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Resumen

Los sistemas hibridos son muy importantes en nuestra sociedad, estan presentes en multitud de campos. Este
tipo de sistemas pueden desarrollar una tarea de manera auténoma o pueden interaccionar con personas en
su trabajo, de ahi la importancia vital de que funcionen en un estado nominal y seguro. La Diagnosis Basada
en Modelos (MBD) es una rama de la diagnosis que basa sus decisiones en modelos. Esta tesis se centra en
el campo de MBD con técnicas de Inteligencia Artificial, lo que se conoce como comunidad DX. Los sistemas
hibridos con los que trabaja esta tesis tienen un comportamiento continuo que esta controlado por eventos
discretos, encargados de producir cambios en su modo de trabajo.

Actualmente, otros autores han realizado trabajos previos en el campo de la diagnosis de sistemas hibridos.
La mayoria de las propuestas necesitan enumerar previamente los posibles modos de funcionamiento del
sistema, incluyo aquellos que nunca lleguen a visitarse durante el funcionamiento del mismo. Como solucién
a este problema, algunos autores proponen la técnica de modelado de los Hybrid Bond Graphs (HBGs) como
extension a los Bond Graphs (BGs). Los HBGs no necesitan todos los modos de un sistema hibrido, se van
construyendo en linea, segin se actualiza el estado del sistema.

Los fallos que pueden aparecer en un sistema hibrido se pueden dividir en dos grandes grupos: 1) Fallos
discretos, y 2) Fallos paramétricos. Los fallos discretos estén relacionados con la naturaleza hibrida y discreta
del sistema, mientras que los fallos paramétricos, también denominados continuos, estan relacionados con
los pardmetros y sensores del sistema. Hasta ahora, los dos tipos de fallo no se han considerado de manera
conjunta y unificada en la misma arquitectura de diagnosis.

FEl proceso de diagnosis se puede dividir en tres etapas principales: Deteccién, aislamiento e identificacion
de fallos. Los Posibles Conflictos (PCs) son una técnica de compilacién utilizada en MBD para sistemas
continuos. Los PCs proporcionan una descomposicién de un sistema en subsistemas con redundancia analitica
minimal lo que permite realizar una etapa de aislamiento mas eficiente. Los PCs se pueden utilizar para las
tareas de deteccién y aislamiento mediante la matriz de firmas (FSM). Esta matriz relaciona los diferentes
pardametros del sistema (candidatos a fallo), con los PCs que los utilizan.

Los PCs proporcionan un modelo computacional que se puede implementar mediante diferentes herramien-
tas. Esta tesis utiliza las Redes Bayesianas Dindmicas (DBNs) para implementar los PCs. Las DBNs tienen
la ventaja adicional de que se pueden utilizar durante las tres etapas de diagnosis, incluida la identificacién,
completando asi la aplicabilidad de los PCs. El principal problema que presentan las DBNs es la alta
carga computacional que necesitan para realizar la inferencia, los algoritmos de inferencia aproximada, como
los Filtros de Particulas (PF) solucionan este inconveniente en parte. Esta tesis proponen derivar DBNs
minimales de PCs, lo que permitird reducir la complejidad de las DBNs mejorando su eficiencia.

La principal contribucién de esta tesis es el formalismo de los Posibles Conflictos Hibridos (HPCs). Los
PCs se extenderdn para sistemas hibridos con lo que la tesis propone su segunda contribucién importante: una
arquitectura de diagnosis para sistemas hibridos que integra tanto los fallos discretos como los paramétricos.
Esta arquitectura estd basada en los Posibles Conflictos Hibridos (HPCs) y las DBNs minimales derivadas de
ellos. La arquitectura de diagnosis utiliza DBNs durante las tres etapas y ademas de para sistemas hibridos,
también se ha presentado para sistemas continuos, junto con el método para derivar las DBNs minimales de
los PCs de forma sistematica.

Finalmente, para probar cada una de las contribuciones realizadas se han utilizado diferentes sistemas en
simulacién del &mbito hidrdulico (sistemas de tanques conectados), del &mbito eléctrico (circuito de orden
doce), y un sistema hibrido que abarca varios dominios como es el ROS del entorno aeroespacial. Los
resultados obtenidos en todos los casos han sido satisfactorios.
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Abstract

Hybrid systems are very important in our society, we can find them in many engineering fields. They can
develop a task by themselves or they can interact with people so they have to work in a nominal and safe state.
Model-based Diagnosis (MBD) is a diagnosis branch that bases its decisions in models. This dissertation
is placed in the MBD framework with Artificial Intelligence techniques, which is known as DX community.
The kind of hybrid systems we focus on have a continuous behaviour commanded by discrete events.

There are several works already done in the diagnosis of hybrid systems field. Most of them need to
pre-enumerate all the possible modes in the system even if they are never visited during the process. To
solve that problem, some authors have presented the Hybrid Bond Graph (HBG) modeling technique, that
is an extension of Bond Graphs. HBGs do not need to enumerate all the system modes, they are built as
the system visits them at run time.

Regarding the faults that can appear in a hybrid system, they can be divided in two main groups: (1)
Discrete faults, and (2) parametric or continuous faults. The discrete faults are related to the hybrid nature
of the systems while the parametric or continuous faults appear as faults in the system parameters or in the
sensors. Both types af faults have not been considered in a unified diagnosis architecture for hybrid systems.

The diagnosis process can be divided in three main stages: Fault Detection, Fault Isolation and Fault
Identification. Computing the set of Possible Conflicts (PCs) is a compilation technique used in MBD
of continuous systems. They provide a decomposition of a system in subsystems with minimal analytical
redundancy that makes the isolation process more efficient. They can be used for fault detection and
isolation tasks by means of the Fault Signature Matrix (FSM). The FSM is a matrix that relates the different
parameters (fault candidates) in a system and the PCs where they are used.

PCs provide a computational model that can be implemented by means of different tools. In this dis-
sertation, Dynamic Bayesian Networks (DBNs) have been chosen to implement the PCs and they can be
used during the three diagnosis stages. DBNs main problem is the computational burden for inference tasks,
this is partially solved using approximate inference like Particle Filter (PF) Algorithms. This dissertation
proposes to derive minimal DBNs from PCs which reduces the complexity of the DBNs improving their
performance.

The main contribution of this dissertation is the Hybrid Possible Conflicts (HPCs) formalism, PCs have
been extended for hybrid systems. Related to that, the dissertation can provide the second important
contribution: a diagnosis architecture for hybrid systems integrating discrete and parametric faults. This
architecture is based on Hybrid Possible Conflicts and DBNs derived from them. The architecture uses
DBNs along the three diagnosis stages. The diagnosis architecture has been also proposed for continuous
systems fault diagnosis as well as a method to derive minimal DBNs from Possible Conflicts.

Finally, several simulation systems have been used to test each contribution. The systems come from
different fields: Connected tanks (hydraulic), twelfth order electrical circuit (electric), and the ROS, a more
complex hybrid system from the aerospace field. The results obtained have been satisfactory with all of
them.
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Parte 1.

Diagnosis de fallos en Sistemas Hibridos con
Redes Bayesianas Dinamicas y Posibles
Conflictos Hibridos. Restiimenes en Espanol
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Capitulo 1

Introduccion

1.1. Motivacion

La deteccidn, el aislamiento y la identificacion de fallos (FDII), también conocido como diagnosis de
fallos, es un reto vital en la sociedad. Cada dia hay mas robots y maquinas que realizan tareas de manera
auténoma o semi auténoma, por lo tanto, en caso de que se produzca algtun fallo debera ser diagnosticado
cuanto antes para evitar danos y pérdidas tanto fisicas como econémicas. Algunos de los fallos que podemos
encontrar en los sistemas son errores de programacién no solucionados previamente o la fatiga fisica de alguno
de los componentes del propio sistema. La diagnosis de fallos permitird detectar cuanto antes esos fallos,
identificarlos y reestablecer un estado seguro en el sistema. El trabajo presentado en esta tesis estd centrado
en la deteccion y diagnosis de fallos (FDD) de sistemas dindmicos, cuyo estado interno depende de los estados
previos y de las entradas al sistema.

Los sistemas dindmicos se pueden dividir en tres grupos: 1) Sistemas continuos, 2) Sistemas discretos,
y 3) Sistemas hibridos. Los sistemas continuos tienen un comportamiento continuo y pueden modelarse
mediante Ecuaciones Diferenciales Ordinarias, EDOs (ODEs si se usa el término en inglés). Por su parte,
los sistemas discretos tienen un numero finito de estados y se pueden modelar como sistemas de eventos
discretos a través de autématas. Los sistemas hibridos comparten caracteristicas de los dos tipos previos,
tienen comportamiento tanto discreto como continuo. En el tipo de sistemas con el que trabajaremos, eventos
discretos modifican el comportamiento (continuo) del sistema. Este tipo de sistemas hibridos se encuentran
en un amplio rango de aplicaciones industriales, como por ejemplo, sistemas mecédnicos, circuitos eléctricos
o sistemas embebidos.

Como ya se ha comentado anteriormente, hay varios tipos de sistemas hibridos, pero en este trabajo nos
centramos en los sistemas continuos controlados por eventos discretos (muy comunes en sistemas embebidos).
En este tipo de sistemas aparecen fallos que pueden ser clasificados en dos grandes grupos: 1) Fallos continuos,
como una desviacién en un sensor o un cambio en un pardmetro del sistema, y 2) Fallos discretos, como un
relé atascado o una valvula que cambia de posicién sin recibir la orden necesaria.

Los sistemas hibridos suelen tener un comportamiento dindmico complejo y necesitan un proceso de
diagnosis eficiente y fiable desde su puesta en marcha. Por eso, es necesario utilizar herramientas formales
de andlisis y diseno de diagnosis.

Hay varias ramas trabajando en el campo de la diagnosis de fallos: 1) Diagnosis basada en conocimiento,
2) Diagnosis guiada por datos y 3) Diagnosis basada en modelos [64, 65, 66] (DBM o MBD, segin sus
siglas en inglés). Segin las necesidades de diagnosis expuestas previamente, la MBD es la tnica que permite
cumplirlas y es en esta linea en la que se encuadra el trabajo de esta tesis.

Las técnicas de MBD utilizan modelos en el proceso de diagnosis [26, 27, 19, 54], comparan el comporta-
miento esperado, estimado por el modelo, con el comportamiento observado para detectar desviaciones.

La diagnosis online de sistemas hibridos no es una tarea facil debido al comportamiento de este tipo de
sistemas. La diagnosis basada en modelos online requiere un proceso de reconfiguracién rapido y robusto
durante un cambio de modo en el sistema, ademas debe permitir continuar monitorizando el comportamiento
del sistema nominal durante estados transitorios.

Hay varias aproximaciones que proponen solucionar el problema de la diagnosis de sistemas hibridos [4, 7,
36, 18]. Normalmente, modelan los sistemas hibridos como autématas hibridos, pre-enumerando de manera
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explicita todos los posibles modos del sistema. Esta aproximacion con autématas hibridos funciona bien en
sistemas pequefios, pero tiene un gran coste computacional para sistemas grandes enumerando modos que
puede que nunca sean visitados. Otros métodos alternativos proponen modelar los sistemas hibridos mediante
Hybrid Bond Graphs (HBGs) [44]. Esta técnica genera los modelos de cada modo de funcionamiento en tiempo
de ejecucién. Sin embargo, estas técnicas también presentan sus problemas, principalmente en el esfuerzo
computacional necesario para la reconfiguracién cuando se produce un cambio de modo. Este problema
se hace mas relevante en los modernos sistemas electrénicos, donde los cambios de modos se producen
rapidamente. Roychoudhury et al. [60] proponen una forma de reconfiguracién eficiente para sistemas hibridos
modelados con HBGs. A pesar de ello, no existe una aproximacién para la diagnosis de sistemas hibridos
que permita realizar de manera unificada la deteccidn, el aislamiento y la identificacién de sistemas hibridos
para fallos continuos (paramétricos) y discretos.

Otro problema habitual en el campo de la diagnosis de sistemas reales es que hay que gestionar la
incertidumbre, tanto a nivel de modelo como de nivel de ruido en las senales que se miden del sistema. Los
sistemas reales trabajan en entornos con ruido. Sus modelos también tienen cierto nivel de ruido, no sélo
en las medidas, sino también en los propios parametros del modelo. Este problema hace que se necesiten
herramientas de modelado y simulacién robustas. En este trabajo se pretende utilizar el mismo método para
las tres etapas de diagnosis: deteccién, aislamiento e identificacion.

Las Redes Bayesianas Dindmicas (DBNs, por sus siglas en inglés) [42, 57] se han elegido como la herra-
mienta para modelar y simular los sistemas gracias a su habilidad de trabajar satisfactoriamente con ciertos
niveles de ruido. Ademads, se pueden utilizar para deteccién, aislamiento e identificacién de fallos, lo que
permite realizar la diagnosis de fallos de manera unificada.

Por contra, las DBNs también tienen alguna desventaja. Realizar inferencia exacta requiere un alto coste
computacional, pero puede resolverse utilizando métodos de inferencia aproximada, como el algoritmo de
Filtro de Particulas (PF, por sus siglas en inglés). Incluso con métodos de inferencia aproximada, el esfuerzo
computacional puede ser un problema. Otra gran desventaja de las DBNs es la dificultad de conseguir una
convergencia precisa cuando se tienen muchos estados desconocidos.

La principal motivacién de esta tesis consiste en mejorar los métodos recientes de diagnosis de sistemas
hibridos mediante una solucién basada en MBD que permita realizar FDII en entornos con ruido utilizando
DBNs. Las DBNs se generaran a partir de subsistemas con redundancia, en lugar de modelar el sistema
completo, para reducir la carga computacional necesaria. Las DBNs con PF como algoritmo de inferencia se
utilizaran a lo largo de las tres etapas de diagnosis.

1.2. Principales hipdtesis

Este trabajo presenta un método eficiente para realizar Deteccién, Aislamiento e Identificacion de Fallos
en sistemas continuos controlados por eventos discretos. La herramienta propuesta para modelar los sistemas
son las Redes Bayesianas Dindmicas.

Incluso con algoritmos de inferencia aproximada, como el Filtro de Particulas, se puede tener un coste
computacional elevado utilizando DBNs. El coste aumenta al aumentar el tamano y la complejidad de la red.
Esta tesis propone los Posibles Conflictos [51] como técnica de descomposicién de modelos para analizar la
estructura de la DBN del sistema completo y para generar DBNs minimales que modelen los subsistemas
sobredeterminados minimales representados por los PCs. Las DBNs derivadas de los PCs tendran menor
nimero de nodos y arcos, de forma que seran menos complejas, caracteristica deseable en las DBNs ya que
conseguird estimaciones mas precisas del estado con una carga computacional menor.

Las DBNSs se han utilizado también con sistemas hibridos, incluyendo nodos discretos que modelen la parte
discreta de su comportamiento [20, 45], pero esto hace que las DBNs sean mds complejas y su convergencia
menos precisa.

Este trabajo propone modelar mediante DBNs el comportamiento continuo de los sistemas hibridos.
Diferentes DBNs se utilizardn para diferentes modos de funcionamiento o configuraciones del sistema real.
Los Posibles Conflictos, que ya se pueden generar a partir de modelos de Bond Graphs, se extenderan para
sistemas hibridos, ya que son la herramienta a partir de la que se derivaran las DBNs. En nuestra primera
aproximacién, proponemos incluir los PCs en la metodologia de HBGs [60] para generar los nuevos modelos
de manera eficiente tras un cambio de modo.
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La hipétesis principal de esta tesis enuncia que:

Es posible integrar la deteccién, el aislamiento y la identificacién de fallos para sistemas hibridos
en entornos con ruido de una manera eficiente mediante la extensién de los Posibles Conflictos
para sistemas hibridos y se usaran DBNs para realizar FDIL.

La hipoétesis principal puede descomponerse en las siguiente hipdtesis particulares:

1.3.

Se necesita una arquitectura de diagnosis para sistemas hibridos que permita tratar tanto con fallos
continuos (paramétricos) como discretos. La arquitectura debe soportar las tres etapas de diagnosis:
deteccion, aislamiento e identificaciéon de fallos, que no han sido consideradas siempre de manera
integrada.

Las Redes Bayesianas Dindmicas son una buena herramienta, junto con el Filtro de Particulas, para
realizar las tareas de diagnosis en un marco comun. También permiten trabajar con incertidumbre/ruido
en el sistema y en el modelo.

La complejidad de la monitorizacién, el aislamiento y la identificacién de fallos en sistemas hibridos
reales se puede reducir extendiendo los PCs a sistemas hibridos, lo que permitird generar de manera
eficiente los PCs para la configuracién que tenga el sistema en cada momento.

El coste computacional de la inferencia con Filtro de Particulas en las DBNs se puede reducir utilizando
los PCs para factorizar la DBN del sistema completo en DBNs minimales. Esto también permite evitar
el uso de nodos discretos en las DBNs.

Objetivos

Las hipotesis fijadas en la seccion previa conducen a los objetivos que se presentan a continuacién. Ademas
aparece otro objetivo que permitira validar las técnicas desarrolladas utilizando un sistema hibrido real.

1.

L

Factorizar de manera eficiente Redes Bayesianas Dinamicas mediante Posibles Conflictos y aplicarlas
a la diagnosis de fallos de sistemas continuos.

Desarrollar la teoria de los Posibles Conflictos Hibridos (HPCs).
Definir ¢cémo realizar la deteccion y el aislamiento de fallos con los HPCs.
Extender el método para derivar DBNs de PCs para sistemas hibridos.

Construir una arquitectura de diagnosis para sistemas hibridos basada en las DBNs derivadas de los
HPCs. La arquitectura debe incluir fallos tanto continuos (paramétricos), como discretos, y permi-
tird realizar deteccién, aislamiento e identificacion.

La arquitectura de diagnosis de sistemas hibridos debe probarse finalmente con un sistema hibrido real
del ambito aeroespacial.

Durante la tesis también se utilizardan ejemplos de casos de estudio mas simples para clarificar definiciones
y propuestas.

Los objetivos se han propuesto en orden para disenar la arquitectura de diagnosis unificada que permi-
tird confirmar la principal hipétesis.
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Capitulo 2

Estado del Arte

La diagnosis de sistemas fisicos se aborda desde diferentes aproximaciones: sistemas expertos, aprendizaje
o diagnosis basada en modelos entre otras [64, 65, 66]. El trabajo de esta tesis se centra en la diagnosis
basada en modelos y dentro de ésta en la comunidad DX, que utiliza técnicas de Inteligencia Artificial para
la diagnosis de fallos.

De manera general, la diagnosis se puede definir como el proceso de localizar la causa de una desviacion
en el comportamiento esperado de un sistema. Esta definicién se puede aplicar a la diagnosis de sistemas
fisicos. Estos sistemas se encuentran frecuentemente en nuestro entorno, incluso controlan tareas de nuestra
vida diaria, por lo que es muy importante que su funcionamiento sea el esperado. Cualquier sistema puede
sufrir algun tipo de fallo, pero debe detectarse y corregirse antes de que suponga un riesgo para su entorno.

Segtin Console [16] “la diagnosis es la tarea en la que dado un sistema y un conjunto de observaciones
correspondientes a un modo de funcionamiento no correcto, determina qué estd mal en el sistema para
reestablecer su comportamiento normal.”

La diagnosis es un proceso iterativo con 3 fases:

= Deteccion de fallos: Decidir si hay un fallo o no. También proporciona el instante de tiempo en que
se produjo el fallo.

= Aislamiento de fallos: Localizar el componente que falla.

= Identificacién de fallos: Averiguar el tipo de fallo que se ha producido y su magnitud.

2.1. Diagnosis Basada en Modelos (MBD)

La diagnosis basada en modelos [26, 27, 19, 54] compara el comportamiento observado de un sistema con
el comportamiento esperado que se obtiene de un modelo del mismo (Ver Figura 2.1)

SISTEMA MODELQO DEL
REAL SISTEMA

| |

Compaortamiento Compaortamiento
observado predicho

—> Discrepancia <——

DIAGNOSIS

Figura 2.1: Diagnosis Basada en Modelos.

Como cualquier aproximacion, la diagnosis basada en modelos tiene sus ventajas y sus inconvenientes.
Por un lado, es independiente del dispositivo y de la experiencia. También puede usarse en escenarios con
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multiples fallos y permite crear bibliotecas de modelos para poder reutilizarlos. Por otro lado, su principal
desventaja es la necesidad de construir modelos precisos para poder realizar una diagnosis adecuada.

El elemento principal en la MBD es el modelo. Segiin B. Kuipers [34] “un modelo es una (pequefia)
descripcién finita de una realidad compleja infinita construida con la finalidad de responder unas preguntas
concretas.”

Tradicionalmente, MBD se ha dividido en dos grandes comunidades en funcién de las técnicas empleadas
para realizar la diagnosis: 1) Comunidad FDI (Sistemas dindmicos e ingenieria de control) [49, 29, 26, 46],
y 2) Comunidad DX (Inteligencia Artificial) [54, 27]. Mds recientemente ha aparecido una tercera comuni-
dad, BRIDGE [9, 17] que busca un marco comun para combinar resultados y técnicas de las dos primeras
comunidades (FDI y DX). Las dos primeras aproximaciones a la diagnosis basada en modelos de sistemas
continuos utilizan diferentes tipos de modelos y suposiciones sobre la robustez de la solucién propuesta en
relacion a perturbaciones, errores de modelado y ruido.

2.1.1. Meétodos probabilisticos en MBD

Dentro de la diagnosis basada en modelos también hay métodos probabilisticos [27, 43]. Algunos de los
métodos probabilisticos ya se han utilizado en algoritmos de diagnosis [33, 42, 35, 57, 59, 56, 47]. Las teorias
probabilisticas permiten trabajar con incertidumbre relacionada con las hipotesis y las medidas.

FEl principal problema de la diagnosis con métodos probabilisticos consiste en decidir qué fallo ha ocurrido
segun las medidas u observaciones disponibles. El razonamiento que se emplea es similar al que sigue el cerebro
humano: Un experto puede saber qué sintomas aparecen con qué probabilidad cuando ocurre un fallo en un
sistema.

FEl Teorema de Bayes es la herramienta principal para hacer este razonamiento, permite diagnosticar
fallos con incertidumbre en los sintomas y en los propios fallos [61]. Suponiendo que Sintoma y Fallo
son dos variables aleatorias, la probabilidad a posteriori de Fallo dado Sintoma (P(Fallo|Sintoma)) se
puede obtener usando la informacién causal y las probabilidades a priori: P(Sintoma|Fallo), P(Sintoma) y
P(Fallo), respectivamente.

P(Fallo|Sintoma) = P(Si"tolgréas‘ii?éiz)(lﬁ)(lrallo)

Existen modelos graficos, como las Redes Bayesianas (BNs) y las Redes Bayesianas Dindmicas (DBNs)
que modelan la incertidumbre de manera explicita. La principal ventaja que tienen estos dos modelos es
que representan de manera grafica una factorizacién eficiente de la distribucién conjunta de las variables
del modelo, lo que hace posible realizar la diagnosis. Esto es posible porque las redes contienen no solo las
dependencias entre variables sino también las independencias.

Las BNs asumen estados estaticos en el sistema: no pueden modelar estados dindmicos ni transiciones
entre diferentes estados. Las DBNs utilizan informacién temporal y permiten modelar estados dindmicos y
transiciones entre distintos estados del sistema. Este trabajo utiliza DBNs para aplicar técnicas de MBD a
sistemas dinamicos en entornos con incertidumbre.

2.2. MBD de Sistemas Hibridos

El comportamiento de los sistemas hibridos estd compuesto por comportamiento continuo y eventos
discretos. Estos sistemas tienen distintos modos de funcionamiento o configuraciones en las que funcionan y
dentro de cada uno de ellos el comportamiento es continuo. Los eventos discretos se encargan de controlar
el cambio de modo de funcionamiento. Sistemas hibridos de este tipo se encuentran en nuestra vida diaria,
por ejemplo el sistema de ABS de los frenos del coche o el sistema de llenado de combustible de un avién.

La diagnosis basada en modelos online necesita procesos de reconfiguracién réapidos y robustos tras un
cambio de modo. Un evento discreto conlleva un cambio de modo, es necesario construir el modelo de la
nueva configuracién y continuar monitorizando el sistema durante el periodo transitorio sin producir falsas
alarmas de fallo (falsos positivos).

La diagnosis de sistemas hibridos se ha afrontado desde las comunidades DX [37, 43] y FDI [15, 36] y se
enfrenta a grandes retos, las propuestas de ambas comunidades proponen en cierto modo estimar o modelar
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el conjunto de posibles estados del sistema. Ademéas no existe una propuesta que permita tratar de manera
conjunta tanto fallos continuos o paramétricos, como posibles fallos discretos (cambios de modo no deseados
o cambios de modo no ejecutados).

Este trabajo propone una aproximacion para tratar con los problemas de la diagnosis de sistemas hibridos
de manera eficiente. En ella no es necesario realizar una pre-enumeracién de los modos del sistema y se
tratardn de manera uniforme y conjunta los fallos tanto discretos como continuos.
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Capitulo 3
Diagnosis basada en consistencia de
sistemas continuos mediante Redes

Bayesianas Dinamicas Minimales.

3.1. Posibles Conflictos (PCs)

Los Posibles Conflictos (PCs) son un técnica de compilacién que permite realizar diagnosis basada en
consistencia (CBD) de sistemas continuos. Esta técnica se encuadra en la comunidad DX y se ha demostrado
que los PCs son equivalentes a otras técnicas de compilacién de la comunidad FDI como las Relaciones con
Redundancia Analitica minimales (ARRs minimales, por sus siglas en inglés) o los conjuntos Estructurales
Sobredeterminados Minimales (MSOs, segtn sus siglas en inglés) [5].

Los PCs proporcionan el modelo computacional de un residuo que se puede implementar como un modelo
de simulacién ejecutable [50], como observadores de estados [52], o incluso como Redes Neuronales [53]. Por
otro lado estén las Redes Bayesianas Dindmicas (DBNs) como técnica de modelado probabilistica para
sistemas dindmicos. En esta tesis se propone construir DBNs minimales a partir del modelo computacional
de los PCs.

Blanke et al. [10] y Staroswiecki [63] proporcionan definiciones de observabilidad estructural en base a las
ecuaciones y variables que definen un modelo. De manera general, un sistema es estructuralmente observable
si se puede calcular su estado a partir de las entradas y las observaciones disponibles. Los Posibles Conflictos
son estructuralmente observables por definicién [39] lo que permite que su modelo computacional se pueda
implementar satisfactoriamente como DBNs.

La deteccion y el aislamiento de fallos de sistemas continuos se puede realizar mediante PCs de manera
eficiente. Como se ha dicho anteriormente, cada PC se corresponde con un residuo’. Un PC se confirma como
conflicto cuando se activa, esto es, cuando el residuo correspondiente deja de ser cero. La deteccion de un
fallo en el sistema consiste en la activaciéon de uno o mas PCs. A continuacién, el proceso de aislamiento se
encargara de obtener el conjunto de corte minimal de los conflictos confirmados y los parametros del sistema
que aparecen en ellos obteniendo el conjunto de candidatos de fallo. Este mismo proceso se puede realizar
sea cual sea la implementacion que se esta usando de los PCs.

3.2. Caso de estudio. Sistema de 3 tanques.

Como caso de estudio sencillo en este capitulo se ha utilizado el sistema de 3 tanques que se presenta en
la Figura 3.1.

Este sistema tiene un flujo de entrada en el tanque 1 (f1) y cada uno de los 3 tanques tiene un flujo de
salida en su parte inferior. La Figura 3.1 muestra los pardmetros del sistema, ademas de la disposicién de
los tanques. Las medidas disponibles en el sistema son: El flujo de salida del tanque 1 (F}), el flujo entre los
tanques 1y 2 (Fi2) y el flujo de salida del tanque 3 (F3).

1El residuo se define como la diferencia entre una observacién en el sistema y el valor predicho por el modelo.
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3. Diagnosis de sistemas continuos con DBNs minimales

Figura 3.1: Sistema de 3 tanques. Segtn el esquema, las observaciones del sistema F7, F12 y F3 se corresponden
con f1, fo v fig respectivamente.

El sistema de 3 tanques tiene 3 PCs, uno asociado a cada medida, de forma que el nodo discrepancia
(variable estimada por el PC) en cada uno de ellos se corresponde con una de las medidas del sistema. Las
Figuras 3.2, 3.3 y 3.4 muestran los MEM asociados a cada uno de los PCs.
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Figura 3.2: PC1 del sistema de 3 tanques.
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Figura 3.3: PC2 del sistema de 3 tanques.

f15 F3
eq8 |
P1a
eql5:
fi6 i,
A >eg?
Pia Ps
leql4
Ps
e
fll fﬁ |::I.Gl
eqll |eq6
Fia Ps

Figura 3.4: PC3 del sistema de 3 tanques.
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3. Diagnosis de sistemas continuos con DBNs minimales

3.3. Diagnosis de Sistemas Continuos mediante DBNs minimales

Las Redes Bayesianas Dindmicas (DBNs), como se ha indicado en el capitulo anterior, son modelos
probabilisticos que permiten representar sistemas dindmicos. En este trabajo se propone derivar las DBNs
de los PCs obteniendo DBNs que modelan subconjuntos minimales con redundancia analitica que son por
definicién estructuralmente observables.

Uno de los principales inconvenientes de las DBNs es el alto coste computacional que tiene el proceso de
inferencia y la falta de precision en la convergencia cuantos mas estados desconocidos tiene. En este caso, al
obtener las DBNs de los PCs en vez de usar el sistema completo, éstas son menos complejas, lo que reduce
también la complejidad de la inferencia; y ademas tiene menos estados desconocidos que el sistema completo.

La Figura 3.5 presenta la DBN que modela el sistema de 3 tanques de presentado en la seccién anterior.

t t+1

Figura 3.5: DBN del sistema de 3 tanques.

Este trabajo propone un método para derivar de manera eficiente las DBNs a partir de los PCs de un
sistema continuo. Esa es una contribucién importante del trabajo y en la que se apoyan la mayoria de las
demads contribuciones.

Para modelar una DBN es necesario definir tanto su modelo de transicién de estados, que define como
evoluciona el estado de la DBN, como su modelo observacional, que se encarga de definir la relacién entre el
estado de la DBN y sus observaciones. Estos dos modelos se encuentran en los PCs en las relaciones integrales
y en las relaciones algebraicas, respectivamente. El Capitulo 3 presenta el proceso que se debe seguir para
obtener cada uno de los dos modelos a partir de un PC.

La Figura 3.6 muestra la DBN asociada al PC1 del sistema de 3 tanques, como se puede ver, su comple-
jidad es mucho menor que la que tiene la DBN que modela el sistema completo (ver Figura 3.5).

Figura 3.6: DBN minimal derivada del PC1 del sistema de 3 tanques.

Las DBNs también se pueden usar para identificar fallos en pardmetros del sistema. En este trabajo se ha
seguido la aproximacién presentada por Roychoudhury et al. [57], la propuesta consiste en anadir a la DBN
inicial, denominada también nominal al emplearse para modelar el sistema en el mismo comportamiento, un
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3. Diagnosis de sistemas continuos con DBNs minimales

nodo adicional que modela el parametro en el que se quiere estimar el fallo. El nuevo nodo se relaciona con
los nodos iniciales de la DBN segiin la dependencia o independencia que tenga con las respectivas variables
del modelo. La Figura 3.7 muestra un ejemplo de la DBN minimal del PC1 del sistema de 3 tanques utilizada
para identificar un fallo en el pardmetro C1 (capacidad del tanque 1).

fy

fa

fs fs

Figura 3.7: DBN minimal derivada del PC1 del sistema de 3 tanques para identificar un fallo en la capacidad
del tanque 1.

Las DBNs minimales se han integrado en una arquitectura de diagnosis presentada en el mismo capitulo,
cuyo esquema se muestra en la Figura 3.8.

Modelo en
Espacio de | Posibles DEBNs DBNs
Estados Coflictos Nominales de fallo
Deteccion de Generacion de Discriminacion de
Sistema Fallos — Hipétesis Hipdtesis
£ ¥ 'l
5 3 S
Residuos i de Aislamiento de fallos
Tiempo de deteccion fallos parcial Identificacidn de fallos

Figura 3.8: Arquitectura de diagnosis que integra DBNs y PCs.

La arquitectura de diagnosis que integra las DBNs minimales permite abordar la deteccion, el aislamiento
y la identificacién de los fallos de manera uniforme con la misma herramienta, las propias DBNs minimales.
El proceso de aislamiento se realiza siguiendo el proceso que se seguiria con los PCs. En esta arquitectura
se refleja otra de las ventajas que tiene el uso de DBNs, también pueden utilizarse para la identificacién
de fallos, como ya se ha indicado anteriormente. Esta arquitectura constituye la segunda contribuciéon de la
tesis.

El proceso de diagnosis que se sigue con la arquitectura propuesta se resume a continuacién. Inicialmente,
las DBNs minimales realizan el seguimiento o monitorizacién del sistema de forma que cuando se detecta
un fallo, porque el residuo? generado por una de las DBNs minimales es distinto de cero se desencadena el
proceso de diagnosis. Mediante una matriz que relaciona las DBNs minimales y los pardametros del sistema
que aparecen en cada una de ellas (Matriz de firmas) se realiza el proceso de aislamiento construyendo los
conjuntos de candidatos minimales. Una vez no se esperan mas detecciones o ha pasado un tiempo suficiente
desde la ultima deteccién activada se procede a realizar la etapa de identificaciéon. Durante la identificacién
se construye una DBN por cada candidato de fallo y se simulan hasta que todas son descartadas porque no
convergen sus residuos (no vuelven a cero) salvo una, que si converge y ademds de confirmar el candidato
como fallo, proporciona una estimacién del mismo.

Al final del capitulo se presenta el estudio realizado sobre un sistema eléctrico de orden doce en el que se ha
probado la arquitectura de diagnosis propuesta con DBNs minimales. Al analizar los resultados se observé que
las DBNs minimales conseguian un mejor comportamiento que la DBN del sistema completo en deteccién y

?residuo = salida observada en el sistema - salida predicha por la DBN.
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3. Diagnosis de sistemas continuos con DBNs minimales

aislamiento de fallos, pero en la etapa de identificacién el comportamiento de las DBNs minimales no siempre
era tan preciso o mejor que el comportamiento obtenido por la DBN que modela el sistema completo. Se
sabe que las DBNs obtienen un mejor o peor comportamiento en funcién de su complejidad y del nimero de
estados desconocidos. Basandonos en esta idea, decidimos desarrollar un método que mejorase la etapa de
identificacién cuando fuera necesario realizando la fusién de una o mas DBNs minimales. El primer requisito
para fusionar dos DBNs minimales es que compartan variables de estado, ademds de entradas y/o medidas,
de forma que la proporcién de variables de estado frente a observaciones mejore. La Figura 3.9 muestra un
ejemplo de una DBN creada a partir de la fusién de dos DBNs minimales.

Figura 3.9: DBN creada al fusionar dos DBNs minimales del sistema eléctrico de orden 12.

El capitulo presenta el proceso de fusion en detalle y los resultados que se han obtenido con el sistema
eléctrico de orden doce probando fallos en distintos pardmetros y con diversas magnitudes.
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Capitulo 4
Diagnosis de Sistemas Hibridos con
Posibles Conflictos. Aproximacion

mediante HBG-PCs

4.1. Motivacién

Los sistemas hibridos se encuentran en nuestra sociedad de manera muy frecuente. Como ya se ha comen-
tado en capitulos anteriores, es de vital importancia que los sistemas trabajen dentro de su funcionamiento
nominal (sin fallo) y que en caso de producirse un fallo, el funcionamiento correcto se reestablezca lo antes
posible.

Los sistemas hibridos en los que centramos este trabajo tienen un comportamiento continuo controlado
por eventos discretos. Estos sistemas tienen varios modos de trabajo, detro de los cuales su comportamiento
es continuo, y reciben eventos discretos que desencadenan el cambio de modo de trabajo o funcionamiento.

En la comunidad DX existen trabajos sobre la diagnosis de sistemas hibridos: Unos se basan en modelado
hibrido [37, 43], otros en la estimacién de estados hibridos [28, 55] y otros combinan el seguimiento online
del estado y la evaluacién de residuos [8, 7]. Al analizarlos, todos presentan al menos uno de los siguientes
problemas:

= Necesitan pre-enumerar todas las posibles configuraciones o modos de funcionamiento del sistema.
Ademas hay que construir los modelos para todos ellos.

= Necesitan determinar el modo de trabajo actual, tanto la configuraciéon de los actuadores como el
comportamiento continuo.

Algunos autores proponen los Hybrid Bond Graphs (HBGs) [38] como técnica de modelado para sistemas
hibridos. La principal ventaja de esta técnica es que no necesita pre-enumerar los modos de funcionamiento
para poder monitorizar el sistema. Dentro de los HBGs hay dos aproximaciones: 1) Utilizar elementos de
unién con causalidad fija para modelar los actuadores cambiando los valores de los pardmetros [23, 11, 21, 24],
y 2) Utilizar elementos de unién con cambio de causalidad cuando se produce un cambio en un actuador
(esto mantiene constantes los valores de los pardmetros del sistema) [44]. La propuesta en este trabajo se
basa en la segunda aproximacion.

En los sistemas hibridos se pueden tener dos tipos de fallos:

= Fallos discretos: Estan relacionados con los eventos discretos que controlan el sistema. Estos fallos
incluyen un cambio en un actuador no deseado o un actuador que no responde al cambio requerido.

= Fallos continuos (paramétricos): Son los fallos relacionados con el comportamiento continuo del
sistema. Al igual que los fallos considerados en los sistemas continuos, en esta tesis nos centramos en
los que afectan a los parametros del sistema.

En este capitulo se presenta la ampliacién de los PCs para sistemas hibridos, tanto su definicién como su
uso para deteccién y aislamiento de fallos (discretos y continuos). Ademds se propone una arquitectura de
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diagnosis para sistemas hibridos que permite integrar tanto los fallos discretos como los continuos (paramétri-
cos) de manera unificada. La base de la arquitectura son los Posibles Conflictos para sistemas hibridos y las
DBNs derivadas de ellos. Las principales suposiciones sobre las que se asienta nuestra propuesta son:

= La configuraciéon o modo de funcionamiento del sistema antes de que suceda el fallo es conocida.

= Los sistemas hibridos que se pueden diagnosticar con esta propuesta tienen sélo actuadores ON/OFF,
es decir, que conectan o desconectan subsistemas, pero no conectan caminos alternativos.

= Kl modelo HBG del sistema completo tiene asignacién causal global valida considerando todos los
actuadores activos (ON).

Existen sistemas hibridos con actuadores multiposicién, que conectan uno de varios caminos alternativos
en cada una de sus posiciones. Para permitir una mayor aplicabilidad de la arquitectura propuesta se presenta
un método que permite modelar ese tipo de actuadores multiposicién mediante switches ON/OFF.

4.2. Posibles Conflictos Hibridos (HPCs)

Como se ha comentado en la introduccién de este capitulo, los Posibles Conflictos se han extendido
para utilizarlos, no sélo en sistemas continuos, sino también en sistemas hibridos, sistemas que tienen un
comportamiento continuo controlado por eventos discretos.

La ténica de modelado Hybrid Bond Graphs (HBG) es una ampliacién de los BGs [31]. Los HBG anaden
un tipo de unién particular, denominado switching junction que esta controlada por un autémata, cuando
su estado es ON, la unién se comporta como una unién 1- 6 0- regular, en el caso de encontrarse en estado
OFF, la unién se comporta como una fuente de flujo o esfuerzo cero, respectivamente.

Una de las principales ventajas de los HBGs, que se ha explicado anteriormente, es que permiten modelar
los sistemas hibridos sin necesidad de conocer, ni enumerar inicialmente sus modos de funcionamiento, éstos
se van construyendo a medida que se van visitando.

Los HPCs se han definido en base a HBGs, de ahi que también se identifiquen como HBG-PCS. En el
Capitulo 4 se presenta el marco completo de definiciones y propiedades que se cumplen en él y sobre los que
se apoya la proposicién principal de esta aproximacién:

El conjunto de Posibles Conflictos Hibridos con k switching junctions OFF se puede derivar
del conjunto de Posibles Conflictos Hibridos con todas las switching junctions ON.

En el Capitulo 4 se prueba que esa afirmacién es cierta, asi como la afirmacion en el sentido contrario:
Los PCs que se generen a partir de una configuracién dada al activar una switching junction que estuviera
OFF pertenecen a alguno de los HBG-PCs obtenidos con todas las switching junctions ON.

El método que se propone para derivar de manera eficiente los HBG-PCs de un sistema hibrido considera
que todas las switching junctions estan a ON y a partir de él deriva el TCG y a continuacion los HBG-PCs
[12].

4.2.1. Caso de estudio. Sistems de tanques

En el Capitulo 4 se utiliza el sistema hibrido de tanques que se muestra en la Figura 4.1 para ilustrar los
conceptos que se van presentando. La Figura 4.2 presenta el modelo BG del sistema.

El sistema de 4 tanques hibrido tiene un flujo de entrada, que puede ser desactivado del tanque 1 o del
tanque 3 pero nunca de los dos al mismo tiempo, la fuente de flujo es comin para los dos tanques. Ademas,
los tanques 2 y 4 estdn conectados con los tanques 1 y 3 respectivamente, mediante una tuberia situada a
una altura h de la base de los tanques. El sistema presenta 4 actuadores ON/OFF: SWy, SWo, SW3 y SWj.
SW1 y SW3 son actuadores comandados, reciben una orden para activarse o desactivarse, mientras que STWs
y SWy son actuadores auténomos, la transicién de un estado a otro depende de una variable interna del
sistema, en este caso concreto la altura del liquido del tanque 1 o 3 respectivamente, ya que cuando esa
altura alcane el valor h al que estd situada la tuberia, el liquido empezard a pasar al tanque contiguo. El
sistema tiene 4 medidas, que se correcponden con las presiones en cada uno de los cuatro tanques.
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Figura 4.2: Modelo Bond Graph del sistema de 4 tanques hibrido.

Segun la propuesta del Capitulo 4, los HPCs se obtienen configurando todas las switching junctions del
HBG a ON y derivando el modelo TCG, para a obtener de él los PCs. Ese proceso se ha llevado a cabo con
este sistema y la Figura 4.3 presenta el TCG del sistema de 4 tanques hibrido.

Aplicando el proceso explicado en el capitulo, los HBG-PCs obtenidos para el sistema son 4 y se muestran
en la Figura 4.4.
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Figura 4.4: HBG-PCs del sistema de 4 tanques hibrido.
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4.3. Arquitectura de Diagnosis Unificada para Sistemas Hibridos

El Capitulo 4 también presenta la arquitectura de diagnosis que unifica el tratamiento de fallos discretos
y continuos para sistemas hibridos [40]. Inicialmente se define la arquitectura para realizar deteccién y
aislamiento de estos dos tipos de fallos de manera conjunta mediante HBG-PCs. La deteccién se basa en
el proceso de activacion de PCs descrito para los sistemas continuos, una vez se obtiene el conjunto de
candidatos de fallo, se consideran candidatos preferidos los fallos discretos. Los candidatos paramétricos no
se tratan hasta que todos los discretos han sido rechazados.

Como puede extraerse del parrafo anterior, el proceso de diagnosis es muy similar al que se present6 en
el caso de sistemas continuos, pero en este caso se estd tratando con dos tipos de fallos diferentes: Discretos
y paramétricos. En el caso de los fallos paramétricos se ha trabajado con la matriz de firmas ya conocida.
Para los fallos discretos se han definido unas matrices similares a la matriz de firmas y que se presentan
a continuacién. Inicialmente se tiene la Hybrid Fault Signature Matrix (HFSM), en la que se relacionan
las switching junctions y los HBG-PCs del sistema, la Figura 4.1 muestra la HFSM del sistema de cuatro
tanques hibrido presentado en la seccién anterior.

HBG - PC1 | HBG - PC2 | HBG - PC3 | HBG - PC4
1SW1 1 1
Tsw, 1 1
Tsw, 1 1
Tsw, 1 1

Cuadro 4.1: Hybrid Fault Signature Matrix (HFSM) del sistema de 4 tanques hibrido, muestra la relacién
entre las switching junctions del modelo y los HBG-PCs.

La HFSM se utiliza en la etapa de aislamiento de fallos, tras producirse la deteccién de un fallo, de la
misma forma que se utilizaba la matriz de firmas para los fallos paramétricos: Segin los HBG-PCs que se
hayan activado en la etapa de deteccién se obtiene el conjunto de corte minimal de esos HBG-PCs activos
con las switching junctions, teniendo en cuenta que no todas las switching junctions afectan a todos los
HBG-PCS, el aislmiento serd mas preciso que si se trabajase con el sistema completo.

Como extensién de la HFSM se ha definido la Hybrid Qualitative Fault Signature Matrix (HQFSM),
esta incluye informacién cualitativa sobre la variacién del residuo '. Con esta informacién adicional, lo que
se consigue es reducir aun mas el conjunto de candidatos de fallo discretos, permitiendo que el proceso de
identificacién de estos fallos se haga de manera mas eficiente. La Figura 4.2 muestra la HQFSM del sistema
de 4 tanques hibridos centrdandose en las switching junctions comandadas (SW; y SWs).

HBG-PC1 | HBG-PC3
Isw,1—1 T -
1SW10 —0 - +
1SW10 —1 + -
Isw,1 =0 - ¥
lsw,1 —1 - +
Isw,0 — 0 T -
lsw,0—1 - +
Isw,l — 0 T -

Cuadro 4.2: Hybrid Qualitative Fault Signature Matrix (HQFSM) del sistema de 4 tanques hibrido.

Una vez se tiene la arquitectura definida para realizar la deteccion y el aislamiento de fallos discretos y
paramétricos en sistemas hibridos se amplia para incluir DBNs minimales derivadas a partir de los HBG-PCs
en cada modo de funcionamiento. Con las DBNs minimales se amplia la arquitectura para considerar también
la identificacién de los fallos, de la misma forma que ya se presenté en el caso de sistemas continuos.

Iresiduo = variable medida - variable estimada.
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4. Diagnosis de Sistemas Hibridos con PCs

El capitulo presenta el estudio realizado sobre el sistema de 4 tanques hibrido (ver Fig. 4.1) para probar
el funcionamiento de la arquitectura de diagnosis unificada para sistemas hibridos con fallos discretos y
paramétricos.

4.4. Extension para actuadores multiposicion

La herramienta de modelado Hybrid Bond Graphs sélo permite modelar actuadores de tipo ON/OFF,
es decir, que tienen dos estadosposibles: conectado o desconectado, pero no permite modelar directamente
actuadores multiposicién que conecten caminos alternativos en cada una de sus posiciones. Este tipo de
actuadores no son raros de encontrar en sistemas hibridos por eso se ha definido una estructura que permite
modelar este tipo de actuadores multiposicién mediante actuadores ON/OFF.

La Figura 4.5 muestra en a) la estructura general de los actuadores multiposicién que se han comentado

anteriormente y en b) el esquema que se ha disenado para poder representarlo mediante switching junctions
ON/OFF.
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Figura 4.5: a) Estructura genérica de un actuador multiposicién. b) Esquema HBG genérico para un actuador
de 3 posiciones.

La idea principal del modelo consiste en utilizar una unién de tipo 0 (conexién paralelo) como punto de
referencia y a ella conectar tantas switching junctions de tipo 1 como caminos alternativos tenga el actuador
multiposicién. Las senales que controlan esas switching junctions seran siempre mutuamente expcluyentes,
de forma que sélo una de ellas puedes estar activa en un instante concreto. Este modelo se ha probado
en el sistema que se presenta en el Capitulo 5, el Sistema de Osmosis Inversa (ROS), que tiene entre sus
componentes una valula multiposicion.
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Capitulo 5

I

Caso de Estudio. Sistema de Osmosis
Inversa (ROS)

Los capitulos anteriores han ido presentando las diferentes propuestas y contribuciones de esta tesis.
En este capitulo se muestra, en un sistema hibrido real del ambito aeroespacial, la aplicacién de dichas
contribuciones.

El sistema empleado en este capitulo se denomina Sistema de Osmosis Inversa, segtin sus siglas en inglés
le denominaremos ROS. El ROS estd incluido en un Sistema Avanzado de Recuperacién de Agua (AWRS)
disenado y construido por el centro espacial Jonhson de la NASA (JSC) como parte del Sistema Avanzado de
Apoyo ala Vida (ALS) para misiones tripuladas [48, 58]. La Figura 5.1 muestra un esquema del AWRS. Este
sistema trabaja en condiciones de microgravedad y permite obtener agua potable a partir de agua residual.

Tubular Nitrification Tubular Reservoir  Membrane
Reactor and Pump
Feed y
. Pump
Organic
Carbon Post
Oxidation L as d Multi Way Valve Processing
Reactor 144! . Subsystem
— Separator | Reverse Osmosis Subsystem
U
Recirculation Pump Coolant
Feed Heat
Biological Waste  3pymy Tube Blower | 2€4teT]
Processor
Wick /1¢ i
Wick Reservoir ? Potable
Water
Wastewater Condensate
Tank Tank Air Evaporation Subystem Tank

Figura 5.1: Esquema del Sistema Avanzado de Recuperacién de Agua (AWRS).

El AWRS estd formado por cuatro subsistemas: 1) El procesador de residuos biolégicos (BWP), que
elimina la materia orgdnica y el amoniaco del agua residual; 2) El sistema de dsmosis inversa (ROS), que
elimina la materia inorganica y en suspension mediante un sistema de filtracién por membrana de alta
presion; 3) El subsistema de evaporacién de agua (AES), que recupera el agua restante en el liquido final
del ROS mediante un proceso de evaporacién y condensacion; 4) El subsistema de postprocesado (PPS) que
elimina trazas de impurezas y genera agua potable combinando la salida del ROS y del AES. Como se ha
indicado antes, esta tesis se ha centrado en el estudio del ROS.

EI ROS recibe agua del BWP, la bomba de entrada estd siempre activa, de forma que el flujo es continuo
durante todo el ciclo de trabajo. Este flujo de entrada se mezcla con el flujo que se recircula, cuando la
bomba de recirculacién esta activa, y pasa por el depdsito tubular. A continuacion estd situada la membrana
encargada de filtrar el liquido para eliminar las impurezas. El agua filtrada pasa al subsistema de postproce-
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5. Caso de Estudio. Sistema de Osmosis Inversa (ROS)

sado (PPS) y una parte del liquido, que ain no esta limpio, sigue el camino hacia una valvula multiposicién
(Multi Way Valve en la Figura 5.1). Segun el modo de trabajo activo, la valvula estard en la posicién 1, 2
o purga. En la posicién 1, el agua se recircula por el camino largo del esquema (antes del depésito tubular),
mientras que en la posicién 2, el camino de recirculacién activo es el corto (después del depdsito tubular). La
posicién purga de la valvula conduce el liquido residual que tiene la membrana al AES. El ciclo de trabajo
del ROS estd formado por el modo 1 (valvula en posicién 1), seguido del modo 2 (vélvula en posicién 2) y
finalizando con el modo purga (vélvula en posicién purga), al terminar este modo se volveria de nuevo al
modo 1 para comenzar un nuevo ciclo.

Como se puede extraer de la explicacion anterior, el ROS es un sistema hibrido con suficiente complejidad
para poder ilustrar la propuesta de diagnosis de sistemas hibridos presentada en el capitulo 4. Ademads tiene
un actuador multiposicién, lo que permite también comprobar la bondad del modelo propuesto para este
tipo de actuadores utilizando sélo elementos ON/OFF.

La Figura 5.2 muestra el modelo HBG del ROS. Esta dividido en subsistemas para comprender e identi-
ficar mas facilmente las distintas partes del sistema. Las senales de control M1, M2 y P modelan los cambios
de la vélvula multiposicién, de forma que también determinan el modo de funcionamiento del ROS en cada
momento.

El ROS tiene 5 medidas: 1) Flujo de entrada al sistema (F_FP), 2) La presién en el depdsito tubular
(P_Back), 3) la presién en la membrana (P_Memb), 4) la presién de salida de la bomba de recirculacién
(P_Pump) y 5) la concentracién del liquido (P_k). La Figura 5.3 muestra las medidas del sistema durante
3 ciclos completos de funcionamiento, como se ha explicado anteriormente, cada ciclo estda formado por el
modo 1, seguido del modo 2 y finalmente el modo purga. Los datos tienen un 2% de ruido. Las medidas
se muestran en la figura de arriba a abajo en el mismo orden en que se han explicado. El flujo de entrada
al sistema (F_FP) es casi continuo a lo largo del tiempo pero en las demds medidas observamos variaciones.
La tercera medida en la Figura 5.3, es la presién en la membrana (P_Memb), en ella se pueden diferenciar
los tres modos de funcionamiento, durante el primero y el segundo, la medida crece con distinta pendiente
en cada una de ellas, mientras que en el modo purga, la presion cae drasticamente y se mantiene estable
durante el resto del modo. La concentracién del liquido (Pk) se muestra en la parte baja de la gréfica, en
ella se pueden identificar claramente los tres modos de funcionamiento, ademas, es la variable utilizada por
el controlador para fijar las senales de control.

Se han derivado los HBG-PCs del sistema (ver Figuras 5.4, 5.5, 5.6, 5.7 y 5.8 ) y se han obtenido sus
DBNs (ver Figuras 5.9, 5.10, 5.11, 5.12 y 5.13). Con ellas se ha comprobado que son capaces de realizar la
monitorizacién del sistema, siguiendo su comportamiento incluso inmediatamente después de un cambio de
modo sin producir falsos positivos.
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Figura 5.2: Modelo Hybrid Bond Graph del Sistema de Osmosis Inversa (ROS).
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Figura 5.3: Comportamiento nominal del ROS durante 3 ciclos de funcionamiento completos para las medidas
disponibles: F'_F'P, P_Back, P_-memb, P_Pump, y P_k, de arriba a abajo en la figura.
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Figura 5.4: Modelo Hybrid Bond Graph del HBG-PC1 del Sistema de Osmosis Inversa (ROS). El nodo

v
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discrepancia, variable estimada, es F_FP y la variable de estado es f4, que esta relacionada con el esfuerzo
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Figura 5.5: Modelo Hybrid Bond Graph del HBG-PC2 del Sistema de Osmosis Inversa (ROS). El nodo

discrepancia, variable estimada, es P_Back y la variable de estado es e1g, que estd relacionada con la capacidad
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Figura 5.6: Modelo Hybrid Bond Graph del HBG-PC3 del Sistema de Osmosis Inversa (ROS). El nodo

discrepancia, variable estimada, es P_Memb y la variable de estado es es2, que esta relacionada con la
capacidad en la membrana C_memb.
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Figura 5.7: Modelo Hybrid Bond Graph del HBG-PC4 del Sistema de Osmosis Inversa (ROS). El nodo

discrepancia, variable estimada, es P_Pump y la variable de estado es f37, que esta relacionada con el
esfuerzo generalizado en I_pump.
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Figura 5.8: Modelo Hybrid Bond Graph del HBG-PC5 del Sistema de Osmosis Inversa (ROS). El nodo

discrepancia, variable estimada, es P_k y la variable de estado es e52, que estd relacionada con la concentracién
en el modelo de conductividad, C_k.
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Figura 5.9: Red Bayesiana Dindmica del HBG-PC1 (DBN1) para el ROS en el modo de trabajo 1. La variable
de estado es f; (flujo en la bomba de entrada), relacionada con el pardmetro I_fpump en el modelo HBG.
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Figura 5.10: Red Bayesiana Dindmica del HBG-PC2 (DBN2) para el ROS en el modo de trabajo 1. La
variable de estado es eq (presion en el depdsito), relacionada con el pardmetro C_res en el modelo HBG.
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Figura 5.11: Red Bayesiana Dindmica del HBG-PC3 (DBN3) para el ROS en el modo de trabajo 1. La
variable de estado es ey (presién en la membrana), relacionada con el pardmetro C_memb en el modelo
HBG.
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Figura 5.12: Red Bayesiana Dindmica del HBG-PC4 (DBN4) para el ROS en el modo de trabajo 1. La
variable de estado es f37 (flujo en la bomba de recirculacién), relacionada con el pardmetro I_pump en el
modelo HBG.

Figura 5.13: Red Bayesiana Dindmica del HBG-PC5 (DBN5) para el ROS en el modo de trabajo 1. La

variable de estado es es2 (concentracion en el modelo de conductividad), relacionada con el parametro C_k
en el modelo HBG.

28



5. Caso de Estudio. Sistema de Osmosis Inversa (ROS)

En cuanto al proceso de diagnosis, se han estudiado tanto los fallos discretos en el sistema, como los fallos
continuos (paramétricos) obteniendo resultados satisfactorios y dentro de lo esperado en todos los casos.

El proceso de diagnosis seguido es el que ya se ha presentado en el Capitulo anterior para sistemas
hibridos: Los fallos discretos se consideran candidatos preferidos, de forma que si tras la deteccién del fallo
y el proceso de aislamiento se obtienen candidatos tanto discretos como paramétricos en el conjunto de
candidatos de fallo, primero se estudian los candidatos discretos. Si tras realizar la identificaciéon con los
candidatos discretos, todos ellos son rechazados, entonces se pasa a considerar los candidatos continuos o
paramétricos como se explico en el proceso de diagnosis de sistemas continuos.

Los experimentos comparan el desempeno de la DBN modelando el sistema completo y las DBNs derivadas
de los HBG-PCs. En el proceso de deteccién, tanto de fallos discretos como continuos, el comportamiento es
muy similar. En la etapa de aislamiento, las DBNs obtenidas de los HBG-PCs permiten que el proceso sea
mas eficiente y genere conjuntos de candidatos menores mas rapidamente que la DBN modelando el sistema
completo. El proceso de identificacién de fallos discretos tiene unos resultados similares para cualquiera de
las DBNs y en el caso de los fallos continuos, la estimacion del pardametro de fallo, al igual que sucedia en los
sistemas continuos, es mejor con las DBNs de los HBG-PCs en unos parametros y con la DBN modelando
el sistema completo en otros.
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Capitulo 6
Conclusiones

Este capitulo resume las conclusiones extraidas durante la realizacion de la tesis. Ademds proporciona
un listado de las contribuciones del trabajo que se han ido presentando a lo largo de los capitulos. Al final
del capitulo se proponen algunas lineas de trabajo futuro.

6.1. Principales Contribuciones

Arquitectura de diagnosis para sistemas continuos con Redes Bayesianas Dinamicas minimales
derivadas de Posibles Conflictos [2, 1, 3] La primera contribucién de esta tesis es un método para
derivar Redes Bayesianas Dindamicas (DBNs) minimales de Posibles Conflictos (PCs). Utilizando la estructura
de los PCs (MEM o TCG) se puede derivar la estructura de la DBN, los pardametros (ecuaciones) de la DBN
se obtienen de las etiquetas de los arcos.

Las DBNs minimales se pueden utilizar de manera eficiente durante las 3 etapas del proceso de diagnosis
(deteccién, aislamiento e identificaciéon). Como resultado se obtiene la segunda contribucién presentada en
el Capitulo 3, la definicién de un marco para FDII de sistemas continuos basado en PCs con DBNs como
Unica herramienta de estimacién para la deteccién y la identificacion.

Mejorar la identificacién de parametros fusionando DBNs minimales Las DBNs minimales permi-
ten simplificar la etapa de aislamiento, pero en la identificacién de los fallos se ha observado que los resultados
obtenidos no son siempre tan precisos como las estimaciones de la DBN que modela el sistema completo.
De manera general, las DBNs obtienen estimaciones del estado méas precisas cuando hay mas observaciones
disponibles para ajustar esa estimacion, pero esto tampoco es cierto en todos los casos. Por eso, se propone
fusionar algunas DBNs minimales que compartan variables de estado y/o entradas y medidas para obtener
una mejor estimacion del parametro a identificar si se necesita. Este método se presenta en el caso de estudio
del Capitulo 3.

Posibles Conflictos para Sistemas Hibridos (HPCs). [13, 12] Extendemos la técnica de compilacién
de los Posibles Conflictos para utilizarla, no sélo con sistemas continuos, sino también con sistemas hibridos
(HPCs). La herramienta de modelado utilizada ha sido Hybrid Bond Graphs (HBGs), que extiende los Bond
Graphs con un nuevo tipo de uniones 1- (0-) controladas por un autémata que indica si la unién 1- (0-)
estd conectada (se comporta como cualquier unién de tipo 1- (0-)), o desconectada (el comportamiento de
la unién es el de una fuente de flujo (esfuerzo) a cero).

Los HPCs, también referenciados como HBG-PCs por la técnica de modelado empleada, se han utilizado
de manera satisfactoria para realizar la monitorizacién del sistema como se presenta en el Capitulo 4.

Los HBG-PCs no necesitan pre-enumerar todos los posibles modos de funcionamiento del sistema, solu-
cionando uno de los principales problemas de la diagnosis de sistemas hibridos. Ademsds, si el modelo HBG
del sistema tiene asignacién causal valida considerando todas las switching junctions ON, se puede derivar
de €l el conjunto de HBG-PCs que caracteriza todos los HBG-PCs de todos los modos.

Deteccidén, aislamiento e identificacién de fallos con HBG-PCs. [40] Los sistemas hibridos pre-
sentan dos tipos de fallos, los fallos que afectan a sus pardmetros se conocen como fallos paramétricos y su
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proceso de diagnosis es el mismo que se utiliza para los sistemas continuos. Por otro lado estén los fallos que
se deben a la naturaleza discreta de este tipo de sistemas, que pueden sufrir un cambio auténomo de modo
de funcionamiento o no obedecer a una orden de cambio de modo. Estos dos tipos de fallos (paramétricos y
discretos) se han integrado en una arquitectura de diagnosis unificada basada en HBG-PCs.

El proceso de diagnosis basado en HBG-PCs permite detectar facilmente fallos discretos sin necesidad de
medir directamente la senal de control. Los fallos discretos son candidatos preferidos a los fallos paramétricos
y se confirmardn o descartardn primero durante el proceso de diagnosis. Sélo cuando todos los candidatos
de fallo discretos se descarten se empezara el proceso de identificacién de fallos paramétricos.

Una ventaja adicional es que sélo algunos HBG-PCs detectaran cada fallo, sus residuos se activaran; esos
HBG-PCs seran utilizados en las siguientes etapas de diagnosis, mientras tanto, los demas HBG-PCs que no
se han visto afectados por el fallo pueden seguir monitorizando el sistema.

Deteccidén, aislamiento e identificaciéon de fallos con DBNs minimales derivadas de HBG-PCs.
[40, 41] Los HBG-PCs se han propuesto para la diagnosis de fallos discretos y paramétricos de sistemas
continuos en una arquitectura de diagnosis unificada. Los HBG-PCs también presentan el comportamiento
de los sistemas hibridos como una coleccién de comportamientos continuos de manera que las transiciones
entre ellos se producen mediante eventos discretos (cambios auténomos o actuadores comandados). Esta
simplificacién permite utilizar DBNs minimales para modelar el comportamiento de cada modo de funcio-
namiento, evitando el uso de nodos discretos en la DBN, simplificando el proceso de inferencia y evitando
problemas de convergencia. Una vez se tienen configurados los HBG-PCs para el modo de funcionamiento
actual, se derivan las DBNs minimales de ellos. Las DBNs minimales se han integrado en la arquitectura de
diagnosis para fallos discretos y paramétricos en sistemas hibridos.

Modelar actuadores multiposicién mediante uniones ON/OFF (HBGs) Hybrid Bond Graphs,
la técnica de modelado utilizada en los HBG-PCs sélo permite modelar uniones de tipo ON/OFF, lo que
permite crear directamente modelos con actuadores de tipo ON/OFF. Hay actuadores multiposicién en
sistemas hibridos que conectan uno de multiples caminos posibles, este tipo de actuadores no se pueden
modelar directamente con HBGs pero en el Capitulo 4 se presenta un método que permite modelar este tipo
de actuadores multiposicién mediante uniones de tipo ON/OFF.

Casos de estudio

= Circuito eléctrico de orden doce. La arquitectura de diagnosis de sistemas continuos utilizando
PCs y DBNs minimales se ha evaluado con un circuito eléctrico de orden doce (Capitulo 3).

» Sistema de Osmosis Inversa (ROS). La arquitectura de diagnosis para sistemas hibridos basada
en HBG-PCs y DBNs minimales se ha evaluado con el Sistema de Osmosis Inversa (ROS) (Capitulo
5).

6.2. Conclusiones

Primeramente, se ha confirmado que los Posibles Conflictos (PCs) son una estructura vélida y util para
derivar Redes Bayesianas Dindmicas (DBNs) minimales.

Las DBNs minimales se han integrado en una arquitectura de diagnosis unificada para sistemas continuos
que permite realizar con la misma herramienta las tres fases del proceso de diagnosis. Los resultados obtenidos
con las DBNs minimales en tareas de deteccion de fallos son equivalentes a los obtenidos con la DBN del
sistema completo, pero requieren menos carga computacional. En cuanto al aislamiento de fallos, las DBNs
minimales permiten obtener conjuntos de candidatos mds precisos (con menos candidatos) una vez se ha
detectado el fallo. Por otro lado, en la etapa de identificacién de fallos no siempre se obtienen resultados
tan precisos como los de la DBN que modela el sistema completo. Para resolver esta debilidad, se propone
un método para fusionar DBNs minimales durante las tareas de identificacién. En todos los escenarios y
tareas, las DBNs minimales necesitan un esfuerzo computacional menor que la DBN que modela el sistema
completo.
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Los HBG-PCs son la extensién de los PCs para sistemas hibridos. Se ha definido su utilizacién para
realizar tanto monitorizacién como diagnosis de sistemas hibridos. Los HBG-PCs permiten diagnosticar
tanto fallos discretos como paramétricos en un arquitectura unificada, lo que proporciona una importante
contribucién en el campo de la diagnosis de sistemas hibridos. La técnica de HBG-PCs también simplifica
la monitorizacién del comportamiento del sistema descomponiéndolo en una coleccién de comportamientos
continuos, uno para cada modo de funcionamiento, la transicién entre ellos se produce por un evento discreto.

Las DBNs minimales también se pueden derivar de los HBG-PCs, pudiendo utilizar una DBN para
cada modo de funcionamiento (comportamiento continuo) obteniendo un desempernio més eficiente y una
convergencia mas precisa. Estas DBNs minimales se pueden integrar en una arquitectura de diagnosis para
la deteccidn, el asilamiento y la identificacion de fallos discretos y paramétricos en sistemas hibridos.

Considerando la hipdtesis principal de esta tesis y las conclusiones explicadas anteriormente se puede
extraer que las conclusiones confirman la hipétesis en la que se enunciaba la posibilidad de integrar la
deteccidn, el asilamiento y la identificacién de fallos en sistemas hibridos en entornos con ruido de manera
eficiente. Para ello se han utilizando los Posibles Conflictos extendidos para sistemas hibridos y DBNs, como
establecia la hipdtesis.

Hybrid Bond Graphs (HBGs), la herramienta de modelado de los HBG-PCs, sélo utiliza uniones de
tipo ON/OFF, lo que restringe bastante la aplicabilidad de la técnica. Para solventar esa restriccién se
ha propuesto una estructura que permite modelar actuadores multiposicién utilizando sélo uniones de tipo
ON/OFF.

6.3. Trabajo Futuro

Esta seccién resume el trabajo futuro relacionado con las contribuciones de esta tesis. Parte del trabajo
que se presenta a continuacion ya esta actualmente en progreso.

= Incertidumbre en los pardmetros. Sobre este tema ya se hicieron algunos estudios preliminares
[39].
La diagnosis basada en modelos explota la redundancia analitica del sistema a través de los residuos
generados. Para ello, compara las salidas del sistema con las predicciones del modelo. En un sistema sin
fallos, los valores de los residuos serian tedricamente cero. En condiciones ideales, residuos diferentes
de cero indicarian que el sistema ha sufrido un fallo. Como se puede ver, la generacién de residuos
robustos es un elemento importante de la MBD.

La generacién de residuos es un gran problema para sistemas no lineales porque es dificil construir
modelos muy precisos. La estimacién de estados éptima no es factible para sistemas no lineales a dia
de hoy. Para sistemas no lineales, la sensibilidad de los residuos es un problema dificil de abordar con
métodos analiticos y numéricos. Para lidiar con este problema se propone una aproximaciéon estructural.
En los trabajos preliminares realizados se ha adoptado esta misma idea, utilizando Bond Graphs [32, 62]
como método de modelado de los sistemas no lineales.

Normalmente, la incertidumbre durante la monitorizacién de un sistema continuo puede provenir de dos
fuentes: (1) Incertidumbre en el propio modelo, (2) incertidumbre en las medidas [25]. La incertidumbre
en las medidas, atribuida a los sensores, se suele modelar como ruido gausiano con media cero, en ese
caso, el punto clave consiste en estimar la varianza desconocida en las medidas con ruido para hacer
mas robusta la deteccién de fallos. Para sistemas lineales, este problema se ha abordado mediante
Filtros de Kalman, y para sistemas no lineales, mediante métodos como el Filtro de Kalman Extendido
[14], o el Filtro de Particulas [6].

En este trabajo, asumimos que la estructura del modelo es conocida, y nos centramos en el problema
cuando los pardmetros no son todos conocidos con certeza. Este escenario es realista e importante,
ya que muchos modelos no lineales reales tienen problemas comunes: (1) Problemas de convergencia
numerica, y (2) Los valores que se conocen de sus pardmetros son aproximados. Desde el punto de
vista de la monitorizacion y la generacién de residuos del comportamiento de un sistema no linenal,
un pequeno cambio en sus parametros puede suponer cambios mucho mayores en el comportamiento
dinamico.
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6. Conclusiones

La forma habitual de afrontar la incertidumbre en los pardmetros consiste en asumir que el valor del
pardametro pertenece a un intervalo conocido, aunque el valor exacto del parametro sea desconocido.
Esta es la suposiciéon que usamos también en nuestro trabajo y empleamos el método de Kam y
Dauphin-Tanguy y otros [30, 22] para modelar incertidumbre en pardmetros con una aproximacién de
bond graphs.

HBG-PCs aproximacién incremental Actualmente estamos trabajando en una aproximacion incre-
mental para construir los HBG-PCs a partir de los modelos HBG-PCs del sistema en el modo anterior.
Esta propuesta es menos restrictiva que el método presentado en esta tesis.

La idea consiste en comenzar con el modo de funcionamiento inicial configurado en el modelo HBG,
se le asigna causalidad al modelo y a partir de él se obtienen los HBG-PCs para la configuracién
actual. Cuando se produzca un cambio de modo, los HBG-PCs se reconfigurardn para el nuevo modo
de funcionamiento. Actualmente estamos trabajando en este proceso para que la busqueda tras cada
cambio de modo se haga de manera eficiente y no necesite extenderse a todo el modelo del HBG-PC
en principio.

HBG-PCs aproximacién con causalidad parcial. Como se ha dicho previamente, asumimos que el
modelo HBG del sistema tiene asignacion causal vélida considerando todas las switching junctions ON.
Una propuesta menos restrictiva establece que sélo algunos elementos del sistema tienen causalidad
fija y los otros se mantienen sin causalidad hasta que se configura el modo de trabajo actual.

Esta propuesta se combinara con la aproximacion incremental para encontrar el conjunto de HBG-PCs
de la configuracién actual tras un cambio de modo. También puede utilizarse junto con la propuesta de
esta tesis, en la etapa inicial, se derivan de un HBG con causalidad parcial, las estructuras en las que
estaran incluidos los HBG-PCs de cada modo, en lugar de partir de un HBG con todas las switching
junctions ON. Durante el proceso de diagnosis, cuando se detecte un cambio de modo, esas estructuras
seran reconfiguradas.
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Chapter 1

Introduction

1.1 Motivation

Fault detection and diagnosis, FDD, is an important issue in the society. More and more tasks are performed
by machines and robots every day. A non detected programming mistake or the physical exhaustion can
appear as faults in a system. Fault diagnosis is used to keep safety in those tasks and its environments.
Faults have to be detected as soon as possible. They also need to be identified and fixed to drive the system
to a safe state. This work is devoted to FDD of dynamic systems whose behaviour changes over time, and
its current internal state depends on previous states and the value of system inputs.

Dynamic systems can be divided in three general types: 1) Continuous systems, 2) Discrete systems, and
3) Hybrid systems. Continuous systems have a continuous behaviour and can be modeled using Ordinary
Differential Equations (ODEs). Discrete systems have a finite number of states so can be modeled using
automata. Hybrid systems have characteristics from the two types previously said, they have continuous and
discrete behaviour. Discrete events modify the behaviour of those systems. They can be found in a large
range of engineering applications (i.e. mechanical systems, electrical circuits, or embedded computation
systems).

There are different types of hybrid systems, in this work, we focus on continuous systems governed by
discrete events. This kind of hybrid systems are quite common in embebded systems. Different faults appear
in those systems: 1) continuous faults, like sensor drifting or parameter changes, and 2) discrete faults, like
a stuck relay or a valve which autonomously changes its position.

Hybrid systems usually have complex dynamic behaviour and they need a reliable diagnosis process from
the very begining of their lifetime. Because of that, general formal tools from diagnosis analysis and design
need to be used.

There are several branches working on the field of fault diagnosis: Knowledge-base, data driven and model
based approaches [121, 122, 123]. Model-based diagnosis (MBD) is the only one which have the methodology
needed to develop the diagnosers previously described. This work is placed in the Model-based diagnosis
field.

Model-based diagnosis technique uses models to perform the diagnosis process [54, 56, 36, 100]. Basi-
cally, it compares the expected behaviour, estimated with the model, to the observed behaviour to detect
deviations.

Online fault diagnosis of hybrid systems is not always an easy task due to its behaviour. Model-based
online diagnosis methods require quick and robust reconfiguration processes when a mode change occurs, as
well as the ability to keep on tracking the nominal behaviour of the system during transitory states.

Different approaches have been proposed to solve the hybrid systems fault diagnosis problem [6, 9, 74,
34]. Typically, hybrid systems are modeled as hybrid automata, pre-enumerating all the system modes
explicitly, even if some of these modes will never be visited during execution. The hybrid automata approach
works well for small systems, but it has a high computational cost for large systems enumerating modes
that may never be visited. Alternative ways have been proposed to simulate hybrid systems, like hybrid
bond graphs [84], where models for the hybrid modes are generated at runtime. Anyway, these approaches
also exhibit different problems regarding the online computational effort required for the reconfiguration of
the computational structures when a mode change occurs. This problem is especially relevant in modern
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electronics-based electrical power systems, where model transitions occur at fast rates. Roychoudhury et al.
[106] proposed an approach for efficient reconfiguration of hybrid systems using hybrid bond graph (HBG)
models. Moreover, there is not a unified diagnosis approach for hybrid systems to perform fault detection,
isolation and identification of continuous (parametric) and discrete faults.

Real-world systems work in noisy environments. Models of systems can have some level of noise, not only
in the measurements but also in the model itself. This problem requires robust modeling and simulation
tools. The same method wants to be used along the three diagnosis stages (fault detection, isolation and
identification).

Dynamic Bayesian Networks have been chosen as the tool to model and simulate the systems due to
its ability to deal with noise. They can also be used for fault detection, isolation and identification, which
provides a unified approach for fault diagnosis.

On the other hand, DBNs have some disadvantages. Firstly, it is the high computational effort needed
to do exact inference but this may be solved using a Particle Filter (PF) algorithm (approximate inference).
The computational complexity with approximate inference can also be a drawback of this tool. Another
issue about DBNSs is the difficulty of getting an accurate convergence when there are several unknown states.

The main motivation for this dissertation consist of improving recent methods for hybrid systems diagnosis
by developing a model-based solution that performs FDI in uncertain (i.e., noisy) environments with DBNs.
DBNs with PF inference will be used on every aforementioned diagnosis step. To reduce the computational
burden of fault isolation and identification, DBNs will be generated from subsystems with some kind of
redundancy instead of using the complete system.

1.2 Guidelines and Main Hypothesis

This work presents an efficient method to perform Fault Detection, Isolation and Identification (FDIT) within
continuous systems governed by discrete events. The proposed tool to model those systems is Dynamic
Bayesian Networks (DBNs).

Even using approximate methods (i.e., Particle Filter Algorithm) to perform inference in DBNs, the
computational cost can be a problem. This cost will increase as the size of the network increases. Another
factor which increases the computational cost of the inference process is the accuracy of the DBN state
compared to the actual state of the system. This dissertation proposes Possible Conflicts technique [95] to
factorize the DBN modeling the complete system into minimal DBNs modeling PCs (minimal overdetermined
subsystems). DBNs with the smaller number of nodes and arcs are assumed to be less complex. This is a
desirable characteristic in DBNs to get an accurate and less computational complex convergence. DBNs for
hybrid systems have been used with discrete nodes modeling discrete states [41, 86] but this builds larger
and more complex DBNs which convergence is more difficult.

This work proposes to use DBNs to model the continuous behaviour of the system. Different DBNs will
be used for different system modes or configurations. As we have proposed to derive DBNs from PCs, the
Possible Conflicts technique will be extended for hybrid systems. Our first guess proposes to include in the
PCs approach the HBGs method [106] to efficiently generate system models when a discrete change occurs,
so PCs for each configuration will be efficiently generated after a change in the system mode occurs.

The main hypothesis in this dissertation states that it is possible to integrate fault detection, isolation
and identification for hybrid systems in noisy environments in an efficient way. This can be achieve extending
PCs to hybrid systems and using DBNs to perform FDII.

This main hypothesis can be splited in some particular hypotheses:

e A diagnosis architecture for hybrid systems to work with parametric (continuous) and discrete faults
in a uniform framework is needed. This architecture must support fault detection, isolation and
identification, not always considered in previous proposals.

e Dynamic Bayesian Networks, that are a good tool combined with the Particle Filter inference algorithm,
can be used in a common framework for all diagnosis tasks. They can also work with uncertainty in
the systems, because they can deal with the uncertainty in the measurements (noise) and in the system
state. They can also be adapted to deal with uncertainty in the system model (unkonwn parameters).

2
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e The complexity of tracking, fault isolation and fault identification in real-world hybrid systems can be
reduced extending the PCs to hybrid systems to efficiently generate the PCs for the discrete configu-
rations of the system.

e Computational cost of Particle Filter inference in DBNs can be reduced by using a Possible Conflicts
approach to factorize the system DBN model into smaller (minimal) model fragments and avoiding to
include discrete nodes in the network, without losing accuracy.

1.3 Main Goals

The hypotheses stated in the previous section leads to several objectives which can be splited in different
tasks. There is another objective which will be helpful to validate the techniques developed using a real
complex hybrid system.

1. Factorize efficiently Dynamic Bayesian Networks using Possible Conflicts for fault diagnosis in contin-
uous systems. This will be done developing a method to automatically derive DBNs from PCs.

2. Develop the theory for Hybrid Possible Conflicts (HPCs).

Define how to perform fault detection and fault diagnosis with HPCs.

-~ W

Extend the method to derive DBNs from PCs for hybrid systems.

5. Build a diagnosis architecture for hybrid systems based on the DBNs-HPCs approach. This architecture
will include discrete and continuous (parametric) faults in a common framework. It will also integrate
fault detection, isolation and identification.

6. Test the diagnosis architecture in a real-world hybrid system. Several running examples will be also
used to test the different proposals and to clarify definitions. A real system from the aerospace domain
will be included in the dissertation to test the accuracy of the developed framework.

A diagnosis architecture for fault detection, isolation and identification of continuous and hybrid systems
will be created with the method proposed during the dissertation to efficiently derived DBNs from PCs
(HPCs) and it will be evaluated with a real system from the aerospace domain, as it has been said in the
last objective. The goals have been proposed in order to design the intended unified architecture, that would
confirm our main hypothesis.

1.4 Organization

This dissertation is organized as follows. Chapter 2 presents the state of the art on diagnosis of continuous
and hybrid systems, as well as on Dynamic Bayesian Networks. It summarizes the recent research that is
being done on fault diagnosis of continuous and hybrid systems in the DX and FDI communities, the two
main approaches to Model-based diagnosis. It also focuses the recent work with probabilistic methods in
fault diagnosis.

Chapter 3 explains some of the contributions of this dissertation. It deals with continuos systems fault
diagnosis. First of all it introduces the Possible Conflicts compilation technique and it briefly explains
the DBNs theory. After that, we present the method to derive minimal DBNs from the PCs model and the
diagnosis framework for continuous systems that allow to perform fault detection, isolation and identification
of continuous systems using DBNs as the modeling tool in all the stages. The last part of the chapter is a
case study, a 12t order electrical circuit, that has been used to test the diagnosis architecture previously
proposed. During the case study, it is also introduced a method to improve the fault identification stage
merging two or more minimal DBNs.

Chapter 4 introduces and describes the Hybrid Possible Conflicts technique, that is the extension of
Possible Conflicts for hybrid systems. This chapter also characterize how to perform fault diagnosis of
hybrid systems. Considering that hybrid systems have faults in their parameters (continuous faults) and
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faults due to its hybrid nature (discrete faults). The chapter also presents a diagnosis framework for fault
diagnosis of hybrid systems considering all the diagnosis stages for discrete and parametric faults in a unified
way using DBNs as the modeling tool.

Chapter 5 shows the Reverse Osmosis System (ROS) case study. The ROS is a hybrid system from
the aerospace field. It has been used to test the diagnosis architecture presented in the previous chapter.
The Hybrid Possible Conflicts decomposition of the system, as well as the diagnosis results for discrete and
parametric faults are explained in this chapter.

Finally, Chapter 6 summarizes the main contibutions and presents the conclusions of this dissertation.
During this dissertation we have pointed out the weaknesses of our proposals and contributions and at the
end of this chapter we propose some future work lines to improve the current work.




Chapter 2

State of the Art

This dissertation is included in the Model-Based Diagnosis (MBD) framework. Moreover, it is related to the
DX community, which uses Artificial Intelligence techniques for fault diagnosis. This Chapter goes through
the main contributions appeared in the different communities of the MBD field: FDI, DX and BRIDGE.

2.1 Background

Diagnosis is a general concept that can be found in many different fields in the society. Illnesses diagnosis
in medicine is a well-known example. Doctors analyse pacients’ symptoms and they try to figure out which
illness each pacient has. Diagnosis can be defined as the process to find the cause of some kind of deviation
in the expected behaviour of the considered system.

The diagnosis of physical systems is a particular case included in the previous definition. Physical systems
appear everywhere around us. They almost manage some tasks in our lives so it is very important that they
work properly. A system can misbehave and that have to be noticed before it risks people’s life.

According to Isermann and Ballé [61] a fault is “an unpermitted deviation of at least one characteristic
property or parameter of the system from its acceptable/usual/standard condition”. They also define the
concept of failure as “a permanent interruption of a system ability to perform a required function under
specified operating conditions” [61]. Few years later, Console presents a definition of diagnosis: “Diagnosis
is the task that given a system and a set of observations corresponding to abnormal behaviour, determines
what is wrong with the system, in order to re-establish the system normal behaviour” [32].

There are many different approaches to physical systems diagnosis: expert systems, machine learning or
model-based diagnosis among others[121, 122, 123]. This dissertation is focused on Model-based Diagnosis
(MBD).

Diagnosis is an iterative process with three stages [14, 60]:

e Fault detection: Decide whether there is a fault or not. The time when the fault happens is also
given after this stage.

e Fault isolation: The faulty component is found.

e Fault identification: The task in this stage is to find out the fault type and estimate its scale.

There are some authors, like Gertler [54], who divide the diagnosis proceses only in two stages. They
consider fault isolation and fault identification to be part of the same stage, the diagnosis stage.

There are different fault classifications, depending on the criteria chosen for the sorting.

According to the model process [54] there are two types of faults:

e Additive faults: They are unknown inputs to the system model. They usually have zero value but when
it changes to a value different from zero they modify the output in the system (e.g. leaks in a tank).

o Multiplicative faults: They represent changes in some parameters in the system model. The change
they produce in the output of the system is related to the input values (e.g. blocks in pipes or power
loss).
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Looking at the time dependence there are three main groups of faults [14, 60]:
o Abrupt faults: They appear suddenly and its scale remains the same along the time.
e Incipient faults: The fault magnitude changes gradually along time.

e Persistent or intermittent faults: Fault effects are the same along the time or they appear and desap-
pear, respectively.

Finally, there is another classification for faults according to the faulty components [14].
o System faults: These faults modify the dynamic properties in the system.
o Sensor faults: These faults do not affect the system properties but sensor signals are not correct.

o Actuator faults: These faults do not modify the system properties but the controller action is not as
expected.

2.2 Model Based Diagnosis (MBD) of continuous systems

Model-based Diagnosis [54, 56, 36, 100] compares the observed behaviour of a system with the expected
behaviour derived from a model (Figure 2.1).

REAL SYSTEM
SYSTEM MODEL
Observed . Estimated
behaviour Discrepancy behaviour

|

DIAGNOSIS

Figure 2.1: Model-based Diagnosis.

MBD has some advantages and disadvantages. On one hand, it is experience and device independent. It
can be used with multiple faults scenarios. Model libraries can be created to help reusability and mainten-
ability. On the other hand, accurate models are needed to perform diagnosis in a precise way, this is the
main disadvantage. There may be other problems related to the computational cost while deriving possible
diagnosis associated with an observed fault.

The main element in MBD is the model. B. Kuipers [71] defines a model as “a (small) finite description
of an infinitely complex reality, constructed for the purpose of answering particular questions”.

Traditionally, there have been two different communities developing Model-based Diagnosis techniques:
(1) FDI community (Systems Dynamics and Control Engineering community) [91, 60, 54, 88], and (2) the
Artificial Intelligence Diagnosis (DX) community [100, 56]. Recently, a third community (BRIDGE), has
appeared. BRIDGE [12, 33] establishes a common framework to put together results and techniques from
the FDI and DX communities. Those three approaches to Model-based Diagnosis of dynamic systems use
different kinds of models, and different assumptions concerning robustness of the generated solution regarding
disturbances, modeling errors, and noise.

2.2.1 FDI approach

FDI approach is related to Modern Control Engineering. This community has a solid theoretical and math-
ematical fundamentals. FDI uses mainly analytical numerical models.
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FDI performs diagnosis using residuals. A residual can be defined as a fault sign based on a deviation
between measurements and values derived from the model [61]. Perfect models and ideal systems will get
zero residuals in a non faulty system. Residuals will be different from zero in case a fault occurs. In the real
world, systems are not ideal and models are not perfect so there are techniques to decide whether a residual
is detecting a fault or the system is in its nominal behaviour.

Residuals in FDI are built using numerical methods producing robust results in presence of noise or
external disturbances, as well as modeling errors.

The proccess to use residuals has three steps:

e Residual generation. Residual expressions are derived from analytical redundancy in the system
and they are generated offline. There are two main categories of residual generation techniques:

— State estimation: It estimates the state variables of the systems to find discrepancies with the
observed behaviour. This approach can be tackled with parity space [30, 54, 110], or observer
techniques [49, 87, 88].

— Parameter estimation[59, 91, 54]: This technique identifies the parameters in the reference model
of the system.

e Residual evaluation. Once residuals have been generated, an online evaluation process is run using
the measurements of the system.

e Decision procedure. Once residuals have been evaluated, fault detection is made using some kind of
decision logic. As it has been previously said, we will never have neither perfect models nor non-noisy
measurements, so residuals will never be zero and some kind of statistical study has to be used to
determine whether residuals are equal or different to 0.

Several authors [69, 68, 92, 52] have proposed extensions to improve the fault detection and isolation
stages using additional information (sign, magnitude, delays,...) about the residual signals. These
extensions are hard to obtain automatically. The Qualitative Fault Signatures approach by Mosterman
and Biswas [76] uses Temporal Causal Graphs (TCGs) to automatically derive the fault signature
matrix of a system including temporal information (known as the Qualitative Fault Signature Matrix,
QFSM).

2.2.2 DX approach

DX community uses Artificial Intelligence techniques in fault diagnosis. The most common approach among
DX community is Consistency Based Diagnosis (CBD), it is associated with its computational paradigm, the
General Diagnosis Engine (GDE) [56].

There are several advantages about CBD [37, 114]: (1) It only uses knowledge about system structure
and behaviour, (2) it can deal with different types of faults, (3) it can also deal with fault scenarios never
seen before, and (4) it is capable to automatically handle multiple-fault diagnosis scenarios.

A DX approach techniques classification is shown in Figure 2.2 [32].

In 1987, Reiter [100] fixed the basis for diagnosis using a logic point of view. That was the theoretical
frame for the CBD for static systems. CBD theory is solid for static systems [100, 56, 39, 40] and it
is still used. This theory is known as First Principles Diagnosis [37], the available information for the
diagnosis is the system descripcion (a logic model of the system) and its measurements. According to the
main idea [46, 33], given the system description (SD) and measurements (OBS) which are non consistent
with the expected behaviour of the system, the problem is to determine which components in the system
(¢ C COM PS?') restore consistency to the set of the system and the measurements when they are assumed
not to be operating normaly (ab(c)).

There are three basic concepts in CBD: system, symptom and conflict [100, 39]:

Definition 1. (System). A system is a triple (SD, COMPS, OBS) where: (1) SD, the system description,
is a set of first-order sentences; (2) COMPS, the system components, is a finite set of constants; (3) OBS,
the set of observations, is a set of first-order sentences.

LCOMPS is the set of components. It is a set of logical constants.
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Figure 2.2: Simplified classification for the DX community techniques.

Definition 2. (Symptom). A symptom is any difference between a prediction made by the inference procedure
and an observation.

Definition 3. (Conflict). A conflict is a set of correctness assumptions for components which underly a
symptom.

Conflicts provide an intermediate step between symptoms and diagnosis. To define the concept of diag-
nosis, the literal ab(-) has to be defined. The standard MBD convention [39] states that given a component
¢ C COMPS that is abnormal, ab(c) is a literal which holds.

A diagnosis is [39] a particular hypothesis for how the system differs from its model, i.e., the diagnosis
specifies whether each component of a system is faulty, ab(:), or is working properly,—ab(-). Formally, a
diagnosis can be defined as [39]:

Definition 4. (Diagnosis). Let A C COMPS. A diagnosis for (SD, COMPS,0BS) is a set of components
A such that the following is satisfiable:

SDUOBS U{[Acenab(c)] A [Acecomps—a—ab(c)]}

The set of (minimal) diagnoses? of a system can be characterized using the set of (minimal) conflicts®.
This characterization is based on the minimal hitting set definition [33, 100]:

Definition 5. (Hitting set). A hitting set for a collection C of sets is a set H C U{S|S € C} such that
HNS #0 for each S € C.

Definition 6. (Minimal hitting set). A hitting set is minimal if and only if no proper subset of it is a hitting
set for C.

And then, the (minimal) diagnosis for a system can be computed from the set of (minimal) conflicts [33]:

2A diagnosis is minimal if does not exist any A’ C A such that A’ is a diagnosis [33].
3 A minimal conflict is a conflict which does not strictly include (set inclusion) any conflict [33].
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Theorem 1. A is a (minimal) diagnosis for (SD, COMPS,0BS) if and only if A is a (minimal) hitting set
for the collection of (minimal) conflicts for (SD, COMPS,0OBS).

There is not a common framework for Consistency Based Diagnosis of dynamic systems [39, 117]. There
are some works showing different DX techniques used in this field [120].

Finally, it is important to point out that the basic approach of CBD uses only correct behaviour mod-
els, but this simple approach can be extended to include fault modes [115]. This approach is known as
Consistency-based Diagnosis with fault modes. It requires a priori description of the set of faults that can
occur in the system. This approach allows to know how the system fails, but lacks one of the main advan-
tages of CBD, the ability to deal with faults never seen before unless they somehow characterize unknown
faults as proposed by Struss et al. [116]. Recently, several authors, like [125], have proposed extensions for
unknown fault mode diagnosis in hybrid systems.

The main concerns in DX have been isolation and identification stages in the diagnosis process. Qualita-
tive or semiqualitative models have been used to deal with uncertainty in the models. The work developed
during the last 20 years has been focused on the improvement of the characteristics described in GDE and
the basis theory:

e Diagnosis in dynamic systems: The dynamic information in the models develops computational prob-
lems in the ATMS (the system used to compute minimal conflicts recording dependencies). The
problems are mainly when recording dependencies online. There are three main solutions proposed to
this problem:

— Modify the ATMS to avoid problems when recording dependencies online and temporal informa-
tion. SIDIA [55] and Magellan-MT [44] implement this solution.

— Use forward propagation to predict the system behaviour. Propagate backwards to find the
dependencies only if a discrepancy has been found. This task is usually done following a causal
direction: CAEN [119], DYNAMIS [29] or TRANSCEND [76].

— Compile dependencies offline. Using an approach similar to the FDI structural analysis, the set of
components or subsystems which can become a conflict are calculated offline. Those subsystems
estimate online variables behaviour looking for a discrepancy [73, 127, 93]. In this dissertation, a
technique using this approach is being used, Possible Conflicts [95].

e Diagnosis in complex systems: There are two main branches working on the diagnosis of complex
systems:

— Use a hierarchy to decompose the model of the system [38, 2].

— Reason at different levels of abstraction keeping the results when changing from one level to
another [113, 28].

e Diagnosis with fault modes: A great advantage of CBD is that it only need models of the non faulty

behaviour of the system to perform fault detection and isolation [56]. This can end in a problem,
because, once the fault is isolated, there is not enough information to know which component is faulty
[45].
If there is knowledge about how the system fails, i.e. fault modes, and we have some kind of predictive
models for those fault modes, then we can use CBD with fault modes. A choice to solve this problem
is to reject a fault mode when the estimation of the abnormal behaviour of the system is not consistent
with the measurements. Only the consistent modes remain [46, 56]. There are several ways to introduce
information about the fault modes:

— Non predictive approaches: They have few estimation ability related to the fault modes. There
are some examples: physical imposibility [48], it describes a physical impossible behaviour, or non
intermittent [99], it takes advantage over the information about the intermittent faults.

— Predictive approaches: They use models of the fault modes to estimate the system behaviour when
there is a fault. i.e.: Sherlock [66] or GDE+ [116]. Based on the estimation, the inconsistent fault
modes are rejected. A fault mode is accepted when all the other modes have been rejected and
there is not any unknown fault mode.
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Summarizing, unfortunately there is no general architecture suitable for all kind of systems.

2.2.3 BRIDGE approach

The BRIDGE community [12], based on the work by Cordier et al. [33] provides a common framework
to researchers from both fields for sharing and combining results and techniques, as it has been previously
introduced. The basis for this approach is the comparison of two Model-based Diagnosis techniques (from
the two previous approaches): Consistency-based Diagnosis using conflicts [100], and fault detection and
isolation with Analytical Redundancy Relations (ARRs) obtained through structural analysis [111, 14].

Both communities have the same common principles but they have different concepts, assumptions, and
techniques [33].

The principles they share are:

e The diagnosis process relies on an explicit model of the nominal system behaviour.

e Faults are detected as inconsistencies between the observations and the behaviour predicted by the
model.

e Fault isolation stands on interlinking the sets of components which underly every detected inconsistency:
conflicts in DX and support for residuals or ARRs, in FDI.

Although Possible Conflicts [95] were developed within the DX approach, and were designed to be equiv-
alent to compiled conflicts, it has been demonstrated that they are also equivalent to minimal ARRs from
the FDI approach [96]; hence, PCs perfectly fit in the BRIDGE framework too. It states the basis to develop
a diagnosis framework [19]. Additionally, TRANSCEND [76] was introduced in the DX field, but it actually
fits within the BRIDGE approach. Recently, PCs and TRANSCEND were combined in the same diagnosis
approach [22, 19].

The BRIDGE community is developing a common framework combining ideas and results from FDI and
DX approaches, i.e. state observers and conflicts, respectively [96, 16, 19]; or using qualitative methods (DX)
to improve the isolation process (FDI).

2.2.4 Probabilistic Methods in MBD

Probabilistic methods can be included in MBD [56, 83].

There are some probabilistic methods already used in diagnosis algorithms [66, 81, 72, 103, 105, 102, 89).
Probabilistic theories can deal with uncertainty related to hypotheses and measurements.

The main problem in the probabilistic diagnosis is how to define which fault has occured according to
the system measurements. The reasoning is similar to the expert human reasoning: An expert can know
which symptoms appear with which probability when a fault in a system occurs.

The Bayes Theorem is a basic method to dignose faults with uncertainty in symptoms and faults them-
selves [107]. Assuming that Symptom and Fault are two random variables, the posterior probability of
Fault given Symptom (P(Fault|Symtom)) can be derived using the causal information and the prior prob-
abilities: P(Symptom|Fault), P(Symptom) and P(Fault), respectively.

P(Symptom|Fault) P(Fault)
P(Symptom)

P(Fault|Symptom) =

There are graphical models, like Bayesian Networks (BNs), and Dynamic Bayesian Networks (DBNs)
[81], which model uncertainty explicitly. Above all, they also represent graphically an efficient factorization
of the joint distribution of the variables in the model. This can be possible because these models contain not
only the causal dependencies among variables, but also the independencies. This is what allows a feasible
diagnosis.

BNs assume a static state for the system, they cannot model dynamic states and trasitions among different
states. DBNs use temporal information. This dissertation uses DBNs to apply CBD techniques in dynamic
systems.

10
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Dynamic Bayesian Networks (DBNs)

Dynamic Bayesian Networks (DBNs) are a suitable tool to model complex dynamic systems with uncertainty
[81]. DBNs are an acyclic graph representing a probability model of a dynamic system with discrete time.
Nodes are variables in the system. There are two types of edges: (1) Causal dependencies between nodes
in the same time stamp, and (2) Dependencies or relations between nodes in two different time stamps. If
there is not an edge between two nodes, it is because each one is conditionally independent from the other.

Assuming a First Order Markov Model, the number of time stamps needed to define the temporal
behaviour of the system is smaller. Using two time stamps it is possible to represent the whole temporal
behaviour.

There are DBNs with discrete random variables whose prior and conditional probabilities are tables.
There are also continuous systems, where all the probabilities (prior and conditional) are probability functions.
Graphical methods do not impose restrictions over probability distributions or sensor noise [81]. Moreover,
they are a compact way to represent systems.

Learning process in MBD can be performed deriving the net structure and the parameter values from
models [72, 103]. Particle Filter is the inference aproximate technique which is going to be used in this
dissertation to improve the problem with the high computational cost.

R. Dearden and D. Clancy [41] applied the DBNs modeling and diagnosis approach to a planetary rovers,
which is a hybrid system (continuous behaviour in several discrete working modes). They implemented a
single DBN modeling the whole system including the different working modes. 1. Roychoudhury et al. [103]
have applied this probabilistic approach to a continuous system from the hydraulic field, they model the
whole system whith a DBN to track the system behaviour but when a fault is detected, after generating the
set of fault candidates they build a different DBN for each candidate and they simulate them all in parallel
to identify the right candidate.

DBNSs are useful to estimate the state variables evolution without assuming gaussian distribution for noise
and model errors, which is not usually true when a fault appears [8]. The main disadvantage is that they
have a high computational cost for inference and learning processes. DBNs have been widly used for FDD
[67, 41]: for instance, in hydraulic systems [72, 103, 102], planetary rovers [41], robots [124] and electrical
circuits [102], among other fields.

From a FDII point of view, DBNs can also be used for fault identification, because they can find the
model which best fits the system behaviour and they allow rejecting the other fault hypotheses, as they do
not match the system behaviour. They are useful in fault isolation and identification even when faults have
diverse magnitudes.

Particle Filter Particle Filter [81] is an approximate inference method which can be used for real time
inference with DBNs.

A Particle Filter algorithm approximates the system state with a number of particles. Those particles
are sampled from a distribution and according to the system observations, it assigns a weight to each of
them. The final state estimation is the weighted average of all the particles.

With this method, we can use non linear models with random prior probabilities. The working effort to
obtain an estimation can be adjusted using a different number of particles.

The Particle Filter algorithm has a weakness, that is called sample impoverishment [124, 41]: samples
with less weight usually disappear in few iterations. This is a serious problem in diagnosis tasks, because
faults are usually represented in less probable (smaller weight) samples.

There is a modified PF algorithm known as Importance Sampling [41] that is going to be used in this
dissertation. The Importance Sampling algorithm can be used in fault isolation and identification tasks with
a single DBN modeling all possible faults [85] or with a separate DBNs for each fault candidate [103]. It
was more common the use of a single DBN but it turns out that it gets a more complex DBN. The single
DBN modeling all possible faults is also more sensitive to sample impoverishment because the differences
between the complete DBN and the actual DBN modeling the system can be huge. The work done in this
dissertation will use multiple DBNs, one modeling each fault candidate, as it is explained by I. Roychoudhury
et al. [103]. At first, the DBN modeling the nominal (non faulty) system will be run until a fault will be
detected. At that time, DBNs modeling all single fault hypotheses will be started to perform fault isolation
and identification tasks until ideally all the hyptheses, except one, will be rejected.

11
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The main problem with the approach described in the previous paragraph is that each DBN models the
whole system. For complex systems, the computational load can be so high that all DBNs modeling the
different fault hypothesis cannot be simulated at the same time. This problem will be tackled using Possible
Conflicts to factorize the system and its DBN.

There are some approaches to avoid the sample impoverishment problem: (1) RSPF (Risk-sensitive
Particle Filter), and (2) VRPF (Variable-resolution Particle Filter) [124]. RSPF uses a cost model to
calculate the cost of deriving each particle, faulty states have a high cost, so this algorithm assure that the
generated particles represent that state, even if they have low probability. VRPF uses virtual or abstract
particles including similar states on each particle. It allows a small number of particles, so that, each one
represents a big state space part when the likelihood to belong to that part of the state space is small.
When the likelihood of the states belonging to the same virtual particle grows, particles will be redefined to
represent individual states.

2.3 MBD of Hybrid Systems

Hybrid systems’ behaviour is made up of continuous and discrete event dynamics. Those systems have
different working modes with a continuous behaviour on each of them. Discrete events are responsible for
changes between modes. There is a different model for each working mode and the hybrid system will
be switching between them according to the triggered events. Complex hybrid systems can be found in a
large range of engineering applications (i.e. mechanical systems, electrical circuits, embedded computation
systems). Anti-lock braking systems (ABS) or a plane fueling system, among others, are some actual
examples.

Model-based online diagnosis methods require quick and robust reconfiguration processes when a mode
change occurs. A discrete event will trigger the change to another working mode, so the reconfiguration
process is needed to build the models for the new working mode. The ability to keep on tracking the
nominal behaviour of the system during transitory states is also required.

To introduce hybrid systems we will present first the Discrete Event Systems (DES) where observations
and control actions are essentially discrete: on-off components, discrete alarms, etc. Those systems abstract
time to points where an event occurs. There are well known methods to diagnose DES. Event based DES
diagnosis is built on the diagnoser proposal of [109]. System components are modeled by an automata and the
whole system model is obtained by the synchronous composition of the individual automata. The diagnoser
is obtained by reducing unobservable events. The diagnoser tracks sequences of observable events and, if
possible, links them to unobservable fault events. The key issue to DES diagnosis is to achieve the right
automata description level, to limit exponential growth of the diagnoser and still obtain precise diagnosis.

The systems we focus on have continuous behaviour commanded by discrete events.

Hybrid systems modeling and diagnosis have been approached by the FDI, as well as the DX communities
during the last 15 years. In the FDI field several approaches have been developed to diagnose hybrid systems
[31] or quantized systems [74]. Meanwhile, in the DX field, different proposals have been made based on
hybrid modeling [76, 83], hybrid state estimation [58, 101], or combination of online state tracking and
residual evaluation [11, 9]. In both communities, the solution requires to somehow model and eventually
fully or approximately estimate the set of possible states, and to diagnose the current set of consistent modes.
Both steps are computationally very expensive or infeasible for complex systems.

Some researchers use different kinds of automata to model the complete set of modes, and transitions
between them. In those cases, the main research topic is hybrid system state estimation due to uncertainties
related to either the model parameters or the measurements or both. State estimation can be done using
probabilistic (some kind of filter [75, 70] or hybrid automata [58]) or set-theoric approaches [11].

An alternative is to use an automaton just to follow the system mode, but use another approach to
diagnose the continuous behaviour: a set of ARRs for each mode [9], or parameterized ARRs for the complete
set of modes|[10], for instance.

Typically, hybrid systems are modeled as hybrid automata, pre-enumerating all the system modes ex-
plicitly, even if some of these modes will never be visited during execution. Moreover, the hybrid automata
approach works well for small systems, but incurs in high computational (and space) costs for large systems.

12
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To solve the first problem, some authors have proposed alternative ways for hybrid systems modeling,
like hybrid bond graphs [77], where modes in the system do not have to be previously enumerated. There
are two main approaches: (1)those who use switching elements with fixed causality, and (2)those who use
ideal switching element that change causality on switching.

The first set of approaches model systems with a fixed causal structure and varying parameters at the
switching instants. These varying parameters are modeled using different bond graph components, such as
sources [15], transformers [47, 42], or storage elements [50]. The great advantage of these approaches is that
they do not require the causality reassignment process when a mode changes. Anyway, these approaches
implies large variations in the parameters to cover all the cases and the modelled system can be stiff. Solutions
for this last problem imply having complex integration methods with large simulation time requirements,
what makes it difficult to apply for online simulation.

The second set of approaches consider ideal switching elements whose causality is modified when a
mode change occurs. Hence, parameter values are fixed in this approach, avoiding some problems of the
previous ones. However, these approaches need a causality reassignment procedure to have a consistent
causal assignment for the entire bond graph model [84], what also makes this approach difficult to apply
for online simulation. In [106] the mechanisms to determine the bonds and elements of hybrid bond graph
models whose causality assignments are invariant across system modes are proposed. Then, this information
is used to derive space-efficient reconfigurable block diagram models that may be reconfigured efficiently
when mode changes occur. In [106] is has been proven that this solution can be used for efficient simulation
of hybrid systems.

As it has been previously explained, there are some works done with hybrid systems. Some problems
related to hybrid systems have also been solved, at least partially. The main concern for hybrid systems
diagnosis is the integration of parametric [84, 129] and discrete faults [58, 126]. There are few approaches
proposing a unified method [31, 35]. This dissertation proposes an approach to deal with this issue in an
efficient way, based on the structural behaviour information provided by PCs. Next Chapter introduces and
summarizes every essential concept and technique for our diagnosis framework.
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Chapter 3

Minimal Dynamic Bayesian Networks
for continuous systems
Consistency-Based Diagnosis

Possible Conflicts (PCs) are introduced as a compilation technique from the Consistency Based Diagnosis
(CBD) community. PCs are a useful tool for fault diagnosis of continuous systems because they provide the
minimal computational model for a residual. On the other hand, Dynamic Bayesian Networks (DBNs) are
a probabilistic modeling technique for dynamic systems robust to the presence of noise in the observations.
The main inconvinient of DBNs is its high computational cost. Its main advantege for diagnosis tasks
is that they allow performing fault detection, isolation and identification with the same formalism. This
Chapter presents a method to derive DBNs from PCs, as well as a fault diagnosis framework for continuous
systems that uses those DBNs. Minimal DBNs reduce computing time of the DBN of the complete system
and provide CBD candidates without additional machinery. A merging strategy of minimals DBNs is also
proposed to improve fault identification. As a running example, we employ a simple three-tank system to
introduce the main concepts. Then, a 12t" order electrical system is used as a case study.

3.1 Possible Conflicts (PCs)

Possible Conflicts [95] are a model-based compilation technique that allows to perform online CBD of dynamic
systems without a dependency recording engine. It has been shown to be equivalent to other FDI model
compilation techniques such as minimal ARRs or MSOs [7]. Basically, PCs identify minimal redundant
subsystems. These subsystems are described by a set of equations that, among other properties: (1) have
analytical redundancy (this is needed to perform the fault diagnosis) and (2) are minimal in the sense that
no proper subset of equations has analytical redundancy. PCs are just over-constrainted sets of equations
as they fulfill 1) and 2).

Figure 3.1 shows the three-tank system which is going to be used to clarify some definitions. In this
system, there is an input flow (f1) to tank T1. Each tank has an outflow at the bottom (fs, fio and fig
respectively for T1, T2 and T3). Moreover, there are flows connecting T1 with T2 (fg), and also T2 with
T3 (f12). In the model, the pressure in each tank, ps, ps and pi4 respectively, is computed along time
based on mass balances and tank capacitances: C7, Co, C5. Finally, flows through pipes are modeled in
terms of pressure differences and pipe resistances Ry, Ri2, Ra, Ros and R3 for flows fy4, f6, fi0, fi2 and fig
respectively.

The state space equations and the observational model for the system are presented below (from eq.1 to
eq.8):
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Figure 3.1: Three-tank system.

p2(t) = f1(t) — fe(t) — fa(t) (eq.1)

ps(t) = fe(t) — fi2(t) — fio(t) (eq.2)

P1a(t) = fi2(t) — f14(?) (eq.3)

fult) = 22 (ea)

olt) = 7=+ (p2(8) = pa(0) (eq.5)
_ ps(t)

J1o(t) s (eq.6)

fialt) = Ri (ps(t) — pra(t)) (eq.7)

froft) = 2400 (ca:8)

In the three-tank system, we have also the following set of observations (diagnosis observational model):

f1(t) = Fip (eq.9)
fa(t) = F1(t) (eq.10)
fo(t) = Fi2(1) (eq.11)
fi6(t) = F3(t) (eq.12)

Finally, just to illustrate PCs computation, we include the integration step relating the state variable
between consecutive time steps (differential constraint in integral causality in DX terminology [97]).
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Figure 3.2: Hgp of the three-tank system.

pa(t) = palt — 1) + / ity (eq.13)
p(®) = st =1+ [ (o (ea:14)
p14(t) = p14(t — 1) + /t1ﬁ14(t)dt (eq.15)

Possible Conflicts method works with an abstract representation of a system, obtained describing the
structure of the Input/Output equations! and its variables with a hypergraph. Hence, system description is
the hypergraph Hgp = {V, R}, where V is the set of variables of the system and R = {r1,r2,...,rm} is a
family of relations in V', where each r; represents a relation in the model and its elements are the variables
that occur at equation 7. For instance, from equation eq.l , pa(t) = f1(t) — f6(t) — fa(t), we obtain the
relation 7 = {p2, f1, f4, f6, }. Figure 3.2 shows the Hgp of the three-tank system.

Figure 3.2 also shows the two types of relations managed in the PCs framework: instantaneous and
differential relations. Instantaneous constraints model static relations, like those modeled by algebraic equa-
tions. They are represented by continuous arcs in the hyper graph. Differential constraints model dynamic
relations and are limited to binary relations between a variable and its first derivative. They are represented
by dashed lines and their label is not shown in MECs figures to simplity the figures. They abstract the
equations eq.12, eq.14, and eq.15 of the three-tank system.

First step on PCs computation consists of finding all the Minimal Evaluation Chains, MEC, contained in
Hsp. MECSs are denoted He. = {Vec, Rec}, where Voo CV, R.. € R. M EC's are minimal over-constrained
subsystems. The existence of a M EC' is a necessary condition for analytical redundancy to exist. M EC's
have the potential to be solved using only local propagation (i.e. solving one equation in one unknown) from
the measurements to the subsystem output. Additionally, each M EC' identifies, by definition, a subgraph of
Hgp. There are 3 M EC's in the three-tank system. Figures 3.3, 3.4 and 3.5 show the M EC1, M EC2 and
MECS3 of the system. These M EC's are defined by:

e Hype, = { {p2,p2, f1, fa. f6, Fin, F1, Fi2}, {r1,74,79, 710,711,713} }

o Hypco, = { {P2, 08, P14, 02,08, P14, f1, fa, fs, fr0, fr2, Fin, F1, FioFis}, {r1,72,73,75,77, 79,710,711, "12}

}

1 Possible Conflicts are derived from Input/Output equations, but those can be easily obtained from the state space equations.
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Figure 3.4: MEC2 of the three-tank system, represented as solid hyperarcs in Hgp.2.

o Hyrpe, = { {Ps, P14, s, P14, fo, fr0, fi2, fi6, Fi2, Fi3}, {ro,73,76,77,78} }

The three M ECs are strictly over constrained. M FEC1, for instance, has five unknown variables,
P2, P2, f1, f4, f6, and six relations: r1,74,79,710,711,713. Lhey are minimal w.r.t set inclusion and they
might be solved using only local propagation, as we will show in the next paragraph.

Second step of PCs computation requires adding causal knowledge to assure that a M EC, He. =
{Vee, Ree}, can be solved using local propagation criterion®. If it is possible, a Minimal Evaluation Model
(MEM) is defined, Hpem = {Vinems Rmem }, With Vinem = Vee and Rpem = {71,,57240s - - - s Tmg,, b+ Tip, 1S @
causal constraint obtained assigning a causality to r; € Re.. M EM are directed hyper graphs that specify
the order in which equations should be locally solved starting from measurements and inputs to generate
the subsystem output.

Figures 3.6, 3.7 and 3.8 show the M EMs for MEC1, MEC?2 and M EC3 respectively. Considering
MEM]-» Hmem1 = {Vmeml ’ Rmeml} with Vmem1 = {F’an F17 F127 f17 f47 f6>152»p2} and
Rmeml = {{F'an f1}7 {F127 f6}7 {fh f4v fﬁva}v {p27p2}7 {va f4}} ACCOIdil’lg to MEM17 ]52 can be estimated
from input Fj, and measurement Fo plus the initial value of f;. If initial value of the state is also known,

21t should be reminded that in the DX approach, let’s say in GDE, using local propagation allows to isolate every single
equation or constraint.
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Figure 3.5: MEC3 of the three-tank system, represented as solid hyperarcs in Hgp.3.

p2 can be estimated integrating ps. Finally f; can be estimated from ps and it is also directly measured.
Similarly, M EM?2 allows to estimate fs from Fj, and measurements Fjo and F; and F3 while M EM3
estimates fig from Fis. In this example, every causal constraint r;,, impose the causality shown in the
initial equation abstracted by r;. Thus, we have labelled every r;,, in the M EMs figures with the label of
the original equation of the system.

eqlo
f-‘l 1
eqd
P>
eq13i
P2
—~ >
fy
P, fs
eq9 ‘ eqgll
Fin F12

Figure 3.6: PC1 from the three-tank system.

We have been talking about causal assigments and we will see some examples using the three tanks
system (Figure 3.1) to clarify what a causal assigment, also called an interpretation, is. Looking at the state
space equation eq.5 we can derive the three different interpretations it has depending on which variables in
the equation are known and which one is calculated. Those interpretations are shown from equation eq.5-1
to eq.b-3.
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Folt) = - (p2(t) = p(0) (eq.5-1)
pa(t) = ps + Ri fo(t) (eq.5-2)
pa(t) = pa(t) — Ri - o) (eq.5-3)

Now, we can show that the M EM s provide a mean to decompose the original system model, Hgp =
{V,R}. Each MEM, Hyem = {Vimem, Rmem}, is uniquely related to the MEC, H.. = {Vee, Rec}, that
originates it. And each M EC' identifies, by definition, a subsystem of Hgp. Then, the set of M EMs
induces a decomposition on Hgp. The decomposition is not a partition of the original system, because it is
not exhaustive (some variables and relations may not be included in any subsystem) neither exclusive (some
relations and variables may belong to various subsystems). However, the decomposition is unique because the
set of minimal subsystems with analytical redundancy is unique and the algorithms that compute possible
conflicts find every M EC and M EM?3.

Definition 7. (Possible Conflicts (PCs)). A Possible Conflict is defined as the set of relations in a MEC
with at least one MEM.

Following in detail the definition of PC and the process to derive them [95] it has been shown that PCs
fulfill the definition of structural observability in [14, 112]. So, every PC is structurally observable [78].

PCs have been used to decompose the system model and create more efficient simulation or identification
tasks [94, 19]. That reason, combined with the fact that they define observable subsystems, makes them
a useful tool to derive minimal DBNs. We can use the structure defined in PCs and subsequently, we can
derive from that a DBN. The set of equations in a PC define a structurally observable subsystem so we do not
need to check the observability of DBNs derived from PCs because they are always structurally observable.
Obtaining both the structural and causal models is a capital step in computing PCs. As a consequence, a
method to automatically derive both structural and causal models from a graphical description would be a
major advantage. For that reason, we have selected Bond-Graphs as our graphical modeling tool.

3.1.1 Deriving PCs from Bond Graph models

Bond Graph (BG) is a domain-independent energy-based topological modeling language for physical systems
[65]. A BG is built of primitive elements: storage elements (capacitances, C, and inductances, I), dissipative
elements (resistors, R) and elements to transform energy (transformers, TF, and gyrators, GY). Effort and
flow sources (Se and Sf) are used to define interactions between the system and the environment. Bonds,
drawn as half arrows, have associated two variables (effort and flow). The rate of energy is defined as effort
x flow for each bond. The primitive elements are connected by ideal 0 or 1 junctions (representing ideal
energy parallel or series connections between components).

BGs also allow representing causality in the system adding a vertical stroke to the bonds. Causality
establishes the cause and effect relationships between the e and f variables of the bonds. Causality is
determined by constraints imposed by the incident BG elements. Usually, integral or derivative causality
can be arbitrarily selected for capacitance and inductance elements. Where it is possible, integral causality
is imposed in our approach. The causality of the whole system can be assigned automatically using the
SCAP algorithm [65]. BGs will be formally defined and more deeply explained in Chapter 4.

Figure 3.9 presents the BG model of the three-tank system.

The BG contains also dynamic characteristics information of the dynamic relations between system
variables. This information is made explicit in the Temporal Causal Graph (TCG) which can be automatically
derived from the BG [76]. The TCG nodes include all state variables, measured variables and input variables.
Links between nodes in the TCG are added according to the restrictions modeled by the BG. Figure 3.10

3There are algorithms to derive the MECs of a model and all their MEMs [95].
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Figure 3.7: PC2 from the three-tank system.

shows the TCG derived from the BG in Figure 3.9. TCGs variables are always generalized efforts and flows.
Hence the preassures of the three-tank system, previously denoted as po, ps and pi4 are now es, eg and
e14. Due to the local nature of BG modeling, the TCG of 3.10 includes additional flow and effort variables
associated to identity equations. These identity equations allow to eliminate these new variables recovering
the computationl expresions identified by the M EM s obtained from the Input/Output description of the
system.

These modeling tools have been introduced because PCs can also be derived from TCGs [23] and they
will be also used in fault diagnosis of hybrid systems.

Once the TCG of a system has been derived from its BG, the process to derive the PCs has two basic
steps:

e Mark in the TCG the Input and the Measured variables.

e From each measured variable go backwards in every possible minimal causal path?* until reaching inputs
(sources), other measured variables or already visited nodes.

Figure 3.11 shows (bold path) the PC1 from the three-tank system in Figure 3.1 derived from its TCG
with the process previously described. Dotted circles mark measured variables in the system and continuous
circles are state variables.

Figures 3.6 and 3.11 present two different representations of the same PC from the same system (PC1
from the three-tank system in Figure 3.1). The computational model is the same in both representations.
They have the same information (parameters, variables and relations). In this case, they also have the same
causality assignment, they use the same interpretation for the relations. The main difference comes because
a TCG uses only one possible causal assignment for the whole BG, while a PC explores every possible causal
assignment for a MEC, i.e. a PC can have more than one MEM for the same MEC, while a PC derived from
a TCG has only one possible MEM.

4Minimal Causal Path will be defined later in this dissertation. It is basically a causal path in a TCG ending in a measured
or an already visited variable
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Figure 3.8: PC3 from the three-tank system.
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Figure 3.9: Bond Graph model of the three-tank system.
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Figure 3.10: Temporal Causal Graph model of the three-tank system.
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Figure 3.11: PC1 of the three tanks system derived from the TCG.
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3.2 Fault Detection and Isolation of continuos systems using PCs

CBD allows performing fault detection and fault isolation using only models of correct behaviour in a two
stage process. Fault detection consists of computing every conflict. Fault isolation consists of computing the
minimal hitting set of the already found conflicts.

The process described before can be applied to CBD using PCs. In this case, PCs estimate the system
behaviour. Residuals® are calculated using those estimations and the system measurements. Theoretically,
a residual must be zero when the system is in its nominal behaviour but it is different from zero in case a
fault occurs in the system. In the real world, residuals are not zero in nominal behaviour because system
measurements have noise and models are not perfect, so statistical tests are used to confirm whether a
residual is zero or not.

When a residual is confirmed to be different from zero a PC is activated, that is, there is a discrepancy
between the PC estimation and the corresponding measurement or estimation. At this point, the PC is
confirmed to be a conflict.

The fault isolation stage [100] is performed using the PCs fault signature matrix® to calculate the minimal
hitting set of the confirmed conflicts. The set of fault candidates is refined as new detections confirmed more
PCs as conflicts. The fault signature matrix relates the parameters of the system and the PCs where they
are used. Table 3.1 shows the fault signature matrix of the PCs from the three-tank system.

PC1 | PC2 | PC3

C1 1 1

C2 1 1
C3 1 1
R1 1

R12 1

R2 1 1
R23 1 1
R3 1

Table 3.1: Signature matrix of the three-tank system in Figure 3.1

3.3 Dynamic Bayesian Networks

Dynamic Bayesian Networks are a probabilistic temporal model representation of a dynamic system. Basi-
cally, a DBN can be defined as a two-slice Bayesian Network (BN). There are two assumptions regarding
the system: 1) it is time invariant, and 2) it is a First Order Markov process; in this case, two static and
identical BNs connected by arcs (named inter slice arcs) are enough to model the system [81]. Inter slices
arcs, which connect nodes of the DBN from different time slices, model the system dynamics. Intra slice
arcs, connecting nodes from the same time slice, model instantaneous (algebraic) relations. Similar concepts
were used in early work in the DX community for dynamic systems diagnosis using qualitative models [46].

The system variables (X, Z,U,Y") represented in a DBN are the state variables (X), the inputs (U), the
observed or measured variables (Y') and, in some cases, other hidden variables (Z). Once we have the nodes,
we need to define the parameters of the model, which are the state transition model (graphically represented
by the inter slice arcs) and the sensor model (represented by intra slice arcs). Figure 3.12 shows a DBN
highlighting the different types of arcs previously explained. The figure also presents the input nodes as
squares, the measured variables as dotted circles and the state variables as solid circles.

5Residual is the FDI term equivalent to a discrepancy in DX, and can be computed as (Actual measurement - Estimated
measurement).
6Matrix relating the possible faults in the system and the PCs they affect.
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Figure 3.12: Bold arrows show the two different types of arcs in a DBN.

The Markov observation model, P(Y;|X¢;U,), is derived from intra slice arcs X; — Y; and U; — Y,
where X € X, Y € Y, U € U, and subscript t represents time. Similarly, inter slice arcs X; — X1,
X; — X{,y, and Uy — X1, where X’ € X, represent the Markov state transition model, P(X;;1]|X:;Uy).

Exact inference in DBNs is not computationally tractable in the general case. Hence, Monte Carlo
simulation methods are used for approximate inference, particularly Particle Filter algorithm [67]. The
unknown continuous stochastic distribution of the state is approximated by a discrete distribution obtained
by weighted samples. After propagation of the state, the weights are updated with current observations. In
this work, we assume a Gaussian distribution. Even using approximate inference algorithms, like Particle
Filter, DBNs are computationally expensive. This is the disadvantage which is going to be faced in this work
by means of the Possible Conflicts.

The variables of the system in Figure 3.1 can be labeled as: X = {p2,ps,p14}, U = {f1}, Y = {[4, f6, f16}
and Z = {¢}. Figure 3.13 presents the DBN model of the three-tank system.

t t+1

Figure 3.13: DBN of the three-tank system.

The DBN can be manually constructed from conditional independence considerations. In our case, we
have derived the state equations of the system from its Temporal Causal Graph (TCG) [72, 103], which is
automatically generated from a Bond Graph (BG) model of the system [76]. Using the TCG we can identify
the state variables, as well as the inputs and the measurements in the system. To derive the equation to
obtain each state variable we can propagate backwards in the TCG until reaching inputs, state variables or
already visited variables. For the observations, the process is the same, but it starts in the measurements.
The state equations and the observational model can be also used to easily obtain the DBN parameters.
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3.4 Minimal DBNs derived from PCs

Dynamic Bayesian Networks (DBNs) are defined by its structure and the coefficients or parameter values.
Both may be obtained from models in the consistency-based approach, particularly from Temporal Causal
Graphs (TCGs) [72, 103] or from the M EM of a PC [5]. Before describing the proposed method to derive
DBNs from PCs, we have to introduce some ideas about the importance observability has in this work.

3.4.1 Observability and System Factorization

Some researchers in MBD are studying how to simplify models from complex systems. This dissertation
is focused on the proposal to decompose the model of the complete system in models of subsystems or
components. Those models are less complex than the model of the complete system [128, 38, 2, 105, 102].

There are some approaches about systems factorization, one of them uses the idea of Dissent [128] to
obtain subsystems less complex than the system itself. A dissent is a minimal subsystem with analytical
redundancy. The previous definition is equivalent to the Possible Conflicts’ definition [95] which has been
presented earlier in this Chapter.

DBNs decomposition has already been studied. Roychoudhury et al. [105, 102] proposed a method to
decompose the DBN of the complete system in serveral factors, less complex than the original DBN. In
those works, the authors talk about the concept of observability [14, 112] and they explain its importance
to estimate the state of a system from the inputs and the measurements.

Definition 8. (Structural observability): According to Blanke et al. [14], a necessary and sufficient condition
for a system to be structurally observable is that, under derivative causality:

1. All the unknown variables are reachable from the known ones.

2. The over-constrained and the just-constrained subsystems are causal.

3. The under-constrained subsystem is empty.

There is a less restrictive definition of structural observability presented in [112].

Definition 9. (Structural observability): According to Staroswiecki [112] a state variable, x, is structurally
observable if there exists a matching that is complete on x.

These two previous definitions of structural observability are a necessary and sufficient condition for a
system to be observable, i.e. to be able to estimate the state of the system using inputs and measurements.

Observability must be applied to DBNs, if a system is not structurally observable values for the hidden
state variables cannot be estimated using the measurements. In other words, structural observability in a
system (or subsystem) guarantees that the state can be obtained from its measurements or observations and
inputs.

Possible Conflicts are structurally observable by definition [78]. They have a complete matching on the
state variables on the PC. The idea in this dissertation is the application of the Possible Conflicts technique
[95] to derive minimal DBNs modeling subsystems from the complete system.

3.4.2 Factoring DBNs with PCs: Minimal DBNs

This dissertation proposes a method to efficently derive the DBN structure and its parameters from the
MEM of a PC. The DBN obtained will be smaller than the DBN modeling the complete system, but it will
be structurally observable [78].

Given that a M EM provides a computational model of a minimal redundant subsystem, that can be
implemented as a simulation model [94] or as an observer [16], a natural extension is to implement the
model as a Dynamic Bayesian Network (DBN). A necessary condition to transform the simulation model
of a dynamic PC into a DBN is observability. This is always guaranteed because a MEM can compute all
its unknown variables from its inputs and, hence, it is structurally observable, as defined in [14, 112], result
that has already been shown in [78].
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The MEM of a PC can also provide the model of a DBN of the subsystem identified by the PC, as states
the following proposition:

Proposition 1. Those MEM that include the first derivative of a state variable provide the structural
description of a DBN for the subsystem defined by the Possible Conflict.

Requiring that the MEM of the PC includes the first derivative of a state variable is a necessary condition
to have a dynamic system. Otherwise, the MEM only includes algebraic relations.

The proof of Proposition 1 is constructive and generally requires two steps:

e Structure: Generate the initial DBN from the state space equations of the subsystem defined by the
PC.

e Simplification: For any state variable which is conditionally dependent only on input nodes, replace
that state variable and inputs by a new input node, according to algebraic MEM computation.

The key step on DBN generation is the Structure step. Second step of the construction process is not
always needed and it just simplifies the network, eliminating state variables that are algebraically estimated
from known inputs and observed variables in the MEM -although not in the complete system-.

Structure: State space model a MEM. Given a Minimal Evaluation Model, M EM;, Hpyem, =
{Vinem,s Rmem, , of a PC with model M; = (X;,U;, < y; >), its state space representation can be expressed
in a general way by the tuple (X;, U;, i, fi, g;), where:

o X, =< x,Tiy,...,x;, > is the state vector of the system described by M EM;,
o U; =< U, Uiy, ...,u;, > is the input vector of the system described by M EM;,
e y; is the output of the system described by M EM;,

e f; is the state transition function of the system described by M EM;,

e ¢; is the observational function of the system described by M EM;.

with {zi,, Ziys ooy @iy s Wiy s Winy - s Wins s Yi b C Vinemss {&ins Tiny - +s Tin b} € Vinem,, ¥i is the discrepancy
node of MEM;, {u;,,ui,,...,u;, ,y;} are the only knonwn variables of M EM; and

X;(t) = £i(X5(1), Ui(t)) (trn)
yi(t) = gi(Xs(t)(t), Us(t)) (obs)

When M EM,; has no algebraic loops, each j-th component of the state transition function, f;;, is obtained
from Hpem, by the following procedure:

e Build the transitional model subgraph, H fi; C Hpmem,, traversing Hpem, from the occurrence of #;,
to the first occurrence of either an input or a state variable.

e Eliminate intermediate unknown variables by substitution method starting from i;; to leaf nodes of
H fijo using the equations that label its arcs, in the order specified by H fij:

Similarly, the output function g; is obtained from H,,epm, by the procedure:

e Build the observational model subgraph, H,, € Hyem,, traversing Hyem, from the output y; to the
first occurrence of either an input or state variable.

e Eliminate intermediate unknown variables by substitution method starting from output y; to leaf nodes

of Hg,, using the equations that label its arcs, in the order specified by Hy,.
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By construction, the causal matching in each MEM guarantees that Vi, j, H fi) and Hy, can be built for
any M E'M; and state variable z;; such that ;; € Vi,em,. Consequently, when M EM; has no algebraic loops,
the analytical expression of f;, and g; can always be obtained from M EM;. If M EM; has an algebraic loop,
we cannot obtain the analytical expression of f;, and/or g;. Nevertheless, we still can built H fi; and Hy,,
which provide the structural description of f;; and g;, respectively. From these structural descriptions an
external solver can compute the value of all the unknown variables in state space formulation. Also, these
structural descriptions are enough to obtain the structural description of the DBN.

Simplification of state space variables in a MEM. If z;; is a state variable of the complete system
and z;; € MEDM; is conditionally dependent only on input nodes then Z;; & {Viuem,} and z;; is not an
element of X;.

When M EM; has no algebraic loops, for each state variable z;; conditionally dependent only on input
nodes, the function Input-z;,(...) to compute z;; from inputs is obtained by the following procedure:

e Build the simplification model subgraph, H Input—2;, C Hpem,, traversing Hyep, from the occurrence
of z;, to the first occurrence of an input. '

e Eliminate all unknown variables by substitution method starting from z;; to leaf nodes of H Input—=2;, »
using the equations that label its arcs, in the order specified by H Input—=z;, -

If M EM; has an algebraic loop, we cannot obtain the analytical expression of Input-z;, although we still
can built H Input—z;, which provides the structural description of Input-z;;.

Obtaining Minimal DBNs. Once we have the state equations of the subsystem defined by a PC and
the new functions Input-z;,, to simplify the state variables conditionally dependent only on inputs of the
PC, we can define the concept of minimal DBN.

First, we extend the state transition model, equation trn, and the observational model, equation obs, to
account for uncertainties, generating their stochastic versions:

Xi(t) = £i(Xu(t), Ui(t), Vi(t)) (st-trn)
yi(t) = gi(Xi (1) (1), Ui(t), wi(t)) (st-obs)

where V; and w; represents the process and measurement noise vectors, respectively.

Definition 10 (Minimal DBN). Let M EM,; be a Minimal Evaluation Model of a PC, with state space
equations given by equations trn and obs. Let {z;,,...,z; } the, possibly empty, set of state variables of
the system that are, in M EM;, conditionally dependent only on inputs of M EM; . A minimal DBN of the
subsystem defined by the PC is the DBN obtained by:

e Building the DBN that has st-trn as its state transition model and st-obs as its observational model,
DBNstructure .

o If{zi,....zi} # 0, replacing each occurrence of z;; and its inputs by the new input node Input-z;, .

We can illustrate the whole process with the PC1 of the three-tank system, in this case we have Mpo1={<
p2 >, < Fy, F12 >, < f4 >}. Figures 3.14 and 3.15 show Hfll and H, for this subsystem, respectively. Hence
equation ¢trn reduces to equation: po(t) = Fy, — Fia — po2/R1. Equation obs is f4 = pa/R;. Simplification
step is not needed. Figure 3.16 shows the Minimal DBN for the subsystem defined by PC1 (DBN1).

None of the PCs of this system needs to perform the Simplification step to generate the DBN. Figure 3.17
shows a PC whose transformation on a DBN requires both steps. Figures 3.18 and 3.19 show Hy, and Hy,
for the MEM1 of the two-tank system, respectively. Figure 3.20 shows the simplification model subgraph
(Hlnput_zll) of this subgraph.

Figure 3.21 shows the intermediate network created applying Structure step and Figure 3.22 the final
DBN after Simplification step.
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Figure 3.14: Subgraph of the transitional model, Hy, , of the MEMI of the three-tank system.
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Figure 3.15: Subgraph of the observational model, H, , of the MEM1 of the three-tank system.
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Figure 3.16: Minimal DBN derived from the PC1 of the three-tank system (DBNT).
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Figure 3.17: Possible conflict of a two tank system with the pressure of each tank measured.
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Figure 3.18: Subgraph of the transitional model, Hy, , of the MEMI of the two-tank system.
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Figure 3.19: Subgraph of the observational model, Hy, , of the MEM1 of the two-tank system.
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Figure 3.20: Subgraph of the simplification model, H Input—z1, » of the MEM1 of the two-tank system.

Figure 3.22: DBN of the possible conflict in Figure 3.17 after the Simplification step.
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3.5 Diagnosis of Continuous Systems with Minimal DBNs

The DBNs derived from the PCs have the same structural information that the PCs, because DBNs equations
are obtained just manipulating the model of the corresponding M EM, but no additional equations are
introduced. Hence, the set of Minimal DBNs have exactly the same fault detection and fault isolation

capabilities than the original set of PCs.

3.5.1 Diagnosis Architecture. Fault Detection, Isolation and Identification with

Minimal DBNs

Minimal DBNs allow tackling all the stages of model based diagnosis, that is, fault detection, fault isolation
and fault identification, in the Consistency Based Diagnosis framework with fault models in a predictive
approach. Figure 3.23 shows the diagnosis architecture.

State

" Possible ™, Nor‘nlnal Faulty
Space .. Conflicts .* "._ DBNs . "%._ DBNs _.~
Model . et meumemprnasd ™
| Fault Hypothesis Hypothesis
i "| Detection Generation Discrimination
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.
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| 3
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Detection Time
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|

Fault Isolation

Partial ‘

Fault Isolation
Fault Identification

Figure 3.23: The diagnosis architecture integrating DBNs and PCs

Fault Detection

Nominal minimal DBNs are obtained offline from the system model through PCs decomposition. The three
resultant minimal DBNs for the three-tank system are shown in Figure 3.16, Figure 3.24 and Figure 3.25.
These DBNs are run in parallel to perform fault detection.

Figure 3.24: DBN of the PC2 of the three-tank system.

The DBN predicted output is compared against existing measurements, i.e.

t+1

they create our set of

residuals. To test residual activation we use a statistical test, the Ztest [13, 53], that is used to confirm
whether two different intervals in a signal have the same distribution. It is supposed that both intervals have
a Gaussian distribution and knowing the mean and the variance of the first one we test if the second has
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t t+1

Figure 3.25: DBN of the PC3 of the three-tank system

the same parameter values. It can be done with different confidence values, changing the parameter « in the
test.

In this case, the signal we have used is the residual, which is the difference between the measured value
of an observed variable and its estimated value, as it was previously mentioned. In case of not knowing the
mean and the standard deviation of the intervals equations 3.1 and 3.2 can be used to estimate them.

k
)= Y ) (3.1)
1=k—No+1
) 1 a . 2
CURE = SRR (3.2)

The parameters we need to define for the Ztest are the length of the first interval (Ni), the length of
the second interval (N3), the delay between the two intervals (VarDelay) and the value of alpha (usually,
a = 0.05).

Fault isolation

The first stage in fault isolation is to compute the set of fault candidates from the minimal hitting set of the
fault information in the set of PCs. However, consistency based isolation is not usually able to completely
isolate the faulty parameters, unless the system is completely diagnosable [118]. Hence, some practical choice
has to be made regarding when to start the fault identification stage. A naive approach consist of launching
the identification stage as soon as a fault is detected by any minimal DBN, refining the set of candidates
when a new DBN establishes a new conflict and stopping the simulation of the faulty DBNs that have been
discarded. However, this approach may incur in a high computational overhead, especially when several
minimal DBNs detect the same fault with negligible or small temporal differences. On the other end of
the spectrum, it is possible to wait until no further candidate refining is expected, according to the fault
signature matrix of the system (Figure 3.1 presents the fault signature matrix for the three-tank system).
But this approach may generate long isolation times. Even worst, the process may not end if there is a
false negative, with the diagnosis system waiting indefinitely for a PC to become a conflict. Hence, in the
experimental setting we have opted by the criterion of start the identification stage as soon as one of the
following conditions is satisfied:

1. Current candidates cannot be further refined, according to the fault signature matrix.
2. There has elapsed k time steps from the first fault detection, assuming non intermittent faults.

The parameter k£ must be tuned according to the system dynamic behaviour.
In a predictive approach, fault isolation requires introducing fault modes. We have opted for a simple
abrupt fault model [103].

Abrupt fault An abrupt fault is characterized by a fast change in a parameter value (modeled as b(t) in
the equation below). The temporal profile of a parameter with an abrupt fault, p*(¢) is given by:
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arpy ) p(t) t<ty
P (t)_{p(t)+b(t):p(t)+a; t>ty

where o), models the absolute change of the parameter value.

We have considered 8 abrupt faults in the system in Figure 3.1: in the capacitances of each tank (Cl1,
C2 and C3), in the resistance of the output of each tank (R1, R2 and R3) and in the resistances of the flow
between tanks (R12 and R23). The fault signature matrix of the minimal DBNs is the same as the fault
signature matrix of the PCs of the system, shown in Table 3.1.

Fault Identification

Fault identification is done using the minimal DBNs for fault modes or faulty Minimal DBNs. Minimal
DBNs for each fault mode are obtained from minimal DBNs of the nominal system according to [103, 102]
proposal. Nominal minimal DBNs are extended with an additional node for the faulty parameter. If some
network node is conditionally dependent on the new node, an edge is added from the new node to the mot
conditionally independent’ node. Figure 3.26 shows the faulty network obtained from PC1 for an abrupt
fault in the capacitance of tank 1 (C4). For each minimal DBN it is necessary to build as many faulty DBNs
as indicated in the fault signature matrix.

fy

fs fs

Figure 3.26: DBN of PC1 of the three-tank system with a fault in the capacitance of tank 1.

Fault identification requires tracking the system with faulty DBNs. For each single fault candidate a
faulty minimal DBN has to track the system. If a new detection allows reducing the number of single fault
candidates, the corresponding fault hypotheses are rejected and the associated Minimal DBNs no longer track
the system. Eventually, one of the faulty DBNs will converge” identifying the new value of the parameter,
while all the other DBNs tracking the fault will not. This will happen in case the fault is diagnosticable, if
it is not, two faults could be identified as potential candidates.

We have to take into account the effect of sample impoverishment, that with Importance Sampling
algorithm [8] is harmless for tracking the non faulty system. However, this is a serious problem once a fault
is detected, because faults are usually represented in less probable (smaller weight) samples. To cope with
this difficulty, we have resorted to the ad hoc solution adopted in [103]. To perform fault identification of a
given parameter, we linearly modify the variance of that parameter, now a node of the DBN, from an initial
large value to its expected final value. In this way, at the beginning of the Particle Filtering simulation,
we allow for particles with a parameter value far away from its nominal value. Hence, the probability of
having particles close to the faulty parameter value is increased. As simulation proceeds, the variance of the
parameter diminish, favoring particles close to the current parameter value, according to current observations.
To facilitate even more this process, we usually increase the number of particles in the faulty DBNs.

3.5.2 Diagnosis results with the three-tank system

The diagnosis architecture has been initially tested with the three-tank system. This section presents the
results obtained.

"The residual becomes zero.

34



3. Minimal DBNs for continuous systems CBD

Fault Scenarios

We have developed two fault scenarios for the three-tank system: (1) an abrupt fault in the capacitance of
tank 1 and (2) an abrupt fault in the resistance out of tank 3. The nominal value of C1 is 1.5708-10~% and the
nominal value of R3 is 2-107 In both cases the fault magnitude is 10% of the nominal value of the parameter.
We have simulated for 10000 time steps, starting with the three tanks empty and injecting the faults at time
stamp 2000. Simulink has been used to generate data of the faulty system. A 5% Gaussian noise has been
added to sensors. The number of particles used in the Particle Filter algorithm has been 500. Ztest has been
applied to decide on network detection and also on network convergence for fault identification.

To easily identify each minimal DBN we will name them as DBNi, where i is the PC number where the
DBN comes from.

Abrupt fault in C1 Fault detection is performed with the nominal minimal DBNs (see Figure 3.27). The
DBN2 detects the fault at time 2001 (Figure 3.27 b)) while the DBN1 detects the fault at time 2002 (Figure
3.27 a)). According to the fault signature matrix of the system, Table 3.1, the DBN3 does not detect the
fault (Figure 3.27 c)).
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g3 _ . . .
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i i
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a L i i L L 1 1
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{ A X s s i ; .
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Time
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ol ; . .
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Figure 3.27: Behaviour (observed variable) of the nominal minimal DBNs of a) PC1, b) PC2 and c¢) PC3
tracking an abrupt fault (10%) in the capacitance of tank 1.

Hence, from time 2002 there is only one single fault candidate: C1. We have run the faulty DBN1 for a
fault in C1 (Figure 3.26) starting 50 time steps before the fault is detected, to launch simulation from a known
system state with nominal behaviour. The behaviour of the network is shown in Figure 3.28. Convergence
time is 389 time steps, (337 after fault injection). Figure 3.28 shows that the faulty parameter converges to
an acceptable value many instants before, but ztest is performed on the residual of the observed flow (not
shown in the figure) and it also introduces a delay.

Abrupt Fault in R3 Like in the previous scenario, fault detection is performed with the three nominal
minimal DBNs. Now, only DBN3 detects the fault, at time 2007, (see Figure 3.29).

In this case, we have 5 single fault candidates (C2, C3, R2, R23 and R3) and we have to run the faulty
DBNS for all these faults to check which one converges.

In Figure 3.30 we can see how the DBN3 with the extra node for the fault in R3 is able to track the state
variables and also gives us a pretty good estimation of the parameter after the fault. Convergence time is
378 (321 after fault injection).
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Figure 3.28: State variables tracked with the DBNT1 for a fault in capacitance of tank 1. The last chart at
the bottom is the estimation of the parameter C1.
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Figure 3.29: Behaviour (observed variable) of the DBN of PC3 for a fault in the resistance out of tank 3.

On the other hand, checking the behaviour of the other DBNs launched to identify this fault we can see
charts like the ones in Figure 3.31 where it is shown how the DBN3 estimating a fault in C2 is not able to
track the system behaviour, it does not converge.

Comparing complete DBN and minimal DBNs performance

Once we have presented the two fault scenarios tested we will see a quantitative comparison of the perfor-
mance of the DBN of the complete system and the performance of the minimal DBNs. For the two considered
abrupt faults, C1 and R3, mean detection, execution and convergence times are computed. Parameter value
convergence is also considered. All experiments have been repeated ten times. Table 3.2, row Execution
Time, shows execution time for 10000 time steps. As it was to be expected, Minimal DBNs require less
computation time than the original DBN. Faults are injected at time 2000. Rows C1A4 and R3A show that
there are no false positive detections and that detection time is similar for every network considered.

Complete DBN1 DBN2 DBN3
Execution Time 84.25 71.14 7.7 78.40
C1lA +0.1 2001 (0.0) | 2002 (0.0) | 2001 (0.0)
R3A +0.1 2008 (0.0) 2007 (0.0)

Table 3.2: Mean execution and detection time for nominal DBNs (standard deviation in brackets).

For fault identification, simulation starts 50 time steps before the fault is detected and simulation time
extends to 8050 time stamps. Table 3.3, first two rows, shows execution time for faulty networks, that are
also smaller for minimal DBNs. Second two rows show convergence time. Compared to the complete DBN,
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Figure 3.30: State variables tracked with the DBN3 for a fault in resistance out of tank 3. The last chart at
the bottom is the estimation of the parameter R3.

convergence time is smaller for the fault in capacitance of tank 1, and it is equal for the fault in resistance

R3.

Finally, Table 3.4 shows the Mean Square Error (MSE) of the estimated parameter. Error in this running
example is smaller for DBN1 and DBN2 for faults in capacitance of tank 1, but it is slightly bigger for DBN3

for fault of resistance R3.

Complete] DBN1 DBN2 DBN3
Exec. Time C1 | 46.66 43.43 45.40
Exec. Time Rv3 | 67.15 63.31
C1A +0.1 1.15 - 103 | 3.89 - 10% | 4.95 - 102
(2.1-10%) | (2.8-10") | (1.2-10%)
Rv3A +0.1 3.78 - 10? 3.78 - 102
(14) (8.8-1071)

Table 3.3: Mean execution and convergence time for faulty DBNs (standard deviation in brackets).

The results previously presented are a preliminar work before testing the diagnosis architecture for con-
tinuous systems with a 12" order electrical circuit, that is the complete case study presented in next section.
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Figure 3.31: State variables tracked with the DBN3 for a fault in the capacitance of tank 2. The last chart
at the bottom is the estimation of the parameter C2. The data used to simulate the DBN are from a fault
in R3.

Complete] DBN1 DBN2 DBN3
C1A +0.1 | 262-107% | 2.06-10°% | 1.67-1073

(2.4-1077) (1.6-107%) (7.2-1077)
Rv3A 40.1 | 2.77 - 10% 2.81 - 10%
(3.6-10%) (9.0-10%)

Table 3.4: Mean Square Error of the estimation for the faulty parameter by each DBN (standard deviation
in brackets).
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3.6 Case Study. 12" order electrical circuit.

This section describes the 12" order electrical circuit shown in Figure 3.32. This system is going to be used

as a case study to show how the minimal DBNs decomposition works on a high order system.

[ NE Vs : .
. =]V
Vian Vi A & C Y 5DR6 Ry
Ryl | v.3 L2 R ve| Ry . Vs )
v Ly H R; !
oy

Figure 3.32: 12! Order Electrical Circuit.

The 12" order electrical circuit system has 12 state variables (variables associated to the five condensers,
C; elements, and to the seven inductances, L; elements), 10 measurements, represented in the circuit by the
voltages, v;, and the currents, i;, (Figure 3.32) using arrows, and one input, U = {vpqu}. The variables
of its state space representation are X = {p1,p2,p3, P4, D5, 06, P7,q1,492,43,94:G5}, U = {Vpate} and Y =
{i1,v1, 02,12, 13,03, 04,14, V5, Vg } p; and g; are the generalized state space variables with p; = 7 - L; and
q; = e- C; [108]. The system dynamics is described by twelve state equations:

pr=el= = (713~ 1) * 1 (eq.1)
a=L-2 (c.2)
=By (ca:3)
Ps g'_ll+(§_11_%_%)*Rl_%_(%_%_%)*RQ (eq.4)
p4:g_22+(§_§_§—i—§—55)*1%2 (eq.h)

p3  pd  pb
=131 I8 (ca6)
s %H%_i—i_i—z) RQ—i—z*RS—g—Z—(i—z—z—Z)*Rﬁl (eq.7)
=02 (ea8)
po= D4 (B Dy g (B Py gy LDy (cq.9)
Q5=§—77 (eq.11)
?57_(%2_%;)*R7+g_i_%77*1%8_3‘_55 (eq.12)
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Plus ten equations for the observational model:

._pl
T
ql pl  p3  p2
SR <Gl A sl R1
n=g T )t
pl  p3  p2
— (2 2 1
vl
o B
27 I3
p3 _pd PS>
BTTI37 14 15
5
’Ug—%*R?)
q3 p5>  pb
i P6 P
YT I6 L7
B
T 04
4 6  p7
Vg q— (p——p—) R7

01" \I6 T I7

(eq.13)
(eq.14)
(eq.15)
(eq.16)
(eq.17)
(eq.18)
(eq.19)
(eq.20)
(eq.21)

(eq.22)

Although the state space representations provides the most compact description of a dynamic system equa-
tions, PCs formalism works with the Input/Output description of the system, which highly increases the
number of dynamic equations. For the sake of completeness, we have exhaustively generated all the In-
put/Output equations for the 12" order electrical circuit, which yields 89 equations (68 are dynamic equa-
tions). We present just a small sample of these equations, which will be later used to illustrate the basic

concepts of the approach:

. g2
ps—C2

pr=el—u
g1 =11 — iz
= (i1 — 1o — P2 R1
= (21 — _——
P2 1 2 I
2
p3:v1—%—R2*i3
Go = i3

5
+i3*R2—§—5*R3—’U4

(c69)
(c70)
(c75)
(c79)

(c82)
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The DBN modeling the system is obtained from its state space representation, where the state equations
provide the transition model and the remaining equations cater for the observational model. Figure 3.33
shows the DBN structure assuming DBN = {U,X,Y}, with the U,X,Y description previously presented.

'
'
'
'
'
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Vbatt H Vbatt
i
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'
'

Figure 3.33: Dynamic Bayesian Network of the 12! Order Electrical Circuit.

3.6.1 Possible Conflicts and Minimal DBNs

Possible Conflict method, as it has been previously explained in this Chapter, works with an abstract
representation of a system, obtained describing the structure of the Input/Output equations and its variables
with a hypergraph. Hence, system description is the hypergraph Hgp = {V, R}, where V is the set of
variables of the system and R = {ry,ra,...,7n} is a family of subsets in V, where each rj represents a
constraint in the model and its elements are the variables that occur at equation r. For instance, from
equation ¢7 , ¢; = i1 — iz, we obtain the set ¢; = {q1,41,i2}. Figure 3.34 shows part of the Hgp of the 12th
order electrical circuit.

To simplify the graphical representation of the hypergraph, a variable, x;, and its observed value, z}, are
collapsed with the notation z}. However, keep in mind that this is a notational convention that stands for
the set {z;, 27} and that only z; belongs to the constraint where it is located in the graphical representation.
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Figure 3.34: Fragment of Hgp of the 12" order circuit.

Actually, the set {x;, 2} abstracts the equation z; = xF. In the model based diagnosis community, the
set of equations Ogn, = {z; = zF,Vx; € O}, with O C V the set of observed variables of the system, is
called (diagnosis) observational model. The equations of the diagnosis observational model of the 12¢" order
electrical circuit are presented below:

i1 =i1" (o)
v =v1" (02)
vy = vg" (03)
1o = 1" (04)
iy = ig* (05)
v3 = v3" (06)
vy = vg" (o7)
iy =is" (08)
vs = 5" (09)
vg = Vg~ (010)

As it has been previously explained in this Chapter, first step on PCs computation consists on find-
ing all the Minimal Evaluation Chains, MEC, contained in Hgp. There are 10 MEC's in the 12" order
electrical circuit. Figures 3.35 and 3.36 show the M EC1 and M EC6 of the system. Hence, Hypo, =
{p1,P1s Vbare, v1, 01, 07,47}, {{vn, o1}, i, 47} e, cass {01, 1} ) and Hyrpes = {{Ps, 4o, s, G2, i3, U3, V4, 43, U3,
UZ}’ {{i3’ Z;}, {U37 U3*}7 {'U4’ UZ}’ G5, C9,C12, {p5’p5}’ {QQv QQ}}}'

Second step of PCs computation requires finding Minimal Evaluation Models (MEMs) for every MEC.
Under integral causality, 10 PCs are found for the 12" Electrical Circuit described in Figure 3.32.

In order to identify the role of the variables involved in a PC computation in a state space context, we
will use a variant of the alternative notation introduced in [21] where a model of a system is described by its
state, input and output variables.

Definition 11 (State space description of a model). The state space description of model M; is given by
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Figure 3.35: MEC1 of the 12" Order Electrical Circuit.
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Figure 3.36: MEC6 of the 12" Order Electrical Circuit.
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M; = (X;,U;,Y;) where X;, U; and Y; are the state, input and output variables of the model.

Table 3.5 shows the variables involved in each PC. PC10 consists only of instant constraints and does not
describe a dynamic subsystem. Hence PCs decomposition provide 9 dynamic subsystems. Among them, size
and complexity may vary. PC1, with model My = ({p1}, {Vpatt, v1}, {i1}), only includes one state variable
and two inputs. On the contrary, PC9, with model Mg = ({ps, p7,q4, G5}, {v4a, 6}, {v5}), is one of the most
complex with four state variables.

Figures 3.37, 3.38, 3.39, 3.40, 3.41, 3.42, 3.43, 3.44, 3.45, 3.46 present the MEMs of the 10 PCs in this
system.

X U Y
PC1 P1 Upatt, V1 | 11
PC2 aq1 ’il, ’ig, (%) V1
PC3 P2 il, i2 V2
PC4 P3; G2 v1, i3 io
PC5 q2, P4, D5 i2, U3, Vg | 13
PC6 P55 G2 Vg, 13 U3
PC7 | g2, g3, p5, p6 | i3, V3, U6 | V4
PC8 P6s P75 G5 V4, Vg iy
PC9 | ps, p7, q4, G5 V4, Ve U5
PC10 ’i4, Vs V6

Table 3.5: State, Input, Output PCs table.
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Figure 3.37: MEM from the PC1 of the 12** Order Electrical Circuit.
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Figure 3.38: MEM from the PC2 of the 12! Order Electrical Circuit.
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Figure 3.39: MEM from the PC3 of the 12*"* Order Electrical Circuit.
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Figure 3.41: MEM from the PC5 of the 12t Order Electrical Circuit.
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Figure 3.42: MEM from the PC6 of the 12" Order Electrical Circuit.
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Figure 3.44: MEM from the PC8 of the 12** Order Electrical Circuit.

Figures 3.47 to 3.55 show the 9 DBNs derived from the PCs decomposition using the method previously
presented in this Chapter.
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Figure 3.45: MEM from the PC9 of the 12¢"* Order Electrical Circuit.
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Figure 3.47: DBN derived from the PC1 of the 12" Order Electrical Circuit.
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Figure 3.48: DBN derived from the PC2 of the 12" Order Electrical Circuit.

Figure 3.49: DBN derived from the PC3 of the 12" Order Electrical Circuit.
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Figure 3.51: DBN derived from the PC5 of the 12* Order Electrical Circuit.
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Figure 3.52: DBN derived from the PC6 of the 12" Order Electrical Circuit.

Figure 3.53: DBN derived from the PC7 of the 12* Order Electrical Circuit.
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Figure 3.55: DBN derived from the PC9 of the 12* Order Electrical Circuit.

This decomposition is not a partition of the DBN of the complete system because there is some overlap
among state variables between several PCs. However, the number of nodes and edges in each DBN derived
from a PC is drastically smaller than those in the DBN modeling the complete system.

3.6.2 Diagnosis results

We are going to explain the experimental behaviour of the minimal DBNs and, when pertinent, compares it
against the behaviour of the DBN of the complete system.

The overall diagnosis approach is described in Figure 3.23. Fault detection is performed with a Particle
Filtering simulation of all the minimal DBNs, which can be run in parallel. Fault isolation is performed with
the fault signature matrix that summarizes which components belong to which conflicts. Table 3.6 shows the
fault signature matrix of the 12" order electrical circuit. Computing the minimal hitting sets provides fault
isolation results using only models of correct behaviour. Fault identification requires simulating faulty DBNs
for each fault candidate, which can also be run in parallel. Candidates whose faulty DBN do not converge
are rejected until, eventually, only one DBN will converge to the actual system behaviour, computing also
an estimate for the faulty parameter.

All the experiments have been run in the same computer, an Intel Core i7 860 at 2.80 GHz with 8 Gb
of RAM memory and running Microsoft Windows 7 Professional (64 bits) operating system. The DBN of
the complete system has been simulated using 1000 particles, which results in a ratio of approximately 83
particles per state variable. We have kept this ratio on the minimal DBNs. Decision making regarding fault
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PC1 | PC2 | PC3 | PC4 | PC5 | PCé6 | PC7 | PC8 | PC9
Cy 1
Co 1 1 1 1
Cs 1
Cy 1
Cs 1 1
L1 1
Lo 1
T 1
Ly 1
Ly 1 1 1
Leg 1 1 1
L~ 1 1
Ry 1
Rs 1 1 1 1
Rs 1
R4 1
Ry 1 1 1
Re 1
R~
Rs 1 1

Table 3.6: Signature matrix of the 12th order electrical system in Figure 3.32

detection and DBN convergence was done with Ztest statistical test [13, 53]. All data has 2% Gaussian noise
in the measurements. Simulation starts always from the same and known initial state. All the experiments
have been repeated ten times and mean value and standard deviation of the results are presented. References
to confidence intervals and statistically significant differences assume a t-student distribution with 9 freedom
degrees and o = 0.95.

Tracking nominal behaviour

We have tracked the nominal behaviour of the 12! order electrical circuit or 5000 simulation time steps,
which accounts for 500 seconds of elapsed real time.

All the DBNs are able to track the nominal behaviour of the system and there is no false positive
detection. Table 3.7 shows, in seconds, the elapsed real time required to simulate each DBN for 5000
time steps. Computing time is highly reduced by the Minimal DBNs. If they are run in parallel, worst
case computing time is obtained by PC9 which reduces computing time 86.6% respect to the DBN of the
complete system. Even if minimal DBNs are sequentially run, total running time sums up to 50.77 seconds
which still reduces computing time respect to the DBN of the complete system by 30.7%.

Fault Detection, Isolation and Identification

The fault profiles considered in this case study are the abrupt faults, already presented in this Chapter, and
the incipient faults.

Incipient fault An incipient fault is characterized by a gradual, slow drift in a parameter value. The
temporal profile of a parameter with an incipient fault, p*(¢) is given by:

i _ p(t) t<tf
P(t)_{p(t)+d(t):p(t)+a;x (t—t;) t>t;
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N. Particles | Mean exect. time
Complete 1000 73.28 (2.200)
DBN1 83 3.58 (0.098)
DBN2 83 3.61 (0.086)
DBN3 83 3.67 (0.087)
DBN4 166 4.67 (0.410)
DBN5 249 5.35 (0.160)
DBN6 166 4.60 (0.330)
DBNY7 332 9.96 (0.310)
DBNS8 249 5.52 (0.470)
DBN9 332 9.81 (0.260)

Table 3.7: Mean execution time (seconds) and standard deviation for all DBN.

where p(t) represents the nominal parameter value, d(t) is a drift function, and ¢ is the point of the fault
ocurrence.

The nominal values of the system parameters are: Ly = 10, Ly = 20, L3 = 30, Ly = 40, Ls = 50, Lg = 60,
L7 =70, C; = 100, Cy = 200, C5 = 300, Cy = 400, C5 = 500, Ry = 8-1073, Ry = 7-1073, R3 =6 - 1073,
Ry=5-10"% Ry =4-1073, Rg =3-1073, Ry =2-1073, Rg = 1073,

We have considered four single fault scenarios: an abrupt fault in Cs, Csa, an incipient fault in L3, Lsi,
an incipient fault in Ro, Roi, and an incipient fault in R4, R4i. Fault percentage magnitude and drifts
are 90%, 5%, 1% and 2% respectively. Drift in L3¢ reduces the value of the parameter, which explains the
negative faulty value of this parameter: it is the slope of the drifting.

Detection Time The DBN of the complete system is able to detect the four faults injected. The minimal
DBNs detect the faults according to the system fault signature matrix. There are neither false positive
nor false negative detections. The DBN of the complete system detects Coa slightly earlier than DBN68,
although DBN7 incurs in a considerable delay. All the DBNs detect the incipient faults at the same time
step.

Cza L31 Rzl R4l
Complete 4 460 | 460 | 460
DBN1
DBN2
DBN3
DBN4 9 460 | 460
DBN5 8 460
DBN6 7 460
DBNT7 54 460 | 460
DBNS
DBN9

Table 3.8: Detection time for DBN of the complete system and minimal DBNs in simulation steps (the
standard deviation is always zero).

Partial Isolation Time The isolation approach has been previously presented, the fault signature matrix
of the system (Table 3.6) will be used to generate the set of fault candidates as new detections appear. In

8Minimal DBNs will be named DBNi, with i the number of the original PC, when we will refer to a specific minimal DBN.
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these experiments, the parameter k has been adjusted to 5 simulation time steps. Hence, the identification
stage will start as soon as one of the following conditions is satisfied:

1. Current candidates cannot be further refined, according to the fault signature matrix.
2. There has elapsed 5 time steps from the first fault detection, assuming non intermittent faults.

For Csa, first condition is satisfied when PC6, PC5 and PC4 are confirmed, generating two single fault
candidates: {Cs, Ra} two time steps after the fault was initially detected by PC6. For Lz only PC4 is
confirmed, generating three fault candidates, {Cs, L3, Ro}, five time steps after the fault is detected. For
Ryt PC4, PC5, PC6 and PC7 are simultaneously confirmed and two single fault candidates are created,
{C3, Ry}, immediately after the fault is detected. For R4i, only PC7 is confirmed, and seven single fault
candidates are generated, {Cs, C5, Ls, Lg, Ra, R4, R5}, five time steps after the fault is detected.

Identification Time To identify the faulty parameter, faulty minimal DBNs are simulated. It is only
necessary to simulate a single faulty network for each fault candidate. However, to gain insight on the
behaviour of the minimal DBNs, we have simulated a faulty DBN for each PC that is confirmed and for each
fault candidate it contributes. Also, four different faulty DBNs of the complete system are considered.

Cza L3i Rzi R4i
Complete | 507 (88) | 371 (148) | 301 (0.0) | 363 (11)
DBN4 | 301 (0.0) | 394 (35) | 302 (3.8)
DBN5 | 301 (0.0) 301 (0.0)
DBN6 | 343 (0.0) 309 (18)
DBN7 | 380 (11) 304 (8.8) | 346 (52)

Table 3.9: Faulty DBNs mean time to converge, in simulation time steps. Standard deviation is shown in
brackets.

Table 3.9 shows the convergence time, in simulation time steps, of all the faulty DBNs that converge to
the injected fault. It is noteworthy that faulty DBNs of candidates different from the injected one do not
converge in any case. For Caa, any minimal DBN reduces the time to converge to the parameter value respect
of the DBN of the complete system, although convergence speed depends on the specific DBN used. For
Lsi, the convergence of DBN4 is slower than the convergence of the complete DBN. For Rqi, minimal DBNs
convergence time is slightly worse than for the complete system, except for DBN5 which converges in the
same time than the complete DBN. For R4i, DBN7 converges quicker than the complete DBN. However, if
we consider the dispersion of the mean convergencen time, differences on time are not statistically significant,
except for parameter Coa. DBN4, DBN5 and DBNG6 convergence time for Cha is significantly different from
the complete DBN convergence time for parameter Coa: they converge earlier than the complete DBN and
always on the same time instant. Standard deviation is rather large for the complete DBN in faults Coa and
L3i and for DBN7 in Ryi.

Identification accuracy Table 3.10 presents the estimations obtained with the faulty DBNs. Except for
DBNY7, which estimations considerably differ from the real faulty parameter values, the behaviour of the
faulty DBNs is accurate enough to be used for online fault diagnosis. For Cya, DBN6 provides the most
accurate estimation, although the other minimal DBNs behaves worse than the complete DBN, with DBN7
particularly bad. For Lsi minimal DBNs does not improve on the complete network, although both estimates
are comparable. Similar results are obtained for Rsi, although now DBNG6 converges to the real value of
the faulty parameter. However, for R4i we can only use DBN7 that incorrectly identifies a value one order
of magnitude larger than the real parameter value. Considering the standard deviation of the estimated
parameter value, except for DBN7 and the complete DBN for Csa, all confidence intervals include the real
parameter value and the estimated values are not significantly different.
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C2a L31 R2l R41
Faulty Value 20 -0.005 0.001 0.002
Complete 27.88 (1.1) | -0.0051 (5.7-107°) | 0.0011 (9.3-107°) | 0.0018 (2.5-10~%)
PC4 37.19 (9.2) | -0.0056 (6.0-10=°) | 0.00083 (6.5-1077)
PC5 35.42 (5.2) 0.0011 (4.2-1077)
PC6 23.76 (4.2) 0.001 (8.2-107°)
PC7 125.58 (5.8) 0.00049 (2.7-1073) | 0.0204 (5.7-107°)

Table 3.10: Mean estimated value of the faulty parameter and the standard deviation.

Summary The results of these experiments show that fault detection and fault isolation stages with
minimal DBNs are clearly defined and that minimal DBN improves over the DBN of the complete system,
because of their shorter running time and their higher isolation capability. However, due to the overlap of
the subsystems, several minimal DBNs may be used to identify the same faulty parameter. Selecting the
minimal DBN most suitable to identify a particular faulty parameter seems to be system dependent. The
accuracy of the estimation of some minimal DBNs is better or equal than the accuracy achieved by the
complete DBN, although most of them provide worse estimations. The time to converge of the minimal
DBNs may significantly improve on the complete DBN, but half of the tested minimal DBNs converge on
similar or slightly longer time. There is also a tradeoff between accuracy and convergence time because the
minimal DBN that achieves the greatest accuracy, DBNG, is not the fastest to converge.

Table 3.11 summarizes the diagnosis results for the four considered scenarios, indicating the total time
elapsed from fault injection to final fault identification, selecting the most accurate minimal DBN when there
are more than one available.

Cza L31 Rzl R4l
Detection Time 7 460 460 460
Isolation Time 2 5 0 5
Identification Time | 343 394.2 301 346
Total Time 355 859.2 761 811
Faulty Value 20 -0.005 | 0.001 | 0.001
Estimated Value 23.76 | -0.0056 | 0.0011 | 0.02

Table 3.11: Summary of the four fault diagnosis scenarios.

3.6.3 Merging minimal DBNs to improve fault identification

Motivation

Up to now, we have exploited the decomposition induced by the PCs of a system to generate a decomposition
of the DBN of a complete system creating a minimal DBN from each dynamic PC. We have shown that
this approach allows performing online Consistency Based Diagnosis (fault identification and initial fault
isolation) with the set of minimal DBNs in an efficient manner, because simulation time of every subsystem
is smaller than simulation time of the DBN of the complete system and they can be run in parallel. Initial
isolation capability of the approach is higher than that of the complete DBN, which requires starting the
identification process to isolate faults, because these DBNs are minimal and isolability decision logic is
provided by CBD. CBD exploits minimality of subsystems to obtain maximun isolation information using
only models of correct behaviour.

However, using minimal subsystems do not take advantage of the analytical redundancy of the system,
redundancy that generally improves convergence of any identification algorithm.

Experimental results presented in previous subsection show that minimal DBNs can be used to perform
fault identification, because the faulty DBNs that models the current fault is the only DBN that converges.
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Minimal faulty DBNs may even improve identification stage compared to the complete DBN like first scenario
shows, because DBN6 noticeably improves on convergence speed and parameter value estimation compared to
the complete DBN. However, this good behaviour of minimal DBNs for fault identification is not consistently
achieved, because the opposite behaviour may also be found. See, for instance, the fourth scenario, with
fault R4i, where minimal DBN parameter value estimation is one order of magnitude bigger than the actual
value of the faulty parameter, while the complete DBN estimation differs of the real faulty value just in the
magnitude of the parameter value.

Hence, experimental results confirm the hypothesis that minimal subsystems may not always be the best
option for fault identification with DBNs.

In order to improve fault identification algorithms behaviour, we propose to generate subsystems merging
PCs of the system, and afterwards, generating new DBNs. Our intuition is that merging overlapping PCs,
that is, PCs that have at least one common state variable, may improve the identification stage with DBNs
because of three causes. First, sharing at least one common state variable means that merging them may
exploit the analytical redundancy of the system, because there are options that the shared state variables
are computed by different paths in each PC. Second, merging two PCs, we increase the number of outputs,
which may improve Particle Filtering simulation because of a bigger observational model. Third, there are
opportunities that some observed variables, which are inputs in the PCs, does not occur in the resulting
subsystem, because analytical redundancy may allow estimating its value from other inputs. Given that
observations are affected by noise, reducing the number of observations that are used as inputs to the
subsystem will reduce the global noise introduced into the subsystem, improving again Particle Filtering
simulation.

A criterion to merge minimal DBNs.

Merging PCs to obtain multiple output subsystems was first proposed in [18] in the context of distributed
diagnosis to generate decentralized distributed diagnosis systems. The proposed merging strategy does not
apply to this problem because it looks for different goals. Moreover, it requires the complete system to
be globally diagnosticable, which is not usually the case. But the method to merge two PCs was already
established in the aforementioned work.

Definition 12 (PCs Merging). Given PC1 and PC2, with models My = {X1,U1,{y1}} and My = {X2, Us,
{y2}}, respectively, we denote PC1-2 to the subsystem whose model is My_o = {X1_2,U1_2,{y1,y2}}, where
X2 =U(X1, X2) and U2 = U(U1,U2) — {y1,y2}-

Take into account that although the merging procedure is described in terms of the models state/input/
output description, it has to be performed at equation level. We will illustrate the merging procedure with
PC5 and PC6, whose behaviour is described by equations ¢30, ¢34, ¢36 and ¢80 and ¢33, ¢37 and ¢82,

respectively.

ﬁ4=g—22+(i2—§—i—§—z)*1%2 (¢30)

Ga = i3 (¢33)

42=i2—§—i—§—z (e34)
P5=g—22+(i2—§—i—§—2)*132—v3—v4 (¢36)
b= o i R2 - B2 Ry g (e37)
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Merging PC5 and PC6 generates PC5-6, described by equations ¢30, ¢34, c41, ¢80 and ¢82.

. 2 .. p4t pd
== — = )% R2
b= tle— - ) R (c30)
I I
=y — — — — 4
=TT I (c34)
g2 . pd pd po
Ps = 53 + (i2 Ta L5) * R2 5t R3 — vy (c41)
o4 ps
3=t~ 7/~ IF (¢80)
_ D5
V3= Tek R3 (c82)

The structural effect of merging two PCs is better appreciated if we look at the M EMSs’ structure of
the involved PCs. Consider PC5, whose model is M5 = {{q2,p4,D5}, {2, v3,v4},{i3}} and whose M EM
is shown in Figure 3.56, and PC6, whose model is Mg = {{q2,ps}, {i3,va},{vs}} and whose MEM is
described in Figure 3.57. The subsystem generated merging both PCs is PC5-6, whose model is M5_¢ =
{{q2, P4, 5}, {i2, va}, {i3,v3}} and whose M EM is shown in Figure 3.58.

Figure 3.58 shows how the analytical redundancy of the system allows to completely eliminate vg and
i3 from the inputs of the model of MEM5-6. To compute ps PC5 employs equation ¢36 that needs vs as
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Figure 3.57: MEMG6 of the 12!" Order Electrical Circuit.
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Figure 3.58: MEM of the merging of PC5 and PC6 from the 12*" Order Electrical Circuit.
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input while PC6 has equation ¢37 with i3 as input. Introducing equation ¢82 in ¢36 we obtain equation c41,
vs is no longer an input and ¢37 is no longer needed, eliminating the input i5. MEM5-6 computes ps with
equation ¢41 and it computes the same outputs that the minimal PC5 and PC6 although with two inputs
less.

Once introduced the method to merge two PCs, which is easily extendable to merge any two subsystems,
the next issue we face is deciding which PCs, and how many PCs, are going to be merged. This is a key
aspect, because the merging procedure induces a lattice structure over the set of PCs. Hence, we have to
consider (2% — k) potential new subsystems, being & the number of minimal PCs, which easily grows to a
huge number. In the 12! order electrical circuit, with 9 PCs, we have to consider (2° — 9) potential new
subsystem, as the result of merging different number of PCs. Although the real number of subsystems that
we have to consider may be smaller, because we will only merge subsystems that share at least one state
variable, the number of potential subsystems is still huge. Hence, some criteria is needed to decide on which
PCs to merge.

Taking into account the intuitions stated in the motivation of this section, and considering how PC
merging works, we have developed the following structural heuristic to select the PC to be merged with
another subsystem.

Definition 13 (Structural Merging Heuristic for parameter Identification, SMHI). When merging a PC with
a subsystem to tmprove fault identification, and this PC may be chosen from a set of available PCs, select
the PC to be merged according to the following criteria:

1. Merge only subsystems that have, at least, one state variable in common.

2. If possible, select pairs of subsystems that satisfy the following restrictions, i) one output of the first
subsystem is an input of the second subsystem, and ii) one output of the second subsystem is an input
of the first subsystem.

3. 1If several pairs satify criteria 1 and 2 (or criterion 1 when no pair satisfies criterion 2) choose the pair
that generates the subsystem with the minimum number of state variables.

4. 1If several pairs also satisfy criterion 3, choose the pair that generates the subsystem with the minimum
number of inputs.

5. If several pairs also satisfy criterion 4, choose one at random.

This heuristic, specifically designed to improve parameter identification considering only structural infor-
mation, only merges subsystems that share at least one state variable, to assure that we are dealing with
subsystems that overlap and, consequently, its merging may exploit the analytical redundancy of the system.
Then, the fundamental criterion of the heuristic is criterion 2, which assure that the effect of merging a
PC with another subsystem always add one output to the subsystem while simultaneously decreasing the
total number of inputs, which is the primary effect that we look for with this heuristic. If there is more
than one pair of subsystems that satisfy criterion 2, then we sequentially apply criteria that may improve
fault identification, ranking first minimizing the total number of state variables on the resulting subsystem,
because we prefer smaller subsystems to reduce computational load of Particle Filtering simulation. It must
be noted that there is the possibility that no two PCs satisfy criterion 2. In this particular case, main cri-
terion becomes criterion 3, which prefers pairs that generate subsystems with the smallest number of state
variables.

We can illustrate the effect of this heuristic in the 12" order electrical circuit. Assume that we are
interesting on merging PCs from PC4 to PC7. Given that any pair of these PCs shares at least one
state variable, any element of their pairwise combination satisfies criterion 1. Table 3.12 shows the model
description of the resultant subsystems. From them, there are four pairs that also satisfy criterion 2: PC4-5,
PC5-6, PC5-7 and PC6-7. If no other restriction applies, like for instance the need to include PC4 or PC7
because we want to identify a faulty parameter that only occurs on the fault signature matrix of one of those
PCs, like L3 or C'5, SMHI will select PC5-6 because it is the one with the lesser number of state variables.
Figures 3.56, 3.57 and 3.58 show the overall effect of criterion 2 when creating PC5-6.
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X U Y
PC4 D3, G2 v1, 13 io
PC5 42, P4, D5 i, U3, U4 i3
PC6 D5, G2 vy, 13 v3

PC7 42, 93, P5, D6 i3, U3, Us on
PC4-5 42, P3, P4, D5 V1, U3, Vg | i2, i3

PC4-6 42, P3; P4 V1, U4, 13 | 12, U3
PC4-7 | @, q3, p3, P5, D6 | V1, U3, V6 | T2, V4
PC5-6 D2, P4, Ps5 12, U4 i3, U3
PC5-7 | q2, g3, Pa, P5, D6 | T2, V3, V6 | 13, i4
PC6-7 42, 43, P5; D6 13, Vg V3, U4

Table 3.12: State, Input, Output merged PCs table.

An algorithm to merge minimal DBNs

Algorithm 1 describes a greedy procedure to merge minimal DBNs based on the proposed structural merging
heuristic. Its inputs are the set of PCs, the fault signature matrix and the set of faulty parameters that the
factors must identify. The algorithm returns a sequence of merged subsystems, each one obtained merging
the previous one with the best PC, according to the structural merging heuristic . The algorithm is made
of two basic procedures, selectFirstSubSys and mergePCs. selectFirstSubSys determines the first subsystem
of the sequence. mergePCs builds the sequence iteratively adding the PC selected by SMHI to the current
subsystem.

Algorithm 1: Merging DBN-PCs. Obtains the sequence of PCs to be merged.
Require: PCs, list of PCs to consider; FaultyP, list of faulty parameters; signatureMatriz, the fault
signature matrix.
Ensure: listMerging, sequence of merging proposed by SMHI.

1. preferCandidates = {pcs, pcs € PCs & pes is sensitive to some element from FaultyP according to
signatureMatriz };

otherCandidates = PCs \ preferCandidates;

InitSubSys = select FirstSubSys(PCs, preferCandidates, FaultyP, signature Matriz);
preferCandidates = preferCandidates \ already merged PC's;

listMerging = mergePC's(InitSubSys, preferCandidates, otherCandidates);

return listMerging;

Selecting the first two PCs to create the first non minimal subsystem is critical on the behaviour of the
algorithm. Algorithm selectFirstSubSys performs this task. First, it checks if there are some PCs that can
identify all the considered faults. If this is the case, the SMHI is applied to merge two of these PCs, unless
there is only a single PC that includes all the faulty parameters, in which case this PC is automatically
selected as the Initial subsystem. If no PC accounts for all the faulty parameters, we consider merging as
many PCs as needed to create an initial subsystem sensitive to all the faulty parameters that we want to
identify. To do that, we first compute the set of PCs sensitive to each fault, setF; in line 9. Then, we obtain
all the minimal hitting sets of the collection of setF;. Finally, we select the minimal hitting set with less
state variables and less input variables.

The algorithm mergePCs only have to select the best PC to be merged with the last found subsystem,
starting from InitialSubSys and iteratively applying SMHI. The algorithm includes an additional heuristic:
merge first with PCs that can also identify the faulty parameters, and consider PCs that cannot identify
the faulty parameters afterwards. This heuristic forces merging first subsystems that overlap on the faulty
parameter vicinity so that we exploit analytical redundancy related to the faulty parameter. According to
SMHI, mergePCs stops if no PC shares a state variable with the current subsystem.
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Algorithm 2: Select or create the first subsystem to start up the merging process (selectFirstSubSys)

Require: PCs, list of PCs; preferCandidates, list of PCs sensitive to at least one fault; FaultyP, list of

faulty parameters; signatureMatriz, the fault signature matrix.

Ensure: InitSubSys, the PC or PC merging to start with.

1:

—_
M2

13:
14:
15:
16:

selectPreferCandidates = {pcs, pcs € preferCandidates & pcs is sensitive to all elements from FaultyP

%

if (|selectPreferCandidates| == 1) then
InitSubSys = PC from selectPreferCandidates;
else

if (|selectPreferCandidates| > 1) then
InitSubSys = the best merging of two PC from selectPreferCandidates;
else
for each fault; € FaultyP do
setF; = {pcs, pcs € preferCandidates & pes is sensitive to fault; };
end for
InitialSubSysCandidates = collection of Minimal Hitting Set of setFj;
SmallSubSysCandidates = elements of InitialSubSysCandidates with minimum number of state
variables;
InitSubSys = element of SmallSubSysCandidates with minimun number of inputs;
end if
end if
return InitSubSys;

Algorithm 3: MergePCs routine (mergePCs)

Require: currentSubSys, subsystem to start the process; preferCandidates list of preferred candidates to

merge; otherCandidates list of other PCs canditates.

Ensure: [listM, sequence of merging proposed by SMHI.

1:
2:
3:

11:
12:
13:
14:

listM = { currentSubSys }

while (3 pc € preferCandidates & stateVar(pc) N state Var(currentSubSys) # ¢) do
bestPC = Select best pc € preferCandidates to merge with currentSubSyst;
Remove bestPC from preferCandidates;
currentSubSys = merge(best PC, currentSubSys);
Add currentSubSys to listM;

end while

while (3 pc € otherCandidates & stateVar(pc) N state Var(currentSubSys) # ¢) do
bestPC = Select best pc € otherCandidates to merge with currentSubSys;
Remove bestPC from otherCandidates;
currentSubSys = merge(bestPC, currentSubSys);
Add currentSubSys to listM;

end while

return listM;

Faulty parameter Sequence of merged PCs

Cza PC5-6 | PC4-5-6 | PC4-5-6-7 | PC4-5-6-7-8 | PC4-5-6-7-8-9
Lsi PC4-5 | PC4-5-6 | PC4-5-6-7 | PC4-5-6-7-8 | PC4-5-6-7-8-9
Roi PC5-6 | PC4-5-6 | PC4-5-6-7 | PC4-5-6-7-8 | PC4-5-6-7-8-9
Ry,i PC5-7 | PC5-6-7 | PC4-5-6-7 | PC4-5-6-7-8 | PC4-5-6-7-8-9

Table 3.13: Sequence of merged subsystems for the four scenarios.
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Table 3.13 shows the sequence found by Algorithm 1 for the four scenarios of our case study and its
nine PCs. For parameters Cy and Ry, that algorithm has to consider four candidates to create the initial
subsystem, PC4, PC5, PC6 and PC7, the four PCs that can detect these faults. In this case the initial
subsystem is PC5-6, whose M EM is shown in Figure 3.58. Parameter Ls is only detected by PC4 and it
becomes the initial subsystem. Afterwards, SMHI selects PC5 as the best PC to be merged with it, to create
subsystem PC4-5. Similarly, PC7 is the only PC that includes parameter R4 and it becomes the initial
subsystem. For PC7, SMHI chooses PC5 creating the subsystem PC5-7. The four sequences converge in
the third step to PC4-5-6-7. Then, Algorithm 1 first add PC8 and finally PC9. It stops with subsystem

PC4-5-6-7-8-9 because PC1, PC2 and PC3 do not share any state variable with this last subsystem.

Testing merged DBNs.

Convergence times Sequence of Merged DBNs

Faulty P. | Complete| Best Min. | DBN5- | DBN4- | DBN4- DBN4- | DBN4-
DBN DBN 6 5-6 5-6-7 5-6-7-8 5-6-7-8-

9
Cqa 507 (88) 343 (4.2) 331 (91) | 318 (35) | 377 (120) | 301 (0.0) | 327 (83)
Roi 301 (0.0) | 309.1(8.2-10=°) | 301 (0.0) | 301 (0.0) | 301 (0.0) | 301 (0.0) | 301 (0.0)
Complete| Best Min. | DBN4- | DBN4- | DBN4- DBN4- | DBN4-
DBN DBN 5 5-6 5-6-7 5-6-7-8 5-6-7-8-

9
Lsi 371 (0.0) | 394.2 (6.1-107°) | 324 (34) | 330 (17) | 460 (210) | 310 (7.4) | 332 (16)
Complete| Best Min. | DBN5- | DBN5- | DBN4- DBN4- | DBN4-
DBN DBN 7 6-7 5-6-7 5-6-7-8 5-6-7-8-

9
R4i 363 (11) 346 (5.7-1073) | 358 (37) | 360 (18) | 323 (5.9) | 324 (2.7) | 359 (28)

Table 3.14: Convergence time for the merged DBNs in the four scenarios. Standard deviation is shown in

brackets.

Convergence values Sequence of Merged DBNs
Faulty P. Complete | Best Min. | DBN5-6 | DBN4-5- | DBN4-5- | DBN4-5- | DBN4-5-
DBN DBN 6 6-7 6-7-8 6-7-8-9
C.a(20) 279 (1.1) | 23.8 (4.2) 21.2 (2.8) | 22.29 23.1 (1.1) | 23.5(6.7) | 22.54
(1.0) (0.8)
R2i(0.001) | 0.0011 0.0010 0.0010 0.0011 0.0011 0.0011 0.0011
(9.3-107°) | (8.3-1075) | (3.8-107°) | (3.1-1075) | (2.1-107°) | (1.6-1075) | (8.1-1079)
Complete | Best Min. | DBN4-5 | DBN4-5- | DBN4-5- | DBN4-5- | DBN4-5-
DBN DBN 6 6-7 6-7-8 6-7-8-9
L3i(-0.005) | -0.0051 -0.0056 -0.0055 -0.0052 -0.0051 -0.0058 -0.0052
(5.8-107°) | (6.0-1075) | (2.2-107%) | (3.4-107%) | (1.2-107%) | (1.6-107%) | (2.7-1079)
Complete | Best Min. | DBN5-7 | DBN5-6- | DBN4-5- | DBN4-5- | DBN4-5-
DBN DBN 7 6-7 6-7-8 6-7-8-9
R4i(0.002) | 0.0018 0.0204 0.0019 0.0020 4.0 -107° [ 5.9 - 1077 | 0.0020
(2.5-107%) | (5.7-1073) | (3.9-107%) | (3.0-107%) | (9.5-107°) | (6.5-1075) | (2.3-107%)

Table 3.15: Convergence value for the merged DBNs in the four scenarios. Standard deviation is shown in

brackets.

Tables 3.14 and 3.15, show, respectively, the time to converge and the estimated value of the faulty
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parameter for all the merged DBNs proposed by SMHI, and allows comparison with the complete DBN and
with the minimal DBN that provides the most accurate estimation of the faulty parameter.

For fault Csea the first merged DBN of its sequence, DBN5-6, obtains the best estimation of the faulty
parameter, although DBN4-5-6 performance is comparable, it has a smaller standard deviation and converges
slightly quicker. Both of them improve on the best minimal DBN for this fault, DBN6. The improvement
against the complete DBN is rather important as shown in table 3.16. Adding more minimal DBNs deterio-
rate fault identification, except for the last subsystem that obtains an acceptable estimated value with the
smallest standard deviation of the sequence.

The behaviour of the subsystems follows a different pattern for Rei. All faulty DBNs require the same
time to converge and only DBN5-6 converges to the real faulty value. The remaining subsystems converge
to the same value than the complete faulty DBN. Improvement of DBN5-6 over the complete DBN is small.

For fault Lgi, the first subsystem of its sequence improves on the only minimal DBN that can identify
it, DBN4. The most accurate estimation is obtained by DBN4-5-6-7 although the overall best behaviour is
achieved by subsystems DBN4-5-6 and DBN4-5-6-7-8-9 which converge quicker than the complete DBN to
a comparable value.

Fault R4i could only be identified by DBN7, although it converges to a value one order of magnitude larger
than the real faulty value. The first subsystem of the sequence, DBN5-7 highly improves the behaviour of
DBNTY computing a good estimation of the parameter value. Overall best behaviour is achieved by DBN5-6-7
and DBN4-5-6-7-8-9, that estimate the real faulty parameter and converge slightly quicker than the complete
DBN. The behaviour of the remaining DBNs of the sequence is deficient.

Considering the general pattern of the merged DBNs sequences behaviour, several interesting features can
be pointed out. First, in every case the first subsystem of the sequence improves or equals the best minimal
DBN. We have made additional tests to check the behaviour of other combinations of two minimal subsystems
and, in every case, the initial subsystem selected by SMHI outperforms them. Second, improvement on the
estimation is not monotonous and adding some subsystem to a well behaved one may even severely deteriorate
the behaviour. Combination of three minimal DBNs behaves consistently well in the four scenarios, with
good estimations and equal or smaller convergence times than the complete DBN. This consistently good
behaviour is also reproduce by the last subsystem, combining subsystems 4, 5, 6, 7, 8 and 9 with the
additional advantages that it obtains the smallest standard deviation in the four scenarios and that it is the
same subsystem for every system parameter, except for Ry, Li and Ls.

Error rate Sequence of DBNs
Faulty P. | Complete | Best 2 DBNs | 3 DBNs | 4 DBNs | 5 DBNs | 6 DBNs

DBN min.

DBN

Cqa 39.4 18.80 5.85 11.45 15.65 17.70 12.70
R-i 10.00 0.00 0.00 10.00 10.00 10.00 10.00
Lsi 2.00 12.00 10.00 4.00 2.00 16.00 4.00
Ru4i 10.00 920.00 5.00 0.00 97.98 99.97 0.00

Table 3.16: Error rate (%) for the DBNs sequence in the four scenarios.

Tables 3.16 and 3.17 summarize the behaviour of all the subsystems in terms of the number of minimal
DBNs merged. Table 3.16 shows the error rate of the DBNs. It clearly shows that minimal DBNs do not
necessarily improve the estimation of the complete DBN, although we can find a configuration that improves
or equals the behaviour of the complete DBN. It also shows that, in the tested scenarios, merging two minimal
DBNSs improves the estimation of the best minimal DBN. Merging three and six DBNs yields consistently
good behaviour. Particularly interesting is merging six DBNs, because the resulting DBN is the same in the
four scenarios and it is the last DBN generated by the SMHI because it does not share any state variable
with DBN1, DBN2 or DBN3. Table 3.17 shows the relative improvement of convergence time of the different
DBNSs respect to the DBN of the complete system. A negative value means that a DBN converges faster
than the DBN of the complete system. The table shows that most of the DBNs converge faster than the
complete DBN. Significant exceptions are the best minimal DBNs for Ryi and Lsi. Only one merged DBN
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Convergence time improvement Sequence of DBNs
Faulty P. | Best 2 DBNs 3 DBNs | 4 DBNs | 5 DBNs | 6 DBNs
min.
DBN
Cza -32.4 -34.8 -37.3 -25.8 -40.7 -35.5
Roi 2.7 0.0 0.0 0.0 0.0 0.0
Lsi 6.3 -12.7 -10.9 24.0 -16.3 -10.5
Ry,i -4.8 -1.5 -1.0 -11.2 -10.8 -1.3

Table 3.17: Convergence time improvement (%) comparing DBNs of the sequence and the complete DBN in
the four scenarios.

is slower than the complete DBN. We can see that merging the best minimal DBN with the minimal DBNs
selected by SMHI always reduces convergence time with respect to the complete DBN. And merging three
and six DBNs consistently reduces convergence time in the three scenarios. For Rsi merged DBNs require
the same time to converge than the complete DBN.

3.7 Discussion and conclusions

We have presented a method to decompose the DBN of a dynamic system into several minimal DBNs, based
on the Possible Conflicts framework. The decomposition consist of finding the PCs of the dynamic system
and transforming the computational models provided by their MEMs in DBNs, that are minimal because
PCs are minimal. These minimal DBNs allow performing online CBD of dynamic systems, using only models
of correct behaviour. Hence, we can perform fault detection and partial fault isolation with these minimal
DBNs. This is a clear advantage compared to other approaches to fault diagnosis with DBN models [41]
that requires simulating the DBN of the complete system extended with additional nodes to identify the
values of potential faulty parameters or resorting to additional techniques to perform fault isolation [103].
This factoring has another practical advantage: simulation computing time can be highly reduced, as the
results of the experiments have shown. This saving in computing time depends, at least, on the relative size
of the minimal DBNs respetc to the DBN of the complete system, which in turns depends on the system
redundancy and ovelaping, i.e. the number of sensors and their allocation. With few sensors, like in the
running example of the three-tank system, minimal DBNs executing time is comparable to the excuting time
of the DBN of the complete system. In systems with high redundancy, like the 12" order electrical circuit,
the saving may be important.

We have also developed a method to perform fault identification of dynamic systems based on merging
minimal DBNs. The method is based on merging the MEMs of two or more PCs and then transforming the
resulting MEM in a DBN. Experimental results show that minimal DBNs are not always the best option to
perform fault identification. Convergence speed and accuracy usually improves just merging two PCs. We
have developed a heuristic, SMHI, oriented to identify the best initial merging and the best merging strategy
to add more minimal DBNs until we obtain a subsystem that does not overlap with any other minimal
DBN. Improvement of the subsystems behaviour along the sequence is not monotonous, which seems to be
a consequence of exploiting only structural information. Sensitivity of the DBNs to changes in the faulty
parameters should be taken into account if we need to find the best subsystem for fault isolation. Nevertheless,
the results of the experiments previously discussed suggest that the last subsystem of the sequence has the
potential to improve the accuracy obtained with the complete DBN reducing also convergence time, while
being competitive with the behaviour of the best minimal DBN. From a practical point of view, having a
small number of subsystems to identify all the parameters of the system simplifies the design of the diagnosis
system, and we can always resort to a particular merged subsystem if our priority is maximizing the accuracy
of parameter fault identification. However, more experimental work should be done to confirm the existence
of a common merged subsystem that performs well for a given set of faulty parameters.

Although some other methods have been proposed to decompose a DBN, nearly all of them obtain a
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decomposition that approximates the original DBN. In contrast, the decomposition induced by the PCs
of the system generates exact DBNs, in the sense that all the minimal DBNs are obtained from the state
space equations model of the system and no approximation is introduced. To the best of our knowledge
only the proposal of [105] generates an exact factoring of the original DBN. A recent work that proposes
exact simplification of Bayesian Networks is [27]. It develops a method based on variable elimination that is
related to PCs search of MEMs for a given MEC. However, it only applies to static bayesian networks and
does not pretend to decompose the original DBN but to compile part of it to improve simulation time.

The approach of [105] is rather different from the PCs decomposition. It is based on searching conditional
independent subsystem that allows partition of the complete DBN in a set of factors. Additionally, each
factor has to be structurally observable; otherwise, state estimation is not feasible. Hence, the process to
derive the factors has three steps: 1) Generate a maximal factoring; 2) Test observability of each factor; 3)
Merge unobservable factors. The first step, finding the maximal factoring, requires substituting some state
variables for algebraic equations involving some measurements. There are some freedom degrees in this initial
selection. Consequently, the decomposition induced is not unique but depends on a user selected parameter.
Moreover, the method cannot cope with faulty parameters occurring at the algebraic equations used to
eliminate state variables. In contrast, Minimal DBNs do not have this limitation: what they can detect and
diagnose only depends on the diagnosability of the complete system. Finally, as long as the complete system
is redundant PCs decomposition can find a minimal DBN to decompose the system, although if redundancy
limits to the presence of one sensor this minimal DBN may comprise the whole system. On the contrary, the
method of [105] generates initial factors that may be unobservable. Afterwards, it uses a heuristic to merge
factors looking for observable factors. Because this search is not exhaustive, it does not guarantee to find an
observable factor until it reconstructs the initial complete DBN. Hence, it may not find a decomposition of
the system when there is one.

As a summary, we can point out the following conclusions:

e We have proposed a new approach to decompose the DBN of a system into a set of minimal DBNs.
This decomposition has the advantage of being exact and unique.

e From the point of view of the application of DBNs for fault diagnosis of dynamic systems, the proposed
approach allows performing consistency based diagnosis, i.e. fault detection and partial fault isolation,
using only models of correct behaviour. From a practical point of view it facilitates online CBD
because computing time of the minimal DBNs is smaller than the computing time of the complete
DBN, specially if we distribute minimal DBNs computation.

e A merging strategy of minimal DBNs has been proposed to find subsystems with good behaviour for
fault identification. Experimental results have shown that when minimal DBNs or the DBN of the
complete system do not produce accurate enough estimations of a faulty parameter, the proposed
strategy may find subsystems that outperform them, both in terms of accuracy of the estimation and
smaller computing time.
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Chapter 4

Hybrid systems fault diagnosis with
Possible Conflicts: a HBG-PC
approach.

Possible Conflicts can be used in Consistency-based Diagnosis of Continuous systems. At the same time,
many systems in our daily lives have some kind of discrete behaviour. Hence, it seems necessary to extend
the PCs approach for diagnosing hybrid systems (we focus on those systems that have continuous behaviour
commanded by discrete events, that generates different working modes).

Modeling and diagnosis of hybrid systems is a well-known field in Model-based diagnosis. In this disserta-
tion we will focus our modeling approach on Hybrid Bond Graphs, HBGs, that have several advantages over
other methodologies, specially that we do not need to enumerate every possible mode. In HBG modeling,
discrete behaviour is introduced as special junctions in the Bond Graph, known as switching junctions.

In this Chapter we propose to characterize Possible Conflicts in the Bond Graph framework, to later
extend the definition for hybrid systems using HBGs, leading to the Hybrid Possible Conflict, HPC or HBG-
PC, concept. Main contribution of the new approach is that the set of HPCs in the system for any working
mode can be obtained from the set of HPCs when every switching junction in the system model is set to
ON. Main advantage of the approach is that we can track system behaviour by tracking smaller subsystems
and analyzing only the discrete changes locally to each HPC.

The presence of switching junctions in hybrid systems introduce a new potential family of faults: discrete
faults, that are defined as faults in actuators. These faults introduce highly non-linear behaviour in the
system, that must be quickly isolated. In this Chapter, we present a unifying framework for Fault Detection,
Isolation and Identification of both parametric and discrete faults using HBG-PCs. In this proposal we are
capable to isolate discrete faults combining both structural and qualitative information from the set of active
Possible Conflicts, and consequently update the new set of PCs for the new working mode. The proposal is
tested in simulation for a four-tank system.

4.1 Motivation

Hybrid systems are frequently found in many engineering fields. It is vital that they work in a nominal and
safe state, that is the reason why fault diagnosis in hybrid systems has to be accurate and efficient. The
hybrid systems we focus on have a continuous behaviour controlled by discrete events. The behavioural
model of this kind of hybrid systems is made up of the continuous behavioural model of each working mode
and the discrete events which trigger the changes between them.

There are many proposals in the DX community for fault diagnosis of hybrid systems. They are based
on hybrid modeling [76, 83], hybrid state estimation [58, 101], or combination of online state tracking and
residual evaluation [11, 9]. Analysing all of them, they present at least one of the following difficulties:

e It is necessary to pre-enumerate all possible configurations or modes in the system, as well as building
models for all of them.
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e They need to determine somehow the actual woking mode, including the actuators’ configuration and
the continuous behaviour.

Some authors have proposed hybrid bond graphs [77] as a modeling technique for hybrid systems. The
main advantage is that they do not need a pre-enumeration of all possible modes to track the system
behaviour. Among hybrid bond graphs (HBGs) there are two main approaches: (1) Use switching elements
with fixed causality to model the actuators changing the parameter values [47, 15, 42, 50], and (2) Use ideal
switching elements with a change in causality when a change in a switch happens (there is not any change
in parameter values due to the mode change)[84]. The second approach will be used in our proposal, as we
will explain later in this chapter.

There are some assumptions that must be presented first:

e The actual system configuration, i.e. working mode, is known before a fault occurs.

e The hybrid systems that can be diagnosed with this approach have only discrete actuators: ON/OFF.
That is, they connect or disconnect a path or a subsystem but they do not connect alternative paths
or subsystems.

e The hybrid bond graph model of the complete system considering all switches are ON has a global
valid causal assignment.

4.2 Hybrid Bond Graph Modeling

Bond Graph (BG) modeling approach have been presented in Chapter 3 as a domain-independent energy-
based topological modeling language for physical systems [64].

Hybrid Bond Graphs (HBGs) extend BGs by including idealized switching junctions to allow mode
changes in the system. If a switching junction is set to ON, it behaves as a regular junction. When it changes
to OFF, all bonds incident on the junction are deactivated forcing 0 flow (or effort) for 1 (or 0) junctions.
Those junctions are implemented as a finite state machine control specification (CSPEC). Transitions between
the CSPEC states can be triggered by endogenous or exogenous variables, called guards. CSPECs capture
controlled and autonomous changes as described in [106]. Figure 4.1 shows the two configurations of the

ideal switching junction 1.

Sf:0
~ 1, — —|Sf:0  Sf:0 b—>

(a) ON configuration (b) OFF configuration

Figure 4.1: Semantics of a switching junction 1.

4.3 Structural decomposition for hybrid systems

As we previously described, main advantage of using hybrid bond graph models is that pre-enumeration of
modes in the system is not necessary. However, the main concern of this modeling approach when applied to
fault diagnosis of hybrid systems [84] is related to the high time consuming task of causality reassignment for
the entire bond graph model. Moreover, during this causality reassignment process, the diagnoser needs to
stop tracking the behaviour of the system, making it sensitive to miss faults that occur during (or immediately
after) such reassignment process. This drawback will be solved in our proposal, as it will be explained later.

Typically, changes in causality do not propagate, or only a small part of the model needs causality to be
reassigned [106]. Moreover, when causality needs to be reassigned, the changes will be local to the hybrid
junction. Hence, if we are able to identify the complete set of minimal subsystems for a hybrid system model,
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only a subset of these subsystems will be susceptible to suffer from causality reassignment, while the rest of
the subsystem will remain with no modifications and will be able to keep on tracking the behaviour of the
system.

The proposal of this dissertation consists of decompossing a hybrid system using Possible Conflicts. Then,
we have to extend the PCs formalism to the BG framework and more precisely we will use HBGs for Hybrid
Systems diagnosis. We will call this new concept Hybrid Possible Conflict, or HBG-PC. In order to define
HBG-PCs we proceed first by defining PCs in the BG framework for continuous behaviour estimation, then
extending the definition to cope with hybrid behaviour.

4.3.1 Possible Conflicts for Hybrid Systems (HBG-PCs)

Definition 14. (BG) A BG is a connected graph that is made up of elements and bonds: {E,B}, where
E = StUM. M applies for sensors (De,Df) and St, the set of structural elements, is made up of
St =SUPSV UJ;. S represents Effort or Flow Source elements (Se, Sf). PSV applies for passive elements
(resistance, R, capacitance, C, or inductance elements, I). J; is the total set of junctions: J, = JUT, where
T are transducers (transformers TF, and gyrators GY ), and J are the set of 0- and 1-junctions.

FEach one of these elements is connected through a set of bonds, B C E x E. Not every relation between
elements e;, e; is allowed for each bond by, € B:

o for each (ej,ej) € B, e; € J, orej € J; or (e;,e5) € Jt

Exceptionally there could be combinations of one source and one passive element that would not respect
that generic rule, but we do not consider those systems as significant for the fault diagnosis field.

Usually, BGs are extended by adding a number to each bond, in order to facilitate the enumeration of
each effort and flow variable.

/]8 :’ 2 5 z‘> Del

Figure 4.2: Bond Graph model of a system.

Figure 4.2 shows an example of a bond graph model. Each b, € B represent a relation or equation among
system (effort and flow) variables. The set of equations provided by a valid BG model can be expressed as
state-space equations or as input-output models. The elements in S U PSV provide the behavioural model
by means of the set of its constituent equations. The elements of J; provide the structural model of the
system. The set M determines which variable in the system can be observed (the so called observational
model in the FDI approach to MBD and that we have called the diagnosis observational model in Chapter
3).

A detailed description of BGs as modeling tools, and the rules to design valid BGs can be found in
[65, 25, 24]. A formal description of the BG graphical model can be found in [84].

Causality expresses computational dependencies between effort and flow variables in a BG [106]. A BG
with a valid global causal assignment and without sensors defines a just-determined set of equations, where
S elements are the exogeneous variables or inputs [108].

A BG with a valid causal assignment, VC'A, is known as a Causally Enhanced BG [82] or Causal BG
[108]:

Definition 15. (Causal BG) It is a BG = {E, B}, where each bond, b; € B C E x E is extended with
a label causality = {"ef fort”,” flow”}, that signals which variable (effort or flow) fix the causality in the
bond: b; = (e;, e;, causality).

71



4. Hybrid systems fault diagnosis. A HBG-PC approach

The information provided by this definition can be graphically represented as vertical strokes in the
bonds, determining which effort/flow is computed in a given bond [108]. For instance, given two elements,
ei, e, and a causality assignment, effort/flow:

o (e;,e;,”ef fort”) means that e, imposes the effort and e; imposes the flow, and the causal stroke is
represented as in Figure 4.3 a).

e conversely, (e;,e;,” flow”) means that e; imposes the flow and e; imposes the effort, and the causal
stroke is represented as in Figure 4.3 b).

effort effort
% e
e; e;
e —e =
e
flow flow
(a) e; imposses the (b) e; imposses the
effort in the bond. flow in the bond.

Figure 4.3: Causality assignments marked with a vertical stroke.

ly Df, R, R,
N
13 ,”‘ 2T Tf‘ ,~> De,
Sf s 0 > 1t~ g 212~ g 7
[
o

Figure 4.4: Bond Graph model of a system with a valid global causal assignment.

Figure 4.4 presents and example of a BG with a valid global causal assignment. From now on we will
talk about BGs as Casual BGs. Only when it is necessary we will make a difference between Causal and
Non-causal BGs.

An important property of a 1- (0-) junction is that only one bond imposes the flow (effort) at the junction.
This bond is called determining bond. In the graphical representation, the determining bond of a 1- junction
has the causal stroke out of the junction while the determining bond of a 0- junction has the causal stroke
in the junction. The remaining bonds of the 1- (0-) junction have the causal stroke in (out of) the junction.
For instance, in Figure 4.4 bond 9 is the determining bond of the 1- junction where flow is measured and
bond 6 is the determining bond of the 0- junction where effort is measured.

There are systematic rules to assign a valid global causality to a given BG [108]. However, a valid BG
may not have a VCA. The absence of a VCA in a BG is usually due to the fact that the system being
modeled is not physically feasible, like for instance if we directly or indirectly connect in parallel two effort
sources without a passive element. This absence of VC' A might also be due to some modeling simplifications.
If a valid causal assignment exists it can be provided by the SCAP algorithm [65] or other similar algorithms.
Once causality is introduced, the equations must be ordered to provide a valid simulation model.

Adding sensors M to an extended valid BG introduces analytical redundancy in the system model, because
we can at least estimate and observe each variable related to a sensor. As it is the usual procedure in Fault
Detection and Diagnosis, sensors can be the source of discrepancies. This is the main idea behind building
ARRs or DBGs for FDI using BGs [108], because using sensors as output and sources of discrepancies
provides structural independent residuals. PCs also rely on these concepts although they are not defined on
the BG framework. Extending the concept of PCs to BGs requires finding the set of subsystems in a BG
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with minimal analytical redundancy which in turns requires introducing the following terms: Degenerated
Junction, Sub Bond-Graph and Redundant Sub Bond-Graph.

Definition 16. (Degenerated junction (Jq)) A degenerated 1- junction (equivalently 0-) is a one-port element
that must be obtained from a valid 1- junction in a BG that is connected to a Df (equivalently De) sensor
or a source, Sf (equivalently Se). Given a bond, b, and a measurement D fy, the 1- degenerated junction
introduces the following model:

e a) fy = Dfy (instead of the set of equalities fo = fo, fe = [b, that an original three-port 1- junction
with determining bond b would have provided). 1If b is linked to a source, the expressions would be

similar (fo = Sf1).
e b) there is no restriction for the conjugated variable, e; (instead of e, = e, + €.).

It can be seen that degenerated junctions provide the value for exactly one variable, of exactly the same
type (effort/flow) of the adjacent measurement or source. Also, creation of a degenerated junction requires
dualizing the sensor.

Definition 17. (Sub Bond Graph (sBG))A sub Bond Graph, sBG, derived from a bond graph, BG = {E, B},
is a partial connected subgraph: sBG = {FE',B'} | E' = St' UM’ and St' = 8" U PSV' U J with S" C S,
PSV' C PSV, M'C M and B C E' x E' C B. J = J,JJ,, J, CJ, and J, is a set of zero or more
degenerated junctions. Additionally if jq € J) was derived from j, € J then j, ¢ J}.

To simplify notational burden, we will denote sBG C BG when sBG is derived from a BG.

sBG is a partial subgraph from a BG that is made of some of the constituent elements of BG, and also a
set of junctions J, from the original BG. But there is also a potentially empty set of new junctions, Jg4, that
we call degenerated. These new types of 1- and 0- junctions will be used to split the BG in terms of sources
or measurements and they are used to determine the value of a flow/effort variable. If j; is a degenerated
junction derived from an original junction j, € J, then by definition j, ¢ J!. Figure 4.5 shows a sBG
obtained from the BG shown in 4.4. It has only one degenerated junction with a dualize effort sensor.

De,

Figure 4.5: SubBG derived from the BG model in Figure 4.4

As it was mentioned before, each valid BG, without sensors, defines a just-determined set of equations.
Once we introduce observations or sensors in M, there will be redundant information. This can be also the
source of discrepancies or residuals that can be used for diagnosis purposes.

Depending on the number of measurements in the sBG, it will provide a just-determined or an over-
determined, but never an underdetermined, set of equations, derived from its constituent and structural
equations'. Because we look for analytical redundancy, we define:

Definition 18. (Redundant Bond Graph (RBG)) A RBG is defined as a sBG whose underlying model has
analytical redundancy.

The subBG of Figure 4.5 is also a RBG, due to the presence of sensor D fi.
Now we have the tools to define a bond graph subsystem that contains the minimal necessary elements
to find a PC:

1 This property of a sBG must be enforced by construction. Later on, we will provide the algorithms to build PCs based on
sBGs that guarantee such requirement.
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Definition 19. (BG Possible Conflict (BG-PC)) Given a wvalid BG with a VCA, a BG-PC is a RBG,
{Epe, Bpe}, Epe = Stpe U My, such that BG — PC C BG and BG-PC is minimal in the sense that 3
RBG' C BG with RBG' C BG-PC.

The existence of a BG-PC C BG requires that BG had analytical redundancy. Note that this definition
implies that 3 d’ € M, such that the VCA of BG-PC allows estimation of d’ from dualized sensors and/or
sources: d' is the discrepancy node. The discrepancy node is unique (otherwise BG-PC is not minimal).
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Figure 4.6: BG-PC derived from the BG model in Figure 4.4

Figure 4.6 shows an example of a BG-PC derived from the BG shown in Figure 4.4. The set of equations
of a BG-PC is by definition overdetermined minimal in the sense that if we eliminate any of its equations we
can not compute all its variables. However, to fully understand the calculation process of the discrepancy
node, d’, within the BG-PC, usually a causal graph is used. We will introduce a special causal graph which
will allow us to analyze the effects of changing causality (or adding or removing bonds due to changes in
switching junctions) from a purely structural and causal point of view.

Hence, we need additional concepts already introduced in [1] and that are defined from a causal graph
named Temporal Causal Graph, or TGC, [76]. TCGs can be automatically obtained from a BG model with
a VCA and are defined as:

Definition 20. (Temporal Causal Graph (TCG)) A TCG derived from a bond graph model, BG, is a directed
labelled graph < V,L,B >. V s a set of vertices or nodes, V. = EUF. E and F are the sets of effort,
respectively flow, variables in BG. L is the label set {=, 1, —1, p, p~ 1, pdt, p~tdt } (where p are the names
of the parameters, St U T, in BG). B C V x L x V is a setl of edges derived from the set of bonds in BG.B.

The dt specifier indicates a temporal edge relation, which implies that a vertex affects the derivative of its
successor vertex accross the temporal edge.
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Figure 4.7: Temporal Causal graph derived from the BG in Figure 4.4 (dotted circles mark sensors).

Figure 4.7 presents the temporal causal graph derived from the BG model example presented in Figure
4.4. In the TCG in Figure 4.7 we have marked with a dotted circle the sensors of the BG model. Those
variables that can be meassured or estimated are the source of analitycal redundancy. Temporal causal
graphs are very useful for fault isolation and identification because they allow us to establish relationships
between qualitative fault signatures for residuals in the presence of faults, and parameters involved in such
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signature estimation [76, 84]. It is known that PCs can be directly computed from a TCG derived from a
BG [23].
Now, we can introduce the definitions that will help analizing BG-PCs, already introduced in [20]:

Definition 21. (Causal Path in a TCG) A causal path in a TCG model < V, L, B >, between two nodes,
V1, U, is CP={V',B'}, V! ={v1,...,u,} CV, and B" C B, such that the start node vy € M US in BG,
the end node v, € M in BG, and the edges {(vi,vit1)|i = 1,...,n — 1} C B form a directed path from the
start to the end node.

We do not include the labels in the definition for the sake of readability because they are not relevant for
our reasoning.

Definition 22. (Minimal Causal Path in a TCG) A causal path in a TCG between two nodes, vi and vy,
is minimal if the following holds:

e Only the start, vi, and the end node, v,, can be a source or a measurement, i.e., v; ¢ M U S for
2<j<n-—1.

e A node can only appear once in a causal path, i.e., v; # vj, ¥i,j such that i # j.

Definition 23. (Closed Causal Path) A causal path in a TCG, V., between two nodes, v; and vy, is a
closed causal path if the following conditions are fulfilled:

1. v; = vy.
2.0, ¢ MUS for2<j<n-—1.

Definition 24. (Minimal Causal Subgraph (MCS)) A minimal causal subgraph in a TCG is a directed graph
with a set of vertices Vies = {v1,v2,...,0,} CV, where

1. one node, v, € M, is the destination node,
2. one or more nodes, {vs1,,...,Vsk, } C M US are start nodes, and

3. it is made up of the set of minimal causal paths {vsp, , Vshys - - -, Un } and closed causal paths {vy,, ..., vm}
found from the set of start nodes to the destination node, v,,.
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Figure 4.8: Minimal Causal Subgraph (MCS), in bold, derived from the TCG in Figure 4.7.

Figure 4.8 shows a MCS derived from the TCG of Figure 4.7. The destination node, which is measured,
is marked with superscript d. This figure also shows that this MCS is the TCG of the BG-PC of Figure 4.6
(although in general the TCG of a BG-PC may include additional equations and variables).

A MCS describes how to estimate its destination variable from a minimal number of sensors and /or
sources. The set of equations of a MCS are overdetermined minimal in the sense that none of its proper
subsets is redundant.

We are going to extend the concept of MCS to describe minimal causal graphs that allow estimation of
any destination node from a minimal set of variables, not necessarily limited to sensors and/or sources. Some
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of these variables will be named inputs, generalizing the concept of input to any desired variable. These
generalized inputs are not the real inputs of the system, i.e. they are not limited to sources. They are
conceived as a device to break a path at the desired variable, which becomes an input:

Definition 25. (Input Causal Path (ICP)). A causal path in a TCG model < V, L, B >, between two nodes,
V1, Up, s ICP ={V' B}, V' ={v1,...,v,} CV, and B’ C B, such that the input node vi ¢ M US in
BG, the end node v, € M in BG, and the edges {(vi,viy1)|li = 1,....,n — 1} C B form a directed path from
the start to the end node.

Definition 26. (Minimal Input Causal Path (MICP)). An input causal path in o TCG model < V,L,B >,
between two nodes, v1, Uy, is minimal if the following holds:

e Only the end node, v, can be a source or a measurement, i.e., v; ¢ MUS for 1 <j<n-—1.
e A node can only appear once in a causal path, i.e., v; # vj, Vi,j such that i # j.

Definition 27. (Minimal Input Causal Subgraph (MICS)) A minimal input causal subgraph in a TCG is a
directed graph with a set of vertices Vipics = {v1,v2,..., v, €V, where

1. one node, v, € M, is the destination node,

2. a potentially empty set START = {vs1,,...,0sk, } C M US are start nodes,

3. a potentially empty set INPUT = {v;1,,...,vy, } | INPUT N (M US) =0 are input nodes,

4. STARTUINPUT # 0 and

5. it is made up of the set of minimal causal paths, {vsp,, ..., v, }, minimal input causal paths, {vij,,...,vn}
and closed causal paths {vp,...,vm} found from the set of start and input nodes to the destination

node, vy, with the restrictions:

o A {ven,,...,vn} MOP | 3v; € INPUT & v; € {shyy---,Un}
° ﬂ{vijl,...,vn} MICP ‘ Jv; € START & vie{vijl,...,vn}

By definition, if we add to the BG model of the system a sensor to every input node of a MICS; it
becomes a MCS.

Similarly, the former input causal paths and subgraphs can be extended to the case when the destination
node is not measured, transforming them in potential causal paths and subgraphs. For the sake of brevity,
we only provide the definition of Possible Minimal Causal Subgraph:

Definition 28. (Possible Minimal Causal Subgraph (PMCS)) A possible minimal causal subgraph in a TCG
is a directed graph with a set of vertices Vpmes = {v1,v2,...,0,} CV, where

1. one node, v, ¢ M, is the destination node,

2. a potentially empty set START = {vs1,,...,0s, } C M US are start nodes,

3. a potentially empty set INPUT = {v;1,,...,vy, } | INPUT N (M US) =0 are input nodes,

4. STARTUINPUT # 0 and

5. it is made up of the set of minimal causal paths, {vep,, . .., vn }, minimal input causal paths {vij,, ..., vn}
and closed causal paths {vpy,...,vm} found from the set of start and input nodes to the destination

node, vy, with the restrictions:

o A {ven,,...,vn} MOP | 3v; € INPUT & v; € {Vshyy---,Un}
o B {vij,..., v} MICP | 3v; € START & v; € {vij,...,vn}
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Figure 4.9: Possible Minimal Causal Subgraph.

By definition, if we add to the BG model of the system a sensor to the destination node of a PMCS; it
becomes a MICS which can be further transformed into a MCS if we add a sensor to every input node of
the MICS.

Figure 4.9 shows a Possible Minimal Causal Subgraph (PMCS) obtained from the MCS of Figure 4.8
eliminating the sensor at fi, the sensor at eg and with f; as input node. We will mark the input variables
with the superscript in and the destination variables with the superscript d.

Due to the definitions of MC'S and PMC'S, the underlying set of equations of a PM C'S has the following
properties:

o If INPUT # (), the equations of PMCS are underdetermined.
o If INPUT = (), the equations of PMCS are just determined.

— If we add sensors to every input node we transform them in start nodes and IN PUT = ).

— Similarly if we know the value, value; of every u; € IN PUT and we add the equations u; = value;
1 <4 <, the resulting set of equations is just determined minimal.

e If the inputs are known and we add a sensor to the destination node, the set of equations is overdeter-
mined minimal and the PMC'S becomes a MC'S.

A special case may occur if we add a source to the destination node of a PMCS. It represents a non
valid causal assignment and only makes sense if theres is a diferent VCA such that 3 PMCS’ with former
destination node a start node and 3 v;, a former input node, and v; is the new destination node.

We will introduce some notational conventions that will be used later on:

e PMCS_v,: PMCS with destination node v,,.

e PMCS® v,: PMCS with destination node v, and INPUT = .

Now, we extend the notion of parametric and non-parametric ARRs to PCs and MCS:

Definition 29. (Non-parametric Minimal Causal Subgraph) A non parametric MCS is a MCS which labels
have no passive elements. There are three options for its set of variables:

e All flow variables, including, at least, a flow source and a flow sensor.
o All effort variables, including, at least, an effort source and an effort sensor.

e Sequences of effort variables and sequences of flow variables if there are gyrators. To simplify this dis-
sertation, we will suppose that there are no transducers in the system. But the discussion is essentially
the same with transducer elements. Hence, we will assume that non-parametric MCS does not have
both effort and flow variables.

The concept of non-parametric PMC'S can be defined in similar terms.

From the previous definitions we can easily derive the following characterization:
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4. Hybrid systems fault diagnosis. A HBG-PC approach

Definition 30. (Non parametric BG-PC) A BG-PC with discrepancy node d is non parametric if and only
if 3 a non parametric PMCS®_d

Consequently if a BG-PC is non-parametric the following assertions hold:
e It contains at least one sensor.

e It has to contain, at least, a source or an additional sensor.

d -~ _ _ _ -~
(= f, e fi (1}
Figure 4.10: Non-parametric Minimal Causal Subgraph.

Figure 4.10 shows a non-parametric Minimal Causal Subgraph.

We will assume we are always referring to parametric PMCS. If it is non-parametric, we will make it
explicit.

As it was previously mentioned, HBGs are an extension of BGs to model hybrid behaviour. In order to
model discrete behaviour we have special 1-j or 0-j junctions that are known as switching junctions, sw-j.
First, we assume that the set of hybrid states can be characterized by the value of the sw-j in the system.

To diagnose hybrid systems, we should be able to find and use the set of PCs valid for each operation
mode (or discrete state). To do so, we would need to analyse the behaviour of the system in each operation
mode: i.e. for each valid configuration of the set of sw-j. The number of configurations can be very high,
hence it is not usually feasible to compute the whole set of PCs for every possible mode. To avoid this
drawback, we introduce the notion of HBG-PC. As it will be shown later, HBG-PCs allows computing all
PCs when every sw-j is ON, reducing the need of model reconfiguration to the HBG-PCs that include the
switching junctions that changes their state.

Definition 31. (HBG-PC:) It is a BG-PC, where some elements Jg, C J' are switching junctions, and has
one global valid causal assignment for at least one hybrid state.
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Figure 4.11: HBG-PC.

Figure 4.11 shows an HBG-PC, that has two sensors, D f; and D fs, as inputs, one 1- switching junction,
lsw, and the discrepancy node is the effort sensor, De;. The reader can see that the left-hand side of
the 1- switching junction has only non-parametric information, while the right-hand side has parametric
components.

In this dissertation we impose that the system has a global valid causal assignment when every sw-j is ON
in order to compute HBG-PCs. In that case, we can build the associated TCG from the BG [76], then look
for MCSs related to measurements in the TCG [23, 19, 1]. From a MCS we can obtain a HBG-PC including
each junction, source, sensor and passive element that contributes with a link to the MCS and their incident
bond. In this process, all dualized sensors incident to a junction provide a degenerated junction, instead of
the original one.
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Every time a discrete change happens in the system, we need to recompute the new causal assignment.
This process can be sped up using block diagrams to build the computational model of the BG, and running
H-SCAP algorithms [106]. Thus, HBG-PCs can be used to efficiently track hybrid systems and also to
perform online fault detection, isolation and identification.

The main claim of this work is that such reconfiguration will be limited to the HBG-PCs
found when every switching junction is set to ON. As a consequence, we only will need to track
a limited number of subsystems, and each subsystem will have a limited number of switching
junctions, thus making the problem tractable.

Next section provides the theoretical concepts and properties related to HBGs and HBG-PCs that support
the main claim: the set of HBG-PCs in the system can be derived from the set of HBG-PCs present in the
system when every switching junction is set to ON. Proposition 2 will show the effects of changes in switching
junctions from ON to OFF, and viceversa, for both parametric and non parametric BG-PCs.

Finally, Section 4.6 will explain how these concepts will be used in our framework for hybrid systems
diagnosis for both discrete and parametric faults, and illustrate the approach with a four-tank system.

4.3.2 Main properties of PMCSs in HBGs

Showing that the reconfiguration due to changes of a discrete mode is limited to the HBG-PCs where the
switches that change their state are allocated requires introducing several properties of PMCS in HBG-PCs,
using the variables of the switching junction bonds as input and/or destination. But first, we have to
introduce several definitions:

Definition 32. (VCA_v,) It is a valid causal assignment of the HBG-PC' such that 3 PMCS_ v, C TCG.

Definition 33. (Eq(PMCSv,)) It is the set of equations abstracted by the arcs of PMCS v, without
their causality mark.

For instance:

e ¢ = ey + e3 is the same as e3 = e; — es.

e ¢= f-Risthe same as [ =¢/R.

e=1/C - [ f is the same as de/dt =1/C - f.

f=1/I- [eis the same as de/dt = f - I*.

Definition 34. (Var(PMCS_v,) C V) It defines the set of variables of PMCS_v,.
Definition 35. (Start(PMCS vy,)) It defines the set of start variables of PMCS vy,.
Definition 36. (Input(PMCS_v;,)) It defines the set of input variables of PMCS v,,.

Now, we can introduce the Fquivalence property, that is the fundamental property of PMCS in linear
systems:

Property (Equivalence property). Let BG be a valid BG model with a VCA, and TCG its derived tem-
poral causal graph such that 3 PMCS, with y € V. Let INPUT = Input(PMCSy) and START =
Start(PMCS_y). And let TCG_y C TCG the temporal causal subgraph obtained from TCG eliminating all
the wvariables not included in var(PMCS_y) and all the edges not included in eq(PMCS_y)3. Then ¥ u €
INPUT | 3VCAwu, 3 PMCSu and 3 TCG_u with:

2Dynamic equations inversion only makes sense when both causalities (integral and derivative) are valid.
3

e There is a one-one relation between the edges in TC'G connecting e; (f;) and f; (e;), and the equations of passive elements
in TCG.y. It remains the same, changing the direction and inverting the relation, for different causal assignments.

e The causality in the flows or efforts balances (1- or 0- junctions) determines the connectivity of the variables involved.
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o PMCS _u:

1. Var(PMCS_u) = Var(PMCS_y)

2. Eq(PMCS_u) = Eq(PMCS_y)

3. Start(PMCS_u) = START

4. Input(PMCS_u) = INPUT \ {u} U {y}

o and TCG_u:

1. Var(TCGu) = Var(TCGy)

2. Links between e;/ f; in TCG u: links between e;/ f; in TCG_y inverting those required by the new
VCA_u.

3. Flow (effort) balance links (due to 1- and 0-j juntions) according to new VCA_u .

Similarly, ¥V © € START | 3V CA_x, in the temporal causal graph TCG' of the system obtained removing
the sensor or source of v, 3 PMCS_x and 3 TCG_x with:

e PMCS _x:

1. Var(PMCS_x) = Var(PMCS_y)
2. Eq(PMCS_x) = Eq(PMCS_y)

3. Start(PMCS_x) = START \ {z}
4. Input(PMCS_x) =INPUT U {y}

o and TCG_x:

1. Var(TCG_x) = Var(TCG_y)

2. Links between e;/ f; in TCG _x: links between e;/ f; in TCG_y inverting those required by the new
VCA_x.

3. Flow (effort) balance links (due to 1- and 0-j untions) according to new VCA_x .

|
The last stage of TCG_u and T'C'G _x reconstruction changes the topology of the TCG.

Proof 1. (Equivalence Property). We will demonstrate the equivalence property for the case where the new
destination node was a former input, assuming INPUT # (). The proof for the case where the new destina-
tion node was a former start node is simpler because start nodes are meassured or sources.

The BG model have a VCA_y and in its derived TCG 3 PMCS_y with INPUT = input(PMCS,) # 0.
By definition, Eq(PMCSy) are underdetermined, but adding a sensor to each w' € INPUT, we obtain a
set of equations Eq_y_I that is just determined. Moreover, this set of equations is:

e Linear,
o determined (i.e.: at most one solution),
e consistent (it has a solution, that is true if it comes from a physical system),

e allows computing all variables of Var(PMCS_y) from START and the new added sensors by substi-
tution method (If there is any algebraic loop, we can use an equation solver or super-component, this
proof is independent of the method used to solve the system equations)

If 3 VCA_u then, imposing in Eqy_I the causality VCA_u, removing the sensor of u and adding a new
sensor to y, we can compute u from START and the current added sensors. If we eliminate all the added
sensors, we obtain PMCS_u with Input(PMCS_u) = INPUT \ {u} U{y}:
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e Just change the causality of those equations where VCA_y and VCA_u differs (can always be done in a
linear system when both assignments are valid). For dynamic equations in capacitances and inductances
would mean changing from integral to derivative causality. This could develop into numerical problems,
but it should be reminded that we are analyzing the structure of the set of equations in the TCG.

e We are using the same variables and equations, just a different valid causal assignment.

Additionaly, the TCG_u can be easily obtained from Eq(PMCS_u) and VCA_u.

O
The meaning of the equivalence property of PMCS is illustrated in Figure 4.12 where the PMCS_f, in
c) with {e,} = Input(PMCS_f,) can be transformed into PMCS_e, in f) with {f,} = Input(PMCS_e,).

Proposition 1. The equivalence property induce an equivalence relation.
Given a PMCS_y with a VCAy. Let Vi = {z|z € Start(PMCS_y) U {y},IVCA_x}
The equivalence property induce an equivalence relation on the set of {PMCS_x,x € V1}

It can be easily shown that the previous property is symmetrical, reflexive and transitive.

PMCS are a useful tool to analyze how changes in causality influence computation in a system. In
particular, there are several important properties of PMCS with input or destination node at a switching
junction. In order to analize these kind of systems we have introduced a generic decomposable system,
presented in Definition 37.

Definition 37. (Generic decomposable HBG, (9gdHBG)) Let gdH BG be a Hybrid Bond Graph of a linear
system with valid causal assignment describing a just determined system and including a 1sw that is not in a
closed casual path (cycle when set to ON). gdH BG admits the decomposition HBG=BG1 U lsw U BGy with:

o BG1 # 0, BGy # 0 and BG1 N BGs = 0,

o [sw: It represents 1-j switching junction,

a b
HBG: BG, —= 1sw — BG,

e Graphically:

And let:

BGl [

e PSSy C gdHBG be the partial subsystem defined by: PSy:

PS;: ——= 8gG,

e PSy, C gdHBG be the partial subsystem defined by:

=
e BGY: BG';: BG, =< sf:0

f b
° BG/Q.' BG',: sf:0 —— BG,

Generic decomposable systems satisfy properties 1 to 4 and Corollaries 1 and 2, that we are going to
introduce in the following paragraphs.

Property 1 (Equivalence property in generic decomposable systems). If 3 parametric PMCS_f, in PS, C
gdHBG with {e,} = Input(PMCS_f,) and 3 VCA_e, in PS; then 3 parametric PMCS_e, in PS; with
{fa} = Input(PMCS_e,).

|
This is a direct application of the Equivalence property of PMCS to the left side subsystem of a gdHBG.
A similar result can be stated if 3 parametric PMCS_e, in PS;.
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(c) Parametric PMCS_fq with i f,

{ea} = Input(PMCS_fq) and

{f1} = Start(PMCS_fs). (f)  Parametric =~ PMCS_e,  with
{fa} = Input(PMCS_e,) and

{f1} = Start(PMCS_e,).

Figure 4.12: Property 1. HBG in figure a) has a causal assignment and its TCG is shown in b) with the
corresponding PMCS_f, shown in ¢). Changing the causal assignment, as in d), there is a TCG shown in
e) and the corresponding PMCS_e,, presented in f).

Property 2 (In a generic decomposable system we can not have simultaneously a parametric and non
parametric PMCS to a variable of the bond of the 1-sw both at the same side of the switching). If 3
parametric PMCS_f, in PS; C gdHBG with {e,} = Input(PMCS_f,) then # non parametric PMCSY_f,
m PSl

If 3 non parametric PMC’S@_fa i PS1 C gdHBG then A parametric PMCS_fq in PSy with {e,} =
Input(PMCS_f,).(The former argument also applies to this case).

|
This is because if 3 parametric PM CS_f, with {e,} = Input(PMCS_f,) and 3 non parametric PMCSY_f,,
both in PSi, then we have two independent causal subgraphs in PS; to compute f, and PS; would be
overdetermined. Hence gdHBG would not be just determined.
A similar result stands for parametric and non parametric PMCS_e,. Figure 4.13 shows that there is
only one causal graph to a destination variable in any side of the switching junction of a just determined
system.
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Figure 4.13: Property 2. HBG in figure a) has a causal assignment and there is a parametric PMCS_f,
shown in b). The presence of an additional non parametric PM CSsY_ fo in PS7 would make this part of the
system overdetermined.

Property 3 (In a generic decomposable system we can not have simultaneously a parametric PMCS to a
variable of the bond of the 1-sw and a non parametric PMCS to its conjugated variable both at the same
side of the switching). If 3 parametric PMCS_f, in PS; C gdHBG with {e,} = Input(PMCS_f,) then
non parametric PMCS? e, in PS;.

|

This is because if 3 parametric PMCS_f, and 3 non parametric PMCS%_e, both in PSy, then PS; is
able to compute e, and f,. Whatever the causality at the junction, e, = e, and f, = f,, without using any
equation from PS,. But PS; must be able to compute ey, or f, or to impose a relationship between e, and
fv. Then, gdH BG would be overdetermined.

A similar result can be shown if 3 parametric PMCS_e, in PS;.

Figure 4.14 b) shows a parametric PMCS_f, in PS;. The presence of an additional non parametric
PMCS? e, in PS; would make the system overdetermined.
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(b) TCG. Parametric PMCS_f, in PS1. (c¢) TCG. Parametric PMCS_¢, in PSy.

Figure 4.14: Property 3. HBG in figure a) has a causal assignment and there is a PMCS_f, shown in b). It
can be transformed to obtain the parametric PMCS_¢e, in ¢). The presence of an additional non parametric
PMCS? e, in PS; would make the system overdetermined.
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Corollary 1. The existence of a parametric PMC'S with destination node a variable of the switching junction
at one side of the switching in a gdHBG, prevents the existence of a non parametric PMCS? to any variable
of the bond at the same side of the switching.

This is a consequence of properties 1, 2 and 3. If 3 parametric PMCS_f, [PMCS_e,] with {e,} =
Input(PMCS_f,) [{fa} = Input(PMCS_e,)], then 3 non parametric PMCS?_f, nor PMCS? e,.

Corollary 2. The existence of a non parametric PMCS with destination node a variable of the switching
junction at one side of the switching in a gdHBG, prevents the existence of a parametric PMCS to any
variable of the bond at the same side of the switching.

This is a consequence of Corollary 1, because if there is a parametric PMC'S to any variable of the bond
of the switching junction at one side of the switching, then it is not possible to have a non parametric PMC'S
at the same side of the switching.

Property 4 (Setting the switching junction to OFF' in a parametric gdHBG, generates a just-determined
subsystem at the parametric side of the junction). If 3 parametric PMCS_f, with {e,} = Input(PMCS_f,)
in PSy; C gdHBG, then BGY is just determined.

|
Figure 4.15 illustrates this property and facilitates following its proof.

Proof 2. (Property 4).

Assume that a is the determining bond at the switching junction (see Figure 4.15 a) ).

Let Eq(PS1) = Eq(PMCS_f,) U Remainder with Remainder = Eq(PSy) \ Eq(PMCS_f,) (see Figure
4.15 a), b) and c)).

Then Eq(BGY) = Eq(PMCS_f,) U Remainder U {f, = 0} because it is obtained from PS; changing
causality and adding the zero flow source (see Figure 4.15 d) and e)).

By property 1, given that BG} has a VCA, 3 PMCS_e, with {fo} = Input(PMCS_e,) in BG}
with Eq(PMCS_e,) = Eq(PMCS_f,) (see Figure 4.15 f) ). Consequently we also have Eq(BG}) =
Eq(PMCS_e,) U Remainder U {f, = 0}.

Define Border(Remainder) = {v|v € Var(PMCS_f,) and v € Var(eq;) and eq; € Remainder}.

Given that gdHBG is just determined, Eq(PSy) is just determined given e, (e, in gdHBG is computed by
PSSy for the causal assignment considered). Because Eq(PMCS_f,) is just determined given e,, Remainder
has to be just determined given every v € Border(Remainder).

By definition, Eq(PMCS_e,)U{ fo = 0} is just determined: we can compute every v € Border(PMCS_f,)
in BG| — actually every v € Var(PMCS_f,) = Var(PMCS_e,) —.

Then, Eq(BGY) is just determined, because its set of equations can be split in two disjoint just determined
sets of equations (that share the variables of Border(Remainder), which are computed by Eq(PMCS_e,) in
BG ).

A similar result is obtained if 3 parametric PMCS e, in PSy with alternative causality at the switching.

O
Now, we are ready to examine the effect of turning to OFF a switching junction on the subsystems it
connects. First we will define a decomposable HBG-PC:

Definition 38. (Generic decomposable HBG-PC, (9dHBG-PC)) Let gdHBG-PC be a HBG-PC of a linear
system with valid causal assignment describing a minimal overdetermined system and including a 1sw that is
not in a closed casual path (cycle when set to ON). gdHBG-PC' admits the decomposition gdHBG-PC=BGpr
U lsw U BGygr with:

o BGR 75 @, BGNR 75 (Z) and BGR OBGNR = (Z),
o BGpR includes the discrepancy node.

e BG g does not include the discrepancy node.
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Figure 4.15: Property 4. HBG in figure a) has the switching junction ON, its corresponding TCG is in b).
The corresponding PMCS_f, is shown in ¢). The HBG with the switching junction OFF is presented in d),
its TCG is shown in e) and the corresponding PMCS_e,, is presented in f).

o Isw: It represents 1-j switching junction,

And let:

a

PSy:  BGy —

e PSr C gdHBG-PC be the partial subsystem defined by:

b
PSyg: —=BG,,

e PSnpr C gdHBG-PC be the partial subsystem defined by:

BGy <2 §f:0)
e BGYy: .

° BG?VR.' Sf:DiL‘BGNR

If we remove the sensor of the discrepancy node in a gdHBG-PC, we obtain a special gdHBG that is a
just determined system:
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Definition 39. (Generic decomposable non redundant HBG-PC, (gdnrHBG-PC)) Let gdnrHBG-PC be a
HBG-PC obtained by removing the discrepancy node {d} from a gdHBG-PC. Then, gdnrHBG-PC admits
the decomposition gdnrHBG-PC=(BGr \ {d}) U lsw U BGyg with:

L] BGR \ {d} 7é (Z), BGNR 75 @ and (BGR \ {d}) OBGNR = (Z),
e BGRr\ {d} now, does not include the discrepancy node.
e BG R does not include the discrepancy node.

e Isw: It represents 1-7 switching junction.

| a. b
Assume that a is the determining bond at the switching junction of gdnrHBG-PC: BGa\d) Low BGnn

And let:

a
PSp\ {d} C gdnrHBG — PC be the partial subsystem defined by: PSa\dl: BG\d)

b
PSng C gdnrHBG — PC be the partial subsystem defined by: P BGns

BG/R \ {d} BGR\{d} <= Sf:0

N BG?VR.' Sf:0 Ib—\' BGur
A gdnrHBG-PC is also a gdHBG and it satisfies Properties 1 to 4. It also satisfies the additional Property
5:

Property 5. Let HBG be a gdnrHBG-PC with a the determining bond at the switching junction. Then:

I The system which causal assignment does not change, BG'y  in this setting, is just determined.

II If the system which causality changes, BG', \ {d} in this setting, has a valid causal assignment, then
non parametric PMCS®_e, in PSg\ {d} and there are two possibilities:

a If 3 parametric PMCS_f, in PSg \ {d} with Input(PMCS_f,) = {e.} then BG \ {d} is just
determined.

b If 3 non parametric PMCS®_f, in PSg\{d}, then BG';\ {d} contains a subsystem of flow equations
overdetermined, minimal. And we cannot compute e, in BG, \ {d}.

|

Figure 4.16 and 4.17 show the two possibilities presented in property 5 for the subsystem which causality
changes when it has a VCA: if it is parametric then it is just determined (Figure 4.16) and when it is non
parametric, there is an overdetermined subsystem of flows and the efforts cannot be calculated (Figure 4.17).

Proof 3. (Property 5).

We will prove first part I of property 5:

I. The system which causal assignment does not change, BG'y in this setting, is just
determined.

In HBG we have that the flow fy is fivzed by PSg \ {d}, that is f, = f. and given f,, PSng is just
determined (otherwise the complete system is not).

Now, in BG'y . we have f, =0 and the same causal assignment. Hence, BG'y p is just determined.

Now we proceed with part II of property 5:

II. If the system which causality changes, BG'; \ {d} in this setting, has a valid causal
assignment, then 7 non parametric PMCS ¢, in PSg\ {d}.
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Figure 4.16: Property 5. HBG in figure a) has a valid causal assignment. The TCG for that causality has a
parametric PMCS_f, shown in b). The causality changes when the switch is OFF for BG'; \ {d}, as in c).
There is a parametric PMCS_e, shown in d).

Because of the causal assignment of the HBG, 3 PMCS_e, in PSnygr (parametric or non parametric)
and e, = ep.

If there is also a non parametric PMCS®e, in PSg \ {d}, then there are two independent ways to
compute e, and HBG would include an overdetermined subset of equations. Then HBG would not be just
determined.

We continue now with part Ila of property 5:

II.a. If 3 parametric PMCS_f, in PSg\ {d} with Input(PMCS_f,) = {e.} then BG’; \ {d} is just
determined.

By property 1, 3 parametric PMCS_e, with Input(PMCS_e,) = {fa} in BGr\ {d}. By property 4, the
equations of BG, \ {d} are just determined.

Finally, we will prove part IIb of property 5:

ILb. If 3 non parametric PMCS®_f, in PSg\ {d}, then BG;\ {d} contains a subsystem of flow
equations overdetermined minimal and we cannot compute e, in BG, \ {d}.

If PSg\ {d} contains a non parametric PMCS®_f,, then BG', \ {d} can compute f, from sources and
Sensors.

However f, is a source in BGR\{d}, that has a VCA. Then, it has to be possible to transform PMCSY_f,
from all sources and sensors, except one, to at least this one sensor, with f, as input. Let’s call PMCSrns,
this new PMCS. (Note that if this transformation is not possible, BG'y \ {d} has no VCA).

However, Eq(PMCS' %) is just determined given fq. Given that in BG'y \ {d} PMCS" " computes
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Figure 4.17: Proterty 5. HBG in figure a) has a valid causal assignment. The PMCS_f, for that causality
is in b). The causality changes when the switch is OFF for BG, \ {d}, as in ¢). There is a non parametric
PMCS_fs (PMCS'rans) shown in c), there is an overdetermined subset of flow equations in BG) and e,
cannot be calculated.

a measured variable, BG'y \ {d} is overdetermined minimal.

And we cannot compute e, in BG'y \ {d} because by Property 5.I1 # non parametric PMCS?_e, in
BG, \ {d} and given that 3 non parametric PMCS®_f, in PSg\ {d}, corollary 2 ensures that B parametric
PMCS_eq with {fo} = Input(PMCS_e,) in BG', \ {d}.

O

Property 5 is essential to analyze the behaviour of the subsystem where causality changes because of the
switching. Now, we can state the fundamental Proposition 3 which predicts the effect of turning only one
1sw to OF'F.

Properties 1-5 will help to analyze the structural effect of turning one switching junction from ON to
OFF.

Analyzing the structural effect of turning one switching junction from OFF to ON, requires reconstructing
an HBG-PC from subsystems that were unconnected when the 1- switching junction was set to OFF. We
need to introduce some additional properties to support that process. Particularly, we want to characterize
the PMCS of a 1- switching junction of a HBG model of a physical system for each possible causal assignment
at the switching, for parametric and non parametric subsystems.

The following properties 6 and 7 tackle this issue, assuming that the HBG model admits the decomposition
of a gdH BG as defined in 37, although we relax the conditions on its set of equations, that will be separately
stated.
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Property 6 (PMCS of a generic HBG that admits the following decomposition and have an indetermined
number of sources and sensors, when « is the determining bond of the switching). Considering:

a b
BG, * 1sw | BG,

o If HBG is at least determined (all flows and efforts can be computed).

— At bond a: 3 PMCS_f, that can be:

x Parametric: then {e,} = Input(PMCS_f,) and PMCS_f, has no element from BGj.
s« Non parametric: then we have PMCSY_f, that has no element from BGo (computing efforts
requires BG3).
— At bond b: 3 PMCS_ep that can be:

« Parametric: then {fy} = Input(PMCS_ey) and PMCS_e, has no element from BG1.

s« Non parametric: then we have PMCS®_ey, that has no element from BG, (computing flows
requires BG1 ).

o If HBG is underdetermined but all flows can be computed: 3 PMCS_f, in BGy, Vfi € BGs
APMCS_f; with { fv} = Input(PMCS_f;) in BG3, both non parametric and the efforts of their bonds
can not be computed.

e [f HBG is underdetermined but all efforts can be computed: Ve, € BGy 3 PMCS_e; with {e,} =
Input(PMCS_e;) in BGy, 3 PMCSY ey, in BGo both non parametric and the flows of the their bonds
can not be computed.

Property 7 (PMCS of a generic HBG that admits the following decomposition and have an indetermined
number of sources and sensors, when b is the determing bond of the switching). PMCS when determining
bond is b (b imposes the flow at the junction).

a b
HBG: BG, =~ 1sw =~ BG,

o If HBG is at least determined (all flows and efforts can be computed).

— At bond a: 3 PMCS _e, that can be:

« Parametric: then {f,} = Input(PMCS_e,) and PMCS_e, has no element from BGj.
s« Non parametric: then we have PMCS?_e, that has no element from BGs (computing flows
requires BG3).
— At bond b: 3 PMCS_fy, that can be:

« Parametric: then {ep} = Input(PMCS_fy) and PMCS_f, has no element from BG.

s« Non parametric: then we have PMCS"_f, that has no element from BG4 (computing flows
requires BG1 ).

o If HBG is underdetermined but all flows can be computed: 3 PMCS®_f, in BGs, Vfi € BGy
APMCS_f; with {fo} = Input(PMCS_f;) in BGy, both non parametric, and the efforts of their
bonds can not be computed.

o If HBG is underdetermined but all efforts can be computed: 3 PMCS®_e, in BGy, Ye; € BGy 3
PMCS_ e; with {ep} = Input(PMCS_e;) in BGa, both non parametric, and the flows of the their
bonds can not be computed.
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4.3.3 Characterizing the set of HBG-PCs for all modes with the HBG-PCs for
all switching junctions ON

An advantage of combining ideal switching junctions and the PCs formalism is that changing the state of
one switching junction only influences the HBG-PCs that contain the switching junction. HBG-PCs that do
not contain the switching junction can be used to track the system during the discrete change of the state.
Moreover, the effect of the switching on the HBG-PCs where it is located is local to those HBG-PCs and do
not require analyzing from scratch the complete system model to obtain new HBG-PCs. In this dissertation
we assume that the HBG of the complete model has a VCA when all sw-j are set to ON.

Although it may seem a very restrictive assumption, it is satisfied in many systems. For those systems
that violate the assumption, we could still apply the proposed method working with a modified version of
the original HBG model, HBG’. HBG’ can always be obtained from HBG adding as many virtual resistances
to the system as necessary to create an alternative system with valid causal assignment when every switch is
set to ON. We have not explored this approach in this dissertation, which remains an open research option.

Next proposition states the fundamental property of HBG-PCs:

Proposition 2. Let HBG be the model of a dynamic linear system that has no switching junction in a
closed casual path. If the HBG has a valid causal assignment when all the switching junctions are set to ON,
then the set of parametric Possible Conflicts of HBG can be computed, for any configuration of the switching
junctions, from the set of parametric HBG-PCs of the system with all the switching junctions set to ON.

To prove proposition 2, we need to introduce some additional notation. Let PC'sw;swasws . . . sw, denote
the set of PCs of a hybrid system with n switching junction for the specified switching junction configuration
(i.e. if n =4, PC1111 denotes the set of PCs for the mode with all switching junctions ON). Let PC < k >
denote the family of PCs for configurations with k& switching junctions OFF. Hence, PC' < 0 >= {PC1111},
PC <1 >= {PC0111, PC1011, PC1101, PC1110}, and so on. Finally, let PC' < k >* be an element of
PC < k >, ie., PC < k >* is the set of PCs for a particular mode configuration included in PC < k >.
Specifically, PC < 0 >*= {PC1111}.

We can proof proposition 2 decomposing it in the following propositions 3 and 4:

Proposition 3. The set of Possible Conflicts for any PC < k+1>*,0<k <n—1, can be systematically
derived from the set of Possible Conflicts of some PC < k >* for linear systems with valid causal assignment
when every switching junction is set to ON, except for some non parametric PCs.

Proposition 4. The set of Possible Conflicts for any PC < k >*, 0 < k < n —1, can be systematically
derived from the set of Possible Conflicts of some PC < k + 1 >* for linear systems with valid causal
assignment when one switching junction is set to ON, except for some non parametric PCs.

Proof 4. (Proposition 3)

Proposition 3 can be proven by complete induction on the number of switching junctions set to OFF
(k). The proof from k to k + 1 is essentially the same as the proof from 0 to 1, that we provide in the next
paragraphs.

Let pc € PC < 0 >* the PC defined by HBG-PC when all the switching junctions in HBG-PC' are set
to ON. Assume that one switching junction, sj; in HBG-PC switches from ON to OFF. We have to check
whether pc is still a PC of some element of PC' <1 >*. The following lemma holds:

Lemma 1. If one sj; € HBG-PC switches from ON to OFF, pc may disappear or transform in a new PC
losing some components, but never split into two parametric PCs, although a new non-parametric PC may
appear.

We will prove Lemma 1, without losing generality, for the case when sj; is a 1- switching junction (similar
proof for 0- switching junction) with only two bonds (similar for n bonds, n > 2).

Given that HBG-PC includes a 1- switching junction that is not in a closed causal path, removing from
HBG-PC the sensor at the discrepancy node, d, we obtain a gdnrH BG—PC, HBG—PC\{d} that admits the
decomposition described in definition 38. HBG — PC\ {d} is just determined and has a VCA. Consequently,
Properties 1 to 5 apply to this system.
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The effect of changing the state of the i- switching junction on pc depends on whether the change of
causality affects the part of the system that contains the discrepancy node. Hence, we have to consider two
different configurations:

a b
1. BGg\ {d} changes causality when switching: BG\d) T Low BGu

b a
2. BGNR changes causality when switching: BGn Lsw BGr\d)

a
P,
Py (ay: BORN
b
PSNR.' BGNR

We have to analyze both configurations.

1. BGg\ {d} changes causality when switching:

BGR\{d} |L1sw 'L BGNR

Setting the 1- switching junction OFF, the system becomes:

BG,\(d} <—2H5F:0 -2 BG,,

There are two subsystems to analyze:

b
(o) BGy,. S0 Bow

There has not been a change of causality at the non redundant part of HBG-PC. Then, by Property
5.1, BG'y  is just determined. Hence, no new PC appears at the non redundant part of the HBG-
PC.

a
BGp\{d} = Sf:0
(b) BGR\{d}:
There has been a change in causality at the redundant part of HBG-PC. Then pc may transform
or may be lost, appearing a new non parametric PC.

First, note that in this case B non parametric PMCS®_f, in PSg\ {d}. This is because with the
discrepancy node d € PMCSY_f, | restoring the sensor of d we would have an overdetermined
subsystem in BGg (inverting PMCS®_f, to destination d) and HBG-PC would not be minimal.
Consequently, if 3 non parametric PMCS_f, in PSr\ {d} it has to be one of:

e non parametric PMCS_f, with d € Input(PMCS_f,)

e non parametric PMCS_f, with d ¢ Input(PMCS_f,)

Then, depending on the existence of a parametric PMCS_f, we have:

i. If 3 parametric PMCS_f, in PSr\ {d} with {e,} = Input(PMCS_f,):

e By Property 5.11a, BG'y \ {d} is just determined.

e Restoring back the measure at the discrepancy node we have an overdetermined minimal
system. Hence, there is a PC at BG, \ {d}, with the same discrepancy node. However,
the nature of this PC also depends on:

— If additionally 3 non parametric PMCS’_f, C parametric PMCS_f, with d €
Input(PMCS’_f,), the overdetermined part of the subsystem is given by the non para-
metric PMCS'_f,. Then pc transform in a non parametric PC.

— If 3 non parametric PMCS’'_f, C parametric PMCS_f, with d € Input(PMCS'_f,),
the PC is parametric.
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i. If B parametric PMCS_f, in PSg \ {d} with {e,} = Input(PMCS_f,) then necessarily 3
non parametric PMCS’_f, and we have to consider two cases:
e Ifd € Input(PMCS_f,), pc transform in a non parametric PC.

o Ifd ¢ Input(PMCS_f,), pc disappears and a new non parametric PC is found when the
switch turns to OFF.

2. BGnr changes causality when switching:

BGyn -1y, - BG,\(d)

Again, there are two subsystems to analize:

(a) Analysis of BG', \ {d} sf.0 > BGg\{d}

Now, by Property 5.1, BG', \ {d} is just determined. Hence, restoring the sensor we obtain BG',
overdetermined minimal. As a consequence, pc remains at the same discrepancy node, although
it has lost the elements from BGNR.

(b) Analysis of BG'y g

b
BGng <=— sf:0

There has been a change in causality at the non redundant part of HBG-PC. The appearance of a
new PC depends on its parametric or non parametric nature:

e 3 parametric PMCS_f, in PSyr with {e,} = Input(PMCS_f,). Then by Property 5.11a,
BG'y  is just determined. Hence, no new PC appears.

o 3 non parametric PMCS®_f, in PSxr. Then by Property 5.11b, BG'y i contains a subsystem
of flow equations overdetermined, minimal. Hence a non parametric new PC appears, at a
new discrepancy node.

Corollary 3. If HBG-PC defines a pc with all switches to ON and one 1sw turns to OFF.

1. If the HBG-PC does not contain a non parametric Possible Causal Subgraph to a flow of the 1sw:

o [f there is a valid causal assignment, pc remains, losing some of its components.

e No new PC can appear.
2. If the HBG-PC contains a non parametric Possible Causal Subgraph to a flow of the 1sw:

e FEven with a valid causal assignment pc disappears if the discrepancy node lies on the subsystem
which causality changes, remaining if its causality does not change.

o A non parametric new PC always appears.

Corolary 3 proofs Lemma 1.

|

This same result can be applied to switching junctions with more than two bonds (there is only one
determining bond in the junction, all the others have the same behaviour). And also for 0- switching
junctions considering it behaves as a zero effort source when it switches to OF F.

Proposition 4 can be proven by complete induction on the number of switching junctions set to ON (k).
The proof from k + 1 to k is the same as the proof from 1 to 0.

Now we have all switching junctions set to ON except for some 1sw; that is set to OF F. We have to
show that if there exist a parametric pc with this 1sw; set to OF'F, when lsw; turns to ON, there exists a
HBG-PC that defines a parametric PC, pc’, that includes pc.
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Lemma 2. Let pc € PC < 1 >* be a parametric PC. Then, there is a HBG-PC that defines a parametric
PC, pc’ € PC <0 >* and pe C pc.

We will proof Lemma 2, without losing generality, for the case when sw; is a 1sw (similar proof for Osw)
with only two bonds (similar for n bonds, n > 2)

To prove Lemma 2 we have to introduce the necessary structural elements to isolate a HBG-PC from the
complete HBG model when the switching junction is set to ON building from two unconnected subsystem,
one of them a BG-PC defining pc. We start introducing a generic decomposable redundant HBG:

Definition 40. (Generic decomposable redundant HBG, (g9drH BG)) Let gdrH BG be a Hybrid Bond Graph
of a linear system with valid causal assignment describing an over determined system, not necessarily min-
imal, and including a 1sw that is not in a closed casual path (cycle when set to ON). gdrHBG admits the
decomposition gdrHBG = BGr U lsw U BG \ R, with: with:

e BGr#0 , BG\R+#0 and BGRN(BG\ R) =10,
e BGp is a redundant subsystem that contains the discrepancy node of pc.
e BG\ R= HBG\ {BGgrUlsw}

o [sw: It represents 1-j switching junction,

HBG: BG, Isw BG\R

Graphically, independently of the causality at the switching junction:

And let:

. G- BG'y: BG, <— Sf:0

« BG\ : BOWR: Sf0 = BG\R

Definition 41. (Stepping HBGs) Stteping HBGs are the set of subsystems found reconstructing the complete
gdrHBG from a given pc .

e When the switch is set to OFF, exists a BG-PC' that defines pc. Lets call BG'y N this BG-PC and
PSrumin the partial subsystem obtained from BG'p, N removing the flow source but keeping its bond:

BG yun: BGayan <—— SF:0

a
PSgnin: BGrain\d}

o When the switch is set to ON, BGryrn is connected to BG\ R. Define HBG — PC+ C gdrHBG as
the system BG iy U lsw U (BG\ R).

HBG-PC+:  BGuuy —— lsw—2—BG\R

e Define HBGpy iy € HBG — PC+, HBG vy = BGryn U lsw U (BG\R]\{[N), with BG\RMIN
C (BG\R).

a b
HBGyyn:  BGguin Loy BG\Ryun

We have to show that PSgry v C HBGyin € HBG — PC+ C gdrHBG and that HBG 1y is a HBG-
PC. This requires tracking the transformation of the MCS that defines the pc € BG'RMIN (PSgrymiN)
when the switching junction turns to ON. We provide the proof for the case when pc is parametric. For the,
non parametric case, we will present a counter example showing that a non parametric pc may disappear
setting the switching junction to ON.
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1. PMCS of BGlypp ;-

BG's 1N is overdetermined minimal. Let d be the sensor at the discrepancy node of pc. Removing
this sensor we obtain BG',,,;n \ {d} that is just determined.

BG guMdl:  BGrum\{d} <—— SF:0

Given that we consider only the parametric case and BG'z,,rx \ {d} is just determined, 3 PMCS e,
parametric, with {f,} = Input(PMCS_e,) in BG'qn \ {d}:

e 3 PMCS e, (otherwise, we cannot compute e,) and the set of equations Eq(PMCS_e,) is just
determined.

o If f, & Input(PMCS_e,), then f, ¢ Var(PMCS_e,) because a source can only occur at the
start or the input of a PMCS. In this case BG',,;n \ {d} is not just determined.
— Eq(PMCS_e,) would have a unique solution and changing the value of the flow source

BG'iyn \ {d} would admit solutions with different values of f, and the same value of
€a-

2. PMCS of HBG — PC +\{d}.

HBG — PC+ is the first subsystem to consider when setting the switching junction to ON connects
BG', 1 to the rest of the system, BG \ R.

The complete system, gdrHBG has a VCA (we assume a VCA with all switches set to ON). Then,
HBG — PC+ and HBG — PC + \{d} have at least the same VCA.

The nature of the PMCS that we can find at the switching junction of HBG — PC + \{d} depends
on two factors: the nature of the original gdrHBG (which determines the nature of BG,,;n and
BG \ R/, providing three different cases as properties 6 and 7 state) and which subsystem changes
it causal assignment at the switching (which adds another to cases). We are going to analyze them
attending to the change of causality at the switching.

3. Property 8: when switching changes causality of BGry v, 3 PMCS_f, parametric, with
{ea} = Input(PMCS_f,) and no elements in BG \ R and 3 PMCS_¢, parametric or non
parametric, with no element in BGgryrn, both in HBG — PC + \{d}.

This configuration happens when bond a is the determining bond of the switching junction:

BG guin\Md}:  BGeyu\d} <> sf0 HBG-PC+\{d}: BGayu\(d} | ’ 1sw | ° BG\R

Previous step 2 shows that 3 PMCS_e, parametric, with {f,} = Input(PMCS_e,) in BG'qyrn \ {d}
Given that HBG — PC 4 \{d} has a VCA, Property 1 guarantees that 3 PMCS_f, parametric, with
{ea} = Input(PMCS_f,) in HBG — PC + \{d} with no elements in BG \ R.

By Property 6,there are three possibilities for PMCS in BG' \ R and bond b:

(a) 3 PMCS _ep that can be:

e Parametric: then {fp} = Input(PMCS_ep) and PMCS_ep, has no element from BGryrn
(its effect is reflected by fp).

e Non parametric: then we have PMCS?_e;, that has no element from BGpgarrn (computing
flows requires BGrain)-

(b) E| PMCS‘D_fa n BGRMIN, sz S BGRJWIN \ {d} E|]D]\4C’S_fZ With {fb} = Input(PMC’S_fi) in
BG v \{d}, both non parametric and the efforts of their bonds can not be computed. However,
this case is incompatible with BG’;,,;x \ {d} parametric and minimal.

(c) Ve; € BGryiny 3 PMCS_e; with {e,} = Input(PMCS_e;) in BGryrn, 3 PMCS? ey, in
BGruin \ {d} both non parametric and the flows of the their bonds can not be computed.
However, this case is incompatible with BG’;,,;x \ {d} parametric and minimal.
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Hence only case a) applies: 3 PMCS_e, parametric or non parametric with no element in BGrarrn -

4. Property 9: When switching does not change causality of BGryrn, 3 PMCS_e, parametric,
with {f,} = Input(PMCS_e,) in BG',,,; 5 \{d} and 3 PMCS_f, parametric or non parametric,
with no element in BGgryry, both in HBG — PC +\{d}.

This configuration happens when bond b is the determining bond of the switching junction:

BG g Ml BGrunMd} < SF:0 HBG-PCH\{d}: BGuu\Md) —— 1sw ——{BG\R

Previous step 2 shows that 3 PMCS_e, parametric, with {f,} = Input(PMCS_e,) in BG'qpn \{d}
By Property 7, there are three possibilities for PMCS in BG \ R and bond b:

(a) 3 PMCS_fp, that can be:

e Parametric: then {e;} = Input(PMCS_f;) and PMCS_f}, has no element from BGrurn
(its effect is reflected by fp).

e Non parametric: then we have PMCS?_ f» that has no element from BGry iy (computing
flows requires BGrayin)-

(b) = PMCS@_fb in BGRMIN \ {d}, Vfl S BGRMIN E|P.Z\4C'S_fz with {fa} = Input(PMCS_fz) in
BGRrum1N, both non parametric, and the efforts of their bonds can not be computed. However,
this case is incompatible with BG’;,,;x \ {d} parametric and minimal.

(C) 3 PMC’S@_ea in BGRMIN» Vei S BGRMIN \ {d} = PMCS-@Z with {eb} = Input(PMC’S_ei)
in BGruin \ {d}, both non parametric, and the flows of the their bonds can not be computed.
However, this case is incompatible with BG’;,,;x \ {d} parametric and minimal.

Hence only case a) applies: 3 PMCS_f;, parametric or non parametric with no element in BGrarn -

Now, we are ready to prove Lemma 2.

I: switching changes causality of BGryn

By property 3, 3 PMCS_f, parametric, with {e,} = Input(PMCS_f,) in HBG — PC + \{d} with no
elements in BG \ R.

Also by property 3, 3 PMCS_e, parametric or non parametric with no element in BGrpyrn. Then we
can define BG \ Ryrny € BG \ R as the minimal sBG that includes all the elements of PMCS _¢y,.

Then, we can build the system HBG iy \ {d}:

b
HBGn\Md}:  BGaun\d} fa; Isw = BG\Ryy

HBG 1y \ {d} is just determined, because Eq(PMCS_f,) plus e, = ey is just determined given e;, and
Eq(PMCS_ep) plus fp = fq is just determined given f,.

Adding the sensor at the discrepancy node, d, we obtain H BGj;rny overdetermined minimal and hence
a HBG-PC.

When the switching junction is set to OFF, H BG sy defines pc.

IT: switching does no change causality of BGgryn

Now by property 4, 3 PMCS_e, parametric, with {f,} = Input(PMCS_e,) in BGRrn \ {d}

Also by property 4, 3 PMCS_f, parametric or non parametric, with no element in BG g7y, in PMCS
of HBG — PC + \{d}. Then we can define BG \ Ry yn € BG \ R as the minimal sBG that includes all the
elements of PMCS_fy,.

Then, we can build the system HBGyrn \ {d}:

HBGun\{d}:  BGume —2 1sw —2—~BG\Ryy

HBG 1y \ {d} is just determined, because Eq(PMCS_e,) plus f, = fp is just determined given f;, and
Eq(PMCS_fp) plus e, = e, is just determined given e,.

Adding the sensor at the discrepancy node, d, we obtain H BGj;rny overdetermined minimal and hence
a HBG-PC.
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When the switching junction is set to OFF, HBGrn defines pc.
Proofs I and IT demonstrate Lemma 2.

We have performed a similar analysis when the pc that exist when the switching junction is set to OFF is
non parametric. In this case, the non parametric PC may disappear under certain circumstances. However,
in this dissertation we limit to show an example of two different cases: (1) the non parametric pc disappears,
and (2) the non parametric pc remains.

Case 1) The non parametric pc disappears:

e Switching junction set to OFF: Non parametric pc at BG g (that in the example is equal to BGruyin
and IPMCS_ej, parametric in BG’ \ R (that in the example is equal to BG' \ Rysrn) with fp, at its
input.

Non parametric PC

BGguin BG/Ryn
Df <---- Dzt | SEC bR

PMCS_f,

e Switching junction set to ON: The complete system is not a HBG-PC. Basically, because to compute
ey, we need D f and we lose redundancy (that was due to Sf : 0).

Non parametric PC

BGguin BG\Ryin
of <= 1 [ <—i|1sw| <2 R

PMCS_f,

Case 2) The non parametric pc remains:

e Switching junction set to OFF: Non parametric pc at BGr and 3PMCS_f, non parametric in BG\ R

and bond b.
Non parametric PC
R BG\R
BGin 1
b
of <=1 [<*— sfolt 1 | s

e Switching junction set to ON: The complete system is a HBG-PC, although non parametric.

R
BG\Ryn

b
Of <1 FE 15w 1 | st

4BG\R has not a valid causal assignment when the switching junction is OFF.
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4.4 HBG-PCs Generation

Once the HBG-PC structure is defined and its behaviour analyzed, we need to explain how to build those
minimal redundant subsystems for hybrid systems. The complete system is modeled as a HBG, as we have
previously stated.

As explained before, the more efficient way to derive the HBG-PCs consist of assuming all switching
junctions are ON in the HBG modeling the whole system. From that HBG, which can be seen as a BG once
all the switching junctions are configured to its ON position, it is possible to automatically derive the TCG
[76]. In Chapter 3 it has been summarized the algorithm presented in [23] to derive PCs from a TCG. The
algorithm is applied in the TCG to obtain the TCG structure of each PC.

Chapter 3 deals with continuous systems while now, we are working on hybrid systems, so the structures
we have derived from the TCG are the PCs assuming all switching junctions are ON (the working mode of
the system have all the actuators ON), but we need their HBG models (HBG-PCs) to configure the switching
junctions according to the system working mode.

Algorithm 4 presents the pseudocode to derive the HBG-PC from its TCG representation.

Algorithm 4: Derive the HBG-PC from its TCG for discrepancy node d.

Require: TCG model of a PC (tcg);HBG of the complete system (hbg)
Ensure: hbg-pc

Start in the discrepancy node d;
Mark in hbg the junction associated to d;
/* Search deep first in tcg %/
while not visited all nodes in tcg do
Get next element, deep first, in tcg;
if it is an edge then
Mark in hbg the system parameters in the edge;
else
/x It will be a node: ¢; or f; x/
Mark in hbg the bond related to the node;
end if
. end while
: Mark in hbg the sources and the sensors in tcg;
: hbg-pc = Remove from hbg all the componens not marked;
. return hbg-pc

e e e
S =

The HBG-PCs obtained as Algorithm 4 presents will be used to track and monitor system behaviour for
fault diagnosis tasks.

4.5 Running Example: A hybrid four-tank system

To show significant concepts of the approach, we considered the hybrid four-tank system shown in Figure
4.18. The system has input flow to tanks 1 and 3. This source is common for both tanks but it can be
deactivated separately for one of them. Tanks 2 and 4 are connected to tanks 1 and 3, respectively, through
a connecting pipe placed at a distance h above the base of the tanks. Figure 4.18 shows the four-tank system,
and Figure 4.19 shows its HBG model.

The system has four switching junctions: SWi, SWsy, SW3 and SW,. CSPECgsy, and CSPECgsw3
are controlled ON /OFF transitions, while CSPECgw2 and CSPFECgy 4 are autonomous transitions. Both
kinds of transitions are represented using a finite state machine. Figure 4.20 shows: a) the automaton
associated with CSPECgsw1 and b) the automaton representing the autonomous transition in CSPECgy».
Since the system is symmetric, automata for CSPECgsy3 and CSPECgsy 4 are equivalent to the ones shown
in Figure 4.20.
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SW1:
ON/OFF

Figure 4.18: Schematics of the four-tank system
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Figure 4.19: Bond graph model of the plant.

Assuming all switching junctions are ON, the Temporal Causal Graph of the system can be automatically
computed using the bond graph model (see Figure 4.21).
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! sw, hp<h
<P @D P @
SWy h;> h
a) b)

Figure 4.20: a) Automaton associated with the ON /OFF switching junction SWi; b) Automaton represent-
ing the autonomous transition in SWj.
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Figure 4.21: Temporal Causal Graph of the four-tank system.
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4.6 Hybrid systems fault diagnosis

The four-tank hybrid system (Figure 4.18) have four HBG-PCs. Each one of them estimates one of the

measured variables (p1, p2, ps, or ps). Figure 4.22 shows the HBG-PCs.
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Figure 4.22: HBG-PCs found for the four-tank system.

4.6.1 Tracking system behaviour

HBG-PCs can be used to track hybrid system behaviour[17]. As a first step, the complete set of HBG-PCs
in the system assuming that all switching junctions are set to ON are computed, as it has been previously
explained. When a mode change occurs we will not need to run the HBG-PCs computation again, just an
update of the current HBG-PCs, to accomplish the new configuration changes, will be necessary. Moreover,
since mode changes effects only propagate locally, the great advantage of model decomposition is that mode
changes only affect to a subset of HBG-PCs. Table 4.1 shows the switching junctions (in rows) included in
the HBG-PCs (in columns) for the four-tank system. The signature matrix in Table 4.1 relates HBG-PCs
and sw-j, hence it can be used to relate faults affecting sw-j and HBG-PCs, for that reason we have termed
this structure as the Hybrid Fault Signature Matrix (H-FSM). As shown in Table 4.1, each switching junction
is only included in two HBG-PCs, while the other two HBG-PCs are not affected by mode changes in the
junction. The HBG-PCs that are not affected by the mode change, will not need causality reassignment, and
will be able to remain tracking the system without any change. Then, when a HBG-PC includes a particular
switching junction and a mode change occurs in such switching junction, the local causality reassignment and
model update for the HBG-PC must occur quickly (before the true state and the state estimation diverge) to
avoid false positives. In this work, HBG-PCs are implemented as reconfigurable block diagram (BD) models
as proposed in [106].

First, to perform quick model reconfiguration, it is important to notice that computational structures
for some elements of the HBG-PCs remain invariant across all system modes. For example, causality of
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source elements (Se, Sf) and storage elements (C, I) of the bond graph model remain constant across all
the system modes. These elements are identified offline. Using such information, the number of components
in the PC that are susceptible to suffer from online causality reassignment is reduced. For the rest of the
elements, those whose causality may vary, the Hybrid Sequential Causal Assignment Procedure (Hybrid
SCAP) algorithm is used for efficient causality reassignment by quickly reconfiguring the BD models.

Details of the algorithm and the process to compute Block Diagrams from Bond Graph models can be
found in [106].

HBG - PC1 | HBG — PC2 | HBG — PC3 | HBG — PC4
Tsw, 1 1
1SW2 1 1
Tsw, 1 1
1SW4 1 1

Table 4.1: Hybrid Fault Signature Matrix (HFSM) of the four-tank system showing the relations between
switching junctions and each HBG-PC.

In case a fault occurs, the HBG-PC residuals must be significantly different to zero. That triggers the
fault detection and isolation stage.

We will explain in the following two subsections our FDI proposal for hybrid systems for both parametric
and discrete faults. We will illustrate the proposal using the four-tank system in the running example.

4.6.2 Fault detection and isolation. Parametric faults

Fault isolation of parametric faults is performed by means of the Reduced Qualitative Fault Signature Matrix
(RQ-FSM). Table 4.3 shows the RQ-FSM for the four-tank system in the mode where each switch is ON, it
contains the relation between HBG-PCs and system parameters. For a given mode, the Q-FSM can be online
computed from the TCG associated to an HBG-PC [76]. In this table each column represents a measurement
in the TCG obtained from the original HBG, which is also the source of a discrepancy for an HBG-PC. The
table shows the qualitative fault signatures as computed in TRANSCEND [76], except that it is minimal:

each column represent the expected effect on the measurement (HBG-PC discrepancy node or output) for
the set of faults, in rows [23].

HBG - PC1 | HBG — PC2 | HBG — PC3 | HBG — PC4
C: 1 1
Ca 1
Cs 1 1
Ca 1
Ro1 1 1
Ros 1 1
R1 1
R, 1
Rs 1
Ra 1

Rz 1 1

Rsa 1 1

Table 4.2: (Parametric) Fault Signature Matrix of the four-tank system.

Fault detection shows the possible conflicts which actually become conflicts, i.e. their residuals have been
activated. In the fault isolation stage, the set of fault candidates is obtained as the minimal hitting set of
the conflicts using the RQ-FSM.
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HBG - PC1

HBG - PC2

HBG - PC3

HBG - PC4

—+

—+

0—

0+

0+

0+

0+

0+

0—

0—

0+

0—

Table 4.3: Reduced Qualitative Fault Signature Matrix (RQ-FSM) of the four-tank system.

4.6.3 Fault detection and isolation. Discrete faults

For the system configuration where all the switches are ON, the relation between the HBG-PCs and the
switching junctions can be seen in the HFSM in Table 4.1. This is an important information that we will
use for discrete faults isolation.

Discrete faults in this work are defined to be faults in discrete actuators, which means, commanded mode
switches that do not perform the correct action. There are four faulty situations to be considered, where
SW; denotes the switching junction ¢ of the system.

1. SW; 1 — 1: SW; is stuck ON (1).

2. SW; 0 — 0: SW; is stuck OFF (0).

3. SW; 0 — 1: Autonomous switch ON (SW; is OFF (0) and it switches to ON itself (1)).
4. SW; 1 — 0: Autonomous switch OFF (SW; is ON (1) and it switches to OFF itself (0)).

Situation 3 (autonomous switch ON) is not feasible in most of the actuators nowadays, because they
have a safety position which keeps it OFF in case of malfunction. Regarding situation 4, it is equivalent to
a 100% parametric fault in some scenarios.

As we previously mentioned when we stated the assumptions in this work, the operation mode of the
system is known before a fault occurs. The magnitude related to the actuator can be sometimes measured,
but it can be inaccurate or even wrong. Because of that, we do not use that information in our proposal.

Since discrete faults generally have a bigger and potentially more dangerous influence in the system
behaviour, in our approach we will try to isolate them, before considering parametric faults. To do so, we
will borrow some ideas from Dressler and Struss [46] in terms of exoneration (although fault signature matrix
analysis using exoneration is the classical FDI approach [33]), and from Raiman [98]

Fault candidates concerning discrete faults will be preferred over parametric faults, hence, we need to
either confirm them or reject them at the early stage of the fault isolation and identification process. To speed
up the discrimination stage, we will use structural information in the HFSM: the relation between HBG-PCs
and the switching junctions, as expressed in Table 4.1, and we will introduce qualitative information about
the sign of the residuals® of each HBG-PC and its commanded actuators, what is called Hybrid Qualitative
Fault Signature Matrix (HQFSM). Table 4.4 presents the HQFSM for our case study, signs represent the
variation of the residual, which is built using the measured value in the actual system and the estimation for
the measurement in the hypothetical mode we will be if there is actually a fault.

We are going to focus on the commanded mode changes; in our case study, there are only 2 commanded
actuators: SW; and SW3. So that, the HQFSM will be only built for SW; and SWj.

5Residuals are calculated as the actual value of the measurement - the estimated value.
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HBG-PC1 | HBG-PC3
1SW11 —1 + -
Isw,0 = 0 - n
1SW10 —1 + -
Isw,1 =0 - n
Isw,l — 1 - I
1SW30 — 0 + -
Isw,0 — 1 - ¥
1SW31 — 0 + -

Table 4.4: Hybrid Qualitative Fault Signature Matrix (HQFSM).

Based on the activated residuals for the set of active HBG-PCs, the structural information in the HQFSM
(Table 4.4), and the QFSM (Table 4.3), we build the current set of fault candidates. This set can contain
both discrete and parametric faults. If there are not discrete faults as fault candidates, we perform regular
fault isolation and identification as described in [19] (See Chapter 3). Otherwise, we consider discrete faults
as preferred candidates.

Assuming switch values are not measured, discrete faults will be tested to confirm or discard them, hence
we look at the HFSM (Table 4.1) to identify affected SW; according to the activated PCs. Meanwhile, the
HBG-PCs tracking the system before the detection time will continue doing it to update the set of candidates
in case of new activations.

We look at the QFSM of activated HBG-PCs in Table 4.3. Those qualitative signatures that do not
match observed signatures can be rejected. For each discrete fault whose qualitative signature matches the
HQFSM (Table 4.4), we build a new potential mode and its HBG-PCs. Since switch values are not measured,
we need to simulate them during a period ¢;°. Eventually, during that o; period, the HBG-PCs from the
actual mode will converge. If all the HBG-PCs of a candidate mode converge, their residuals are deactivated,
the discrete fault is identified, so the initial HBG-PCs are stopped and the HBG-PCs from the new mode
continue tracking the system. If none of the tested modes converges the fault is assumed to be parametric
and the common parametric fault detection and isolation procedure will be performed using the Reduced
QFSM (Table 4.3) to obtain an isolation as accurate as possible.

As mentioned above, discrete faults usually introduce high nonlinearities in the system outputs, that
should be easily detected if magnitudes related to the failing switch were measured, generating almost
instantaneous detection for discrete faults. In case the measurement of the switching element is available,
exoneration could be applied. However, if we do not assume that the magnitude can be measured, the
variable related to the discrete fault might not be available for detection and isolation, and there could be
delays in the residual response related to capacitor effects. Hence, we need to wait an additional period of
time to confirm or to reject discrete faults.

4.7 Results for hybrid four-tank system

The hybrid four-tank system (Figure 4.18) has four HBG-PCs (Figure 4.22). The relation between HBG-PCs
and the switching junctions, assuming all of them are ON have been presented in the HFSM (Table 4.1),
while the qualitative information related to HBG-PCs and the system parameters appears in the RQ-FSM
(Table 4.3).

To illustrate the validity of the approach we have ran different fault scenarios to cover most of the faults
in the system. We also introduced several controlled and autonomous transitions in the system to test
how HBG-PCs are capable to efficiently transition between different states in the system without triggering
wrong fault detections. Two particularly interesting scenarios have been chosen to illustrate the fault isolation
capabilities of the HBG-PCs approach: (i) a discrete fault (occurring in switching junction SWi); and (i)
a parametric fault (occurring in resistance Rpi). Both experiments have been run during 700 s using a

6+ will be empirically obtained for each system.
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sampling period of 1 s; the level of noise in the measurements is 5%.

4.7.1 Tracking nominal behaviour

First of all, we will show the validity of the HBG-PCs approach to track the hybrid system behaviour. We
have implemented the four hybrid PCs for the four-tank system and run different simulation experiments.
Figure 4.23 shows the diagnosis results obtained for one of these experiments. First column in Figure 4.23
compares the four measurements against its estimation provided by the corresponding HBG-PC, while second
column shows the residual obtained for each HBG-PC.
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Figure 4.23: Diagnosis experiment for the four-tank system.

In this experiment, we assume that the water tanks are initially empty, and start to fill at constant rate.
Hence, the initial configuration of the system is SWj; and SW3 set to ON, and SW5 and SW, set to OFF.
Tanks 1 and 3 start to fill, and approximately at time 50 seconds both tanks reach stationary state. At this
time, the level in tank 1, A1, and the level in tank 3, hps, are lower that the height of the connecting pipes,
h, and consequently, there is no flow through the connecting pipes, and tanks 2 and 4 remain empty.

At time 200 seconds, the mode of the system changes, and controlled junction SWj is set to OFF.
Simultaneously, HBG-PC1 and HBG-PC3, which contain SWj3, change their modes, and quickly reassign
causality by running Hybrid SCAP. Causality reassignment is done quickly using the Block Diagrams, and,
as shown in Figure 4.23, HBG-PC1 is able to correctly estimate the level of tank 1 immediately after the
mode change. The situation is even better for HBG-PC3 where no change in the causality is needed, and
the HBG-PC remains the same just eliminating some equations. Regarding HBG-PC2 and HBG-PC4, since
both HBG-PCs do not contain the switching junction SW3, none of them is affected by the mode change.

Since SW35 has been set of OFF, the level of tank 3 decreases until it becomes zero, while the level of
tank 1 increases. At time 210 seconds, the level of tank 1 reaches the height of the connecting pipe between
tanks 1 and 2. At this point, the autonomous junction SWj transitions to ON mode and water begins to fill
the tank 2. Two HBG-PCs, HBG-PC1 and HBG-PC2, are affected by this mode change. In both cases, the
block diagrams update the models of the HBG-PCs quickly, and both of them are able to correctly estimate
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the measurements for the new mode. Note that residual for HBG-PC2 slightly increases at time 210 seconds
due to the delay related to the HBG-PC2 model update.

At time 250 seconds, the system reaches again stationary state. Then, at time 700 seconds a 20% leak in
tank 1 occurs. As a consequence, the level of tank 1 decreases, while the estimation of HBG-PC1 does not.
Hence, residual of HBG-PC1, that is the only one containing C; as a fault candidate, activates, triggering
the fault isolation procedure. Regarding HBG-PC2, since the level of the tank 1 decreases due to the fault,
at time 705 seconds the autonomous junction SWj transitions again to OFF mode, and HBG-PC2 changes
mode again. The HBG-PC model is updated immediately and it is able to correctly estimate the level of
tank 2 for the new mode.

In these tests about the ability to track nominal and faulty behaviour, we did not consider discrete faults,
and we did not generate new HBG-PCs. That is done in the following tests.

4.7.2 Discrete fault in SW;

In this scenario, illustrated in Figures 4.24, 4.25 and 4.26, we assume that the water tanks are initially
empty, and start to fill at constant rate. Hence, the initial configuration of the system is SW; and SW3 set
to ON, and SW5 and SWy set to OFF. Tanks 1 and 3 start to fill, and approximately at time 50 s both
tanks reach stationary state (Fig. 4.24). At time 500 s, an autonomous switch OFF fault is introduced in
switching junction SWi. At the next time step, both HBG-PC1 and HBG-PC3 residuals start to deviate,
and at time 502 s the fault is detected (see Fig. 4.24). Some seconds later, at time 507 s a 0— signature is
derived for HBG-PCI1 residual, and a 0+ signature is derived for HBG-PC3 residual, triggering the discrete
fault isolation mechanisms. As explained in the previous section, our discrete fault isolation algorithm first
assumes that a discrete fault has occurred in the system. In Table 4.1 we can see that switching junctions
SW;y and SWs are fault candidates, so we have to check the HQFSM in Table 4.4 using the qualitative
signatures. Looking at Table 4.4 we can see that for 0— and 0+ signatures in HBG-PC1 and HBG-PC3,
respectively; only four discrete fault candidates are possible: stuck OFF in SWj, autonomous transition to
OFF in SWy, stuck ON in SW3, and autonomous transition to ON in SW3. Moreover, since we assume
single fault, and we know the state of the switching junctions before the detection (for these experiments
both switching junctions were set to ON mode), only two of the four fault candidates are possible, and the
candidates set is reduced to autonomous transition to OFF in SW; and stuck ON in SWj.

At this point, the hybrid diagnosis framework creates two different instances of the HBG-PCs in the
system, one for each fault candidate. It quickly reassigns causality by running Hybrid SCAP for the mode
transitions, and tracks the system for an empirically determined time interval (in this work, since the
dynamic of the system is quite fast we have fixed an interval of 10 s) to isolate the fault. The evolution of
each fault candidate is shown in Figures 4.25 and 4.26, for SW; and SW3 fault candidates, respectively. First
column in the figures compares measurements of the deviated residuals (HBG-PC1 and HBG-PC3) against
its estimations provided by the corresponding HBG-PC, while second column shows the residual obtained
for each one”. Looking at Figure 4.25 we clearly see that if we hypothesize an autonomous transition to
OFF in SW7y, the HBG-PCs estimations move to a stationary state with similar values to the measured
ones. Looking at the residuals. we can also see this effect, their values become almost zero, thus confirming
the fault in ST as the real fault in the system. On the other hand, if a stuck ON fault in SW3 fault is
hypothesized (see Figure 4.26), the residual activation remains present, and consequently this fault candidate
will be discarded after the o; period of time.

"HBG-PC2 and HBG-PC4 are not shown here since none of these HBG-PCs is affected by the fault.
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Figure 4.24: Measurements and estimations of HBG-PC1 and HBG-PC3, and their corresponding residuals,
when an autonomous transition to OFF in ST, occurs.
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Figure 4.25: Measurements and estimations of HBG-PC1 and HBG-PC3, and their corresponding residuals,
when an autonomous transition to OFF in SW; occurs and an autonomous transition to OFF in SWj is
hypothesized.
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Figure 4.26: Measurements and estimations of HBG-PC1 and HBG-PC3, and their corresponding residuals,
when an autonomous transition to OFF in SW; occurs and a stuck ON in SWj is hypothesized.
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4.7.3 Parametric fault in Ry,

The second scenario, illustrated in Figures 4.27, 4.28 and 4.29 presented in this chapter starts in the same
initial configuration of the system with SW; and SW3 set to ON, and SW5 and SWy set to OFF. Tanks 1 and
3 fill in to the stationary level, and later, at time 500 s, a 20% blockage fault occurs in Ry; (see Figure 4.27).
Similarly to the previous example, at the next time step, both HBG-PC1 and HBG-PC3 residuals start to
deviate, and at time 505 s the fault is detected. Some seconds later, at time 511 s a 0— signature is derived
for HBG-PC1 residual, and a 0+ signature is derived for HBG-PC3 residual. Since the signatures obtained
for this example are the same signatures obtained for the previous example, the fault isolation algorithm
works similarly, assuming first that a discrete fault has occurred, and isolating autonomous transition to
OFF in SW7 and stuck ON in SWj3 as the fault candidates. The hybrid diagnosis framework creates two
different instances of the HBG-PCs in the system, reassigns causality by running Hybrid SCAP for the mode
transitions, and tracks the system for the empirically determined time interval of 10 s. The evolution of each
fault candidate is shown in Figures 4.28 and 4.29, for SW; and SWs fault candidates, respectively. For this
scenario, by looking at the figures, we see that none of the discrete fault candidates can be confirmed as the
true fault in the system, as a result, the isolation algorithm discards a discrete fault in the system. Next step
in the algorithm is to hypothesize parametric faults. Looking at Table 4.3, we see that the fault signatures
obtained for HBG-PC1 and HBG-PC3 only match a fault in Ry, thus confirming Ry, as the true fault in
the system.
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Figure 4.27: Measurements and estimations of HBG-PC1 and HBG-PC3, and their corresponding residuals,
when a parametric fault in Rg; occurs.

In scenarios where there are more than one parametric fault candidate the isolation process will calculate
the set of fault candidates and the identification stage will be needed to confirm the actual fault in the
system.
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Figure 4.28: Measurements and estimations of HBG-PC1 and HBG-PC3, and their corresponding residuals,
when a parametric fault in Ry occurs and an autonomous transition to OFF in SWj is hypothesized.
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and estimations of HBG-PC1 and HBG-PC3, and their corresponding residuals,

when a parametric fault in Rgy occurs and a stuck ON in SWj is hypothesized.
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4.8 Diagnosis Architecture using minimal DBNs and HBG-PCs

Dynamic Bayesian Networks (DBNs) are used to model, simulate and diagnose continuous systems. They
can also have some discrete state variables or nodes to model discrete behaviour [41, 86]. Chapter 3 has
introduced the convergence and high need of resources problems with DBNs. There are some solutions already
explained to those problems: Approximate inference (PF algorithms), and using minimal DBNs instead of
DBNSs modeling the complete system, that is one of the contributions of this dissertation. Regarding hybrid
systems, DBNs with continuous and discrete nodes modeling the whole system behaviour have even harder
convergence problems.

Minimal DBNs have been presented in Chapter 3 as a useful tool for continuous systems fault diagnosis.
They reduce the computational resources needed to obtain an accurate convergence that allows to perform
fault detection, isolation and identification satisfactorily. This section proposes to derive minimal DBNs for
hybrid systems and integrate them in the diagnosis architecture for discrete and parametric faults in hybrid
systems presented previously in this Chapter.

HBG-PCs decompose the hybrid system behaviour in a collection of continuous behaviours managed by
discrete events that trigger the change between them. This characteristic can be exploited to simplify the
minimal DBNs for hybrid systems.

Figure 4.30 shows how minimal DBNs derived from HBG-PCs can be used to track the system behaviour
without giving false positives when a mode change occurs. They can also perform fault detection (Fig. 4.30)
and identification (Fig. 4.31) integrated in the diagnosis architecture previously presented in this Chapter.

The diagnosis of hybrid systems for discrete and parametric faults have already been presented. DBNs
can be used in every diagnosis stage and they will be generated for each HBG-PC after every change in the
working mode.

Regarding the identification stage there are two different faults to identify: 1) discrete faults, and 1)
parametric faults. The discrete fault candidates identification consist of configuring the system model in
the hypothetical mode and waiting for a period of time empirically fixed. If the residuals remain active,
the hypothetical working mode is not the actual one, otherwise, the working mode of the system has been
identified and the actual configuration is updated. This process will be done with minimal DBNs derived
from HBG-PCs for each candidate working mode. The fault identification of parametric faults is the same
as the stage presented for continuous systems (see Chapter 3): the nominal DBNs will be augmented with
a node modeling the faulty parameter, where they will give the fault estimation. Next Chapter will present
a complete case study where the minimal DBNs are used in diagnosis of a hybrid system. Meanwhile, the
four-tank hybrid system in Figure 4.18 has been used to show the applicability of our proposal.

4.8.1 Four-tank system example

Simulated data has been generated with 5% level of noise, during 1000 s with a sample period of 0.1. We
run several experiments with different mode configurations and different faults, varying the size and time of
fault occurrence. Results for all these situations were equivalent to the example presented next.

Figure 4.30 shows the results obtained for one of the experiments run. First column (Figure 4.30)
compares the three measurements and its estimation by the minimal DBNs, while second column shows
the residual obtained for each minimal DBN. DBN4 has not been included in the figure as this HBG-PC is
always deactivated during the experiment.

Initially, water tanks are empty, and start to fill at constant rate. Hence, the initial configuration of
the system is SW; and SWj3 set to ON, and SW5 and SWy set to OFF. Tanks 1 and 3 start to fill, and
approximately at instant 500 sampling periods both tanks reach stationary state. At this time, the level
in tank 1, Apy, and the level in tank 3, hps, are lower than the height of the connecting pipes, h, and
consequently, there is no flow through the connecting pipes.

At instant 2000 sampling steps, controlled junction SWj3 is set to OFF, so the system mode changes.
Simultaneously, HBG-PC1 and HBG-PC3, which contain SW3, change their modes, and quickly reassign
causality by running Hybrid SCAP [17]. Once the new HBG-PCs have been generated, the corresponding
DBNs are built. As shown in Figure 4.30, DBN1 and DBN3 are able to correctly estimate the level of tank
1 and 3, respectivley, immediately after the mode change. Regarding HBG-PC2 and HBG-PC4, since both
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Figure 4.30: Tracking the four-tank hybrid system behaviour using minimal DBNs. The graphs on the
left show the three HBG-PCs estimations corresponding to the pressure of tank 1 to 3, respectively (HBG-
PC4 is not shown because tank 4 is always empty and is not connected to the rest of the system during
the experiment). Graphs on the right present the residuals of each HBG-PC estimation. Residual is only
activated after a fault occurs.

HBG-PCs do not contain the switching junction SWs, none of them is affected by the mode change so their
DBNSs do not need to be generated and continue tracking the system behaviour.

SWs5 has been set to OFF, so the level of tank 3 decreases until it becomes zero, while the level of tank
1 increases. At instant 2100 sampling periods, the level of tank 1 reaches the height of the connecting pipe
between tanks 1 and 2. At this point, the autonomous junction SWy transitions to ON mode and water
begins to fill tank 2. HBG-PC1 and HBG-PC2 are affected by this mode change. In both cases, the models
of the HBG-PCs are updated and the DBNs are generated. Both of them are able to correctly estimate the
measurements for the new mode.

At instant 7000 sampling periods a 20% leak in tank 1 occurs. As a consequence, the level of tank 1
decreases, while the estimation of DBN1 does not. Hence, residual of DBN1, which is the only one containing
(1 as a fault candidate, activates, triggering the fault isolation procedure. Regarding DBN2, since the level of
tank 1 decreases due to the fault, at instant 7050 sampling periods the autonomous junction SWs transitions
again to OFF mode, and HBG-PC2 changes mode again. The HBG-PC model is updated immediately and
DBN?2 is built; it is able to correctly estimate the level of tank 2 for the new mode.

Nine sampling periods after fault inyection (0.9 seconds) DBN1 detects a fault. After the discrete fault
isolation and identification procedure and according to FSM in Table 4.5, the set of fault candidates is
{CT.R{ Ry}

DBN1 was extended with a node for the faulty parameter which needs to be identified as explained in
[5]. In this scenario, three DBNs have been built, one for each fault candidate. Figure 4.31 shows the results
obtained using the DBN1 to estimate C;. The DBN is able to track the system behaviour and to obtain an
estimation for the parameter quickly converging to a 19.3% fault in Cy. Minimal DBNs built to estimate R,
and Rys were not able to converge. Hence, the candidates were discarded.
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HBG — PC1 | HBG — PC2 | HBG — PC3 | HBG — PC4
Ccy 0+
cy 0+
Ccy 0+
Ccy 0+
R, 0— 0+
Ry, 0+ 0—
Ry 0+
Ry 0+
Ry 0+
R 0+
R, 0— 0—
R3, 0+ 0—

Table 4.5: Reduced Qualitative Fault Signature Matrix.
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Figure 4.31: Identifiying an incipient or progressive fault in tank 1 capacitance, C;. First graph in the left
shows the DBN1 output, the pressure in tank 1, the second graph presents the residual of DBN1 and the
third one shows the estimation for the parameter C.
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4.9 Extension for multiposition actuators

Hybrid Bond Graphs’ switching junctions model ON/OFF switches but there are hybrid systems which have
some kind of multiposition actuator. The first challenge in this proposal is to model a multiposition valve
or any other discrete actuator that connects one and only one of multiple paths at the same time to be
able to use HBGs to explote its advantages regarding reconfiguration efficiency. The approach presented in
this dissertation assumes that any switch which connects one “input path” with one and only one “output
path” among several paths can be modeled as a group of ON/OFF switches connected in the appropiate
way. When one of those multiposition switches has a position in the activated state it connects something
in the system at the same time it disconnects any other parts related to its other positions.

Based on that idea the multiposition switch can be seen as a zero junction in an HBG model connected
to the same number of one switching junctions as alternative paths the physical model has. There are a
control specification (CSPEC) for each switching juntion which models the command to activate or not the
switching junction. Only one CSPEC is going to be ON at any same time. Figure 4.32 shows a generalization
of the previous explanation (a) and a generic HBG schematic of that structure (b).
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Figure 4.32: a) General structure of a multiposition switch. b) HBG generic schematic of a 3-position switch.

Looking at Figure 4.32.a) and the previous explanation, the main characteristic of the multiposition
valves or discrete actuators considered in this dissertation is that they connect one and only one path among
several at any time. This can be seen in the control signals of the actuator. Assuming 0 means OFF and 1
means ON, there is going to be only one path ON (1) at each time. In a three position valve, this means
there are three possible control signals assuming non faulty behaviour: 100, 010 and 001. Figure 4.33 shows
the three configurations previously described (a)100; b)010; ¢)001). It can be possible to have all paths
disconnected (000, in the three position valve example) but this position depends on the actuator itself.
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Figure 4.33: Configuration modes of a three position switch.
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4.10 Discussion and conclusions

This Chapter has presented the Possible Conflicts’ extension for hybrid systems (HBG-PCs). It has been
introduced using the Bond Graph modeling tool and they have been successfully applied for a simulation
four-tank system. The Hybrid Bond Graph (HBG) approach can model only ON/OFF actuators, that limits
the use of this proposal. The chapter also proposed a method to model multiposition actuators using the
ON/OFF tools of the HBGs.

To formalize the HBG-PCs some definitions, general properties and propositions have been presented
and proven. This Chapter formally states that assuming all switching junctions are ON does not lead to
lose HBG-PCs, i.e. the set of HBG-PCs in the hybrid system at any given time can be directly obtained
from this original set of HBG-PCs providing the necessary configuration in terms of control specification
commands.

There is an important advantage derived from the HBGs, the configuration modes do not need to be
previously enumerated, the model is configured as the mode changes, i.e, if one mode is never visited, it will
never be built.

The HBG-PCs divide the system in minimal redundant subsystems, some of them have common elements,
but they model different parts of the original system. This can be exploited regarding the fault diagnosis
efficiency, a mode change will not affect all the HBG-PCs so, while the HBG-PCs affected by the change are
reconfigured, the others can continue tracking the system behaviour.

The HBG-PCs have been integrated in a diagnosis architecture for hybrid systems. This architecture
allows performing fault detection and isolation of discrete and parametric faults in a unified way. In our
approach, we do not measure the control variable in the actuator so we have to hypothesize the inputs.

Moreover, minimal DBNs have been also introduced in the diagnosis architecture to extend it for fault
identification tasks.

Finally, it is possible to generate specific algorithms to derive quickly the set of ODEs (Ordinary Differ-
ential Equations) required to model the continuous behaviour of each working mode using the HBGs and
HBG-PCs concepts [80], this allows to generate the minimal DBNs quickly after a mode change.

The method proposed to derive the HBG-PCs from the HBG of the complete system imposes a valid
causal assignment in the HBG considering all actuators are ON. This cannot make sense in some systems,
where there are alternative paths which are not going to be ON at the same time, but this does not mean their
HBG model does not have a causal assignment with that assumption, i.e, the ROS (the system presented
in next Chapter) has mutually exclusive paths and it actually has a valid causal assignment considering all
switching junctions are ON. Moreover, as it will be presented later, the future work is directed to eliminate
the assumption and derive the HBG-PCs even when there is not a valid causal assignment in the HBG with
all the actuators ON.

There is also an important assumption in this work, the working mode before a fault occurs is known, but
we keep tracking the system with either simulation or some kind of observer (particle filter). As a consequence,
we track both, the continuous behaviour and the discrete behaviour (due to commanded changes or as a
result of autonomous transitions).
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Chapter 5

Case Study. Reverse Osmosis System

(ROS)

Last Chapter has introduced Hybrid Possible Conflicts (HBG-PCs). It has also explained a fault diagnosis
framework for hybrid systems using the HBG-PCs. This Chapter shows how that framework is applied to
a real-world system, a Reverse Osmosis System (ROS). The ROS is a subsystem of an Advanced Water
Recovery System (AWRS) which receives water with impurities and by means of a membrane filter cleans
the inorganic and particulate matter from the water.

5.1 Reverse Osmosis System (ROS). Introduction

The Advanced Water Recovery System (AWRS) has been designed and built at the NASA Jonhson Space
Center (JSC) as part of the Advanced Life Support (ALS) System for long duration manned missions [90, 104].
Figure 5.1 shows the schematic of the AWRS, it works in microgravity conditions and it obtains potable
water from wastewater.
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Figure 5.1: Schematic of the Advanced Water Recovery System.

The AWRS has four subsystems: 1) the Biological Waste Processor (BWP), which removes organic matter
and ammonia from the wastewater; 2) the Reverse Osmosis System (ROS), which removes inorganic and
particulate matter by means of a high pressure membrane filtration system; 3) the Air Evaporation Subsystem
(AES), which recovers the remaining water in the ROS’ brine using an evaporation and condensation process;
4) the Post Processing Subsystem (PPS) which removes trace impurities and generates potable water from
combined output from the ROS and the AES. This dissertation focuses on the ROS subsystem.
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The ROS receives input flow from the BWP subsystem, the feed pump is always ON, so this flow is
continuous during all the working cycle. This flow mixed with the recirculated flow, when the recirculation
pump is ON, goes through the tubular reservoir. After it, there is a membrane responsible of filtering the
flow to remove impurities. The filtered water goes to the Post Processing Subsystem (PPS) and some of
the flow, which is not clean enough goes to a multiposition valve. Depending on the working mode, the
valve will be in position 1, 2 or purge. Position 1 recirculates flow in the long path (before the tubular
reservoir), position 2 recirculates flow in the short path (after the tubular reservoir) and position purge takes
the wastewater accumulated in the membrane to the AES. There is a fourth working mode, called slough,
used to clean the membrane. In this mode, the water is recirculated counter-clockwise in the smaller loop.
The slough mode occurs periodically but it is not part of the regular working cycle of the ROS. The work
in this dissertation is focused on the working cycle made of the working mode 1 (the valve is in position 1),
followed by the working mode 2 (the valve is in position 2) and finally, the working mode purge (the valve
is in position purge), and starting again.

The ROS has a multiposition valve which is the responsible for the path followed by the dirty flow coming
out of the membrane. Chapter 4 have presented a method to model a multiposition actuator using ON/OFF
switching junctions.

Figure 5.2 shows the HBG model of the ROS. It is divided into subsystems to easily understand the
different parts of the system: Pumps, pipe system, rotation to hydraulic (R2H) and the conductivity model.
Control signals M1, M2 and P model the changes of the multiposition valve, and consequently, determines
the current operation mode in the ROS. The multiposition valve is modeled in the HBG in Figure 5.2 in
the highlighted area in the pipe system. The three control signals are mutually exclusive, i.e. only one can
be ON at any time. As can be seen in Figure 5.2 the conductivity subsystem model is not connected to the
remaining subsystems; they only share the control signals. The conductivity subsystem is less representative
and less error prone, then, we have focused on the big subsystems below.

During the working mode 1 control signal M1 is equal to 1 (M2=0 and P=0), in this mode, the recircu-
lation pump is ON and the connected path is the one with resistance Rp,ine1. Regarding the conductivity
model, the active path is the one with the source Sf_primary. For working mode 2, M2=1 (M1=0 and
P=0), the recirculation pump is also ON but in this case, the path connected is the one with the parameter
Rprine2, for the conductivity model, Sf_secondary is the connected source. The third working mode, mode
purge, has signal P=1 (M 1=0 and M2=0); in this mode, the recirculating pump is OFF and this is modeled
disconnecting the source (Se_recircpump) and the resistance of the membrane (R,emp), the resistance Ryrqin
appears in the pipe system as well as R and Rpur¢en in the conductivity model.

There are five measurements in the system: 1) The outflow of the feed pump, which is the input flow
in the system (F_FP) , 2) the pressure in the tubular reservoir (P_Back), 3) the pressure in the membrane
(P_Memb), 4) the pressure out of the recirculating pump (P_Pump) and 5) the concentration of the liquid
(P_k). Figure 5.3 shows the system measurements during three complete working cycles (each cycle is made
of mode 1, mode 2 and mode purge). The data has 2% noise. They are drawn from the top to the bottom of
the figure in the same order they have been explained before. The input flow in the system (F_FP) is almost
continuous across time but the other four measurements have a different behaviour during each working
mode. Looking at the third measurement in Figure 5.3, the pressure in the membrane (P_Memb), we can
identify the three working modes, during the first and the second modes, the measurement is increasing, at
different rates on each of them, while in the third mode, the purge mode, the pressure of the membrane
drops drastically and it remains steady during the whole mode. The concentration of the liquid (Pk) is
shown at the bottom of the graph, in this measurement we can better identify the three working modes, it
has another important characteristic, it is the variable used by the controller to fix the control signals.

The values of the main parameters in the system are presented on Table 5.1. The system is described by
three sets of equations, one for each working mode; the equations are presented in Appendix A.

The system can be modeled using three DBNs, one for each working mode. The DBN modeling the
system configuration in mode 1 is shown in Figure 5.4.

116



5. Case Study. Reverse Osmosis System (ROS)

Parameter | Description Nominal value

Cremb Capacitance of the membrane 2.611-10~10

CRes Capacitance of the tubular reservoir 4.3511-107°

Cy, Capacitance in the conductivity model | 1.695 - 10°

GY Element to transform the energy of the | 1
recirculation pump

TF Element to transform the energy of the | 1
feed pump

I tpump Efficiency in the feed pump 2.4821 - 102

Lpump Efficiency in the recirculation pump 9600

Rtpump Resistance in the feed pump 2.835- 1010

Rywp Resistance in the pipe from the BWP | 2.283- 10
subsystem

Rpipe Resistance in the pipe carrying water to | 2.8544 - 1013
the membrane

Ryremp Resistance in the membrane 2.46 - 1012

Rprine1 Resistance in the pipe carrying water | 9.1011 - 1012
from the valve in the long loop

Rprine2 Resistance in the pipe carrying water | 9.1011 - 1012
from the valve in the short loop

Rarain Resistance in the pipe carrying water | 4.1362 - 109
from the valve to the AES

Rypump Resistance in the recirculation pump 2

Table 5.1: Parameters in the Reverse Osmosis System.
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Figure 5.2: Hybrid Bond Graph Model of the Reverse Osmosis System (ROS).
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Figure 5.3: Nominal behaviour of the ROS during three complete working cycles for available measurements:
F_FP, P_Back, P_-memb, P_Pump, and P_k, from top to down in the figure.
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Figure 5.4: DBN modeling the Reverse Osmosis System (ROS) in mode 1.
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5.2 Hybrid Possible Conflicts and Dynamic Bayesian Networks

The ROS HBG model has causal assignment considering all switching junctions are set to ON. Because of
that, its Hybrid Possible Conflicts (HBG-PCs) have been derived efficiently using the HBG of the system
presented in Figure 5.2 and the method presented in Chapter 4. There are five HBG-PCs, each one of them
has one of the system measurements as discrepancy node. The HBG-PCs derived following the method
described in Chapter 4 are presented from Figure 5.5 to Figure 5.9.
Each HBG-PC models a redundant subsystem of the physical system. HBG-PC1 (Figure 5.5) models
the subsystem from the feedpump to the sensor in the reservoir (PBack).

De: P_Back
R:R_BWP R:R_fpump |
2 "x‘
Se: Se_feedpump __- 1 5 1 6 TE:TE 7 0 8 ‘{‘)'
v
Df:F_FP* Il _fpump

in I_fpump.

Figure 5.5: Hybrid Bond Graph Model of HBG-PC1 from the Reverse Osmosis System (ROS). The discrep-
ancy node, estimated variable, is F_FP and the state variable is f4, that is related to the generalized effort

HBG-PC2 (Figure 5.6) represents the subsystem modeling the reservoir and the two recirculating paths

De: P_Back*

T

R:R_pipezerol

. C:C_res R:R_pipe
N/m is De: I?:Memb
1A516TF:708(‘)”014“‘1210""’
) TF

25

M2 (on:M2>0)
R:R_brinel M1 (on:M1>0)

Figure 5.6: Hybrid Bond Graph Model of HBG-PC2 from the Reverse Osmosis System (ROS). The discrep-
ancy node, estimated variable, is P_Back and the state variable is ejg, that is related to the capacitance in
the reservoir, C_res.
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HBG-PC3 (Figure 5.7) models the membrane subsystem

De: P_Back

ha

R/‘ C:C_ memb _,De:P_Memb*
1

23 24

R: R_memb
25 ““
P (on: P=0)

P (on: P>0)

32 1 33 R:R_drain

M2 (on: M250)
R:R_briner M1 (on:M1>0)

Figure 5.7: Hybrid Bond Graph Model of HBG-PC3 from the Reverse Osmosis System (ROS). The discrep-

ancy node, estimated variable, is P_Memb and the state variable is ess, that is related to the capacitance in
the membrane C_memb.

HBG-PC4 (Figure 5.8) models the recirculating pump

De: P_Back R:R_pipe De: P_Memb
} 15 {
v 11 14 21 v
0 0 1 0
20
R: R_rpump .
P (on: P=0) De: P_hPump
Se: Se_recircpump 34 1397 3859 39.Gv.Gv20~p g
37
I:1_pump

Figure 5.8: Hybrid Bond Graph Model of HBG-PC4 from the Reverse Osmosis System (ROS). The discrep-
ancy node, estimated variable, is P_Pump and the state variable is f37, that is related to the generalized
effort in I_pump.
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HBG-PC5 (Figure 5.9) represents the conductivity model of the system.

Sf: Sf_secondary —42—~q —43 ST TR —44 >

M2 (on: M250)

Sf:Sf primary —48 >, 49 >y Tpp—20

M1 (on: M1>0)

Figure 5.9: Hybrid Bond Graph Model of HBG-PC5 from the Reverse Osmosis System (ROS). The discrep-
ancy node, estimated variable, is P_k and the state variable is e52, that is related to the concentration in
conductivity model C_k.

The previous paragraphs present a general idea of the subsytem modeled by each HBG-PC but there is
some information we can obtain just analyzing the HBG model of each HBG-PC. The system configuration
and the sensors placement contribute to the fact that all the HBG-PCs in this system have just one state
variable. This shows very little overlaping between the HBG-PCs and, of course, between the subsystems
they represent.

Table 5.2 presents a summary of the state variables, inputs, outputs, parameters and actuators included
in each HBG-PC. The actuators in the system are the multiposition valve and the recirculating pump, as
it has been explained, the valve has three positions: 1, 2 and purge, corresponding to the control signals
M1, M2 and P in mode ON, respectively. The column actuators shows the actuators and the positions that
influence each HBG-PC, in case there is not any control signal, the HBG-PC is affected during the three
working mode.

State Inputs Output Actuators | Param.
variables
HBG-PC1 | f4 Sefeedpumps FFP - Rpwp,
PBack R pump
HBG-PC2 | e FFP, PBack Valve Ryipezerot,
PMemb, (M1,M2) Cres,
PPump Rpipe,
Rbrinela
Rbrine2
HBG-PC3 | ea PBack, PMemb | Valve Rpipe,
PP’Lme Cmemba
Rmembv
Rdrainv
Rbrinel )
Rbrine2
HBG-PC4 | f37 PBack, PPump Recirculation| Rpipe,
PMemb, pump Ry pump,
Serecircpump Ipump
HBG-PC5 €59 Sfpm‘mary, Pk Valve R, Ck
stecondary

Table 5.2: Summary of the state variables, inputs, outputs, actuators and parameters included in each
HBG-PC.

All of those HBG-PCs have a causal assignment in the three working modes (mode 1, mode 2 and mode
purge). There is a particular case for HBG-PC4 in mode purge. All the experiments in this dissertation have
integral causality to calculate the state variables. In this particular case, there is only causal assignment
considering derivative causality in the element Ipump. Because of that, there is not going to be one equation
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with integral causality to calculate state variable fs7 for mode purge. The change in causality in Ipump
affects to the DBN4 as well as the DBN of the complete system. DBN4 does not exist in mode purge (fs7 is
the only state variable in DBN4) and DBN of the complete system does not have the equation to estimate
the value for the state variable f37 and for the observation Ppump during the mode purge.

The Hybrid Fault Signature Matrix (HFSM) and the (parametric) Fault Signature Matrix (FSM) for
each working mode show the HBG-PCs affected by the switching junctions and the system parameters,
respectively. Those matrices are shown in Tables from 5.3 to 5.6 and they will be used for diagnosis tasks.
The discrete faults have been grouped by the element in the system that can actually fail: the recirculation
pump and the multiposition valve. We have previously explained the relation between the control signals
and the actuators.

HBG- | HBG- | HBG- | HBG- | HBG-
PC1 PC2 PC3 PC4 PC5

Recirc. Pump 1 1
Valve 1 1 1

Table 5.3: Hybrid Fault Signature Matrix of the ROS.

HBG- | HBG- | HBG- | HBG- | HBG-
PCi PC2 PC3 PC4 PC5

wap 1

prump 1

T ypump 1

Rrpump 1

Ipump 1

Rpipezerol 1

Cres 1

Rpipe 1 1 1

Cmemb 1

Rmemb 1

Rbrinel 1 1

Ck 1

Table 5.4: Fault Signature Matrix of the ROS for Mode 1.
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HBG- | HBG- | HBG- | HBG- | HBG-
PC1 PC2 PC3 PC4 PC5

Rywp 1

R fpump 1

L ypump 1

Rrpump 1

Ipump 1

Rpipezerol 1

Cres 1

Rpipe 1 1 1

Cmemb 1

Rmemb 1

Rbrine2 1 1

Cy 1

Table 5.5: Fault Signature Matrix of the ROS for Mode 2.

HBG- | HBG- | HBG- | HBG- | HBG-
PCi PC2 PC3 PC4 PC5
wap 1
prump 1
L ypump 1
Rrpump 1
Rpipezerol 1
Cres 1
Rpipe 1 1 1
Cmemb 1
Rdrain 1
Ck 1
R 1

Table 5.6: Fault Signature Matrix of the ROS for Mode Purge.
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DBNs have been chosen as the estimation model for fault detection, isolation and identification, as it
has been explained in Chapters 3 and 4. DBNs have been derived from the HBG-PCs (see Figures from 5.5
to 5.9) using the method presented in Chapter 3. There is a minimal DBN for each HBG-PC and for each
working mode. When a mode change occurs, it automatically changes the minimal DBNs of the HBG-PCs
that contain the switching junction to the minimal DBNs of the new working mode. Some of those DBNs
are presented in Figures from 5.10 to 5.14, they correspond to the system working on mode 1.

1
1
1
1
1
1
1
1
1
1
1

27T T
1

t+1

feedP

s7T~

{FFp )

-

-

PBack

Figure 5.10: Dynamic Bayesian Network of HBG-PC1 (DBN1) from the Reverse Osmosis System (ROS) for
the working mode 1. The state variable is fy (flow in the feed pump), related to the parameter I_fpump in
the BG model.

|
i t+1
1
fPBack: @ : @ { PBack }
. / | \\ ',1
.~ | -~
PMemb | PMemb
|
PPump I PPuUmp

Figure 5.11: Dynamic Bayesian Network of HBG-PC2 (DBN2) from the Reverse Osmosis System (ROS) for
the working mode 1. The state variable is e1g (pressure in the reservoir), related to the parameter C_res in
the BG model.

126



5. Case Study. Reverse Osmosis System (ROS)

t t+1

PBack \ PBack
I‘PMembj:PMemb}

PPump

PPump

Figure 5.12: Dynamic Bayesian Network of HBG-PC3 (DBN3) from the Reverse Osmosis System (ROS) for
the working mode 1. The state variable is eso (pressure in the membrane), related to the parameter C_memb
in the BG model.

t t+1

RecircP \:\ RecircP
1
I PPump @ : @ PPump !

PBack

PBack

PMemb PMemb

Figure 5.13: Dynamic Bayesian Network of HBG-PC4 (DBN4) from the Reverse Osmosis System (ROS) for
the working mode 1. The state variable is f37 (flow in the recirculation pump), related to the parameter
[_pump in the BG model.

i SF_Primary
1}
1}

Figure 5.14: Dynamic Bayesian Network of HBG-PC5 (DBN5) from the Reverse Osmosis System (ROS)

for the working mode 1. The state variable is es2 (concentration in the conductivity model), related to the
parameter C_k in the BG model.
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5.3 Tracking nominal behaviour

The first objective to achieve with the minimal DBNs derived from HBG-PCs is tracking the nominal
behaviour of the system. Omnce this is tested, the fault diagnosis process can be done using the minimal
DBNs derived from the HBG-PCs, this will be explained in next section.

The simulated behaviour, as presented in Figure 5.3, was used as input for FDI to both the DBN modeling
the complete system and the minimal DBN for each HBG-PC. A Ztest [13, 53] has been used to check that
all those DBNs are able to track the system behaviour even during mode changes and no false positives have
been obtained. Figures from 5.15 to 5.17 present how some minimal DBNs track the system behaviour.
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Figure 5.15: DBN2 estimation compared to the ROS measurement along three working cycles. The system
measurement is the pressure in the membrane (PMemb).

Figure 5.16 shows the DBN4 behaviour tracking the system. It also shows the particular situation
previously explained where there is no DBN for HBG-PC4 in mode purge because the state variable estimated
in that PC has derivative causality. The same problem appears in the DBN modeling the complete system.
That DBN in mode purge has only 4 state variables, instead of 5 and there is no estimation for measurement
Ppump, directly related to the state variable in derivative causality. This fact can be observed in the figure
because during those intervals there is no values for Ppump.
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Figure 5.16: DBN4 estimation compared to the ROS measurement along three working cycles. The system
measurement is the pressure out of the recirculating pump (PPump). In mode purgue the state variable has
derivative causality and there is not DBN4.
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Figure 5.17: DBN5 estimation compared to the ROS measurement along three working cycles. The system

measurement is the concentration (Pk).
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5.4 Diagnosis results

The data for the experiments have been generated from the Simulink model of the ROS using a 0.5 sample
time and adding a 2% gaussian noise to the measurements. All the experiments have been repeated ten
times, the results presented are average values from those repetitions. The standard deviation is shown in
brackets. Decision making regarding fault detection and convergence have been done with a ztest [13, 53].

5.4.1 Discrete faults

The ROS has three working modes, as it has been explained before. Discrete faults are related to them. To
be more precise, they are faults in the discrete actuators involved in the mode changes: The recirculation
pump and the multiposition valve.

The recirculation pump has two states, ON and OFF, and it switches from one to the other by means of a
control signal. According to that, it can fail in two different ways: 1) It autonomously changes its state, and
2) It does not obey the order from the control signal to change the state. To summarize, the recirculating
pump has 4 possible faults, assuming 1 means ON and 0 means OFF, the possible faults can be labeled as:

e Pump 1 — 0: The pump is ON and it autonomously switches to OFF.

e Pump 0 — 1: The pump is OFF and it autonomously switches to ON.

Pump 1 — 1: The pump is stuck ON (The pump receives the order to switch OFF but it remains
ON).

Pump 0 — 0: The pump is stuck OFF (The pump receives the order to switch ON but it remains
OFF).

On the other hand, there is the multiposition valve with three states: M1, M2 and P. This valve is also
commanded by three control signals: M1, M2 and P that determines the corresponding position. So it can
fail in the same ways as the recirculating pump: 1) Change autonomously its state, and 2) Do not obey the
order from the control signal. In this actuator, there are 3 different states, so there are more combinations
characterizing the faults. Considering 100 means the valve is in position M1; 010 means the valve is in
position M2; and 001 means the valve is in position P:

e Valve 100 — 010: The valve is in position M1 and it autonomously switches to position M2.
e Valve 100 — 001: The valve is in position M1 and it autonomously switches to position P.

e Valve 100 — 100: The valve is stuck in position MI.

e Valve 010 — 100: The valve is in position M2 and it autonomously switches to position M1.
e Valve 010 — 001: The valve is in position M2 and it autonomously switches to position P.

e Valve 010 — 010: The valve is stuck in position M2.

e Valve 001 — 100: The valve is in position P and it autonomously switches to position M1.
e Valve 001 — 010: The valve is in position P and it autonomously switches to position M2.

e Valve 001 — 001: The valve is stuck in position P.

The HFSM has been presented in Table 5.3 and it will be used to generate discrete fault candidates. This
matrix can be augmented with qualitative information to obtain the Hybrid Qualitative Fault Signature
Matrix (HQEFSM) in Table 5.7. Sign +(-) means the residual generated by the HBG-PC in the column has a
positive (negative) sign, while the asterisk (*) means the residual sign cannot be computed unambiguously.
HQFSM will be used to discriminate among discrete fault candidates.
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HBG- | HBG- | HBG- | HBG- | HBG-
PC1 PC2 PC3 PC4 PC5

Pump 1 — 0
Pump 0 — 1
Pump 0 — 0
Pump 1l — 1
Valve 100 — 010
Valve 100 — 001
Valve 100 — 100
Valve 010 — 100
Valve 010 — 001
Valve 010 — 010
Valve 001 — 100
Valve 001 — 010
Valve 001 — 001 - -

+

—+ [

+ |

_|_

_|_

++]
*

[+

+| ]+
K| HK| K| K| K[ K| K| K| ¥

Table 5.7: Hybrid Qualitative Fault Signature Matrix (HQFSM) of the ROS.
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Fault detection Tables 5.8 and 5.9 summarize the fault detection results regarding discrete faults. Each
row in table 5.8 summarizes results for a discrete fault: second column indicates the working mode when the
fault arose, while third column presents in which working modes the fault was detected. There is one value
(working mode) for each DBN that detects the fault, corresponding to the four HBG-PCs (HBG-PC1 is not
affected by the discrete actuators) and the complete system, respectively.

Table 5.9 contains the average detection time stamps of ten DBNs for each minimal DBN' and the DBN
of the complete system for the considered faults shown in the first column (the standard deviation is always
zero, so it has been omitted).

Working Mode | Detection Mode
Pump 1l — 0 M1 M1/M1/M1
Pump 0 — 1 P -/-/P
Pump 0 — 0 M1 M1/M1/M1
Pump 1l —1 P -/-/P
Valve 100 — 010 M1 P/P/MI1/MI
Valve 100 — 001 M1 ~JM1 /M1 /M1
Valve 100 — 100 M2 P/P/M2/M2
Valve 010 — 100 M2 P/P/M2/M2
Valve 010 — 001 M2 /M2 M2 M2
Valve 010 — 010 P p/pP/P/P
Valve 001 — 100 P P/P/P/P
Valve 001 — 010 P pP/P/P/P
Valve 001 — 001 M1 M1/MTI /M1 /Ml

Table 5.8: Fault detection of discrete faults in the ROS. Fault detection working modes of the possible
discrete faults of the system.

HBG- | HBG- | HBG- | HBG- | Complete

PC2 PC3 PC4 PC5 System
Pump 1 — 0 106 3068 968
Pump 0 — 1 ND ND 983
Pump 0 — 0 840 | 10068 57
Pump 1l -1 ND ND 3
Valve 100 — 010 | 106070 | 105592 3456 3456
Valve 100 — 001 ND 20 2309 568
Valve 100 — 100 | 47012 | 46632 905 905
Valve 010 — 100 | 40819 | 40582 1086 1086
Valve 010 — 001 ND 21 1421 2
Valve 010 — 010 1411 1032 1465 1013
Valve 001 — 100 2222 82 133 63
Valve 001 — 010 1828 74 379 95
Valve 001 — 001 63 2 1438 215

Table 5.9: Fault detection of discrete faults in the ROS. Fault detection time stamps of the possible discrete
faults of the system (the standard deviation is not shown because it is always zero).

IDBNI1 is not shown because it is not affected by discrete faults and it does not give any false positive.
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Looking at detection time stamp values, the minimal DBNs have basically the same behaviour than the
DBN of the complete system. More specific, regarding efficiency, the minimal DBNs obtain a better detection
time in three scenarios, there is a draw in other three scenarios. Finally, the DBN of the complete system
gets an earlier detection time in seven out of thirteen scenarios but in three of them the difference with the
best minimal DBN is less than ten seconds.

Regarding correctness in the fault detection process, two issues must be pointed out. First, there are
two scenarios where minimal DBNs can not detect the discrete fault; those particular situations are the
faults in the recirculation pump, when it autonomously switches to ON state (0 — 1), and when it is stuck
ON(1 — 1). The recirculating pump behaviour is closely related to the purge mode, it changes its position
when starting/ending the purge mode (pump is switched OFF/ON; respectively). It is also affected by the
part of the system that changes causality during purge mode so there is not minimal DBN modeling the
recirculation pump during that period. Those characteristics make the minimal DBNs not sensitive to those
changes in the recirculating pump.

Second, PC2 is not able to detect two faults in the valve: 1) Valve 100 — 001 and 2) Valve 010 — 001.
Looking at PC2 model (Figure 5.6) we can see that it is affected by the multiposition valve, but only in
working modes 1 and 2. This is also presented in Table 5.2.

On the other hand, minimal DBNs will help in the isolation stage reducing the set of fault candidates
and avoiding considering all possible faults in the system as candidates.

We will be using exoneration in the discrete faults isolation stage, so the experimental HQFSM in Table
5.10 must be introduced. This matrix presents the actual behaviour of the HBG-PCs and the DBNs derived
from them, instead of the theoretical behaviour. Comparing Tables 5.7 and 5.10 we can observe that in the
second one, the cells corresponding to the HBG-PCs that do not detect a fault, which have already been
explained, are empty, meaning that those HBG-PCs and the DBNs derived from them do not detect the
corresponding fault. The experimental HQFSM in Table 5.10 will be used in fault isolation tasks.

HBG- | HBG- | HBG- | HBG- | HBG-
PC1 PC2 PC3 PC4 PC5

Pump 1 — 0 + -
Pump 0 — 1
Pump 0 — 0
Pump 1 — 1
Valve 100 — 010 +
Valve 100 — 001
Valve 100 — 100
Valve 010 — 100
Valve 010 — 001
Valve 010 — 010
Valve 001 — 100
Valve 001 — 010
Valve 001 — 001 - -

+

+|+
*

|+
]

K| K| K| K| K| K| K| X K

Table 5.10: Experimental Hybrid Qualitative Fault Signature Matrix (HQFSM) of the ROS.

Isolation and Identification After fault detection stage, the isolation task is performed. Regarding the
detection information, besides detection time, presented in Table 5.9, there are also the signatures generated
after that detection (Table 5.11).

The isolation process have been explained in Chapter 4. Summarizing the isolation and identification
process: Discrete fault candidates are preferred candidates over parametric ones. Exoneration will be used
to generate the set of discrete fault candidates. In case all discrete fault candidates are rejected, parametric
candidates will be tested.

Considering the signatures in Table 5.11 and the experimental HQFSM in Table 5.10 the set of discrete
fault candidates have been generated, Table 5.12 present the simulated fault in first column and the fault
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candidates in the second column. To build the table we have taken into account that our assumption is that
the current mode is known. Hence, some potential fault candidates are not consistent with the current state,
and they are rejected.

HBG-
PC1

HBG-
PC2

HBG- | HBG-
PC3 PC4
+ -

HBG-
PC5

Pump 1 — 0
Pump 0 — 1
Pump 0 — 0
Pump 1l — 1
Valve 100 — 010 +
Valve 100 — 001
Valve 100 — 100
Valve 010 — 100
Valve 010 — 001
Valve 010 — 010
Valve 001 — 100
Valve 001 — 010
Valve 001 — 001 - -

+

+|+
*

|+
]

K| K| K| K| K| K| K| ¥ K

Table 5.11: Fault signatures derived after fault detection for discrete faults.

Fault Candidates
Pump 1 — 0 Pump 1 — 0
Pump 0 — 1 Pump 0 — 1
Pump 0 — 0 Pump 0 — 0
Pump 1 — 1 Pump1 — 1

Valve 100 — 010

Valve 100 — 010

Valve 100 — 001

Valve 100 — 001

Valve 100 — 100

Valve 100 — 100

Valve 010 — 100

Valve 010 — 100

Valve 010 — 001

Valve 010 — 001

Valve 010 — 100

Valve 010 — 010

Valve 010 — 010

Valve 001 — 100

Valve 001 — 100

Valve 001 — 010

Valve 001 — 010

Valve 001 — 010

Valve 001 — 100

Valve 001 — 001

Valve 001 — 001

Table 5.12: Discrete fault candidates for the discrete faults tested in the ROS.

As it has been explained in Chapter 4, for each fault, the HBG-PCs are configured to simulate each fault
candidate. In this particular case, the minimal DBNs for each HBG-PC are generated and run for a period
o¢ = 6000 time stamps. None of the fault candidates which were not the actual fault converges in any case.
Table 5.13 presents the isolation and identification results for the fault candidate that converges, which is
the actual fault introduced in the system.
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HBG- | HBG- | HBG- | HBG-

PC2 PC3 PC4 | PC5
Pump 1 — 0 5511 | *
Pump 0 — 0 5123 | *
Valve 100 — 010 2391 2401 2390
Valve 100 — 001 3771 1660
Valve 100 — 100 2891 2891 2891
Valve 010 — 100 2109 3190 2132
Valve 010 — 001 3260 1535
Valve 010 — 010 3325 6290 3260
Valve 001 — 100 4730 5360 5495
Valve 001 — 010 3890 3865 5390
Valve 001 — 001 1313 3070 1325

Table 5.13: Fault convergence time of discrete faults isolation and identification in the ROS. Convergence
time is presented in time stamps (the standard deviation is not shown because it is always zero). The asterisk
marks the situations where there is not a DBN able to simulate it, because the system equations can only
be solved using derivative causality.
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Table 5.13 summarizes the identification results of the discrete faults in the ROS. The table shows the
average time stamps of 10 experiments (the standard deviation is always zero, so it has been omited). As
it has been previously said, the actual fault is the single candidate that converges so Table 5.13 shows only
the information of that candidate. The system dynamics are slow, so it is possible to say that all of them
converge fast, which means that the residuals are deactivated.

5.4.2 Parametric faults

The parameters in the ROS have been introduced in Table 5.1. All the faults have been simulated as a 10%
abrupt change in its nominal value.

Most of the parameters in the system are present in every working mode. Hence, their associated faults
can be introduced and afterwards be detected in any mode. On the contrary, Ipump, Bmembs Rorinel, Rbrine2,
Rgrain and R appear only in some of the working modes so the faults in those parameters have been tested
twice: first when the fault appears in the mode in which the parameter is active, and second, when the fault
appears in a mode in which the parameter is not active so it will not influence the system behaviour until
the appropriate working mode is active again. Table 5.14 shows the relation between parameters and the
working mode when they appear.

Parameter | Working Mode
Lpump Mode 1, Mode 2
RMemb Mode 1, Mode 2
Rbrimel Mode 1

Rbrime2 Mode 2

Rarain Mode purge

R Mode purge

Table 5.14: Physical parameters in the ROS and the working modes in which they actually are present in
the system. Parameters not shown in this table appear along the three working modes.

Fault detection Due to the problem presented above, the experiments performed for fault diagnosis results
have been divided in two groups: 1) The fault appears in a working mode when the parameter is part of the
system, and 2) The fault appears in a working mode when the parameter is not in the system. Results are
presented in Tables 5.15 and 5.16 for the first group and Tables 5.17 and 5.18, for the second group.

The experiments have confirmed that a fault is detected only when the parameter is actually in the
system, that is because at that moment, the parameter appears in the system equations, so its value affects
the system behaviour.
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Working Mode | Detection Mode
wap M1 Ml/—
prump M1 Ml/Ml
prump P P/P
Rrpump M2 M2/M2
Ipump M1 M]./M]_
Rpipezerol M2 MQ/MQ
CRes M1 M]./M].
C]\lemb M2 MZ/MZ
Ryemb M1 M1/M1
Rbrinel M1 M]./M]./M]_
RbrineQ M2 MQ/MQ/MQ
Rd'rain P P(+1)/ P(+1)
Ck M1 M1/M1
R P P/P

Table 5.15: Fault detection of parametric faults in the ROS. Third column represents fault detection working
modes of the parametric faults of the system; second column represent the working mode when the fault
happend. The parameters are present in the system.

HBG- | HBG- | HBG- | HBG- | HBG- | Complete

PC1 PC2 PC3 PC4 PC5 System
Rywp 1711 ND
R fpump 78 489
prump 3 42
Rrpump 3031 3056
Ipump 3 10
Rpipezerol 3111 3285
CRes 4 4
Ryipe 1410 696 ND 420
CMemb 22 3
RMemb 933 659
Rprinel 8318 2564 5568
Ryrine2 2725 2039 2039
Rarain 1251304 1151454
Ck 2 2
R 1245 1245

Table 5.16: Fault detection of parametric faults in the ROS. Fault detection time stamps of the parametric
faults of the system when the fault occurs in a working mode when the parameter is in the system (the
standard deviation is not shown because it is always zero).
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Tables 5.15 and 5.16 present the detection results when the parametric fault appears in a working mode
when the parameter is part of the system. Looking at Table 5.15, in columns there is the parameter affected
by the fault, the working mode when the fault occurs and the working mode when the fault is detected, there
is one value (working mode) for each DBN that detects the fault (including the DBN modeling the complete
system).

Table 5.16 shows the average detection time stamps for ten DBNs obtained for each parametric fault
for each minimal DBN and the DBN derived from the complete system (the standard deviation is not
shown because it is always zero). All the parametric faults are detected in the same working mode when
they appear except the fault in resistance Rgrqin, which is detected in the same working mode but after a
complete working cycle.

Regarding DBNs performance in parametric fault detection, the minimal DBNs obtain detection times
comparable to the values from the DBN modeling the complete system. The minimal DBNs gets an earlier
detection time than the complete system DBN in seven out of fifteen scenarios. Both obtain the same
detection time in four of them. Finally, the DBN of the complete system obtains an earlier detection time
in four out of fifteen.

DBN4 does not detect the fault in R,;,. but it is detected by other minimal DBNs and that allows to
calculate the set of fault candidates. On the other hand, the DBN modeling the complete system does not
detect the fault in Ry, so this fault will not be detected in case of using that DBN in the diagnosis process.

Tables 5.17 and 5.18 show the results obtained when faults in some parameters appear when those
parameters are not used in that working mode (Standard deviation has been omitted because it is always
zero). Table 5.17 shows that the faults are always detected when the parameter appears in the system.
Analysing the average detection time, the faults are detected at very early time stamps of the corresponding
working mode. The DBN modeling the complete system usually obtains earlier values, this reflects the
influence of the inputs used in each DBN compared to the number of state nodes.

Working Mode | Detection Mode
Tpump P M1/M1
Ruremb P M1/M1
Rprine1 M2 M1/ M1/ M1
Rprine2 M1 M2/M2/M2
Rdrain M2 P/P
R M2 pP/P

Table 5.17: Fault detection of parametric faults in the ROS. Third column represents fault detection working
modes of the parametric faults of the system; second column represent the working mode when the fault
happend. The parameters are not present in the system.

HBG- | HBG- | HBG- | HBG- | HBG- | Complete

PCi PC2 PC3 PC4 PCs System
Tyump 5112 5184
RMemb 10942 8388
Ryrinel 51588 | 49131 23903
Ryrine2 32388 | 31052 29929
Ryrain 20825 20793
R 32625 31832

Table 5.18: Fault detection of parametric faults in the ROS. Fault detection time stamps of the parametric
faults of the system when the fault occurs in a working mode when the parameter is not in the system (the
standard deviation is not shown because it is always zero).
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Isolation and Identification The isolation and identification stage of parametric faults starts just after
discarding all discrete fault candidates. At this point, the isolation process calculates the set of parametric
fault candidates using the FSM of the actual working mode (Tables 5.4, 5.5 and 5.6). The minimal DBNs
for the corresponding working mode and the fault candidates are built and simulated to estimate the actual
fault and to discard the other candidates. The results obtained for all the parametric fault candidates are
summarized from Table 5.20 to Table 5.24 2.

In those tables, we have organized the information as follows: First column shows the actual fault
together with the actual parameter value (in brackets). Second column presents the fault candidates after
the isolation stage. The third column introduces the DBN that is being used to identify the fault. The last
three columns summarize the DBN behaviour regarding the identification task, presenting the convergence
time, the parameter estimation and the normalized mean squared error (MSE), respectively. DBNs that do
not converge have a hyphen in the corresponding cell.

Parameter | Table

prump Table 5.20
R fpump Table 5.20
Rywp Table 5.20
Rrpump Table 5.24
Ipump Table 5.24
Ryipezerol Table 5.21
RMemb Table 5.22
Rdrain Table 5.22
Rpipe Table 5.23
Rbrinel Table 5.23
Rprine2 Table 5.23
Ch Table 5.24
R Table 5.24
CRes Table 5.21
CMemb Table 5.22

Table 5.19: Summary of the parameter in the system (Columnl) and table summarizing the identification
results (Column 2) for the ROS.

2Due to the size of the table including all the parametric faults in the system, it has been divided using different tables for
each HBG-PC (See Table 5.19 for the relation between parameter and table with the results)
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Actual . Conv. Param. Norm.
Fault Candidates | DBNs | 1y 0 | Bstim. | MSE
013 -1
It pump b PC1 5564.4 | 3.47 1(1)4 7.3-10
(2.73-10%) | Itpump E— (238.16) | (2.13-10'%) (0.74)
CS - - -
PC1 - - -
prump CS N N N
PC1 - - -
wap CS - - -
R fpump PC1 5460 | 3.11-10° | 4.9-107T
(3.12:10'9) | Rypump — (0.0) | (7.8-107) | (1.7-107%)
cs 5460 | 3.12-10% 9.4-1071
(0.0) (2.0- 107) (2.0~10*12)
PC1 - - -
prump CS - - -

pCO1 5460 | 5.03-10° | 4.9-10!
Riup (0.0) | (1.4-10%) | (3.5-10~*
5460 | 5.12-10° | 9.4-10"

S (0.0) | (3.2-107) | (2.5-107 12
Rpwp (2.5 - PCL 5459 2.50 - 109 9.9-10~
10°) Ry (0.0) | (4.6-107) (0.05
Cs

(0.0) | (4.4-107) | (4.9-1075
5459 | 2.86- 101" 9.8-10~

)
T
)
1
)
5450 | 2.52-10° | 7.4-10 1
)
1
)
5459 | 2.86-10" | 7.4-10 T

)

5 (0.0) | (28-107) | (5.5-10-5
; PC1 - - _
Fpump s 5459 | 3.61-10'2 | 7.4-10 1

(0.0) | (5.2-10%) | (7.5-1075)

Table 5.20: Isolation and Identification results for parametric faults in ROS. Faults identified by Possible
Conflict 1 and the complete system (CS).
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Actual . Conv. Param. Norm.
Fault Candidates | DBNs Time Estim. MSE
Rpipezerol PC2 5213.1 2.05 - 109 9.1- 1071
(1.1- 109) Rpyipezerot (777.6) | (1.2- 109) (1.3)
cs 5540 1.70 - 107 9.0-107 1T
(0.0) | (1.4-10%) (0.002)
C PC2 - - -
res cs 5549 | 1.30-107° 9.0-107 1
== (0.0) | (1.8-107%) | (1.7-107%)
PC2 6575 | 2.97-10% 9.9-10° 1
Rypipe (0.0) | (2.6-10'1) | (8.0-107%)
cs 5459 | 2.87 1013 9.1-10° 1
(0.0) | (5.2-1019) | (2.4-107%)
PC2 5459 | 8.14-10"? 9.3-10° 1
cs 5459 | 9.14-10"? 9.2-1071
(0.0) | (4.7- 1010) (2.7 10_4)
Chres (4.79- PC2 5560 | 4.11-10°° | 7.2-107!
107%) Cres —== (0.0) | (2.2:1075) (1.51)
cs 5962 | 6.56-107° 9.2-1071
(0.0) (7.7~10_6) (0.1)
Rpipezerol 1(:;(832 N - -
Rbrinel 1(:;(832 - - -

Table 5.21: Isolation and Identification results for parametric faults in ROS. Faults identified by Possible
Conflict 2 and the complete system (CS).
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Actual . Conv. Param. Norm.
Fault Candidates | DBNs | 70 | Bgtim. | MSE
Rpemp PC3 5784.5 2.45 - 1012 7.19 - 10_1
(2.7- 1()12) Riemp (1.8~103) (8.6 - 1()11) (2.662)
cs 5465 | 2.73-10° 7.0-1071
== (2.4-10%) | (8.0-10%) | (5.7-107®)
Rpipe gg?) N - -
PC3 - - -
Cmemb CS - - -
Rbrinel gg?) B B B
Rirain PC3 5459 2.43-10° 8.4-1071
(4.6-10%) | Rarain (0.0) | (7.1-10% | (1.5-107%%)
cs 5459 9.33-10" 8.3-10° T
- (0.0) | (1.5- 1010) (5.5- 10’5)
PC3 5855.5 [ 2.92-101 9.6-107 1
Ryipe (66.1) | (2.0- 1011) (0.3)
CS 5459 | 2.96 - 103 9.0-107 1T
(0.0) | (4.9-10') (0.07)
PC3 5459 | 5.61-1077 9.6-107 1
Cmemb (00) (60 . 1079) (58 . 1074)
CS - - -
Cinemb PC3 5954.1 | 3.10-10-1° 7.2-1071
(2.9-1071%) | Criems — (2.7-10%) | (2.9-1079) (1.4)
cs 5459 | 2.31-101° 741071
(0.0) | (2.3« 10*9) (0.2)
PC3 - - -
Rmemb CS - - -
Rbrine2 ggB N - -

Table 5.22: Isolation and Identification results for parametric faults in ROS. Faults identified by Possible
Conflict 3 and the complete system (CS).
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Actual . Conv. Param. Norm.
Fault Candidates | DBNs Time Estim. MSE
Rpipe PC2 5460 3.15- 1013 5.2- 1071
(3.14-10%3) R — (0.0) | (1.1-10) (0.001)
pipe PC3 5459 | 31510 | 5.8-10 !
(0.0) | (4.4-1019) | (1.6-107%)
cs 5459 | 3.16-10© | 7.2-10 T
(0.0) | (3.0-10'%) | (7.6-107°)
PC2 - - -
Rbrinel PC3 - - -
CS - - -
Ririnel POY 5471.1 | 6.18-10 | 9.8-10° T
(1.00-1013) R (38.3) | (1.6-10™) (2.2)
brinel PC3 73426 | 1.42-10% | 86-10 "
(1.4-10%) | (1.6-10'3) (2.5)
cs 5459 | 1.09- 10 | 7.8-10 T
- (0.0) | (9.9-1011) | (4.8-107%)
PC2 - - -
Rypipe PC3 - - -
CS - - -
Rirines PO2 5560 | 1.04-10 | 7.5-1071
(1.00-1013) R — (0.0) | (6.4-101) | (2.0-107%)
brine2 pC3 5549 | 2.80- 107 | 8.9-10 !
(0.0) | (1.7-10'9) (0.01)
cs 5449 | 1.02-101 | 7.7-107 1
(0.0) | (5.3-10'0) | (6.8-107°)
PC2 - - -
Rypipe PC3 - - -
CS - - -

Table 5.23: Isolation and Identification results for parametric faults in ROS. Faults identified by Possible
Conflicts 2 and 3 (both the same faults) and the complete system (CS).
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Actual . Conv. Param. Norm.
Fault Candidates | DBNs | 1,0 | Bgtim. | MSE
Ry pump 5461 218 | 9.5-107!
(2.20) Rrpump pC4 (0.0) (0.02) | (5.9-104)
- 5463 220 | 83-10 T
(0.0) (0.03) | (1.9-107%)
R PC4 - - -
pipe oS 5459 | 2.85-10 | 3.8-10 "
=2 (0.0) | (1.3-10'2) (0.6)
PC4 - - -
Ipump CS _ _ _
Loyump PCA4 5460 | 1.00- 107 | 5.1-107 7
(1.06 - 10%) | Lpumyp ] (1.8-10%) | (3.6-10%) (2.1)
oS 5458 | 2.07-107 | 7.5-10 "
(0.0) | (1.9-10%) | (3.2:107%)
R PC4 - - -
Tpump - 7026 50.41 9-10 7
(86.7) (5.3) (1.11)
R PC4 - - -
pipe - 5459 | 3.17-10 | 8.4-10 "
(0.0) | (1.0-10") (0.3)
Cy (1.86 - PC5 5506.4 | 1.23-10% | 8.6-107!
109) Cr — (56.9) | (5.5-10%) (0.1)
CS - - -
5661.3 094 22-10°T
r061) | g PC5 | (3739 (0.7) (0.1)
CS - - -
PCS 5459.4 | 2.15-10° | 8.6-10 '
Ch (0.8) | (1.1-10%) (0.003)
CS - - -

Table 5.24: Isolation and Identification results for parametric faults in ROS. Faults identified by Possible
Conflict 4 and faults identified by Possible Conflict 5 and the complete system (CS).
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Analysing the identificacion results of parametric faults it has been seen a situation that never happened
before, some of the DBNs estimating a fault candidate different than the actual fault converge. This means
that the DBN outputs converge to the actual measurements in the system according to the ztest. The main
reason for that behaviour seems to be that this system has all the state variables direcly measured and,
those are the only measurements in the whole system. Because of that distribution of the observations, the
information in each DBN is the minimal information needed to have part of the system dynamics. DBNs
usually obtain better estimations as they have more information about the system to adjust their weights, so
for the ROS they have very few extra information to improve the estimation of an additional state node (the
faulty parameter). Moreover, looking at the system model, the parameters that present that problem are
not diagnosticable, as there are not measurements between those parameters in the system, it is not possible
to clearly identify the actual fault. This problem does not depend on the identification method used.

Due to this situation, besides the convergence decided by the ztest, there is another measurement used
to decided what is the actual fault identified in the experiment if some of the candidates converge. That
measurement is the Normalized Mean Square Error (NMSE)[57] of the measurements’ estimation, it is shown
in the sixth column of the Tables from 5.20 to 5.24.

The Normalized Mean Square Error (MSE) of a univariable signal [57] is calculated as:

b (FE—yk)?)
N

7

Where the numerator in the root is the MSE of the variable and the denominator (¢7) is the variance of
that variable.

Minimal DBNs have only one output, so the previous equation have been used to calculate the NMSE.
On the contrary, the DBN of the complete system has five outputs, so the NMSE have been calculated as
the mean value of the NMSE of each output. This value is closer to zero as the estimation is better and it
is close to one, when the estimation is more different than the measured value. According to that, in case
several DBNs converge giving an estimation for the faulty parameter, the one with the smallest NMSE will
be chosen, in case of a draw in the NMSE value, the candidate with the smaller standard deviation will be
chosen.

Analysing the identification results, there are eight faults where only the actual fault converges (I tpump,
Ryemps Rpipes Ririnets Rorine2s Cky Cres, Cmems). There are also three faults where the DBN modeling the
complete system does not converge to the actual fault, while the minimal DBNs always give an estimation
for the correct fault candidate. Regarding the accuracy of the estimations considering the NMSE of the
DBN output in case several DBNs converge, the minimal DBNs obtain a more accurate estimation in nine
out of fifteen faults while the DBN modeling the complete system gets it for three parameters.

There is a particular situation for resistances R ypump and Rywp. They are placed in the model in the same
junction, this means they are modeled as two resistances in series connection. There is not any sensor between
both of them so they are not diagnosticable. Because of that, for each of those faults, the DBNs identifying
the other resistance also converge, moreover, for Ry, the NMSE is smaller for the DBN1 estimating R fpump-

It can be seen that most of the fault candidates where the wrong DBN converges are resistances (R tpump,
Riywps Rpipezerot, Rarains Rrpump, R and Ipump). Those parameters are not direcly related to the state
variables so in this system, they are not directly related to the measurements either.

Table 5.25 complements the convergence information, it summarizes, for each fault, the best minimal
DBN and the DBN model of the complete system regarding the parameter estimation. Due to the number of
parameters, the table has been divided in three parts, each one has the Root Mean Squared Error (RMSE) in
the parameter estimation for the minimal DBN and the DBN fo the complete system, if the DBN converges.

According to Table 5.25 the minimal DBNs converge always giving an estimation for the faulty parameter
while the DBN modeling the complete system does not converge for three out of fifteen faults. The RMSE
calculated for the estimation is comparable for the minimal DBN and for the DBN of the complete system,
there are not a big difference on the values.
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Faulty Parameter Riwp R tpump Itpump Rypump Tpump
Minimal DBN used PC1 PC1 PC1 PC4 PC4
PC convergence vV Vv v
PC mse 2.61-10%0% | 6.89-107 7.05-102 | 2.92.102 5.17 - 102
CS convergence vV v X N4 v
CS mse 5.41-10% | 4.36-10% - 2.84-101%* | 1.20-10%
FaUIty Parameter Rpipezerol Ores vap(’ Cmemb Rmemb
Minimal DBN used PC2 PC2 PC2 PC3 PC3
PC convergence v v v

PC mse 7.48 - 108 762-1077 | 7.18-10™ | 1.11-107° 3.51-1010
CS convergence v vV

CS mse 1.10-10°% | 4.85-10°% | 7.61-10" | 1.88-1071° | 4.21-10'
FaUIty Parameter Rbm'nel Rb7’ine2 Rdrain Ok R
Minimal DBN used PC3 PC2 PC3 PC5 PC5
PC convergence V

PC mse 1.85- 1013 9.02-10' | 1.29- 1010 1.01-10° 2.89-1072
CS convergence X X
CS mse 511-10"" | 6.49-10™ | 9.02-10™ - -

Table 5.25: Root Mean Squared Error in the parameter estimation. Comparison of the best minimal DBN
and the DBN model of the complete system.
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5.5 Discussion and conclusions

This chapter has presented a complete case study of a real-world system where the proposal in Chapter 4
is applied. The Reverse Osmosis System (ROS) is a complex system with a multiposition actuator and the
system dynamics are not trivial.

The architecture presented in Chapter 4 has been successfully applied to a hybrid system combining the
HBG-PCs and the minimal DBNs derived from them (Chapter 4). The diagnosis results are satisfactory for
discrete as well as small parametric faults (10% of their nominal value).

Discrete and parametric faults in the system have been tested for the three diagnosis stages: Fault
detection, isolation and identification.

e Fault detection of discrete faults is quite fast, as it was thought and after simulating the candidate
modes, the actual mode converges quickly deactivating its residuals, while the other simulated modes
do not converge.

e Continuous or parametric faults detection time is similar using the DBN modeling the complete system
and the DBNs derived from the HBG-PCs.

e Regarding fault isolation, minimal DBNs allow to calculate smaller sets of fault candidates so the
isolation process is more efficient in this case.

e Regarding fault identification, the results are similar to those obtained for continuous systems: there
is no clear winner. The minimal DBNs converge to a more accurate estimation for some parameters,
while the DBN modeling the complete system obtains better estimation for others.

First conclusion is that the proposed framework based on HBG-PCs and implemented using minimal
DBNs was capable of successfully track the hybrid system behaviour across several changes in the working
mode, without producing false detection results. At the same time, the diagnosis system is able to detect
and to isolate faults related to parameters that are not related to the current working mode. Those are
detected once the parameter is used again.

Second conclusion is related to the influence of the ROS structure, and its influence in our approach. The
ROS model has five state variables, that can be measured. Hence, our approach produce five almost isolated
HBG-PCs. The first effect is that some parameters that can not be structurally isolated also produce poor
identification results. Due to the lack of measurements, that was the expected result. Moreover, given that
both parameters share the same type (resistances) and are sequentially placed in the system, the results are
fully comprehensible. The second effect is that the lack of shared state-variables in the HBG-PCs makes
difficult to test our HBG-PC merging proposal for fault identification improvement.

Third conclusion is that a sensitivity analysis might be necessary in those systems where the effect of
faults is really weak in several HBG-PCs. In this case, given the small size of the faults, and the level of
noise in the system, it was necessary to calculate the experimental HQFSM based on simulated data, to
complement the theoretical HQFSM that can be computed from the TCG. This situation can be expected
in presence of non-linear behaviours too.

Finally, the ROS has a collection of working modes that can be identified given the value of different
operation commands (in our case, values for control signals M1, M2, and P). This fact has simplified
our task for knowing the current state before starting fault isolation. As future work we want to test the
approach in a real complex system with several autonomous transitions, thus evaluating the suitability of
the DBN approach and/or adding additional tools for hybrid state estimation.

There are future work related to the causality used in the model. Our work has been done assuming
integral causality and other approaches may prefer derivative causality. The problem observed in the ROS is
that a change in the causality due to a change in a working mode can affect not only the algebraic equations
but also a state equation changing between integral and derivative causality. This effect can occur in any
model and it will be an issue to study no matter the modeling tool.

The work presented in this Chapter has shown that the proposed diagnosis architecture for hybrid systems
considering discrete and parametric faults in a unified way obtains the expected results with a real-world
complex system.
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Chapter 6

Conclusions

This chapter summarizes the conclusions obtained during the dissertation. It also shorten the contributions
that have been presented in previous chapters, some of them have already been published. Some future work
ideas are presented at the end.

6.1 Main Contributions

Diagnosis architecture for continuous sytems using Minimal Dynamic Bayesian Networks de-
rived from Possible Conflics [4, 3, 5] The first contribution is a method to derive minimal DBNs from
PCs presented in Chapter 3. Using the PCs structure (MEM or TCG) we derive the DBN structure, while
the parameters (equations) of the DBN are obtained from the labels in the arcs or edges.

Minimal DBNs can be used efficiently along all the stages of the diagnosis process (Fault detection,
isolation and identifcation - FDII). As a result of that, the second contribution in this dissertation is the
definition of a PC-based FDII framework for continuous systems diagnosis that has DBNs as the unique
estimation method for fault detection and fault identification.

Improving the parameter identificacion stage merging minimal DBNs Minimal DBNs simplify
the isolation stage providing smaller sets of fault candidates. But regarding fault identification, it has been
observed that the results obtained are not always as accurate as the DBN modeling the complete system. As
a general idea, DBNs obtain a more accurate state estimation when there are more observations to adjust
the estimation. Because of that, the process of merging some minimal DBNs sharing state variables and/or
inputs and measurements provides an improvement in the parameter estimation when needed. This method
is presented in Chapter 3 for the 12" order electrical system case study. Based on a heuristic it selects two
DBNs that share state variables and the parameter that is being studied, those DBNs are merged to obtain
a DBN that models as one subsystem the two minimal redundant subsystems.

Possible Conflicts for Hybrid systems (HPCs). [18, 17] The Possible Conflicts compilation tech-
nique has been augmented to be used for hybrid systems (HPCs). Hybrid Bond Graphs (HBGs) have been
used as the modeling technique. HBGs extend Bond Graphs including a special type of 1- (0-) junction
managed by an automata that indicates if the 1- (0-) junction is active (it is a regular 1- (0-) junction) or it
is disconnected (there is zero flow (effort) source in the junction). The guard conditions of those automata
represent the events that trigger the mode change in hybrid systems.

PCs of hybrid systems (HPCs o HBG-PCs) have been theoretically characterized and have been succes-
fully used for tracking continuous systems behaviour and changing model based on the discrete events that
trigger transitions of hybrid systems as it is shown in Chapter 4.

HBG-PCs do not need a preenumeration of all possible modes in the system that solves one of the main
concerns regarding hybrid systems fault diagnosis. Moreover, if the HBG model of the system have valid
causal assignment with all switching junctions set to ON, it allows to derive the set of HBG-PCs that
characterize all the HBG-PCs in any mode.
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Fault detection and isolation of parametric and discrete faults with HBG-PCs. [79] Hybrid
systems present two different types of faults. On one hand, the faults that affect their parameters, known as
parametric faults. The diagnosis process for parametric faults is the same used for continuos systems. On
the other hand, this kind of systems can suffer faults due to their discrete nature, they can autonomously
change from one working mode to another or they may not obey a command to change the working mode.
This two types of faults have been considered in a unified diagnosis architecture based only on HBG-PCs.

The diagnosis process based on HBG-PCs allows to easily detect discrete faults without directly measuring
the control signal. Discrete faults are preferred fault candidates so they will be confirmed or discarded in
the early stages of the diagnosis process. Only when all discrete fault candidates have been discarded, the
isolated parametric faults are considered. Additionally, if and only if some of the HBG-PCs of the system
detect a fault, then their residuals are activated in the detection stage, those HBG-PCs will be used for fault
isolation while the rest of the HBG-PCs can continue tracking the system behaviour.

Fault detection, isolation and identification with minimal DBNs derived from HBG-PCs. [79,
80] HBG-PCs have been proposed for hybrid systems fault diagnosis of discrete and parametric faults in
a unified architecture (Chapter 4). HBG-PCs also present the hybrid systems behaviour as a continuous
behaviour in each working mode together with transitions from one mode to another managed by the discrete
events, considered in this approach as changes in autonomous or commanded actuators. This simplification
allows using DBNs to model the continuous behaviour of each working mode, avoiding discrete nodes in the
DBN, that simplifies the DBN inference process and solves most of the convergence problems. Once the
HBG-PCs are configured for the actual working mode, minimal DBNs are derived from them. The minimal
DBNs integrated with the diagnosis architecture for discrete and parametric faults, allows to perform fault
detection, isolation and identification of discrete and parametric faults in hybrid systems using minimal
DBNs.

Model multiposition actuators using ON/OFF switching junctions (HBGs) Hybrid Bond Graphs,
the modeling technique used in HBG-PC has only ON/OFF switching junctions, so it is possible to directly
model ON/OFF actuators. There are multiposition actuators in hybrid systems that connect one and only
one among multiple paths. Those actuators cannot be directly modeled with HBGs but Chapter 4 presents
a method to model this type of multiposition actuators using ON/OFF switching junctions. This method,
easily extends the HBG-PCs technique not only for ON/OFF actuators but also for that type of multiposition
actuators.

Case studies The aforementioned contributions have been tested in two case studies:

e 12t" Order Electrical Circuit. The diagnosis architecture for continuous systems using PCs and
minimal DBNs have been tested with a 12¢" order electrical circuit (Chapter 3).

e Reverse Osmosis System (ROS). The diagnosis architecture for hybrid systems using HBG-PCs
and minimal DBNs have been tested with a Reverse Osmosis System (ROS) (Chapter 5).

6.2 Conclusions

A unified diagnosis architecture for Fault Detecion Isolation and Identification (FDII) for hybrid systems
has been proposed in this dissertation. The type of hybrid systems considered have a continuous behaviour
commanded by discrete events. The main assumption in this work states that the working mode of the
system is known before a fault occurs.

Hybrid Possible Conflicts (HPCs) formalism has been presented in this work. They define the extension
of Possible Conflicts (PCs) for hybrid systems. HPCs are based on Hybrid Bond Graphs (HBGs) modeling
technique and they are also named as HBG-PCs. The main contribution of HBG-PCs for hybrid systems
fault diagnosis is that they do not need to pre-enumerate all the possible working modes in the system.
Moreover, they can be built offline and after a mode change is detected, only the HBG-PCs that contain the
switching junctions that have changed its state have to be reconfigured. Another advantage of this approach
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is that this reconfiguring is local to the affected HBG-PCs. HBG-PCs can be used for Fault Detection and
Isolation of discrete and parametric faults. HBG-PCs have allowed introducing the concept of Hybrid Fault
Signature Matrix (HFSM), which has made possible integration of discrete and parametric faults in the
already known framework of parametric fault isolation from the Fault Signature Matrix (FSM).

Regarding DBNs, the tool chosen to implement the simulation model provided by PCs, the dissertation
proposes a method to derive the DBN model (structure and parameters) from the PC. The DBNs derived
from PCs are named minimal DBNs as they represent a minimal subsystem with analytical redundancy.
Minimal DBNs have been successfully applied for FDII of continuous systems.

Finally, the minimal DBNs have been integrated in the diagnosis architecture for hybrid systems. They
are derived from the current set of HBG-PCs and they can be used for FDII of discrete and parametric
faults.

The contributions presented in the previous paragraphs have been tested with several case studies. Sys-
tems from the hydraulic field and a twelfth order electrical circuit have been used with the FDII architecture
for continuous systems. A Reverse Osmosis System has been used to test the FDII architecture for hybrid
systems integrating discrete and parametric faults. Moreover, this system has a multiposition actuator that
connects one and only one among serveral paths at the same time. The dissertation proposes a method to
model that kind of actuators using only ON/OFF switches.

6.3 Future Work

Regarding the contributions obtained in this dissertation, there is some future work and some work already
in progress that can be summarized in this section:

e Parameter Uncertainty. Some initial studies were done in this field [78].

Model based diagnosis exploits analytical redundancy of the system generating residuals by comparing
the outputs of the system with the predictions of the model. In a fault free system, residual values are
theoretically zero. Under ideal conditions, non-zero residual values are indicative of a system failure.
Consequently, robust residual generation is an important element on MBD.

Residual generation becomes a harder problem for nonlinear systems because accurate and precise
models are harder to build. Optimal state estimation is not possible for nonlinear systems. For general
nonlinear systems, residual sensitivity becomes an issue that is hard to address using analytical and
numerical methods. To cope with this problem, structural approach to system analysis have been
proposed as an alternative approach. In our work, we adopted this idea, so we used the topological
Bond Graph [65, 108] approach to model nonlinear systems.

Typically, uncertainties when using an observer to track dynamic systems behaviour can be attrributed
to two sources: (1) uncertainty in the model, and (2) uncertainty in the measurements [51]. Uncer-
tainties in measurements, attributed to sensors, are typically modeled as zero mean Gaussian noise,
and the key is to estimate the unknown variance in the noisy measurements to increase the robust-
ness for fault detection while tracking dynamic systems behaviour. This problem has been addressed
for linear systems using Kalman filters, and nonlinear systems using methods such as the Extended
Kalman Filter [26], Unscented Kalman Filter [62], and Particle Filter [8]. Modeling uncertainties can
be attributed to: (1) structural uncertainty in the system model, i.e., the system equation form or
all of the causal relations between system variables may not be explicitly known, and (2) parameter
uncertainty, where the system structure is known, but the values of the parameters of the model may
not be all known.

Fault diagnosis of nonlinear systems becomes even harder when the system model is uncertain. As-
suming that the structure of the model is known and focusing on the problem when model parameters
are uncertain is a realistic scenario. Many real systems are nonlinear and they have some common
problems: (1) Numerical convergence issues associated with non linear models, and (2) Their param-
eter values may only be known approximately. From the point of view of tracking system behaviour
and residual generation for nonlinear systems, small changes in system parameter values may produce
widely varying dynamic behaviour. Besides, in reality, system measurements are noisy.
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Typically, parameter uncertainty is handled by assuming the parameter value comes from a known
interval, but the exact value of the parameter is unknown. This assumption together with the method
developed by Kam and Dauphin-Tanguy and others [63, 43] in the bond graph framework to model
parameter uncertainties are being used to improve the fault diagnosis of non linear systems.

HBG-PCs Incremental approach. The actual HBG-PCs theory assumes there is a valid causal
assignment with all switching junctions set to ON to derive the set of HBG-PCs. After that initial
step, the working mode is configured in the HBG-PCs.

When a mode change occurs, the proposal of this disseration states that the new set of HBG-PCs can
be built searching in the HBG-PCs structures derived offline assuming all switching junctions are set
to ON. The incremental approach supposes that they can be built more efficienly: The actual mode
will be configured in the HBG-PCs and after a mode change, the HBG-PCs affected by the change will
be updated, moreover, it will be needed to seach in the non parametric HBG-PCs to check whether
they are affected by the mode change or not. This will provide a method to efficiently reconfigure the
HBG-PCs after a mode change even if the visited mode has never been visited before.

Partially causal HBG-PCs approach. As we have previously said, we assume the HBG modeling
the system has a valid causal assignment setting all switching junctions to ON. We are actually
working on a less restrictive proposal for models that do not fulfill that requirement. The partially
causal approach will not consider the causal assignment of some components to perform the offline
analysis of the system to derive the HBG-PCs.
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Appendix A

Reverse Osmosis System (ROS)
Equations
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A. Reverse Osmosis System (ROS) Equations

Mode 2
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