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The diagnosis of systems is one of the major steps in their control and its purpose is to determine the possible presence
of dysfunctions, which affect the sensors and actuators associated with a system but also the internal components of the
system itself. On the one hand, the diagnosis must therefore focus on the detection of a dysfunction and, on the other hand,
on the physical localization of the dysfunction by specifying the component in a faulty situation, and then on its temporal
localization. In this contribution, the emphasis is on the use of software redundancy applied to the detection of anomalies
within the measurements collected in the system. The systems considered here are characterized by non-linear behaviours
whose model is not known a priori. The proposed strategy therefore focuses on processing the data acquired on the system
for which it is assumed that a healthy operating regime is known. Diagnostic procedures usually use this data corresponding
to good operating regimes by comparing them with new situations that may contain faults. Our approach is fundamentally
different in that the good functioning data allow us, by means of a non-linear prediction technique, to generate a lot of
data that reflect all the faults under different excitation situations of the system. The database thus created characterizes
the dysfunctions and then serves as a reference to be compared with real situations. This comparison, which then makes it
possible to recognize the faulty situation, is based on a technique for evaluating the main angle between subspaces of system
dysfunction situations. An important point of the discussion concerns the robustness and sensitivity of fault indicators. In
particular, it is shown how, by non-linear combinations, it is possible to increase the size of these indicators in such a way
as to facilitate the location of faults.
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1. Introduction often includes fault detection, fault isolation and fault
identification. As explained by Frank (1990) and Blanke
et al. (2006), one of the basic concepts of model-based
diagnosis requires a model of the nominal process as a
reference. The first step in diagnosis is then to generate
estimates of the actual process outputs. These estimates
are then compared with the corresponding process outputs
to generate residuals. The final step is to analyze the
variations in the residuals. In one way or another, all
strategies involve the analysis of redundant information
from models and measurements.

Model-based and data-based fault diagnoses have
been investigated for decades. Both the approaches
used to fault diagnosis have significant advantages and
disadvantages. The choice of one or the other approach
*Corresponding author is often linked to the possibility or not of having a

1.1. Process diagnoses. Many supervision techniques
proposed in the literature are based on behavioural
predictions from models characterizing their good
functioning, or using approaches based on data collected
on the system.

To approach this problem, some historical concepts
and definitions should be recalled. Although frequently
the terms “fault isolation” and “fault detection” are used
synonymously, fault detection means determining that a
problem has occurred, whereas fault isolation pinpoints
the exact location of this problem. We can add here fault
identification which consist in estimating the magnitude
and type of the fault. In common usage, fault diagnosis
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model of the system that accurately reflects its behaviour.
As soon as the physical laws, supplemented by some
simplifying assumptions, can be applied, the resulting
model can then be used for diagnosis (Wang and Wan,
2017). The case of complex systems (large systems
or systems with poorly known reaction mechanisms)
is generally handled by the second type of approach
(Simanio and Farso, 2018), with the data being directly
used to provide a functional diagnosis. However, the
dichotomy stated may be questionable because, often,
database approaches also use models: for example,
detecting an operational inconsistency by analyzing a
correlation between different quantities is based on the
assumption of a model between variables. Perhaps one
could say that database methods do not use an a pri-
ori known model. This is the case, for example, for
techniques using principal component analysis where the
system model is not known, but the diagnostic technique
is based on the search for empirical linear or non-linear
redundancies between system variables.

Very often, system operation diagnosis techniques
are based on the analysis of the adequacy between a model
reflecting good functioning (which therefore plays the role
of reference) and the data collected on the system. With
this type of technique, anomaly detection is generally
simple to implement and is very effective. The same
cannot be said for the localization of these anomalies,
which requires much finer comparison techniques that
are able to isolate the types of malfunctions from each
other. To this end, techniques have been developed
for structuring fault indicators and, more precisely, by
defining subsets of indicators specific to the recognition
of particular fault subsets. The search for the ad-hoc
dimension of these indicators and their structuring
remains a difficult key point, to which are added the need
to compromise between the robustness and sensitivity of
the indicators. These various observations prompted us
to focus our contribution on the structuring of indicators
and, consequently, on the processing of data adapted to
their development.

Thus, we consider here the case where the
behavioural model of the system is not known and must
be constructed from measurements made on the system.
For linear systems, in order to extract redundancies
useful for diagnosis, the relationships between the
inputs and outputs of a system are usually obtained
using the least-squares estimator. For systems with
non-linear behaviour, modelling is much more delicate
and requires the use of variable transformations to
describe non-linearities between data. Bates and Watts
(1988) presented non-linear regression with possible
applications in chemical engineering. Smyth (2006)
describes the most common models and transformations
to convert non-linear models to linear models.

Given most of the work on diagnosis, it is clear that

the aspect generally treated, for the non-linear case, is
limited to fault detection. A much lower number of papers
were devoted to faults isolation. In the works of Alcala
and Qin (2010) or Kallas et al. (2014), the pre-image
technique offers a step of isolation and fault estimation.
The complexity of the problem is due to the non-linear
transformation that induces some difficulties in the system
identification procedure which is only partially solved by
using a regularization function.

In order to cope with nonlinear systems, several
works applied kernel principal component analysis
KPCA. In the works of Botre er al. (2016) or Ren
et al. (2016a), for example, kernel partial least squares
regression (KPLS) is used as a modeling framework to
generate residuals which are evaluated using a generalized
likelihood ratio (GLR) statistic. To the best of our
knowledge, the use of a kernel approach to diagnosis of
failures appropriate for real processes is only partially
addressed and documented in the literature (Ren ef al.,
2016a). Concerning more applicable aspects of simulated
systems, in the works of Manikandan et al. (2013), Fazai
et al. (2016), Gao et al. (2017), Wang (2018), Simanio
and Farso (2018) or Jia and Huang (2016) the detection
of faults in a chemical process is proposed, in those by
Huang et al. (2014), Jun et al. (2006) or Ren et al
(2016b) an application to water treatment is presented
and in that of Navi ef al. (2018) an industrial gas turbine
is considered. Among multivariate statistical process
monitoring methods applied to chemical processes,
principal component analysis (PCA) (Benaicha et al.,
2013) has been widely used for fault detection in chemical
processes, although this approach is devoted to static
linear systems. However, some extensions have been
proposed for time varying systems (see Gu et al., 2015)
and nonlinear systems (kernel PCA) (see Kallas et al.,
2014). In the work of Nithya and Vijayachitra (2018)
PCA is proposed to detect faults of an actuator, but some
results are surprising since PCA is applied in the context
of dynamic nonlinear functioning.

1.2. Main idea and contribution. In our paper, we
present a novel technique for diagnosis without using an
a priori known model. Only using data collected from
the system, the main idea is to create a set of non-linear
structured redundancy equations in order to isolate a fault
and define its time localization, in the case where this fault
may affect one of the inputs or outputs of the system. In
this paper several contributions are to be noted.

Based on the idea that physical models of systems
can be difficult to develop, the proposed approach is
based on the construction of grey box nonlinear prediction
models if some knowledge on causality between variables
is available. In order to describe the non-linear behaviour
of systems, a formalization using Gaussian type kernels
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is used; these kernels have a parameter to adjust the
importance of non-linearity.

Usually, diagnostic procedures use the comparison
of the current situation to be analyzed with a well
functioning model. Here the approach adopted is quite
different. The non-linear prediction model is used to
construct a set of reference situations for the system in
a dysfunctioning state, i.e., for different measurement
fault configurations. A classification technique, based
on subspace angle estimation, then makes it possible to
compare the current situation to be analyzed with the
different dysfunctional situations.

If there are a number of publications on faults
detection, to the best of our knowledge there are few
published works on the isolation of these faults without
using an a priori known model. It is precisely this
point of fault localization that is addressed in our
paper by proposing a structuring of the fault-indicating
residuals, on the one hand thanks to a judicious choice
of the re-description variables for the construction of
kernel-based regression models and, on the other hand,
by using a bank of predictors, each of them using a
specific subset of variables in such a way as to improve
the isolation of faults.

The use of non-linear prediction models remains
quite classic, but we have extended its use to structured
prediction, i.e., involving particular subsets of explanatory
variables, in order to decouple certain models from
specific variables. As a direct consequence, this leads to a
significant improvement in the separation of faults.

A particularly difficult point for the diagnosis of
systems is the lack of significant sensitivity of some
residuals to faults to be detected. In the case where
the residuals depend linearly on the variables and,
consequently, on the faults affecting them, the sensitivity
analysis is simple. The non-linear case is much more
complex, which probably explains the lack of published
work in this field. The difficulty stems from the fact
that the sensitivity depends closely on the nature of the
excitations affecting the system. To solve this problem,
we propose to create a reference dictionary containing
fault signatures representative of a set of excitation
situations of the system. Since insensitivity may also
be due to the structure of the models and the values of
their parameters, increasing the number of models, at the
expense of a slight increase in complexity, favours the
isolability of faults. This increase in the number of models
is simply due to a combination of the system’s primary
models, combinations that allow for a decoupling of fault
indicators from certain variables.

Finally, the common thread of our text is that
of a continuous stirred-tank reactor (CSTR), the
structure chosen being sufficiently complex in terms of

non-linearities and the number of variables to highlight
the interest of a data-based diagnosis technique. This
example, although small in size (5 inputs and 5 outputs),
serves as a guideline throughout the text to implement
the contributions mentioned above. We thought it was
wise to use this example systematically in all stages of
the proposed approach. However, many developments in
the text clearly show that this approach remains generic,
which will allow the future reader to use it for his or her
own application.

In view of the main ideas underlying our approach,
it is clear that the very principle of FDI, as set out in
the seminal work, remains in use, namely the generation
of fault-indicating residuals. = However, the way in
which they are constructed and used covers a number
of personal developments in our presentation: prediction
from a non-linear grey box model, structuring residuals by
elimination of variables, dictionary of reference residuals
covering different operating regimes, situation recognition
by estimating angles between subspaces.

1.3. Outline. The remainder of the paper is organized
as follows. Section 2 is devoted on the one hand to
the model structures that can be proposed to describe
the behaviour of a CSTR and, on the other hand, to the
output prediction of a system considering the non-linear
case by using a kernel formulation. Section 3 is dedicated
to the detection and isolation of faults affecting input or
output. This section alerts the reader to the problem of the
sensitivity of fault detection indicators by providing some
elements for discussion and the beginning of a solution.
Section 4 is devoted to our contribution: designing
a structured model, designing fault indicators allowing
isolation, estimating the magnitude of faults affecting
the measurements of the input and output variables. A
conclusion is presented in Section 5 and suggests some
possible research directions.

2. System under consideration and its
different model structures

In the following the systems considered are represented
by the set of differential equations :

0=g1(d/dt, 21,22, ..

.,xn,ul,u2,...,um),

(D

0= gn(d/dt, z1, 29, ..

.,xn,ul,u2,...,um),

where the variables x; and wu; are generally referred
to as state variables and command or input variables,
respectively, and where the operator d /d¢ reminds that the
variables x; and u; may appear as their derivatives with
respect to time.

In the following, the structures of the models that
can reflect how the CSTR operates are presented. We
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recall the equations resulting from the knowledge of
reaction mechanisms, then those resulting from a black
box approach, since the FDI approach proposed in
the following will be established in the absence of a
phenomenological model.

In order to address the objective of detecting and
isolating faults that may affect the measurements of these
variables, we are led to construct indicators that can
highlight the presence of these faults and, above all,
locate them. To do this, these indicators must have a
particular structure so that each of them is sensitive to a
fault or possibly to a group of faults. This structuring
is made possible if the components themselves of the
system model (1)) have ad-hoc sensitivities to the different
variables. Obviously, this is not the case of the system ()
whose components g;,7 = 1,...,n are sensitive to all the
variables and thus to all the faults that can affect them.
The situation would be different if some components g; of
the model were independent of particular variables. For
example, this independence can be obtained, under certain
conditions, by trying to eliminate the variable z; between
the two equations g; and g».

When the functions g; are perfectly known, tools
adapted to this elimination are available (Ritt, 1950; Nur
et al., 2018; Diop, 1989) and, in particular, in the case of
polynomial differential systems (Buchberger and Kauers,
2010). In our proposal, the situation is quite different
since only the occurrence of the variables in these models
is known. Therefore, the elimination principle previously
mentioned cannot be directly applied. However, from
a strictly structural point of view, it is quite possible to
assume the existence of a model

0= gns1(d/dt, xa, ..., xn,ur,us, ..., Uny)
resulting from the elimination of the variable z; between
two models g; and g; of (I) where this variable intervenes.

In the following, this idea will be widely exploited
using the specific example of a chemical reaction, but as
indicated above, the proposed approach remains generic
and does not use any particularity linked to this example.
Moreover, although known, the equations describing the
chemical reaction mechanism are not used in order to
remain in the context of data-based FDI. The following
sections are devoted to the summary description of
the reaction mechanism, the grey box model structure,
the kernel-based prediction model structure and their
parametric identification.

2.1. Physical model example: The continuous stirred-
tank reactor. The following continuous model M,
describes the chemical kinetics of a reactor in which five
species A, B, X, Y, Z are considered. Without affecting
the generality of the proposed diagnostic approach, the
feed rate ¢ as well as the volume V of the reactor

caolt) | cal)
CB[)(t) ) 5 CB(t)
exolt) ——»f CSTR > cx(t)
eyolt) ——> > ov(t)
czo(t) — T ealt)

Fig. 1. System structure.

are assumed to be constant. The input concentrations
are denoted by cao,cpo,cxo0,Cyo,Cz0 and the output
concentrations by ca,cp,cx,cy,cz. Figure [I] shows
that the system is of the MIMO type with five inputs
and five outputs. The equations of the model of this
system are derived from the knowledge of the reaction
mechanisms between the five species considered but also
from simplifying hypotheses on the operation of the
reactor (in particular, homogeneity). From a qualitative
point of view, the unbalanced reaction mechanism is
described by

A+B M x,
B+Xx vy 2)
B+Yy 5 z

the term unbalance meaning that it is only listed the
reactants and the products, respectively, on the left- and
right-hand sides of the arrow. The unknown reaction rate
coefficients k;,7 = 1,...,3 are assumed to be constant
to simplify the presentation and implementation of the
proposed diagnostic approach. In the following, for
notational simplicity, the input and output variables are
respectively gathered in the vectors:

T
u=[cao cBo c¢xo Cvo czo] , 3)

T
IZ[CA cCp Cx Cy Cz] .

It is important to note that in the following, the system
model is assumed to be unknown, and only its structured
is known. Obviously, in order to have measurements of
the inputs and outputs of the system, a non-linear dynamic
model was used, but in the proposed diagnostic approach
this model was then completely ignored, our objective
being to detect and locate faults only from the input and
output data collected on the system in operation.

2.2. Grey-box model of the continuous stirred-
tank reactor. Based on the data collected from a
system, different modelling strategies can be considered
to characterize its functioning. In the absence of
knowledge on reaction mechanisms, i.e., by ignoring the
model equations, an elementary way to represent the
MIMO system is provided by a set of equations which
expresses each predicted output as a function of the five
inputs and this without taking into account any coupling
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between the outputs. This type of model is known
as a black-box model in the sense that the choice of
its structure does not result from any phenomenological
knowledge of the system.

Still ignoring the reaction mechanisms, we can also
consider building simpler models where each output of the
MIMO system only uses certain inputs. Of course, in the
absence of knowledge about reaction mechanisms, we are
rather helpless about how to design this explanatory model
of outputs as a function of certain inputs, especially when
they are dynamic systems with non-linear behaviour. With
regard to the diagnosis purpose, the only interest in this
reduced black-box model lies in the reduction in the
number of explanatory variables but above all, in the
context of fault detection, in the fact that the non-inclusion
of a variable in an equation is free from the influence of
the possible fault of that variable.

A more reasonable situation uses the notion of a
grey-box model because it uses partial knowledge of the
behaviour of the physical system. In the following, the
proposed approach uses this grey-box model because it
is only based on the known structure () of the reaction
mechanism governing the combined evolution of the
different chemical species. It should be noted, however,
that this knowledge remains rather superficial in the
sense that kinetics remain unknown and that only the
occurrences of the variables in the concentration evolution
equations are used.

Given the known structure of the reaction mechanism
@) and, in particular, the occurrence of variables in this
model, a smaller number of explanatory variables can be
used in the non-linear regression model than that used in
the black-box models. In general, this reduction principle
remains applicable for any system whose physical or
chemical mechanisms are known without knowing the
numerical values of the parameters of the model of this
system. According to the description @), because of
the nature of the interactions between the five species
involved, the following structures, also illustrated with
Fig. 2l are proposed:

. hy _hy h
L1 = f1<$1p7x2paulq)v
. hy hp hp hy, h
To; = z(x}zp,w%p,w%p,x%p,uf),
M T30 = 3($}1pa$%pa$%pau%q)v “)
$4»i = 4<x%p7x3p7x%p7u%q)7
T5 = fs(zg?, 2" 2" us?),
where hy = i —1: 41 —-phg =i—-1:1i—qf;
will be further defined and the notation ¢ — 1 : ¢ — g

allows to take into account the information of the time
interval [i — g,4 — 1]. The advantage of this structure
is, on the one hand, the reduction in the number of
explanatory variables in each model and, on the other
hand, subsets of explanatory variables specific to each
model, which will promote the isolation of faults affecting

Uy > > T
Us > > &e
U; »| System > Irzg
Uy > > Ty
Us > > Ts5
model f1 — 21
W W s | »
N B [ e |
LLL > model f > 0o
i B | =
L L g model f3 |—»13
N | bl
L i model fy — T4
] >
> model f5 |— 5
Fig. 2. Functional diagram of system model M.
Table 1. Variable occurrence in models M.
1 T2 T3 T4 L5 | U] U U3 Ug Us
filx x X
fol x x x x . . X
fz3 | x x x . X
fa X X X . X
f5 X X X X

the measurements. Table [I] provides the appearance of
variables in models @). A column in this table indicates
the occurrence of a variable in the five equations, while
a row lists the variables involved in a particular equation.
With regard to our diagnosis objective, the examination
of this table clearly indicates the possibility of detecting
all faults that may affect an input or output of the system;
we observe that the signatures of the variables in the M
models are distinct from each other except for us and x5
for which the faults are not isolable.

To conclude, since the phenomenological model is
not known a priori, only the structure @) of M will be
used for the diagnosis. The proposed model is of the
grey box type because it uses partial knowledge of the real
system, i.e., the causality between inputs and outputs.

2.3. Output prediction using dynamic non-linear re-
gression. The prediction of variables generated by time
series is a major tool in all areas of system monitoring and
diagnosis. Indeed, obtaining predictions directly serves
to predict the future evolution of a system, which is
essential, on the one hand, to anticipate its behaviour,
whether normal or abnormal, and, on the other hand, to
make a decision on the control law to be applied to the
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system. This prediction is generally based on a sequence
of past observations of the input and output of the process
under consideration and uses a pre-established model of
the normal functioning of the system.

To do this, a preliminary step of identifying the
system was carried out, by constructing a relationship
between the input and output of the system based on
data deemed to be healthy. In general, independently of
our application to the CSTR, if we consider the input
and output variables (u,y) of a SISO system, y can be
explained by means of u using a non-linear regression
technique. Of course, the underlying difficulty is the
choice of the regression structure. First of all, we recall
the structure of a linear static regression that will serve as
a starting point for the synthesis of a non-linear dynamic
regression.

In its simplest form, a prediction model can be
defined as a linear regression described, at time i, as
yi = f(z;,0), where 6 and 2z; € RPT?. The estimates
of the model parameters 6 can be obtained by different
techniques; the simplest approach is to minimize the
following penalized criterion:

1 r+N

O =5 3 Wi fE0P 21013 ©

1=r+1

where r + 1 and r + N are the bounds of the time horizon
used for the identification and where the explanatory z;
variables depend on the past outputs and inputs of the
system:

T
Zi = [ Yi—1y- 3 Yi—p, Uj—1y--+,Uj—q ] S Rp+q (6)

As in any estimation procedure using a black box model,
the choice of the structure of the function f is up to the
user and is linked to the system to be characterized.

Remark 1. This identification principle, presented here
for a single output variable, obviously applies to all the
output variables of the system. In the case of the CSTR, it
is the variables x;,7 = 1, ..., 5 that will be concerned.

In (@), NV is the number of data pairs available and ~
a positive term used to control the compromise between
the two terms of the criterion. The first term quantifies the
similarity between the estimated and measured outputs,
while the second term provides more regular solutions.
The choice of the regularization parameter 7 controls
the balance between the training error and the degree
of regularity. As is well known, this so-called ridge
regression reduces the variability between the coefficients
of 6 by shrinking them; as a result, more prediction
accuracy is obtained at the cost of only a small increase
in the bias in the estimated parameters. In this paper, we
will not seek for an optimal value of ~, our goal being
essentially dedicated to the detection of a fault.

To deal with a non-linear prediction model, it is a
common practice to map the original input data z; into
another feature space. For that purpose, using a non-linear
function ¢, we consider the projection of the data:

2z ERPTT 5 (z;) €R". (7)

In this case, we consider a kernel K defined by the
elements [KJ;; = (¢(2:),¢(2;)). This makes the
prediction of the system output explicit (Kallas et al.,
2018):

j=Kp, ©
B=(wIN+K) 'y
with
T N
Cy:[y17-~-79N] ER
B=1[B,....0n]" RN

Moreover, for a new observation at time p + 1, we
have

new new new new new
s Uug™, .Uy ] )

Zp :[yp 7"'7y1

The predicted output can be written as
= k" (™) B (10)

with the following definitions:

(e(zr41): 0(25™))
. eRY,

nCW) _

K(zp

new

(2 ) 2 (20))

(p(zr41), p(2r41)) -

Zr+41), P
<50(Zr 2)a<P(2r 1))
K_ + + . 7

(0(zran); o(zr41)) - Ap(zren)s (204 n))
T
Z; = [ Yi—1, -y Yi—p, Ui—1, ..., Uj—gq, ]

It is important to mention that the non-linear function
©(+) is not necessarily given in an explicit form, however
the kernel function K(-,-) can perfectly describe the
non-linear relations between data only by defining the
dot product. Many non-linear functions can be used
to define this dot product (-,-) between data. In this
paper, we consider the Gaussian function which is a
radial basis function (but there exist other choices such as
quadratic, polynomial, hyperbolic tangent kernels), taking
into consideration the distance (or similarity) between
data. The coefficients x(z;, z;) of K (-, -) are given by

1
li(zi,zj):exp<fz | zi — 2 HQ), an
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where the parameter c controls the sensitivity of the kernel
function with respect to the observation z., (smaller
values of ¢ will make the function overfit the data points,
while larger values will make it underfit). Moreover, if the
measurement output variable "% is known, it is possible
to compare the estimate §"*" with this measurement in
order to generate a residual indicator whose magnitude
may reveal a measurement anomaly on u"*" or y"*":

~new

y — gl’lCW _ yHCW. (12)

24. Identification of model parameters. As the
principle of kernel transformation has been developed in
Section 2.3, we limit ourselves here to giving the structure
of the models and the identification results showing the
quality of the forecast of the five outputs. The procedure
of identifying the system model of correct functioning is
a completely classical approach integrating validation and
testing of the model. For the identification of this model, it
was implicitly assumed that all input and output variables
were measured. Obviously, in a more general framework,
the number of available measurement sensors can lead to
constraints on the number of models to be built.

The following figures reflect the results of identifying
the parameters of the functions f(z;) involved in the
model M. Figure 3(a) shows the five entries in the
training database B¢. Using these data, the model was
developed and validated with the values p = 8,q = 8.
Figure 3(b) shows the five noisy outputs of this same
database. A database B! is used for testing the identified
model M. Figure 4(a) shows the inputs used for this
test. The choice of these inputs complies with the range of
variation of the inputs used in the database B¢. Figure[{(b)
contains five graphs relating to the five outputs model
M. This figure also compares the five measured system
outputs with the corresponding predicted outputs of model
M. We note that the structure chosen for models M is
quite adequate to reproduce the variations in the outputs
despite the noise affecting the measurements.

Remark 2. (Influence of hyper-parameters) The iden-
tification technique has a number of hyper-parameters
offering degrees of freedom to improve the quality of
the models resulting from this identification. These
parameters include: ¢, the range of functions used
to calculate the distances between observations (1),
p and ¢ the orders of the regression models (@), ~,
the regularization parameter (3) used to estimate the
parameters for regressions. However, this important
aspect is not discussed here for reasons of space and the
reader can refer to Kallas et al. (2018) for an analysis
of the choice of parameters. Let us simply mention that
for this application, the values of ¢ can be between 4
and 8, those of « between 10~3 and 10~? and the orders
p,q between 4 and 12. In practice, these values must be
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Fig. 3. Training database B°: input (a) and output (b).

adapted according to the severity of the non-linearity of
the system and its dynamics.

3. Principle of fault localization

Let us recall some essentials of the procedure usually used
in the field of diagnosis before presenting the strategy
adopted and the results obtained. There are generally
three important successive phases, often of increasing
complexity: detection, localization or isolation and fault
estimation. In all that follows we consider only faults
affecting the measurements of the inputs or outputs of
the system, which in practice leads to the presence of
abnormal measurements. As indicated in the introduction,
the fundamental point of the diagnosis concerns the
synthesis of indicators, often called residuals, capable of
highlighting and recognizing dysfunctions.
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Fig. 4. Test database 3': input (a) and output (b).

Definition 1. (Residual) In the diagnostic sense, a residue
is a function of the data collected from the system to be
monitored that takes the zero value in the absence of data
errors. On the other hand, in the presence of faults, under
certain structural conditions, the residual is expected to
manifest this presence, i.e., to be sensitive.

Definition 2. (Detectability) Given a set R of residuals
and a D set of faults, a fault d € D is detectable if there is
a subset of residuals R € R depending on d.

Definition 3. (Isolability) Given a set R of residues
sensitive to two faults d; € D and d; € D, d; is isolatable
from d; if there exists a subset of residuals R; € R
depending on d; but not on d;, and a subset of residuals
R; € R depending on d; but not on d;.

Definition 4. (Fault signature) A fault signature vector

typically consists of values O or 1. A value of 1
corresponds to a symptom indicating a fault, while a
zero indicates normal behavior. A signature consisting
of zeros only represents normal operation. A set of
signatures can then constitute a fault signature matrix,
each column corresponding to a fault.

Detection is limited to looking for the presence of
a fault affecting a variable by estimating its occurrence
time, while isolation specifies which variable is subject
to the detected fault. The estimation aims to quantify
the amplitude of the fault. The detection/localization
technique is based on the generation of fault indicators,
each indicator being characterized by a particular
signature.  Fault isolation consists in comparing the
experimental signature obtained from the measurements
with all the theoretical signatures. This comparison
remains a delicate and difficult point of this approach, as
it often requires a normalization of indicators and the use
of thresholds.

In fact, behind the apparent simplicity of the
detection/localization procedure lie a number of
difficulties. First of all, since the system under
consideration is non-linear, the impact of measurement
errors can vary in accordance with the operating point of
the system, i.e., according to the inputs applied to it. This
variation in sensitivity also affects the isolability of the
faults, as faults affecting two different variables can have
very similar influences.

Secondly, linked to the previous problem of
sensitivity, the choice of detection thresholds then
becomes problematic and the use of adaptive thresholds
in the case of non-linear systems remains an almost
unexplored approach to the best of our knowledge. If
the choice of thresholds to be applied to fault indicators
remains problematic, the original reason undoubtedly
comes from the difficulty of designing these indicators
offering a priori the fundamental property of separating
fault signatures.

A third, and not the least, difficulty is that of fault
isolation, which is eminently linked to the structure of the
system and that of the indicators performing the diagnosis.
If the number of variables subject to failure is high (10
in our case), these indicators must have independence
properties, which is partly related to their dimensions.
Again, while isolability studies exist in the linear case,
to the best of our knowledge no methodological work has
been published on this subject.

In Sections 3 and 4, we do not attempt to provide
theoretical solutions to these difficulties, but they are
explained and the proposed approaches provide practical
answers. Section 3.1 presents an example of residual
generation and their temporal evolution, indicating how
they are sensitive to faults. In Section 3.2 FDI will be
dealt with according to the classical procedure based on
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thresholds and its limits will be highlighted, which will
justify the approach proposed in Section 4. As mentioned
in Section 3.3, the presence of non-linearities in the
system under study reinforces this difficulty because the
sensitivity of the fault indicators is highly dependent, on
the one hand, on the operating point of the system and, on
the other hand, on the nature of the exciting inputs.

3.1. Residual generation. In order to cover all
situations, the faults were created on the five outputs x;
in the respective time intervals I;,j = 1,...,5 and on
the five inputs u; in the respective time intervals I, j =
6,...,10:

I, =[50 : 110], I, = [140 : 200],
I3 = [230 : 290], Iy = [320 : 380],
I5 = [410 : 470], Is = [560 : 620],
I; = [650 : 710], Is = [740 : 800],
Iy = [830 : 890], o = [920 : 980]

The model for the correct functioning of the system
was identified based on the healthy database (Section 2.4).
Diagnostic tests were systematically performed on model
M with several sets of data collected in situations of
sensor failures. For each observation, the prediction
model then allows the calculation of residuals (I12). Two
examples of state residuals are shown Figs. 5 and 6
obtained with parameters v = 107 6,c =5,p = 8, = 8
and two data sets. We observe that the residuals are
sensitive to the fault that affects the measurement of the
state z; and to all the inputs u;,2 = 1,...,5.

According to Table 2] of theoretical fault signatures,
for several time instants there is a good agreement
between experimental and theoretical signatures. In
Figs. 5 and 6 the grey rectangles indicate for each residual
of model M the time locations of the faults to be detected.
At each sampling moment, the reader will be able to
verify that the experimental signature generated by the
five model residues, after comparison with the theoretical
signatures of Table 2, allows us to locate most of the faults.

For example, in Figs. 5 and 6, up to time instant 49,
the five residuals are close to zero. For times 50 to 110
(approximatively), only the first and the third residuals
show a sensitivity to fault on x;, which is in accordance
with the values in Table[I] However, the second residual
is not sensitive to this fault. The other time intervals are
commented on in a similar way. Moreover, we can also
notice that the sensitivity of the residuals to the faults
depends on the data set that have been used. For example,
the examination of Figs. 5 and 6 highlights that the fifth
residual presents different sensitivities towards the fault
on x4 in the time interval [320 : 380]. Thereafter, it will be
necessary that the diagnostic procedure takes into account
these variations of sensitivity according to the excitations,
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Fig. 6. Residuals for model M (2nd data set).

this being largely due to the non-linear behaviour of the
system.

To conclude, the example presented but also all the
others we have treated show that not all residuals are
equally sensitive to faults (see the example of Figs. 5
and 6) which is also true for all the examples treated),
this being due, on the one hand, to the non-linear nature
of the system and, on the other hand, to the nature of
the excitations; a combination of these two causes can
also reinforce the problem of sensitivity or insensitivity.
It is important to realize that the fault signature tables
that reflect the influence of a variable on a model are
only simple occurrence tables and, therefore, they do
not report the weight of the contribution of a given
variable to the output of the model. This binary influence
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should therefore be complemented by a method using a
more appropriate set of residuals and a fault classification
technique.

3.2. Detectability and isolability. In order to highlight
some potential difficulties in diagnosis for non-linear
systems, it is necessary to return to the analysis of
theoretical fault signatures and, in particular, to examine
whether the faults are a priori detectable and localisable.
Remember that detection is limited to recognizing the
presence of a fault, whereas isolation is intended to
locate it, i.e., assign it to a particular variable. The
sensitivity problem has a particularly crucial impact on
the possibility of isolation. It is therefore necessary to
study a priori whether the various faults have signatures
that allow them to be discriminated against. Beforehand,
we remind the importance of the Hamming distance for
the comparison of the theoretical binary fault signatures.

Definition S. (Localizable fault) Let us recall that the
Hamming distance d(v,w) between two vectors v,w €
{0, 1}™ is the number of coefficients in which they differ.
In terms of diagnosis, a fault is said to be localizable
with an order £ (number of different bits) if its Hamming
distance from the signature of the nearest fault is k digits.

This definition applies, of course, to evaluating the
distances from a vector to a group of vectors representing
particular faults, the minimum value of orders k then
allowing a particular fault to be recognized. To illustrate
its use, the M model @) is considered. Table 2] directly
obtained from Table [T] gathers the binary signatures stih of
faults that can affect the 10 variables z;, u;,7 = 1,...,5
of the system. The structure of this table shows that
all faults are theoretically detectable since each signature
has at least one non-zero element. Since the signatures
5t5h and stlho are identical, faults affecting x5 and uy are
not isolable, but faults affecting the other variables are
isolable.

Table [3] shows the theoretical degree of fault
localizability. This table, built directly from Definition 4
applied to each column of Table ] indicates the
theoretical signatures s of the faults that can affect
the variables z;,u;,4 = 1,...,5. The columns and
rows of Table [ indicate the variables for which the
Hamming distances are evaluated. For example, between
the signatures sP and s, which relate themselves to
variables x4 and wug, the distance is 4 as indicated in
Table [3] by the light grey cell. The signatures of the
faults on z4 and ug, both coded in 5 digits (the number of
models), therefore different from 4 digits which indicates
a good separation of these signatures. This is different for
many other situations where the separation of signatures
is only 2 digits, with an even more particular situation
for signatures of us and x5 with zero distance.  The
observations that have just been made concern only

Table 2. Fault signatures for model M.

T ) I3 Xq Is Uy U us U4 Us
st 9 s s s | sE s7 s§ sf sy
AlT 1 . . 1 .
fpl1 1 1 1 .|, 1 .
fs11 1 1 . .. . 1 .
fa 1 1 1 .. . .1
fs 1 1 1 1

Table 3. Hamming’s distances between theoretical signatures

for model M.
X1 T2 I3 T4 I5 uy U2 U3 Ug Us
x |0 2 2 4 4 (2 2 2 4 4
z2 |2 0 2 2 4|14 4 4 4 4
z3 |2 2 0 2 4|4 2 2 2 4
zg |4 2 2 0 2|4 2 4 2 2
zx |4 4 4 2 02 2 2 2 0
up |2 4 4 4 2|10 2 2 2 2
u |2 4 2 2 2|12 0 2 2 2
us |2 4 2 4 2|12 2 0 2 2
u |4 4 2 2 212 2 2 0 2
us |4 4 4 2 02 2 2 2 0

theoretical signatures. In the measurement exploitation
phase, the situation is different and more subtle since it
concerns the comparison of the theoretical signatures with
an experimental signature, the latter being sensitive to
the fault but also, unfortunately, to random measurement
erTors.

3.3. Principle of fault localization. First of all, it
should be recalled that fault detection and localization
are carried out by comparing the actual signature of the
model residual with the theoretical ones of Table 2l As
the latter are in binary form, it is therefore appropriate
that the actual signature is also in binary form. This is
done by numerically evaluating the model residuals and
then comparing them to a given threshold. Of course,
this thresholding can lead to an error in evaluating the
influence of a fault (due to the choice of the threshold
but also according to the sensitivity level of the system
to faults) and therefore can compromise the result of
comparison of experimental and theoretical signatures.
Therefore, it is well understood that it is necessary to
examine the robustness of detection/localization against
an error due to inadequate thresholding and to adopt a
detection/localization technique that is tolerant against
such an error.

From a practical point of view, at a particular time
instant let us consider, e.g., the experimental signature
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(from evaluation of 5 model residuals followed by a
thresholding):

This signature does not correspond to any theoretical
signature of Table Nevertheless, we can calculate the
k index which quantifies the number of different digits
between this experimental signature and the theoretical
signatures of Table 2l Using Definition 4 with s and
st of Table[2 we obtain

A=[1 11353333 5.

The experimental signature is therefore close to the
signatures relating to the faults in z;, x2 and x3, this
undecided situation being the result of the thresholding of
the residuals, but also the size of the signatures. Although
simplistic, this example clearly shows the limitations of
the localization technique using Boolean residuals. Let
us recall that the major difficulty lies in the choice of
the threshold allowing the change from a residual to its
Boolean form, a choice that is all the more delicate as
our purpose concerns a non-linear system whose residuals
have very variable sensitivities depending on its operating
point.

4. Robust alternative to fault localization

Noting the difficulty of choosing a threshold for the
binarization of residuals, the insufficient separating power
of the residuals from the five models (Tables2land [3)), the
significant variations in residual sensitivities over time,
we propose a diagnostic procedure using a classification
approach, the implementation of which is based on angle
evaluation between subspaces. In addition to the above,
signatures derived from model M are limited to five
components which can make their comparisons difficult
in the presence of low sensitivity to certain faults. For
this reason, the proposed approach aims to make these
comparisons more robust by increasing the number of
output prediction models and, consequently, the size
of signatures as explained in Section 4.1. Based on
these suplementary models, fault isolation is presented in
Section 4.2 and illustrated in Section 4.3.

4.1. Extended signature table. It should be
remembered that Table ] of fault signatures was
constructed only by observing the occurrence of the ten
system variables in the five equations of the model.
This table can be largely completed by considering
combinations of these five equations, these combinations
being selected in order to free themselves from certain
variables in order to generate structured fault indicators.
For example, the f; and fo models of Table [I] have x4

and x9 as common variables. We can therefore form two
additional models from f; and f> by a simple aggregation
followed by a suppression of z; or 2. It is important to
note that this operation applies to variable occurrences and
does not require knowledge of the f; functions.

This aggregation/suppression principle leads to
Table ] which totals N,,, = 24 models but they only
present a part of these complementary models. The
first column of the table locates the model numbers, the
second column specifies which models were merged and
the name of the variable whose influence is removed.
Columns 3 and 12 of this table indicate the occurrences
of the variables in the models but also generate the
theoretical signatures s of the faults affecting the
variables x;,u;,t = 1,...,5. The rows f; to f5 of this
table are nothing but those of Table [I] describing model
M.

Its construction was done in a systematic way by
examining the occurrences of each variable in all the
equations. The rows fg to f1; of model M, in Table [4]
come from the virtual carry-over of variables from f; (i.e.,
x1 and x5) in models f2 to f5. For example, fg comes
from the virtual carryover z; from model f; in model
f2 and f7 comes from the carryover x5 from model f;
in model f,. Similarly, rows fi2 to fi9 come from the
elimination of f5 (so x1 or x5 or x3 or x4) with the models
f3 to f5. Rows fog to foo come from the elimination
of f3 from models f; and f5, rows fo3 and foq come
from the elimination of f; from f5. Other eliminations
are possible, but it is to be noted that it is structurally
impossible to apply them to us (or x5) because of the
occurrence of this variable which only appears in model

Js-

The following equations give the structure of
the 24 non-linear models M, whose parameters have
been identified according to the procedure indicated in
Section 2.4:

~1 h h h

wl,z = fl(xlpvx2p7u1q)’

~2 h h h h h
Lo = f2($1p75172p» x3p7174pvu3q)’
~3 h h h h

:L.B,i = f3(x1p7x2p7x3p7u3q)’

~4 h h h h

Ty = falwg?, 2s”, 2y uy?),s

~4 h h h h

L5 = f5($2p»$4pvxspau5q)v

~2 h h h h h
J’.G,i = fﬁ(u1q7u2q7x2p7x3p7x4p)’
~3 h h h
1'7’1- = f7(u1q7u2 7x1p7x3p7x4p)’
~2 h h h h

Tg,i = fg(ulq»uzzqawzpa%p)v

~1 h h h h

To,i = f9(u1q7u3q’w1p’x3p)’

@amcs
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Table 4. Table of 24 models M..

Tr1 T2 XT3 T4 Tyl U U2 U3 Ug Us
IEEEErEREER"
fi X X X
fa X X X X X
f3 X X X X
fa X X X X
fs X X X . X
fo | z1: f1, f2 X X X X X
Jr | @2t fi,fa | X X X X X
Js | z1: f1, f3 X X X X
Jo | w2t f1,f3 | X X X X
Jio| @2 f1, fa | X X X X X
Sul z2: f1, fs X X X X X
Jiz| z1: fo, f3 X X X X X
Jiz| w2t fo, f3 | X X X X X
fia| 232 f2, f3 X X X X X
fis| x2 1 f2, fa X X X X X
Jie| x3: fo, fa | X X X X X
Srz| et fo, fa | X X % X X
Jis| w2t fo, fs | X X X X X X
fro| Ta: fo, fs | X X X X X X
Jao| w2t f3, fa | X X X X X
Jar| w3t fa, fa | X X X X X
fo2| w2 : f3, f5 X X X X X X
Jas| 2t fa, f5 X X X X X
Joa| Ta: fu, f5 X X X X X
The notatlongc ;, reminds us that model f,, explains
4 hy hy hp hp variable x; at time i. The choice of the explanatory
10,1 = fio(uy ,u4 oy, variable is at the user’s discretion. For example, model
x?l ;= fll(u}f‘? u5 ’gg}f ggZP’ gggp), f6 has xo as a variable to explain but z3 or x4 could have
been candidates.
w%“ =/ 12(u§",u3 ,xg xgp’xzp)’ In order to clarify the notation of the predicted
x:fgz = f13(u£“’, Us ,x? xg”,xff"), variables, define the vector L containing the indices of the
#, L= f14(u;q, o ,:c}f xgp, $Zp)» variables reconstructed by the different models f,,, m =
1,...,24:
xlsszls(ugq,u4 ,:c}f xgp,xzp), A A
#16.s = fro(ubt, ult 2l 2hr v, t {13114?125?;23155425} (o
)
&%= firlubt a2l ahr ), (13)
‘/L.?8z _ fls(ugq Y xh” xh” xh” Ihp) which allows predictions to be written in the form of
I ifn(T),m: 1,...,24 and the prediction errors
x?gz*fw(ug",% ,:c}f x;p,xgp,xgp), '
#30,i = f2o(u§qvu4 ,:c? xéfp,xZ"), ern(,T) i"L(m) —Zrimyi, m=1,...,24. (15)
5531 i = f21(U§q, Uy ,x? x?", pr)» For example, the prediction error for variable z3 at time ¢
-5 hq hp hy _hy hp for the 7-th model (m = 7)is 23 . = 3 . — x3;
C5'221 _f22<U3 7U5 sy, T3 , Ty , Ty )7 . . .. 7y 7 ’
L N I Considering Definition 4, Table [S clearly shows
x23z = f23(u4q,u5 yx3t,yt, ?), that switching from theoretical signatures established
x24Z 7f24(u2q u5 ’x;z x;zp’xgp), with model M (f; to f5, Table @) to theoretical

hy,=1—-1:

i_pa

hg=1—1:i—gq.

signatures established with model M, (f; to fo4, Table
M) can improve the degree of separability of theoretical



A data driven fault isolation method based on reference faulty situations . ..

Table 5. Hamming’s distance between theoretical signatures.

il ) I3 Xg Is5 Uy ug us U4q us
z [0 16 10 11 16|14 10 11 15 16
x9 | 16 0 14 15 1414 12 13 13 14
r3 |10 14 0 9 16|16 10 11 15 16
g |11 15 9 O 13117 11 16 10 13
zs | 16 14 16 13 0 12 14 15 11 O
up | 14 14 16 17 12| 0 14 13 13 12
ug | 10 12 10 11 14|14 0 13 15 14
ug | 11 13 11 16 15|13 13 O 14 15
ug |15 13 15 10 11|13 15 14 0 11
us | 16 14 16 13 0 12 14 15 11 0

Table 6. Location of a fault in variable x;.
Variable 1 T2 T3 T4 Tyl Ul U2 U3 U4 Us
Index &k 2 15 14 9 15/ 12 10 12 12 16

signatures. Examination of these two tables clearly
shows that the separation of signatures improves as the
number of models increases. For example, to distinguish
signatures related to variables z; and xo, the use of
models f; to f5 gives an index k of 2 but increases to
16 if one takes models f; to fo4. Again the reader will
nevertheless notice that the use of 24-bit signatures does
not allow the isolability of faults on x5 and wus, which is
confirmed by a null distance between x5 and us.

Remark 3. Bear in mind the fundamental interest
in Table [5] which significantly increases the size of
the vectors of fault signature with the sole purpose of
improving their classification. For example, consider the
case of a fault affecting the variable x; for which the 24
model residuals (after application of a threshold) revealed
the following experimental signature:

.'i‘b:[110000101110111101111100].

This signature does not exactly correspond to any
theoretical signature of Table @ Nevertheless, we can
calculate the k£ index (see Definition 4) which quantifies
the number of different digits between this experimental
signature and the theoretical signatures. The examination
of the values taken by this index (Table[6) shows, on the
one hand, that the experimental signature & differs only
in 2 digits (out of 24) from the first theoretical signature
and that, on the other hand, the second theoretical
signature closest to it differs in 9 digits. As a result, there
is no ambiguity about the proximity of the experimental
signature to the nearest theoretical signature. Despite the
error due to the thresholding, we can therefore conclude
that the experimental signature makes it possible to find
the faulty variable, in this case ;.

In conclusion, it should be noted that increasing
the number of models can improve the separability of
theoretical signatures. As a direct consequence, the
recognition of an experimental signature to localize a
fault is improved. Obviously, this improvement is at the
cost of an increase in the volume of calculations, on the
one hand, on the identification of model parameters, and
on the other hand, on the procedure for generating and
analyzing residuals. It should also be borne in mind that
the system under consideration is non-linear, which may
lead to significant variations in residuals in relation to
faults. With this in mind, the following section proposes a
new robust approach to the problem of fault detection and
localization.

4.2. Proposed diagnosis strategy. As the models M
@ and M, (13D give a very representative view of the
functioning of the real system, they can be used for output
prediction. They have very similar performances in terms
of output prediction quality, but for reasons of separability
of signatures, model M _ is the one used for the diagnostic
step. The proposed strategy includes an off-line step
dedicated to the generation of a so-called reference fault
signature database and an online step that analyzes model
residuals using the reference signature database.

Given the sensitivities of the residuals, which vary
according to the operating points of the system, a fault
signature database is constructed from the M, prediction
model, this database being the image of a set of various
situations that can be reached by the real system. This
set of situations was generated for different inputs and for
different fault magnitudes, the fault affecting a particular
variable being generated in the same time interval for all
configurations and amplitude in the interval [0.05,0.15].
For each variable, these time interval are given in Table[7l

4.2.1. Off-line design of an input references database.
As previously mentioned, the construction of reference
signatures requires prior generation of excitation signals
for the system (its inputs) in order to generate data
representative of the system’s operating domain. This
necessity is well known in the field of parameter
identification of a system and in particular in the
linear case where techniques for the construction of
experimental designs are available (Dagnelie, 2012).
Here, we are dealing with a problem of diagnosis of
non-linearly operating systems for which, rather than the
usual techniques, an experimental construction of this
experimental design was preferred. The system inputs
were generated by a series of random magnitude and
duration pulses chosen in a bounded interval, [0.2, 0.4]
for the magnitudes and [25, 65] for the durations. Such a
signal is represented in the upper part of Fig. [ the lower
part resulting from low-pass filtering of this signal in order

aamcs
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Table 7. Time intervals for the presence of faults.

X1 X9 X3 Tq Is

I| [50:110] [140:200] [230:290] [320:380] [410:470]
Ul Uz us Ug Us

1| [560:620] [650:710] [740:800] [830:890] [920:980]

0.4

Tl -
- i
i

02 I I I
0 100 200 300 400 500 600 700 800 900 1000
0.4 A T
N [ r
‘; |l . L M
|| / - \ | \
/o /| —/ |/ \ \
ost [ ||l ~ U U
- | | - > N |
A ] ‘ \ \
J U J J \
0.2 1 I I I I I I I I
0 100 200 300 400 500 600 700 800 900 1000

Fig. 7. Input u; reference design.

to avoid abrupt variations in the system excitation. The
example presented is obviously valid for the five inputs of
the system, which then makes it possible, thanks to the
previously identified model, to generate the five outputs
corresponding to these five inputs.

The construction just described is thus a set of
input/output data, which is then called a configuration.
Obviously, several configurations will be generated
afterwards in order to have a set of reference situations.
In the following, 12 configurations will be used.

4.2.2. Generation of an input/output reference
database. From the previously constructed reference
data, reference data for input/output faulty situations were
then generated, with faults having an additive influence on
the data. Table [7] specifies the time domains where these
faults are active. In order to have a set of situations with
faults, it is advisable, as for the generation of excitation
inputs, to consider several fault magnitudes in a bounded
domain, here [0.02, 0.08]. This domain has been chosen
in relation to the range of variation of the inputs/outputs
of the system. Table[8|displays the relative importance of
the faults affecting the inputs and outputs of the system by
indicating the ratios of the fault magnitudes and the mean
values of the signals for the chosen configurations C, j =

1,...,12. We can see that the average importance is
around 25%.
This database was developed with 12 input

configurations denoted by C}, j = 1,. .., 12 (this number
being adapted by the user according to the systems to be
analyzed) and for each configuration C; the excitations
(uj,2 = 1,...,5) were chosen in the same operating
domains.

4.2.3. Generation of a residual database with 12 con-
figurations. Then, we have built a database containing
residuals in the presence of faults and for different
operating modes. For each configuration, model M,
generates a residual vector at 24 components. As an
example, Fig. [8lshows the 24 residuals related to the first
configuration C'y, where the faults were created on the five
outputs and inputs (time intervals I in Table[7). The grey
markers display the time intervals at which faults were
created on the system’s output and input measurements.

Obviously, for this configuration, a number of
residuals show a lack of sensitivity to faults, which may
change for other inputs: for other configurations, due to
different excitations, the sensitivities of the residuals may
be different and reflect differently the presence of faults.
It should also be noted that the non-linear nature of the
system leads to residual values that are sensitive to the
operating point and the fault magnitude. The simple ratio
of the signal magnitude to the fault magnitude, which
is widely used in the linear case to adjust the detection
threshold, may be ineffective here. Thus with all the
twelve configurations (this number to be adapted) we can
have an image of a large number of situations. Of course,
the underlying difficulty is to ensure that the majority of
situations are covered.

Remark 4. One may wonder about the interest in
keeping models whose sensitivity to certain faults seems
low, or even very low. To analyze this possibility and
to give an idea of the sensitivity, Table [9] indicates for
configuration C'; the mean magnitudes of the residuals of
24 models when faults are applied to 10 variables in the
time intervals defined in Table[Zl Although this is only one
configuration, some observations can be made, especially
for the magnitudes marked by a light grey background.
The model M3 has a sensitivity of 0.04 for a fault on
4. However this model has a proven sensitivity to other
variables such as x3 and u3 and for this reason its role
must be kept. The same remark can be made about model
My4. Model M, indicates a sensitivity of 0.06 with
respect to variable x5. However, as we note that the other
variables also have weak influence, the role of this model
may seem questionable and it could be removed from the
list of models useful for diagnosis.

4.2.4. Generation of a fault signature database. The
12 configurations allow to extract 10 reference tables,
each corresponds to a fault on the 5 states and the 5 inputs
of the system. For example, Table[I(] relating to a fault in
x1, contains the average values of the residues calculated
on the time interval I; = [50 : 110], for 24 models M,
and for configurations C}, j = 1,...,12. The reader will
notice that the first column of table 77 has been used to
form the first column of Table

The dispersion of the numerical values between
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0.04
0.02

Table 8. Relative average magnitudes of input and output faults.

Up Uz U3 Ug Us

0.100.10 0.10 0.10 0.10
0.140.14 0.14 0.14 0.14
0.170.17 0.17 0.17 0.17
0.21 0.21 0.21 0.21 0.21
0.22 0.21 0.22 0.22 0.22
0.26 0.25 0.26 0.26 0.25
0.26 0.26 0.26 0.26 0.26
0.26 0.26 0.26 0.26 0.26
0.26 0.27 0.26 0.26 0.27
0.27 0.27 0.27 0.27 0.27
0.310.31 0.31 0.31 0.31
0.35 0.35 0.35 0.35 0.36

1 T2 T3 T4 s

0.12 0.05 0.08 0.07 0.06
0.18 0.09 0.11 0.12 0.09
0.22 0.14 0.14 0.15 0.13
0.26 0.18 0.18 0.20 0.14
0.27 0.19 0.19 0.20 0.15
0.33 0.23 0.22 0.25 0.17
0.35 0.22 0.22 0.27 0.19
0.34 0.24 0.22 0.25 0.19
0.33 0.24 0.22 0.25 0.19
0.33 0.24 0.22 0.27 0.19
0.37 0.28 0.26 0.31 0.23
0.45 0.33 0.31 0.35 0.26

CIDEE R

PR

SIS S| Rl

ORI

500 1000

Fig. 8. Residuals from model M. (configuration C1).
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Table 9. Residuals of the 24 models, obtained with configuration C;.

(5.%'1 (5.%'2 (5.%'3 6,@4 6,@5 6’LL1 6UQ 6U3 6U4 §U5
M; | 3.06 144 0.02 0.04 0.02 | 2.66 0.03 0.02 0.02 0.02
My | 0.55 3.44 0.25 030 0.00 | 0.01 1.89 0.02 0.01 0.00
Ms | 041 056 3.30 0.03 0.05 | 0.05 0.06 3.06 0.03 0.05
My | 0.02 073 0.17 1.71 0.02 | 0.01 0.03 0.07 2.78 0.01
Ms | 0.02 154 0.17 047 285 | 0.06 0.04 0.02 0.04 2.95
Mg | 0.02 253 0.18 0.23 0.03 | 0.38 1.54 0.02 0.02 0.00
M; | 027 0.13 0.63 0.13 0.20 | 0.29 0.20 0.22 0.14 0.07
Mg | 0.10 0.59 0.33 0.09 0.07 | 0.24 0.09 0.49 0.14 0.07
My | 0.80 0.07 1.19 0.07 0.03 | 0.76 0.06 1.14 0.07 0.04
Mo | 095 0.04 0.16 1.28 0.01 | 095 0.01 0.05 2.15 0.02
M | 1.51 0.04 0.16 0.22 134 | 1.23 0.08 0.03 0.07 1.45
Mo | 0.05 197 147 0.12 0.03 | 0.05 1.30 1.27 0.03 0.03
M3 | 0.69 0.01 3.79 0.04 0.01 | 0.03 0.57 3.43 0.02 0.03
My | 0.09 0.06 0.08 0.14 0.10 | 0.09 0.07 0.14 0.08 0.07
M5 | 0.12 0.02 043 2.02 0.01 | 0.02 0.56 0.03 3.60 0.00
Mg | 0.19 2.13 0.05 0.76 0.02 | 0.04 097 0.04 1.21 0.01
M7 | 0.11 0.16 0.69 0.15 0.11 | 0.11 0.23 0.20 0.20 0.09
Mg | 0.17 0.02 0.12 038 3.23 | 0.03 1.04 0.04 0.02 3.54
M9 | 0.10 1.30 0.05 0.45 3.14 | 0.02 0.25 0.02 0.02 3.32
My | 0.27 0.04 1.80 0.83 0.03 | 0.06 0.06 155 1.11 0.04
Mo | 0.04 0.68 0.03 1.55 0.03 | 0.02 0.03 0.19 2.59 0.02
Msy | 0.11 0.04 0.67 0.13 0.82 | 0.10 0.11 093 0.05 0.50
M3 | 0.03 0.05 0.35 1.58 1.25 | 0.05 0.03 0.12 3.10 1.27
Msys | 0.02 099 0.16 0.03 2.15 | 0.03 0.02 0.05 0.54 2.35

12 situations is obviously due to the non-linear nature
of the system. These twelve residues are supposed
to be representative of the different operating regimes
of the system. For the other nine variables (x;,¢ =
2,...,5,u;,t =1,...,5) similar tables T;,7 = 2,...,10
were developed. The ten tables 7; can then be used
as references for situations with faults. One can, of
course, compare the results of Tables [] and [IQ]indicating
respectively the occurrences of the faults of the variable
1 and their sensitivities in the model equations. For
example, the first three rows of Table [I0 indicate a
significant sensitivity of a fault in ; on the first three
models, as opposed to the two following rows showing
a very low sensitivity of this fault in the two following
models, which is well in agreement with the occurrences
of the first five rows of Tabledl

4.2.5. On-line diagnosis: Fault localization. In this
step, where we try to identify the variable affected by
a fault in each new observation, we will need to use
a rather particular indicator which is the main angle.
This main angle can be considered as a generalization
of the concept of the angle between two straight lines
or two planes to hyperplanes in spaces of any size.
Subsequently, this angle will be used to measure the

proximity between an experimental signature and the set
of reference signatures established for the ten potential
faults and different operating points of the system.

Definition 6. (Angles between subspaces (Jordan, 1875;
Gunawan, 2018)) Let (X, (-,-)) be a real inner product
space, which will be our ambient space throughout this

definition. Let U = span{ui,...,up} and V =
span{vy, ..., U} be two subspaces of X with1 < p < q.

The angle 0 between U and V is given by

det(MT M)
2

0= ————— 16
% VT Jet(N,) det(N,) (16)
with M := [(u;, vg)]T being a ¢ x p matrix, N,, =
[(ui, u;)]T ap x p matrix and N, := [(vg, ve)]T a g x g

matrix.

If the principle angle between the two subspaces is
small, they are nearly dependent. The above definition
allows for the effective calculation of the angle between
subspaces. Many techniques have been developed to
allow this calculation with the desired accuracy and the
reader is referred to specialized work on this subject such
as that by Nur et al. (2018) or Gunawan (2018) and the
publications cited therein.

Therefore, we reduce the problem of fault
localization to a problem of signal classification. Indeed,
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Table 10. Residual table T3 with a fault on 1, obtained with 12 simulations.

Cipn Cip Cig Ciy Cis Cig Ciz Cig Cig Crio Crii Crao
M, | 3.06 3.57 323 338 339 32 328 331 331 327 330 3.30
My | 055 0.80 0.59 0.73 0.57 0.64 070 065 0.71 0.64 0.64 0.59
Ms | 041 124 084 099 0.87 0.69 089 094 092 083 092 0.84
My | 0.02 0.10 0.03 0.05 0.02 0.02 005 001 002 0.03 0.00 0.06
Ms | 0.02 0.06 0.08 0.06 0.05 0.02 0.07 002 003 005 0.03 0.05
Mg | 0.02 0.07 0.01 0.03 0.02 0.02 0.03 001 000 000 0.00 o0.01
My, | 027 0.14 0.22 046 025 031 036 026 040 050 024 045
Mg | 0.10 0.20 0.09 0.08 0.07 0.08 0.07 004 006 007 0.04 0.10
My | 0.80 0.37 0.58 0.52 055 0.61 056 051 054 062 052 0.58
M| 095 1.14 1.13 1.15 131 108 1.08 1.18 1.07 1.07 1.11 1.10
M| 151 184 169 174 179 162 173 174 170 1.65 1.69 1.69
Miys| 0.05 0.07 0.02 0.05 0.03 0.03 0.03 001 0.04 003 0.01 0.03
Mys| 0.69 1.19 0.86 097 0.83 0.88 091 096 094 0.83 094 0.80
Myg| 0.09 0.12 0.13 0.08 0.10 0.07 0.05 0.08 0.04 0.03 0.05 0.06
Mys| 0.12 0.12 0.15 0.14 0.16 0.13 0.12 0.12 0.12 0.13 0.11 0.13
Myg| 0.18 043 032 039 029 030 039 034 037 035 034 0.32
My7| 0.11 0.21 0.06 0.14 0.13 0.17 0.13 0.09 0.12 020 0.05 0.18
Mgl 0.17 031 023 026 028 025 024 030 026 0.16 027 0.19
Miyg| 0.10 0.05 0.09 0.05 0.09 0.08 0.02 0.07 0.03 0.04 0.05 0.06
Msoy| 0.27 053 054 052 049 039 050 053 052 053 052 0.50
Ms1| 0.04 0.02 0.10 0.14 0.09 0.06 0.14 0.07 0.11 0.09 0.08 0.07
Moo| 0.11 038 020 023 023 022 028 027 023 0.10 023 0.15
Msz| 0.03 0.09 0.05 0.03 0.05 0.03 0.04 002 002 003 002 0.05
Msy| 0.02 0.09 0.07 0.05 0.03 0.01 003 002 000 0.05 0.03 0.02

@amcs

the preceding tables (73,7 = 1,...,10) finally represent
a dictionary of reference situations corresponding to the
ten faults, each reference situation being itself the result
of 12 configurations obtained for different system inputs
(see Table[IQ for the fault example regarding x1).

At each time instant ¢, the fault localization strategy
is based on the comparison of the experimental residual
vector z; with components 5751(_2”) obtained from 24
models (I3) with the T} signature tables. This comparison
is performed here by analyzing the angles between the
experimental residual vector and the subspaces generated
by the column vectors of the 7; tables. To this end, at time
instant 4, (I6) is applied with

-~ ~L(1)
L1

T
= @“24)} . i=1,...,N,

24,0

U; = span{Z,},

Vi =span{C;1,Cj2,...
Z; € R*,

7Cj’127}7 ]: 17"'7107
Ui c R24, V] c R24X12,
17

where C. . are defined in tables 77, Table [1Q] showing the
example of 77 for a fault affecting x;. As a result, at each
time instant ¢, 10 angles 0; j,7 = 1,..., 10 are obtained,
reflecting the proximity of the experimental signature to
the ten theoretical signatures, each of these signatures

corresponding to a possible fault; the minimum angle then
allows the fault to be isolated:

(18)

Jmin,; = arg min 6; ;.
Jj€(1,10)

4.3. Some numerical results about fault locali-
sation. Figures 9(a) and (b) respectively show a set
of measurements of the system’s inputs and outputs,
the latter being corrupted by noise from a uniform
distribution. The maximum noise magnitude has been set
at 4% of the amplitude of the variation ranges of each
signal. The faults were generated in the time intervals
I defined in Table The procedure in Section 4.2 is
applied to these data; it includes fault detection and fault
localization. At each time instant 7, the residual vector of
the 24 models is evaluated numerically. The main angle
01 ,; between this vector and the subspaces generated by
the columns of 73 (relative to a fault in variable x1) is
evaluated. This operation is repeated for all tables 7; and
finally we have angles 0 ;,7 = 1,..., 10.

For example, Fig. shows the evolution of the
principal angles 05 ; and 65 ; over time, angles estimated
using tables T5 and T§. The first 40 points of these graphs
are not to be taken into account for initialization reasons,
so we can clearly see principal angle values of 65 ; and
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Fig. 9. System inputs (a) and outputs (b).
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Fig. 10. Angles (02,;, 06,;) associated to faults on (x2, u1).

0s,; respectively close to 0 in the intervals [49 : 117]
and [561 : 624]. Outside these intervals the principal
angles are significantly different from zero. Taking these
two graphs into account, we can therefore conclude that
a fault affects the second variable, i.e., x5 and the sixth
variable, i.e., u; in the respective intervals [49 : 117] and

[561 : 624]. The previous step is of course performed at
any time for the ten principal angles. Table [[T] presents a
comparison then the “true” and “estimated” time intervals
for the presence of faults.

A more global and synthetic view of the results of
fault location is proposed. For each of the ten time
intervals (IT) identified as fault carrying, the main angles
have been replaced by their respective averages over these
intervals. Table[[2lillustrates the localization results using
the classification principle based on the principal angle
computation between subspaces. Thus, for the first time
interval [ 1, where a fault exists, the value 3 is the angle
between the subspace generated by the residual vector and
the subspace generated by the 12 column vectors of the
table 7', which relates to a fault affecting variable ;. The
9 other values of the column I 1 a being calculated with the
column vectors of the other tables 7,7 = 2,...,10. The
value 3 is the smallest in column [ 1; the fault detected
on the time interval I 1 1s therefore the one that affects
variable x1. The other time intervals fi,i = 2,...,10
are analyzed in a similar way.

The values on the diagonal of the table correspond to
the smallest angles in each column: in the 10 intervals,
the faults that affect the variables have been located.
However, we again note the ambiguity of localization
between the faults affecting the variables x5 and wus
(medium grey boxes), an ambiguity that is entirely
justified by the structure of model M,.. We can also note
for the time interval I3 the proximity of angles 4 and 9
which can possibly create a doubt on the failed variable,
namely x3 or uz. A similar remark applies to interval I
concerned by the proximity of values 3 and 6.

Remark 5. As mentioned above, since this is a system
with non-linear behaviour, the prediction model obtained
can only be valid in the operating domain in which it
was developed. In other words, it is valid for the input
variation range with which it was identified and tested.
However, it is questionable to what extent it can be used
in the margins of this area. An FDI test was carried
out in this respect. In previous tests (see Fig. 9(a) for
example) the variation range of the inputs was [0.2, 0.4], it
is now increased to [0.25, 0.50] so a little disjointed from
the domain that was used to build the output prediction
model. The same fault configuration was applied and
Table [13] gathers the detection/localization results. All the
conclusions of Table[12]apply to this new situation, which
shows that the proposed approach is somewhat robust.
Of course, this conclusion applies to this example and
its generalization requires further analysis. In the case
of inconclusive localization results, the implementation
of the procedure must be reviewed by questioning the
database used to build the prediction model and the
structure of the model, particularly the delays p and q of
its dynamic part.
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Table 11. Time intervals in the presence of faults.

X1 i) I3 Ty Is
[50:110] [140:200] [230:290] [320:380] [410:470]
[49:117] [139:205] [229:297] [314:385] [409:470]

Uy U2 us Uy Us
[560:620] [650:710] [740:800] [830:890] [920:980]
[561:624] [651:713] [741:804] [830:895] [921:984]

~s N

~s N

Table 12. Fault isolation using the subspace angle approach.

L L I3 I, Is Is I Is Iy Iy

T, 1 3 56 67 54 65 16 66 71 57 58
T, | 5513 68 67 73 76 18 54 84 74
T3 158 59 4 78 85 80 o2 g 82 85
T, |67 66 795 75 64 43 68 15 77
T |1 68 75 77 29 3 70 75 76 83

Te | 11 49 71 57 69 4 69 70 51 59
T, |58 18 71 66 8 75 3 49 81 87
Tg |59 o1 B 82 86 81 69 3 86 85
Ty | 69 72 82 17 81 61 40 72 2 86
T 68 75 77 29 B 70 75 76 84 3

Table 13. Fault isolation for the validation test.

L L Iy I, Iy Is I Iy Iy Iy

T, | 14 41 49 49 55 18 48 49 51 43
T, |65 7 56 42 63 66 22 58 55 62
T3 |52 49 5 49 53 36 36 i 57 51
Ty |55 34 38 6 49 56 46 49 13 43

Ts | 47 61 61 60 57 51 60 56 57 M

58 57 10 57 54 57 53
43 67 57 7 46 57 59

Ts | 21 45 53
T: |59 20 51

Tz | 59 60 58 51 45 43| 5 64 45
Ty | 56 38 45 54 60 61 575 53
Tio| 49 61 63 59 53 58 61 59 17

In summary, the proposed approach is based on
three essential points: the use of structured prediction
models to promote the separation of fault signatures, the
use of a reference signature database to cover different
operating situations and reduce problems of variable
residue sensitivity, and finally, the use of a signature
recognition technique based on angles between subspaces.

5. Conclusion

The problem of detecting faults has been addressed
here using a data processing technique. In the absence
of an a priori physical model, the proposed technique
is of a numerical nature and proceeds by establishing
an empirical model providing redundancies between
system outputs. This is a well-known technique in
the case of systems with linear behaviour, but which

is developed here in a non-linear framework. The
fault detection aspect has been discussed earlier in
a non-linear framework, in particular with non-linear
principal component analysis, but it should be recalled
that KPCA remains of problematic use as far as fault
localization is concerned.

Our approach provides some answers to the problem
of fault detection and localization, as well as a discussion
of comments on the sensitivity of residuals to faults. First
of all, we proposed a non-linear approach for the system’s
output prediction. At a given time the equation error
model is defined by non-linear regression depending on
the previous measurements of the input and the output
of the system. Secondly, comparing the output with its
prediction allows us to construct a residual which is a
priori sensitive to faults. Thus the magnitude of these
residuals allows us to detect when a fault occurs. Then, in
order to clarify the localization of the fault, a method for
isolation is proposed. Isolation needs to design reduced
prediction output model involving only a part of the
process variables. Our approach has focused on the design
of structured fault indicators, i.e., those that are sensitive
to specific faults. These residuals were developed from
black box prediction models requiring no knowledge of
the relationships between system variables. In order to
reduce the complexity of these residuals, knowledge of the
interactions between variables was used without knowing
a priori the parameters describing these interactions. This
second approach has made it possible to structure fault
indicators in a more relevant way.

Modelling efforts are not sufficient to completely
solve the fault isolation problem, largely due to the
non-linearities of the system. Indeed, these non-linearities
induce, depending on the operating regime of the system,
significant changes in the sensitivity of the models to
faults. This is the reason for a major difficulty in fault
detection and isolation. To address this problem, we have
proposed a classification-type approach by developing
a database of reference residuals in the presence of
faults, residuals covering a large number of operating
situations. To identify a current situation, the residuals
generated from the prediction of the system outputs are
then compared with the reference residuals by calculating
angles between subspaces. The proposed approach has
proven effective for all cases treated, but it should be
emphasized that particular excitations on the system can
make the diagnosis ineffective.

The relevance of the proposed approaches is
illustrated on a simulated CSTR characterized by a
MIMO structure allowing to have some redundancies
for the residual generation and, in particular, the
inter-redundancy relationships between the outputs
independent partly or entirely of the inputs. Redundancy
has been intensively used to generate structured residuals
each of them involving a particular set of variables

@amcs
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allowing fault detection and isolation.

Among the major problems that can be the subject of
future work, the one of fault detection conditions remains
in its entirety. It covers various aspects, in particular
the choice of excitation inputs that effectively allow to
detect and localise faults and the sensibility analysis of
the residuals to the faults. In addition, it would be
interesting to recognize for which excitation class fault
detection/localization cannot be undertaken due to the
insensitivity problem mentioned previously.
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