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Abstract—This paper investigates the problem of robust L,
model reduction for continuous-time uncertain stochastic
systems with state delay. For a given mean-square stable
system, our purpose is to construct reduced-order systems,
such that the error system between the two models is
mean-square asymptotically stable and has a guaranteed L,
performance. The peak-to-peak gain criterion is first
established for stochastic systems with state delay, and the
corresponding model reduction problem is solved by using
projection lemma. Sufficient conditions are obtained for the
existence of admissible reduced-order models in terms of linear
matrix inequalities (LMIs) plus matrix inverse constraints.
Since these obtained conditions are not expressed as strict
LMlIs, the cone complementarity linearization (CCL) method
is exploited to cast them into nonlinear minimization problems
subject to LMI constraints, which can be readily solved by
standard numerical software. In addition, the development of
delay-free reduced-order model is also presented. The
efficiency of the proposed methods is demonstrated via a
numerical example.

1. INTRODUCTION

The problem of model reduction is very important in
many areas of engineering. It is often desirable to find a
reduced-order model to approximate the original high-order
model without significant error introduced. Many important
results on model reduction have been reported, which
involve various efficient approaches such as the balanced
truncation method [1], the optimal Hankel norm
approximation method [2]. Very recently, LMI technique
has also been introduced to solve the model reduction
problem for different classes of systems [3, 4].

In solving the model reduction problem, some
performance indices are usually introduced to evaluate the
error between the original system and the reduced-order
system. Some widely used performances are H.,, L,-L,, and
H,. These performances assume the input signal to be energy
bounded, and therefore the model reduction methods upon
these performances are most suitable for systems with inputs
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that belong to L, space. If the input signal is assumed to be
bounded on magnitude only, the minimization of
peak-to-peak gain, which computes the worst-case peak
value of the error with persistent bounded input, appears to
be more adequate as performance criterion in the
construction of reduced-order models. The model reduction
problem based on such a performance is usually also called
peak-to-peak model reduction or L; model reduction.
However, it seems that little effort has been made toward
solving the L; model reduction problem, except that in [2].

During the last decades stochastic systems received much
attention. For the model reduction problem, based on the
theory of stochastic realization, an algorithm for obtaining
reduced-order models was proposed in [5]. However, to the
best of the authors’ knowledge, the L; model reduction
problem has not been solved for stochastic uncertain
systems, either with or without time delays.

In this paper, we are interested in the problem of Z; model
reduction for linear continuous-time uncertain stochastic
systems with state delay. For a given mean-square stable
system, attention is focused on the construction of
reduced-order models, which guarantee the error system to
be mean-square asymptotically stable and has a prescribed
L; performance constraint. The L; performance criterion is
first established for stochastic systems with state delay, upon
which sufficient conditions are obtained for the existence of
admissible reduced-order models in terms of LMIs with
some matrix inverse constraints. Since these obtained
conditions are not expressed as strict LMIs, CCL method is
exploited to cast them into nonlinear minimization problems
subject to LMIs constraints, which can be readily solved by
standard software. In addition, the development of
delay-free reduced-order models is also presented.

II. PROBLEM FORMULATION

Consider a continuous-time uncertain stochastic system
with state delay
() = [Ax(e) + A x(t = h(t)) + Bu(D)de + [Mc(t) + M x(¢ — h(t)) + Nu(e) dw(t) (1)
W(t) = Cx(t) + C,x(t — h(t))+ Du(t)
X0 =), Viel-h,0]
where x(r)eR"is the state vector; y(r)eR™is the output
signal; y(r) e R¢1s the input which belongs to 7, [(), oo); w) 18
a one-dimensional Brownian motion satisfying E{dw(t)} =0,
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E{dw(;)2} = dr. In addition, p(y)is time-varying bounded time
delays satisfying 0 < h(f) <h <o, h(f)<7 <1, V¢ >0, Where
h and ¢ are real constant scalars; g(¢) is given initial vector
function that is continuous on the segment [_ 7,70] ; B,N,D
are known real constant matrices; 4, 4,,M, M,, C, C, are
uncertain matrices that have the following form
A=A +AA, A, = A,y +AA,, M =M+ AM
M, =M, ,+MM,,C=C,+AC,C, =C,, +AC,

where 4., 4,, M,, M,,, C,, C,,are known constant matrices
with appropriate dimensions. 44, A4,,AM , AM ,, AC , AC,

are real-valued time-varying matrix functions representing
norm-bounded parameter uncertainties, satisfying
Ad A4, U, (2)
AM  AM, |=|U, |F[V, V]
AC AC,| |U

3

where U, , U, , U,V and p, are constant matrices, and
F e R™ 1is the uncertain matrix satisfying F*F <7 . The
parameter uncertainties A4, A4, ,AM , AM ,, AC and AcC, are
said to be admissible if (2) holds.

Here, we are interested in approximating system in (1) by
the following reduced-order system

() =[AR() + 4,3 — (o)) + Bu(t) Xt +[VE(0) + M 5( — h(2)) + Nua(t) Kb (2) 3)

$0) =GR + C 5t — h(t))+ Du(t)

#0=p(0). vie[-h0|

where 3(r) e R’ is the state vector; j(r)e R™ is output signal;

p(¢)is given initial vector function that is continuous on the

segment [_;10] s A,A4,.B, M, p,,N,C, ¢, ,D are

appropriately dimensioned matrices to be determined.
Augmenting the model of system (1) to include the states

of system (3), we obtain the following error system:

(f) =[AX(t) + A, X(t — h(t))+ Bu(t) e + [ M(t) + M Xt — h(t)) + Nu(t) dw(£) (4)

e(t)=Cx(t) +C,X(t = h(t))+ Du(t)

#O)=plt) Vtel-h,0)

wherez()=[x"(0) #' @] 00 =" v O et =30~ 500)
ot effeds el oo
0 4 0 4 B o M| |0 M,
N=[v' &f.c=lc -¢].¢=[c, -¢].D=D-D (©
Before presenting the main objective of this paper, we
first introduce the following definitions for the error system
(4), which will be essential for our derivation.
Definition 1: The error system (4) with () = 0 is said to

ENy|

be mean-square asymptotically stable if iy Eﬂ (o) }: 0
for any initial conditions.
Definition 2: Given a scalar 4 > ¢, the error system (4) is

said to be mean-square asymptotically stable and have L,
performance constraint  if it is mean-square asymptotically

stable and under zero initial condition, leco)], < Huce)
E,

.. =supE(f})

Assume the system (1) is mean-square asymptotically
stable. Our purpose is to determine reduced-order model (3)
such that for all admissible uncertainties and time delays, the
error system (4) is mean-square asymptotically stable and
has L, performance constraint .

for all
L,

nonzeroy(s) e L [0, «) (WhereH'HL

= sup,.o|{> |

Before proceeding further, we present the following
lemmas which will be used in the proof of our main results.

Lemma l:Let L =" e R™, S e R™™, H € R be given
matrices, and suppose rank(S)<n and rank(H)<n, there exists
a matrix = satisfying

L+SEH +(SEH)" <0
if and only if
STLST <0, HYLH™ <0 (7
Furthermore, if (7) holds, the solutions of Zcan be given by
E=S.VH; +®-S.S,PH,H;
1 1

With ¥ = —177'STAH (H AHR) ™" + T T2W (H  AH}) 25
A= (SIT'S] —L)" >0, =I1- ST —AH [ (HAH [ HA)S, -
where @, [1, w are any appropriately dimensioned matrices
satisfying 77> 0 and <1

Remark 1: For matrix § € R™, we denote S*as the
orthogonal complement, such thats+s =0 and §*S*" > 0;
we denote S* as the Moore-Penrose inverse of § ;
s, and s, are any full rank factors of §, thatis, 5,5, = 5.

Lemma 2: Let U,V and F, be real matrices of appropriate
dimensions with f satisfying " F, < 1. Then, for any scalar
£>0, there holds TRV + (UF V)" <&'UU" +&V"V .

III. L, PERFORMANCE CRITERION OF STOCHASTIC SYSTEMS
WITH STATE DELAY

In this section, we will derive an L, performance criterion
for stochastic time-delay systems, which includes stochastic
L; performance and delay L; performance as special.

Theorem 1: Consider system (1). If there exist matrix
0<PeR"""" and scalars 0<a <1,8e R*,£eR", and

ueR satisfying

-P PM PM, PN )
%  ATP+PA+EP+afiP PA, PB
* * —(1-7)P+(1-a)BP 0
% * * —ud
—afiP 0 0 c’
*  —(1-a)ppP 0 c;/ ©)
4 1<0
* * -(y-ml D
* * * — 7/[

Then, the error system (4) is mean-square asymptotically
stable and the maximal peak-to-peak gain is smaller than .

Proof: First, choose a Lyapunov functional candidate for
the error system in (4)
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V(x(0),0) = X (OPx(t) + & me (5)Px(s)ds

where P is real symmetric positive definite matrices to be
determined. Then by making use of Ito differential rule,
along the solution of system (4) we obtain the stochastic
differential as
AV (), = LV (), £)dt + 25 () PIME(E) + M % (¢ — h(t)) + Nu(t)ldw(?)
where
LV (%(0),0) = € X" ()PE(t) = (1 = h(t) & (¢t = h(t) PX(t — k(1))
+2X" () P[AX(t) + A, X(t — h(1)) + Bu(?)]
+[Mx () + M x(t = h(0)) + Nu(t)]" PLMx(£) + M X (t — h(1)) + Nu(t)]
< X"(O[A"P+ PA+ &P+ M"PMIxX(t) + 2X" (£)[PA, + M "PM,, 1x(t — h(?))
+ 3" (t = h(@)[~(1- 7)EP + M, PM , Tx(t — h(2))
+2%" (O)[PB + M"PNu(t) + 2x" (t — h(t))M ) PNu(t) +u" ()N " PNu(t)
Therefore, when assuming zero input u(¢)=0, it follows that

LV G <[F'(0) 7 - h(t))]A{f(tx_(tZ(t))} (10)
where | _ A"P+PA+EP+M"PM  PA,+M'PM, }
x ~(1-7)éP+ M PM,
By Schur complement, (8) implies the negative

definiteness of 4 . This together with (10) implies that for all
') x'(¢-h@)] =0, we have Ly(x(),r)<0 . Then, by
Definition 1 and [8, 9], the error system (4) with u(£)=0 is
guaranteed to be mean-square asymptotically stable.

Now our task is to establish the L, performance. First
inequality (8) implies that
LVG(E),0) + k" () Px(t) + (1— ) & (¢ — h(0)Px(e — h(t))— " (Ou(t) < O
that is

E{LV (%(1),0)} + afE X" (1) PX(1)}
+ (1= @) BE{E" (= h()Px(t = h(0)}— " (t)uu() < 0

Assume zero initial condition (that is, %(7) = 0 for ;¢ [7 ;7,0] ,

(11

then we have V., =0) and y e with Juf, <1-

Then, by reason of P > (0, we obtain (pointwise in ¢ > () that
GE(T (OPE(0)}+(1-a)E{F" (1-hn) PR (1-h@)} < u/p (12)
where ¢ is adding-weight operator.

Analyzing (12) farther by reduction to absurdity, now, we
provide a contrary conclusion to (12). For / ¢ [0, «), propose
that exist the points satisfying

aE{F (1) Px(6){+ (1— )BT (¢ — h()PE(t — h(0)} > /B (13)

By reason of that ¢ is adding-weight operator, based on
the hypothesis (13), there exists the points satisfying

E{FT (PR} > u/B OF E{E" (¢ - h(t))Px(c — h()} > u/ B
or

B (0P} > 1/ and BT (e - h(0))Px(c - h(1))} > w1/ B
Since the system (4) is mean-square asymptotically stable,
and for peak-bounded input, as 1o, E{x(r)} should be

bounded, we put forward a function £()= E{yﬂ(;) Pj(t)} that
must appear a peak value. We propose the peak point of 1(r)
is lie in the point ¢ =¢*. So the expectation of the differential

of Lyapunov function at the point as ¢ =¢* can be obtained.
B[V, =EWE OPF0)| . +EBET @)Pre)jr

~E{1-nex'« ;h(t))P)’c(t* —h() e
By reason of E{e"(¢")Px(c")}> E{e" (¢ —h(t" )P —h(t")} >
B 0pro)| =0 vields  Earcey),, >0

Furthermore, by reason of E{dV(X(1),t)} = E{LV (X(1),0)}ds »
yields E{Ly(x(), n)_.>0- According to the hypothesis (13),

yields

E{LV E(), ) |+ afB 5 ()P

+(1=a)BEE" (e = h())PE(E — h(e) )| s (¢ ue) > 0

The inequality (14) is in contradiction with the inequality
(11), so the hypothesis (13) is not tenable. We can conclude
that the inequality (12) is accurate.

Performing a Schur complement operation to (9) yields
that there exists certain x > 0 satisfying

(14)

—apP 0 0
0 -@-app o |+——c ¢ DJlc ¢ Db]<o
0 0 ~(-mr] 77"

Pointwise in ¢ > 0 and for all ||, <1>wecan obtain
LS

E{e(z) 2}: Ele ()e(t))
< (=Kl OPR(0) + (1= @) (¢ = h(0) P{e — h(0) + (7 — " Ou()|
<y(y—x)

Taking the supremum over >0 yields e, < 7]ut)

for
Ly

all nonzero 4 e 1_. Consequently, the conditions (8) and (9)
ensure that the error system (4) is mean-square
asymptotically stable and the maximal peak-to-peak gain is
smaller than » and the proof is completed.

Remark 2: Note that conditions (8) and (9) are LMIs
when ¢ , g and ¢ are fixed. g must lies inside the interval

(0, ¢) (where ¢ = min [(-2(maxRe(A(4))) - E)/a, (1-1)&/(1-a)])
to assure a positive definite solution to (8). In addition, a
three dimensional line search on o, g and £ must be

performed in order to obtain tighter bound .

Remark 3: 1t is important to note that the L performance
criterion obtained in Theorem 1 includes several versions as
its special cases. In the following, we will present L,
performance criterion for delay systems without taking into
account the stochastic issue, and for stochastic systems
without considering the delay factor.

Corollary 1: Consider the following time-delay system

X(t) = AX(t)+ A, %(t — h(£)) + Bu(t) (15)
e(t) = Cx(t)+ C,x(t— h(t))+ Du(?)
¥ =p(t) Vie|[-h,0]
If there exist matrices (0 < P e R™*"*) and scalars 0 <o <1,
BeR*, £EcR* and 4 e R satisfying

A" P+ PA +£P + afP PA, PB
* ~(1-7)P+(1-a)pP 0 |<0
* * _/JI
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—afiP 0 0 C
~T
«  —(1-a)pP 0 S/ 1o
* * -(y-mwl D
* * * _;/[

Then, the time-delay system (15) is asymptotically stable
and fo(r)], < yfuco],. -
Corollary 2: Consider the following stochastic system
dx(t) =[AXx(¢t)+ Bu(?)]dt + [ Mx(¢) + Nu(¢))dw(t) (16)
e(t) = Cx(t) + Du(t)
If there exist matrix0 < P e R"**"*"and scalars g e R*, and

u € R satisfying

-P PM PN -ppP 0 c’
x A'"P+PA+pP PB |<0, | * —(y—m) D" |<0
% % —ul * * -A
Then, the stochastic system (16) is mean-square

asymptotically stable and le@], <7uo), -

IV. PARAMETERIZATION OF L; REDUCED-ORDER MODELS

The following Theorem provides sufficient conditions for
the existence of robust L; reduced-order models for
stochastic systems with state delay.

Theorem 2: Consider system (1), giveng e ((), 1), feR",
£eR*. Then an admissible L; reduced-order system (3)
exists if there exists appropriately dimensioned matrices
P>0,X>0 and scalars yeR, &>0(i=1,--,6) o,>0,

o, > 0 satisfying

(-zxZ* zZMxZ' ZM, N 0 o o o U U]
* r,, 74, B ZXG zZxG U U 0 0
* * I, 0 0 0 0 0 0 0
* * * =g 0 0 0 0 0 0
* * * * -l 0 0 0 0 0 <0
* * * * * -ol 0 0 0 0
* * * * * * -l 0 0 0
* * * * * * * &l 0 0
* * * * * * * * 753[ 0
* * * * * * * * * —-&d
(17
-x Mz" M,Z" 0 0 K K|
* @, ZPA,Z" ZPK, ZPK, 0 0 (18)
* * o,, 0 0 0 0
* * * -&l 0 0 0 |<0
* * * * -&l 0 0
* * * * * -&l 0
* * * * * * — 54]
[—apP+6G'G 0 0 (19)
* ~(1-a)pP+£,G]G, 0 <0
L * * —(y =l |
—ofZPZ" + &'V, 0 C 0 0
* ~(-a)pzPz +eyjv, €, 0 0 (20)
* * -A U, U, |<0
* * * 0 — gj[ 0
* * * * —¢&l

21

Furthermore, if we can obtain a feasible solution (P, X, 4, &,

PX =1, g0, =1, g0, =1

9y &3 4 gs’gé,o'],o'z) to (17)-(21), then the system matrices
of an admissible L, reduced-order system (3) can be given
by

" " X 1 1
] {Af Mo N }——IYI‘STMLT(H/LPLT)‘ e (22

[

A 4, B

1

-l ¢ Bemsiamaamy s amn: 23)
where

A =SIST L))" >0, =11, - ST (A - AHT (HAHT)" H A)S,
A, =(S,IL'S) —L,)" >0,1, =1, - S) (4, - ALH, (H,AH) )" H,4,)S,
1,11, , W, w, are any appropriately dimensioned matrices

[x

satisfying 77, >0,17, >0 and [, < 1, <1-

s s St g
0 0 0 0 0 0 0 0

M, = {M"O 0:| ’50 = [Co 0]’610 = [Cdo O]’Bo =D (25)

0 0
013 00, O,E_OO,E_OO,E:—I(26)
u=l0 o|'v=lo 1|'T=[0/'B=|; (5=,
00 00
Kl{l(f;}Kzz[lgz}Ks{%}Gl:[m oG, =y, 0hz=[1,, 0]

Iy, = Z(XA] + 4,X + X + oy )2"
I, =-(1-0)éP+(1-a)BP+ (s +£,)G,G,
0,, = Z(A] P+ P4, + P+ apP)Z" + (&, +&,)V'V,
0., =Z(-(1-0)P+(1-a)BP)Z" +(&, +&, V)V,

* X, PA, PB, @7
L,=
* * 2} 0
* * * _ﬂ]
—afP+5GG 0 0 G (28)
L ameada o G
’ * * ~(r—l o
. * R STCAEY 40

Where 5, = P 4 (5] +6)K,KT > 5, = ATP+ P4, + (& +&, ) PKK'P
+EP+afP+(g,+6)G G 2, =—(1-1)P+(1-a) P+ (&, +£)G, G, -
s,=[gr EIP o o] mH =0 U v 7] (29)

s,=[o 0 0o -1, H,=[u Vv T 0] (30)

Proof: From Theorem 1, we know that there exists a
reduced-order system (3) such that the error system (4) is

mean-square asymptotically stable and has a guaranteed L;
performance , if there exist matrices p>0 and ,eR

satisfying (8) and (9). We define the following matrices
- {AA 0} - [AA[, 0} — {AM 0} — {AML[ 0}
M= Ad, = PAM = CAM, =
0 0 0 0 0 0 0 0
AC =[AC 0], AC, =[AC, 0]
Then rewrite (5) and (6) in the following form
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A=A +M+E,EU, 4 ,=A, +AM,+E,EV s B=B,+E,5 T
M=M,+AM+E5U> M, =M, +AM,+E5V> N=N,+E,ET
C=C,+AC+FE5,U, C,=C,+AC, +F,E,V> D=D,+FZ,T
where 4,4, ,B,s M,sM s Ny»CysCrooDysEys Eys Fys 2,55,
U, v,T are defined in (22)-(26).

According to Lemma 2 we have

M'P+PM < &' PKK'P+£G'G, » j) PAA 'PKKTP 0
ngG
0 AM]_[s'KK 0 NW ‘K K,
MM 0T 0 &GG 0 0
0 0 g4GTG
0 0 AC/ g(,GG
00 0 </ 0o 0 0
AC, 0 0 0 0 &'UUS
0 0 0 AC"| [&G'G, 0 0 0
0 00 0| 0 00 0
0 00 01| 0 00 0
AC 00 0 0 00 &UUS
Noticing (8), (9) can be rewritten as
L,+85H, +(S,5H,) <0 (31)
L, +S,5,H,+(S,5,H,)" <0 (32)

where [ S, H,, i=1,2 are defined in (27)-(30). By Lemma
1, the necessary and sufficient conditions for LMIs (31) and
(32) to have solutions are

SL,SH <0, HML,HM <05 SEL,SE <0, HIYL,HI'T <0-
Note that stand g™, i =1,2 can be selected as follows:

Z 0 00 I 0 00
SILZOZP”OO’HI"L:OZ 0 0

0 0 70 00 Z 0

0 0 01

1000 Z 000
Ss=l0 100, H =[0 Z 0 0

00170 000 1

By Schur complement and the conditions of P = X, &'=0,

&' = o, We obtain that g'7 5" <o and g™ HTT <( are
equivalent to (17) and (18), stz s+ <

SL,S; <0 and I HIT <0
are equivalent to (19) and (20). From the matrix inequalities
(17)-(21), if there exist matrices P> 0 satisfying (8) and (9),

there exist matrices =, and =, such that (8) and (9) hold. By

Theorem 1, we can obtain that the error system (4) is mean
square asymptotically stable and the maximal peak-to-peak
gain is less than » . In addition, all the parameters of the
reduced-order models satisfying (8) and (9) can be obtained
by (22) and (23). This completes the proof.

It should be noted that the obtained conditions in Theorem
2 are not LMI conditions due to the equations in (21) in
despite of a line search on ¢, Band &. However, with the

result of CCL algorithm in [6], we can solve this feasibility

problem by formulating it into a nonlinear optimization
problem subject to LMI constraints.
Problem 1: min Trace(PX +¢,0, +¢,0,)

(17)-(20) and

Pl o [e Tsor [ 1so
I X 1 o 1 o,

According to [6], we can readily modify Algorithm 1 in [6]
to solve the above nonlinear problem.

Algorithm 1:
1) Given initial constant matrices, the order of the
reduced-order model / and prescribed error y > 0; Given the

subject to

(33)

max iterative times Q; «, g and & are fixed respectively in
the interval (o, 1), ((), c) and (o, —2(maxRe(A(A4))))-
2) Set k=0 and choose arbitrarily an initial guess
(P.X, 1,6, 6,6, 6,, £, £,,0,,0, ) satistying (17)-(20) and (33).
3) Solve the following LMI problem

min Trace(PXk + PkX)+ gol +elo, +eof +elo,
(17)-(20) and (33).
(P, X, p1,6,,6,,6,,6,. 65,65, 0,,0,) " as the

subject to
4) Denote
minimizer and compute the minimum
fin(P.X.5,.0,.6,,0,) = Trace( PX""' + P X ) + £,
+e'o +e0i +e o,
5) If fin —2n+D)-4 <5 where § >0 is a sufficiently small

prescribed scalar to control the convergence accuracy, then

go to 6); otherwise set k&=k+1, it has no results and exist as

k>Q,anditgoesto3)as k<Q.

6) Construct a reduced-order model based on (22) and (23).
Algorithm 1 can be used to solve the feasibility problem

in Theorem 2 for a given constant 5. However, it is not

difficult to further modify Algorithm 1 to obtain the
minimum value of 5 by adding four-dimensional search

technique about ¢, g, £ and .

V. DELAY-FREE REDUCED-ORDER MODEL

In this section, we will consider the problem of L; model
reduction by delay-free reduced-order models, and use the
following reduced-order system to approximate system (4).

di(1) = [AR() + Bu(0))dt +[ME(¢) + Nu(?))dw(t) (34)
3(0) = k(1) + Du(?)
The error system can be given by (4), but different matrices

e P R R H S M
A=|" 04, = "B=|.|"M= M, = ’
0 4 0 0 B 0 M 0 0
N:[NT NT]],GI[C _é]’éd:[cd O],BZD—D.
The following theorem gives the solution to above problem.
Theorem 3: Consider system (1). Given ¢ ¢ (0, 1), LeR,
EeR*, then an admissible delay-free L, reduced-order

model (34) exists if there exist appropriately dimensioned
matrices P>0, X >0and scalars yeR, e >0(i=1,--,6)
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o, >0, o, > 0 satisfying (17), (19), (21) and
-x M,z" M, 0 0 K, K]
* @, ZPA, ZPK, ZPK, 0 0
* * 6, 0 0 0 0
* * * -l 0 0 0 |<0
0 x * x -l 0 0
* * * * * — g}] 0
* * * * * * —-&l
—afZPZ" + eV, 0 c, 0 0
* ~(l-a)pP+£GiG, Cp, 0 0
* * -A U3 U3 <0
* * *  —gd 0
* % % * — gﬁ[
Furthermore, if we can obtain a feasible solution

(P, X, 1,6, 6,, 6, 6,,65.6,0,,0, ) to the above conditions,

then the matrices of an admissible delay-free L,
reduced-order model (34) can be given by

lx]z

] [ﬁj ﬁ:—n 'STAH (H AHT +17‘F2W(HAHT)2

E = [é /5] =—I1,'S]AH] (H, A, H])" + H;TEVVZ(HZAZH;)’%
Here, all matrices have the same forms as in Theorem 2, but
with different matrices given by

0, =—(1-1)P+(1-a) P+ (&, +£,)G; G,

0 7 00 0
U= V= ‘T=| |
o ol
The theorem can be proved with similar lines as the proof
of Theorem 2, and then omitted here.

VI. NUMERICAL EXAMPLE

In this section, we present an illustrative example to
demonstrate the applicability of the proposed approach.
Consider an uncertain stochastic time-delay system with

1110 0 105 0 1 0 -l
I 10 -2 1 03 0 0 -1 2 0 01 0
ao|Th 0 T o fes S 02 0 02
0 1 0 -4 0 05 10 0 1 0 -l
05 0 0 -3 0 ~05 0 02 0 -1 0
-1 0 0 -0 10 -1 0 0 -l

05 0 05 1ol 0 2 04 0

0 05 I 03 -1 -02 01 03 0

go| 0105|102 0 05 01 0 01
-05 0 05 0 01 0 -04 0 02

05 0 05 0 02 0 0 -03 0
10 05 0.1 —01 0 -05

0.1 01 02 03 0 -03 03

0 -02 02 0 o0l 0.1

y 2| 03 -02 02 01 0 0.4
““lo2 0 0 01 0 —01’ ~03 03
—01 0 02 0 -05 0 02

01 0 -010 0 -05 0 01
05005 0 005 00311—10 505
:[0 0 05 05 0 0} d‘[1001—11 055}

whereg=[o1 0 01 01 01 o1 ,y;=[0 01 0 01 0 o1 >u;=[0 o>

V,=[01 0 01 01 0 01,%=[01 01 0 0 01 02],F =sinf.

It can be shown that this stochastic time-delay system is
mean-square asymptotically stable. The time delay A(f) is
supposed to be equal to 1.6, 7 = 0 . Here we are interested in
constructing a first-order system (3) to approximate the
above system. By solving the nonconvex feasibility problem
in Theorem 2 with the help Algorithm 1, the subminimum L,
performance for the error system is found to be
7" =3.7298 (@ =0.5, =091, & =3.30). Choose 7. =0.021,,,
W, :[()_991M ()M],i:L 2. The matrices of an admissible

first-order L, reduced-order model (3) can be given by
_ M| a1, | N7 [ 1.5687 | -0.5570 | —0.1450 0.0795 02711
SUNA A, TB|T[-67790 | 41695 | -03386 0.1622 0.4475

A]{ 2.4458 ‘ 0.3320‘ 4.9994 0.0006 5.0000}

T 1-02516] 3.3331| 0.0003 4.9993 4.9997

It can be seen that the reduced-order system approximate the
original system under admissible error.

VII. CONCLUDING REMARKS

The problem of L; model reduction for continuous
uncertain stochastic systems with state delay is investigated
in this paper. The peak-to-peak gain criterion is first
established for stochastic systems with state delay.
Sufficient conditions are obtained for the existence of
desired reduced-order models. Since these obtained
conditions are not expressed as strict LMIs, the CCL method
is exploited to cast them into nonlinear minimization
problems subject to LMI constraints, which can be readily
solved in the Matlab environment. Numerical example
demonstrates the validity of the theoretical results.

REFERENCES

[1] Zhang L, Lam J, Huang B, and Yang G. On gramians and balanced
truncation of discrete-time bilinear system. Int. J. Control, 2003, 76(2):
414-427.

[2] Glover K. All optimal Hankel norm approximations of linear
multivariable systems and their L.-error bounds. Int. J. Control, 1984,
39(12): 1115-1193.

[3] ZhangL, Huang B and Lam J. H,, model reduction of Markovian jump
linear systems. Systems and Control Letters, 2003, 50(2):103-118.

[4] Xu S, Lam J, Huang S and Yang C. H.,, model reduction for linear
time-delay systems: continous-time case. Int. J. Control, 2001, 74(11):
1062-1074.

[5] Desai U B, Pal D. A transformation approach to stochastic model
reduction. IEEE Trans. Automatic Control, 1984, 29(10): 1097-1100.

[6] El Ghaoui L, Oustry F, Ait Rami M. A cone complementarity
linearization algorithm for static out-feedback and related problems.
IEEE Trans. Automatic Control, 1997, 42(8): 1171-1176.

[71 Abedor J, Nagpal K, Poolla K. A linear matrix inequality approach to
peak-to-peak gain minimization. Int. J. of Robust and Nonlinear
Control ,1996, 6(5): 899-927.

[8] Khasminskii R Z. Stochastic stability of differential equations.
Amsterdam, The Netherlands: Sijthoffand Noordhoft, 1980.

[9] Mao X, Koroleva N, Rodkina A. Robust stability of uncertain
stochastic differential delay equations. Systems and Control Letters,

1998, 35(3): 325-336.

2607



	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ArialNarrow-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldOblique
    /Times-Oblique
    /Times-Roman
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


