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Abstract—In this paper, we study the well posedness of  The pair(4,C) is assumed to be observable. It is further

observer-based fault detection filters using the theory of assumed thaf) and eachl;, j = 2,...,q is monic, i.e.,
singular perturbation. By proper scaling of the fault maps, Fin # 0 and F'[L' 40 for j = 2 ¢. Under these
I =2,...,q.

it is shown that the ill-conditioning of the residual fault diti thod to detect th f the fail
projector can be alleviated. This allows the construction of conditions, a method to detect the occurences of the failure

an approximate projector in terms of the projectors for the /1, in the presence of the nuisance falt is through the

slow and fast subsystems. construction of an appropriate detection filter
|. PROBLEM FORMULATION i(t) = A#(t)+ Fiui(t) + Fojio(t) + Lr(t), 4
Consider an LTI singularly perturbed system r(t) = y(t)— Cz(t),
1(t) = Anzi(t) + Arawa(t) + Fripa(t) which keeps the reachable subspace:pfand ji, in sep-
+Z§:2 Fjip;(t), arate and non-intersecting invariant subspaces. A residual
E.be(t) = Alel(t) + A22$2 (t) + F12/L1 (t) (1) projector
+ 22520 Fjan(t),
y(t) = Ciai(t) + Coma(t) +v(t), 2(t) = Hr(?) ®)

wherer = [2] 2217 € R” is the state vectory € RP  can subsequently constructed subject to the following two
is the output,u; € RP! is the target faulty; € RPi are constraints:

the nuisance faults fof = 2,...,¢, and0 < e <« 1 is the 1) The filter residualr(¢) should be projected onto
perturbation parameter. The partitioned statesiare R™: the orthogonal complement of the invariant subspace
andx, € R™2. All matrices are assumed to have appropriate containingji(t). This ensures that, for any arbitrary
dimensions. If a matrix is a function of, it is assumed fi2(t), the signalz(t) = 0 wheneveryu; (t) = 0.

to be analytic att = 0. However, this dependence is not 2) To detect the presence pf (¢), it is further desired
shown for simplicity of notation. The standard assumption to havez(t) # 0 wheneveru (t) # 0. This requires

that A,5(0) is nonsingular is also made. The failure maps the transfer function fromu;(s) to z(s) to be left-
F;; are modeled to represent the fault associated with the invertible. This assumption can be relaxed by requir-
plant, the_ actuators, or the sensors as discussed in [3]. ing that the mapping fronu; to z is input observable.
By defining, fori =1,2, Our intention, in this paper, is to study the fault detection
o (t) problem associated with system (1) in terms of two lower
Fy; = [ Fy ... Fy ] fia(t) = . ) order subsystems, namely, the slow subsystem
Nq(t) CCS(t) = Asxs(t) + FlSMl (t) + F:‘QS[LQ(t)a } (6)
the entire set of nuisance faults can be represented as a¥(t) = Cszs(t) + Eispa(t) + Easpia(t) + v(t),

single mapi., and the system can be written in the compact _ _
g Rz 4 P whereAgs = Ay —A12~A221A21, Fis = Fi1— A2 Ay Fia,

form ~ = _
) _ Fyg = Fy — A~12A221F22. Cs=0C1— CrA5s Agy, Frg =
xgtg - Axgt% + F(”)“(t) + F2fia(t), } A3) —Co Ay} Fra, Exg = —Cy Ay} Fro, and the fast subsystem
yit) = Cz(t) +v(t), .
where ip(t) = Apzp(t) + Firp (t) + Fapfiz(t), )
yr(t) = Crar(t)+o(),
A— A A1z o 1 i i
Agrfe Agzfe |’ ' Fiafe |’ where Ap = Ags, Fip = Fia, For = Fao, Cp = Ch.
= Iy
P2 = 13“22/5 ’ C= [ G Gy ] ) II. DECOMPOSITION OF THEDETECTION FILTER
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whereT(¢) has the inverse p

1 I, €Q(e) ¢
T(e)™" = —T(e) I, —el(e)Qe) |’ ©
and I'(e) and Q(e) are analytic ate = 0 with T'(e) =
A22(0)71A21(0) =+ O(E) and E(E) = A12(0)A22(0)71 +

O(e). Application of this transformation brings system (1)
and filter (4) in new coordinate systems with the variables
decoupled. Comparison of (6) and (7) with the decoupled

system reveals that, under the assumption of stability arighere ' =

roblem. Note that thej-th columns of F; and thei-th
olumn of F; can be represented, respectively, as
7 Fi Jri
C_ J =1 ) 16
f] |: Eej .f2j ) f € I.f2i ( )
The residual fault projector for (1) is given by
. . -1
H=I1-CF [(CF)TCF} (CEYT (17)

[AP1fy ... APr2 f, ]. On the other hand, the

by proper choice of initial conditions, the slow and fastresidual fault projectors for the _S|OW su_bsystem (6) and the
subsystems can be obtained from the original system bst subsystem (7) are, respectively, given by

ignoring the O(¢) terms. The same idea extends to the
transformed filter by defining the slow filter as

Hg :I—Csﬁs [(CSFS)TCSFS] (CSFS) ) (18)

zg(t) = Asz(t) + Fispi(t) + Fasfia(t) Hp =1-CrflF [(CFFF)TCFFF} (CrFp)T,
+Lsrs(t), (10)
rs(t) = y(t) — Csis(t), where Fg = [Agl fis ... Ag” fp25} is formed from the
and 'the fast filter as i columns f;g of Fys, andFp = |A% fip ... AP2f, p
exp(t) = ApZr(t) + Fipp(t) + Fopfia(t) is formed from the columngr of Fop fori=1,...,ps.
+Lpr(t), (11) The indexg; is assumed to be the smallest integer such that
r(t) = yr(t) — Crip(t). either CSAgifiS # 0 or CFA%'fiF # 0. The following

However, for these filters to be afi(e) approximation of
the original filter in the decoupled form, the fast filter needs
to be implemented by takingr (t) = y(t) — CsZs(t), and,
as an input to the slow filter; = (¢) should be approximated
as ip(t) —Ap'Lpr(t); details can be found in [5].

theorem gives sufficient conditions under which @éxfe)
approximation of the projectof can be constructed based
on the knowledge of the projectofés and Hy of the slow
and fast subsystems.

With these choices, the residual for the slow filter, namel)-)-heorem Let 4; be the smallest mteger such that either

rs(t), can then be obtained from(t) asrs(t) = (I —

CrAL'Lp)r(t). Consequently, one can represent the slourther, assume that; = 4, + 1 for j = 1,.
vi=p0+1fori=1,...

filter as
25(t) = As@(t) + Fisp(t) + Fasfia(t) + Lsr(t)

which is now driven by the residuat(t). Thus, under
the assumption of stability and by proper choice of initial
conditions, the slow and fast filters in (10) and (11) can
represent arO(e) approximation to the original filter by
defining

Ly Ls + (A2 — LsCp)Az' Lp, (13)
Lo Lp. (14)

Note that the observabilities ofAs, Cs) and (Ap, Cr)
imply the observability of(A, C) for sufficiently smalle.

I1l. APPROXIMATION OF THERESIDUAL PROJECTOR

The approximation of the residual projector requires an
amplitude scaling of the failure maps as

(12)

_ | | _ f11 .flpl ]
h [ o ] [ " for €’ fop, | (15)
7y = [ Fy ] _ [ Ji1 Jips ]
Fy 6111.]021 €z f2P2 ’

where thee-dependent scalings with non-negative integers
0;, 7 =1,...,p1 andy;, i = 1,...,pp are included in
the definition of the maps for the well-posedness of the

CsA%fis # 0 or CpA%fip # 0 for j = 1,.

-5 P1-
..,p1 and

, p2. Then for sufficiently smalt,

1) System (1) is output separable, i.e.,
rank[CA51f1
= p1 + P2,

2) H=Hg+ Hp + O(e).

CA% f, CAPLfy ... CAPrf,,
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