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Abstract—Dynamic system fault diagnosis is often faced with
a large number of possible faults. The purpose of this paper
is to propose an efficient method for such situations. To avoid
intractable combinatorial problems, sparse estimation techniques
appear to be a powerful tool for isolating faults, under the
assumption that only a small number of possible faults can
be simultaneously active. However, sparse estimation is often
studied in the framework of linear algebraic equations, whereas
model-based fault diagnosis is usually investigated for dynamic
systems modeled with state equations involving internal states.
The main contribution of this paper is a link between these
two formalisms through efficient and reliable algorithms, mainly
relying on advanced analyses of residuals generated with the
Kalman and Kitanidis filters. Based on these results, it becomes
straightforward to solve fault diagnosis problems by applying
well known sparse estimation techniques, in the framework
of general time varying state-space systems involving unknown
inputs.

Index Terms— fault detection and isolation, fault diagnosis, sparse
estimation, Kalman filter, unknown inputs, residual analysis.

I. INTRODUCTION

Due to increasing demands for reliable engineering systems
and in response to the trend towards more strict environmental
norms, researches on fault diagnosis theory have been con-
tinuously developing since several decades, as demonstrated
by the vast literature on this topic, for instance, [1], [2], [3],
[4], [5], [6], [7], [8], [9], [10]. Model-based fault diagnosis
typically consists of a residual generation step and a residual
evaluation step. Residuals are usually designed to stay close
to zero when the monitored system is healthy, and to deviate
significantly from zero in faulty situations. Depending on the
assumptions about modeling and measurement uncertainties,
residual evaluation can be based on statistics [1] and on set
membership reasoning theories [11], [12].

Fault detection is a non trivial task due to modeling and
measurement uncertainties, and fault diagnosis is even more
tricky. In the statistical approach, hypothesis testing is ap-
plied to fault diagnosis. However, because different faults are
not independent in general, hypotheses should be considered
for subsets of possible faults instead of individual faults.
Quite often these subsets correspond to a large number of
combinations, which are difficultly tractable in practice. For
example, consider the case of 30 possible faults, among
which up to 3 faults may be simultaneously active, then
Ciy + C3y + C3y = 4525 possible combinations would have

to be tested. The situation is similar when designing residuals
focusing on subsets of possible faults for fault diagnosis. A
large number of possible faults is typically encountered with
distributed parameter systems. For example, in mechanical
structure health monitoring [13], in electrical cable monitor-
ing [14] and in petrochemical infrastructure monitoring [15].
It is important to develop fault diagnosis methods capable of
addressing large scale problems.

Because of this complexity issue, existing fault diagnosis
methods are effective only when a small number of possible
faults are assumed. To address a large number of possible
faults while avoiding intractable combinatorial problems, these
methods would have to resort to the following remedies, with
serious limitations and drawbacks:

« Assume that only one of the possible faults can be active
(known as single fault assumption), see e.g., [16], [17],
so that each possible fault can be detected individually.
Though it is unlikely that many components of a system
fail simultaneously, yet the single fault assumption is too
restrictive.

o In a parametric setting, estimate simultaneously all the
fault parameters and apply a threshold to them in order
to isolate actually active faults [6]. The estimation of a
large number of parameters is often an ill-posed problem
(typically involving the inversion of some large singular
matrix). When this estimation is numerically feasible,
fault isolation by thresholding the estimated parameters
is not reliable due to high uncertainties in the large set
of estimated parameters.

o Design statistical tests focusing on individual faults fol-
lowing the minmax approach. When there is a large
number of possible faults, such tests require the inversion
of large matrices, typically singular, like in the previous
case relying on large parametric estimation. If luckily
no singular matrix is involved, such minmax tests lack
sensitivity, because each of them rejects a large number
faults with the least favorable hypothesis in terms of test
power [1, Section 4.2.8].

The purpose of this paper is to propose a method to
efficiently address a large number of possible faults, relaxing
the limitations of the existing methods and overcoming their
drawbacks summarized above. Sparse estimation [15], [16],
[17] appears an efficient tool for the diagnosis of a large
number of possible faults under the sparseness assumption



(only a small number of faults can be active simultaneously).
Such techniques can solve simultaneously for a large number
of unknowns by assuming that most of them are equal to
zero. By appropriately modeling the severity of each possible
fault with a parameter value, in particular with the zero value
representing an inactive fault, sparse estimation will be able
to isolate and to estimate non-zero parameters representing
active faults. A related topic is signal sparse representation by
combining a small number of elements selected from a large
dictionary. While the same algorithms may be used for sparse
representation and for sparse estimation, the former aims to
obtain a compact representation of a given signal [18], [19],
[20], whereas the latter is for the purpose of estimating model
parameters under the assumption that most of them are zeros
[21], [22], [23].

However, efficient sparse estimation algorithms are usually
designed in the framework of linear algebraic equations
involving a large number of unknowns, whereas fault diag-
nosis problems are typically formulated for dynamic systems
modeled with state equations involving internal states. This
formalism incompatibility represents a major difficulty for the
application of sparse estimation techniques to fault diagnosis.
The main contribution of this paper is to establish a link
between these two formalisms for efficient fault diagnosis, in
the framework of general time varying state-space systems
involving unknown inputs.

Applications of sparse representation techniques have been
reported in the fault detection and diagnosis literature. A
Bayesian compressive sensing approach to fault diagnosis was
proposed in [24]. Feature extractions based on sparse signal
representation for fault classification have been investigated
in [25], [26], [27], [28]. Impulse response monitoring with
convolution sparse representations was studied in [29]. Sparse
principal component analysis was applied in [30] for data
dimension reduction. Sparse based reconstruction was applied
to compensate data loss due to sensor failures in [31].
These reported works all avoid state-space representation of
the monitored system, and their results are either strongly
relying on massively available data or with limited physical
interpretation. On the other hand, state-space systems are
considered in [32], [33]. In these works, hidden state variables
are eliminated through numerical differentiation of sensor
signals. This approach cannot address unknown inputs.

In this paper, sparse estimation techniques will be efficiently
applied to state-space system fault diagnosis without resorting
to numerical differentiation. The main results will be based
on advanced analyses of residuals generated with the Kalman
filter, and more generally, with the Kitanidis filter for systems
involving unknown inputs, connecting residuals to fault pa-
rameters through simple algebraic equations. Based on the
main results presented in Propositions 1 and 2, it will become
straightforward to solve fault diagnosis problems in general
time varying state-space systems involving unknown inputs,
by applying well known sparse estimation techniques.

The remaining part of this paper is organized as follows.
Section II states the considered fault diagnosis problem. Sec-
tion III contains the main results for analyzing the considered

fault diagnosis residuals, establishing the link with sparse
estimation. Section IV is about fault diagnosis with standard
sparse estimation tools. Section V presents numerical exam-
ples. Finally Section VI concludes the paper.

II. PROBLEM STATEMENT

Physical laws governing the behavior of engineering sys-
tems are typically described by differential equations [34].
Formulated in state-space form (vectorial first order differen-
tial equations), such equations are often discretized in time in
order to be easily manipulated in digital computers together
with sampled sensor data, resulting in difference equations.
This paper will consider linear time varying (LTV) stochastic
systems in the form of discrete time state-space equations:

Tr+1 = AT + Brug + Epdy + wi, + ®10
Yk = Crrp + vg,

(1a)
(1b)

where z;, € R™ is the state, y, € R™ the output, u; € R’ the
known input, dj, € R® some unknown input, wy, € R" the state
noise of covariance @y, vy € R™ the output noise of covari-
ance Ry, 6 € RP the parameter vector characterizing possible
faults affecting the system, and Ay, By, Ck, Fx, ®y, are known
matrix sequences of appropriate sizes for k = 0,1,2,.... The
internal state vector xj, is not directly accessible, but partially
observed through the sensor signal vector yy.

The unknown input dy, is a totally arbitrary and unknown
vector sequence. Typically, such unknown inputs represent
disturbances or some non parametric faults to be rejected. See,
e.g., [3].

The considered fault diagnosis problem consists in isolating
non-zero components of 6 based on input-output data analysis.

Fault diagnosis problems as formulated above with the
state-space model (1) have been widely investigated in the
literature [1], [2], [3], [5], [7]. Sometimes restricted to time
invariant systems (with constant matrices instead of the matrix
sequences Ay, By, etc.), this problem formulation is a well-
known general framework for researches on fault diagnosis.
Effectively tractable solutions are only available when a small
number of possible faults are assumed, i.e., when p is a small
number.

The particularity of the present paper is to consider the case
of many possible faults (6 is a large dimensional vector) under
the assumption that only a small number of faults can be active
simultaneously (6 has few non-zero components).

Assumptions:

(1) Ag, Bk, Cy, E, and &y are bounded matrix sequences
for all £ > 0.

(i) The initial state xy € R™ is a random vector following
the Gaussian distribution N (Z¢, Py), with a mean vector
Zo and a positive definite covariance matrix Py.

wy, and vy, are zero mean white Gaussian noises indepen-
dent of each other and of xzy, with bounded covariance
matrices @ and Ry for all £ > 0. The inverse matrix
R,:l is also bounded for all k¥ > 0.

(iii)
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Fig. 1. Fault diagnosis flow chart. This paper is focused on residual analysis.

(iv) For all £ > 0, the matrix product Cjy1FE}) has a full
column rank and a bounded Moore-Penrose inverse.

These assumptions are typically made for classical Kalman
filter implementations [35], [36], except part of Assumption (i)
about Ej and Assumption (iv), both for the implementation
of the Kitanidis filter [37], which will be recalled later in this
paper.

The flow char of the proposed fault diagnosis approach
is illustrated in Figure 1. Sensor data are processed by the
Kalman filter or by the Kitanidis filter generating residuals,
as recalled in Sections III-A and III-B. Then the residuals
are analyzed in order to form the data of a standard linear
regression problem. Fault detection can be made by simply
thresholding residuals. For more reliable detections, in the
stochastic framework formulated in this paper, the well known
generalized likelihood ratio test [1, Section 4.2.7] is applied
to the analyzed residuals. When a fault is detected by the fault
detection module, the sparse estimation module processes the
regression data in order to isolate active faults among a large
set of possible faults.

This paper is focused on residual analysis, yielding regres-
sion data enabling the application of standard sparse estimation
algorithms.

III. RESIDUAL GENERATION AND ANALYSIS

As most readers are more familiar with the Kalman filter
than with the Kitanidis filter, in order to convey the essential
idea behind the results of this paper, let us first consider a
simpler case to which the Kalman filter can be applied, before
extending the result to the general case requiring the Kitanidis
filter.

A. LTV system without unknown input

In this reduced case, consider the following system model
resulting from a simplification of system (1) by omitting the
unknown input term:

Tht1 = ArTi + Brug +wi + @0
yr = Crx + V.

(2a)
(2b)
The considered fault diagnosis problem is as previously for-
mulated for system (1), but omitting the unknown input term.

The purpose here is to transform the fault diagnosis problem
to a standard sparse estimation problem, by building, from the
available I-O data and the system model (2), a matrix X and

a vector y of appropriate sizes, such that the standard sparse
regression

y=X0+e 3)

can be solved under the assumption that the unknown vec-
tor 6 has few non-zero components, by minimizing in some
sense the error term e accounting for measurement noise and
modeling uncertainties.

Due to the linearity of the considered system model (2),
the output yj results from the sum of linear contributions
from the input wg, the (possibly present) fault term &0,
the noises wy,vg, and the initial state. If the contribution
from the fault term ®.0 can be isolated from the others,
then intuitively it is possible to build a matrix X and a
vector y satisfying (3) with the error term e depending on
wy, and vg. However, the dependence of y; on 6 through the
recursive state equation (2a) makes this task non trivial. The
computation of X and y from available information should
be made reliably and efficiently, avoiding unstable recursions.
These requirements may appear too demanding, but they can
indeed be satisfied, thanks to the Kalman filter.

(A-1) The Kalman filter and its residuals

The Kalman filter cannot be applied to system (2) in the
usual way for state estimation, because of the unknown fault
parameter vector 6. A Kalman filter will be designed under the
fault-free assumption, i.e., assuming 6 = 0. This Kalman filter
will always be applied to system (2), no matter if § = 0 or 6 #
0 in reality. In the latter case, the Kalman filter will produce
a biased residual because of the wrong fault-free assumption.
The analysis of this residual bias will lead to a matrix X and
a vector y satisfying (3), with an error term e resulting from
linearly filtered noises wy, and vy.

The well known Kalman filter, designed for system (2)
under the fault-free assumption (¢ = 0) consists of the
following recursive computations for k = 0,1, 2, ..., after the
initialization Pyjo = Py and &ojo = Zo:

Pyiijp = APy AL + Qy (4a)
Sk41 = Cr1 Pey1nCilyy + R (4b)
Kip1 = Pon Ol Sn (40)

Pryijprr = (In — K10k 1) Py (4d)
Try1e = Ak + Brug (4e)
Uks1lk = Yk+1 — Crr1Trq1)k (4f)

Tet1)ht1 = Thgifk + Ker1Tr41)k- (42)

In this section, the residual analyzed for fault diagnosis will
be the updated output error

Jrik 2 i — Crigp, k=0,1,2,.... (5)

Another natural choice would be the innovation sequence
Uk+1|k» also known as prediction error. However, the innova-
tion g 41| is not available for the general problem formulated
in (1), because it is impossible to make prediction for the
system involving an unknown input term FEjydy. For this
reason, the updated output error i is considered below in
order to preserve the possibility of extending the results to the



general problem formulated in (1). Nevertheless, it is worth
mentioning the innovation residual analysis made in [38] in
the context of statistical tests for fault diagnosis. Of course, it
cannot be extended to systems involving unknown inputs.

(A-2) Updated output error residual
The following result, directly relating the residual g, to

the fault parameter vector #, will be the basis for building a
matrix X and a vector y satisfying (3).

Proposition 1: The residual gy, defined in (5) and generated
by the Kalman filter (4), which is designed under the fault-
free assumption (6 = 0), but applied to the possibly faulty
system (2), is related to the fault parameter vector 6 through

ke = Cu Thl + T3 (6)

where T € R"*P is a matrix sequence recursively generated
by

To=0 (7a)
Tit1 = In — Kpp1Crt1)ArTh
+ (In — Ki41Choy1) i, (7b)

with K}, as in the Kalman filter (4), Ay, Ck, Py as in sys-
tem (2), and gg‘k corresponds to the residual that the Kalman
filter would generate if it was applied to the fault-free system
characterized by 6 = 0. ]

Proof of Proposition 1.: The main steps of the proof
are as follows. First the state estimation error dynamics
equation (10) will be derived by combining the Kalman
filter (4) and the system model (2). This is a classical step
in residual analysis. Then the key step will be the linear
transformation (12) to decouple the state estimation error Ty,
and the parameter vector 6, yielding the dynamics of the
decoupled state estimation error 7 in (17). The decoupling
transformation will be used again to obtain the direct relation-
ship between the residual g, and ¢ in (20). The last step will
show that the last term in (20) is equal to the residual that the
Kalman filter would generate if it was applied to the fault-free
system characterized by 6 = 0.

Combining (4e), (4f) and (4g) yields the recursive equation
of .’f?k| k-

Tppifer1 = Appp + Brug
+ K1 (Yet1 — Crr1 Ag@p — Crp1 Brug). (8)
Define the updated state estimation error
Tpje = Th — Bgpi 9)
then it follows from (2) and (8) that

Tpg1ipr1 = (In — K1 Crg1) ApZp + e

+ (In — Ki41Cr41) P40, (10

where
(11)

Somehow inspired by the adaptive observer design approach
in [39], define the decoupling transformation

A
er = (In — Ki41Cpq1)w — Kip 1041

Me = T — T, (12)

with Y, as defined in (7). This Y}, behaves like a Jacobian of
Ty, with respect to 6, hence ny, = Ty, — Tx0 is the part of
Ty, unaffected by 6. Indeed,

M1 = (In — Ky1Crp1) Argi + e

+ (I, — Ki41Crq1)Pp0 — L1106 (13)
= (In — Kg1Cpy1) A (r + Ti) + e
+ (In = K 11Ck41)Px0 — Tp10 (14)
= (In — Ki41Cxq1) A + e,
+ [(In = Kit1Crr1) Ax T
+ (I — Kpp1Crs )@ — Tipn]0 (15)
= (In — Ki41Cry1) Arni + ek, (16)

where the last equality is due to (7b) annihilating the content
of the brackets [---].

The above successive equations are then summarized as

Mkt1 = (In — Ki1Chp1) Ak + e (17)
Combine (2b), (5) and (9) to obtain

Ukt = CrZ|k + V- (18)

A simple substitution with (12) then leads to
Ul = Cr(me + T10) + vy, (19)
= C Tkt + G (20)

with

Ine = Crik + v 21

The claimed equality (6) is then obtained in (20). It remains
to confirm that the above defined gjgl & 1s equal to the residual
that the Kalman filter would generate if it was applied to the
fault-free system, as stated in Proposition 1.

This ggl i as defined in (21) depends on C, mi and vy, with
Ny satisfying (17). The last term of (17) is defined in (11)
from Kjy1,Cki1, wy and vgyq. With (17), iy is recursively
determined by the sequences Ky, Cy, Ag, e, and by

Mo = Tojo — Yot = Tojo — 00 = Zgp = o — Tojp ~ (22)
following (12) and (7a). Hence 7y is independent of 6, so
is ggl  defined in (21). In other words, if the system was

“replayed” under the same conditions except the value of 6,
then gg‘k would remain unchanged.

When ¢ = 0, (20) becomes g, = ggl - In this particular
case (6 = 0), gy, is the residual of the Kalman filter applied
to the fault-free system, so is gjgl » Which is independent of 6.
Therefore, regardless of the value of 6, gjgl  1s equal to the
residual that the Kalman filter would generate if it was applied
to the fault-free system.

The proof of Proposition 1 is then completed. ]



B. Residual analysis rejecting unknown inputs

Now let us go back to the system formulated in (1), which
is copied below for ease of presentation and reading:

Tpy1 = ApTy + Brug + Epdy + wy, + 0
Y = Crzp + vy

(23a)
(23b)

The Kalman filter cannot be applied to this system, because
of the involved unknown input term Fxdy,. Instead, the Kitani-
dis filter [37] will be used in what follows. In the fault-free
case (@ = 0), the Kitanidis filter minimizes the state estimation
error covariance while rejecting the unknown input. It is thus
a natural extension of the Kalman filter to systems involving
unknown inputs.

Like the Kalman filter in Section III-A, here the Kitanidis
filter is designed under the fault-free assumption (f = 0), and
will be applied to the possibly faulty system (23), no matter
if § = 0 or § # 0 in reality. The residual generated by this
Kitanidis filter will be analyzed in order to establish a link
with sparse regression.

The Kitanidis filter [37] assuming 6 = 0 is as follows:

Py = APy AL + Qr (24a)
k1 = Crp1 Py 1k Cliq + R (24b)
Tir1 = Bx = PryipCi1 Bty O B (240)
Eev1 = B CL1 S Cry1 By (244)
Apy1 =TrniEyy (24e)

Peiiisr = Posipe — PoaieCir St 1 Crs1 Pt
+ Apr1Zrr1A L4 (241)
Kiq = Pk+1\kC£+122i1
+Thn E By Cin Bty (249)
Tr41 = AkZr + Brug
+ K1 (Yr+1 — Crp1 Apdx — Crp1Brug).  (24h)

In the Kalman filter (4), state estimation is decomposed into
a prediction step and an update step, yielding respectively the
predicted state estimate 24 1), and the updated state estimate
Tp41k+1- In the case of the Kitanidis filter, however, state
prediction is impossible, because of the involved unknown
input. A single state estimate Zjpy; is computed with the
recursive equation (24h), corresponding to the Kalman filter
recursion (8) combining the prediction step (4e) and the update
step (4g).

While the double index notations %y and &y 1|41 are
reserved for the Kalman filter, the single index notation Zj, is
used for the Kitanidis filter.

Proposition 2: Let
gk éyk*C’ki'ka k:07172a"'7

be the residual generated with the Kitanidis filter (24), de-
signed under the fault-free assumption (@ = 0), but applied to
the possibly faulty system (23). Then g, is related to the fault
parameter vector € through

(25)

i = Cu il + 4, (26)

where T, € R™ P is a matrix sequence generated by

TO =0 (27a)
Yit1 = (In — Kip1Crp1) Ak Ti
+ (In — Ki41Chp1) P (27b)

with K, as in the Kitanidis filter (24), Ay, Cj, P as in
system (23), and g9 corresponds to the residual that the
Kitanidis filter (24) would generate if it was applied to the
fault-free system characterized by 6 = 0. O

Proof of Proposition 2.: Define
T 2 zK — &k (28)
Then, combining (23) and (24h) yields
Try1 = (In — Kpy1Chi1) Ay
+ (In — Kkt 1Cry1) Erdy + (In — Kj41Cli1) Pr0

+ (I — Kp1Cps1)wi — K1Vt (29)

It turns out that the Kitanidis filter gain K satisfies
(In — Ky41Crt1)Ex = 0. (30)

This equality can be checked as follows. It follows from (24d)
and (24g) that

Kiy1Coy1Er, = Pk+1\kC}Z1+1iI;Jl1Ck+lEk

+ Fk+15ﬁ15k+1 (3D
= Poi11kCi1 i1 Crr1 Be + T (32)
= By, (33)

where the last equality is due to (24c). Then, (30) is confirmed
by a simple rearrangement.

The important equality (30) cancels the term involving the
unknown input dj out of the error dynamics equation (29),
which then becomes

Tps1 = (In — K1 Co1) Ay, + €

+ (I, — Ki41Chy1)®@r0 (34)

with

ex £ (In — Kiy1Cri1)wg — Ky 10k41- (35)

The recursive equation (34) satisfied by Zj is the same
as (10) satisfied by Zyy, except that here K} is replaced by
K. The same similarity is also observed between (11) and
(35). By copying the steps of the proof of Proposition 1 after
equation (11) with obvious notation adaptations, Proposition 2
is then proved. ]

C. Residual generator boundedness

The residuals generated by the Kalman filter and by the
Kitanidis filter are recursively computed. In practice, it is im-
portant to ensure that the numerical computations are bounded.
The boundedness results of the Kalman filter and of the
Kitanidis filter have been established in the literature essen-
tially based on observability and controllability assumptions,
as shortly recalled below.



For the state-space system (2), the Kalman filter is usually
analyzed under the conditions that the matrix sequence pair
[Ak, Cf] is uniformly completely observable, and the matrix

1

sequence pair [Ag, Q7] is uniformly completely controllable

[40], [36], where QZ is a symmetric matrix square root of the
state noise covariance (j. Note that the controllability condi-
tion does not concern the input uyg, but the state noise wy. See
[40], [36] for the definitions of uniform complete observability
and controllability. A state-space model is both observable
and controllable if and only if it has the minimum number of
states [41]. In other words, if such a model is not observable
or not controllable, it can be reduced to an equivalent model
which is observable and controllable.

Under the observability and controllability conditions, the
Kalman filter is table, implying that its error covariance Py,
and its gain matrix K} are bounded [40], [36], so is the
covariance of the fault-free residual g}% - As expressed in (6),
the residual g(; has an extra term C} Y0 compared to the
fault-free residual gg‘k. The matrix sequence Yy is generated
by filtering @, through the linear filter (7), which has the same
transition matrix (I, — Kg4+1Crt1)Ay as the Kalman filter
error dynamics equation (10). According to [36], the Kalman
filter error dynamics (10) is stable, so is the linear filter (7).
Then the matrix sequence Y generated by the stable linear
filter (7) is bounded, given the boundedness of ®; assumed
in Assumption (i).

For the LTV system (1) subject to unknown inputs, similar
results about the Kitanidis filter have been established [42],
under a more involved observability condition, ensuring the
boundedness of the residual computation with the Kitanidis
filter.

IV. FAULT DIAGNOSIS BY SPARSE ESTIMATION

By modeling faults as deviations of the parameter vector
from its nominal value, fault detection amounts to detecting
changes in the mean value of the residual gy, as expressed
in (6) or g in (26), respectively based on Proposition 1 or 2.
In this work the generalized likelihood ratio test [1, Section
4.2.7] is applied for this purpose.

After the detection of any fault, fault diagnosis is performed
through sparse estimation based on the results developed in the
previous sections, under the assumption that 6 contains few
non-zero components. The number of on-zero components of
0 is unknown. Let ¢ denote this unknown number in order to
ease the presentation.

Given an LTV system (1), a Kitanidis filter (24) is designed
under the fault-free assumption (f = 0). The output error gy
of this Kitanidis filter is then characterized by Proposition 2.

Let N denote the data sample length. With data collected

for k=1,2,..., N, amatrix X and a vector y are built as
1T, (0
Co Ty Y2
X = ) s Y= . (36)
CnTN N

where C, Y, and Ui are as in Proposition 2. Then, according
to (26),

y=X0+e (37)

with the error vector

(38)

As already discussed in the introduction, existing sparse
estimation algorithms can be applied to solve for € under
the assumption that 6 has few non-zero components. The
numerical examples in the next section will be based on
Lasso [43]. It is also possible to apply other algorithms, such
as Stability selection [44], Dantzig selector [45], Orthogonal
Matching Pursuit [46] and CoSaMP [47]. The Lasso solution
is given by

- 1

0= argmn (X0 - w3+ 00 ) 9
where || - ||1 and || - ||2 denote respectively the {; norm and 5
norm, and A > 0 is a weighting coefficient.

The term A||f||; controls the number of non-zero compo-
nents in the Lasso estimate 6. A tricky point is how to choose
the value of A in practice. It is possible to choose A by cross-
validation [23] if the available data set is large enough. In this
paper the following choice is adopted. The number of non-
zero components in the Lasso solution 6 decreases when A
increases, and there is a wide range of A in which 6 keeps
the same number of non-zero components. The value of A is
chosen at the middle of this range, by numerically exploring
different values of A\. Numerical examples will be given in the
next section.

Like any fault detection and diagnosis problem in a stochas-
tic framework, decision making is subject to random errors.
When the data sample size N tends to infinity, Lasso is able
to asymptotically isolate the non-zero components of € in
the sparse regression problem (37) under the irrepresentable
condition [48], [23]. Basically this condition means that the
columns of X in (37) corresponding to non-zero components
of # are not too much correlated with the other columns of X.
In practice it is difficult to check this condition. In this paper,
X is filled in (36) with C}, Y. Each column of the matrix
sequence Y is generated from the corresponding column
of ®; through (27), without interaction between different
columns, because the recursive matrix equation (27b) is indeed
a collection of vector equations in parallel, one for each
corresponding column of Tk_H,Tk and ®;.. If the columns
of @ are weakly correlated, so are the columns of Y, and
therefore of X.

When the state-space system (2) is considered, the Kitanidis
filter is replaced by the Kalman filter, and accordingly, Propo-
sition 2 is replaced by Proposition 1, yielding a similar matrix
X and a similar vector y, in which Y}, is replaced by Y} and

Uk bY Ug|k-



Number of non zero components found by Lasso

Fig. 2. Number of non-zero components of the Lasso estimate 6 per A. This
number remains 5 in the range represented by red diamonds.

V. NUMERICAL EXAMPLES
Example 1 — simulations with asymptotic behavior evaluation

This first example is an LTV system in the form of (1),
which, as stated in Section II, is a well-known general
framework for researches on fault diagnosis. The considered
example is

Tpr1 = Agzg + Edy + wy, + 10 (40a)
yr = Cy + vy, (40b)
with
-0.8 0.7 0.lexp(—k) 0
A = —0.6 0 0.1cos(k) |, B= |1, 41
0.1sin(k) —0.5 —0.4 0
1 00 -1
C:[O 0 1],E= 8 (42)

The input term Bjug = 0 for all £ > 0 has been omitted from
(40). The unknown input

di, = 10sin(0.1k) + € + 100,

with a zero mean white Gaussian noise €, of unitary variance.
The constant 100 is added so that this simulated unknown
input is far from a zero mean noise. The matrix ®; € R3*°°
is randomly generated, with each entry following the uniform
distribution within [—17.3,17.3]. The two white Gaussian
noise vectors wy and vy have their covariance matrices equal
to I3 and 0.512, respectively.

The fault parameter vector § has 50 components. In each
simulation trial, 5 out of the 50 components of # are randomly
drawn to be set to 1, while the other components are set to 0.

In every simulation trial, data are simulated for k£ =
1,2,...,100, ie., the data sample size N = 100. The
Kitanidis filter (24) designed under the fault-free assumption
(6 = 0) then processes the simulated data.
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Fig. 3. Lasso estimation and least squares estimation. Diamonds: non-
zero components of the Lasso estimate 6, with each color corresponding to
one particular value of A within the flat range at the middle of Figure 2.
Circles: least squares estimate of the non-zero components selected by Lasso.
Asterisks: simulated true non-zero components.

The Lasso estimate (39) is applied to (37), based on
Proposition 2, with different values of A. For one of the
simulation trials, the number of non-zero components in the
Lasso estimate 6 is depicted against the value of X in Figure 2.
These results show a large range of A\ (represented by red
diamonds) within which the number of non-zero components
remains 5. For each value of A\ within this range, do the 5 non-
zero components of the Lasso estimate 6 correspond to the true
non-zero components of #? The results shown in Figure 3
(the diamonds) confirm that, for all these values of A, the
Lasso estimate yields the same non-zero components, which
turn out to be in agreement with the simulated true non-zero
components of 6 (the asterisks) in this example.

The Lasso estimate is biased due to the penalty term A||6];
in (39). After having isolated the non-zero components of
0 with the value of A\ in the middle of the flat range in
Figure 2, these non-zero components of 6 are then estimated
by the classical least squares method. The result is illustrated
in Figure 3 by circles.

The numerical results presented above correspond to a
single realization of random noises wy, vy, randomly drawn
non-zero components of ¢ and randomly drawn signals in
®,. To statistically evaluate the behavior of the proposed
approach, the simulation is repeated a large number of times.
Moreover, these experiments are made for different numbers
of non-zero components in @, denoted by ¢. The simulation is
repeated 1000 times for each value of ¢, in order to evaluate
the successful fault isolation rate. In each simulation, fault
isolation is considered successful if all the non-zero compo-
nents of # estimated by Lasso correspond to the true simulated
non-zero components. The results are reported in Figure 4
and Table I. It is in particular shown that the successful
isolation rate is 99.5% for ¢ = 5, and 81.7% for ¢ = 9.
The sparseness assumption becomes less appropriate when
q increases, therefore the performance of sparse estimation
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Fig. 4. Example 1. Successful fault isolation rates and the corresponding
number of simulated faults (number of non-zero components of 6) g. For
each number ¢ from 5 to 25, the isolation rate is evaluated over 1000
random realizations. For each random realization, fault isolation is successful
if every non-zero component of 6 is correctly isolated (no misdetection, nor
overdetection). Data sample length NV = 100. The covariance matrix of the
output noise vy, is diag([0.5,0.5]). The covariance matrix of the state noise
wy, is the 3 X 3 identity matrix. See Table I for numerical values.
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Fig. 5. Example 1. Successful fault isolation rates and the corresponding
average signal-to-noise ratio (SNR) levels of the two output sensors. At each
SNR level, the isolation rate is evaluated over 1000 random realizations.
For each random realization, fault isolation is successful if every non-zero
component of 6 is correctly isolated (no misdetection, nor overdetection).
Data sample length N = 100. Number of simulated faults ¢ = 5. The
covariance matrix of the output noise vy is rI2 (I2 is the 2 X 2 identity
matrix). The covariance matrix of the state noise wy, is the 3 X 3 identity
matrix. See Table II for numerical values.

decreases.

More experiments are then made at different signal-to-noise
ratio (SNR) levels. More specifically, in these simulations, the
covariance matrix of the sensor noise vector vy is set to 1o,
with I being the 2 x 2 identity matrix and with a scalar factor r
varying from 0.5 to 200. For each value of 7, the simulation is
randomly simulated 1000 times. The successful fault isolation
rate over the 1000 realizations for each value of r is illustrated
in Figure 5. In each of the 1000 simulations, the SNR for each
of the two output sensors is computed, and the average SNR
for each sensor over the 1000 simulations for each value of r
is also shown in Figure 5. The numerical values corresponding
to Figure 5 are presented in Table II. These results show that,
the successful isolation rate is 97.4% when the SNR is about
21 dB, and 82.4% when the SNR is about 12 dB, with the
data sample size N = 100.

A. Example 2 — leakage diagnosis in a gas transportation
pipeline

This example of natural gas transportation pipeline is bor-
rowed from [15]. Leakage detection and localization are a
crucial issue for safe operation of pipelines, especially in
high pressure natural gas transportation. A major difficulty
for leakage monitoring is due to the distributed nature of
possible leakages along long pipelines. In this example, sparse
estimation will be applied to localize leakages. In [15], a
linear parameter varying model of the gas dynamics in a
gas transportation pipeline is experimentally established as
follows:

Tp+1 = (Ao + Appr)zk + (Bo + Bppr)ur, + wy
yr = (Co + Cppr)zk + (Do + Dppr)us + vg,

(43a)
(43b)

where u; € R and y, € R are respectively the input mass
flow and the output mass flow, the state vector xj € R? is
composed of the internal mass flow and the pressure drop in
the pipeline. The scheduling variable p; € R is the average
of the pressure measurements. The sampling period is 2
minutes. The details about pj;, and parameter values contained
in Ay, Ay, Bo, By, Co, Cp, Dy, Dy, are available in [15].
Let

A = Ao+ Appi; (44)

By, = By + Bppi (45)

Cr = Co + Cppi (46)

Dy, = Do + Dypy, 47
| Uk—1 Uk—2 Uk—p

P = 0 0 .. 0 (48)

then the state-space model (43) is rewritten as

Tht1 = Apzy + Brug + wi + ®,.0 (49a)

Yk = Crxi + Dyug + g (49b)

in which the additional term ®6 represents possible leakages
proportional to delayed inputs ug, with delays related to the
distance between the leakage positions and the sensor position.
The non-zero components of § € R? correspond to leakages.

The term Dy uj, was not considered in the previous sections.
By moving it to the left hand side of (49b) and by replacing
Yk by yi = yx — Dyuy, then (49b) becomes y, = Crxy + vy

Two leakage faults are simulated, corresponding to the 10-th
and the 15-th components of 6, both set to 10~*, while the
other components of # € R3° are zeros. The input signal uy,
and the scheduling variable pj; are as in [15], and the output
signal y is simulated with the state noise wy of covariance
[3.31 —2.18; —2.18 1.44] and the output noise v, of variance
10*. The data sample length N = 500.

The Lasso estimate (39) is then applied to the innovation
sequence of the Kalman filter, based on Proposition 1, with
different values of A. The number of non-zero components
in the Lasso estimate 0 is depicted against the value of A\ in
Figure 6. These results show a large range of \ (represented
by red diamonds) within which the number of non-zero com-
ponents remains 2. For each value of A within this range, the 2



Number of fauls ¢ |3 6 7 g 9 0 T ¥} 13 4 B
St 99.5% | 98.0% | 95.4% | 90.0% | 81.7% | 75.0% | 65.5% | 55.5% | 44.4% | 37.7% | 29.5%
Number of faults ¢ | 16 17 8 o 0 [ 21 | 22 | 23 | 2 | 25
o 25.1% | 18.3% | 14.6% | 10.6% | 9.0% | 8.1% | 4.0% | 3.9% | 2.7% | 2.2%
TABLE I

Example 1. Successful fault isolation rates and the corresponding number of simulated faults (number of non-zero components of ) g. For each number ¢
from 5 to 25, the isolation rate is evaluated over 1000 random realizations. For each random realization, fault isolation is successful if every non-zero
component of 6 is correctly isolated (no misdetection, nor overdetection). Data sample length N = 100. The covariance matrix of the output noise vy, is
diag([0.5, 0.5]). The covariance matrix of the state noise wy, is the 3 x 3 identity matrix. See Figure 4 for a graphical illustration.

Noise factor 05 10 20 30 30 30 60 70 g0 90 100
Output T SNR (dB) | 34.06 | 21.65 | 1864 | 1654 | 1537 | 1432 | 13.60 | 12.86 | 1242 | 11.66 | 11.63
Output 2 SNR (dB) | 32.63 | 19.84 | 17.05 | 1502 | 13.69 | 1278 | 11.81 | 1142 | 1095 | 1023 | 991

St 99.4% | 97.4% | 95.7% | 933% | 91.7% | 89.2% | 88.1% | 87.6% | 82.4% | 79.9% | 78.6%
Noise factor 7 [0 [ 120 | 130 | 140 | 150 | 160 | 170 | 180 | 190 | 200
Output T SNR (dB) | 1132 | 11.15 | 1056 | 10.1T | 10.78 | 9.808 | 9.727 | 9.403 | 8.892 | 8.784
Output 2 SNR (dB) | 9.959 | 9320 | 9.193 | 8.988 | 9.065 | 8206 | 8.037 | 7.965 | 7.374 | 7.489
S 77.6% | 742% | 727% | 747% | 68.5% | 68.4% | 62.1% | 59.7% | 63.9% | 57.5%
TABLE Il

Example 1. Successful fault isolation rates and the corresponding average signal-to-noise ratio (SNR) levels of the two output sensors. At each SNR level,
the isolation rate is evaluated over 1000 random realizations. For each random realization, fault isolation is successful if every non-zero component of 6 is
correctly isolated (no misdetection, nor overdetection). Data sample length N = 100. Number of simulated faults ¢ = 5. The covariance matrix of the
output noise vy, is rl2 (I2 is the 2 X 2 identity matrix). The covariance matrix of the state noise wy, is the 3 x 3 identity matrix. See Figure 5 for a
graphical illustration.

Number of non zero components found by Lasso
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Fig. 6. Example 2 — number of non-zero components of the Lasso estimate
6 per A. This number remains 2 in the range represented by red diamonds.

non-zero components of the Lasso estimate 6 are represented
in Figure 7 by diamonds. For all these values of A, the Lasso
estimate yields the same non-zero components in agreement
with the simulated true non-zero components of 6 (represented
by asterisks).

The Lasso estimate is biased due to the penalty term A||6]|;
in (39). After having isolated the non-zero components of 6,
their values are estimated by the classical least squares method,
as illustrated in Figure 7 by circles. This result shows that the
two simulated leakages are correctly isolated and estimated
with a good accuracy.

12 \ \
< Lasso estimations
O Least squares estimation
% True non zero components
1k ® * E
08 B
06 B
04 B
02 B
o s s s
0 5 10 15 20 25 30

6 components indexes

Fig. 7. Example 2 — Diamonds: non-zero components of the Lasso estimate
6, with each color corresponding to one particular value of A within the
flat range at the middle of Figure 6. Circles: least squares estimate of the
non-zero components selected by Lasso. Asterisks: simulated true non-zero
components.

VI. CONCLUSION

To overcome the incompatibility between efficient sparse
estimation techniques available in the framework of linear al-
gebraic equations and fault diagnosis problems formulated for
dynamic systems modeled with state equations, a connection
between them has been established in this paper based on
advanced residual analyses of the Kalman filter and of the
Kitanidis filter. The numerical efficiency and the stability of



the proposed approach rely on the related properties of the
involved filters. These results provide an effective solution to
fault diagnosis by avoiding large combinatorial problems, in
the framework of general time varying state-space systems
involving unknown inputs. For future works, applications to
mechanical structure vibration analysis will be investigated.
Some previous studies on fault diagnosis will also be revisited
in order to relax the limitation about fault parameter vectors,
such as in [49].
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