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Abstract

In this paper, the problems of state and fault estimation are addressed for a class of switched descriptor systems subject to Lipschitz
nonlinearities and unknown inputs (UI). The UI appear both on the dynamic and on the measurement equations. Two problems
are addressed by £;-gain minimization with the use of switched Lyapunov functions and formulated by LMI. First, a functional
observer for switched Lipschitz nonlinear descriptor system is proposed for robust state estimation. Second, fault estimation is
performed by filtering the output estimation error, as usually done in the residual generation framework. Moreover, frequency

weighting functions can be used to shape the response to the fault and thus improve the estimation.

Keywords: Descriptor systems, nonlinear switched systems, fault estimation, H,, functional observer.

1. Introduction

Controller and/or observer design for switched systems has
recently received much attention. Switched systems are a class
of hybrid systems defined by a collection of dynamical (lin-
ear and/or nonlinear) subsystems together with a switching rule
specifying the switching between the subsystems. Surveys on
switched systems are available in [15, 21, 5]. Many arising
problems were treated for switched systems: stability [11, 20],
output-feedback [6, 8], state estimation [14].

The descriptor systems generalize the state-space systems by
encompassing both differential and static relations [16, 7, 22].
Many results have been extended to descriptor systems con-
cerning stability, control or state estimation [7, 19], fault es-
timation [12] and fault tolerant control [9, 18].

The motivation of the present work is to extend some results
on state and fault estimation to switched descriptor systems sub-
jected to unknown inputs (UI), faults and Lipschitz nonlinear-
ities. This formalism allows to model systems with both dy-
namic and static behaviors, with functioning mode changes and
which inputs are partially unavailable to measurement (fault,
disturbance, etc). Despite its generality, only few results ex-
ist for the class of discrete time switched descriptor systems
(DTSDS). In [10, 17] stability of Markovian descriptor systems
are studied. In [13], H.-filtering and state feedback are treated
but no nonlinearities are considered. Proposing a unified ap-
proach to robust state filtering and fault diagnosis for DTSDS,
two objectives are aimed here. The first objective is to relax the
perfect Ul decoupling conditions needed for state estimation
in [14] by using the L,-approach. Moreover, in order to ob-
tain relaxed stability conditions, multiple Lyapunov functions
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are used to derive LMI conditions and introduce some non nec-
essary positive definite slack variables. The second one is to
perform robust fault diagnosis via robust fault estimation and to
generalize [14], where only disturbance UI were envisaged, but
no diagnosis was performed. The objective of fault diagnosis
is to highlight the faults (actuator or sensor dysfunction) while
being robust to the disturbance UI [1]. In observer-based fault
diagnosis, the output estimation error is usually used as a pri-
mary residual signal. This primary residual signal, affected by
both disturbance and fault, is filtered by a post-filter to obtain
a robust fault estimate. The state and fault estimation are per-
formed in a unified way since the generating systems of their re-
spective error estimations is written similarly. One should note
that no previous works have considered the problem of robust
fault diagnosis for nonlinear switched descriptor systems.

This note is organized as follows. The problem is stated in
section 2. In section 3, the state and fault observers are de-
signed. Before concluding, section 4 is devoted to a numerical
example.

Notation 1. For any square matrix M, M > 0 (resp. M <
0) means that the matrix M is a real symmetric positive (resp.
negative) definite and S(M) is defined by S(M) = M + M.
The blocks induced by symmetry are denoted =, I, is the n X n
identity matrix, 0, (resp. Onxm) is the n X n (resp. n X m) null
matrix and diag(Xy, ..., X,) is the block diagonal matrix which
diagonal entries are X1,...,X,. The set of the N first strictly
positive integers is denoted Ny = {1, ...N} and €, [0, 00) denotes
the space of square summable infinite vector sequences with the
usual norm ||.||>.
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Figure 1: State filtering and fault estimation scheme

2. Problem formulation

Consider the following DTSDS

N N
Za'j(k + DE ;X1 = Z a;(k) (Aix, + Biug

j=1 i=1

R} fi+ W di + Hi G, ug, b)) (12)
N

Yk = Z a;(k) (C,-xk +Djug +Ri2fk+Wi2dk) (1b)
i=1
N

w= abTx (1c)
i=1

where x e R, d e R™, f e RV, u e R™, ¢ : R" X R™" XN —
R™,y e R™and z € R? denote respectively the state, the UI, the
fault, the control input, the Lipschitz nonlinearity, the output
vector and the vector to be estimated, with ¢ < n. The matrices
E; may be singular. The functions a; : N — {0, 1} (i € Ny) are
the known switching signals satisfying Zfil a;k) =1 (ke N)
and specifying the activated subsystem: a;(k) = 1 and «(k +
1) = 1 mean that the matrices (E;, A;, B;, W;, C;) are activated at
time k. The measurements y, the vector z, the fault f and the Ul
d are respectively assumed to be linearly independent i.e.

rank([Ci D; Ri2 le]) =m
rank (T;) = q

([Rl w!

rank (| .5 ’2]) =ns+ng
R W :
Assumptions: In the sequel it is assumed that:

(A1) the nonlinearity ¢(xy, ug, k) is globally Lipschitz in x; i.e.
there exist a constant 8 s.t. Yu; € R™ and Yk € N

(e, i, k) = SR e, KNI < Bl — il (@)

(A2) for i € Ny, the triplet (E;, A;, C;) is impulse observable
and detectable [7].

Problem 1. Consider the switched functional observer (SFO)

for the fault free DTSDS (1)
N N

Dk + DEfin = ) aith(Aid
j=1 i=1

Jj=

+ By + Hi(S ug k) + Lire) (3a)
N

9= ) ailk) (Cifi + D) (3b)
i=1
N

&%= el Tk (3c)
i=1

T =Yk — S (3d)

where L; are the observer gains, X and Z are the estimate of x
and z and r is the output estimation error. The gains L; are
determined such that:
(S1) the state estimation error, e; = x; — X, is generated by a
globally asymptotically stable and impulse free system, when
d" =0and 7 =0;
(S,) the L;-gain from the Ul d; to the estimation error Z; =
Zr — Z 1s bounded by a prescribed positive scalar y;.

Problem 2. A post-filter is designed in order to estimate the
fault. The proposed SFO and post-filter are defined by (3) and
(4) respectively.

N
x,fH = Z a;(k) (AkaF + Bfrk) (4a)
i=1
N
fo=) ety (CPxf +Df'r) (4b)

i=1
where f; is the fault estimate and x,f € R" is the filter state.
The problem is then to simultaneously determine the gains L;
and the matrices AY, Bf, CI' and D! satisfying the following
specifications.

(S3) the state and fault estimation errors (¢, = x; — X; and
e{ = f — fo) are generated by a globally asymptotically sta-
ble and impulse free system, when d; = 0 and f; = 0;

(S4) the Lo-gain from (w)” = [(d)” (f0)7 ] to the fault estima-

tion error e{ is bounded by a prescribed positive scalar y,.
This design procedure can be viewed as a standard H-control
problem, as shown in figure 1.

3. Robust functional observer design and fault diagnosis

The gains of the SFO (3) and filter (4) for the DTSDS (1) are
obtained by solving an LMI problem. Two Lyapunov candidate
functions are considered :

N
Vier) = » ai(k)er E;" PiEex 5)
P

l

N
Ve(el) = Z (el T EST P, Efe! ©6)
i=1



where P; and P, are symmetric matrices and where (¢} r =
[(e0)” ()T (e))T|- Tt is well-known [2, 4] that for such Lya-
punov functions:

o AV(ex) = V(exs1) — V(er) < 0 implies (1)

o H,(y1) = AV(ex) + 2] % — y1%di" dy < 0 implies (S>)
o AVA(ed) = Vi(et, )~ Ve(et) < O implies (S3)

o Hu(yz) = AVA(e]) + e{Tei — y3w"wi < 0 implies (S4)

3.1. State filtering in the fault free case

The first objective is to develop a SFO (3) for the fault free
DTSDS (1), such that the specifications (S ;) and (S,) are ful-
filled. The filtering error between (3) and (1) is generated by

N N
Z a; (k + 1) Ej€k+1 = Z a; (k) (Acliek
Jj=1 i=1
+ Hig + Wi, d) (7a)
N
o= ) i (0 Tie (7b)
i=1

where ¢ = ¢(xx, ur, k) — (&, r, k), A, = (A; = LiC;) and
W, = (W) = Liw?).

The following result details sufficient LMI existence condi-
tions of the SFO and the computation of the gains L;.

Theorem 1. The SFO (3) for the DTSDS (1), satisfying (S1)
and (S?2) exists if the triplets (E;, A;, C;) are finite dynamics de-
tectable and impulse observable (see [13] for conditions) and
is obtained by finding the symmetric matrices P; € R™", sym-
metric positive definite matrices G; € R™", matrices G; € R™"
and M; € RO OX0 yinimizing 71 under the constraints (8a-
8c) for (i, j) € NIZV.

ETP,E; >0 (8a)
M,'j,‘ <0 (Sb)
M,'J'_,' <0 (SC)
where y1 = 7% and
®ik @,‘ M,' C‘lTG~1T
|+ Pj=2G; O 0
Mijk - % % _G[ 0
® * * -G;

0, =(A{ G} -C[ G| - M)
@i =Ty + C] C,G:C/" C;
+S(M:A; + MC" Ci + C] C,GiC))
Ty =diag (81, +T," Ti-Ei" PiEx, 11,1,
Ai=|a; w! H]
C; = [C,- w? 0]

The observer gains are obtained by
L =G;'G; 9)

Proof. The disturbance attenuation of the DTSDS (7) ex-
pressed by S, has to be satisfied under arbitrary switching laws,
it follows that H,,(y;) < 0 and (7) are respectively equivalent
to

T T 2,7
ext1 £ PiEjeryr —y17°dy di

—ekT (EiTPiEi - T,'TTi) e < 0 (10)

and
Ejex1 = Ac,ex + Hig + Weydy (11a)
%k = Tiey (11b)

where i (resp. j) is the number of the activated model at time k
(resp. k+ 1). Substituting (11) into (10), the following inequal-
ity is obtained
H, (y1) = (x)P; [Acliek + Hiy + Wcl,»dk]
+ ekT (T,‘TT,'—E,‘TP,'E,‘) er — ’ylzddek <0 (12)

Deﬁning éij = ®ij + MiG;lMiT + C‘iTGiTG;IGiC‘i, if (8b) hold
and with two Schur complements, (8b) is equivalent to

Q.. ATAT _ATAT _ .
[@,, ATGT-CTG, M,]<0 (13)

* Pj - ZG,
From (8b), the matrices G; > 0 and defining M; = M;" + G;C; +

G:C/" C;, it follows M G;'M; > 0 or equivalently

- S(M,Gl_lGNlél) < M,‘G[_IMI-T

+ CiTGiTG;]GiCi + CiTCiGiCiTCi

+S(MCCi+ CTCiGiC)  (14)
Adding Tii + S(M;A;) to both sides of (14), it follows

T[[ + S(M,A, - MiG;lGN[C[) < ®ij <0 (15)

From (15), with (9) and A.; = A; — L;C;, it follows that (13)
implies
Ti + S(MiAi) A [G" — M;

N p,-2G, |<° (16)

Pre- and post-multiplying (16) by [I ACHT] and its transpose, it
follows that (16) is equivalent to

Ti+A, PAy <0 a7

Pre- and post-multiplying (17) by [ekT d’ (25]{] and its trans-
pose, (17) becomes

He,(y) + e e — Bl dp < 0 (18)

where H,, (1) is defined by (12). Since the nonlinearity is as-
sumed to be Lipschitz in x (2), then

Breer— ¢ ¢ >0 (19)



From (18) and (19) it follows that H, (y;) < 0 and thus (S>)
is satisfied. Moreover, when d; = 0 in H, (y;), it obviously
follows that AV(ey) < 0. From definition 1.1 of [4] the sys-
tem (11) is stable. Following the same steps, (8c) implies
Tij+ AT PjAy; < 0. Pre- and post multiplying this inequality
by [, 0,, 0,,] and its transpose, one obtains (A; —-L,CHTP i(Ai—
LiCi)—EjTP[Ej < Ofor (i, j) € N2, implying that (11) is impulse
free. Thus (S 1) holds which achieves the proof. O

Remark 1. The objective is the minimization of the L,-gain
from dy to ey, consequently the perfect decoupling is not sought
and the conditions assumed in [14] are not needed to solve the
LMIs (8).

The special case when the system is neither affected by dis-
turbances nor by nonlinearities (i.e. fy = 0, dy = 0 and
&(xy, ug, k) = 0) is briefly envisaged in the following corollary.

Corollary 1. A SFO (3) for the DTSDS (1) with f; = di =
O(xp, u, k) = 0 exists and satisfies (S 1) if there exist symmet-
ric matrices P; € R™", matrices U; € R™" and M; € R™"
satisfying (8) for (i, j) € N12v with M;j. defined by

_ @ik *
Mije = [—U,T + Ui - MiC;  Pj - S(Ui)} (202)
Ou =S (UA; - M;C;) - E;" P,E; (20b)

The observer gains are: H; = 0 and L; = Ul.‘l M;.

Proof. Consider (8b) defined with (20) and U;L; = M;, pre-
and post-multiplying it by [In AdiT] and its transpose, then
AcliTPjAcli - ETP,E; < 0 and consequently AV(e;) < 0 fol-
lows. From (8c), impulse freeness is obtained like in the proof
of theorem 1 and (S 1) follows. O

Remark 2. For Ay, = A, E; = E and P; = P; = P, the in-
equalities (8) with (20) imply the LMIs defined in lemma 1 of
[23]. For A, = A; and E; = E, they are equivalent to the LMIs
defined in [22]. For E; = E and by the duality principle, the
results of corollary 1 coincides with the results of Theorem 1 of
[3]. Thus, corollary I can be considered as a generalization of
these works.

3.2. Fault estimation

In order to simultaneously design the SFO (3) and the filter
(4), the DTSDS generating the state and fault estimation errors
is written as

N N
Z ajlk+ DESeq, = Z a,-(k)(AZ’-neZ
i=1

=1
+ W

awic + HGy) (21a)

N
el = Z 2, ()T 21b)
i=1

T T
where ¢/’ = [ekT xp e{ ], A% = AY — LCY, W

cli cli

LiWe, EY = diag(E}, I, 0y,) and

— al _
_VVi

(A 00 (L, 0
Af=|0 0 O | L=|-Bf -Af
[0 0 -1, | D Cf

(w! R H;) 0
wit={0o o H'=|0| 1/"=]0
[0 I, 0 I,

o _|Ci 0 0] . [WP R
Ci‘[o I, 0] Wi ‘[0 o]

Since (21) is similar to (7) up to matrix and state vector aug-
mentations, the theorem 1 can be adapted to determine the ob-
server and post filter gains L such that (21) satisfies (S3) and
(S4).

Corollary 2. The SFO (3) and post-filter (4) for the DTSDS
(1), satisfying (S3) and (S4) exist if the triplets (E;, A;, C;) are
finite dynamics detectable and impulse observable (see [13] for
conditions) and are obtained by finding the symmetric matrices
P; € ROtnetn)Xne+ns) - ovmmetric positive definite matrices
Gi c R(11+11p+nf)><(n+np+n/)’ matrices Gi c R(n+np+nf)><(m+np) and
M; € RUHnE+2n4natng)Xne 1) yinimizing 7, under the con-
straints (8b-8c-22) for (i, j) € N%,.

ETPE! >0 (22)

where ¥y, = 7% and
O = T + T CIGiCT Cf
+S(MA] + MiC{TC¢ + G C{GiCY)
Ty = diag(diag(p’I,, 0y, n,)
+ T TS = Ef' PiE{, ~Valyen,. 1)
A = [A;’ we! Hf]
Ci=[ce we o

The observer and filter gains are given by L! = Gl.‘lG~,-, where
G;= diag(G} s Giz) and

. (G O
G =|G; G} (23)
Gt G

with G! € R™" and G* € R0 +nxr+ny),

Proof. The proof is similar to the one of theorem 1 and thus
omitted. O

Remark 3. The null block in G; does not introduce any equality
constraint, since it suffices to use the secondary LMI variables
Gil, e, G~f in (23). The null block ofGi and the block diagonal
structure of G; imply the nullity of the (1,2) block of L.
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Figure 2: Improved robust fault diagnosis scheme

Remark 4. If the main purpose is state estimation or filter-
ing rather than fault estimation, the estimator design should be
slightly modified by adding R! fi in (3a), R?f and (3b) and by
minimizing the L,-gain from the exogenous inputs to the esti-
mation or filtering error e or Z.

Remark 5. Analogously to standard Hs-control and as de-
picted by figure 2, dynamical filters can be introduced in the
design procedure in order to improve the fault diagnosis and
avoid to impose hard constraints on the whole frequency range
(see chapter 6.5 of [1]). The filter W; imposes an attenuation
level of the Ul in specific frequency ranges and Wy is introduced
1o define the desired frequency response of fi to the fault.

4. Numerical example

The following example illustrates the performance of the
SFO (3) and the filter (4), proposed in section 3. Consider the
DTSDS (1) defined by ¢(xy, ux) = 0.1 sin(xy), E; = diag(0, 1)
and

0 0.1 0 0.1
0.5 0.15 i 1
A3_(0 0'1)’Bi_(0)3Hi_(0)3

1_(1 1_(0 r_(1 7_(0
Ri‘(O’Wf‘o.l G =loa) =L

D; =0, Ri2 = 0and Wi2 = 0.3, for i € N3. The fault f; affects the
first system state and the perturbation d, affects the second state
and the measurement output y;. One can readily verify that the
system does not satisfy the UI decoupling conditions of [14].
The considered perturbation is a white noise. The system inputs
are presented in figures 3(a) and 3(b). The estimation results,
obtained for %y = [1 1]7, are presented in figures 3(c) and 3(d).
One can notice that the noise disturbance is well attenuated,
and the estimator fast converges to the good value. The filter
proposed in (4) is implemented in order to estimate the fault
Jx. The result of the fault estimation is presented in figure 3(e).
According to the remark 5, lowpass filters Wy and WJl are used
and the improved results presented in figure 3(f) are obtained.
One can note that the estimation of the faults quickly converge

A1=(0'9 0'1),A2:(0'7 0.15)’

toward the real value of the fault, despite the nonlinearities and
the noise.

5. Conclusion

In this paper, a robust state and fault observer is designed
for discrete-time switched nonlinear descriptor systems. This
generic class of systems were not envisaged in the diagnosis
framework. The design objectives are to minimize the £,-gain
from the unknown inputs to the state and fault estimation er-
rors. LMI conditions are obtained using switched Lyapunov
functions to avoid conservatism introduced by single Lyapunov
functions and filters can be introduced to improve the fault es-
timation robustness. The proposed approach could be extended
to a wide class of systems such as LPV or descriptor Takagi-
Sugeno systems.
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