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Sensor fault diagnosis for bilinear systems using data-based residuals

Assia HAKEM, Komi Midzodzi PEKPE and Vincent COCQUEMPOT

Abstract— The proposed data-based FDI method has the
advantage to require only available data: control signals and
measured outputs. The unique information that we have about
the system is its structure but the parameters values are
supposed to be unknown. This data-based residual method was
described, by the same authors in previous publication, for
linear systems. In this paper we apply this method to bilinear
structure models. A particular focus is made on computational
complexity reduction. It will be shown that a part of the system
dynamics may be neglected with the consequence to simplify
the on-line residual computation. This method is illustrated on
a simulated Activated Sludge Process.

Index Terms—Data driven methods, bilinear systems, acti-
vated sludge process.

I. INTRODUCTION

Fault occurrence and propagation in industrial systems can
cause human injuries, environmental impact and economic
loss. Real time system supervision for early fault detec-
tion and isolation is a crucial task for systems safety and
reliability. Indeed early fault detection and isolation (FDI)
allow fault accommodation and avoid system breakdown.
Several FDI approaches have been developed. In general,
these approaches can be categorized into signal-based and
model-based methods [2]. Model-based methods aim is to
compare system behavior to normal one represented by a
mathematical model. A residual which is a fault indicator
signal is used. The residual is close to zero in a normal
situation and differs from zero if a fault occurs. Three main
classes of residual generation methods are proposed in the
literature:

o observer-based methods [5], [6] and [7]
« analytical redundancy relation (ARR) based methods [1]
¢ parameters estimation methods [4], [8]

In some cases, an accurate system model is not available.
In many applications data-based methods [2], [12] are
proposed for fault detection and isolation in these situations.
Signal-based methods [11] aim at detecting faults by testing
specific properties of measurement signals using spectral or
statistical analysis. The proposed method here uses only the
information about the system class and no model parameters
knowledge is needed. Thus, the only information which is
needed to apply this method, is the structure of the model
equations, considered as bilinear in this paper. The residual is
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obtained using an input-output matrix relation and under the
hypothesis that the system is stable. This input-output matrix
relation is projected into the kernel of the input matrix.

The proposed method has the advantage of generating
structured residuals for multiple sensors faults, which are
consequently easily detected and isolated.

This data-based residual generation method was described
in details in [10] for switching systems and in [9] linear
systems. We propose here an extension for bilinear structure
models.

Bilinear systems, as a special class of nonlinear systems
have been extensively studied in recent years [3] for three
main reasons. First, it has been shown that bilinear systems
are mathematical models that correspond to many practical
applications. Second, bilinear systems provide an approxi-
mation to a large class of nonlinear systems. Third, bilinear
systems have rich geometric and algebraic structures whose
manipulation is not trivial and consequently are interesting
from theoretical point of view.

The objective of this paper is to extend the data-based
residual generation method for bilinear structure models.
The obtained residual expression is rather complex in this
situation and leads to manipulate high dimensional input-
output matrices. Consequently, the method could be diffi-
cult to implement for on-line diagnosis, where computing
resources are often limited. With the aim to reduce the
computations, we propose to neglect certain terms in the
residual expression. A criterion is proposed for choosing
the tuning parameters of the method (i.e. the window sizes)
which maximizes the fault sensitivity and minimizes the
neglected terms sensitivity. The proposed approach is applied
to a simulated activated sludge process, where detection and
isolation of sensors faults are successfully conducted.

The paper is organized as follows. In section 2, the treated
problem addressed in this paper is presented. In section
3, the output expression is given. In section 4, data-based
residual for sensor fault diagnosis is proposed. A criterion
is proposed to choose the tuning parameters (i.e. window
sizes) that allows certain dynamics to be neglected. In section
5, simulation results on an Activated Sludge Process are
presented to show the effectiveness of our method. Finally,
a conclusion is drawn in section 6.

II. PROBLEM FORMULATION

Consider N known inputs u, € R™ and outputs g, € R’
affected by colored white noise wy, € R’. These values are
collected from the following discrete-time bilinear system
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expression given by:

Thy1 = Axy, + G(Ik X uk) + Buy
yr = Cxp + Dug + fr + wy

where ® represents the Kronecker product, and f;, € R’
is the sensor fault vector.

The target is to detect and to isolate sensor faults when
supposing that the only available information is the system
structure (bilinear) and input/output data. The system param-
eters (A € R"*™, B€ R™™ C € R*", D e R™>™ G ¢
R™ ™™ are supposed to be unknown. The linear and bilinear
parts are assumed to be stable i.e. maz(|eig(A)]) < 1 and
max(|leig(G)|) < 1.

We will detail our data-based residual generation method
for bilinear systems in section III. Let us first give a general
principle of this method. Under the stability conditions, it
is possible to express the vector of outputs on a given time
window as a function of the inputs and system parameters.
The following expression is thus obtained.

Y = HU 2)
where H depends only on system parameters, U and Y are
matrices of inputs and outputs collected on a given time
window. If the chosen time window is sufficiently large, we
can then project equation (2) on the right kernel II of U
(UTI = 0) and we can derive the residual:

(D

r=YII=0 3)

This relation must be verified in absence of disturbances and
faults.

When a fault occurs, r becomes different from zero and
it can be used for FDI.

It is clear that no system parameter or state estimation is
needed for residual computation since II depends only on
inputs, which makes residual expression (3) independent on
model parameters.

III. OUTPUT EXPRESSION y; ON A TIME-WINDOW OF
SIZE i

The objective of this section is to show how to derive
equation (2) from system (1). A general expression of the
output y is first obtained. Then it is shown that the influence
of the state may be neglected under the stability conditions,
which leads to equation (2).

A. Exact expression of the output yj
A general output expression yj, can be derived, which is

given in the following proposition and proved by recurrence
in the appendix.

Proposition 1: The general expression of the output y;, in
function of the state x_;, the inputs and system parameters
A, B, C, D, GG is given by:

Vi >0:

yp = CAlzy_; +ﬁiﬂk,i + ﬁzak,l +Eiﬂk,i + ﬁzak,z + i + wi
“

where H, H, %, H, H and T are detailed in what follows.
a) Expression of uy ;, P~IZ and IA-L, which represent the
bilinear part of equation (4) are provided in the following
paragraph.

i ak,i = | (Uk—s1(ja) ® Uk—s5(ja) ® -+ ® Uk—s,(js))

€ rRM()x1 ig constructed with all possible combinations of

a=i—2

inputs in a time window of size ¢ (there is K (i Z cime
i—2

possible combination!), where M (i) = Y m’*aCz?fa,
a=0

with the following constraint:

Via € {1,.., K(i)},¥d € {2, ...,i},Vsp(j2) € {1,..yi— 1},

Vp €{2,...,d},Vs1(52) € {2,...,i} : s1(j2) > s2(j2) > ... > sq(d2).
Hllustration: From the output expression (4) for ¢ = 3,

ug,3 1S given by:

Up—3 @ Up—2 @ Up—1

Uk—3 O UK—2

Up—3 @ Ug—1

Uk —2 @ Uk—1

where s1(1) =3, s2(1) =2 and s3(1) =1
$1(2) = 3 and s2(2) =2
51(3) =3 and s2(3) =1
s1(4) =2 and s2(4) =1

Uk,3 =

° ﬁi depends on system parameters, and it is given by:

H; = [CT1i(B®D)| CTa,i(BRI)| | CT k(i) (BRI

where I';, ; is a product of the matrices A, (A ® I), G
and (G ® I). For each jo € {1,..., K (i)}, these matrices
are arranged differently, and they can appear several times
with different powers, the sums of these powers is given by:
p1(jz2) for A, pa(j2) for (A® I), p3(jz2) for G and p4(jz2)
for (G ® I). We have the following property:

Vi2 € {1,..., K(9)} : p1(J2) + p2(j2) + p3(j2) + pa(de) <i—1 (5)

lllustration: From the output expression (4) for ¢ = 3,

Hs is given by:

Hy = [CG(G @ In).(B® I,,2) [CAG.(B® Im)|
CG.(AR In).(B® 1) |[CG(B® In)]

where p1(1) = p2(1) = 0 and p3(1) = pa(1) =1
p2(2) = pa(2) = 0 and p1(2) = p3(2) =1
p1(3) = pa(3) = 0 and pa(3) = py(3) = 1
p1(4) = p2(4) = pa(4) = 0 and p3(4) =1

'On = (n npl)'p’
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e Unlike H;, H; does not only depend on system
parameters but also on state, it is defined by:

Hi = [C.Uy i (wpi ® 1) C.0s (x5 @ T)] -
IC. ¥ ke (i,i-(T—i ® I)]

where U, ; is a product of the matrices A4, (A® I), G
and (G ® I). For each jo € {1,...,K(i)}, these matrices
are arranged differently, and they can appear several times
with different powers, the sums of these powers is given by:
)\1(j2) for A, )\2(]2) for (A X I), )\3(]2) for G and )\4(]2)
for (G ® I). We have the following property:

Vi2 € {1,..., K(9)} : AM1(52) + A2(j2) + A3(j2) + Aa(j2) =i (6)

llustration: From the output expression (4) for i = 3,
Hj is given by:

Hy = [CG(G® I1n) (G ® Ly2)(wg—3 @ L) |
CAG.(G® Im).(w)_3® I,,2) |
CG(A® I;m)(G® I).(x_301,,2) |
CGG @ Im)(A® Ly2).(wh—3 ® I,2) ]

where A1(1) = A2(1) =0, A3(1) =1 and A4(1) =2
)\2(2) =0 and )\1(2) = )\3(2) = )\4(2) =1
)\1(3) =0 and )\2(3) = )\3(3) = )\4(3) =1
A1(4) =0 and M\y(4) = A3(4) = A\y(4) = 1

b) Expression of uy ;, H,; and ﬁi, which represent the
linear part of equation (4) are provided in the following
paragraph.

T, T ....T 71T m.(i+1)x1
o Ui = [uj_; - uj_yui] € RmUHY

)

e H; depends on system parameters, and it is given by:
H; = [CAile| ...|CB| D} € RExm.(i+1)

e Unlike H;, ﬁz does not depend only on system
parameters but also on state, and it is given by:

i = [CATIG (2h—i @ Im)| -+ | CAG(A® I;n)' 2 (i ® I1n)
|CGAA® L) (xp—i @ Im)| Oé,m] € Rixm.(i+1)

B. State-free expression of the output yj

For i sufficiently large, under the stability conditions, the
state influence may be neglected in expression (4). This leads
to the following approximated expression of the output yy,
so one does not need to estimate the system state for fault
diagnosis process.

yr = Huy,; + ﬁzﬂkz + fr + wi )

The aforementioned simplification of the state terms is
based on the stability of the linear and bilinear parts (which
is not the global stability).

a) First simplification:
If the linear part of the system is stable, then A’ tends to
zero for i sufficiently large (this implies that (A ® I)® also
tends to zero).

Hence,

CAiLL'k,Z‘ — 0 (8)

b) Second simplification:

V1 € {1,...,i}, using the sub-multiplicative norm,

0 < [|[ANGA® L)1 7|, < (maz(|Ally, 1Gll; 1A ® Tmll3))?
The power of the maximum is 4, because it represents the
sum of the powers of the matrices A, G and (A ® I,,). If
the linear and bilinear parts of the system are stable, then
(maz(||All,, [|Glly s [|A @ In]l,))" — 0 for i sufficiently
large. As a consequence

AT G(A® Ly, 7|, — 0.
Hence,

Hiug; — 0 9)

¢) Third simplification:

Vja € {1,...,K(i)}, using the sub-multiplicative norm,
0 < 1Wsq.ill, < (maz([Ally, | A® I, |Gl |G @ I]|,))" . From
equation (6), the power of the maximum is .

If the linear and bilinear parts of the system are stable, then

(maz(|[Ally, [A@ Il |Gy, G ® I],)) = 0

for i sufficiently large. Consequently |[W;, ;||, — 0.
Hence,

Hig; — 0 (10)

IV. DATA-BASED RESIDUAL FOR SENSOR FAULT
DIAGNOSIS IN A BILINEAR SYSTEM

In this section, a data-based residual €j is proposed for
sensor fault detection and isolation.
Consider an integer L, which is chosen such that
L > m.(i +4!) + . Let us define the following short-hand
matrices:
Vi = [Uk—1+1 " Yr—1 Yk ] € R

U, = | Wh=Lti W1 Ui | o pm(i+)+M(3)x L
Uk—L41, " Uk—1,3 Uk,
and Iy, = I, — UL (URUL)~1U, € REXL is the projection
matrix, which defines the right kernel of the inputs matrix
Uj. Consequently, we have:
Ul = 0. (11)
Proposition 2: The proposed data-based residual is de-
fined as follows:

e, = VIl Z € R (12)

. T
with Z = [0]---]0[ 1] € R (the last column of Y;II;
is chosen since it represents the current information),
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It is proved that:(fault detection)

e Elex] = 0 when no fault occurs.
e Elex] # 0 when a fault occurs.

For fault isolation, it is clear to notice that the proposed
residual is structured, where each row of € is sensitive to
the corresponding sensor fault.

Proof:

By stacking equation (7) on a time window of size L, it

leads to the following expression:

Yi= M| Ut A+ B+ Wi (13)

where the fault matrix Fj, and the noise matrix W), are
constructed similarly as the output matrix Y}, using respec-
tively f and wy instead of y;. Al = [5};_“1 |- 188, |6i]
represents the neglected part (8), (9) and (10) using the
stability assumption on a time window of size L, where
i =CA'zy_; + Hiup,; + ﬁﬂlm
By projecting the output matrix Y} on II; which is the right-
orthogonal matrix to the input matrix Uy, and by choosing
the last column (using the vector Z) which represents the
current information, equation (13) becomes:

VillyZ = [H;| H; | Ul Z + FRllp Z + Wil Z + AL T, Z.

From relation (11), it is easy to find that
[FA fIZ} Uill, Z = 0yx1. Therefore, for residual computa-
tion, one does not need to estimate analytically the system
parameters involved in H; and H;.

Hence, the evaluation form of the residual ¢, = Y,1I. 2
is obtained as: €, = FyI1,Z + Wy I, Z + AL T, Z.

The mathematical expectation of the residual € is:

Elex) = E[Fp 1 Z] + E[Wi I Z] + E[A?CH;CZ] (14)

Since noise is centered, we have E[W;II;Z] = 0, and
relation (14) becomes:Ee;] = E[F 11, Z] + E[ALL, Z].

Since deterministic faults are considered, and A} is also
a deterministic matrix, we have: Ele;] = FpllpZ + ALIlL Z,
where A} 11, Z represents the contribution of the initial state
vector, theoretically it is not equal to zero but it will be
discussed in the next section. A threshold decision procedure
has to be done for residual mean El[e;] evaluation, because
residual mean depends on faults and the neglected dynamics.
Notice that the proposed data-based residual € is not

sensitive to sensor faults fj if span(Fy) C span(Uy).
|

V. DATA-BASED RESIDUAL COMPUTATION

In the previous section, a data-based residual has been
proposed for sensor fault detection and isolation in bilinear
systems. Note that the computation form of the residual
€, depends only on outputs Y and inputs through matrix
II;, (I is the right kernel of Uj). However, the on-line
computation of I, € RI*L needs the input matrix
Up € RmEAD+MEXL which is of high dimension. In
this section, we will show that the computations may be
reduced, because certain terms that appears in residual
computation form may be neglected.

The effect of the residual neglected terms is minimized and
the residual sensitivity to faults is maximized by proposing
an appropriate criterion.

We introduce index ¢;. Theoretically, we should have ¢ =
i1, but ¢ and 41 are chosen different to overcome the heavy
calculations.

If 43 < 14, expression of y; given by equation (7) can be
written differently as follows:

— ~ o~ T
yr = Hiug; + [Hll‘ Hi1+1;7;:| [~ kyiq

] +fr b w4 6L (15)
Uk 574114

where Ekvi1+1:i = (“k—gl(j5) QUk—gs(j5) ® - ® uk—gd(ja’)))

€ RWO-M@m)x1 jg similar to ug; by removing
combinations with g; < i; + 1, in other words, Uy ;, +1: is
constructed with all possible combinations of inputs in a
time window of size ¢ with the following constraint:
Vis € {1, oo (K(6) — K (i2))}, Vb € {2,....1),

ng(.]5) € {17 ey & — 1}’Vq S {27 7d}»Vgl(]5) € {7'1 +1, 77'} :
91(Js) > g2(js) > ... > ga(Js)-

Illustration: From the output expression (4) for ¢ = 3, if
i1 = 2, the expression of uy 5.5 is given by:

Up—3 QUE—2 @ Uk—1
Up—3 @ Uk—2
Uk—3 @ Up—1

Uk, 241:3 =

and }NIilH:i contains the corresponding terms for
Uk iy +1:i-
Hlustration: From the output expression (4) for ¢ = 3,

if i] = 2, Hi1+1:1‘ is given by Hi1+1:i =

[CG.(G®Im).(B&I,2) |[CAG.(B® Im)| CG(A® Im).(B®Im)].

The neglected part which can not be calculated is
H;, 11:4Uk 4, +1.. Consequently, another output expression
Yy, 1S given by:

yp = Hilig s + Hi Ui, + f + wi + soh (16)

o i appears in terms with @; € R™UTUX1 where
is chosen sufficiently large to be able to neglect the
contribution of the initial state, this choice is involved
with the inputs u because the inputs u are not big in
size

o iy appears in terms with @y ;, € RM(1)*1 where i; is
small enough to allow the residual computation.

By stacking equation (16) on a time window of size L, it

leads to the following expression:
Vi= [, | U+ B+ Wi+ A (17)

Consequently, data-based residual is calculated similarly as
in equation (12) but input matrix U, becomes:

Uy = {EkaH,i "'Nﬂkfl,i Ekz } e Rm(i+1)+M(i1)xL
Uk—L41,i1 " Uk—1,i; Uk,iy
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where it is obvious that the size of Uy becomes lower than
the previous one, with AP =

AL + Hij i1 [Ek—L+1,i1+1:i |- |Ek_1,i1+1~:i |Ek7i1+1;i] repre-
sents the initial state contribution and Hj;, 114Uk ,+1:. In
order to find a good trade-off between the high sensitivity to
sensor faults and low sensitivity to the neglected terms, the
following criterion is proposed.

The choice of the two indexes ¢ and ¢; corresponds to
min(J(é,41)), where J(4,41) is the proposed criterion for a
good trade-off between high sensitivity to sensor faults and
low sensitivity to neglected part.

The criterion J(4,41) is given by:

k=it+¢
Y 11
Ty Gisin) Zk:m+1” o Tlg

J(%,41) =

J2(4,11) - k=ite
DO Ly
k=it iiq ||
Zk:io-f—lHAk Iy, + Wi, Iy,
k=itp
D I FR L
=ig+1

Calculation is started from i, since matrices collection
needs historical data in this paper.
Y I, FilIl, represent respectively the projection on the
input kernel II; of the output matrix Y} in a healthy case and
the fault matrix F}, with a unique direction (fj, = [1 ‘. 1} r
in this paper because it contains all the other possible faults
directions).

Where ¢ is an integer to be selected by the designer, and
J1(%,41), Jo(i,41) are defined as follows:

k=it k=it || nivi
Zki. YTkl Zkf. 1|‘A;L1Hk+Wknk|‘
Ji(iyin) = LS = =it
P ST ST v
k=ig+1 * k=ig+1' K
k=it
. Zk:ig-%—lHFknkH
Jo(i,41) = ——=prro———

AT
with iy is the starting time for calculation, since the
proposed residual need the collection of the historical data.
Remark: 4
The denominator S3=0"7 |[Vi|| of Ji(,41) and Ja(i, i)
is used to normalize .Jy(i,41) and J3(i,i1). To prove the
normalization process, we have the sub-multiplicative norm:
V3T || < [V | (|0 |

It is known that ||II;|| = 1, this leads to % <1

VI. EXAMPLE AND RESULTS
A. The activated sludge process

The activated sludge process (ASP) is a biological method
of wastewater treatment that is performed by a variable and
mixed community of micro-organisms in an aerobic aquatic
environment.

The overall goal of the activated-sludge process is to
remove substances that have a demand for oxygen from the
system.

The simulated process [13] is divided into three sub pro-
cesses, denoted S7, So and Ss. The first sub process S;
describes the rate of change of the ammonium concentration
in the aerobic compartments. The inputs are the measurable
d; and the control variable wu;, thus the process describes
the nitrification process, which generally occurs when the

time that the sludge stays in the system (called the mean
cell residence time, or MCRT) is increased.

The second and the third sub processes are not detailed,
because we did the application of our method only on the
first process, which is a discrete-time bilinear system.

Numerical values of the bilinear model for the ASP are
taken from [13]. These values are used for input/output
generation but not used for residuals generation. System
inputs and system outputs are plotted in figures (3) and (4).

External

\L carbon

influent

clarifier

/
0 0 0, \ / =
00 gm OO Ojo Og \ effluent
ha § B o | % %—\ s
0 Om ;Q 000 o \ /
Do% o | 20| ool o0 \
00 | on 190 | fo| %°
OGO 0 © g g
waste sludge
recirculated sludge
Fig. 1. Activated sludge process

B. Computation of the criterion J and the residual

We choose ¢ = 100, L = 223, iy = 244.
The criterion J is computed and plotted in figure (2). The
optimal couple (4, 41) corresponds to the minimum of J (7, ;)
is (i =20,4; = 3).
The 3 data-based residuals are computed and represented in
figure (5).
It is obvious that we can easily detect and isolate the
three faults. Note that in a no fault situation, residuals are
not exactly zero due to the contribution of noise and the
neglected terms.
When the fault disappears, the corresponding residual stays
strongly different from zero during one time window. This
is due to the computation method of the residual that uses
historical data on a time window.

VII. CONCLUSION

A data-based residual method is proposed in this paper
for sensor fault diagnosis in a bilinear system without using
system parameters values. The proposed method has the
advantage of generating structured residuals for multiple
sensors faults, but a drawback is that high dimensional
input-output matrices must be manipulated. A method is
proposed to reduce computational complexity, by neglecting
certain terms in the residual evaluation, while maintaining the
fault sensitivity. The residual generation method approach is
illustrated on a simulated activated sludge process, where
detection and isolation of sensors faults were successfully
conducted.
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VIII. APPENDIX

Recurrence method is used to prove correctness of the gen-
eral output expression (4), which can be written differently
as follows:

yi = CA'zy_i+

C Z Ajl_IG.(A ® Im)i_jl .(ka,i X Im).uk,jl
Jj1=1

+C(Dug + Y, A ~"1Buy_j,)

j1=1
K (i)
+C 30 Wiy i @ 1) (18)
j2=1
(Uk—s1 (j2) ® Uk—s3(j2) @ -+ ® Uk—s4(j2))
K(3)
+C Z Ljyi-(B®I).
J2=1

(Uk—s1(j2) ® Uh—s(j2) @ -+ @ Up—s5,4(j2)) T fr + Wk

1) Writing the proposal that we are going to prove

The proposal to be demonstrated is given by equations
(18), (6) and (5) for Vi > 0.

2) Inductive step

Assuming that the proposal holds for ¢, let us prove
that it holds for ¢ 4 1 also:
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yp =CA™M gy 1+
C Z AJS*lG.(A(@[m)z+17]3.(xk_i_1 ®Im).uk_]-3
Jz3=1
i+l
+C(Dug + >, A3~ Buy_j,)

Jjz=1

K(i+1)
+C Y0 Yig1(zr—im1 © ).
Ja=1

(Uk—s1(ja) ® Uh—s3(jg) ® = © Uk—s,(js))
K(i+1)
+C 0 Tia(BeD).

ja=1

(“k—S1(j4) QUk—s3(ja) @ - @ uk_sd(j4)) + i +wg (19)

V1(ja) +92(ja) +V3(js) +94(ja) =i +1  (20)

é1(Ja) + P2(ja) + 03(ja) + Pa(ja) <i (21

where ¥, ¢ are defined for W;, ;11 and I'j, ;41
similarly as A, p are defined for ¥, ; and T, ;
respectively, with Vvj, € {1,..,K(G@ + 1)},Vj3 €
{1,.,i+1},Vd € {2,...,i + 1},

Vsp(ja) € {1,...,i},Vp € {2, ...,d} :
51(ja) € {2, .., i + 1} 51(ja) > 52(ja) > ... > s4(ja).

Using equation (1), we replace

Tpi = Axp_im1 + G (Th—ic1 QUp—i—1) + Bup—_;—1
into the expression (18) of y; at ¢ , we derive the
following expression:

g =CAM gy ;1 + CAiG'-(xk—i—l ® Im)up—i—1+

i
CAiBuk,i,1 + C(Dug + Z Ajlle’U,k,jl )+
Jji=1

C Z Ajl_lG.(A®Im)i_j1+l.(iﬂk,i,1 ®Im).uk,j1
Jji=1

+C Y ANTIG(AQ L) (G @ Im) - (Th—ic1 ® I,2).
ji=1

(Ug—i—1 ® up—j; )+

C Z AJlilG(A(X)Im)’L?]l(B®Im)(’u,]¢_l_1 ®uk_j1)+
Jji=1

K(i)
C > i (BaI)

Jj2=1
'(uk—sl(j2) Q Uk —s5(ja) ® -+ ® uk—sd(jz))

(22)



K(4)
+C Y0 U i(AR D) (2p—im1 ® ).
J2=1

(Uk—s1(j2) @ Uk—s53(j2) © - @ Uk—s4(42))
K (3)

+C Y Uy, i (GRI)(Tp—im1 @ I).
jo=1

(Up—i—1 ® Uk—s1(j2) @ Uk—s3(j2) ® - @ uk—sd(jz))

K (i)
+C Y Vi (BRI).
J2=1

(Uh—im1 ® Uk—s (jo) ® Uk—s3(ja) ® =+ © Uk—sy(ja)) + fr + Wk

Let us present the used mathematical expressions for
the previous equation simplification, which are easy to
prove:

o (Z1® Z2)(Z3 ® Zy)=(Zy Z3) @ (42 Zy)

o (Z1® Z2)=(Z1®1)Z,y

e 1 +2K(i)=K(i+1)

- Cpf = oty
where 7y, Zs, Z3, Z4 are matrices with appropriate
dimensions. By identifying expressions (19) and (22),
one can find:

i+1

C > ABTIG(A @ Im) ™98 (2p—i1 ® Lm)up—jy, =
Jz=1

CAG.(xp—i—1 ® Im) up—j—1 +

g
C Z AjlilG.(A®Im)i7j1+l.($k,i,1 ®Im).uk,j1
Jj1=1
i+l
C(Dug + Z AJS*lBuk_jS) =
Jz=1

CA'Buj_;_1 + C(Duy, + ZZ: AN Buy,_j,)

j1=1
[‘1/1,1‘+1 [--- \‘I’K(i+1)—1,i+1 \‘I’K(i+1),i+1] =
[G(A® In) "1 (G ® L) [ALG(A® [n)~2.(G @ L)
JATIGU(A® L) (G @ In) | W1, (A ® L)
Vo i(A® Im) |+ Wk (3),i-(A® In) [¥1,5.(G ® Im))|
Vo i(G®Im) [ V()i (G® [m)]
[FI,H—I [--- |FK(i+1)—1,i+1 \FK(i+1),z'+1] =
[G(A® In)~ [A'G(A® Im)i =2 ]|
ATIG(A® I;m ) ™" [T1i (T2, |+ [Py il
Uy |Woy|--- |\I’K(i),i]

It is straightforward to prove that the proposal for i+ 1
(equations (19), (20) and (21)) holds.
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Fig. 5.

T

blue: residuals expectation, red: faults occurrence
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