N

N

Robust H-infinity reduced order filtering for uncertain
bilinear systems
Harouna Souley Ali, Michel Zasadzinski, Hugues Rafaralahy, Mohamed

Darouach

» To cite this version:

Harouna Souley Ali, Michel Zasadzinski, Hugues Rafaralahy, Mohamed Darouach. Robust H-infinity
reduced order filtering for uncertain bilinear systems. Automatica, 2006, 42 (3), pp.405-413. hal-
00089755

HAL Id: hal-00089755
https://hal.science/hal-00089755
Submitted on 22 Aug 2006

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-00089755
https://hal.archives-ouvertes.fr

Robust H,, reduced order filtering for uncertain bilinear
systems

H. Souley Ali, M. Zasadzinski; H. Rafaralahy and M. Darouach

CRAN — CNRS
IUT de Longwy, Université Henri Poincaré — Nancy I
186, rue de Lorraine, 54400 Cosnes et Romain, FRANCE
Tel : +33 +3 82 39 62 22 — Fax : +33 +8 82 39 62 91
E-mail : {souley,mzasad,hrafa,darouvach} Qiut-longwy.uhp-nancy. fr

Abstract

This paper investigates both the H., and robust He reduced order unbiased filtering problems for
respectively a nominal bilinear system and a bilinear system affected by norm-bounded structured un-
certainties in all the system matrices. First, an algebraic framework is used to solve the unbiasedness
condition and second, a change of variable is introduced on the inputs of the system to reduce the con-
servatism inherent to the requirement of exponential convergence of the filter. Then the reduced order
filtering solution is obtained through LMI with an equality constraint by transforming the problem
into a robust state feedback in the nominal case and a robust static output feedback in the presence
of uncertainties. In the last case, an additional bilinear matrix equality must also be solved.

Keywords : Bilinear systems, Structured uncertainties, Robust reduced order filtering, Unbiasedness,
Hso optimization, LMI.

1 Introduction

In the last decades, due to the fact that many physical processes may be appropriately modeled as bilin-
ear systems when linear models are inadequate, great interest has been accorded to the state estimation
of bilinear systems. Most work on state estimation of bilinear systems has been done on observers design
(Funahashi, 1979; Tibken and Hofer, 1989; Derese et al., 1979; Wang and Kao, 1991). The H, filtering
for linear systems has been deeply visited in the full order case (Nagpal and Khargonekar, 1991; Shaked
and Theodor, 1992b; Shaked and Theodor, 1992a) and even in the reduced order one (Grigoriadis and
Watson, 1997; Watson and Grigoriadis, 1998). The reduced order filtering problem presented by (Watson
and Grigoriadis, 1998) is an unbiased one and considers only the nominal case. The full order H, fil-
tering for nonlinear systems has been studied by (de Souza et al., 1993; Reif et al., 1999) and is also
shown to be equivalent to an Lo gain attenuation problem for the mapping between the disturbances
and the estimation error. The robust full order filtering for uncertain linear systems has been treated in
(Fu et al., 1992; Li and Fu, 1997; Palhares and Peres, 2000; Sayed, 2001). The robust filtering gets its
importance from the necessity to still keep good performances even if parameter uncertainties affect the
system.

In this paper, a reduced order Ho, functional filtering method is proposed to reconstruct a linear combi-
nation of the states of a bilinear system by exploiting the nonlinearities in the nominal and the robust
cases as ‘structured uncertainties’. This is achieved through the design of a filter whose dynamics has
the same dimension as this linear combination. In addition to the exponential convergence and Lo gain
attenuation requirements, the filter must also be unbiased, i.e. the estimation error does not depend
explicitely on the states of the system. The proposed approach is based on the resolution of algebraic
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Sylvester equations to find conditions for the existence of the unbiased reduced order filter. Then the
exponential convergence and Lo gain attenuation problems are reduced to a robust state feedback in the
nominal case. It is shown that the robust functional unbiased filtering problem for uncertain bilinear
systems subjected to time-varying norm-bounded uncertainties can be seen as a particular case of a static
output feedback one under some conditions. This problem requires to solve Linear Matrix Inequalities
(LMI) with an additional non convex Bilinear Matrix Equality (BME) constraint.

The paper is organized as follows. The conditions for the unbiasedness, exponential convergence and Lo
gain attenuation of a reduced order H, functional filter for continuous-time nominal bilinear systems
are studied in section 2. It is shown through section 3 that the robust filtering problem for bilinear
systems affected by structured norm-bounded time-varying uncertainties can be solved as a static output
feedback problem. An illustrative example is given in section 4. Then, some conclusions are presented
in section 5.

Notations. ||z| = VaTz and ||A]] = /Amax(ATA) are the Euclidean vector norm and the spectral
matrix norm respectively where Apay (AT A) is the maximal eigenvalue of the symmetric matrix ATA. Af
is a generalized inverse of matrix A satisfying A = AATA. bdiag(Ay, ..., Ax) denotes a block-diagonal
matrix with Ay, ..., A; as block-diagonal ‘elements’ and herm(A) = A+ AT. £5[0,00) is the space of
signals with bounded energy.

2 Reduced order unbiased H, filtering in the nominal case

2.1 Problem Formulation

Consider the nominal bilinear system described by

m
z = Apx+ ZAZ'UZ'J} + Bw (1a)
i=1
= Cx+ Dw (1b)
= Lx (1c)
where u(t) = [ui(t) ... um(t) ]’ € R™ is the known control input vector, z(t) € R” is the state vector,

y(t) € RP is the measured output and z(t) € R" is the vector to be estimated where r < n. The vector
w(t) € IR? represents the disturbance vector. Ay, A;, B, C, D and L are known constant matrices.
Without loss of generality, it is assumed that rank L = r. The problem is to estimate the vector z(t) from
the measurements y(t) and the inputs u(¢). For many physical processes, disturbances are continuous
and inputs are continuous and bounded, which is reflected in the following assumption for bilinear system

(1).

Assumption 1. The disturbance signal w(t) is continuous. The control inputs, u(t), are continuous and
bounded, i.e. u(t) € Q C R™, where

Q:={u(t) e R™ |t min <u;i () <Ujmax, ¢ = 1,...,m}. (2)
The proposed reduced order functional filter is given by
m m
io= Hon+ Y Hum+Joy+ Y Juwy (3a)
i=1 i=1
Z = ntkhky (3b)

where z(t) € R" is the estimate of z(t).
The estimation error is given by

e=z—z=Lr—zZ=e— FEDw (4
e=Vr—n (5
U =L-EC. (6



The generalization of the well-known H, attenuation in the linear case to the nonlinear systems is the
Lo gain attenuation defined as follows (van der Schaft, 1992).

Definition 1. Let v > 0, the mapping from w(t) to e(t) is said to have Lo gain less than or equal to vy if

* e 2 2 > w 2
/O le()]l dtév/o [w(®)[]* dt (7)

Yw(t) € L2]0,00), and with zero initial conditions.

In this paper, the problem of the filter design is to determine Hy, H;, Jy, J; and E such that :

(i) the filter (3) is unbiased if w(t) = 0 (see (Seron et al., 1997), p. 176), i.e. the estimation error is
independent of x,
(ii) the filter (3) is exponentially convergent for u(t) €  and w(t) =0,
(iii) the mapping from the disturbance input w(t) to the estimation error e(¢) has L2 gain less than a
given scalar ~ for u(t) € Q.

2.2 Unbiasedness condition fulfillment

From (4), notice that the time derivative of the error e is function of the time derivative of the disturbances
w. To avoid the use of w in the dynamics of the error e, consider € as a new ‘state vector’. Then the Lo
gain from w to e has the following state space realization

e=(Ho+ Y wH)e+ (VAg— Hy¥ — JoC)a (8a)
=1
+> (WA — HyW — JiC)ugz + (VB — JoD — > JiDu;)w (8b)
i=1 =1
e=¢— EDw (8¢)

and the unbiasedness of the filter is achieved if and only if the following Sylvester equations
hold. As L is of full row rank, (9) is equivalent to

(UA; — H;O— J;0) | Lt In—LTL}:o i=0,....m (10)

and since rank L = 7, one has LL' = I,. Using the definition of ¥, (10) is equivalent to

0 = WAL —H,L'—J,CLT i=0,...,m (11a)
VA, + H;EC —J,C  i=0,...,m (11b)
where
A = AI,-L'L), i=0,....,m (12a)
C = C(,-L'L). (12b)

Using (6), relation (11a) can be rewritten as
where, for i =0,...,m,

CA,Lt

A, = LALY, C; =
CLt

) (148,)




K= B K| with Ki=J;— HE (14b)

Then relation (11b) can be expressed in the following compact form

KX =LA (15)
where
A= [ ... 4, (162)
A
¥ = _bdiag(cc,...,C) (160)
K= [E K ... Ky (16¢)

and a general solution to (15), if it exists, is given by
K= [E Ko ... Km} — LAY 4+ Z (I 42— 55 (17)

where Z = [ Zg Zy ... Zy, | is an arbitrary matrix.

Lemma 1. The unbiasedness of the filter (3) is achieved if and only if the following rank condition holds

LA
CA
CA
rank = rank |bdiag(C, ...,C) (18)
bdiag(C, .., C) ,
bdiag(L, ..., L)
bdiag(L, ..., L)
where
A=a ... A (19)

Proof. Using the previous developments, filter (3) is unbiased, i.e. relation (9) holds, if and only if there
exists a solution K to (15), that is if and only if

LA(I, - ¥'%) =0, (20)
which is equivalent to
LA
rank = rank X. (21)
by
The rest of the proof can be obtained from (Darouach et al., 2001). O

2.3 Unbiasedness condition under £ED = ()

The mapping from w to e, given by (8a), becomes

€= (Ho + Z UZHZ> e+ <\I/B — KgD — HyED — Z u; (K;D + HZED)> w (22a)
i=1 i=1
e=¢e¢— EDw (22b)

or equivalently



e= (Ao—i-i uiji— (LZET—Z(I(erQ)p—ZET)) Ay (u)) e
i=1
+ <LB— (LZZT—Z(I(M+2)p—22T)) AQ(u)) w

n <A0+Z wid— (LZET —Z(I(m+2)p—ZZT)) Al(u)) EDw  (23a)
i=1

e=¢€¢— EDw (23b)
where .
CAoLt+ JCALT CB
M = |70 z;u e = | . (24)
Yo (u) it

T
with go(u) = [ L17CT w L1'CT o LT CT | and vp(u) = [DT wDT ... unDT]".

Due to the term Z (I, 12y, — Y1) A1 (u)E, the error is bilinear in the gain parameter Z in system (23).
This bilinearity is intrinsically linked to the unbiasedness condition (9). Indeed, the ‘bilinearity’ H; ¥ in
(9) yields a gain K; (see (14b)) containing the term H;E. In order to avoid this bilinearity, we consider
ED = 0 in the sequel; this allows to have an LMI tractable formulation for the problem instead of a
bilinear matrix inequality intractable one. Adding the constraint ED = 0, relations (15), (16) and (17)
become

K = [0 LZ] (25)
where
_ |D CA
Y = L (26)
0 bdiag(C,...,C)

and a general solution to (25), if it exists, is given by

K=o LA|Z'+ 2012, - =), (27)
Then, the following lemma is derived from lemma 1.

Lemma 2. The unbiasedness of the filter (3) is achieved under ED = 0 if and only if

0 LA

D CA
D CA
rank =rank | 0 bdiag(C,...,C)| . (28)

0 bdiag(C,...,C) _
_ 0 bdiag(L,...,L)
0 bdiag(L,...,L)

Now, assume that condition (28) in lemma 2 holds. Then relation (9) is verified with K given by (27)
and, hence, €(t) = e(t) in (23), i.e.

é= (Aﬁi widi— ( [0 LZ} S 2Lz — ii*)) Al(u)> e
+(eB— ([0 LA] S 2012 = 55N) ow) Jw. (29)

As the item (i) of the design objectives has been solved, it remains to treat the points (ii) and (iii) of
these objectives.



2.4 Exponential convergence and £, gain attenuation

Here, a change of variables is introduced by considering each w;(t) in equation (29) as a ‘structured
uncertainty’. Notice that the definition of the ‘uncertainty set’ Q in relation (2) can lead to some
conservatism (see (Boyd et al., 1994)) since, in the general case, |t min| 7 |timax| With |t min| # 1 and
|ti max| 7 1. To reduce this conservatism, each u;(t) can be rewritten as follows

uz(t) =o; + Uiéi(t) (30)
where a; € IR and o; € R are given by
o= ui,min";ui,max’ 05 = ui,max;ui,min i=1,....m, (31)

ap = 1 and o9 = 0. The new ‘uncertain’ variable is £(t) € Q C IR™ where the polytope § is defined as
Q:={e(t) ER™ | €imin = —1 < &i(t) < Eimax =1 fori=1,...,m}. (32)

By using relations (30)-(32), the dynamics of the error e(t) in (29) can be rewritten as follows

¢ = (A —ZC+ (.I& - Z(:) Ae(s)ﬁe) e+ <IB% ~ZG + (Elé - Z@;) Aw(a)ﬁw) w (33)
with
Ui = — 1= Tri aiCAiLT —_— ni OéiCAiLT
A=) oA — [o LA] ol iz ,C=Ipmy2yp — = =N iz ., (34a)
=0 ac ac
r Ol =10 r7lsrsie [ r7lshD &— _ st
A=|0A, ... opAn|— [0 LA|ST,B=-[0 LA|SD, G = (Ipnizp—S=)D, (34b)
- _ _ 1<t |aCB ——t. |aCB
€ = (Ipmyayp — S50, B = LB - [o LA] S 6 = Ty — 250 |77 (340)
ap ap
and
o CA LY ... 0,CA,,L 0
I'= 0 . 0 D= , (35a)
bdiag(c1 D, ..., 0, D)
bdiag(o1CLT, ..., 0, CLT)
T 7+ AT T
ac = laoLtTCT .. a,, Lt CT} ap = [aODT amDT} : (35b)
From (32), the ‘uncertain’ matrices A.(¢) and A, (e) are bounded as
[Ac(e)ll < Tand [[Ay(e)ll <1 (36)

where A.(¢) = bdiag(eil,,...,eml, € R™* ™ Ay(e) = bdiag(eily,...,eml,) € R™*™, H, =
(I, ... L) e R™ " and H, =[1, ... I,]" e R™9%,
According to the previous developments, the error dynamics (33) can be rewritten as the following system

o — Pe
:=(A—-ZC)e+(|ABB|-Z|C G |G w 37
e-th=zeres([8 Bls]-2[e &[c]) o
de Fe 000 ] De
G|=1]0 et |00H,| |pPw (37b)
e I, 000 | |w




connected with

[pe _|Acle) 0 [qe] ‘ (38)
w 0 Aw(e) quw
—~ —

At this step, the Hs reduced order unbiased filtering can be solved as a particular case of a dual robust
state feedback problem with structured uncertainties. The following theorem ensures the exponential
convergence of the filter (3) and the £y gain attenuation from w(t) to e(t).

Theorem 1. Suppose that assumption 1 and condition (28) hold. If there exist P = PT > 0, S, =
bdiag(p,ely, - - -, fm,elr) >0, Sy=bdiag(p1wly, - - tmwly) >0, Y and a scalar p > 0 such that (‘e is
the transpose of the off-diagonal part)

T ° . ° e 0
ATp-CTy —-S. 0 0 0
B'P-G'Y 0o -S, O 0 0
B'P-G'Y 0 0 -, 0 e |<° (39)
S.H, 0 0 0 -S. 0
I 0 0 0 SyHy 0 —Sy|

holds with Y = ZTP and Y = herm(PA — YTC) + (1 + p)1,, then the reduced order unbiased filter (3)
for the bilinear system (1) is exponentially convergent and has a Lo gain from w(t) to e(t) less than or
equal to .

Proof. By considering system (37)-(38) as a diagonal norm-bounded linear differential inclusion, the
following auxiliary system is derived from (37) (Boyd et al., 1994)

_ _ » 5 De
¢=(A—ZC)e+ ([AS;V? Bs;1/? "y_lB} —Z [cs;l/z GS; 12 \flG]) pw|  (402)
w
Qe S12H, 00 0 Pe
Qw|=| 0 |et|00 'S Hy || Pw (40b)
e 1, 00/ 0 w

where matrices S, = bdiag(uiely, ..., tmelr) > 0 and S, = bdiag(u1.wly, .- -, tmwly) > 0 satisfy
Ac(e)Se = SeAc(e) and Ay(e)Sy = SwAy(e) in order to take the structure of A.(e) and A, (g) into
account (Boyd et al., 1994) (u;e and 4, ¢ = 1,...,m, are positive scalars).

Let Y = ZT P, then by using the bounded real lemma (Boyd et al., 1994), system (37)-(38) is exponentially
convergent and has a £y gain from w to e less than or equal to v if there exist P = PT > 0, S, > 0,
Sy >0, Y and a scalar p > 0 such that matrices in system (40) satisfy the following inequality

T o o ° e (0 o
SV2(ATP—CTY) -1 0 0 00 0
SAPBP-GTY)0 -I 0 00 0
v IBTP-GTY) 0 0 —I 0 e 0| <O

SYZH, 0 0 0 —10 0

0 0 0~ 'SY?H, 0 —10

] I 0 0 0 0 0 —1I|

Pre- and post-multiplying this inequality by
bdiag(7,, 561/2, 5’11[,/2, vIq, 52/2, Sij/Q, 1) and using the Schur lemma lead to the LMI (39).
Under condition (28), by using Z = P~1Y7 and (27), the matrices of filter (3) are given by (13)-(14). O



3 Robust reduced order unbiased H., filtering

In this section, the following uncertain bilinear system is considered

T= (A0+AAO(75)):13+Z(Ai+AAi(t))uix+ (B+AR(t)w (41a)
i=1

y=(C+Ac(t)z+ (D+ Ap(t))w (41Db)

z=Lx (41c)

where z(t), y(t), 2(t), w(t) and u(t) have been defined in section 2. The uncertain matrices A4, (%),
Ap(t), Ac(t), Ap(t) and Ay, (t) are given by

An(t) Ap(t)|  |[Mog )

Ac(t) Ap®)| [Mo,y 200 [Eoe B )

[AAl(t) AAm(t)]z[Mm Mm] bdiag(A1(1), ..., Am(t)) [El,xT R
A(t)

where M; , € R4 My, € R P, Ei. € R4 and Eow € IR foxa (i =0,...,m) are known constant
matrices which specify how the elements of the matrices of the nominal system are affected by the
uncertain parameters in A;(t), ¢ = 0,...,m. The continuous time-varying uncertainties in (42) are
assumed to satisfy :

Assumption 2. There exist A () e Rb >l
j=1,...,8, andi=0,...,m, such that

Az(t) = bdiag(Ai,l(t), ce >Ai,si (t)),Z = 0, e, (43)
1A < ¥t > 0.i=0,....m
where 0; = Y5 Li j.
The constraint £D = 0 in section 2.3 is replaced by
E|M,, D|=0 (44)
in the sequel of section 3. Then equations (25), (26), (27) and (28) must be replaced by
KS = [0 0 LZ} : (45a)
~ M, D CA
3= 0,y - 1, (45b)
0 0 bdiag(C,...,0)
K=1[0 0 LA|S'+ Z(Iniz, - S5, (45¢)
[0 0 LA ]
M, D CA
My, D CA '
rank =rank | 0 0 bdiag(C,...,C)]|. (45d)
0 0 bdiag(C,...,C) )
0 0 bdiag(L,...,L)
0 0 bdiag(L,...,L)

Introducing the following augmented state vector £ = [ zl el ]T, using (29) and the change of variable



n (30)-(32) enable one to express the system obtained by the concatenation of (3) and (41)-(42) as

&) = o Bo(t) | Bo.q ]+Z PO
\IJMOJ _Zi:O aiJiMO,y O H \I’th
m (4, 0 M; ,
+ 085 + ' Ait Eix 0 + Ap(t E T 0 f
)3 (_0 u| oo, ()| Eia 0] e, o(t) [ B, ]))
B 1 46a
+ + Mos Ao(t)E o
\IJB*ZOQJ D \IIMO,SU_EZ'ZO aiJiMO,y 0 o
1= O
0 0
+ZO’¢E¢ + Ao(t)E(Lw w
i—1 _—JiD —JiMy
—lo 1]¢ (46b)

where W satisfies the unbiasedness relation (9). The uncertain system (46) is equivalent to the following
one

) Z%’Ai 0 A, 0 0 Pe
W= i “Tle-zc)" "0 K-zt Bz |™ )
0  A-ZC P
My, M, 0 M, D
0, Po Lo B Po (47D)
BM*ZGM BM(X*ZGHQ D BMU*ZGMU BMU*ZGMU ﬁ
g = Ci& + Dypyw (47¢)
= {0 [T}g (47d)
connected with
[TTTTT—TfT]T:
Py Pe Pw Po P Po P
P
. - —-— T
bdiag(Az(g), Ac(e), Au(e), Ao(t), A(t), Dole, 1), Ale, ) [¢F ¢ ¢f & ¢ @& T°] (48
Ale,t) q
where
ZO = [O'IAI T UmAm:| 7Ma = {alMl,a: T amMm,x} aMU = {O'IMl,a: T UmMm,a:} )
_ T C My
_ T T _ _ St i
Ma |:050M0 Y CVmM07y] 7]BM LMO,:E |:0 0 LA1| X Ma’y ] ’
~~.. | CM — _1-~: |CM
_ . + 0,z . . i «
Gar = (Ipmsayp — S51) [Ma,y] B, = LM, —[0 0 LA|S Ol
e |CDL] _ 1o |CDM,
Gz, = Tpmt2)p — 227) . By, = LM, [0 0 LA} i . ]
. o] ~ e~ o
G, = (nsa =58 | 7| By, = - [0 0 ZA] $M, G, = iy — SSM,




H, 0 0
0 H, 0
0 0 0 Hy,
M = [ . ,(Cq = Ei),x 0 s qu = EO,w s
bdiag(o1Mo,y, ..., om Mo.y) E., 0 0
EO,:E 0 EO,w
[ B 0 | [ 0
_ T _ T .
Ho=|I, ... L| eR™" By, =Bl .. EJ| emmox,
B=[er, .. B em@Grt gy =gz B emmo,
A

+(€) = bdiag(e1In, ..., emly), Ao(e, t) = bdiag(e1Ag(1), .. ., emo(t)),
(5a t) = bdiag(glAl(t)’ T 75mAm(t))‘

B

The following inequalities hold from (32) and the definition of A;(t)
1A:(e)] <1, [[Ao(e,t)|| < 1 and ||A(e, )| < 1. (49)

Note that the unbiasedness condition (9) for the filter (3) is verified for the nominal case. In the system
(47), the determination of gain matrix Z can be transformed into a robust static output feedback control
problem by introducing the following auxiliary system

§=A¢+B,w+ B,
Z=C.{+ D, W (50a)
7y = Cyé + Dy, w

u=-27y (50b)

where Z is the static output feedback controller to be designed in order to achieve stability and attenua-
tion from the ‘augmented perturbation’ w’ (¢t) = [ p*(t) w () ]T to the ‘augmented controlled output’
ZI(t) = [ g7 (¢t) e'(t)]. u(t) and g(t) play the role of ‘control input’ and ‘measured output’, respectively.
The matrices of system (50) are given by

B D ral 81/2C m a;A; 0
B, = [B,S? 7'B,|, Dyu= [D,$2 47'D,,|.C. - e Zz% i
Sl/2D 871/2 7181/2D w 0
o = qp_l/2 gl S B, = ,C, = {0 (C}?
DePS Y Dew Ir
A, 00 My, M, O M,|B o~ _
B Bl =| (i B, By By By B [Py D] =[0CC Gy Gy, Gy, Gy |G,
Cq _ Cq qu qu 0 qu
Ce 0 Ir ’ Dep Dew — 10 0

where S is a block-diagonal matrix with the same ‘structure’ as the uncertain matrix ﬁ(e,t) given in
(48), i.e.
S = bdiag(Ss, Se, Su, SR, Sa, Sa, 5a) > 0 (51)

10



with

Sy = bdiag(p1,e1n; - - - rm,aIn)

Se = bdiag(p1,elr, s m,elr)

Sw = bdiag(p1,wlg, - - - s fm,wly)

SR = bdiag(po,1 e, - - - s 10,5012 )

Sa = bdiag(bdiag(u1,11e, - - - s ey, ) - - diag(tm1 Lo, 15 - s L)
§OA = bdiag(bdiag (71,114, - - -, /71,50160,50)7 ..., bdiag(fm,1 1y, 5 - - - ﬁm7so-7£0,50))
Sa = bdiag(bdiag(fiy 1 Ir, - - - Ty e, o1, ) - - DAiAg (T 1 L0y s - - T Tem)

where f; z, fie, Hiws Mo, Hijs Min and [ ; are scalars to be chosen (t=1,...,m, h=1,...,s0 and
j: 1,...,8i).
Notice that the following relation holds

Ale,t)S = SA(e, t). (52)
Then, the gain Z is designed in the following theorem.

Theorem 2. Assume that assumptions 1 and 2 and relation (45d) hold, there exists a robust functional
unbiased reduced order filter (3) for the uncertain system (41) if there exist matrices P = PT >0,
Q=QT>0,S>0andS >0 such that (with 0 =0, + ...+ b, s=m(n+71+q) + lo(m+ 1) +2¢)

[ATP + PA PB, PB,|C] Cls]
T ) T I o
L R A LR 0
0 L5 P > [Pep Pgp 0 I3 ’
C. Doy Dep| -1, 0
| SC; SD,SDy 0 -S|
QA" +AQQC! QC]| B, B@
_ T CQ I, 0 |Dg D,S|
K, 0 S < | [KJ 0
[ 0 I+] C,Q 0 =S| Dgw DgS [ 0 I+} <0, (53b)
"l BL DL DY 0 "
I<j=¥4 an? an?
| SB, SD,SD; 0 -S|
Ihir = PQ, (53c)

where S =S satisfy (51), and where Ky and K, are two matrices whose columns span the null spaces
of [Cy Dy, Dyy] and [BZ O], respectively. All gains Z are given by

Z=BLKC!| +Z -BlBzZC,C}| (54)
with
15T~ =T (= < =T\ L “ixs1/2 — <y w7\ 12
K = ~R;'B.ViCg (CrViCr)  +Ri'V, R, (CaviCTh)

Vi = (B.R{'B], —6)_1 >0

SB/ SD/SD], 0 -S
c,Q SD,D, 0 O

_ . __ N\ —1__ _
V,=R, - B’ (V1 ~V,Ch (chlcg) CRV1> B,
[-B,JQA” + AQQC! QC! B, B,S |
0 ¢Q -I, 0 D, DS
B Q | O C,Q 0 -S Dy, D,S
e C| |0 B, D{, Dg, —*I; 0
0
[ ]
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and R1, Ry and Z are arbitrary matrices satisfying Ry iRj >0 and |Ro|| < 1. By, Bg, Cr, and Cg
are any full rank factors such that B =B Bgr and C = CCg.

Proof. By using the bounded real lemma (Boyd et al., 1994), the problem to be solved has a solution if
there exist S > 0 (given by (51)) and P = PT > 0 such that

= = =T
herm(P(A-B,ZC,)) P(B,-B,ZD,,) C.
(Bw—B.ZD,,)TP o . D, | <o
62 ﬁzw —dr+s

or, from the projection lemma (Iwasaki and Skelton, 1994), if there exist matrices P = P7 > 0, Q =
QT >0,S>0and S >0 with P = Q! and S = S~! such that relations (53a), (53b) and (53c) hold.
Pre- and post-multiplying the above inequality by bdiag(Q, I4+s, Ir+s) give the following inequality

Q+BzC+C 2B" <o, (55)

and the relation (54) can be deduced from (55) by using formulas in (Iwasaki and Skelton, 1994).
Since matrix S given by (51) satisfies (52), the structure of A(e, t) is taken into account (Boyd et al., 1994).
The robust reduced order filter is finally obtained by using relations (13), (14), (45¢) and (54). O

4 Illustrative example

Consider the following uncertain bilinear system

—0.146 0
—-0.1763 —1.197

—0.097 0.09 0.8
]+AA1(t)) uxr+ ( 01

+Ap (t)) w (56a)

0.08 0.05
07 0 0.09
= +Ac(t) | x+ +Ap(t) |w 56b
) ([0 o <>) (009 D<>) (56h)
2= |03 02]e (56¢)
with umin = —0.1 < u(t) < Umax = 0.1 and
(0.1 0.2 0.04 0.1 0.1 0.3 0.1
My, = , Mo, = s Eow = s Eow = , (57a)
0.1 0.32) 04 08 0.1 0.2 0.1
(0.1 0.2] 0.1 0.1
Ml,ac = ) El,w = . (57b)
0.3 0.21) 0.1 021

By chosing S, = 1072, S, = 10~% and p = 0.1 in the nominal case, the theorem 1 gives P = 36.539413,
Z =[—4.7728522 0 36.710613 0 0 —0.5195422] and v = 0.9. The nominal filter matrices are given
by

Hy = —1.14558, Hy = 0.00122, Jo = [—0.28542 —1.01853], (58a)
Ji = [0.04578 —0.51832], E = [-0.19293 0.19293]. (58b)

Then, apply theorem 2 to obtain a robust reduced order unbiased Hoo filter for the system (56). First
of all, note that the rank condition (45d) is verified. The different matrices of the static output feedback
problem (50a)-(50b) can be computed easily.

The next step is the resolution of relations (53a), (53b) and (53c). Notice that each of relations (53a) and
(53b) are linear in S and S ~!, separately. But these inequalities are not jointly linear in S. To overcome
this, choose S = bdiag(10™*14,5 x 107%14,10.1 x 10741y).
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The resolution of LMI (53a) and (53b) with P = P7 > 0 and Q = Q' > 0 gives v = 25 and P, Q such
that
205.03434  447.93402 —1.527 x 10!

PQ = | 67.712912  2413.4772 —8.341 x 10!
—159.08618 —5637.0533  3.861 x 10'2

This value is obviously far from the equality (53c) of theorem 2. After running the cone complementary
linearization algorithm (El Ghaoui et al., 1997) three times, the solutions P = P” >0and Q = Q" >0
verify

1 —3.033 x 107" 1.96x 102
PQ=|—3.596x10"1° 1 3.632x10713 |=1.
3.052x 1077 5.095x 107" 1

Matrices By, Bg, Cr, Cr, Q, R1, Ry, V1, Vi and K are then computed using relations in theorem 2. Fi-
nally, choosing Z = [1 0000 0] the gain Z is given by
Z=[1 0 —0.002892 0.134976 0.001680 —0.078405] (see (54)), and the filter matrices by

Hy = —1.20321, H, = —0.08111, E = [0 0], (59a)

Jo =[-0.50346 0.12425],.J; = [0.02967 —0.07780]. (59b)

Since matrix [ Mo, D ] is of full row rank, then from (44), £ = 0. The nominal filter (58) obtained
from theorem 1 and the robust filter (59) designed using theorem 2 are applied to the uncertain bilinear
system defined by (56) to (57).

The perturbation w(t) and the control input u(¢) are given by figure 1. In figures 2 to 5, the uncertainties
affect the nominal system. Three cases are considered : the case 1 corresponds to the nominal one, the
case 2 to the robust one with Ag(¢) and A;(¢) given in figures 2 and 3, and the case 3 to the robust one
with Ag(t) and Aq(¢) given in figures 4 and 5. The estimation error e(t) = z(t) — z(t) is given in figures
6, 7 and 8.

Figures 6, 7 and 8 show that the robust filter is sensitive to the disturbance w(t), and less sensitive to
parametric uncertainties Ag(t) and Aj(t). But, on the same figures, it can be noted that the nominal
filter is sensitive to these uncertainties. Moreover, if the uncertainties are time-varying (figure 8), then
the nominal filter is more sensitive. This motivates the importance of taking time-varying uncertainties
in the synthesis of a robust filter into account. For the nominal filter, the tighter optimization on v may
explain the lack of robustness with respect to parametric uncertainties. Figures 7 and 8 also prove that
the time response of the nominal filter to the initial conditions is smaller than its time response to the
disturbance w(t). On the other hand these time responses are small and appreciably the same for the
robust filter in cases 1, 2 and 3. Note too that the time response of the nominal filter is smaller in case
1 (without uncertainty, figure 6) than that in cases 2 and 3 (with uncertainties, figures 7 and 8) before
the occurrence of w(t).

5 Conclusion

This paper has presented a simple solution to the Ho, unbiased functional reduced order filtering problem
via LMI methods for bilinear systems. The results of the nominal case are extended to the robust filtering
for bilinear systems subject to structured norm-bounded time-varying uncertainties in all system matrices.
After giving conditions for the existence of the unbiased filter in the nominal case, the filter design is
reduced to a robust state feedback problem in the nominal case and to a robust static output feedback
one when the bilinear system is affected by the uncertainties. There is an additional non convex relation
to solve in the robust case.
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Figure 1: Perturbation w(t) and control input wu(t).
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Figure 2: Parameter uncertainties Ag(t) in case 2.
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Figure 3: Parameter uncertainties Aq(t) in case 2.
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Figure 4: Parameter uncertainties Ag(t) in case 3.
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Figure 5: Parameter uncertainties Aj(t) in case 3.
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Figure 6: Robust and nominal filters : estimation error e(t).
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Figure 7: Robust and nominal filters : estimation error e(t).
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Figure 8: Robust and nominal filters : estimation error e(t).
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