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Abstract

This paper addresses the problem of fault detection for linear parameter-varying
systems in the presence of measurement noise and exogenous disturbances using
Set-Valued Observers (SVOs). The applicability of current methods is limited
in the sense that, to increase accuracy, the detection requires a large number
of past measurements and the boundedness of the set-valued estimates is only
guaranteed for stable systems. In order to widen the class of systems to be mod-
eled and also to reduce the associated computational cost, the aforementioned
issues must be addressed. A solution involving left-coprime factorization and
deadbeat observers is proposed that reduces the required number of past mea-
surements without compromising accuracy and allowing the design of SVOs for
fault detection of unstable systems by using the resulting coprime factorization
stable subsystems. The algorithm is shown to produce bounded set-valued esti-
mates and an example is provided. Performance is assessed through simulations,
illustrating, in particular that small-magnitude faults (compared to exogenous
disturbances) can be detected under mild assumptions.

1. Introduction

The problem of detecting faults in the context of Linear Parameter-Varying
(LPV) systems relates to that of determining if the current observations of the
true system are compatible with the theoretical fault-free model. In particular,
the framework of LPV systems is considered in this paper since applications of
fault detection mechanisms for LPV systems are commonly found in industrial
processes (see examples in the survey in [1]). In addition, distributed algorithms
can also be viewed as LPV systems driven by dynamics dependent on stochastic
or deterministic actions that can be measured only at the current time instant

[2].
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The study of fault detection problems has been a long standing research
topic, since the early 70’s (see [3]), but still poses remarkable challenges to
both the scientific community and the industry (see, for example, the survey
in [4] and the references therein). Classical fault detection methods such as
the ones proposed in [3], [5], [6], [7], [8], [9] and [10], rely on designing filters
that generate residuals that should be large under faulty conditions. These
strategies aim to derive bounds (or thresholds) on these residuals that can be
used to decide whether a fault has occurred or not. However, the computation of
these thresholds is typically cumbersome or poses stringent assumptions on the
exogenous disturbances and measurement noise acting upon the system. Many
implementations of residual-based fault detection techniques are available in the
literature such as [11], [12], [13] and [14].

In [15], [16], the authors develop the idea of using Set-Valued Observers
(SVOs), whose concept was introduced in [17] and [18] (further information
can be found in [19] and [20] and the references therein), for fault detection
by resorting to a model invalidation (falsification) approach. The method is
particularly interesting in the sense that it is able to handle a relatively large
class of dynamic models, while also reducing the conservatism of the results
by incorporating the information of past observations in the construction of
the current set-valued state estimates. However, two main drawbacks of the
approach can be identified: the convergence properties have only been proven for
stable systems [16], and the calculation of the set-valued state estimates requires
a significant computational effort. The latter limitation is a consequence of the
need to increase the horizon of the observations to produce accurate results.
The aim of this paper is to extend the SVO-based fault detection method in
order to cope with unstable systems and to reduce the necessary horizon value
for the class of LPV systems. This paper builds on existing results that exploit
a left-coprime factorization-based approach into the design of SVOs for Linear
Time-Invariant systems (LTT) [21].

The choice for representing the set of possible states depends on a math-
ematical formulation that enables fast and non-conservative intersections and
unions of sets, as those are time-consuming operations when implemented in a
computer. One alternative is to use the concept of zonotopes, described in [22]
and further developed in [23],[24] and [25]. However, it is normally the case that
each proposal represents a compromise between the computational complexity
of the unions and intersections. Alternatively, the idea of interval analysis [26]
may also be adopted, although it introduces conservatism by not considering
horizon values larger than one in their typical formulation, unlike SVOs [16].
In [27], interval observers for linear and nonlinear systems are proposed with
mild assumptions such as the boundedness of the disturbances and measurement
noise (similar to the assumptions in this paper).

The main contributions of this paper can be summarized as follows:

e The use of a left coprime factorization for LPV systems enables SVO-based
fault detection, even when the plant is unstable;

e The convergence proof of the method is provided for a broad class of LPV
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systems and for any horizon greater than n,, the size of the state space,
by exploiting the properties of deadbeat observers.
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