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Abstract: This paper considers robust reduced order Ho, observer-based control for
stochastic systems. The approach is divided into two steps. First, we search for a
linear control law to ensure H, specification. Then, the obtained linear combination
of the state is used to solve an “unbiasedness” (decoupling) condition on the drift
part of the closed-loop system. Finally, deterministic functional filtering techniques
are applied to obtain the observer-based controller. Copyright (©2005 IFAC
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1. INTRODUCTION

We are usually used the deterministic differential
equations to model physical systems. But this
approach can be inadequate, particularly when
the model is not exactly known. Then a stochas-
tic differential equations (SDE) may be used to
represent these kind of systems. The advantage of
SDE is that they contain a random term which
represents the randomness within the systems to
model. Thus, the systems understudy are com-
posed by two parts : the drift one which rep-
resents the dominant action of the system and
the diffusion one representing randomness along
the dominant curve. In such situation the deter-
ministic approach does not work, so we consider
in the present paper a stochastic differential sys-
tem in the It6 form. The observer-based control
(Hsu et al., 1994; Juan et al., 1994; Stoorvogel
et al., 1994; Iwasaki and Skelton, 1995), (Mita
et al., 1998; Alazard and Apkarian, 1999; Jun’e
and Zhaolin, 2002) is usually applied when we do
not have access to all the states of a system. But
to our knowledge there are only few results on
the stochastic observer-based control theory (see

(Chen and Zhang, 2004)).

In this paper, we propose a method to design
a control law and the observer into two steps.
First, we search for a linear control law which
ensures Hoo specification. Then, the obtained lin-
ear combination of the state is used to solve the
unbiasedness (decoupling) condition on the drift
part of the closed-loop system.

We finally apply functional filtering techniques
developed for deterministic systems in (Darouach
et al., 2001) to determine the observer-based con-
troller matrices.

Note that in many practical situations, there are
uncertainties which affect the system. In this pa-
per, the stochastic system is also subjected to
norm-bounded uncertainties.

2. PRELIMINARIES AND NOTATIONS

Throughout the paper, E represents expectation
operator with respect to some probability measure
P. In the sequel herm(A) stands for A 4 A7.

Notice also that, given a matrix M, the general-



ized inverse of M is M' satisfying M = MMM
(Lancaster and Tismenetsky, 1985).

Ly (Q,R*) is the space of square-integrable R*-
valued functions on the probability space (Q2, F, P)
where Q is the sample space, F is a o-algebra of
subsets of the sample space called events and P
is the probability measure on F. (%),,, denote
an increasing family of o-algebras (F;) € F. We
also denote by L ([0,00);R¥) the space of non-
anticipatory square-integrable stochastic process
F() = (f(1)seqo,00) I R* with respect to (F;)
satisfying

112, =B [ " 1r@Iat <o

where ||.|| is the well-known Euclidean norm.

t€[0,00)

3. PROBLEM STATEMENT

Let us consider the following uncertain stochastic
system
dz(t) = ((A+AA(L)) z(t)
+ (Bl +ABl (t)) ’U(t +B2u(t)) dt
+((Ao+AAo(t)) z(t)+(Bo+ABo(t)) v(t)) dw(t)
Z(t) = C1.I,‘(t) =+ D11’U(t) + Dlzu(t)
y(t) = (Ca + AC2(t) x(t) 4 (D21 + AD2u (t)) v(t)

(1)

where z(t) € R" is the state vector, z(¢t) € R?
is the controlled output, y(¢) € R? is the output
vector, u(t) € R™ is the input and v(t) € R" is
the disturbance vector. w(t) is a zero mean scalar
Wiener process verifying (Has'minskii, 1980)

E(dw(t)) = 0 and E(dw(t)?) = dt. (2)
The matrices AA(t), ABi(t), AAo(t), ABo(t),

AC>(t) and ADy(t) represent the parametric un-
certainties and satisfy the following relation

AA(t) ABi(t) M,
Ado(t) ABo(t) | = | M, | Alt) [Nz Nv] (3)
ACs(t) ADay (1) M,

with AT(t)A(t) < I and A(t) € RF,

In the sequel, all the variables will be given
without referring to time ¢ explicitly (for example
x instead of z(¢)). We aim to design an observer-
based controller with the following structure :

dn = Hndt+ Jiydt+ Joudt (4a)
u = n+ By, (4b)

where n(t) € R™ , m < n is the observer state and
H, J1, J> and E are to be designed.

Definition 1. (Hinrichsen and Pritchard, 1998;
Xu and Chen, 2003) The nominal stochastic sys-
tem (1) (without uncertainties i.e. A(t) = 0) is
said to be mean-square asymptotically stable if
all initial states z(0), subject to v(¢) = 0, yield

Jim E (l«(1)]*) = 0. (5)

Definition 2. (Xu and Chen, 2003) The uncer-
tain stochastic system (1) is said to be ro-
bustly stochastically stable if it is mean-square
asymptotically stable for all admissible uncertain-
ties AA(t), AAo(t), ABi(t), ABo(t), AC2(t) and
ADQl(t). |

Definition 3. (Lin et al., 2001) The uncertain sys-
tem (1) is said to be robustly stochastically stabi-
lizable based on functional observer if there exist a
gain matrix L, a functional observer dn = Hndt+
Jiydt + Joudt and a control law u = n + Ey such
that

(i) limi—oo E (Jlu — Lz||*) =0 if v = 0,
(ii) the closed-loop system (1)-(4) is robustly
stochastically stable. ]

Problem 4. (Lin et al., 2001) The objective is to
establish a stochastic functional observer (4a) and
a control law (4b) such that

(i) limi—o E (Jlu — Lz|?) =0 if v = 0,

(ii) the resulting closed-loop system (1)-(4) is
robustly stochastically stable with the follow-
ing prescribed disturbance attenuation

21 < Aol (6)
for every v(t) € La ([0, 0] ; R™). ]

4. FIRST STEP: DESIGN OF THE
FEEDBACK GAIN

First, consider the nominal system (system (1)
without the uincertainties) and define an obser-
vation error signal as

e=Lzr—u=¢e— EDyv (7)
with e=Wz—-n and V=L-EC: (8)

From (8), the dynamics of e(¢) is given by

de = (HE+(\IJA—H\I/—J102)$+(\IJB1—J1D21)1}-|-

(\I/BQ — Jg)u) dt+ (‘I’Aom + \I/Bov) dw (9)

In order to ensure that the dynamics error is

asymptotically mean-square stable independently

of the state x and the perturbation v in the drift

part (in the diffusion part this is due to (2)), the
following two conditions are posed

0=VA-HV—J,C> (10a)

Js = UB,. (10b)

This is “equivalent” to the unbiasedness condition

in the deterministic case.

Now, after having given the motivation of condi-
tions (10a)-(10b), return to the uncertain system

(D).

From (7), the output z(t) of system (1) is given by



z = [Cl + D12L *Dm} ¢
+ (D11 + D12 E(MyA(t)Ny + Da1)) v, (11)
where ¢ = [ 27 ET]T.
Before proceeding, let us give the following as-
sumption which will be cleared later.

Assumption 5. Assume that E[M, D ]=0. &

Then, using the previous developments, assump-
tion 5, relation u(t) = Lz(t) and conditions (10a)-
(10b), the closed-loop (1)-(4) system is given by

AA(E) 0
DAA() —J1 ACs(¢) 0}5 dt

A+BsL —Bs

de= H

§de+

AA(t)

vdt+

ABy(1) }Udt
WAB; (t)—J1 ADoy (t)

AB(t)
Ado(t) ©
WAA(f) 0}5 dw

AAg(t)
ABo(t)
WAB(t)

Bo

VB, vdw +

vdw

ABg (t)
z= [Cl + D12L —D12] &+ Div

(12)

Note that from (12), matrix L can be initially
determined, then the observer’s matrices after-
words. In fact, L is the state feedback given by
the following lemma.

Lemma 6. The system (1) is robustly stochasti-
cally stabilizable by w(t) = Lx(t) and ||z|\222 <
*y||v|\3L\2 if there exit matrices Q = QT > 0,Q €
R™™Y € R™*" and two scalars p1 > 0 and
w2 > 0 such that

(1,1) By (1,3) Mz QAl o QNT

T 2 T T T

BY -1, D, 0o B} 0 N,
1,37 Dy -1, 0O 0 0 0

mr 0 0 —plI, © 0 0 <0
ApQ  Bo 0 0 -Q My, 0

T

0 0 0 0 Mg —p2ly 0

NzQ Ny 0 0 0 0 —(pitp2)

(1,1) = AQ+ QA" + BoY + YT BT,

with (1.3) = QCT + YT DT, (14)
The gain L is then given by

L=YQ! (15)

]

Proof. Consider the uncertain system (1) where
we replace u(t) by Lxz(t). Then applying the first
LMI of theorem 1 in (Xu and Chen, 2003) we have
the LMI (13). O

5. SECOND STEP: DESIGN OF THE
OBSERVER-BASED CONTROLLER

Here we will use the gain L calculated in section 4
to derive an “unbiasedness” condition on the drift
part of the estimation error (see (Souley Ali et
al., 2004)).

Matrix L is assumed to be full row rank without
loss of generality. Notice that if it is not the case
for the solution given by (15), we may perturb L
a little to fulfill the full row rank condition.

Since L is a full row rank matrix, the equation
(10a) is equivalent to

(WA — HV — J,C5) [LT I — LTL] =0  (16)

where L' is a generalized inverse of matrix L
satisfying L = LLTL (Lancaster and Tismenetsky,
1985) (as rank L = m, we have LL" = I,,,).

From (16) the following relations hold (Darouach
et al., 2001)

0=WAL' — HVL' — J,Co L} (17a)
0=VA+ HEC — JiC (17b)
where A = A(I, — L'L), C = Cy(I,, — L'L). (18)

Defining K = J1 — HE and using the definition of
U, (17a) gives

H=A-KC (19)
where
A= LAL C= CC:ALLTT Kk=[EK] ()
(£ K|z =[00L4],5 = ]‘gy D021 C%Z (21)
[E K] = [0 0 LZ]iT-FZ(IQp—iiT) (22)

respectively, where Z is an arbitrary matrix of
appropriate dimensions.

Notice that the uncertain terms combinations
\I’AA(t) — J1ACg(t) and \I/ABl(t) — J1AD21(t) are
easily calculated by means of the system matrices.
For example, using (7) and (22), the first term is
given by

WAA(t) — JIAC(t) =
C2M,
(LMI - [E K] { M, D A(t)Ng + HEMyA(t)N,.
(23)

In the second term in (23), one has the expression
HE. Using (19), (20) and (22), one can see that

this expression is bilinear in the gain Z. Similarly
we have the same bilinear expressin while com-
puting the term ¥B; — J1D21. In order to avoid
this bilinearity the assumption 5 must be used.

\I/AA(t) — JlACQ(t) =

((LMw ~Chy) -2 ((I2p - ffT)C{lM})) A(t)N,



with matrix Cs xy and Cf, ),y are given by

CZM.’E —1 =t
Clean = { M, } Cloany = (00 LA T'Cp ;.

The matrix WAB;(t) — J1AD2(t) is calculated in
a similar way and the closed-loop system (12)
becomes

d¢ = (A+aa()edt+(B+AB(Y) ) vat
+(A0+AA0 >§dw+(Eg+ABo(t))vdw
= C&+ Diyv.
(24)
where
AA() ABR) | M,
Abo(t) ABo(t)| = |bi, | 2P [Ne ], (25)
with
~ A+ BsL —Bs B B1
0 A-ZC| Biy —ZBi s
~ Ao 0 -~ By
Ro=|~ 0. . B o _
0 AO,I - ZAO,Q 0 0 Bo 1 — ZBO 2

C= [Cl + D12L —D12] )

M, M
M, = | = A V3 7M960 =137 v
le,l - ZM11,2 MZO,I - ZMIO,?
A=LAL' = Cfy 4y,C = (Izp - £ Cpu a3
Bi1= LB — C{LLB}»EIJ = (I2p — EZT)C{LB}

Aoy = LAy — Chyay, Aop = (Ioy — S5 Ca a

Boa = LBy — C{Lz B}» Boz = (Izp — ZET)C{ZB}

Moy, = LMy — Clo rys May 5 = (I2p — iit)C{Q,M}
Moy, = LMy — Chyrtys Mg, = (Inp — S5 )Cyoag)
N, = [Nz 0] N, = N,,

and

Ci1,4y = _CgiL:rT] ,C{LLA} = [0 0 LZ] fTC{l’A}
Ci1,By = _(’Bil_ Ch 5y =00 2A] S cp 5

Cl2,ay = _02640_ Ch 4y =00 LA] S Cp

Ca,p) = _02030 Ch gy =00 LA] S 5

QMI(J

C. -1 =t
C(ZMO} = { 0 ] ’CfQ,]Wo} = [0 0 LA] X C{Q,Mo}

We have now the next theorem which solves
the robust H.. observed-based controller design
problem.

Theorem 7. The robust Ho, observer-based unbi-
ased controller design (problem 4) is solved under
E[M, D> ] =0 and where L is given by (13)-
(15) if, for some two scalars i > 0 and us > 0,

there exist matrices P =PT > 0 and Q = QT > 0,
P,Q € R™Hm™x(m+n) gych that

[ AP+ PA" PCT PAg (1 + p2)PNT
cp -1, 0 0
T Ko]P 0 —P 0
K, 0
0 Ir+24:| (“1+M2)NP OT —OT I T
B Di; By (m +M2)Nv
M. 0 0 0
i 0 0 M,, 0
B M, 0 ]
D11 0 0
Bo 0 My, K, 0
(p1+p2)Ny 0 0 0 I } <0, (28a)
_’szT 0 0 r42¢
0 —uile 0
O O —/1,2]@_
[QA+A"Q QB OM, A;Q
B Q 21, 0 BeQ
X o M, Q 0 —ml, 0
y @ v
0 I } QA QBo 0 -Q
q+k —T
0 0 0 M,Q
C D 0 0
L(pe1 + Mz) (g1 + p2)Ny 0 0
0 C" (u1+p2)N,
0 DYy (p+p2)N,
0 0 0
QM,, 0 0 Hf)y IO }< 0, (28b)
—[1,2]4 0 0 otk
0 I 0
0 0 I |
Inym = PQ, (28¢)

where K, and K, are two matrices whose columns
C Bis My, 0 0 ]

span the null spaces of |~ £ —
Co B()72 0 0 MZO,’Z

-B"00 0 0 :
d ~ tivel d
an 0 00 _B" 0}, respectively, an
— |A+B2L —B2| = | By Ao Ol = |0
A= ~ B=| ~ ,B=
0 A ’ Bl,l ' A(] 10 |:Im:|

— — M, | — M,
BO /\BO M,=| ~ ,Mzoz 5 )

Bo1 Mﬂvl,l Mwo,l
and (E = |:0 6] ,@0 = [A\O,Q O] . (29)
All gains Z are given by

Z =HRrKG), + Z — HRHRZG.G)  (30)

where

K=—R'H.S:Gh (@R&Gﬂ) B
B N\ -1/2
RSV R, (GR&G;) ,
-1

Si = (ﬁm;lﬁ} f@) >0,

_ — g — -1 __ —
S; =R, — HL <81 —SiGh (GR&GQ) GR&) Hy,



oAi+aTQ QB oM, Ac@ o CT anT
=T =T
BQ -+4%I, 0 ByQ o Df 2,n7*
- M. Q 0 —pil, O 0 0 0
Q= ok By 0 -0 0¥y O 0
=T
0 0 0 M Q-pal 0O 0
C D11 O 0 0 -1 0
(1,7) (2,7) 0 0 0 0 —(p1+p2)ly

with (1,7) = (1 + p2)Na and (2,7) = (1 + i) N,
R1, Re and Z are arbitrary matrices of appropriate
dimensions satisfying Ry = R{ > 0 and ||Rz|| < 1.
Matrices Hz, Hgr, G, and Gg are any full rank
matrices such that H = H.Hr and G = G.Gr
with

~ T
T -B"Q"00 0 000
N 0 00-B"Q"000

CoBoz 0 0 My, 00

C Bip My, 0 0 0 0}

]
Proof. The uncertain system (24) is said to be
robustly stochastically mean-square stable with
(6) if, for some two scalars p1 > 0 and p2 > 0,
there exists Q = QT > 0 such that (see lemma 6)

Z 0

Q+h H
Q+ erm( 07z

<G> <0 (31)

or, from the projection lemma (Iwasaki and Skel-
ton, 1994), if and only if there exist matrices
P=P" >0and Q=QY >0 with P= Q! such
that (28a), (28b) and (28¢) hold.

The LMI (28a) and (28b) are then obtained by
applying the projection lemma (Iwasaki and Skel-
ton, 1994) to the above inequality, where equation
(30) is deduced from relation (22) in (Iwasaki and
Skelton, 1994). The theorem is proved. O

The cope complementary linearization technique
(El Ghaoui et al., 1997) can be used to solve the
non convex constraint (28c) to obtain the matrices
P and Q.

6. NUMERICAL EXAMPLE

The matrices of the system (1) are given by

~35-05 0 0 ~0.1 0.3
0 -1501 0 ~1 02
A=1o1 0 20" P o6 05|
01 0 0 —1 0 —0.2
10 02 —01 0 -0.3
01 1 1 0 1
Ba= ool 4= |06 01 0 —05|
00 05 0.1 —0.5 —04
~0.1 0.1
05 0 1000 0—1
B = = D =
=106 02 "= {010 0] it [0 —1] '
0.5 —0.1

702:

10
D =
12 |:OO

1000 0 -1
0100]’D21_[0 1]

and the uncertainties matrices (3) are given by
0.1 0.1
M, = {B‘Zl} s Moy = [’o%l]a My = [or' ]
0.2 0.2
N, =[o01010202], N, =[-01-01],

£0)=[-2121 —0.1424 —4.6981]"

where £(0) is the initial state [ z7(0) €7 (0)]7.
The first step gives v = 29, w1 = 6.7645,
12 = 6.8004 and the feedback gain

_[—0.0256 —0.0831 0.0243 —0.0295

T | 1.7818 —0.6466 —0.2400 —0.8256

the second step gives the gain
- [ 180.8 1423 274

—664.8
—2274.2 —1902 —3753.2 8958.3 |

The matrices of the observer (4) are then

by _ | 18846 0.0316 | - [-0.0714 —0.0018
~ | 52478 —1.1874|°7" T | —4.2074 —0.4131 |’

e {1.0353 1.0353} |

_|—0.0353 —0.0353
" 10.9695 0.9695 ’

~ 1 0.0305 0.0305

The following figures show the simulation of the
augmented system (24) (the state z and the ob-
servation error e for two values of A(t) = 0.7 and
A(t) = —0.7. In these figures the disturbance signal
v is presented only in the error plots.
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Fig. 1. The state z(t).
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Fig. 2. The error (¢) and the disturbance v(¥).
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Fig. 3. Zoom of Fig 2.



: Case 2 : A(t) = —-0.7
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Fig. 4. The state x(¢).
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Fig. 5. The error (¢) and the disturbance v(¢).
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Fig. 6. Zoom of Fig 5.

7. CONCLUSION

This paper has presented a simple solution to
the stochastic robust Ho, reduced order observer-
based control problem via LMI methods. First, a
suitable feedback gain is calculated to achieve the
desired performance. Second, unbiased functional
filtering techniques for determinitic systems are
used to derive the observer-based controller.
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