp, > --- >0, thus con-
verges to a positive semidefinite matrix X, and satisfies the
equation below

T, = diag{1, f‘}

I' = diag {07 B3, XBs1,...,02,B3,,XBan } - (75)

The DARE associated with T becomes the MARE (22) and it
holds that

ogtr {B{ XB1} <1

2
maX{J—;B;XBQi, 1= 1,...,m} =1.
’y.

(2

This yields

inf Jy, = in {% : subject to (17)} =tr{B{ XB}.
F F.og 0o
Moreover, it holds that p(GX) < 1. Indeed, it holds when
Ci(z] — Ap) 'Bg; #0,i=1,...,m.
In the case when C(z] — Ap) 1 By; =0 for some 1<
it <m, and there exists j, 1 <j <m such that Cy(zI —
Ap) "1 Baj # 0, we have that

. 2 ,—yz
HraF(zI—AF)*lBQjH <L
2 Uj

It is clear that there exists a 4; < 7, satisfying

g
2

95

(76)

where T is the matrix constructed from T’ by replacing the jth

diagonal element with ;. Subsequently, it holds that

Al — 2 _1 — 2
[3F(e1 — ,axﬁ)*lngH2 < HP%F(zI—Ap)’lBQjHQ <

k=1,...,mandk # j.
(77)

1 2 72
r2F(zI — Aﬁ)ilBQkH < -k,
2 o?

The inequalities (76) and (77) result in p(G‘E) < 1.
Note the fact that

Ci(zI—Ap) " Bo=Cy(z1—A) ' By[ I F(21—A) ' By] .

For the case when Oy (2] — Ap) 'Bgy; =0 fori=1,...,m,
it holds that C; (21 — A)"! By = 0. In this case, each of ob-
servable modes for (A4, C1) is not controllable for (A, By). The
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optimal design problem reduces to mean-square stabilization
problem.

Necessity: Suppose the MARE (22) has a mean-square stabi-
lizing solution X *. By the definition of mean-square stabilizing
solutions, the plant (1), (2) is mean-square stabilizable. We
claim that (A, C) has no unobservable poles on the unit circle,
following Lemma 6. Indeed, if this were not true, we take I'* =
diag{o?B1, X*Bo1,...,02, B3, X* By }. Then the DARE (19)
would have no stabilizing solution for this I'*, which, according
to Lemma 6, would contradict to the assumption that the MARE
has a mean-square stabilizing solution.

Up to now, we see that for any sequence {Xr,,Xr,,
Xr,,...} generated by an initial T, it is convergent to a
minimum X which is a mean-square stabilizing solution to the
MARE (22). Next, we show that this minimum X is the unique
mean-square solution and the largest solution to the MARE.

It follows from Lemmas 5 and 7 that the mean-square opti-
mal H problem amounts to finding the supremum o such that
inequalities (24) and (25) hold. Applying Schur Complement,
we write these inequalities as follows:

Xr (A+ByF)T FT CF
(A+ByF) Xt 0 0] _,
F 0 rt o
Ch 0 0 1
1 z  Bf
tI‘{Z} < 0_—87 |:Bl XF_1:| >0
2 r
o Bfll >0,i=1,...,m.
Bai Xt

Letting S = Xlil, V= FXlil, II=T"! and pre- and post-
multiplying the matrices

Xpto0 0000
0 I 0 0 %wE o0
0o 0 I 0|’ {o I}
0 0 0 I

on both sides of the first one and last two inequalities above,
respectively, leads to the following inequalities:

s SAT+vTpT vt sct
AS+ByV S 0 0
v 0 m o |
| GiS 0 0 I
[z BT I mBj .
>0 i >0 =1,...

_Bl S:| ’ |:'/TiBQi S ! ’ 1
S>0, Z>0, II=diag{m,ma,...,mm} >0.

The optimal state feedback design is to minimize tr{Z} subject
to the inequality constraints above. This is an EVP problem
which has a global optimal solution (see [3]). Denote the
optimal solution to this problem by S, and Vopi. Hence,
all stabilizing solution sequences { X1, X1,, Xr,,...} to the
DARESs converge to Slpr Since these stabilizing solutions are
the unique stabilizing solutions and largest positive semidefinite
solutions to the DARESs, respectively, S, is the unique mean-
square stabilizing solution and the largest positive semidefinite
solution to the MARE (22). Otherwise, there exists a stabilizing

solution sequence to the DAREs which converges to another
point, i.e., Sopt is not a global optimal solution, which is not
possible.

APPENDIX D
PROOF OF THEOREM 2

Sufficiency: Let X be the largest positive semidefinite
solution to the MARE (22). Denote I' = diag{c}BJ, X Ba;,
..,02 BI X By,,}. Then, X is a solution to the DARE

X=ATXA—ATXB, (T +BIXB,) " BIXA+CTCy.

(78)
In fact, X is the largest solution to this DARE, otherwise we can
find the other solution X > X to the MARE (22), which contra-
dicts to the assumption on X . According to Lemma 6, X is the
stabilizing solution to (78), the nominal closed-loop system G,
with this state feedback gain F = —(T'+ BT XB,) 'BI X A
is stable. Moreover, it holds for some oy > 0 that

2

Ch _ 1
I—Ap)'B =
] er-amm] < 2
C 2 2

H {F;F] (21 — Ap) ™' By, , = %, i=1,....m. (79)

According to Lemma 4, it means that p(G.X.) < 1. Sub-
sequently, from Lemma 3, we obtain that the performance
cost Jg, of the plant (1), (2) with this state feedback law
is bounded and p(GX) < 1. Moreover, noting (10), one can
see that p(GY) < 1, i.e. the plant is man-square stabilizable,
otherwise the performance cost .J, of the closed-loop system
is unbounded.

Necessity: Notice the assumption that (A, Cy) has no unob-
servable poles on the unit circle. It follows from Theorem 1
that if the plant (1), (2) is mean-square stabilizable, the the
MARE (22) has the unique mean-square stabilizing solution.
This solution is the largest positive semidefinite to the MARE.

The proof for the optimal state feedback design and mini-
mum performance cost follows the proof of Theorem 1.

APPENDIX E
PROOF OF THEOREM 4

Consider the plant (29) and note that A; = B,;Cy;, i = 1,
...,mg. Let y%(k)zC%x(k), d%(ki) :A%(k)y%(k), g(k):
[Ys1(B), .oy Ysm. (k),ur(k), ..., um (k)] and d(k)=[ds (k),

coydsm. (K),dy(K), ..., dn(K)]T. The closed-loop system of
the plant with a state feedback u(k) = Fa(k) is written as

x(k +1) = Apa(k) + Byv(k) 4+ Bad(k) (80)
z(k) =Crz(k)
i) = e
d(k) = A(k)g(k) (81)
where AF = A + BQF, BQ - [le o Bsms BQl et BQm,]y
C,=[C% - T, 1" and
A = diag{Ag1,. .., Do, A1, ., A}
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Fig. 5. The closed-loop system with multiplicative noises via a state
feedback.

The closed-loop system (80) and (81) is depicted in
Fig. 5 where P(F') is the nominal closed-loop system (80).
Denote the transfer function of this nominal closed-loop system
by G which is given below

Ch
Csl
G, =

(ZI—AF)_l B

5,

Bow)] .
F,
Then define ée by following (11). Let ¥, = diag{o3,02,...,

o2 }. According to Lemma 3, the problem of mean-square op-
timal H5 control via state feedback is to find the state feedback

gain F in minimizing 1/0 with the constraint p(G.X.) < 1.
Let ', = diag{I,T's,T'}, T's = diag{~?,, ... ,'ygms} and I' =

diag{~,...,72}. It follows from Lemma 4 that the inequality
p(GeX.) < 1holds if and only if it holds for some T, that
ol ’ :
1
20| (21 — Ap)'Bi|| <—
1 o)
[zF :
Ch )
1 .
T20,| (21 — Ap) 'Ba|| <58 i=1,...,m, (82)
1 Og;
| T2F | :
Ch )
1 f
r2C,| (21— Ap) "Byl <2, i=1,...,m. (83)
T3 F 7
L J 2

Following the argument used in the proof of Theorem 1, we
obtain that, for any given 'y and T, the terms on the left-
hand sides of the inequalities in (82) and (83) have a common
minimizer Fr which is designed by the stabilizing solution to
the DARE

Xr=ATXrA+ClC, +CITC

— ATXpBy (T + BYXrB,) ' BIXp A, (84)

With this common minimizer FT, the inequalities in (82) and
(83) are rewritten as

1
tr {B{ XrB1} < —
O

BT XrB,; < 22 7“ i=1,...

Bl XrBy; <

In the light of the proof for Theorem 1, we construct a sequence
of T'. and denote it by {Feo,Fel,Feg,. .. Tt is clear that
the DARE (84) associated with I'cx, Kk =0,1,2,..., has a
stabilizing solution if and only if (A, Bs) is stabilizable and
( [Cl ’ Csl? c Cz;n
unit circle. The sequence of I, is convergent if the plant is
mean-square stabilizable. The sequence of the DARE associ-
ated with I'. converges to the MARE (30). By the arguments
used in the proofs of Theorems 1-3, we can see that this
theorem is true.

]T) has no unobservable poles on the

APPENDIX F
PROOF OF LEMMA 10
It is shown in Lemma 8 that the square of the minimum
‘Ho norm of the auxiliary plant (34) with the output feedback
controller (36) is given by (39). Since the plant (34) satisfies
Assumptions 3 and 4, so does the plant (1). By the stabilizing
solution Yr to the DARE (35) given in Lemma 9, we have

0_2 AQ 72} \IITCg
ety (85)

CoYrCF = CyUdiag {08)\(2)762, .
YrCY = Wdiag {0(2))\(2)70_2, e 2

T A Vim
where W is given in (32). Therefore, it holds that
(CoWdiag {00075, - EmAmr D) (CoYrCT )
= (C’Q\I/diag {00)\0751, ceey Um)\m'y;ll})T .

This leads to
tr {ZFFYFCQT (CoYrCh) CoYr R Z}

= tr { ZFpUdiag {05 A\57 %, - - - o A f VT FEZ )
Subsequently, we obtain that
tr{ ZFpYr L Z}—tr{ZFprCQT (CoYrCT) CoYr FY Z}

ro—2

=t ZFr| Y A BiogAgve 2Bl AT
7=0
m ’I"j,* :
R
=1 5=0
ro—2
=Y o2yt {BTAT” ZZTFFAJBl}
7=0
m ri—
¥ ZZJQX%Z 2tr{BQZATJFF ZZTFFAJB%} (86)
i=135=0

It follows from (19) and (37) that:
AT XA - Xr +C{ Cy.

Substituting (86) and (87) into yields (39) leads to (43).
The controller parameters Lr and Lrg in (42) are obtained
by applying (40) and (85) to (38).

Frzz"F = (87)

APPENDIX G
PROOF OF LEMMA 11

The proof is similar to that of Theorem 1. Here, a sketch
of the proof is presented due to the space limit. Following
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Lemma 5, we see that the problem of mean-square optimal
Ho control via state feedback for the plant (46), (47) is to find
Fopt = arginfp inf, (1/03) subject to

2
Hreaof vE | g Gr=antans || <
3 2 11y 1 4 01| ~?
2 Y. — 2 _ T . 1
HreGz i ‘Fe[F](zl Ap)lA BQ7,+|:D2i:| <
t=1,...,m

where Ar = A+ BsI" and Ds; is the i-th column of Ds.

It is verified by Lemma 6 that Fr given in (37) min-
imizes ||I‘eGi||§, 1 =0,1,...,m, simultaneously. Moreover,
these minimum costs are given by

ITeGolls = ¢o(Xr), |TGillz = di(Xr), i=1,...,m.

The design constraints for the mean-square optimal o control
problem are written below

o2 _
—¢i(Xp) <1, i=1,...,m.
v

i

nggo(Xp) <1 and

Then, similar to the proof of Theorem 1, we construct a se-
quence {I'y,k=0,1,2,...,00} such that I'y = &(Xp,_,)2
where X, | is the stabilizing solution to the DARE (19)
associated with I';_;. According to the arguments used in the
proof of Theorem 1, the sequences {I'y,k =0,1,2,...,00}
and {Xp,,k=0,1,2,...,00} are convergent. The MARE
(48) has a mean-square stabilizing solution X. By the same
argument used in the proof of of Theorem 1, X is the unique
mean-square stabilizing solution to the MARE (48) and the
largest positive semidefinite solution to this MARE.
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