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Abstract

Analytical redundancy relations (ARR) are symbolic equations representing constraints
between different known process variables (parameters, measurements and sources). ARR
are obtained from the behavioural model of the system through different procedures of elim-
ination of unknown variables. Numerical evaluation of each ARR is called a residual, which is
used in model based fault detection and isolation (FDI) algorithms. For processes and systems
with complex non-linearity, eliminating all unknown variables is not trivial, e.g. in the pres-
ence of algebraic loops, implicit equations, non-invertible functions, etc. However, most sym-
bolically non-resolvable relationships can be numerically solved; and then, it becomes possible
to maximise the number of structurally independent residuals. Bond graph modelling is used
in this paper to derive ARR and to obtain the computational model in the case of non-resolv-
ability of equations. A set of sub-graph substitutions in the bond graph model are developed.
These substitutions directly lead to a form, where known variables (measurements, sources
and parameters) are the inputs and the residuals are the outputs. Such a model is then called
a diagnostic bond graph (DBG) model. It is shown that DBG models can be used for online
residual computation as well as for offline verification using process data from a database. A
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method for the coupling of the bond graph model, used to generate the residuals, with a bond
graph model, used to describe the process behaviour, is presented. The coupled model allows
simulation of process behaviour both in the presence and in the absence of the faults, which is
consequently used to obtain residual responses and validate the fault signatures.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Fault detection and isolation (FDI) procedures implemented in the industrial
supervision platforms consist of the comparison between the actual behaviour of a
system and its reference behaviour. Different approaches for the FDI have been
developed, depending on the kind of knowledge used to describe the process model.
A good account of these up to 1996 is given in [1], and up to 2003 is given in [2–4].
FDI methods can be broadly categorised into two groups, namely, model based and
non-model based. Model based FDI methods require a mathematical model repre-
senting the behaviour of the system. However, modelling is an important and diffi-
cult step because of the complexity of the monitored system along with its control
equipment. Bond graph modelling [5–8], as a unified multi-energy domain modelling
method, is especially suitable for developing models of process engineering systems
[9]. Bond graph modelling has also been used in the past for different FDI ap-
proaches [10–14]. Moreover, the structural control properties (controllability,
observability, etc.) can be deduced by graphically analysing the causalities (cause
and effect relationships) on a bond graph model [15]. These properties have been al-
ready used to optimise sensor placements and determine hardware redundancies [16].
Analysis of causal paths [17–19] can identify problems in formulation of the model
equations and also problems that one may face in numerical evaluations. Further-
more, causal properties of the bond graph model have been used to determine the
origin and the consequences of the faults [12,16].

A model based FDI procedure works by evaluating physical constraint laws using
sensor data and parameter values from the monitored system. Analytical redun-
dancy relations (ARR) and observer based approaches are the most widely used
model based FDI approaches [20–23]. ARR represent constraints between different
known variables (parameters, measurements and sources) in the process. In other
words, ARR are static or dynamic constraints which link the time evolution of
the known variables when the system operates according to its normal operation
model. Once ARR are designed, the fault detection (FD) procedure checks at each
time whether they are satisfied or not, and when not, the fault isolation (FI) proce-
dure identifies the system component(s) which is (are) to be suspected. For the FDI
procedure to work properly, ARR should be structured, sensitive to faults and ro-
bust, i.e. insensitive to unknown inputs and disturbances.

Analytical redundancy relations are obtained from the behavioural model
through different procedures of elimination of unknown variables (e.g. parity space
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