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Abstract

Modern plants rely on sophisticated control systems to meet performance and
stability requirements. In particular, a conventional feedback control design for
a complex system may result in unsatisfactory performance, or even instability,
in the event of malfunctions in actuators, sensors or other system components.
Hence, in concordance with Gene Kranz’s! epic quote “Failure is not an option”,
specially in safety-critical systems. For that reason, in order to circumvent such
weaknesses, control systems must be designed to mitigate component malfunctions
while maintaining the required levels of stability and performance.

Accordingly, fault-tolerant control systems are control schemes that possess
the ability to accommodate component faults automatically. They are capable
of maintaining overall system stability and acceptable performance in case such
faults occur. Thus, to design these kinds of systems, several aspects should be
taken into account. Being these the fault type considered, its classification, the
use or not of a mathematical model of the plant, the selection of a fault detection
and diagnosis method, the adoption of a controller reconfiguration strategy, among
others.

In view of these aspects, this thesis addresses the design, development and
evaluation of fault-tolerant controllers for typical industrial processes, which en-
sure the compliance of operational constraints despite the presence of faults. To
begin with, the current state-of-art and the main specific concepts are introduced.
Then, two model-based strategies are presented. On the one side, the design of
a novel observer-based fault detection and diagnosis scheme and the development
of an adaptive predictive controller are combined to deploy a non-linear active
fault-tolerant control system, on the basis of the linear parameter varying system
representation. The controller stability conditions and the observers design are es-
tablished on terms of linear matrix inequalities problems. This proposed scheme is
evaluated on typical non-linear chemical industrial processes. On the other hand,
an optimisation-based fault-tolerant predictive controller was proposed to develop
a tertiary-level energy management system, based on a sugarcane distillery power
plant. This strategy guarantees the uninterrupted and efficient energy generation
on an industrial microgrid, choosing between different energy sources to overcome
the fault effects.

Lastly, it is important to remark that for each proposed scheme a realistic sim-
ulation scenario was presented. Enabling vast discussions about its performance
and effectiveness, via graphical observations and metric indices.

LChief Flight Director of Gemini, Apollo and Space Shuttle missions at NASA
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Resumen

Las plantas modernas dependen de sofisticados sistemas de control para cumplir
con los requisitos de rendimiento y estabilidad. En particular, el diseno de un
controlador por retroalimentacién convencional para un sistema complejo, puede
resultar en un desempeno insatisfactorio, o incluso en inestabilidad, frente al mal
funcionamiento de actuadores, sensores u otros componentes del sistema. Por
lo tanto, en concordancia con la cita épica de Gene Kranz?, “Fuailure is not an
option”, especialmente en sistemas criticos en seguridad. Por esa razon, para
evitar tales debilidades, los sistemas de control deben disenarse para mitigar el mal
funcionamiento de los componentes mientras se mantienen los niveles requeridos
de estabilidad y desempeno.

En consecuencia, los sistemas de control tolerantes a fallas son esquemas de
control que poseen la habilidad de soportar fallas en sus componentes. Son capaces
de mantener la estabilidad general del sistema y un rendimiento aceptable en caso
de que ocurran tales fallas. Asi, para disenar este tipo de sistemas se deben tener
en cuenta varios aspectos. Siendo estos el tipo de falla considerada, su clasificacion,
el uso o no de un modelo matematico de la planta, la eleccion de un método de
deteccion y diagnéstico de fallas, la adopcién de una estrategia de reconfiguracion
del controlador, entre otros.

En vista de estos aspectos, esta tesis aborda el disenio, desarrollo y evaluacién
de controladores tolerantes a fallas para procesos industriales tipicos, que aseguren
el cumplimiento de las limitaciones operativas a pesar de la presencia de fallas.
Primero, se introduce el estado de arte y los principales conceptos especificos.
Luego, se presentan dos estrategias basadas en modelos. Por un lado, el diseno
de un nuevo esquema de deteccion y diagnéstico fallas basado en observadores y
el desarrollo de un controlador predictivo adaptativo se combinan para implemen-
tar un sistema de control tolerante a fallas activo no lineal, sobre la base de la
representacion de sistemas lineales de parametros variables. Las condiciones de es-
tabilidad del controlador y el diseno de los observadores se establecen en términos
de problemas de desigualdades lineales matriciales. Este esquema propuesto se
evalia en tipicos procesos industriales quimicos no lineales. Por otro lado, se
propuso un controlador predictivo tolerante a fallas basado en optimizacién para
desarrollar un sistema de gestion de energia de nivel terciario, basado en una
planta de energia de una destileria de cana de azucar. Esta estrategia garantiza
la generacion de energia ininterrumpida y eficiente en una microrred industrial,
eligiendo entre diferentes fuentes de energia para superar los efectos de las fallas.

2Director de vuelo de las misiones Gemini, Apollo y Space Shuttle en la NASA

XVvil



Por 1ltimo, es importante senalar que para cada esquema propuesto se presento
un escenario de simulacién realista. Habilitando amplias discusiones sobre su
desempeno y efectividad, a través de observaciones graficas e indices métricos.






Chapter 1

Introduction

This chapter presents the origin and motivation, as well as the research area
state-of-the-art and objectives of this thesis, which will be separately detailed in
different sections. Additionally, a brief outline is also provided, which introduces
the contents and contributions of each chapter.

1.1 Motivation

Nowadays in process industry, the use of computer algorithms enables operators to
perform advanced control system strategies, offering a wide variety of possibilities.
This improvement allows the achievement of the desired aims, in terms of efficiency
and reliability (e.g. optimising costs and control efforts). Thus, from the growing
demand for efficiency, the strict safety standards and the hardening of the environ-
mental requirements, modern control systems and their algorithms have become
more complex. Unfortunately, all those advantages and features are, to a greater
or lesser degree, subject to the proper behaviour of all components involved in the
system. However, in existing industrial systems, faults will inevitably occur. In
other words, the controller design for complex systems, in case of malfunctions on
actuators, sensors or other components, can result in unsatisfactory performance,
or even lead to system instability.

Therefore, new approaches are addressed in the controllers design to mitigate
components malfunction effects, while maintaining the desired stability and per-
formance properties of the system. This is particularly important for safety-critical
systems, such as airplanes, nuclear power plants, and chemical industries that pro-
cess hazardous materials. In these systems, the consequence of a minor component
malfunction can be catastrophic and therefore the demands for reliability, safety
and fault tolerance are generally high.

Consequently, it is necessary to design control systems which are capable of
tolerating potential faults in its components, maintaining the desired behaviour.
If this is successful, the system operates even after the faults income, possibly
with a short time of degraded performance until the control algorithm adapts to
faulty system. In the literature, this control approach is often known as Fault-
Tolerant Control System (FTCS). More precisely, the FTCSs have the ability
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to accommodate component malfunctions automatically. They are capable of
maintaining an overall system stability and an acceptable performance in the
event of such faults. In other words, a closed-loop control system that can tolerate
component malfunctions, while maintaining the desired performance and stability
characteristics, is an FTCS [1, 2].

FTCS is a strategy consisting of a collection of techniques that have been
developed with the aim of increasing robustness, reliability, and as a consequence,
reducing the risks generated by dangerous behaviours. In general, FTCSs are
classified into two types: Passive Fault-Tolerant Control System (PFTCS) and
Active Fault-Tolerant Control System (AFTCS).

The PFTCSs are fixed control structures, which are designed to be robust
against certain classes of faults previously considered, which are treated essentially
as disturbances. The benefit of this approach is that it does not require fault
diagnosis or on-line controller reconfiguration, but as a counterpart, its capabilities
for fault-tolerance are limited [3].

In contrast, AFTCSs respond to the system component malfunctions in an ac-
tive way by reconfiguration, so that the stability and an acceptable performance
of the entire system can be maintained. Specifically, a system that includes the
AFTCS characteristics is designed to adapt faults at an early stage of its devel-
opment, so that a minor fault in a subsystem does not evolve into general failures
in the system. That is, the AFTCS actively estimate fault magnitudes and uses
them to compensate the fault effects through the closed-loop control system. Con-
sequently, AFTCS can be commanded to either perform the complete shutdown
of the plant safely, or to retain some portion of its control integrity in the event of
some specific faults. Thus, the biggest advantage of AFTCS over the other control
strategies to tolerate faults, is the fact that AFTCS makes “intelligent” use of the
available information about states and redundancies included in the system, in
order to increase its availability.

Accordingly, AFTCS have been used in various applications, such as: safety-
critical systems (nuclear reactors, aircraft, guided missile systems), cost-critical
systems (space structures, space vehicles, automated submarine vehicles) and
volume-critical systems (automotive assembly processes, mobile communication
networks, automated highways) [1, 2, 4, 5, 6, 7, 8, among others].

Furthermore, in order to understand the different study areas covered by
AFTCS, a brief description of its sub-systems is provided. Typically, as shown in
Figure 1.1, an AFTCS could be divided into two sub-systems:

(1) Fault Detection and Diagnosis (FDD),
(2) Fault-Tolerant Controller (FTC).

Usually, the way to address the AFTCS design is to synthesise the FDD and
FTC modules separately. This idea is achieved based on the satisfaction of the
separation principle and despising the bidirectional interactions between them,
which results from disturbances and uncertainties [9)].

Thus, into the FDD module, any fault affecting the system is detected and
isolated as quickly as possible, and then the fault magnitude is estimated. Then,
based on the information about the post-fault system (fault location and magni-
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Figure 1.1: AFTCS’s overall structure.

tude), the reconfiguration mechanism performs the controller redesign, in order to
maintain system stability, the desired dynamic characteristic and an acceptable
steady state performance.

In view of this, it is possible to distinguish at least two approaches of FTC. The
first one covers the adaptation techniques of classical controllers (i.e. Model Ref-
erence Adaptive Control (MRAC), Gain Scheduling Control (GSC), Self-Tuning
Control (STC), among others) [10, 11, 12], and the second one regards on modern
mathematical tools that allow, not only an adaptation of the resulting controller
dynamics, but also the constraints handling imposed by the income of faults in
the system (i.e. Dynamic Matriz Control (DMC), Generalised Predictive Control
(GPC), Model Predictive Control (MPC), among others) [8, 13, 14, 15, 16, 17].

Bearing these previous concepts in mind, the key points to consider in the
AFTCS design strategy are:

i. an FDD scheme with high sensitivity to faults and robustness against model

uncertainties, variations in operating conditions and external disturbances,

ii. a reconfiguration mechanism that leads the system, as much as possible, to
recover the pre-fault behaviour,

iii. a suitable controller that can be easily reconfigurable considering constraints.

As a consequence, the critical point in the AFTCS design is the limited time
window available for the execution of the FDD and FTC modules. Therefore,
in the event of a fault income, the efficient use and management of redundancy
(hardware, software and/or communication networks), the guarantee of system
stability, and the transient and steady state performance, are some of the most
important points to be consider.

Taking all these aspects into consideration, this thesis work addresses the
fault-tolerant controllers design applied to typical systems of industrial processes,
through the use of mathematical tools, ensuring the compliance with operational
constraints despite the presence of uncertainties.
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1.2 Brief history of FTCS

As might be expected, it is not an easy task to describe the historical develop-
ment of fault monitoring and supervision methods, since the original contributions
are scattered in technical literature. Perhaps the most elementary method, limit
checking (or trend), is as old as the instrumentation itself, which dates from the end
of the nineteenth century. Besides, monitoring through the use of ink-recorders,
and later point-recorders, became a standard equipment since the middle of the
twentieth century. Then, at the end of the twentieth century, in concordance
with the advent of computers, the situation changed substantially, beginning the
introduction of more complex supervisory and control algorithms [18].

From a practical application viewpoint, a significant amount of developments
on FTCS was motivated by the design of control systems in aviation [19]. The
primary goal was to provide a “self-repair” capacity in order to guarantee a safe
landing, in the event of aircraft component malfunctions. These efforts have been
promoted, in some degree, by two commercial aircraft events in the late of 1970s.
The first one is the case of the Delta Air Lines flight 1080 (April 12, 1977) [20],
where the left elevator jammed in “up” position, and the pilot had no indication
for this malfunction. Fortunately, the pilot, based on his experience and the re-
dundant performance of the Lockheed L-1011 aircraft, successfully reconfigured
the remaining control elements and landed the aircraft safely. Moreover, in the
American Airlines Flight 191 accident, where the McDonnell Douglas DC-10 air-
craft crashed in Chicago (May 25, 1979), the pilot had only 15 seconds to react
before the plane hit the ground. Subsequent investigations concluded that the
accident could have been avoided [21]. Besides, an interesting article [22] provides
further evidence of the need for AFTCS, showing that the fatal crash of the El Al
flight 1862 involving a Boeing 747-200 cargo plane (October 4, 1992) could have
also been avoided. These are three aircraft failures examples that show the need
to implement fault-tolerant flight control systems.

Furthermore, in safety-critical industries such as chemical or nuclear power
plants, the interest in the FTCSs design was intensified after the accident at the
Tennessee Eastman chemical plant (Tennessee, United States, October 4, 1960),
the incident in Three Mile Island (Pennsylvania, United States, March 18, 1979),
the disaster at the Union Carbide chemical plant (Bhopal, India, December 3,
1984) and the tragedy at the Chernobyl nuclear power plant (Pripyat, Ukraine,
April 26, 1986), just to mention the most important cases [1].

Process safety is a major concern in the researchers community, both in the
past and today. Consequently, a wide variety of FTCS methods is available in
literature, and some of them are collected in papers, such as: a deep revision of
process fault detection and diagnosis is presented in the series of works [23, 24,
25]; a bibliographical review on reconfigurable fault-tolerant control is conducted
in [1]; two brief surveys on fault detection methods are tackled in [26] and [27];
a recent survey on fault diagnosis and fault-tolerant techniques is exposed in [28,
29]; lastly, an even more recent review on fault detection and process diagnostics
over industrial processes is exhibited in [30].

Based on these revisions, it is clear that the appropriate behaviour of an
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AFTCS highly depends on a solid FDD strategy, in order to provide the accu-
rate fault information before reconfiguration must be undertaken. Thus, the FDD
module is perhaps the most difficult aspect involved in the AFTCS design. As
a consequence, the development of an FDD module has a highly important role,
because an early detection can avoid system shutdown, breakdowns, and even
worse, the occurrence of potential catastrophes (especially for safety-critical sys-
tems). In that sense, the works [2, 31] show that the modular approach (FDD and
FTC designed separately) presents its benefits, being more flexible for practical
applications and, therefore, easier to test and implement.

In this way, several contributions and theoretical approaches about FDD mod-
ules in Linear Time Invariant (LTI) systems can be found in [11, 18, 31, 32,
33], and the references therein. Besides, there is a considerable amount of arti-
cles that involve model-based developments applied to non-linear systems. For
instance, Kalman filters, fuzzy techniques, adaptive approaches or sliding-mode
observer-based technologies have been recently reported [33, 34, 35, 36, 37, 3§],
where in some of them the stability conditions are guaranteed through the reso-
lution of Linear Matriz Inequalities (LMI) problems. Moreover, even some newer
papers have applied the Moving Horizon Estimation (MHE) framework to de-
velop FDD schemes [39, 40, 41]. Lastly, another source of extensive publications
is the database of the SAFEPROCESS technical committee of the International
Federation of Automatic Control (IFAC) [42].

Nevertheless, in regards to the development of an FTC module, recent works
are considering the use of the well-known/established MPC technique [13]. This
is because MPC has inherent fault-tolerance properties [22], such as: dealing with
constraints, updating internal model on-line and optimising the cost function at
each iteration. Indeed, due that MPC optimises the cost function at each sampling
step, it offers a high flexibility to deal with system constraints in both fault-free and
post-fault conditions. This property is especially suitable to adjust control efforts
depending on a timely fault information, as detailed in [8, 16, 39]. However, there
are few works in literature, about AFTCS to accommodate multiple actuators and
sensors faults upon non-linear systems, which motivates this current investigation.
In short, the AFTCS problem is still a challenge due to the troubles of dealing
with non-linearities and post-fault scenarios.

1.3 Contribution of thesis

As detailed in the prequel, the topic of AFTCS has received an increased attention
in a wide range of academic and industrial communities, as well as the demands
for safety and reliability have also increased. Although there are many works in
literature that have developed AFTCS techniques, most of the applications in
model-based fault-tolerant control systems have been used for mechanical, electri-
cal and aerospace systems, while the data-based techniques have been dominant
in petrochemical and chemical processes. This can be explained in the low avail-
ability or complexity of the model and the inherent natural process non-linearities.
For this reason, the main aim of this thesis is the development, application and
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evaluation of novel model-based AFTCS strategies for practical purposes in typical
industrial processes.
To achieve this, two different model-based approaches were addressed through-
out this thesis: on the one hand, owing that the majority of the industrial plants
are inherently non-linear and the faults may often amplify the non-linearities by
driving plants from a relatively linear operating point into a more non-linear op-
erating region, the design of novel FDD and FTC modules to develop a non-linear
AFTCS are presented. There, the importance and practicality of Linear Param-
eter Varying (LPV) system representation provides the foundation of this work.
On the other hand, an optimisation-based fault-tolerant MPC strategy is pro-
posed to develop a tertiary-level Energy Management System (EMS), which guar-
antees the uninterrupted and efficient energy generation on an industrial microgrid,
based on a sugarcane power plant. Where the availability of several renewable en-
ergy sources highlights the capacity of MPC to manage them, seeking maximal
profit and increasing sustainability, despite eventual faults.
In conclusion, the main contributions of this work are epitomised as follow:
e A novel observer-based FDD strategy for non-linear systems is presented.
The observers’ design is based on terms of LMI.

e An MHE procedure coupled to an MPC formulation is addressed to develop
a non-linear predictive controller. Terminal ingredients to guarantee MPC
stability are based on the resolution of off-line LMI problems.

e A model-based AFTCS for non-linear industrial processes is developed. An

autonomous model-update and controller reconfiguration is formulated.

e A fault-tolerant MPC is proposed as an EMS. An MHE method is proposed

to estimate both system states and incipient faults on renewable microgrids.

e Realistic numerical simulation scenarios are presented, showing the effective-

ness of each method. Examples of typical chemical industrial processes are
given, as well as a sugarcane industrial microgrid.

e Performance indices are used to demonstrate and quantify the effectiveness

of the proposed methods.

1.4 Objectives

The overall objective of this thesis is to propose, discuss and explain in detail the
design, testing, and validation of fault-tolerant predictive control strategies using
model-based methods. In order to reach it, this overall objective is divided into
several stage objectives.

e Design and develop FDD modules based on LPV observers.
Evaluate and validate the proposed FDD approach.
Design an appropriate FTC module to implement an AFTCS.
Implement and evaluate the proposed model-based AFTCS strategy.
Investigate and propose an AFTCS scheme to develop a fault-tolerant EMS
of an industrial energy microgrid, based on a sugarcane processing plant.
e Simulate and evaluate the suggested tertiary-level EMS scheme.
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1.5 Outline of the thesis

The remaining of this thesis is organised as detailed below.

In Chapter 2 some preliminary concepts involved in the AFTCS design are
revisited. Chapter 3 presents the development of an FDD scheme based on a set
of LPV observers. Chapter 4 investigates a polytopic MPC formulation for non-
linear processes. Moreover, Chapter 5 focuses on the application of the FDD and
MPC methodologies described in previous chapters to conceive an AFTCS strategy
for chemical industrial processes. Finally, Chapter 6 presents a fault-tolerant EMS
of an industrial energy microgrid, particularly the case of a sugarcane distillery
power plant. Concluding remarks and suggestions for future research are discussed
in Chapter 7.
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Chapter 2

Preliminary concepts

In this chapter, a brief overview of some fundamental concepts and general aspects
concerning the design of AFTCS are recalled and presented.

2.1

Definitions

Before designing an AFTCS strategy it is necessary to know in detail the meaning
of some involved basic concepts. These have been compiled from the IFAC SAFE-
PROCESS technical committee [42], and from the existing literature [18, 43, 44].
They are listed below.

Fault: An unpermitted deviation of at least one characteristic property or
parameter of the system from its acceptable/usual/standard condition.
Failure: A permanent interruption of a system’s ability to perform a re-
quired function under specified operating conditions.

e Disturbance: An unknown (and uncontrolled) input acting on a system.
e Perturbation: An input acting on a system, which results in a temporary

departure from the current state.

e Symptom: A change of an observable quantity from normal behaviour.
e Error: A deviation between a measured or computed value (of an output

variable) and the true, specified or theoretically correct value.

Residual: A fault indicator, based on a deviation between measurements
and model-equation based computations.

Monitoring: A continuous real-time task of determining the conditions
of a physical system, by recording information, recognising and indicating
anomalies in the behaviour.

Supervision: Monitoring a physical system and taking appropriate actions
to maintain the operation in the case of faults.

Protection: Means by which a potentially dangerous behaviour of the sys-
tem is suppressed if possible, or means by which the consequences of a dan-
gerous behaviour are avoided.

Fault detection: Determination of the faults present in a system and the
time of detection.

Fault isolation: Determination of the kind, location and time of detection
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of a fault. Follows fault detection.

e Fault identification: Determination of the size and time-variant behaviour
of a fault. Follows fault isolation.

e Fault diagnosis: Determination of the kind, size, location and time of
detection of a fault. Follows fault detection. Includes fault isolation and
identification.

2.2 Faults classification

According to the above definitions a fault is an unpermitted deviation of at least
one characteristic property or parameter of a system from its standard condition.
It tends to degrade the system’s performance but may not result in complete loss
of system functionality [45]. Faults take place in different parts of a system and
are classified according to where they occur in the system [46].

These faults and their causes are,

e Actuator faults: these are actuator malfunctions that trigger discrepancies
between the computed and real control actions. These include, inter alia,
gear damages, valve clogs and bearing aging.

e Sensor faults: these are discrepancies between the measured and true val-
ues of system output variables. Such faults describe sensor biases, thermal
drifts or accumulation of tartar in sensor elements, among others.

e Component faults: these occur in the plant components themselves and
often result in a change in the dynamical behaviour of the controlled sys-
tem. These are variations in process parameters, such as heat exchanger
coefficient, mass flow leaks or jammed conveyors.

Time-behaviour

On the whole, no particular time-behaviour will be assumed or employed to de-
sign residual generators'. In the analysis, however, it will be distinguished some
typical time-functions, such as abrupt, incipient and intermittent. Accordingly, in
Figure 2.1 their typical time-behaviour is sketched.

ft) ft) ft)

(a) Abrupt (b) Incipient (c) Intermittent

Figure 2.1: Classification of faults according to their time-behaviour.

LA more detailed explanation about residual generators is found in Section 2.4
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Faults representation

Considering an LTI system with Multiple-Input Multiple-Output (MIMO) with-
out presence of faults, disturbances and model uncertainties, whose input-output
relationship is

y(t) = Xu(t)
where ¥ means the state space system representation
t(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t)

being xz(t) € R*, u(t) € R™ and y(t) € RP the state, input and output vector,
respectively. In addition, A, B, C' and D are constant matrices of appropriate
dimensions [47].

Therefore, the faults that could affect the system are:

e actuator faults (f,), at inputs;

e system component faults (fs);

e sensor faults (f,), on outputs.

These types of faults are suitably introduced in Figure 2.2.

fu fZ fy

l

u(t) urt) ) 9 y(t)

Figure 2.2: Input (f,), sensor (f,) and component (fy) faults.

In particular, through this thesis, only the actuator and sensor faults are con-
sidered. Furthermore, the faults belong to one of the following categories [45]:

Additive faults These are considered as additional input signals, which affect
process behaviour. Therefore, the system model with actuator and sensor additive
faults is expressed as,

(t) = Ax(t) + Bu(t) + F, fu(t)

y(t) = Cx(t) + Du(t) + F, f, (1)
where f, € R? and f, € R are the input and output fault vectors, respectively. In
addition, F, e R™? and F, e RP*! are the fault matrices.

Multiplicative faults These occur as changes in system matrices, usually rep-
resented as a loss of effectiveness. Consequently, the system model affected by
multiplicative faults is expressed as,

.T(t) = Af&?(t) + Bfu(t)
y(t) = Cra(t) + Dyu(t)
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where
Ar=A+AA; Bf=B+AB; C;=C+AC; Dy=D+AD

being AA, AB, AC and AD the system parameters deviation, from their nominal
values.

In this context, it is important to note that disturbances are also considered as
unknown extra inputs acting on the system. Thus there is no physical difference
between disturbances and additive faults. This distinction is, indeed, subjective.
As a general rule, the disturbances wished to be detected are considered faults,
while the rest are simply disturbances [45].

Moreover, note that disturbances and model uncertainties have similar effects
on the system. Disturbances are usually represented by unknown extra input sig-
nals that have to be added up to the system output. Besides, model uncertainties
change the model parameters in a similar way as multiplicative faults. However,
an important distinction between disturbances, model uncertainties and faults can
be seen in the fact that disturbances and model uncertainties are always present,
while faults may be present or not [2].

Finally, in this thesis the noise signals are also considered as unknown ex-
tra inputs to the system, but they are assumed to exhibit random behaviour,
N(0,02). Thus, any signal who exhibits a statistical distribution with arithmetic
mean different from zero, is considered as a disturbance.

2.3 Redundancy

The use of redundancy in its many forms is a common strategy used to make more
reliable systems. In engineering, redundancy corresponds to the duplication (or
even more) of system components, or critical functions, generally as a backup. In
particular, in control systems where safety requirements are the greatest priority
(airplanes, nuclear power plants or chemical industries) all or some of their com-
ponents are tripled, or even higher redundancy orders are implemented. In short,
the faults are detected and patched by redundant elements. As a consequence,
due to the fact that these components rarely fail and faults are expected to occur
independently, the probability that all redundant components will fail is extraor-
dinarily small; often only outweighed by other factors, such as human error. Thus,
redundancy is the key ingredient in any fault-tolerant system.

However, it is important to note that the use of redundancy may exhibit some
potential counterproductive effects, decreasing rather than increasing system re-
liability. Specifically, three serious problems are analysed in [48]: (1) the catas-
trophic common-mode error problem; (2) the social shirking problem; and (3) the
overcompensation problem.

Thus, one of the biggest problems is that adding extra components can inad-
vertently create a catastrophic common-mode error, which is generated by a fault
that causes all the components to fail. That is, in complex systems, theoretical
(or design) independence is not necessarily a fact. So there is a possibility of un-
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planned interactions between redundant components, encouraging the presence of
common-mode errors.

Another way in which redundancy can backfire is when diffusion of responsibili-
ties leads to “social shirking”. This is a common phenomenon in which individuals,
or groups, reduce their reliability in the belief that others will take up the slack.
It is rarely examined in the technical literature on safety and reliability.

Finally, the last way in which redundancy can be counterproductive is when
the addition of extra components encourages individuals to increase production
in dangerous ways. Leading individuals to engage in inherently risky behaviours,
such as: driving faster, flying higher, producing more nuclear energy, etc.

In control system engineering, the redundant units are usually mechanisms, or
algorithms, so these two last effects are only perceived when people are in charge
of supervision systems.

In literature, two types of redundancies are distinguished (both of them are
outlined in Figure 2.3, for the sensing redundancy case), usually called: physical
and analytical redundancy.

Physical redundancy

. Sensors Detection
- P ) ——> f(f
' xN mechanism 1 )
: 7y :
: :
! Sensor !
u(t) > Process - y(t)

' x1 ,

: Y } |

! Residue Detecti :

L—»| generator etecion - r(1)

! . mechanism | ,

! algorithm .

Analytical redundancy

Figure 2.3: Physical and analytical redundancy.

Physical redundancy A traditional approach used in industry to guarantee
the correct behaviour of control systems against faults, is the physical redun-
dancy method. This strategy uses redundant sensors, actuators, computers and
algorithms to measure and/or control a particular variable. Typically, a voting
scheme is applied to the redundant systems to decide if and where a fault has
occurred. The main advantage of this scheme is its high reliability and the direct
fault isolation/compensation. However, the use of redundant hardware results
in more expensive and complex systems. Therefore its application is commonly
restricted to safety-critical components.
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Analytical redundancy The intuitive idea of the analytical redundancy tech-
nique is to replace the physical redundancy with a process model which is imple-
mented in an algorithm. A process model is a mathematical description of the
monitored process behaviour, which can be obtained using the well-established
process modelling techniques. The analytical redundancy introduces a new view
point of redundancy, where reliability is achieved through software rather than
strictly hardware components.

2.4 Residuals

Residuals are time-varying signals that are used to detect and isolate faults, and
therefore this auxiliary signal constitutes an essential component in FDD modules.
Typically, the residuals are designed to be zero under fault-free conditions (or close
to zero when the process is affected by disturbances and modelling uncertainties),
and distinctly different from zero when faults occur.

Consequently, information about faults are extracted by comparing the residual
signals against suitable thresholds to avoid false alarms arising from measurement
noises, disturbances or model uncertainties. The threshold values may be deter-
mined by statistical considerations, on the basis of the known or assumed noise
statistics. Alternatively, they may be obtained experimentally, covering not only
the noise effects but also the modelling errors. Therefore, the residual vector is
the carrier of the fault information.

Note that, whilst a single residual signal is sufficient to detect faults, a set of
residuals (or a vector of residuals) is required for fault isolation. That is to facili-
tate the fault isolation procedure, where the residual set needs to have distinctive
properties. Thus, there are at least two fundamental residual enhancement ap-
proaches: directional and structured residuals.

Fixed direction residual The main idea behind this approach is to design a
fault detection scheme, in which the residual vector receives specific directions,
depending on the fault that is acting upon the system. In other words, designing
a directional residual vector which lies in a fixed and fault-specified direction in
the residual space, in response to a particular fault. Directional residuals support
the isolation of simultaneous faults if the response directions are independent [49].

Structured residual Another method of fault isolation is to design a set of
structured residuals. The main idea behind this approach is to design each residual
to be sensitive to a subset of faults, whilst remaining insensitive to the rest. The
design procedure consists of two steps, the first step is to specify the sensitivity and
insensitivity relationships between residuals and faults according to the assigned
isolation scheme, and the second is to design a set of residual generators according
to the desired sensitivity and insensitivity relationships. The advantage of the
structured residual set is that the diagnostic analysis is simplified to determine
which of the residuals are non-zero [45].
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Besides, the faults in which the residue must be sensitive are called monitored
and those in which the residue must be insensitive are called non-monitored. The
non-monitored faults are decoupled from residuals; as a result, the residual gen-
eration problem is essentially a decoupling problem. It is a fact that, when more
faults are decoupled in each residue, greater is the possibility of isolating multiple
faults. The cost for this improvement is in the need of more complex and model
dependent residual generators.

The structured residual approach can be designed in two different ways: dedi-
cated and general residual scheme.

e In a dedicated residual scheme, one measurement is fed into each resid-
ual generator; these generators are designed to be sensitive only to single
faults. In observer-based literature, this is also known as a Dedicated Ob-
server Scheme (DOS).

e An alternative approach is the general residual scheme, also known as the
Generalised Observer Scheme (GOS). In this approach, each residual is
designed to be sensitive to all but one fault.

Each technique has pros and cons, in DOS each observer is driven by only
one output measurement and, as a consequence, the system states should be com-
pletely observable, which is not always the case in practical applications. On the
other hand, in GOS, a set of residuals should be fired from different observers at
the same time to decide which sensor is faulty, making it more reliable than DOS.

Residual generator The dynamic system used to generate residuals is called
as residual generator. Its purpose is to generate fault indicating signals, using the
available input and output information from the monitored system.

A residual generator looks for inconsistencies between the actual system vari-
ables and the mathematical model describing their relationship. That is, measure-
ments are compared to analytically obtained values of the respective variables.
Note that this analysis significantly depends on the available mathematical model
representation.

Ideally, the residual should only be affected by faults. However, the presence of
disturbances, noise and modelling errors also affect the residuals and thus interferes
with the detection of faults. Therefore the residual generator needs to be designed
robust against noise disturbances and model uncertainties. As a consequence,
robustness is perhaps the most important requirement in residual generation.

In addition, the residual vector r(t) € R, is designed to become zero for the
fault-free case

r(t)=0<=u(t)+0A f(t)=0
and non-zero for faulty cases,
r(t) #+0 <= f(t) 0 (2.1)

where f(t) corresponds to any fault signal. Thus, the Equation (2.1) is the ele-
mentary rule involved in residual-based fault detection.

No matter what type of method is used, a residual generator is just an algo-
rithm whose input consists of both input and output of the monitored system.
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2.5 FDD methods classification

Usually, FDD methods are classified into two large groups, those that do not
require a mathematical model of the monitored process, and those that do. In this
thesis work, the model-based approach is used. However, to outline the general
context, both are briefly introduced.

e Model-free. The FDD methods which do not use the mathematical model
of the monitored process are called model-free methods. They range from
physical redundancy [50], special sensors [51], through limit-checking [18],
spectral and statistic analysis [26] up to expert systems [52], among others.

e Model-based. On the other hand, the FDD model-based methods are
those which use an explicit mathematical model representation of the moni-
tored process, and in general they rely on the analytical redundancy idea. As
stated in Section 2.3 contrary to physical redundancy, analytical redundancy
assesses the difference between the measured variables of the monitored pro-
cess and their analytical computation. To do this, present and/or previous
measurements data and the mathematical model of the monitored process
are used [45]. Thus, the FDD model-based methods range from parity re-
lations [18, 43], parameter estimation [45, 53], through diagnostic observers
[54, 55], up to Kalman filters [56, 57].

It is important to note that this chapter is not intended to explain in detail all

presented approaches, but the interested reader is invited to check the references
appointed there in.

2.6 Linear parameter varying system represen-
tation

Historically, control system analysis and synthesis techniques have been developed
using LTT models subject to bounded process and measurement disturbances [47,
58, 59]. However, the design of non-linear controllers demands a different strategy
further than just obtaining a linearised model at an operating point, and then
apply a robust technique to deal with model uncertainties. Hence, because of the
difficulty to design a non-linear control system, many authors prefer to represent
these systems by an LPV approach [60, 61, 62], for the observers design [34, 63, 64,
among others]. The basic idea of this is to represent the system as an interpolation
of i-th affine local models, which depend on time-varying scheduling parameters.
These parameter values depend on endogenous variables, such as the states and
inputs (typically available in real-time). That is, this technique represents an at-
tractive solution to schedule a set of linear models by a convex weighting function.
Thus, the LPV modelling framework is powerful since it allows the application of
well-known linear-like control and estimation design tools to a wide range of non-
linear systems. Furthermore, a key feature of the LPV paradigm resides in the
ability to formulate control problems as convex optimisation problems involving
LMI, which are efficiently solved using interior-point methods [65, 66]. A brief
description of the procedure for the LPV system representation of a non-linear
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process model is presented here below.
Being the dynamic of a real (non-linear) industrial process represented by the
following general state-space form:

#(t) = f(2(t),u(t)), (2.2a)
y(t) = g(x(t), u(t)) (2.2b)
z(0) = xg

where z(t) € R?, u(t) € R™ and y(t) € RP are the state, input and output vectors,
respectively. Additionally, x( is the initial value of the state vector. Specifically,
the Equation (2.2a) is called state equation and this determines the system dy-
namics. On the other hand, the Equation (2.2b) is termed as output equation.

Assumption 1. Considering that the state and output functions f(x(t),u(t)) and
g(x(t),u(t)) are continuously differentiable, and using the Parameterised Jacobian
Linearisation (PJL) technique (see Appendiz B), which is based on the first-order
Taylor-series analysis, it is possible to approximate, or even represent, the dynamic
behaviour of the system from the Equation (2.2), in different operating points
through a convex set of M affine models that depend on a time-varying parameter

(1) [61, 67
That is, the polytopic representation of affine LPV system is,

5 = 31 (C(0) (A (t) + Bau() + Aa)
=1 (2.3)

y(0) = 3 (C(0) {Cur(t) + Do) + Ayy)

1=1

where A;, B;, C;, D;, Ax; and Ay; are constant matrices of appropriate dimensions,
which represent the state, input, output and feedthrough matrices, respectively.
Moreover, the weighting functions u;(-) depend on a scheduling parameter ((t)
assumed to depend on an endogenous variable (inputs or outputs). In addition,
the polytopic term comes from the fact that the vector p;(¢(t)) evolves over the
unit M-simplex defined by

P {ui(C(t)) : im(é‘(t)) SENGEOE o}, (2.4)

being P € Q c RM,

2.7 Unknown input observer

DEFINITION 2.1 (Unknown Input Observer). Consider an LTI system described
as follows:,

#(t) = Az(t) + Bu(t) + Ffu(t)

y(t) = Cx(t) + Du(t) (2.5)
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where, x € R", u e R™, y € RP and f, € R? are the state, input, output and unknown
input vector of the system, respectively. Moreover, A, B, C', D and F are known
matrices with appropriate dimensions [47].

An observer is defined as an Unknown Input Observer (UIO) for the system
described by Equation (2.5), if ils state estimation error vector e(t) approaches
zero asymptotically, regardless of the presence of the unknown input (disturbance)
in the system [68].

2.8 Model-based predictive control

MPC (aka, Receding Horizon Control (RHC)) covers an extensive range of ad-
vanced control methods, which have been developed considerably over the last
three decades, both within the research control community and industry. MPC
is the most natural approach to the optimal control of processes subject to con-
straints. As a consequence, it has become a world-wide well-known /established
control methodology, commonly used in the process industry.

Roughly speaking, as shown in Figure 2.4, the basic concept of MPC method
is to use a dynamic model to forecast system behaviour, and optimise this forecast
to produce the best control policy at the current time. Thus, models are therefore
central to every form of MPC [13]. Specifically, MPC finds an optimal control
policy by minimising a cost function over a finite receding horizon, including state,
input and output constraints [69]. This cost function regards performance goals,
such as reference tracking and disturbance rejection. In short, one of the main
advantages of MPC over other control strategies is that it inherently considers and
satisfies system constraints [70].
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Figure 2.4: Model predictive control concept.

Consequently, the feedback control law is achieved via receding horizon tech-
nique. In other words, after obtaining a control sequence u, by means of the
optimisation problem, only the first control element is applied to the system.
That is,

k(x) =u(0).
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Afterwards, the prediction horizon is shifted by one sample, and the optimisa-
tion problem is performed again after the problem has been updated with new
information from the measurements. Thus, the MPC considers a finite prediction
horizon, at each sample time k.

Furthermore, there are many different MPC formulations in the literature [14],
each of them are defined by an optimisation problem with different objective func-
tion and/or set of constraints. In general, the optimisation problem is posed as a
minimisation problem in which the objective function penalises the distance be-
tween the reference and the predicted system evolution over the prediction hori-
zon. However, in this section the focus is to introduce the preliminary aspects
involved in MPC, where the solution is found by solving a constrained Quadratic
Programming (QP) program.

Usually, the MPC formulations share three common elements, where different
options can be chosen for each element giving rise to different algorithms. Being
these itemised as follow:

e Prediction model. As was previously introduced, the main idea of MPC is
to use a dynamic model of the plant to forecast system behaviour, and based
on this prediction take the best control policy. In that sense, the model is
the cornerstone of MPC. This should be complete enough to fully capture
the process dynamics and allow the predictions to be calculated, and at the
same time to be intuitive and permit theoretic analysis.

For simplicity’s sake, a discrete-time non-linear model form is considered:

2+ 1) = F()u() 20

z(0) = xo,
where f(-) is a continuous function of their arguments, x € X c R” is the
system state at sampling time £, xg is the initial state and v € U c R™ is the
control input.

e Objective function. The MPC algorithms propose different cost func-
tions for obtaining the control action. The general aim is that the future
output should follow a determined reference target at the considered hori-
zon. Consequently, a proper objective function Vy(+) is defined for the MPC
optimisation problem by:

Vy(zsu) = 3 02 ()), u(5)) + Vi (z(N)) (2.7)

J=0

where N is the prediction horizon length, u(j) is the future control action
computed at the current sampling time & and z(j) is the predicted state
at sampling time k, starting from the initial condition x = x(k). Moreover,
l(x(5),u(y)) and Vi(x(N)) are the stage and the terminal cost functions,

respectively.
e System constraints. Bearing in mind the previous statements, the se-
quence of control actions u := [u(O) w(l) ... u(N- 1)] is computed by

minimising the objective function while satisfying the system constraints.
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Thus, the control problem Py(x) is defined as follow:

min  Vy(z,u)

st. z(0) ==z,
2(j+1) = f(2(7),u(5)), (2:8)
u(j) €U, x(j)eX, VjeZon-
z(N) e Xy

where U ¢ R™, X ¢ R® and X; ¢ R" are the input, state and terminal
constraint sets, respectively. Moreover U is a compact set, and X, X; are
closed sets.

Most works on MPC ensure stability by the addition of a suitable terminal
cost and terminal constraint to the optimal control problem solved on-line; the
stabilising conditions are essential conditions that the terminal cost and constraint
must satisfy to ensure stability and recursive feasibility [71].

In a resume manner, there exist different stabilising formulations of MPC [72]:

e terminal equality constraint: the stability condition is achieved by adding a

new constraint over the state at the end of horizon z(N),

x(N) = x4

where x, is the desired steady state.

e terminal cost: the stability condition is achieved by adding an extra term
to the cost function that penalises the state at the end of the horizon. This
term is called terminal cost function Vy(z(V)).

e terminal inequality constraint: the terminal equality constraint is replaced
by a set X that has to fulfil certain conditions,

.T(N) € Xf.

This approach provides a larger domain of attraction and less numerical
problems than the terminal equality constraint.

e terminal cost and inequality constraint: this approach is the result of the
union of the last two techniques, adding a terminal cost to the cost function
and using an inequality terminal constraint.

In [13, 71, 72, 73, among others] all these formulations are analysed and it
is established that adding a terminal cost Vy(z(N)), together with a suitable
terminal state domain Xy, has resulted to be essential to the stabilising design.
These conditions, also known as terminal ingredients, can be written down as
follows:

Let Xy be a set in R”, let V;(2(N)) be a positive definite function, continuous
at the origin and let k() be a control law such that,

e 0eX 13

o f(z,k(x))eXy, VaeX;CX;

o Vi(f(z,k(z)) - Vi(x(N)) < —l(z,k(x)), Vo e Xy;

o r(z)elU, Vo eX;.
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Based on this, the optimal cost can be considered as a Lyapunov function [72].
Then, assuming feasibility of the initial state, an MPC solving the optimisation
problem from Equation (2.8) guarantees asymptotic stability of the origin. That
is, the invariant condition on terminal set X ensures feasibility of the closed-loop
system, while the condition on terminal function Vy(z(N)) guarantees conver-
gence.

At this point, in short, the MPC implementation could be represented in the
following algorithm:

Algorithm 1: MPC method

1 Measure x(k),

2 Obtain u by solving the problem from Equation (2.8),
3 Apply the control law, x(x) = u(0),

4 Time update, k:=k+1,

5 Repeat from step 1.

2.9 Moving horizon estimation

While MPC method had its origins in industry [74, 75|, MHE was developed
primarily by researchers in academia [13, 76, 73], and was built on the success of
the receding horizon paradigm. Roughly speaking, MHE has been suggested as a
practical strategy to incorporate inequality constraints in states and parameters
estimation. The basic idea of MHE is to formulate the estimation problem as a
QP using a backward moving horizon of the available measurements.

Compared to full information estimation techniques, MHE reduces the com-
putational burden by considering a finite horizon, however, it is non-trivial to
summarise the effect of the discarded data on the current states. Thus, the mea-
surements information which are not included in the estimation window is assim-
ilated into the objective function through an extra term called arrival cost. In
short, the arrival cost can be considered as the analogous to the terminal cost in
MPC. Accordingly, arrival cost is fundamental to guarantee stability in MHE.

The best choice of the arrival cost remains an open issue in the domain of
MHE research [13, 77, 78]. One reasonable solution is to approximate the arrival
cost for the constrained problem with the arrival cost for the unconstrained prob-
lem. That is, for linear unconstrained systems, the standard Kalman Filter (KF)
covariance updated formula can be used to express the arrival cost explicitly [76].
However, for non-linear or constrained systems, a general analytical expression
for the arrival cost is rarely available, and it is often estimated using linearisation
approximation as in the Eztended Kalman Filter (EKF) formulation [79]. This
method to approximate the arrival cost does not consider the bounds on state esti-
mates in a systematic manner, but it allows to reduce the size of the optimisation
problem, while retaining a good performance and robustness [13].

By and large, MHE is a multi-variable estimation algorithm that uses:

e an internal dynamic model of the process,

e a history of past input and output measurements, and
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e an optimisation cost function Vi (+) over the estimation horizon
to compute the optimum states and parameters estimation.
Specifically, the cost function for the MHE optimisation is given by:

k-1
Vr(a) = lae(@(k=T)) + > (U(w(i),v(2)))
i=k—T
where £,.(-) is the arrival cost and ¢(-) denotes the main optimisation cost along
the backward horizon. Moreover, w represents process disturbance and v the
output measurement noise. Therefore, the main optimisation function is given as
follows?:

U(w(i),v(i)) = |w(@D)[G + v (D)7,

where () and R are adequate weighting matrices.

On the other hand, the arrival term /¢,. included in the cost function is used
to penalise the distance between the state estimated at the start of the backward
horizon (k—-T') and a previous state estimation z. In other words, the arrival cost
weights the influence of the past information outside the estimation horizon, i.e.
from ¢t =0to t=k-T, in a single concatenated term. This offset is given by:

lac(@(k=T)) = |2(k - T) -z

where P is a positive definite penalty matrix and as previously stated, the estimate
Z(k —T) is often given by an EKF algorithm. More details on why this arrival
term is necessary are given in [80, 81].

Finally, at each sampling instant k, the optimisation problem defined in Equa-
tion (2.9) below is solved, and a current state estimation becomes available for
control purposes.

min Vr(x)

st z(i+1) = f(z(i),u(d)) +w(i), (2.9)
y(@) = g(x (i) + v(i),
X € X, 1€ Zk—T:k~

At the next sampling instant, the following arrival term ¢,.(-) is updated by
an EKF guess and the horizon window 7T slides forward by one unit.

At this point, in a resume manner, the MHE implementation could be repre-
sented in the following algorithm:

Algorithm 2: MHE method

1 Collect the data set based on the available information from the last T’
steps,

2 Compute the arrival cost £4.(), through an EKF algorithm,

3 Estimate the states, solving the constrained optimisation problem from
Equation (2.9),

4 Time update, k:=k+1,

5 Repeat from step 1.

2The weighted norm |22, denotes the weighted norm of z, 27 M2



Chapter 3

Observer-based fault detection
and diagnosis

This chapter presents the development of a novel FDD scheme based on a set of
observers. Specifically, the design of two types of observers applied to LPV systems
is addressed, being these a Linear Parameter Varying Reduced-order Unknown In-
put Observer (LPV-RUIO) and a full-order Linear Parameter Varying Unknown
Input Output Observer (LPV-UIOO). Then, based on them, two banks of gen-
eralised observers are constructed to generate residuals that allow the detection,
isolation and diagnosis of actuator and sensor malfunctions over non-linear sys-
tems, which accept LPV representation. Furthermore, to evaluate the behaviour
and capabilities of the proposed FDD scheme, it was simulated on two typical
chemical industrial processes, firstly in a Heat Exchanger (HE) and secondly in a
Continuous-Stirred Tank Reactor (CSTR).

Finally, it should be noted that the main results of this chapter can be found
in works [55, 82, 83].

3.1 Introduction

As stated previously, the appropriate behaviour of an AFTCS highly depends on
a solid FDD module. This is specially critical in industrial processes, where the
problem is still a challenge due to the troubles of dealing with non-linearities and
model mismatches. In light of the foregoing, this chapter presents the design of a
novel FDD scheme, composed of a bank of two types of observers, applied to LPV
systems.

The main motivation for the use of two types of observers, to deal with actu-
ators and sensors faults, is the possibility to exploit each of its specific goodness.
That is, the use of LPV-RUIOs allows an easy way to compute the actuator fault
estimation (without the use of extended observer, or the computation of the bad
conditioned pseudo-inverse matrices), enabling a design with more degree of free-
dom, relieving the designer work to select the desired actuator input as unknown
input without resulting unfeasible. On the other hand, the LPV-UIOOs are the
simplest way to deal with sensors faults, with a better trade-off about perfor-

23
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mance and off-line design complexity, which is ideal to improve the efficiency of
the proposed strategy. In such a way, the observers design is mainly doing off-line,
and only a slight use of computational resources is needed at each sample time to
perform on-line the FDD tasks, enabling its application as a part of an AFTCS.

Notation With the purpose of simplifying the chapter’s structure, the duality
between continuous-time and discrete-time is assumed equivalent, except in cases
indicated explicitly. For that, the differential operator p is used, which denotes the
time derivative for continuous-time models and the step forward shift operator for
discrete-time models. That is, px(t) represents z(t) and z(k + 1) for continuous-
time and discrete-time, respectively. In addition, ¢ represents the time variable
(t € R and k € Z) for continuous-time and discrete-time cases. A similar notation
was used in [84].

3.2 LPV system with additive faults

Based on a non-linear system represented by an LPV model (see Section 2.6), that
consider the income of additive input and output faults. That is, the polytopic
representation of an affine LPV system is,

pa(1) = 3 (C) {4 () + Bau(0) + Fufu(0) + A}
=l (3.1)

y(0) = fu () {Caa(e) + Deut) + HLfy (1) + Ayy)

where z(¢) e R”, u() e R™, f,(¢) e RY, y(v) e RP, f,(v) € R are the state vector,
the input vector, the fault input vector, the output vector and the fault output
vector, respectively. Additionally, A;, B;, C;, D;, F;, H;, Ax; and Ay; are constant
matrices of appropriate dimensions.

Moreover, throughout this chapter, the following assumptions are made.

Assumption 2. In general, for strictly proper systems, the matrices D; are null
and, as a consequence, the output equation in Equation (3.1) is reduced to a simple
weighting combination of the states and faults variables. On the other hand, the
matrices C;, for this study purpose, are composed by identity matrices of appro-
priate dimensions Lyy,. Thus, the final output equation of Equation (3.1) results,

y(1) = Ca(t) + H,(0). (3:2)

Assumption 3. The actuators and sensors faults vectors satisfy the following
euclidean-norm bounded constraint,

[ fulO < Bus 1Sy (D] < By,
where B, >0 and B, >0 are known constants (3, A B, € R*).

Assumption 4. Faults can occur in all system elements (actuators and sensors),
but they do not occur at the same time.
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Consequently, taking all the above into account, Section 3.3 introduces the
design procedure for an LPV-RUIO. Moreover, Section 3.4 presents the design
procedure for an LPV-UIOO. Lastly, the FDD strategy built using these observers
is presented in Section 3.5.

3.3 Design of LPV-RUIO

Based on the observer development for linear systems with unknown input [85],
recently reformulated as a reduced-order observer applied to an LPV system with
unknown input [82]. If the term H f,(¢) = 0 is considered (no sensors faults occur
in the system, simultaneously), and under the assumption that the rank of F; =
q (being F; a specific column of B;, that corresponds with the faulty input to
diagnose), then a set of non-singular matrices is selected as,

,I; = I:NZ E:I , NZ € Rnx(n—q)'

Thereby, the system from Equation (3.1) is equivalent to,

pZ(L) = ; i (C(1)) {A@(L) + Byu(1) + Ax; + Efu(/,)} (3.3a)

y(u) = ;ui(é(b)) {Ciz(0)} (3.3b)

where

C;=CT;=[CN; CF]; F;=T;'F, = [O]

with Z;(¢) e R"? and Z(1) € R.

Because of Equation (3.4) it is observed that Equation (3.3a) involves directly
the unknown input in the state Z2(1). As a consequence, it is possible to drop this
state and rewrite the system from Equation (3.3) without the unknown input as,

s 0195 =2 [A AiJo() + Buu() + Ko} (350)
y(0) =L mCICON: CRJa()}. (3.5b)

Assuming that z,(¢) is obtained from y(¢), and if the matrices [CE] have full
column rank, then there exists non-singular matrices

Ui=[CF Q,  QeRm(wo
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being

i U.

12

U~_1 _ [Uzll : Uil c qun, Uz'g € R(n—q)xn
multiplying both sides of Equation (3.5b) by U;! and isolating,
M
Z2(¢) = 3 mi(C()) {Uiy(0) = Uiy ONia (1)} (3.6a)
i=1

(1) - iuxc(o) (ONG () (3.6h)

afterwards, substituting Equation (3.6a) into Equation (3.5a) and combining it
with Equation (3.6b) derive in Equation (3.1) transform to,

p0) = L (N A () + Bay(r) + Biu() + Az} (37a)

y(1) = ZMZ(C(L)){ 21(1) (3.7b)

with C;, = ON;, Ay, = Ay, — AU, CN; and Ej, = A;, U,

At this point, if the pair (A4;,, C;,) is observable following the conventional
Luenberger observer design procedure [86] (see Appendix A), it is possible to
design a reduced-order observer for an LPV system free of unknown inputs from
Equation (3.7) as,

pR() = 32 (C0)) (K1) + By Liy(o) + A ) (3.8)

where (1) € R(*-9) is the observer state vector, L} = L, + E;, and K; = flil - Lié’il.
Moreover, L; € R(»~0x(-9) are the gains of the observer to be designed.
For that, the state estimation error is defined as,

e(t) =x1(1) = P(2) (3.9)

therefore, the estimation error dynamic is
pe(e) = pTa() = p@()

- () (A a0 - Ke2() - L)}

Mz I

2, 1i(C()) {Ki(T1 (1) = @(1))}-

@
H

At last, in a resume manner, the necessary conditions for the observer existence
are:
L. [12-1 is asymptotically stable.
II. (4;,, C;)) is observable.
[TI. C and F; are full row and column rank, respectively.

IV. rank(CF;) = rank(F}).
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Continuous-time case

The estimation error dynamic for the continuous-time case results

(1) = im(C(t))Kie(t) (3.10)

in this way, if K; is quadratically Hurwitz, é(¢) - 0 asymptotically.
Through the following theorem the sufficient LMI conditions are presented for
the LPV-RUIO synthesis.

Theorem 3.1. If there exists a symmetric matrix X > 0 and W;, such that the
following conditions hold Y1 € Zq.pr:

(XA;, -W,Ci))T + (XA, -W;Ci) +2aX <0 (3.11)

then the observer from Equation (3.8) is an LPV-RUIO. That is, e(t) towards
zero asymptotically for any initial state e(0).

Proof. From Equation (3.9), and choosing a Lyapunov function with a symmetric
matrix X > 0.

V(t) =e(t) Xe(t) (3.12)
thus, the exponential convergence of the estimation error is guaranteed if,
V(t)+2aV(t) <0 (3.13)

where « is the decay rate constant [66]. Then, using Equation (3.10) and Equa-
tion (3.12) it derives in,

V(t)=eT(t)Xe(t) +e(t) XeT(t)

= 2 (ST ORI Xe(t) + (O OXEelt) gy

M
= 2 mi(C()) {e" () (KT X + XEK;) e(t)}
i=1
hence, replacing Equation (3.12) and Equation (3.14) in Equation (3.13) it results,
M
S (C@)) {e"(t) (KFX + XK; +2aX)e(t)} <0.
i=1

Indeed, notice that (K] X + X K; +2aX) <0, Vi€ Zy., implies that e(t) towards
zero asymptotically for any initial state e(0).
Since K; = A;, — L;C;,, and replacing in the previous inequality,

(Ail - Liéil)TX + X(Ail - Liéil) +2aX <0
ATX - CTLYX + XA, - XL,C,, +2aX <0.
Moreover, to eliminate the existing non-linearities, W; = X L; is defined. Therefore,

(X/L'l - I/Viéil)T + (Xflil - VV,C‘,I) +2aX < 0.
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Remark 3.1. The Theorem 3.1 shows that the LPV-RUIO design for continuous-
time case is solved through the LMI from Equation (3.11). For that, the LMI Lab
[65] package of Matlab software is used.

Thereby, from Equation (3.8), with ®(¢) - z1(¢) pursuant to ¢ —» oo, getting

B(t) = ;m(C(t))Tﬁr(t)

3.15
S WIEOT R o
i=1 ’ ' Ui1y(t) _UilcNiq)(t)
with #(t) - z(t) when ¢ - oo.
Discrete-time case
The estimation error dynamic for the discrete-time case results
M
e(k+1) =3 1 (C(k)) Kie(k) (3.16)
i=1

in this way, if K; is quadratically Schur, e(k + 1) — 0 asymptotically.
Through the following theorem the sufficient LMI conditions are presented for
the LPV-RUIO synthesis.

Theorem 3.2. If there exists a symmetric matriz X > 0 and W;, such that the
following hold Vi € Zy.p;:

20X AT X -CTwT
<

- ~ q

then the observer from Equation (3.8) is an LPV-RUIO. That is, e(k) converges
asymptotically to zero from any initial state e(0).

Proof. From Equation (3.9) and choosing a Lyapunov function with a symmetric
matrix X > 0.

V (k) =e(k) Xe(k) (3.18)
thus, the exponential convergence of the estimation error is guaranteed if,
V(k+1)+2aV (k) <0 (3.19)

where « is the decay rate constant [66]. Then, using Equation (3.16) and Equa-
tion (3.18) it obtains,

V(k+1)=el(k+1)Xe(k+1)

= ;M(C(k‘)){eT(k:) (KTXK,)e(k)) (3.20)
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thus, replacing Equation (3.18) and Equation (3.20) in Equation (3.19) it results,

;Mz(f(k)) {e" (k) (K XK;+2aX)e(k)} <0

note that (K XK; +2aX) <0, Vi€ Zy., implies that e(k) tends asymptotically
to zero from any initial state e(0).
Since K; = A;, — L;C;,, and replacing the previous inequality,

(A, - LiCi)TX (A, - LiC,,) + 20X <0.

Moreover, to eliminate the existing non-linearities, W; = X L; is defined, and then
applying the Schur complement results

20X ATX - CTwWF

XA, - WG, 20X <0

]

Remark 3.2. The Theorem 3.2 shows that the LPV-RUIO design for discrete-
time case is solved through the LMI from Equation (3.17). For that, the LMI Lab
[65] package of Matlab software is used.

Thereby, from Equation (3.8) with ®(k) — 7, (k) pursuant to k - co. That is,

z(k) = ;m(é(k))Tii(k)

N (k)
= S mlCNT 5y 0 Oxa

with Z(k) — z(k), with k - oco.
The following algorithm resumes the design procedure for the LPV-RUIO.
Algorithm 3: LPV-RUIO design:

Choose a scheduling parameter and compose the weighting functions,

Obtain the LPV model (Equation (3.1)), and discretise if necessary,

Check the existence conditions from 3.3.1 to 3.3.1V,

Determine the X and W; matrices using the Theorem 3.1 for
continuous-time case, and the Theorem 3.2 for discrete-time case,

Compute the observer gain matrices, L; = X 'W;, L = L, + E;, and
Kz' = Ail - Llé“

W N =

9]

3.4 Design of LPV-UIOO

Considering that the matrix H corresponds with a row of C', which is non-
monitored output (faulty sensor), and choosing a transformation matrix 75, such
that J = T5C', where J € RP=° only contains the C' rows corresponding with the
monitored outputs (non-faulty sensors). Therefore, based on the development of
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the UIO for linear systems [87], the output equation of the system model from
Equation (3.2) is transformed to,

g(e) = Jx(1).

Thereby, an UIO with the purpose of estimating the state variables x(¢), even
with unknown input presence, is formulated as,

) = LG Nia) + Gunls) » Lgo) + 2

2(1) = 2(0) - Eg(e)
9(1) = C2(1)

where z(¢) € R™ is the full-order observer state vector, and the matrices INV; € R,

G; e Rwr [, e R and E € R"P are the observer gains to be determined. In

addition, the weighting functions p;(.) are the same as used in Equation (3.1).
For that, defining the state estimation error

e(r) =2(1) - x(e)
=2(1) - Ey(e) - z(0)
=2(1) - EJx(t) —z(1)
=2()-(T+EJ)x(¢)

(3.21)

(3.22)

being T} = (I + EJ), the estimation error results e(¢) = z(¢) — T1z(¢) and the
estimation dynamic is

pe(r) = pi(e) = pr(1)

(GO Niw(0) + Gau(e) + Ligg(1) + Az} = Tipar(r)

S
I
—_

M=z

> (G Nie () + (NTy + Lid = Ty A)a(2) + (Gi = Ty By)u(v)

)

- TlEfu(l/) + AZZ‘ - TlACC,L}

I
—_

Accordingly,

pe(t) = ;M(C(L))Nie(b)

if the following constraints hold

T\F, =0 (3.23a)
G, ~TiB; =0 (3.23b)
N/, + LiJ ~TyA; =0 (3.23¢)
Az, — T Ax; = 0. (3.23d)
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It is easy to see that Equation (3.23a) implies that EJF; = —=F}, so to assure
the existence of the matrix £ it must be fulfilled that

rank(JE;) = rank(F;). (3.24)

As a consequence the necessary existence conditions are:
I. A; is asymptotically stable.
II. (A;,J) is observable.
ITI. J and F; are full row and column rank, respectively.
IV. rank(JF;) = rank(F;).
It is important to note that, the observer from Equation (3.21) becomes in a
traditional Luenberger observer if 77 =1 (that is £ = 0), and without disturbance
presence in the system (f, =0).

Continuous-time case

The estimation error dynamic for the continuous-time case results

é(t) = ;Mi(C(t))Nie(t) (3.25)

in this way, if N; is quadratically Hurwitz, é(t) - 0 asymptotically.
Through the following theorem the sufficient LMI conditions are presented for
the LPV-UIOO synthesis.

Theorem 3.3. If there exist the matrices S, W;, Yi € Zy.pr and a symmetric
positive defined matriz X >0 such that

(X +SDHA -W; DT+ (X +SI)A; -W;J) +2aX <0 (3.26)
subject to the decouple unknown input restriction from Equation (3.23a)
(X+SJ)F;=0 (3.27)

then, the observer from Equation (3.21) is an LPV-UIOO. That is, e(t) converges
asymptotically to zero from any initial state e(0).

Proof. From Equation (3.22), and choosing a Lyapunov function with a positive
defined symmetric matrix X = X7 > 0.

V(t) =e(t) Xe(t) (3.28)

as a consequence, the exponential convergences of the estimation error is guaran-
teed if,

V(t)+2aV(t) <0 (3.29)
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where « is the decay rate constant [66]. Then, using Equation (3.25) and Equa-
tion (3.29) it obtains,

V(t) =T () Xe(t) +e(t) X T (t)

=2 ()T ONIXelt)  Lin(COTOXNelt) o

pi(CD)ET (DN X + XN Je(t)

[y

~

thus, replacing Equation (3.30) and Equation (3.28) in Equation (3.29) it results,
M
S ua(C() {e(t) (NI X + XN; +2aX) e(t)} <0.
i=1

Note that (NI X + X N; +2aX) <0, Vi€ Zy.py, implies that e(t) tends asymptoti-
cally to zero for any initial state e(0).

From Equation (3.23c) defining K; = N;E + L;, it is obtained N; = T1 A; - K;J.
Replacing in the previous inequality

(TyA; - K, ))TX + X(TV A - K;J) +20X <0
ATX + ATJTETX - JTKIX + XAj+ XEJA; - XK;J +2aX <0

then, to eliminate the existing non-linearities, new variables are introduced S =
XE, Wl = XKZ

(X +SNA; =W )T+ (X +ST)A; = WiJ) +2aX <0

furthermore, based on Equation (3.23a) it results

(X+SJ)F;=0.
O
Additionally, the observer matrices result
Ny=({+X'SI)A; - X W, J
Gi=(I+X1'S))B; (3.31)

Li = X_lI/VZ‘ - NZE
AZZ' = TlAQZZ

Remark 3.3. The Theorem 3.3 shows that the LPV-UIOO design for continuous-
time case is solved through the LMI from Equation (3.26) subject to the restriction
of Equation (3.27). For that, the Yalmip [88] package in Matlab software is used.
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Discrete-time case

The estimation error dynamic for the discrete-time case results

e(k+1) = z; 1:(C(K)) Nie(k) (3.32)

in this way, if N; is quadratically Schur, e(k + 1) - 0 asymptotically.
Through the following theorem the sufficient LMI conditions are presented for
the LPV-UIOO synthesis.

Theorem 3.4. if there exist the matrices S, W;, Vi € Zy.py and a positive defined
symmetric matriz X >0 such that

XA, +SJA —~W.J 20X <0 (3.33)

[ 20X ATX + AT JTST — JTW T
subject to the decouple unknown input restriction of Equation (3.23a)

(X +SJ)F, =0 (3.34)

then, the observer from Equation (3.21) is an LPV-UIOQO. That is, e(k) converges
asymptotically to zero from any initial state e(0).

Proof. From Equation (3.32), and choosing a Lyapunov function with a positive
defined symmetric matrix X > 0

V(k) =e(k) Xe(k) (3.35)

as a consequence, the exponential convergence of the estimation error is guaranteed

if,
V(k+1)+2aV (k) <0 (3.36)

where « is the decay rate constant [66]. Then, using Equation (3.32) and Equa-
tion (3.36) it obtains,

V(k+1)=el(k+1)Xe(k+1)

= iﬂi(C(k))eT(k)(NZTXNi)e(k) (3.37)

thus, replacing Equation (3.36) and Equation (3.35) in Equation (3.37) it results,
M
S ui(C(k)) {e” (k) (NFXN; +2aX ) e(k)} <0
i=1

Note that (NI XN; +2aX) <0, Vi€ Zy.p, implies that e(k) tends asymptotically
to zero for any initial state e(0).
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From Equation (3.23c) defining K; = N;E + L;, it is obtained N; = T1 A; - K;J.
Replacing that in the previous inequality
(TyA; - K; )T X(TA; - K;J) +2aX <0
since Ty = (I+ EJ),
(A; + BJA; - K, )T X (A + EJA; - K;J) +2aX <0

then, to eliminate the existing non-linearities, new variables are introduced S =
XE, W;=XK;, and using the Schur complement

20X ATX + AT JTST — JTiy T
lXAi LSIA-W 20X <0
furthermore, based on Equation (3.23a) it results,
(X+SJ)F;=0.
O
Additionally, the observer gain matrices are:
Ny=(+X'SI)A; - X W, J
Gi=(1+X'SJ)B: (3.38)

Li = X‘WVi - NZE
AZ@' :TACCZ

Remark 3.4. The Theorem 3.4 shows that the LPV-UIOO design for discrete-
time case is solved through the LMI from Equation (3.33) subject to the restriction
from Equation (3.34). For that, the Yalmip [88] package in Matlab software is
used.

The following algorithm resumes the design procedure for the LPV-UIOO.
Algorithm 4: LPV-UIOO design:

Choose a scheduling parameter and compose the weighting functions,

Obtain the LPV model (Equation (3.1)), and discretise if necessary,

Check the existence conditions from 3.4.1 to 3.4.1V,

Determinate the X, S and W; matrices using the Theorem 3.3 for
continuous-time case, and the Theorem 3.4 for discrete-time case,

Compute the observer gain matrices £ = XS, K; = X-1W;,
Ty=(I+FEJ), N;=T1A; - K;J, G;=T1B;, Ly = K; - N;E, Az; =T\ Ax;.

B W N =

9]

3.5 Fault detection and diagnosis

As commonly used in literature [31, 18, 11], the residual pattern should be cus-
tomised to follow a certain structure (generalised residuals), enabling an extra
degree of freedom in the observer design. Therefore, the structured residuals are
characterised by selective fault responses. That is, any residual is design to be
sensitive to one group of faults and insensitive to others.
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Remark 3.5. The proposed FDD scheme was designed to isolate a single fault
in either a sensor or an actuator, at the time. This is based on the fact that the
probability for two or more faults to occur at the same time is very small in a real
situation, and in many cases it may be assumed that any fault gets repaired before
another one appears. Besides, if simultaneous faults need to be isolated, the fault
1solation scheme should be modified based on a regrouping of faults. That is, each
residual will be designed to be sensitive to one group of faults and insensitive to
others.

In this way, the following sections explain the strategy adopted to develop
the fault detection, isolation and estimation tasks, based on the use of observers
banks.

3.5.1 Observer-based residue generators

Accordingly, the Figure 3.1 depicts the proposed observers banks to construct a
set of residuals, that enables the FDD task of multiple actuators and sensors. In
detail, the Figure 3.1a, presents the actuator fault residue generator, based on
a bank of LPV-RUIOs which use all input-output data. On the other hand, the
Figure 3.1b introduces the sensor fault residue generator approach, through a bank
of LPV-UIOOs which use all input and all but one output signals.

u(t) Process y(t) u(t) Process

s RUIO 1m ! — UIOO 1y

\
BN O

o]
O D

/2:: .« o

M
©,
o]
‘:%ﬁ

2

(a) LPV-RUIO bank (b) LPV-UIOO bank

Figure 3.1: Observers banks.

LPV-RUIO bank

As was briefly explained previously, the Figure 3.1a shows the actuator residue
generator structure, where each observer is sensitive to all but one fault (unknown
input). Thus, if the LPV-RUIO, from Equation (3.8), can be designed, and defin-
ing |r(¢)] = |9(¢) —y(e)| = |Ce(r)|, then |r(¢)| tends to zero, when ¢ - oo, and
the system is fault free, or in presence of an unknown input (insensitive actuator
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fault). Based on this observation, each residual is compared against a threshold,
and depending on that, it reveals if the fault occurs, or not:

(3.39)

False if |r(¢)] < r(e)
Fault = .
True if |r(¢)| > r(e)

In particular, with the aim of reduce the false positives detection, during the
initial convergence, an exponential threshold is introduced. Given by,

rn(L) = rthie‘f + T (3.40)

where 7,,,, 7 and ry, are the threshold initial value, the convergence period and
the nominal threshold value (obtained based on modelling uncertainties, due to
the LPV representation), respectively.

LPV-UIOO bank

In the same way, the Figure 3.1b shows the sensor residue generator structure. In
this case, the scheme uses an observers bank that is driven by all inputs and all
but one outputs of the system, so each output residual is

r(e) =4(e) —y()
- C2(0) - CEj(1) - Ca(0) - H, 1)
=Ce(1) +CTz(t) -CEJx(t) - Cx(e) — Hfy(1)
- Ce(1) - HY, ()

in such a way, if the system is without faults, each residual vector r(¢) tends to
zero asymptotically for any initial state r(0).

Remark 3.6. It is important to note that the residual vector is composed from
monitored and non-monitored components, which are corresponding with the mon-
itored and non-monitored outputs.

Therefore, only the non-monitored components of the residual vector are af-
fected by a fault f,(¢), and all the others should be zero. That is, when a moni-
tored output fault income (H f,, = 0) the residual vector differed from zero in their
monitored components

r(v) = Ce(r).

Conversely, if a non-monitored output fault income (Ce(t) = 0) the residual
differed from zero in their non-monitored components

r(e) = Hif, (). (3.41)

This means, using the same method as introduced in Equation (3.39), it is set-
ting an exponential threshold for each monitored residue components, and thereby
depending on the result of its comparison, it reveals if the fault occurs, or not.
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3.5.2 Fault detection and isolation

Bearing this in mind, the threshold test may be performed separately for each
residual, yielding to a decision incidence matrix, and then the isolation task is
fulfilled using this matrix. As an example, the fault isolation based on an incidence
matrix and four residual components is presented,

f1 0101 T1
fg _ 1 010 T9
f3 110 0 T3
f4 0 011 Ta

being the binary variables True = 1 and False = 0.

3.5.3 Fault estimation

When the fault detection and isolation task are successfully achieved, the actuator
or sensor fault estimation is computed.

Actuators

Hence, the actuator estimation task is performed using the corresponding observer

to the associated fault (selected as unknown input signal).

Continuous-time case For that, from Equation (3.3a), and taking into account
that Z(t) - Z(t) pursuant to t — oo, it is possible to estimate the unknown input

fult) éui(c(t)){wly(w - A Ui y() = Grb(1) = Gad(t) - Bu(t) + Aw, }

where G1 = Ui1 éil and GQ = A - /_11'22 Ui10i1-

121

Discrete-time case In the same way,

R M
Fulk=1) = 3w CRD{Usy (k) = Gry(k = 1) = Go®(k) - Gy®(k - 1)
i=1
~Byu(k-1)+ A‘%}
where Gl = AigzUiu G2 = Uhéil and G3 = Aim - AiQQUil Cil'

Sensors

Besides, the sensor estimation task is performed using the k-th non-monitored
residue component from the corresponding observer to the associated fault (se-
lected as non-monitored signal). From Equation (3.41), and taking into account
the Assumption 2, that is H; is a unitary gain selector vector. So, f,(¢) results:

fy(0) = i (0).



38 CHAPTER 3. OBSERVER-BASED FDD

3.6 Illustrative example I (HE)

An HE is an industrial device designed to efficiently transfer or ”exchange” heat
from one matter to another, for cooling or heating. There exist in many different
forms or types.

In particular, consider the HE presented in Figure 3.2.

Hot
stream
629
From To
process process

Z

Figure 3.2: Diagram of a Heat Exchanger process.

To modelling its dynamics, the following hypotheses and conditions have been

established:

e [t is considered a system of concentrated parameters.

e Based on the total number of tubes, it is assumed that their mass can accu-
mulate heat.

e Heat losses are negligible.

e The physical properties are considered constant and evaluated at the mean
temperature between the inlet and outlet of each stream.

e Incompressible fluid, consequently there is no accumulation of matter in
tubes and there is no phase change in fluids.

e Without loss of generality and in order to establish a direction of caloric
flow, it is assumed that Oy > 0, > 04,.

e The temperature profile on the wall of the tubes is negligible. That is, it is
assumed that the wall of the tubes has a very large heat transfer coefficient
)

e A single average caloric exchange area is considered (A; = Ay = A).

e There is no chemical reaction (r = 0).

e The potential energy changes are negligible.
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Based on these considerations, Table 3.1 shows its physical and operational
parameters.

Table 3.1: Parameters of the HE process.

Name Description Value

p1 Fluid 1 density 1kgl™!

P2 Fluid 2 density 1kgl™

Pp Wall density 7.874kgl™!

Cp, Heat capacity 1 1000 calkg ' K

Cp, Heat capacity 2 1000 calkg ' K

Cp, Wall specific heat 1075.53 calkg ' K

A Heat exchange area 0.881 m?

h1 Heat transfer 1 32374 calmin ' K1 m™2
ho Heat transfer 2 14716.67 calmin™! K~! m~2
i Tube Volume 161

Vo Case Volume 2.111

Vp Wall Volume 1.191

01, Input 1 Temp. 450K

s, Input 2 Temp. 900K

Taking all the above into account, their non-linear model equations are [59,

pp. 67-72]:
V) = (001 ~00.0)) = 2 61,0~ 0,(0)
V) - 0s0)(0, =00, () + ZE(0,(8) 02, (1) (3.42)
= 00 - 0) - 00 - 2.

It should be note that, according to Figure 3.2, the state variable 6, is controlled
by the cold process flow rate ¢; and the hot stream flow rate ¢s.

Furthermore, applying the PJL technique (see Appendix B) it is possible to
rewrite the non-linear system from Equation (3.42) as an LTI model around the

i-th operating point x; =

_ Ah1+q1p1Cp,y
Vip1Cpy
Ai = 0
Ahq
VPpPCPp
01,01,
1 0
Bi = 0 926‘;292.5
0 0

{0181' ’ 0281' I epz' }’

0 Ahq
Vip1Cyp,
_ Aha+q2p2Cp, Ahs
Vap2Cp, Vap2Cp,y
Ah2 _Ah1+Ah2
Vpppcpp Vpppcpp
1 00
, ;=0 1 0f, D;=
0 01

o O O
o O O

Finally, being the non-linear process model from Equation (3.42), it was de-
velop an FDD scheme with the aim to detect, isolate y diagnose faults in multiple
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actuators and sensors. Therefore, based on the novelty FDD scheme, introduced
through the Sections 3.2 to 3.5, the suitable matrices and involved functions were
designed.

LPV-RUIO

According to Algorithm 3 the scheduling parameter vector, with dimension N = 2,
was defined depending on the outputs, ((t) = [913 (t) 6, (t)] Moreover, to obtain
a proper representation, L = 3 linearisation points per parameter was used. Then,
based on Appendix B the non-linear system from Equation (3.42) was rewritten
such as an LPV model. As aresult, M = LY =9 weighting functions corresponding
to each linear model was setted. Next, in the same way as Appendix B.3, the
proper membership functions of each parameter were obtained.

_ T
At last, defining F = [% 0 0] , it was possible to construct the matrices

of the observer from Equation (3.8) that was used to estimate the faults of the
T
0] , and repeating the

03,02,

valve ¢q;. On the other hand, defining F' = [0

previous procedure, the observer was constructed to estimate the faults of the
valve ¢s.

LPV-UIOO

Similarly, as was defined in the Algorithm 4, and furthermore using the same LPV
model representation of the non-linear system from Equation (3.42), developed
previously, the LPV-UIOO design is presented.

For that, firstly the output 6,, was selected as a non-monitored output (H;

B T
corresponds with the ;, row of the output matrix C;), and F = [916‘/# 0 0]

was defined, then the appropriate T matrix was chosen (null space of H;). Thus,
if the existence conditions were verified, it is possible to construct the matrices of
the observer from Equation (3.38), that was used to diagnose faults of the output
sensor ;.. On the other hand, choosing the output 5, as non-monitored output,

_ T
and defining F' = [() % 0] , if the existence conditions were verified, and

selecting another T, matrix, a new observer from Equation (3.38) was constructed
to diagnose faults of the output sensor 6.

Numerical simulation

To evaluate the performance and effectiveness of the proposed FDD scheme, it was
simulated on the non-linear system from Equation (3.42), during 8 h and using a
sampling period T = 3s. In particular, to show its dynamism a set of set-points
changes were introduced.
1. A shift from the initial condition #) =495K, 63 =695.915K to 6, = 497.32K
was applied between ¢ = 160 min and ¢ = 200 min.
2. From ¢ = 340min to ¢ = 380min another change up to 6;, = 498K, was
introduced.
3. Finally the output 6,, was carried up to 680 K from ¢ = 520 min to ¢ = 560 min.



3.6. ILLUSTRATIVE EXAMPLE I (HE) 41

And the following faults were considered:

1. from 30 min to 130 min an abrupt leak in valve ¢; coupling, producing a loss

of 5% from ¢y,

2. an exponential clog in valve ¢y of up to 5% from ¢o_ . income between 580 min

and 680 min,

3. at 400 min to 500 min an exponential calibration error in sensor 6;, of up to

0.5% from 6,
4. since 220 min up to 320 min an exponential accumulation of tartar in sensor
0., inducing an error of up to 0.5% from 6, .

It is important to note that, the high slopes in these faults were chosen to
illustrate worst-case conditions and expose the capacity of the proposed FDD
scheme to detect, isolate and diagnose such cases. Furthermore, to build a more
realistic simulation, a white measurement noise, of considerable magnitude, was
added.

Figures 3.3 to 3.7 show the simulation results when the actuators and sensors
faults occur. Indeed, the estimated output signals of the non-linear system from
Equation (3.42), and their output measures were depicted in Figure 3.3. There,
it is possible to appreciate the convergence capacity, at the beginning. Moreover,
it is easy to see how, when a sensor fault affects the system, the control loop is
unable to reach the target set-point (due to the erroneous measurement of pro-
cess variables). In contrast, when an actuator becomes faulty the control loop
(Proportional-Integral (PI) controller) automatically compensates the tracking er-
ror, and as shown in Figure 3.3 small peaks at 30 min and 130 min are appreciated.

T T T T T T

T
v 498 - Actuator fault f_'\ —r
— effect ¢ y —-=Setpoint
" 496 - ¥ \ Difference due to_7 \ I RO Estimated |
© —p———— sensor fault — - Measured
494 1 1 1 1 1
0 100 200 300 400 500 600 700
Time [min]
_ 700 L T T T T T T T 1
¥ e - l —— —.\
— 690} 7 \ .
~ Sensor fault \
< 680} income SN S
| | 1 1 1 | 1
0 100 200 300 400 500 600 700
Time [min]
— 560 - T o= o~ .
P_" —-—,—-—-—-_._._.'_._.,/'/ \.\- _____ / \
CDQ \'\
555 i . i i i R e ——
0 100 200 300 400 500 600 700
Time [min]

Figure 3.3: HE temperatures.

In addition, the Figure 3.4 exhibits the time behaviour of the weighting func-
tions of both observers types. Here, it can be appreciated that the weight varies
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according to the set-points changes, composing a linear model that approximates
the non-linear behaviour around its operation point.

1 T T T] T T
—
0.8} !
—,
0.6 |—u,
X — K
04 |[—Hs
02 | ¥
L)

0 | S .y |-
0 100 200 300 400 500 600 700

Time [min]
Figure 3.4: HE weighting functions.
Moreover, the Figure 3.5 plots the inputs with the actuators fault occurrence.

Here, the controller overused the control inputs to compensate the actuators faults
(this is only possible when the system has no restrictions)

120 peqo==== |
=
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(@] abrupt fault
90 L income
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Time [min]

c Difference due to
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Figure 3.5: HE control inputs.

On the other hand, the Figure 3.6 presents the observers residues. Specifi-
cally, the Figure 3.6a shows the LPV-RUIOs errors, and the Figure 3.6b plots the
LPV-UIOOs errors. In this, it is possible to see the exponential threshold con-
vergence, the fault detection instant and the errors due to the model mismatch.
In particular, bearing in mind the design of the residual structure, presented in
Section 3.5, the observer errors are sensitive to a set of faults and insensitive to
others. For example at ¢t = 300 min all but one residues are activated, indicating
that the hot stream temperature sensor (fy,) is failing. Lastly, it is important
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to highlight that this scheme exhibits a short detection time and, as expected, it
depends on the temporal shape of the faults (i.e. exponential or abrupt).

2.5 T T T T T T T
Exponential
2 actuator fault 1
N
7—4 15 .
_© Exponential
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o Abrupt Exponential
T actuator fault sensor fault
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(a) HE LPV-RUIOs errors.
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(b) HE LPV-UIOOs errors.

Figure 3.6: HE observers errors.

Besides, the Figure 3.7 shows the actuators (Figure 3.7a) and sensors (Fig-
ure 3.7b) faults estimation. There, the effects introduced due to the use of a
detection strategy based on threshold, is appreciated. As well as, detection and
estimation errors, all of these of small magnitude.
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(a) HE actuator fault estimation.
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(b) HE sensor fault estimation.

Figure 3.7: HE faults estimation.

At last, to verify that the computation effort required by the proposed strategy
is not a problem to carry out on-line as a part of an AFTCS scheme, the overhead
time percentage with respect of Ty was measured!. Being 0.108 %, 0.126 % and
3.151 % the minimum, the average and the maximum values, respectively. As can
be appreciated there, it is not a problem to carry out these FDD methods on-line
as a part of an AFTCS scheme.

1Using an i5-3337U CPU@2.7 GHz (2 Cores) with 6 GB of RAM.
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3.7 Illustrative example IT (CSTR)

A CSTR is a continuous-flow reactor equipped with an impeller or other mix-
ing device to provide efficient mixing. They are the most basic reactors used in
chemical processes.

Specifically, consider the CSTR process depicted in Figure 3.8. This model is
a modified version of the CSTR example presented by Morningred et al. in [89].
In the original model, the system operates to constant volume.

e, B¢, Cae
7 7 7
_____ ——qp-----
: From
1 | process
: I
: I
| ALG
qc. Oce s ‘i]}
77 ;z __/
—LL > % .
- a4 - :
qc. Ocs 4@* L —--
To
process
7 7 7
77
gs. Os. Cas

Figure 3.8: Diagram of a Continuous Stirred Tank Reactor process.

Meanwhile, to modelling its dynamics, the following hypotheses and conditions
have been established:

The physical properties are constant and independent of temperature and
concentration of reactants and products.

Time delays are not modelled.

Reagents and products are in the liquid phase.

The chemical reaction is not isothermal.

Perfect mixing can be assumed in the reactor.

The heat transfer from the reaction tank to the jacket is ideal, indicating
that the energetic effects occurring between the tank wall and the jacket are
assumed to be negligible.

The resistance to the liquid at the outlet of the tank is not negligible, there-
fore, the volume of the liquid in the reactor cannot be considered constant
in the face of changes in the inlet flow (q.).

The cross section (A) of the reaction tank is constant and therefore it can
be assumed that V' = Ah.



3.7. ILLUSTRATIVE EXAMPLE II (CSTR)

45

Based on these considerations, the Table 3.2 shows its physical and operational
parameters. Therefore, the CSTR process consists of an irreversible, exothermic

Table 3.2: Parameters of the CSTR process.

Name Description Value

e Feed flow rate 1001 min—!

T, Feed temperature 350 K

Cge Feed concentration 1moll-?

T Inlet coolant temp. 350K

E/R Activation energy 1x10¢K

AH Heat of reaction -2 x 10 cal mol~!
Cp, Cpe  Specific heats lecalg™'K

Py Pe Liquid densities 1x103gl-t

ha Heat transfer term 7x10°calmin™t K
ko Reaction rate constant 7.2 x 10191 min~!
. Max. output flow rate 1101min~!

Qe Max. coolant flow rate 1101min~!

reaction, A - B, in a variable volume reactor cooled by a single coolant stream
which can be modelled by the following equations:

dV (t)
— - — (e — (s t
T (1)
dCA(t) — de
a V()
dl'(t)  qe
dt— V(t)
+ CIC(t)
V(t)
where
/{;1 _ AHk(), k2 _ pCpc
pCh peCh

7k3:

(Cae — Ca(t)) - koe ™ Oy (2)

(3.43)

(T, ~T(t)) - by ® Ca(t)

ka(1 - ew®)(Toe - T(1))

ha
pccpc .

Notice that, according to Figure 3.8, the state variables V and C4 are controlled
by the process flow rate g, and the coolant flow rate g., respectively. It should be
clarified that the state variable C'y is controlled indirectly from the state 7'

Furthermore, applying the PJL technique (see Appendix B), it is possible to
rewrite the system from Equation (3.43) as an LTI model around the i-th operating
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pOint Z; = {V;v CAia 711}7

[ 0 0 0 ]
B
A, = qe(CA‘;-;CAe) _qvi koeéﬁ _ECAA?;RTZ 7
| Asy _kl‘e% Ass B
-1 0 1 00 0 0]
B;,=10 0o1,C;={0 1 0, D;=[0 0].
0 Bss 0 0 1 0 ()_

where

_k;3

_ qe(T% - Te) _ ]'€2QCZ'(€E - 1)(7—‘1 - Tce)

Az

V2 V2
Z k3 Z —E
Ay = koqe, (e —1) Qe EC y,k1eRTi
Vi Vi RT?
—k3
? -k
By = folfi ~ Tec) (e - 1) ko (T3 —Tce)e?f"
Vi Vi

Finally, following the design procedure used in the previous example, previ-
ously introduced through Sections 3.2 to 3.5, the suitable matrices and involved
functions were designed.

LPV-RUIO design

According to Algorithm 3 the scheduling parameter vector, with dimension N = 2,
was defined depending on the outputs, ((t) := [V(t) T(t)]. Moreover, to obtain
a proper representation, L = 3 linearisation points per parameter was used. Then,
based on Appendix B the non-linear system from Equation (3.43) was rewritten
such as an LPV model. As aresult, M = LY =9 weighting functions corresponding
to each linear model was setted. Next, in the same way as Appendix B.3, the
proper membership functions of each parameter were obtained.

Moreover, setting F; = [—1 0 O]T and solving the LMI from Equation (3.11),
the matrices to construct the observer from Equation (3.8) that are used to esti-

: . T
mate faults over the valve ¢,, were designed. At last, defining F; = [O 0 332] ,
and repeating the previous procedure, the observer was constructed to estimate
faults on the valve g..

LPV-UIOO

Similarly, as was defined in the Algorithm 4, and furthermore using the same LPV
model representation of the non-linear system from Equation (3.43), developed
previously, the LPV-UIOO design is presented.

It is noteworthy, that the existing hard correlation over the states C'y and
T hinder the correct fault detection and isolation task design. In consequence,
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firstly the output V' was selected as a non-monitored output (H; corresponds with

10 o]

0 0 Bs
the appropriate T matrix was chosen (null space of H;). Thus, if the existence
conditions are verified, it is possible to construct the matrices of the observer
from Equation (3.38) that is used to diagnose faults of the output sensor V. On
the other hand, choosing the output 7" as non-monitored output, and defining

the V' row of the output matrix C;), and F; = was defined, then

T . : . : )
F; = [—1 0 0] , if the existence conditions are verified, and selecting another 75
matrix, a new observer from Equation (3.38) was constructed to diagnose faults
of the output sensor T

Numerical Simulation

Again, to evaluate the performance and effectiveness of the proposed FDD scheme,
it was simulated on the non-linear system from Equation (3.43), using a sampling
period Ty = 3s. In particular, to show its dynamism, a set of set-points changes
were introduced.

1. A shift from the initial condition V0 = 96m3, T° = 440K to T = 445K was

applied between ¢ = 160 min and ¢ = 200 min.

2. From ¢ = 340min to ¢ = 380min a displacement up to V' = 110m?3, was

introduced.

3. Finally the output T was carried up to 450 K from ¢ = 520 min to ¢ = 560 min.

And the following exponential faults were considered:

1. from 30min to 130min a leak in valve ¢, coupling, producing a loss of 5%

from g,,..

2. aclog in valve ¢, of up to 5% from ¢, .. income between 400 min and 500 min,

3. at 220min to 320 min an exponential calibration error in the V' sensor of up

to 1.5% from Viax,

4. since 580 min up to 680 min an exponential accumulation of tartar in the

sensor of T', inducing an error of up to 1% from T}, ..

The high slopes in these faults were chosen to illustrate worst-case conditions
and expose the capacity of the proposed FDD scheme to detect, isolate and diag-
nose such cases. A white measurement noise was added, as well.

Figures 3.9 to 3.12 show the simulation results when the actuators and sensors
faults occur. In fact, the estimated output signals of the non-linear system from
Equation (3.43), and their output measures are depicted in Figure 3.9. It is easy
to see that, when a sensor fault affects the system, its control loop is unable to
reach the target set-point (due to the erroneous measurement of process variables).
In contrast, when an actuator becomes faulty the control loop (PI controller)
automatically compensates the tracking error, and as shown in Figure 3.9 only
a small peak is appreciated (this compensation is not possible when the control
input is subject to restrictions). On another note, it is possible to appreciate the
convergence capacity at the beginning.

Furthermore, the Figure 3.10 exhibits the behaviour of the weighting functions.
As expected, the weight varies in concordance with the set-points changes.
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Figure 3.10: CSTR weighting functions.

Moreover, the Figure 3.11 plots the inputs with the actuators fault occurrence.
Here, the controller overused the control inputs to compensate the actuators faults
(this is only possible when the system has no restrictions)

Besides, the Figure 3.12 shows the actuators (Figure 3.12a) and sensors (Fig-
ure 3.12b) faults estimation. There, the effects introduced due to the use of a
detection strategy based on threshold, is appreciated. As well as, estimation er-
rors of small magnitude.

Finally, the overhead time percentage with respect of Ty was measured?. Being
0.105 %, 0.111 % and 1.915 % the minimum, the average and the maximum values,
respectively. As can be appreciated there, it is not a problem to carry out these
FDD methods on-line as a part of an AFTCS scheme.

2Using an i5-3337U CPU@2.7 GHz (2 Cores) with 6 GB of RAM.
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Figure 3.12: CSTR faults estimation.

3.8 Conclusion

This chapter presents the design of an FDD scheme formed by a bank of two types
of observers, applied to LPV systems. The proposed observers and its stability
conditions are based on the solving of an LMI problem, that had been performed
using software elements.

It is important to note that the main result of this chapter is to address a novel
design of observers (LPV-RUIO and LPV-UIOO) that allow multiple actuator
and sensor fault detection and diagnosis, from the linear-like design tools and the
proposition of LMI problems. Therefore, it enables the development of a particular
observer bank to detect and diagnose faults in LPV systems, over continuous-time
as much as discrete-time.

In addition, with the purpose of highlighting the behaviour of the proposed
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FDD strategy, two numerical simulations of typical chemical industrial processes
were given. Consequently, these simulations results confirm the performance and
effectiveness of the proposed scheme over non-linear systems in the presence of
external disturbance.

At last, in order to enable the reader to replicate and enhance the results shown
here, the scripts used are available on a repository® under GPL-v3.0 license.

Shttps://github.com/ebernardi/FDD



Chapter 4

Linear Parameter Varying Model
Predictive Control

In this chapter a predictive controller formulation is developed within an LPV
formalism, which serves as a non-linear process model. The proposed strategy
is an adaptive MPC, designed with terminal set constraints and considering the
scheduling polytope of the model. At each sample time, two QPs programs are
solved: the first QP considers a backward horizon to find a virtual model-process
tuning variable that defines the best LTI prediction model, regarding the vertices
of the polytopic system; then, the second QP uses this LTI model to optimise
performances along a forward horizon. This chapter ends with a realistic Solar-
Thermal (ST) collector process simulation, comparing the proposed MPC to other
techniques from the literature. Discussions concerning the results, the design
procedure and the computational effort are presented.

Finally, it should be noted that the main results of this chapter can be found
in works [90, 91, 92].

4.1 Introduction

Bearing in mind the concepts from Chapter 2 where the traditional MPC method
was shortly presented, it should be noted that due to its formulation, the predic-
tion model is the cornerstone of MPC [70]. Thus, the inclusion of a non-linear
process model is not a trivial task and heavily increases the complexity of the re-
sulting optimisation problem [93], which makes it tougher for real-time modules.
Accordingly, if sought to be really implementable, these Non-linear Model Predic-
tive Control (NMPC) algorithms must be adapted, or approximated, by reducing
complexity and resorting to some sub-optimality, as it is done with real-time it-
eration methods, such as ACADO [94], and gradient-based, such as GRAMPC
[95].

In such a way, at the same time that literature presented many advances re-
garding MPC tools, many others have been devoted to design methods for LPV
systems [61, 96]. Specifically, as introduced in Section 2.6, LPV models are used
to represent non-linear systems as parameter dependent on known and bounded

51
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scheduling parameters. Furthermore, as recently reviewed in [97], MPC strategies
based on LPV models for non-linear processes are a promising lead for real-time
applicable NMPC algorithms. Accordingly, it becomes evident that fast MPC
methods for non-linear systems are lacking. Therefore, the main motivation of
this chapter is to propose an MPC scheme for non-linear processes.

Hence, the proposed scheme is an adaptive control method that determines
the optimal control policy through two consecutive QP problems. The first QP is
an MHE [98, 78], which uses available data from a backward horizon of N, steps,
to minimise the difference from the data and a polytopic LPV model with a fixed
virtual tuning variable used to determine an LTT model which better represents
the real process at the current operating point. Then, considering that the pa-
rameter remains constant throughout the following N, steps, an MPC problem is
solved, through a second QP. Moreover, this Moving Horizon Estimation - Model
Predictive Control (MHE-MPC) method also includes terminal ingredients (stage
cost and set constraints) to ensure stability despite the model simplifications.

4.2 Model statement

Evoking the discrete-time LPV model from Section 2.6:

x(k+1)= Zui (C(K)){A;x(k) + Bu(k) + Az;}
=l (4.1)

y(k) = Z; pi (C(R)) {Cizx (k) + Diu(k) + Ay,

assuming that
Q=Co{[A1, B1],[A2, Bs], ..., [Am, Bu ]},

and considering the goal of applying MPC to a non-linear process, the LPV frame-
work offers some advantages that can be used to simplify this non-linear problem
into a QP formulation. In a regular NMPC formulation, it would be imperious
to know the exact behaviour of the process model along the prediction horizon.
Besides, in the quasi-Linear Parameter Varying (qLPV) case, it is necessary to
know the future values of the scheduling parameter along NV, coupled as

I'(k) =col{p(k+1),p(k+2),....,p(k+N,-1)}. (4.2)

Thus, the main advantage of LPV setting appears with regard to I'(k), since
the LPV model can be described, for all future instants k£ + j, by a generic pair
[A(p(k+ 7)), B(p(k+7))] which belongs to the polytope Q. Therefore, any pair
can be represented as a convex combination of the LTI vertices of this polytope
as follows:

A(p(k+7)) = ;Ui(k+j)Ai and B(p(k +j)) = Z;m(k +J)Bi

M
with Y pi(k+7) =1 and 0<p(k+j) <1, i€Zyy.

i=1
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Note that each u;(k + j) is a weighting variable that determines how much does
the i-th vertex of the scheduling polytope (LTI model) represents the LPV model
at a given future instant k + j (see more in Appendix B.3).

In other words, due to this polytopic characteristic of the LPV model, T'(k)
can be replaced in the MPC problem by the respective convex sum of the M LTI
models, which are always known. Thus, if the M weighting variables p;(k +7) are
assumed to be known along N, then the non-linear problem is converted into a QP
version, which can be evaluated much faster than full-blown NMPC procedures.

Remark 4.1. Instead of using the polytopic representation of the LPV model,
it could also be admitted that p is known for all future instants inside the N,
horizon. However, to say that the complete future scheduling vector I'(k) is known
1s obviously false, since only the instantaneous value of p is known. Thus, in
[99, 100] different estimation strategies are used to provide a guess T'(k) at each
instant k to substitute I'(k) in the MPC problem and render it as QP version of
this control problem.

4.3 Adaptive MHE-MPC method

With the previous formalities in mind, this section presents an adaptive MPC
design procedure for non-linear systems modelled under an LPV formalism. This
MHE-MPC regulation policy tries to find, at each sampling instant k, the best LTI
prediction model for the next N, steps, based on the previous N, steps of data,
and uses some terminal ingredients to guarantee stability. The basic idea behind
this method is to consider the LPV polytopic combination variables u; as virtual
weights that, at each sampling instant, indicate which is the best LTI combination
model that can be used to momentarily describe the controlled process.

Therefore, from now on, the vector u; is treated as a new decision variable
of the optimisation problem. In this sense, the MHE-MPC method adapts the
process model to the uncertain system into a single LTI prediction model, at each
sampling instant, weighting the LTI vertex of polytope €2 to find the ideal one for
the prediction of state variables for the following N, steps.

Due to the simplification of finding an LTT prediction model, the major con-
sequence is having model-process mismatches regarding the control horizon. This
means that the proposed method is obviously a priori sub-optimal, which does
not mean that the achieved results will not be very near the optimal condition.
Moreover, a great advantage of using a simplified prediction model is that the
MHE-MPC frameworks yields one QP for identification purposes (regarding ;)
and another QP for control purposes, which can be solved on-line with fast solvers
and used for a real-time implementation of the MHE-MPC strategy for industrial
processes.

4.3.1 Backward QP - The MHE

This problem is used to find a constant vector p; that optimally matches the
polytopic LPV model to the past real data set. Indeed, this procedure minimises
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the model-data discrepancy with respect to p and the variance of i (v,) throughout
the backward horizon, at each sample time.

This virtual tuning variable is found with the solution of the following optimi-
sation problem, considering x and u as measured data and pu(k —1) as the result
from the previous iteration:

k

min 3 (e() Qee(h) + v Q)

j=k+Ne-1

st.e(i+1)=x(i+1) - (Ax(j) + Bu(j)),

M M
A= ZMA@' and B = ZMiBia
i=1

=1
M
Z:u’izla OS/’LZS]‘7
i=1
p=col{pi(k)}, p=pk-1)+uv,,

with 7 € Zp_n,x-1 and i € Zjy.ps. Moreover, N, is the estimation horizon and
the matrices (). and (), are tuning weights of this optimisation procedure. For
simplicity’s sake, they are taken as weighted identity matrices.

Remark 4.2. Note that the above QP works exactly as the MHE scheme for
the estimation of time-varying parameters, proposed in the literature [78, 98] and
briefly introduced in Section 2.9.

4.3.2 Forward QP - The MPC

On the other hand, the forward QP is used to obtain a control law regarding
constraints on the states, inputs and outputs. To achieve this, the MPC for
tracking method [101] is considered for regulation purposes. Specifically, this
control design ensures that the controller asymptotically lead the process to a
steady-state reference x, in an admissible trajectory from any feasible initial state
xo. The approach consists basically in adapting the standard MPC cost function
(i.e. weighting the quadratic difference between output and reference).

Remark 4.3. The MPC for tracking design embeds an artificial reference x, to
the optimisation problem and sets the system states to track this artificial variable.
Altogether, it determines that this artificial set-point must be as close as possible
to the real state reference xs, which altogether ensures an enlarged domain of
attraction. The target operation point ps = (xs,us) is an admissible steady-state
for the system.

Assumption 5. Consider ) € R™"™ and R € R™™ qas positive definite matrices;
and k € R™" qs an arbitrary stabilising state-feedback control gain of the process
model. For these matrices, it is implied that A; + B;k is quadratically Schur. Then,
there exists another positive definite matrix P € R™™ such that

(A,L + BILK/)TP(AI + B,LKZ) -P< —(Q + HTRH)
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Moreover, as long as the Assumption 5 holds, the MPC problem is formulated
with the following cost function, considering that p represents the value obtained
with the backward MHE scheme, i.e.:

Vn (@, g, 1150, Ta, 1g) = Vi (2, 130, Ty ua) + Vi (255 74)

with
N,-1
Vi (2, i, 20,u0) = Y [2(5) = 2ol + [u(5) = ual %
§=0

where N, is the prediction horizon. The couple (z4,u,) is the so-called artificial
reference, which represents the best steady state reachable by the system in N,
steps, starting from the initial condition x = z(k). At last, Vi (zs;x,) is the
terminal cost function, which is defined as,

ijf(xéxa) = ||lzq - Is”i + [z (Np) - xa“%ﬂy

being ¢ and P the appropriates weighting matrices. Then the term |z(N,) - z,|%
is an offset that penalises the final state deviation from this target operation and
the offset term [z, — |2 ensuring that the artificial variable tracks the real set-
point variable, with the actual target goal p,. Note that the inclusion of this
suitable penalisation of the terminal state z(1V,) can steer to asymptotic stability
with good performances, as evidenced in [102].

Remark 4.4. The objective of the inclusion of the artificial target point p, works
as follows. Consider that the system evolves as predicted (with p; representing
the weight for the LPV model) and that the actual target point ps = (xs,us) is
an admissible point contained inside the tracking set T := X xU and that it can be
tracked within N, steps. Then, p, becomes an asymptotically stable point in closed-
loop, since the MPC will ensure convergence to it. If the system cannot ensure that
the target reference ps is tracked within the horizon of N, steps, then the artificial
reference x, enables it to stabilise at more options of closed-loop equilibria points,
as close as possible to xg, since x, is set to converge to the actual target. Note
that the weighting matrix ¢ is taken as a parameterised version of P, i.e. ¢ = aP,
with o € R.

Finally, at each time step k = ky, the controller is found with the solution of
the following optimisation problem:

min VN(ZE>$S>HJ; U,JTa,Ua),

st.  2(0) ==,
z(j+1) = Az(j) + Bu(j),

$a=A[Ea+Bua, (Ua,l'a) EZS :Xs XUS7 (4 3)

M M
i=1 i=1

.I‘(j) € X? U(]) € U7 vj € ZO:Np—h
fﬂ(Np) EXf,
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where i € Zg.n,-1, and X is an adequate robust terminal invariant set that contains
ps. To determine this invariant set, some suggestions are also given in [103, 104,
105]. Synthetically, the essential idea on how to determine this robust invariant
set for the LPV system from Equation (4.1), is to find Xy c X so that for all
possible z(ky) € Xy there must exist a feasible input u = x(z(ko)) € U which
guarantees that z(ky + 1) lies inside X; despite model-process mismatches, as
shown in Section 4.3.3.

After all, by considering a receding horizon policy, the proposed regulation
control policy is given by k(x(ko)) = u(0).

4.3.3 Stability analysis

In Section 2.8 the terminal ingredients was introduced as the key elements to en-
sure stability and recursive feasibility of state-feedback predictive control loops.
Thus, the usual approach with terminal ingredients resides in ensuring that condi-
tions are met by: (a) the terminal set X; and (b) the terminal cost Vy(2z(N,)) with
respect to a nominal state-feedback controller u(k) = k(x(k)), which is usually the
unconstrained solution of the MPC problem. Therefore, this section presents the
development of a sufficient stability condition for the proposed MHE-MPC mech-
anism in order to verify these conditions. The approach here presented is based
on the vast existing related-literature (i.e. [100, 106, 107, 108, 109, 110, 111, 112,
among others])

Terminal Ingredients

Firstly, to define the terminal ingredients it must be considered that there exists
a nominal state-feedback gain x : R® - R™™, For demonstration simplicity and
notation lightness, a regulation problem will be considered. However, for the
tracking case, the nominal feedback is given by u(k) = k (z(k) — z) (the terminal
constraint (z(N,) — ) € Xy and the terminal cost V(z(N,) — xs)).

This nominal controller purpose is to demonstrate stability and recursive fea-
sibility properties of the proposed MHE-MPC mechanism. Anyhow, it represents
the infinite-horizon Linear-Quadratic Regulator (LQR) solution for an LPV sys-
tem model from Equation (4.1), which verifies

krgr=argmin Y- (Ja(k +7)[3 + u(k +5)[%)
KLQR ]=0
Besides, for regularity, the largest ellipsoidal invariant set is considered as the

terminal constraint Xy.

DEFINITION 4.1 (Largest invariant ellipsoid [66]). Given the discrete dynamical
system from Equation (4.1), a subset

E={x(k) eR" | x(k)"Wa(k) <1}

of the state space R™ 1is said to be an asymptotically stable invariant ellipsoid, if
it has the property that, whenever x(ki) € &, then all trajectories x(k) € £ for all
times k > ky and x(k) - 0 as k - co.
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Which results in an ellipsoid centred at the origin,
Xy = {x(Ny) | (N,)"Wax(N,) <1}. (4.4)

Furthermore, this terminal set is a sub-level set of terminal cost V(-), which is
taken as a Lyapunov function as follows:

V(x(Np)) = $(Np)TPx(Np)-

Accordingly, this nominal feedback gain krgr and the terminal ingredients
verbalised through the symmetric Lyapunov matrix P are so that the following
Input-to-State Stability (ISS) theorem is guaranteed.

Theorem 4.1 (Input-to-State Stability). Assume that a nominal control law u =

k(x(k)) = Kx(k) exists. Moreover, consider that the MPC' is in the framework

of the optimisation problem from Equation (4.3), with a terminal state set given

by Xy and a terminal cost V(x(N,)). Then, the ISS is ensured if the following

conditions are hold ¥ p;(-) € P:

(C1) The origin lies in the interior of X;.

(C2) Any consecutive state to x(k), given by (A; + B;K) x(k) lies within X; (i.e.
this is an invariant set).

(C3) The discrete algebraic Ricatti equation is verified within this invariant set,
this is, Vo (k) € Xy:

V(e(k+j+1)) = V(a(k+j)) <-z(k+5)"Qu(k +j) - u(k +j)" Ru(k + j).

(C4) The image of the nominal feedback always lies within the admissible control
input domain: Kz (k) eU.

Assuming that the initial solution of the MPC problem u, computed with respect to

the initial state x(0), is feasible, the MPC' algorithm is indeed recursively feasible,

asymptotically stabilising the state origin [113].

Proof. Consider an initial state condition z(kg). Assume that the optimal control
sequence at time ky is

u* (ko) = [u" (ko),u* (ko +1),...,u" (ko + N, - 1)]".

Then, the next feasible solution (possibly sub-optimal) at instant ko + 1 is given
by:

u(ko+1) = [u(ko+1),u(ko+2),...,u(ko+ N, - 1), Kx(ko+ N,)]" .

Accordingly, the MPC cost function Vi (-) evolution is,

Vi (ko) = z (ko + DG + Julko + 5)IE) + V(a(ho + N,)),
Vko +1) = 5 (ko + 1+ )5 + [ulko + 1+ 7)[5) + V(o +1+N,)),

J=0
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and its decay between time instants kg and kg + 1 results,

AVN(k'o) = VN(]CO + 1) - VN(]{I())
=~ 2(ko) " Qu (ko) — u(ko)” Ru(ko) + V (z(ko + 1+ N,))
+ (ko + Np)T(Q + KTRK )z (ko + N,)) =V (z(ko + N,)).

Assuming that u*(k¢) was indeed applied to the plant at instant ko (this input is
the first entry of the optimal solution u*(kg) at time k), it follows that:

AV (ko) = - (ko) Qu (ko) - u* (ko)T Ru* (ko) + V(2 (ko + 1 + N,))

+ (ko + Np)T(Q + KTRK )z (ko + N,) = V(x(ko + N,)). (4:5)

From condition (C3), it can pursue with the negativeness of the following term:
0>V (2(ko+ N, +1)) =V (x(ko + N,)) + (ko + Npy) T (Q + KT RK) x(ko + N,).
Thus, substituting this inequality into Equation (4.5), it results:
AV (ko) < —2(ko)TQu(ko) — u* (ko)™ Ru* (ko).

Since () and R are positive defined matrices by construction (they are the MPC
tuning weights matrices) and u*(ky) and z(kg) are known!, it follows that:

AV (ko) <0,

which means that the MPC cost function decays along k.

From the optimality of the solution u*(k + 1), it follows that the cost con-
structed with this sequence (V(ko + 1)) holds as a lower-bound with respect to
Vn(ko+1), thisis Vi (ko+1) < Vn(ko+1). Then, using this argument on AVy (k)
it arrives at:

Vi (ko +1) = Viy(ko) <0,
Vi(ko+1) < Vi(ko+1) < Vy(ko),

which proves that V} is a Lyapunov function and x will converge to the origin
(due to condition (C1)), as long as the initial condition provides, in fact, a feasible
starting point. Note that condition (C2) is necessary to map a feasible z(ky + 1).
Condition (C4) is necessary to ensure the admissible inputs w. O

Now, in order to find some nominal state-feedback gain K, some terminal set
Xy and some terminal offset cost V'(+), an offline LMI problem is proposed in the
sequel. These LMI problems are such that a positive definite matrix P is found
to ensure that the conditions of Theorem 4.1 are satisfied.

These LMI problems are provided through the following theorem, which aims to
find the largest terminal set X that is invariant under the nominal control policy
u(k) = k(z(k)) for all k, while remaining admissible, i.e. k(z(k)) € U,Vz(k) €
X. Note that the previously defined largest ellipsoidal set is posed through a
maximisation problem.

Note that z(ko + 1) = Ajz (ko) + Biu* (ko).
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Theorem 4.2 (Terminal Ingredients). The conditions (C1)-(C4) of Theorem 4.1
are satisfied if there exist the symmetric positive definite matrices P : R"* — R™"
Z : R* - R™ and a rectangular matriz L : R — R™" such that P = vY 1,
K=LY"Y, W =271 and that the following LMIs hold for all p;(-) € P.

Thus, in order to construct the suitable matrices K, P and W, the following
consecutive problems are considered:

Feasibility problem:

vin
s.t. Y >0,
Y YAT + LTBT YQUY? LTR? (4.6)
AY + BiL Y 0 0
Ql2y 0 NI o |7°
R, 0 0 N

Terminal region problem:

max det(Z2)

s.t. Z>0,
-7 Z(AZ-FBZK)T <0
(Az +BZK)Z -Z ’
K\ZKl <.

where K; denotes the [-th row of K and u; refers to the bound of the l-th input.

Proof. To demonstrate the validity of this theorem through its synthesis, all con-
ditions of Theorem 4.1 will be satisfied.

Firstly, note that condition (C1) trivially holds due to the form of X;. As gives
Equation (4.4), this terminal set is defined as an ellipsoid, which holds the origin
of R™ by construction.

The condition (C2), control invariance of the terminal set Xy, is verified as
follows: suppose that the terminal constraint set is an ellipsoid (Definition 4.1).
It is possible to apply the state feedback law u = Kx(k) to any non-zero z(k) € &,
which according to the invariance condition results in

v(k+i+D)TWa(k+j+1)<a(k+5)TWa(k+j).
Thus, considering the system from Equation (4.1)
w(k+ )T ((4 + BiK)"W(A; + B.K) - W) z(k + j) <0,
that is
(A; + BBK)"W(A; + BiK) - W <0.
Then, pre and post-multiplying by Z and considering W = Z-1,
7 -Z(Ai+ BiK)Z Y (A; + BiK)Z > 0.
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Finally, applying the Schur complement (see Appendix C), it results in:

Z Z(Al-f-BlK)T >0

ensuring that ¢ is an asymptotically stable invariant ellipsoid. Proving the condi-
tion (C2).

The discrete Ricatti condition (C3) is verified through the solution of the
LMI from Equation (4.6). That is, consider a quadratic function V(z(k)) =
x(k)TPx(k), P > 0 at the state x(k) of the system from Equation (4.1). At
sampling k, suppose V (-) satisfies the following inequality for all z(k+7), u(k+j)
with j > 0. As a consequence,

V(z(k+j+1))-V(z(k+j))<—(x(k+7)"Qu(k+j) +u(k+j) Ru(k +j)).

From the quadratic function V'(-) required to satisfy condition (C3) and substi-
tuting u(k +7) = Kx(k + 5)

v(k+j+D)TPx(k+j+1)-a(k+7))TPx(k+j)<-2(k+5)TQu(k+7)
~2(k+7))TKT"RKz(k + )

moreover, considering the system from Equation (4.1) to replace A, , = A; + B;K

a(k+7)" (AL PA;, -P+Q+K"RK)x(k+j) <0.

tel
That is,
Al PA;,, -P+Q+K"RK <0

with P=~Y "1, K = LY~!. Then,

AT YA, - Y 1 +Q+Y ' LTRLY 1 <0
pre and post-multiplying by Y (which leaves the inequality unaffected),

(AY + B.L)TyY 1 (AY + B,L) -7Y +YQY + L"RL <0,

using Cholesky factorisation and multiplying all terms by ~~!
Y(Q)'y QMY + LT(RV?) Ty 'RPL - (AY + BIL)"Y ' (AY + B;L) =Y > 0.

Finally, applying the Schur complement (see Appendix C), it results in:

Y  YAT+LTBT YQW2 LTR
AY + B;L Y 0 0 -0
QY 0 I 0
RI2L 0 0 VI

proving the condition (C3)
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Lastly, the condition (C4) is verified through the maximum norm of the projec-
tion Kx (k) of any state point z(k) that belongs to some ellipsoid z (k)T Wz (k) <1,
which is given by vV KW-1KT [113]. It means that the projection K;z(k) (i.e. I-th
control signal) is bounded, in norm, by ;. That is,

KWKT <u?,
replacing W = Z~1, it results in:
KZK! <uj.
Satisfying the condition (C4). O

Remark 4.5. The LMIs of Theorem 4.2 are solved over the admissible parameter
set Vu;(+) € P. This choice is conservative since the conditions need only to hold
within the terminal region Xy. However, the terminal region is calculated only
after the solutions of such LMIs. Further conservatism comes from considering
constant unknown matrices Y, Z, K. The conditions can be relazed by including
parameter dependency with relevant basis functions.

It must be noted that the above proof demonstrates that the solution of the
LMIs presented in Theorem 4.2 ensures the existence of positive definite matrices
P and W which are used to compute the MPC terminal ingredients V' (-) and X;
such that ISS of the closed-loop is guaranteed, verifying the conditions of Theo-
rem 4.1. Furthermore, when the MPC is designed with these terminal ingredients,
for whichever initial condition z(0) € Xy, it remains recursively feasible for all
consecutive discrete time instants & > 0.

4.4 quasi-Linear Parameter Varying
Model Predictive Control method

One of the motivations of this chapter is to compare some predictive control meth-
ods that have been applied for ST collector systems. For this goal, the proposed
MHE-MPC method will be compared to a quasi-Linear Parameter Varying Model
Predictive Control (qLPV-MPC) technique, which is based on a sequence of con-
trol invariant sets to embed the non-linearities. Therefore, this section rapidly
recalls the qLPV-MPC design procedure, from [90].

For this method the system model from Equation (4.1) is now considered as a
qLPV model, so the application of this model to the standard MPC, from Equa-
tion (2.8), is in fact a non-linear problem. Because the values from Equation (4.2)
are needed to solve the optimisation procedure, but they are unknown at the
instant k, as discussed in Section 4.2.

Thus, the rationale of the following method is to convert the standard MPC
problem (including the qLPV model) into a QP, which can be tackled by most
standard solvers. To do so, a major relaxation is needed, which is to consider a
guess for the evolution scheduling parameters, namely f‘(k) According to [99,
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100], this guess is taken as p(k +j) = p(k) for j € Zy.y,-1, which translates the
prediction model into:

w(k+j) = A (T(k))x(k) + B/ (T'(k))u,

which is linear because the non-linear terms become constant matrices, dependent
on the frozen I'(k).

Performing this simple relaxation does not in itself guarantee feasibility nor op-
timality of the control solution x(z(k)). Therefore, the MPC for tracking method,
proposed by [101] (presented in Section 4.3.2), and a contractive terminal set con-
straint must be added. As a consequence, definitions and concerned aspects to
the contractive terminal set are introduced in the sequel.

In [114], the notion of control-invariant reachable set is presented and must be
recalled:

DEFINITION 4.2. A set T c R" is said to be control invariant for the system
from Equation (4.1), with u(k) € U, if, for all possible x(k) € Y, there exists an
admissible input u = k(x(k)) so that x(k + 1) lies inside Y.

DEFINITION 4.3. The one-step set from Y, namely Q1{Y}, is the set of states
that the system can steered from within one step k to the target set T with an
admissible control action u(k) € U. A given set Y is control invariant if and only

if T ¢ O1{T}.

DEFINITION 4.4. A sequence of control invariant sets {Y;} is the set sequence
through which x can be steered through, leaping from one set T; to the following
T;_1, with feasible control actions, until finally reaching the target invariant set
Y. This is: {Y;} is a sequence s.t. each Y;1 € Q1{Y,} Vj.

MPC design coupled to the use of control invariant set sequences is used to
make sure that the algorithm guarantees asymptotic convergence [102]. Anyhow,
to compute a reachable sequence of control invariant sets for the case of qLPV
models, the bounds of the scheduling parameters and their derivatives must be
taken into account. Note that, for the qLPV case, the one-step-ahead set from
state x(k) contains all states derived with scheduling parameter derivatives smaller
than or equal to their min/max bounds (dp / dp). This means that z(k + 1), for
whichever p(k + 1) € P, is, at most, equal to z*(k + 1) = A(p*)xx + B1(p*)u(k) +
Bow(k), where p* = p(k — 1) +dp, being dp either equivalent to dp or dp, knowing
that (dp,dp) are the bounds on the scheduling parameter variation rate.

For the gLPV case, the control invariant set T must be computed at the first
iteration of the MPC algorithm, considering = = x(k) and abiding to:

TMaxcy cYMin and p, e, (4.7)

where p, is the target operation point and TMax is the set achieved with a sequence
of N, maximal scheduling parameter variations, i.e. {p(k) +dp, p(k) + 2dp, ...},
and admissible control laws; TMin is the set for a sequence for minimal variations
of p.
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Then, for each iteration k, the sequence of reachable sets is computed as the
union of the worst-case wider sets, using the upper p** = p(k) + dp and the lower
p~* = p(k) +dp. This is, for j = max{N, - j,0},...,0:

{Y;}:=col{Y;}, (4.8)

where T; = (z(k+j+1)ex)u(x(k+75+1)ex™), with zt* = A(p**)x(k +7) +
B(p**)u(k+j) and 27 = A(p™*)a(k +j) + B(p~ )u(k +j).

In order to guarantee that, within N, fixed steps from kg, the controlled system
converges to the target control invariant set T in Equation (4.7), containing the
steady-state equilibrium goal pg, the following contractive terminal set constraint
is used:

z(ko+ N,) €Y, j =max{N, — k,0},

with the sequence of control invariant sets given by Equation (4.8). Note that
the terminal set T; is equal to the largest T at the initial instant ko being shrank
subsequently until, at kg + V., it becomes the smallest set T . Moreover, note
that NV, is a sliding-horizon, while N, is not, being fixed at the first iteration k.
This means that k gets closer to kg + N, as it advances. This constraint makes
the MPC method intrinsically time-varying, since, for N, samples, the sets are
contracting.

With the above constraint coupled to the MPC design, indeed there appear
further holds on stability and feasibility, which are needed due to model-plant
differences, i.e. T'(k) # T'(k). The sequence of control invariant sets makes sure
that the terminal constraints contracts and the states converge to the desired
target ps (or as closely as possible, due to the pseudo-referencing tool).

4.5 Temperature control in Solar Collectors

The addition of renewable energy sources to power plants are a good way to
reduce greenhouse gas emissions and environmental impact. Anyhow, an inherent
problem to be solved is how to integrate these energy sources without loosing
efficiency and dispatchability of energy plants. As discussed in the literature [115],
current solar energy technologies are of two main kinds: photovoltaic systems, that
directly covert solar radiance into electric energy, and solar-thermal systems, which
usually generate heated fluid (or steam).

Solar radiance is an intermittent energy source. When there occurs a cloudy
period of the day, for instance, energy might be running low if no compensation
strategy is considered. A practical solution for this matter, adopted in the majority
of modern ST systems [116], is to include accumulation tanks to store energy (hot
fluid) while there is no process demand, and a complementary (auxiliary) energy
source (say, for instance, a gas heater), that could be used when there is no sun
or the accumulation tanks are not sufficient to meet the demand fully. A modern
ST unit is usually a structure that integrates a solar-thermal collector field, some
accumulation tanks and a gas heater. Figure 4.1 gives an illustration of such
complete ST collectors.
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Figure 4.1: Schematic of a modern Solar-Thermal collector system.

Nonetheless, in this chapter, the focus is solely in the temperature regulation
of the ST collector panel itself, as depicted in Figure 4.2.
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Figure 4.2: Solar-Thermal collector process.

Ll [ L 7L 7

4.5.1 The CIESOL ST plant

Complete phenomenological models have previously been derived for ST collector
fields [117, 118], which is according to model-validation [119] and parameter iden-
tification procedures [103]. In this chapter, the model is based on the CIESOL
ST plant, located in the CIESOL-ARFR-ISOL R&D Centre of the University of
Almeria, Spain. This testbed has a flat ST collector, used to regulate the temper-
ature of the inlet fluid to guarantee a certain heat demand.
Regarding these phenomenological models, they are based on the following
assumptions:
e The fluid flow through the solar collector is incompressible, with uniform
pressure along the field,;
e The heat transfer capacity of the collector plates is constant and denoted
Cn; the density of these metal plates is also constant and denoted ¢,,;
e The balance of energy equations assume a constant thermal loss coefficient
v, with respect to the thermal energy that derives from the incident solar
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radiance;

e The heat transfer absorption coefficient (external temperature to plates),
denoted hy, is constant, while the heat transfer coefficient of the fluid (fluid
to plates), denoted h;(+), varies positively according to the temperature of
the plates.

Then, the following partial-differential dynamics arise due to balance of energy

equations, where t represents the time variable and s the space variable:

e Con A1) = eI () ~ decho(Ty (1) = To(1) ~ dimhi (T(1)) (T (1) ~ T4 (1))

O A1, 5) = ~u()es s T (1 5) + deehu (T, () (Ty(0) - Ty(1).

(4.9)

In these temperature gradient dynamics of Equation (4.9), I(¢) stands for solar
radiance focused upon the collectors (which is a load disturbance from a control
viewpoint); T, T, and T are, respectively, the collector plate, the external (load
disturbance as well) and the fluid temperatures; u is the inlet fluid flow, which is
the control input of the system; finally, A; and A, are, respectively, the internal
and external surfaces of the pipes, that have (internal and external) diameters of
d; and d,.

For application purposes, as seen in [117, 119], the space-derivative term
%(i, s) can be replaced by either a non-linear function or an apparent transport
delay. In resemblance to the use of a transport delay function, it is consider that
this term is sufficiently approximated by the following exponential non-linearity,
which takes t,, seconds to stabilised, for T (¢s5) = Tjﬁna":

Ty(t,s) 1- e TrOTE
os  (1-el)

(4.10)

which means that the diffusion of the thermal energy of the fluid flowing along
the flat collectors increases with respect to its temperature 7T(¢) until a certain
level is attained T, after which the diffusion is constant, i.e. the whole fluid
inside the flat collector is at the same temperature. This approximation is quite
reasonable with respect to the ST application and in accordance with [117].

On the other hand, the heat transfer coefficient of the fluid h; (7,(t)) is given
according to the following non-linear equation:

_ o o )
Y

() =T [ (a11)

where h; is the maximal heat transfer coefficient of fluid, attained for T,,(t) = Tmax,
see [117].
4.5.2 Model parameters

Regarding the non-linear model from Equation (4.9) with the relaxations of Equa-
tions (4.10) and (4.11), the parameters have been identified and adjusted for the
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CIESOL tested [103]. The numerical values for these parameters are given in
Table 4.1.

Table 4.1: Parameters of the ST process.

Name Value Name Value

€m 1100kgm=3 | C,, 440 J kgt °C-1
€f 1000 kgm=3 | C} 4018 Jkgt°C-?
A, 0.0038 m? A; 0.0013 m?

d; 0.04m d, 0.07m

ho 11 hi 800

v 3.655

4.5.3 Performance goals and constraints

The goal of this ST system is to track outlet temperature references to cover a
certain heat demand, which is done by varying the inlet fluid flow u. This collector
field has a surface area of 160 m?, distributed in ten parallel rows composed of eight
collectors per row.

In terms of performances, the temperature set-point tracking must be done
as fast as possible, while respecting the maximal temperature of 300°C that the
inlet fluid can tolerate. Moreover, the temperature of the plates must not surpass
600 °C. These performances can be evaluated using usual reference-tracking indices
(see Appendix D).

The inlet flow (control input) must be always positive (no fluid can be extracted
from the ST units, only injected) and abide to a maximal value of 0.35m3s™,
which is the upper constraint of the injection pump. Moreover, the control policy
must be evaluated within 7T = 3, which is the sampling period of this ST unit.

The disturbances to this system (the solar radiance and external temperature
variables) are assumed to be measurable from a control viewpoint. This is quite
reasonable, given that accurate estimations for the future behaviour (of some
hours ahead) of these disturbances can be indeed obtained [115]. These estimation
results, specially considering solar data, can be provided with deep and recurrent
neural network tools, as seen in [120, 121]. It must be noted that this forecasting
problem is, by itself, a complex task with its difficulties, but it is not the focus of
this work.

Table 4.2 resumes the state and input constraints. Note that the fluid and
plate temperatures are lower-bounded by external temperature to the ST system,
T.(t). If there is no sun, the ST system will reach a thermal equilibrium with
T.(t). For simplicity, since T.(t) > 0°C, the lower bounds on 7}, and Ty can be
taken as 0°C.
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Table 4.2: Constraints of the considered ST system.

Variable Range

u(t)eU U={ueR|0<u<035m3s!}

T,(t)eT, T,:={T,eR |T.(t) <T, < T}, Tmax =600°C
Te(t)e Ty Ty:= {Tf eR | To(t) <Ty < T}nax}, 7™ =300°C

4.5.4 Simulation results

Since the proposed MHE-MPC method has been thoroughly explained and the
qLPV-MPC has also been recalled, this section presents realistic simulation re-
sults of the considered ST system. These control methodologies are compared
against each other but also to a simpler linearisation-based MPC (denoted stan-
dard Model Predictive Control (sMPC)), which solves the QP in Equation (4.3)
taking all weighting variables as p; = 1/M, which is a linear model for the ST
system, considering the M vertices of the polytope €2. This last technique can be
understood as a nominal, averaged LTT MPC paradigm, since it takes the tuning
variables yu; as equally weighted. As might be expected, this controller is not able
to achieve successful results for a large operation region, and it might even lead
to infeasibility, since it takes an average of the M model-tuning variables, which
obviously does not represent the whole scheduling polytope (2.

The following results comprise the constrained regulation of the outlet temper-
ature x,, despite variations upon the solar radiance (I) and outside temperature
(T.) disturbances w. Real meterological data from the region of the CIESOL
testbed is used for the solar radiance and temperature disturbances, considering
a full hour of simulation [122]. These disturbances are known from a control
viewpoint; they are given in Figure 4.3.

Accordingly, the ST system is emulated using a realistic, high-fidelity model,
considering the non-linear Equation (4.9). Remember that these non-linear equa-
tions have been previously validated to thoroughly emulate the CIESOL ST sys-
tem [117]. The controllers were synthesised using Matlab with Yalmip toolbox
[88]. Moreover, the MHE weighting matrices were set to Q. =1 x 10° and @, = 1.
Besides, the MPC weighting matrices were defined as @ = diag{0 , 1 x 10*} and
R =1 x10'. However, it is important to highlight that all implemented MPC
algorithms use the same set of weighting matrices, the same prediction horizon
N, =10 (N, = 10 for the MHE-MPC case), and operate with the same sampling
period, i.e. Ty = 3s.

The reference tracking goal is set as 97°C for the fluid temperature xs(k),
and 109.93 °C for the plate temperature z1(k). In fact, the hard-constrained set-
point is the one for xy, which must be tracked with minimal error as possible.
Notice that integral action is not necessary in the Equation (4.3), since +£0.5°C
is tolerated. If sought, integral action could be easily included by defining a new
constraint u(k+4) = u(k+i—-1)+du(k +1). Note that all methods guarantee that
the constraints on x and u (given in Table 4.2) are respected.

Figure 4.4 exhibits the achieved performances for the simulation run in terms
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Figure 4.3: Disturbances w(k): solar irradiance and external temperature.

of reference tracking and disturbance rejection, showing the evolution for the fluid
and plate temperatures with the three controllers. All methods guarantee regula-
tion and disturbances-to-state stabilisation. The respective applied control signal
(fluid flow) is given in Figure 4.5.

As discussed, the MHE-MPC is able to find a better prediction model by
adapting the LTI prediction model on-line through the polytopic variables p;,
which are shown in Figure 4.6, along with the real values for y;.

On the one hand, it is evident that the MHE-MPC and qLPV-MPC methods
are able to guarantee almost offset-free reference-tracking (within +0.5°C tracking
error), despite the abrupt solar load disturbances, as it can be appreciated at
t =700s and 2000s in Figure 4.3. Note that the simulations consider a partially-
cloudy day, because it is unreasonable to consider completely cloudy or nighttime
periods due to the fact that the solar irradiance is the main energy source used by
the process to heat the fluid (despite also being a disturbance). On the other hand,
with respect to the sMPC method, as it holds an average model for prediction, it
cannot yield almost offset-free reference-tracking and, moreover, it results heavily
perturbed by the load disturbance (its rejection is very poor). Furthermore, it
also experiments an operation region reduction which causes an infeasible start-
point. However, to allow the comparison between these methods an admissible
start-point was selected.

To further illustrate the results, Table 4.3 shows the Integral Absolute Error
(IAE) index for the reference tracking and disturbance rejection results presented
in Figure 4.4 (regarding x5). Moreover, Table 4.3 also presents the Total Variance
(TV) index for the three methods (see Appendix D). Bigger values for the TV
index shows that more variation is applied to the control along the simulation.
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Figure 4.5: Control policies through the evolution of the fluid flow signal.

Therefore, values closer to zero indicate better (smoother) control strategies in
terms of the use of the actuator. The analysis of the TV index is a very important
issue from a practical point-of-view, since it means that the system actuators will
have longer lifespan.

Clearly, the best results are obtained with the qLPV-MPC method: even with-
out having the smallest TV value, which means that greater control effort was
necessary, this tool enables a good tracking and disturbance rejection responses.
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Figure 4.6: Evolution of the membership function (MHE-MPC method).

Table 4.3: Performance indices of the control methods.

IAE tracking IAE rejection TV

MHE-MPC  80.1477 3.633 0.0036 m?s!
qLPV-MPC 76.9612 0.2058 0.0046 m3s-!
sMPC - 95.8031 0.0081 m3s~!

The IAE indices for this method are the ones closer to zero, which stands for
excellent tracking/rejection. Note that the sMPC method has no value of TAE for
tracking, it is due that this technique uses a different admissible start-point.

Besides, the Table 4.4 exposes the On-line Computational Effort (OCE) in
terms of maximal, mean and minimal elapsed computational time measured as
a percentage of the sample time? (see Appendix D). This table displays that
sMPC requires less OCE, however all methods can be implemented for real-time
purposes since the maximal elapsed time is less than the sample time. However, it
is important to highlight that the qLPV-MPC method is performed using parallel
computing tools, which allows an acceptable computation time (lesser than the
Ty).

Table 4.4: Computation effort times with respect to the sample time.

min mean max
MHE-MPC  0.7% 0.78%  12.99%
qLPV-MPC 70.76% 74.95% 99.41%
sMPC 0.5% 0.6% 48.28%

As a consequence, the quantitative results presented throughout Tables 4.3
and 4.4 expose that the better trade-off between performance and implementa-
tion complexity is offered by the proposed MHE-MPC method. That is, although

2In an i5-3337U CPU@2.7 GHz (2 Cores) with 6 GB of RAM.
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the qLPV-MPC method has better IAE values, its application implies a heavy
computational burden to solve their algorithms (i.e. QP plus sets calculation),
so it becomes computationally unattractive. Moreover, the sMPC method cannot
ensure stabilisation or recursive feasibility, since the average-weighted LTI model
may not provide enough robustness under closed-loop (i.e. for some given condi-
tions, it may run out of control). Anyhow, for practical purposes, the OCE needed
to solve sMPC and MHE-MPC problems is roughly similar (although greater with
the MHE-MPC). This issue can be critical for some real-time applications and
must be taken into account by the designer. Nevertheless, the MHE-MPC takes
almost the same time as the sMPC to be computed and performs much better.

Lastly, in the case of the MHE-MPC algorithm, it is interesting to decompose
the total time elapsed for each of this two QP stages. With respect to this matter
the Figure 4.7 exhibits the time consumed by the backward MHE and the forward
MPC, and the total effort needed by the full MHE-MPC method.
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1
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Figure 4.7: Period consumption.

4.6 Conclusions

The main result of this chapter is to present a novel state-feedback MPC strat-
egy, based on an adaptive set-based approach for non-linear systems with LPV
models. The adaptive method introduced in this work simplifies the non-linear
scheduling into an LTT framework using a weighting variable for the prediction of
the future system behaviour within the horizon. This adaptation variable is opti-
mised on-line so as to minimise model-process mismatches. Thus, these results are
undoubtedly strong, since the algorithm can guarantee feasibility, despite having
model-process mismatches. There was no need for the non-linear programming
solution which would have otherwise been set without the simplifications provided
with the proposed method. Synthetically, a new, effective QP-based adaptive
method for non-linear systems was developed in this chapter.
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Then, with the purpose of highlighting the behaviour of the proposed strategy
a realistic ST collector process simulation, comparing the proposed MPC to other
techniques from the literature (QLPV-MPC and sMPC), was addressed. Conse-
quently, these simulations results confirm the performance and effectiveness of the
proposed scheme over non-linear systems in the presence of external disturbance.
Some discussions regarding the results, the design procedure and the computa-
tional effort were presented.

For further works, parameter-dependent constraint and terminal set will be
included into the MPC design procedure so that a larger domain of attraction
could be obtained.

At last, in order to enable the reader to replicate and enhance the results shown
here, the scripts used are available on a repository? under GPL-v3.0 license.

Shttps://github.com/ebernardi/LPVMPC



Chapter 5

Fault-Tolerant Linear Parameter
Varying Model-based Predictive
Control

In recent years, F'TC has become a relevant research field and has attracted signif-
icant attention because of its applicability to industrial processes, which increases
their security and reliability. Consequently, this chapter presents a model-based
strategy for fault-tolerance in non-linear chemical processes. Specifically, the tech-
niques addressed throughout Chapters 3 and 4 were integrated to develop an
AFTCS strategy, which allows to track a reference even in the presence of actu-
ator and sensor faults. Moreover, as previously stated, the observers convergence
and the controller stability were guaranteed in terms of LMI problems. Finally,
a numerical simulation based on a typical chemical industrial process (the highly
non-linear CSTR) shows that the proposed method can achieve satisfactory per-
formance in fault-tolerance.

It should be noted that the main results of this chapter can be found in works
8, 123, 124].

5.1 Introduction

Nowadays, control systems have evolved into sophisticated algorithm-based strate-
gies. These advanced techniques allow high performance even to control unstable
systems, optimising costs and control efforts. Nevertheless, in the event of unex-
pected scenarios or situations, which are not typically considered in the controller
design process, the problem of achieving a suitable performance and stability re-
quires a different strategy rather than just having a robust controller. As previ-
ously explained, this challenge has motivated the AFTCS strategy [2, 8]. This
approach is assimilated as a variable structured technique because the controller
is reconfigured when a fault occurs, so the stability and an acceptable system
performance can be maintained.

As could be expected, the appropriate behaviour of an AFTCS depends on a
solid FDD module to provide an early detection and sizing of faults, which can

73
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avoid system shutdown, breakdowns, and even worse, the occurrence of potential
catastrophes. In that sense, previous works show that the modular approach (FDD
and controller designed separately) presents its benefits, being this more flexible
for practical applications and, therefore, easier to test and implement [2].

For the above mentioned reasons, this chapter presents the design of a non-
linear fault-tolerant MPC-based strategy. Thus, the structure of the proposed
AFTCS is presented in Figure 5.1. There, the FDD stage uses banks of generalised
observers to detect, isolate and estimate multiples faults. In particular, groups of
LPV-RUIO and LPV-UIOO are used. Subsequently, this information is delivered
to a reconfiguration mechanism that compensates the controller input data, in
order to achieve an acceptable post-fault system performance. On the other hand,
the selected controller, introduced in chapter 4, uses an MHE technique to update
the MPC internal model at each iteration time, enhancing the controller fault-
tolerance capabilities.
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Figure 5.1: Fault-tolerant MPC scheme.

Remark 5.1. Note that the main goal of this chapter is to build an AFTCS
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strategy. To do that, some concepts from the preceding chapters need to be recalled.
As a consequence, previous concepts and formulations are specifically evoked with
the purpose to create a clean procedure and expose a structured AFTCS design
framework.

5.2 Model statement

Recalling the discrete-time LPV model with additive input and output faults, from
Equation (3.1). That is,

x(k+1)= i/[:,ui (C(k)) {Aix(k) + Biu(k) + F; fu(k) + Ax;}
=t (5.1)

y(k) = f:u (C()) {Cur(k) + Douk) + Hof, (k) + Ay}

where z(k) e R™, u(k) e R™, f,(k) e R, y(k) e RP, f,(k) € R are the state vector,
the input vector, the fault input vector, the output vector and the fault output
vector, respectively. Moreover, A;, B;, C;, D;, F;, H;, Ax; and Ay; are constant
matrices of appropriate dimensions.

Furthermore, without loss of generality the Assumptions 2 to 4 are considered
true, then the development of a novel AFTCS strategy is addressed below.

5.3 Fault detection and diagnosis

Bearing in mind the previous statements, the Sections 5.3.1 and 5.3.2 briefly
present the design procedure for the discrete-time case of the LPV-RUIO and
LPV-UIOOQO, respectively. Notice that a detailed version which explains these
techniques step-by-step was introduced in Chapter 3.

5.3.1 Design of the LPV-RUIO

Firstly, if the term H f,(k) = 0 is considered (no sensors faults occur in the system),
and under the assumption that the rank of F; = ¢ (being F; a specific column of
B, that corresponds with the faulty input to diagnose), then, after performing
some algebraic operations, the system from Equation (5.1) is transformed into a
new LPV system without unknown inputs,

21k + 1) = 2 (GO As (k) + Eiy(k) + Bryu(k) + A |
y() = 2R {Con ()}

with éil = CNZ, Ail = A’ill - AimUh CNZ and Ei1 = A’Zlim i1-
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At this point, if the pair (A;,, C;,) is observable, it is possible to design a
reduced-order observer for (5.2) as,

Bk+1) = f;m«(k)){m(k) ¢ Byu(k) + Liy(k) + Ary) (53

where ®(k) € R(»9) is the observer state vector, L} = L;+ E;, and K; = A; -LCy,.
Moreover, the matrices L; € R(»~9x(-9) are the observer gains to be designed.

Consequently, the necessary existence conditions are:

1. flil is asymptotically stable.

2. (4;,, Cy,) is observable.

3. C' and F; are full row and column rank, respectively.

4. rank(CF;) = rank(F;)

Accordingly, through the Theorem 3.2 the sufficient LMI conditions for the
LPV-RUIO synthesis, were presented.

Thereby, from Equation (5.3) with ®(k) — Z;(k) pursuant to k — co. That is,

z(k) = ;m(é(k))Tif(k‘)

% (k)
= 2 1CEDT 7y~ 1 oNa (k)

with z(k) - z(k), with k - co.

5.3.2 Design of LPV-UIOO

On the other hand, considering that the matrix H corresponds with a row of C,
which is a non-monitored output (faulty sensor), and choosing a transformation
matrix Ty, such that J = To,C, where J € RP~ only contains the C' rows correspond-
ing with the monitored outputs (non-faulty sensors). Thus, the output equation
of the system model from Equation (5.1) is transformed to,

(k) = Jx(k).

Thereby, an UIO with the purpose of estimating the state variables x(k), even
with unknown input presence, is formulated as,

M
2+ 1) = 3 (G Niz(k) + Giu(k) + Ligi(k) + Az }
i=1
2(k) = z(k) - Ey(F)
y(k) = Ci(k)
where z(k) is the full-order observer state vector, and the matrices NV; € R,

G; e Rer [, e R and E € R™P are the observer gains to be determined. In
addition, the weighting functions p;(.) are the same as used in Equation (5.1).
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Thus,

e(k+1) = ;m(C(k))Nie(k)

if the following constraints hold

TiF; =0
G,-T1B;=0

NTV+ L;J-T1A; =0
Az —-TiAzx; =0

being 77 = (I + EJ). In this way, if N; is quadratically Schur, e(k + 1) - 0
asymptotically.

As a consequence, the necessary existence conditions are:

1. A; is asymptotically stable.

2. (A;,J) is observable.

3. J and F; are full row and column rank, respectively.

4. rank(JF;) = rank(F;).

Accordingly, through the Theorem 3.4 the sufficient LMI conditions for the
LPV-UIOO synthesis, were presented.

Remark 5.2. The Theorems 3.2 and 3.4 show that the observers designs are solved
through LMI problems. For that, the Yalmip [88] and LMI Lab [65] packages of
Matlab software are used.

5.3.3 Detection and diagnosis scheme

As presented in Section 3.5, the residual pattern should be customised to follow
a certain structure (generalised residuals). Thus, the structured residuals are
characterised by selective fault responses. In other words, any residual is sensitive
to one group of faults and insensitive to others.

Fault detection and isolation

Taking all the above into account, a threshold test may be performed separately
for each residual, yielding to a decision incidence matrix, and then the isolation
task is fulfilled using this matrix.

Fault estimation

When the fault detection and isolation tasks are successfully achieved, the actuator
or sensor fault estimation is validated.

Actuators Hence, the actuator fault estimation task is performed using the cor-
responding LPV-RUIO to the associated fault (selected as unknown input signal).
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Sensors Besides, the sensor fault estimation task is performed using the k-th
non-monitored residue component from the corresponding LPV-UIOO to the as-
sociated fault (selected as non-monitored signal).

5.4 Fault-tolerant controller

The aim of this section is to develop an FTC to abide actuators and sensors faults.
This strategy looks for, at each sampling time £, the best prediction model for
the next IV, steps (based on the previous N, steps) and compute the near-optimal
sequence of control actions using some terminal ingredients to guarantee stability.
As a consequence, this Fault-Tolerant Model Predictive Control (FT-MPC) strat-
egy is divided into two QP problems: the backward MHE QP and the forward
MPC QP. Notice that this FT-MPC is based on the MHE-MPC one, which was
presented in detail in Chapter 4.

5.4.1 Backward QP - The MHE

As previously stated, the backward QP is used for identification purposes. The
basic idea behind this, is to consider the interpolation variables y; to compose the
best LTI combination model to be used to momentarily describe the controlled
process. This procedure minimises the model discrepancy with respect of p and its
variance throughout that time. This is achieved with the solution of the following
optimisation problem, from k = ko, considering & = v —xy and @ = u + uy as the
fault-compensated input and output data, and puy_; as the result from the previous

iteration:
k

min 3 (e()'Qeed) + v Qur)
j=k—Ne+1
st. e(j+1)=x(j+1)-(Azx(j) + Bu(y)),
A = i/[:,uzAz and B = %,LLZBZ, (55)
i=1 =1

M
Z:uiz]-a OS:U’ZS]-a
i=1

p=col{pi(k)},  p= g1+ vy,
where j € Zp_n,x-1 and ¢ € Zy.py. Moreover, N, is the estimation horizon and
the matrices Q). and (), are the appropriate dimension tuning weights of this
optimisation procedure, considered as identity matrices.

5.4.2 Forward QP - The MPC

On the other hand, the forward QP is capable of obtaining a control law that
takes into consideration constraints on the states, inputs and outputs. For that,
the proposed cost function of the FT-MPC optimisation problem is given by:

VN (E, Tsy 130, Ta, Ug) = VAT, 130, T, tg) + Vi (255 24)
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with

Np-1

Vﬁ/([i, Ui, T, ua) = Z(:) ||Q~7(j) - xa”é + ”ﬂ(j) - ua”%%a

iz
where () € R™™ and R € R™*™ are positive definite matrices, and N, is the predic-
tion horizon. The couple (z,,u,) is the artificial reference, which represents the
best reachable steady state by the system in N, steps, starting from the initial
condition Z = Z(k). At last, Vi (xs;x,) is the end cost function, which is defined

ijl(xs;xa) = ||lzq - ISH?D + ||j(Np) - xa“??-

being ¢ and P the appropriates weighting matrices. Then the term |Z(N,) - z,|%
is an offset that penalises the final-state deviation from this target operation and
the offset term |x,~7,|2 ensures that the artificial variable tracks the real set-point
variable, with the actual target goal.

Thus, for any current compensated state T, the optimisation problem to be
solved at each time step k = kg is given by

Np-1
min Z VN(ijS?M; u)'xaaua)a
U,Tq,Ua 520
st.  x(0) =1z,
x(j +1) = Az(j) + Bu(j),
To = ATy + Bug, (Uq, 1) € Zg = X, x U, (5.6)

M M
A= ZMz’Ai and B = Z,uiBia
i=1 i=1

x(j) € Xa ﬁ(]) € U> V] € ZO:Np—l
z(Np) = x(Np) € Xy,

considering that pu; represents the value obtained by the backward MHE QP for
p. Additionally, X¢ is an adequate robust controlled positively terminal invariant
set that contains the set-point ps = (s, us) (see Chapter 4).

Remark 5.3. Note that this fault-tolerant predictive controller uses a feedforward
compensation of actuator faults and a compensated version of the measurable out-
puts to compute the fault-tolerant control policy (reconfiguration mechanism,).

Remark 5.4. The stability proof of the system from Equation (5.1) in closed-
loop with the proposed fault-tolerant controller is equivalent to the one presented
in Chapter 4 for the nominal MHE-MPC. It is due to the convergence of the
compensated variables ¥ and u depends purely from the FDD module, which is
assumed to be fast enough.

5.5 Illustrative example (CSTR)

Recalling the CSTR. process, presented in Section 3.7, where its non-linear model
is described in Equation (3.43) and its physical and operational parameters are
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Figure 5.2: Diagram of the AFTCS strategy on a CSTR process.

presented in Table 3.2. Moreover, the application of the proposed AFTCS scheme
on the CSTR process is depicted in Figure 5.2.

Notice that, according to this figure, the state variables V' and C'4 are controlled
by the process flow rate ¢s and the coolant flow rate g., respectively. It should be
clarified that the state variable C'y is controlled indirectly from the state 7.

5.5.1 AFTCS design

As was introduced in Section 5.2 the first step consists on the selection of a schedul-
ing parameter vector (in this case N = 2) which depends on the outputs, i.e.
((t)=[V(t) T(t)]- Then, using the PJL technique (see Appendix B), the non-
linear system from Equation (3.43) was rewritten as a discrete-time LPV model,
which considered additive input and output faults. Specifically, to obtain a proper
model representation, L = 3 linearisation points per parameter was used. As a con-
sequence M = LN =9 weighting functions y;(+) corresponding to each affine model
were derived. Next, following the same procedure as Chapter 3, the membership
functions corresponding to each parameter were selected.

FDD design

According to the design method formulated in Section 5.3, the suitable observer
matrices and functions are developed. To do that, a brief explanation for each
subsystem is provided as follows.

LPV-RUIO On the one hand, setting F; = [-1 0 0] and solving the LMI
from Equation (3.17), the matrices to construct the observer to estimate faults

over the valve ¢,, were designed. On the other hand, defining F; = [O 0 ng]T,
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and repeating the previous procedure, the observer to estimate faults on the valve
g. was constructed.

LPV-UIOO As previously stated, the existing hard correlation over the states
Cy and T hinder the correct fault detection and isolation task design. As a
consequence, firstly the output V' was selected as a non-monitored output (H;

corresponds with the V' row of the output matrix C;), and F; = [—1 0 O]T was
defined, then the appropriate T matrix was chosen (null space of H;). Thus,
it was possible to construct the matrices of the first observer that was used to
diagnose faults of the output sensor V. Besides, choosing the output 7' as non-

monitored output, defining F; = [—1 0 O]T, and selecting another T, matrix,
another observer was constructed to diagnose faults of the output sensor 7.

Controller design

On the other hand, based on the strategy presented in Section 5.4 the FTC is
developed. To do that, firstly Ne = N, = 8 was used. Secondly, the constraints
qs € [90,110], g. € [90,105], V € [90,110], C4 € [0.03,0.17], T € [440,450] and
the corresponding sets U and X were defined (Hardware constraints). Then, the
weighting matrices Q. = 1x10°, Q, =1, Q = diag{0 , 1 x10*} and R =1x 10" were
settled. Lastly, the optimisation problems from Equations (5.5) and (5.6) were
properly deployed, using computer-aided tools.

5.5.2 Numerical simulation

To evaluate the performance and effectiveness of the proposed AFTCS strategy,
it was simulated on the non-linear CSTR system model, from Equation (3.43),
during 3h and using Ty = 3s (requirement imposed by the available hardware). In
particular, to show its behaviour, a group of set-point changes were made from
the initial condition V0 =100m?3, 70 = 447 K.
1. Firstly, a step change to V =98m3 and T = 445K was applied at the start,
i.e. t =0min.
2. Then, an increment of V = 12m3 was added at ¢ = 7min.
3. At t = 25min an abrupt displacement up to V = 95m3, T = 442K was
introduced.
4. Another step change was applied at ¢t =45min to V =98 m?3, T = 445 K.
5. Finally, when ¢ = 65min, the volume was carried up to V' = 91m3, keeping
T =445K.
Furthermore, with the purpose of exposing the fault-tolerance capacity, the
following faults were considered:
1. since 10 min up to 20 min an exponential accumulation of tartar in the sensor
of T, inducing an error of up to 0.5% from T}, ax,
2. from 30min to 40min a leak in valve ¢, coupling, producing a loss of 5%
from g,
3. at 50min to 60 min an exponential calibration error in the V' sensor of up to
2% from Viax,
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4. an exponential clog in valve . of up to 5% from ¢, .. income between 70 min

and 80 min.

It is important to note that, the high slopes in these faults and set-point
changes were chosen to illustrate worst-case conditions and expose the capacity
of the proposed AFTCS strategy to tolerate different types of faults in differ-
ent situations. Furthermore, to create an even more realistic simulation, white
measurement noises were added.
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Figure 5.3: CSTR outputs.

Figures 5.3 to 5.5 show the simulation results when faults occur. The behaviour
of the proposed FT-MPC and the nominal MPC are depicted in Figure 5.3. There,
it is possible to appreciate the convergence capacity, at the beginning. Addition-
ally, it is easy to see the fault occurrence, and the ability of the FT-MPC scheme
to regulate the state variables to their desired values z,, after the occurrence of
faults. Specifically, from 10 min to 20 min it is noticeable how an accumulation of
tartar in the temperature sensor leads to a significant error in the achievement of
the temperature set-point, but it does not affect the tank volume. Furthermore,
between 30min to 40 min it is possible to see how a leak in valve ¢ may con-
duct the nominal controller to instability. Instead, the superior performance of
the FT-MPC scheme is able to guarantee stability and even a fault compensation.
Lastly, the respective applied control signals are given in Figure 5.4, where the
compensation efforts to mitigate the faults effects are shown.

On the other hand, the Figures 5.5a and 5.5b show the actuators and sensors
faults estimation, respectively. There, the effects introduced due to the use of a
detection strategy based on threshold is appreciated. As well as the detection and
estimation errors, all of these of small magnitude.

For the sake of completeness, Table 5.1 shows the IAE and the Integral of
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Figure 5.5: CSTR fault estimation.

Squared Error (ISE) indices results (regarding C4). Furthermore, Table 5.1 also
presents the TV index for these methods (regarding ¢.). Clearly, the best perfor-

Table 5.1: Performance indices of the control methods.

IAE ISE TV
FT-MPC 0.52 0.005 125.871h*!
MPC 0.656 0.009 134.091h-!

mance results are obtained with the FT-MPC method, even concerning TV values.
In other words, this strategy combines a good tracking and disturbance rejection
responses, even against faults.
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Figure 5.6: Period consumption.

Besides, the Figure 5.6 exposes the OCE! in terms of MHE, MPC and FDD
modules,; as well as all together (see Appendix D). Exposing that the proposed
fault-tolerant method composes a computationally tractable algorithm.

5.6 Conclusion

This chapter presents the design of a novelty AFTCS to endure actuators and
sensors faults upon non-linear industrial processes. For this purpose, an observer-
based FDD scheme has been incorporated. In particular, a bank of generalised
observers was implemented. Moreover, an MPC strategy has been used to main-
tain a desired fault-tolerance feature in the proposed AFTCS approach. The
controller formulation, which is compound of two QP problems (MHE and MPC),
is able to regulate the state variables for a satisfactory control recovery.

In addition, this AFTCS strategy was tested against a nominal controller.
Simulation results are promising and illustrate the excellent performance of the
presented approach.

At last, in order to enable the reader to replicate and enhance the results shown
here, the scripts used are available on a repository? under GPL-v3.0 license.

n an i5-3337U CPU@2.7 GHz (2 Cores) with 6 GB of RAM.
*https://github.com/ebernardi/FT-LPVMPC



Chapter 6

Fault-Tolerant Energy
Management System

This chapter presents an optimisation-based control method to develop a fault-
tolerant EMS for an industrial microgrid, based on a sugarcane power plant. The
studied microgrid has several renewable energy sources, such as photovoltaic pan-
els, wind turbines and biomass power generation, being subject to different oper-
ational constraints and load demands. The proposed management policy guaran-
tees that these demands are met at every sampling instant, despite eventual faults.
This law is derived from the solution of an optimisation problem that combines
the formalism of an MHE scheme (to estimate faults) and an MPC loop (for fault-
tolerant control goals); it chooses which energy source to use, seeking maximal
profit and increasing sustainability. The predictive controller part of the scheme
is based on a linear time-varying model of the process, which is scheduled with
respect to the fault estimation brought up by the MHE. Furthermore, a realistic
numerical simulation confirms the effectiveness and performance of the proposed
control method.

Finally, it should be noted that the main results of this chapter can be found
in work [39].

6.1 Introduction

The improvements to reduce the effect of climate changes necessarily involve a sus-
tainable development plan, for which, the replacement of fossil fuels by renewable
energy sources seems like the evident path. An important aspect to consider is the
efficiency of energy production. Consequently, future (large scale) energy projects
will have to include strategies to integrate the renewables coherently, with appro-
priate management policies which guarantee uninterrupted and efficient energy
generation.

The smart-grid /microgrid concept has come to focus under this scope; these
technologies allow the efficient use and generation of energy, intelligently managing
the available energy sources together with storage units to increase the reliability
of the renewable systems. Thus, the core idea of the concept is to “shift” elec-

85
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tric load demands to periods when the renewables are generating energy, avoiding
their intermittent characteristic, see [125, 126]. In addition, with the inclusion
of intermediate storage units coupled to the energy generation (batteries, super-
capacitors, fly-wheels and others), the excessive energy produced at a given instant
can be stored to compensate, at a future moment, lacking production. As pro-
posed in [127], a microgrid is henceforth understood as a set of generators, loads
and storage units concatenated together as a single system. Note that many ex-
perimental implementations of optimised renewable smart-grids have been seen
through the literature, such as in [128, 129].

Hence, the energy management problem of microgrids is a significant issue to
be studied in order to allow an optimal and eco-friendly operation of future energy
matrices. For such, MPC schemes have been successfully applied to a diverse set
of recent renewable applications [130, 131, 132, 133, 134, among others].

However, as discussed in previous chapters, unexpected scenarios or unusual
events sometimes occur, which are not typically considered in the standard MPC
design process. As a consequence, the problem of guaranteeing load demands
requires a different strategy rather than just having a robust controller.

This challenge has motivated several MPC-based AFTCS studies for micro-
grids. In terms of papers, some results are mentioned:

e A fault-tolerant predictive strategy is developed in [135, 136] to ensure the
proper amount of energy in the storage devices is kept so that consumer
demand is always covered. In these works, the fault term is included in the
optimisation procedure, therefore finding a time-varying control policy that
incorporates the variability of the energy plant’s behaviour due to faults in
the nominal process model;

e Based on a similar paradigm, in [137] the authors develop a predictive con-
troller that mitigates the effects of faults in a microgrid based on a diagnosis
level. The reconfiguration block acts to make changes on constraints as well
as references passed to the MPC.

e Recently, in [97] an energy coordination AFTCS has been proposed. There
the AFTCS was synthesised based on several diagnosis observers. The main
drawback, as discussed therein, is that the approach was not unified with
respect to fault estimation, the implementation complexity growing linearly
according to the number of control inputs.

As a result, the integration of AFTCS requires a solid detection and an accurate
estimation of the level of faults, so that smooth performance degradation can be
obtained. It must be commented that many papers have detailed the ability of
the MHE optimisation to be adapted to estimate faults (and level of faults) in
a controlled process, as if it was embedded into some concentrated time-varying
model parameter [81, 33]. Consequently, the MHE method is an interesting option
to be directly combined to an FTC layer, since it shares the same usual quadratic,
constrained optimisation formalism with MPC.

It seems very reasonable that both MPC and MHE could be combined to
design an AFTCS, yet this has not been formally conducted in the literature for
the case of renewable smart-grids. Therefore, it is the main motivation of this
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chapter, which aims in providing high-fidelity results of such kind of technique,
demonstrating possible outcomes and advantages with respect to simpler EMSs
(in which the effect of faults is not included).

6.2 Preliminaries: sugarcane microgrid

Brazil is a country with a large share of renewable energy (up to 43 % of its primary
matrix; the average in the rest of the world is 15 %); the sugarcane industries play
an important role in this scenario: their contribution reaches 40 % of the renewable
share (with bio-ethanol production and bagasse burning).

These Brazilian sugarcane plants are indeed, renewable microgrids, since they
use the sub-products of the sugarcane processing (bagasse, straw and vinasse)
as sources to generate electric energy, steam and cold water, as schematised by
Figure 6.1. The three outputs are used to sustain the needs of the sugar/ethanol
production process!. In this work, following the lines of [129], mutatis mutandis,
auxiliary renewable sources are coupled to this system (wind turbine, solar panels)
so that it can generate energy throughout the whole year (even out of the harvest
period) and sell the exceeding energy to the local Distribution Network Operator
(DNO).
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~ Digestion !
l Hot water
Batteries | <> Chillers
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Figure 6.1: Sugarcane industry process.

The particular plant studied in this chapter is composed of the following sub-
systems, as illustrated in Figure 6.2: two boilers, with different efficiencies; two
steam turbines, with different efficiencies too; a Combined Heat and Power (CHP)
system; a water chiller; a hot water tank; photovoltaic panels; Water Heating So-
lar (WHS) panels; a wind turbine; two pressure reduction valves; an HE; stocks
of bagasse, straw and compressed biogas, and a battery bank. The use of inter-
mediate storage units (battery bank and biomass stocks) allows the system to

!Steam is used to boost shredders, spray pumps and other equipment; cold water is due to
internal refrigeration needs; electric energy guarantees the operation of the process.
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Figure 6.2: The considered microgrid and its subsystems.

accumulate energy (or biomass, that can be converted into energy) when the re-
newable generation is high and, then use it when there is no renewable production.

The different subsystems in this microgrid must be coordinated by a central
EMS. This system is responsible for determining the set-points that are passed to
the local controllers of each subsystem so that, at the end of each hour (sampling
period), the microgrid is coordinated such that the demands on the controlled
outputs are addressed. For instance, at a given moment, the sugar and ethanol
production process requires 60m?h=! cold water flow, 90 Mgh~! middle-pressure
steam flow, 130 Mgh~! low-pressure steam flow and 7 MW of electric power; then,
the central controller operates to find the best possible coordination rule for the
microgrid (with respect to some efficiency performance objective), choosing the
set-points that are passed to the local controllers. Within the following hour, the
local controllers track these set-points and thus, the demands from the sugar and
ethanol are delivered.

This microgrid is modelled from a supervisory control viewpoint (with 7 =
1h sampling period). A high-fidelity model is found in [129]. As depicted in
Figure 6.3, it works from the tertiary level, the control inputs are the set-points
to the (locally controlled) subsystems u;2. The controlled outputs y;, stand for
the transmission lines/outlets?, that must agree with demand requirements.

2Set-points to the internal energy generation/conversion subsystems, such as boilers, turbines,
etc.
3Electric network, gas pipes, steam lines, etc.



6.2. PRELIMINARIES: SUGARCANE MICROGRID 89

Seconda
2 Frequency
& voltage

contro

Prima

1 Local

control

Figure 6.3: Hierarchical control of microgrid.

Therefore, the control problem is the following: a supervisory controller must
set hourly set-points for the plant’s internal (local) controllers, so that each global
demand is met and the energy generation is maximised (together with the sustain-
ability, i.e. renewable quota). This control problem has been treated with optimal
predictive schemes in previous works [120, 138].

6.2.1 Faulty plant model

It is also considered that this microgrid is subject to several faults that impair
the energy generation. These faults can represent different situations in the plant,
such as: the accumulation of debris and residues on the boilers, a pressure valve
malfunction, and so forth, as extensively discussed in [33]. As suggested there,
faults are represented with multiplicative loss of effectiveness factors A;, upon the
output of each controlled subsystem j. Roughly speaking, it is assumed that the
supervisory hourly controller determines set-points u; for the local subsystems that
are not correctly tracked and, the actual output from each of these subsystems
are given, individually, by A;u;.

The control-oriented (hourly-discrete) state-space model of this (faulty) micro-
grid is:

ug (k)
—_——

x(k+1) = Ax(k) + Byw(k) + By A(k)u(k),
z(k) = C1x(k) + Dyyw(k) + DisA(k)u(k),
y(k) = Cox(k) + Doyw (k) + Dog A(k)u(k),

with:
ug; (k) = X (k)u; (k)
where A;(k) represents the faults upon subsystem j.

Remark 6.1. The diagonal matriz A stands for the collection of faults (on each
subsystem) \;. The chosen fault representation implies that if \; = 1, subsystem j
is healthy, whereas if A\; =0, a complete breakdown has occurred in subsystem j.
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Remark 6.2. The model above is conceived following an Energy Hubs framework,
which is based on mass and energy balance relationships. The inputs to the sys-
tem are those passed as set-points to the subsystems of the microgrid (detailed
in Figure 6.2). The model has inherently more inputs than outputs, since it has
multiple energy inputs which are linearly combined to produce a single energy de-
mand outlet. The subsystems (assumed to be regularly controlled by local PI and
Proportional-Integral-Derivatives (PIDs)) are viewed as static gains between their
inlet variables and output flows. As an example, the CHP unit gives the relation-
ship between the inlet of compressed biogas (output to the biogas stock Xp,) and
the outlets of electric power and heated water.

The considered microgrid has five states (stocks), thirteen control inputs (set-
points to the subsystems), five disturbances (renewable inputs), five measured
outputs (states) and five controlled outputs (which relate to the demands). There-
fore, according to [129], the dimensions of the matrices in the above are: A € R
By e RS, By e R*13, ' e R5*%, D1y e R¥5, Dy € R*13, (Cy € R%5, Dy € R and
D,y € R5¥13,

The system state vector x is defined in Equation (6.2), where each entry stands
for the normalised percentage of the storage units: battery bank, bagasse stock,
straw stock, biogas stock and hot water tank. The system’s measured outputs are
also these states: y(k) = x(k).

x(k) = [Xpar (k) Xpag(k) Xeow(k) Xpo(k) Xr(k)]' . (6.2)

The input vector u stands for hourly set-points for the internal subsystems?.
The complete control vector is given by Equation (6.3), where each entry stands
for set-points of: energy boiler, lower efficiency turbine, higher efficiency turbine,
energy flow to (from) the battery bank, CHP, water chiller, heat exchanger, high-
to-middle pressure reduction valve, middle-to-low pressure reduction valve, hot
water escape flow, middle pressure steam escape flow, low pressure steam escape
flow, and the power available to the external network, respectively.

u(k) =[SPA, (k) SPR,(k) Potyu(k) SPE(K)...
QO (k) QM. (k) QB (k) SPoup(k)... (6.3)
SPen(k) SPre(k) Potpa(k) QMP(k) QF..(k)].

The system’s controlled outputs z are defined in Equation (6.4), being Pp the
electric power produced to supply the sugarcane processing demand (kW); Q¥
the flow of middle pressure steam (Mgh™'); QL the flow of low pressure steam
(Mgh™1); Qcw the flow of chilled water required by the fermentation and distillery
process (m3h=1); finally, Ps represents the electric power available to the external
network (kW).

2(k) = [Po(k) QM(k) QL(K) Qew(k) Ps(k)]". (6.4)

4From an hourly controller’s point-of-view, it is assumed that the sampling period is large
enough so that all these set-points have been accurately tracked by their respective subsystems
(if no fault occurs).
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The load disturbances w are defined in Equation (6.5), being Wnd the speed
of the wind (kmh=!), present in the microgrid’s area, Irrd the amount of solar
irradiance (W m~2) upon the solar panels, Bag, Str and Bg represent the income
(Mgh-!) of bagasse, straw and biogas to the plant®, respectively.

w(k) = [Wnd(k) Irrd(k) Bag(k) Str(k) Bg(k)] . (6.5)

Assumption 6. The external disturbances w are dependent on the weather con-
ditions on the sugarcane field (solar irrandiance and wind speed). It is assumed
that the proposed AFTCS has access to estimations of these disturbances, w, that
can be used for feedforward compensation. Neural Network methods can be used
for their estimation, as done in [120].

6.2.2 Demands and operational constraints

To sustain the sugar and ethanol production process, the following demands must
always be guaranteed:

e clectric power to sustain the plant (in average, 8000kW) and to sell the
surplus to a local DNO (a contract of 11.52GWh per month has to be
respected). This power generation can be continuous, maintaining a constant
rate value, or time-varying, with different values at each hour of the month.
Moreover, a tolerance of £ (1.728 GW h) is allowed upon this goal;

e steam in different pressures;

e cold water.

The operational constraints are given by the physical requirements of each sub-
system: upper and lower limit bounds of states x and internal set-points ;.

6.3 Proposed AFTCS/EMS

The main contribution of this chapter is to propose a novel AFTCS for (a sugar-
cane) renewable microgrid, as follows:

Problem 1. Find an accurate fault estimation vector A(k), and an optimal con-
troller that determines the set-points u(k) in order to guarantee that the outputs
z(k) are equal to the (known) demands z,(k), despite the presence of faults and
the renewable disturbances.

This chapter proposes a modular optimisation-based procedure to solve Prob-
lem 1. The fault estimation part of the solution is derived from an MHE scheme,
whilst the control part is handled by an (model-update) MPC. The outline of the
proposed method is illustrated by Figure 6.4, where the process model block stands
for what is given by Equation (6.1). In the sequel, both MHE and MPC are ez-
plained more minutely.

®These three incomes are proportional to the sugarcane crop, harvest and milling.
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Figure 6.4: Outline of studied AFTCS problem.

6.3.1 Moving horizon fault estimation

Based on the considered microgrid model given in Equation (6.1), the operational
constraints of each subsystem, and on the data set of previous information of vy, u
and disturbances w (considering a backward window of N, steps), the MHE has
the goal to estimate the collection of loss of effectiveness fault terms, that measure
the amount of fault in each subsystem, denoted as A. The setup of the MHE also
embeds state estimation, denoted Z, in its formulation. The cost function for the
MHE optimisation is given by5:

k-1

JMHE = lac(i(k - Ne)) + ‘ Z (l(/"t(z)7]/(/l/)) + ”V(Z)”%?)?

i=k—Ne

where [,.(+) is an arrival cost offset and [(-) denotes the main optimisation cost
along the backward horizon.

The data set of the backward horizon is expressed through w(i), u(z) and y (i)
fori=k-N,, ..., k-1 as known, previously measured variables. The new variable
1 collects variance upon the states w, and upon the fault terms wy, which the
MHE is set to minimise; v represents the output measurement noise. Therefore,
the main optimisation function is given as follows:

L), v(@)) = |G + v ()%

where () and R are adequate weighting matrices.

6The weighted norm ||f(4)||2, denotes f (i)™ M f(i)
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Finally, the arrival term [,. included in the cost function is used to penalise the
distance between the state estimate at the start of the horizon backward (k- N,)
and a previous state estimate T,. As previously introduced in Section 2.9 this
term is known as an “arrival cost” because it weights the influence of the past
information outside the estimation horizon, i.e. from ¢t =0 tot=k—- N,, in a single
concatenated term. This offset is given by:

lac{i’a(k - Ne)) = Hi'a(k - Ne) - Ea”%

where z, = [# A’]" and P is a positive definite penalty matrix. The estimate
Zo(k - N,) is given by a simple EKF.

At each sampling instant k, the optimisation problem defined in Equation (6.6),
below, is solved and a current estimation of states and faults (i.e. &(k), A(k))
becomes available for control and monitoring purposes. At the next sampling
instant, the following arrival term [,.(-) is updated by an EKF guess and the
horizon window N, slides forward by one unit.

min  Jynpg
A

st 2(i+1) = A2(0) + Byw(i) + BoA(i)u(i) + w,(4),
AG+1) = AG@) +wy(4), St (6.6)
y(i) = Coi(i) + Doyw(i) + DagA(i)u(i) + v (i),
Amin < A7) < A2,

smax
Y

T min < i‘(’b) <z 1€ Zk—Ne:lw
Let the steps of the MHE fault estimation be rapidly recalled:

(a) Collect the data set based on the available information from the last N,
steps, through w, u and y;

(b) Compute an state estimate at the arrival moment, i.e. N, steps behind £k,
through an EKF guess, given by &,(k — N,);

(c) Based on the previous state estimate, from the last MHE iteration, given by
T4, compute the arrival term offset [,.(+);

(d) Solve the constrained optimisation problem, resolving the QP given by Equa-
tion (6.6);

(e) Pass the output of the QP solution, the vector of estimated fault terms A,
to the MPC algorithm, which is detailed in the sequel.

6.3.2 Fault-tolerant model predictive control

The complete AFTCS is derived with an MPC algorithm for fault-tolerant control
purposes. This MPC includes performance goals (such as demand deliverance) and
process operational constraints. To design this model-based predictive controller,
that takes the A(k‘) fault information from the MHE, a cost function Jypc is
minimised subject to constraints and the load demands variables z, (%), previously
detailed in Section 6.2.2.
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For the energy plant to abide to the energy production rules, supplying the
local DNO with 11.52 GW h per month, the following cost function is established:

Np-1

Jurc =), |Ep(i)]

1=0

o, *+ 12(0) =z (D)7, + le()3, + %) = 2refld, + quu(i),
where Fp(i) denotes the difference from the energy delivered to the external grid
and the energy contract generation goal, weighted through @Q,; the demand com-
pliance error term is expressed through z(i) -z, (i), which is weighted through @Q.;
a slack variable €, weighted through ()., is introduced to the optimisation proce-
dure to account for the contract tolerance; the deviance x(i) — .y is optimised
to bring the states close to a certain reference value, weighted through @), ; finally,
¢. linearly weights the control inputs - note that linearity is allowed because the
control vector u is always positive.
The delivered energy deliverance is measured through:

Econ - Esum

Ep(i) = | TsPs(i) — €(i) - T ;

where El,,, represents the electric energy that has already been produced (until
instant k), E.o, stands for the energy sales contract value; (Eeon — Fsym ) represents
how much electric energy the microgrid still has to produce until the end of the
month, due to contract requirement, taking 7y,q as the remaining time until the
end of the month, in hours.

The reference to the states Z,.s, represents a vector of 50 % references, used so
that the states stay close to this mean value. The prediction horizon of the MPC
algorithm is denoted N,. Note that 2" stands for the load demands the EMS must
guarantee, to maintain the sugar/ethanol production process running.

The MPC synthesis, then, resides in minimising Jypc, with x(0) = x(k) and
considering a frozen LTI version of the model in Equation (6.1), updated with
A7) = A(k) (informed by the MHE), subject to the following operational con-
straints:

x(i+1) = Ax(i) + By (i) + BoAu(i),
z(i) = C1x(i) + D111 (3) + DysAu(i),

Tmin SX(1+1) <™
Umin < U(7) < U™
0<z(i)

OSE(Z) 377/}7 iEZO:Np—l-

Note that the slack variable € is included directly into Jy;pe, since it is evident
that the energy generation has the production as close as possible to the contract
goal E,,,, which means that € has to be as close to zero as possible.

The cost function Jype is very similar to the one used in [138], embedding
contract generation goals through Fp and demand compliance error term through
(z — z,), while altogether maintaining the stocks (states) close to a half-full ref-
erence. The values for the weighting matrices Q,, @Q., Q., Q. and g, can also be
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found in [138], taken to ensure a trade-off between these goals; it is important to
mention that the MPC is set to, most importantly, generate the contract goal and,
secondly, comply with the demands, which means ||Qsl|eo > ||Q]|co-

6.3.3 Integrated AFTCS

One of the advantages of the proposed AFTCS method based on the MHE and
MPC optimisation procedures is that, even though it has a systematic modu-
lar design and implementation procedure, it can also be formulated as a single-
step joint estimation and control optimisation procedure. The original formu-
lation is the one illustrated in Figure 6.4, where the MHE and MPC compose
separate steps. This joint formulation is illustrated below, in Figure 6.5, where
Jrur = apnp(0)Jvpe + avpe(t) Jupe. Note that the joint formulation is indeed
possible due to the fact that both MPC and MHE procedures share a common
mathematical formalism. The joint approach is an elegant form of embedding the
proposed AFTCS in a single micro-controller that performs the complete AFTCS
procedure.

w(k)
Renewable A(k)
Sources Faults

!

z(k) controlled outputs
Microgrid P, (k) electric energy output .| Electric Network
Process y(k) measured outputs Demand
A
u(k) v
Cor;_trol <«—— Disturbance estimation (k)
action Joint FTCS Procedure |«——Perfonmance Goals z,(k)
»| Minimisation of Jr,;, «——Constraints
Microgrid | A Fi?llf‘(l,t
Process [«
model-based Model
predictions

Figure 6.5: Outline of the joint AFTCS formulation (single QP).

The joint AFTCS optimisation is done by solving the following QP, which has
a concatenated decision variable ¢ which concatenates the estimation of the fault
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terms A as well as the control signal u, i.e. o= col{A,u}T:
rngin ayue(D)JIuue + avpc(i) Jvpe,
st. aypp(i)=1 and apypc(i) =0, VieZin k1
i(i+1) = Az (i) + Byw(i) + BoA()u(i) + wo (i), Vi€ Zpnpn
AG+1) = AG) +wr(i), VieZp g
y(i) = Coi (i) + Doayw(i) + DagA(i)u(i) + v(i), VieZy n.xa
Tmin T+ 1) <™ VieZp N1

A/A\min < A(Z) < [\max’ Vie Zk—Ne:k—l

appe(i)=0 and  aypc(i) =1, Vi€ Zggin,—1

x(i+1) = Ax(i) + By (i) + BoA(k = 1)u(i), Vi€ Zypon, 1
2(i) = C1x(i) + Dy (i) + DipA(k - Du(i), Vi€ Zypin, 1
Tmin <X(1+1) <™ Vi€ Zppin, 1

Umin S u(i) <u
0<z(i), Vi€Zppin,—1
0<e(i) <, Vi€ Zppin,—1

max
Y

Vi€ ZikiN,-1

Note that this single QP is subject to the whole set of constraints (those of
both MHE and MPC). The new horizon is, thus, N, + N,. In this problem, u is
fixed for the first part (past values) and A(N, +1) = A(N,) for i =1 to N,

6.3.4 Robustness remarks

Some few words must be stated about robustness, stability and feasibility of the
proposed solution:

e With respect to the MHE problem for estimating faults, since the open-

loop microgrid plant is a prior: stable, and the optimisation problem is
data-based, local asymptotic convergence of the fault vector X(k;) is always
ensured. Moreover, since the variability term wy (k) of the optimisation
problem is not constrained (but minimised), recursive feasibility is also al-
ways ensured. Demonstrating robustness of the MHE scheme is not the focus
of this work, and has been discussed in other papers [77, 139]. Note that
the robustness and uncertainty considerations of fault estimation schemes
for microgrid have also been previously discussed in [140], considering the
same sugarcane-based system.

Regarding the MPC problem of the considered microgrid, robustness, fea-
sibility and stability remarks have been discussed in [138, 97]. Essentially,
robustness and recursive feasibility of this optimisation loop can be verified
regarding how the optimisation function Jy;p¢ is formulated. Synthetically,
it must be K-class lower-bounded with respect to x, with its offset term, if
present, K-class upper-bounded with respect to . Moreover, the offset cost
should be decreasing along the horizon. Indeed, all these conditions are veri-
fied and the MPC solution is recursively feasible for the considered microgrid
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problem, which means that for whichever starting condition z(0) within the
operational set (delimited by x,,;, and ™) the proposed AFTCS will en-
sure convergence to some stable equilibrium as k£ — oo through a sequence
of admissible control policies.

e The robustness of the MHE and MPC verified separately does not a pri-
ori ensure the robustness of the joint AFTCS version of Equation (6.7).
Therefore, if one is to implement the joint AFTCS formulation, the total
cost function Jy,; should be analysed: This cost must verify the quadratic
boundedness and Lyapunov-decay along the horizon (the same conditions
stated above regarding Jy pc).

e It must also be commented that the best performance solution of the con-
sidered problem is the one with a Fault-Forecast-MPC, which embeds to the
model the future behaviour of A (along the horizon). Of course, such formu-
lation is not possible, since only the instantaneous values of A are available
(from the MHE layer) at each sampling instant k.

6.4 Results and analysis

In this Section, high-fidelity simulation results are given in order to illustrate
the proposed Fault-Tolerant EMS. The strategies were synthesised using Yalmip
package [88], Gurobi optimisation solver [141] and Matlab software.

6.4.1 Simulation model

The considered simulation model for the sugarcane plant microgrid is the one pro-
posed and validated in [129]. This model describes the dynamics of the microgrid
from a tertiary-level control viewpoint, which means that it is assumed that local
controllers are acting to ensure that each subsystem tracks its operational set-
point determined by the EMS (the proposed AFTCS) withing one hour, which is
the sampling period of the model.

These local controllers are those that regulate the Boilers, Turbines, CHP,
Batteries and so forth (the thirteen subsystems presented in Figure 6.2). These
lower control layers consist on classical PI and PID controllers. These controllers
are not concerned with loss of effectiveness faults (gain decreases). From the
viewpoint of the MPC, each (locally-controlled) subsystem operates as a static
gain between input and output (set-point), meaning that transient dynamics are
not present, just the integration dynamics that derive from balance of energy and
mass relationships.

6.4.2 QP criteria selection

Firstly, Table 6.1 synthesises the general performances obtained with the proposed
AFTCS framework with respect to the adapted selection criteria of the (MHE and
MPC) QPs. This is an important feature to be analysed, because the execution
time of the AFTCS also changes according to the size of the horizons (N, and N,).
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The performance results comprised in this table are measured through the average
Root Mean Square (RMS) index of the demand tracking error, i.e. RMS{z - z,},
where RMS{-} measures the RMS value of the discrete-time variable over the
whole simulation span. The “H_RMS” index measures the RMS value for the
first N,, samples of (z —z,) (inside the horizon). The IAE is a well-known time-
domain index; it measures the integral of the average tracking error, i.e. of (z-z,)
along the simulation (see Appendix D). These results exhibit that, when smaller
horizons are tested, the control strategy forces the convergence of the outputs
to the demands at the first instants, while for larger horizons this condition is
relaxed. Moreover, as expected, the average computational stress increases with
the size of the horizons, since the generated QPs have larger orders. Analysing
the obtained results, it seems that an adequate trade-off seems to be the choice
of N, = N, = 10h, which is coherent with the discussion in [138]. For this reason,
through the sequel, the results consider N, = N, = 10h.

Table 6.1: MHE-MPC performances vs. length of the horizon.

Horizon MHE MPC RMS HRMS IAE
5h 0.0652s 0.0113s 0.3308  0.2440 6.8814
10h 0.1036s 0.0151s 0.3417  0.2205 7.3599
15h 0.1482s 0.0197s 0.3689  0.2791 8.2567
20h 0.1841s 0.0257s 0.3887  0.3422 8.8167
24h 0.1967s 0.0261s 0.4579  0.4120  10.7764

Note that, for all these possible horizon sizes (for both N, and N.), the yielded
QPs were evaluated within 1s (this is the OCE index”). Note that the sampling
period of the process is of a full hour, which means that the computational burden
of the QPs is not an implementation issue. Larger horizons (greater than 24 h)
have also been tested; anyhow, performances were not enhanced. This is coherent
with the average settling period of the considered fault terms, which is smaller

than 10h.

Remark 6.3. Many other horizon values were tested. There are only subtle differ-
ences between the results (indices) achieved with intermediate horizons (between 5
and 10h, 10 and 15h and so on). Therefore, Table 6.1 concatenates the horizons
which presented the best results in terms of the performance indices.

6.4.3 Simulation

The following simulation scenario is considered: a whole month of energy gener-
ation and demand subject to average sun and wind availability, as presented in
[120]. Moreover, as done in [33], faults are emulated to occur in several subsys-
tems, as displays Figure 6.6: Turbine A (6.6a), high-to-middle pressure (HP-MP)
reduction valve (6.6b), CHP (6.6¢) and water chiller (6.6d).

"In an i5-3337U CPU@2.7 GHz (2 Cores) with 8 GB of RAM
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Furthermore, in Figure 6.6, the estimation provided through the MHE optimi-
sation is also shown. Clearly, the estimation results are quite good and effective.
It is important to note that the high slopes in these faults (as well as the con-
comitant occurrence) were chosen to illustrate worst-case conditions and expose
the capacity of the proposed AFTCS method to tolerate such harshness.
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Figure 6.6: Simulated faults: (a) Turbine A; (b) HP-MP pressure reduction valve;
(c) CHP; (d) Water chiller.

It must be reaffirmed that a great advantage of the proposed MHE method
to estimate these loss of effectiveness faults in the subsystems of the considered
microgrid is that it is a unified structured. This MHE optimisation procedure
solves on-line, a single QP to estimate all fault terms on all thirteen subsystems,
which is rather convenient. With respect to the fault estimation scheme proposed
in [33], it can be designed and run with much more ease; the previous technique
requires one state observer for each control variable, i.e. a bank of thirteen ob-
servers, each individually synthesised and tuned. The tuning step for the MHE
scheme is unified and done in a single step, through the weighting matrices ), R
and P.

These four effectiveness losses faults (depicted in Figure 6.6) were chosen to
represent:

(a) an increase of the bearing temperature on turbine A, starting at 20 h;
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(b) from 100h, a gas leakage and partial clogging on hot water flow duct occur
on the CHP unit;

(c) partial clogging in the expansion valve and an increased bearing temperature
of the compressor motor of the water chiller income at 300 h;

(d) at 440 h, a steam leakage, implying a loss of mass flow, occurs in the pressure
reduction valve (HP-MP).

Now, the control results achieved with the proposed AFTCS are given in Fig-
ures 6.7 to 6.9. These figures stand for the total energy generation, the elec-
tric power and cold water production and the two steam demands, respectively.
Therein, FT-MPC (dashed bold line) stands for the proposed AFTCS and, for
comparison goals, sMPC (full blue line) stands for a “standard” MPC, taken from
[138]. This sMPC solves the same MPC optimisation problem, minimising Jy/pc,
but disregards the effect of the faults. Consequently, if no faults occur (A(k) = 1;3)
the operation of both FT-MPC and sMPC would be the equivalent.

Firstly, regarding what Figure 6.7 shows, it must be commented that the DNO
contract is accomplished by controlling both strategies. This can be explained
since the MPC optimisation weights (Qs through ¢,) were chosen so that the most
important goal is to achieve the energy sales contract (as explained, ||Qs||e is the
biggest norm of these weights). Figure 6.7a depicts this fact, where the energy
generation by the green sources® (the same happens with both control strategies,
since these variables are not controllable) is shown together with the energy sold
by the microgrid to the network, when controlled via FT-MPC or sMPC. Then,
Figures 6.7b and 6.7c further detail how this total energy generation is performed
with each strategy, FT-MPC and sMPC, respectively. The energy generation by
the turbines? plays the biggest role with regard to this matter, since the AFTCS
further boosts its generation to account for the losses implied by the faults; it is
the turbine generation that is adapted to produce more energy that is not sold,
needed to sustain internal process, i.e. demand upon z;. The difference between
the strategies grows roughly 1 GW until the end of the month. With both control
strategies, the energy produced in the CHP unit is the same, since this subsystem
is boosted to its maximal production (the set-point SPgyp(k) defined by the
controllers is always saturated), since it is the most energy-efficient subsystem of
the considered microgrid.

It is also important to notice that the slack variable € in the MPC QP allows
to the AFTCS controller overachieve the DNO quota, in the case of sudden (last-
minute) disturbances. Such phenomenon is allowed by the tolerance factor in this
DNO contract, as explained in Section 6.2.2.

8Note that the green sources only provide a small percentage of the entire generation, for
both cases, as expected, regarding the considered scenario, as seen in [120].

9The main subsystem used by the AFTCS to tolerate the faults is the (highly efficiency)
turbine A.
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Figure 6.7: Energy production.

Despite producing the contract energy goal, it occurs that the sMPC strategy,
which has no knowledge of the fault, must sacrifice the accomplishment of the
demands to generate enough energy for sale. This fact is shown through Figures 6.8
and 6.9, which depict the controlled outputs z and the demands z,. This kind of
situation would be unacceptable in practice, since it leads to a disruption on the
ethanol /sugar production line.

Figure 6.8 enlightens that the faults highly disrupt the fulfilment of the electric
power demand, especially due to the gain losses in turbine A - only the AFTCS
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method can overlap this issue, which is quite impressive. Besides, since all sub-
systems are physically interconnected, there is an inherent coupling effect between
the faults (and their estimation) and, thereby, upon the demand compliance (see,
for instance, the fault that occurs on day 18). Evidently, the sMPC does not
comply with these electric power demands already from the second day, when the
turbine A fault occurs. From day 13, a fault occurs on the water chiller, which
also disrupts the cold water demand compliance by the sMPC. With the AFTCS,
this fault is almost unnoticeable (the compensation is quite fast).
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Figure 6.8: Electric energy and cold water flow demand.

With regard to Figure 6.9, it must be noted that the loss of effectiveness
fault in the turbine A directly affects the low pressure steam generation, which is
demanded by the production of sugar and bio-ethanol. Besides, the requirements
of the MP steam is mainly affected by a fault on the reduce pressure HP-MP
valve, because it is the main generation source. It should be noted that the sMPC
controller, having no knowledge of the fault, is unable to reconfigure the steam
generation, and therefore does not achieve the plant demands. To further assess
this fact, Table 6.2 gives the mean values for these four demand curves, and the
mean values of the production with the FT-MPC and sMPC strategy. Clearly,
the average values achieved with the AFTCS are much closer to the expected
amount (perfect compliance). The only moment when the demands are not met
is when the AFTCS is compensating the fault or due to coupling effects between
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the thirteen subsystems.
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Figure 6.9: Steam demands.
Table 6.2: Average demand production.
Electric Power Cold Water MP Steam LP Steam
(MW) (m?h~') (Mgh™) (Mgh™)
Demand 7.19 67.93 91.93 132.93
FT-MPC 7.16 67.68 91.48 133.15
sMPC 5.83 50.37 79.45 127.26

Finally, Figure 6.10 shows the control set-points and the actual outputs of the
faulty systems (whose outputs are corrupted due to the loss of effectiveness faults).
Complementary, Table 6.3 gives the mean values for uy, (k) = A\;(k)u;(k) for the
fault-affected subsystems, before and after a fault occurs.

In this Figure, it becomes clear how the AFTCS (according to the scheduled
faulty process model) increases these set-points so as to find a better way to achieve
the control energy management goals. This change on the control policies is also
clearly seen in the mean values presented in Table 6.3; note that prior to fault
events, the mean values of the control actions with both strategies are roughly the
same. The sMPC method, on the other hand, can do no such fault reconfiguration
mechanism since it does not know the level of faults on the system.
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Table 6.3: Average input data.
AUy AsUs AgUsg AgUg
Hours <20 > 20 <440 >440 | <100 >100 | <300 > 300

FT-MPC | 18694.68 19416.34 | 123.57 83.23 | 2604.79 2405.49 | 73.33 63.66
sMPC 18452.14 18050.87 | 122.54 53.78 | 2610.11 2403.00 | 73.30 34.08

Evidently, as seen and discussed with respect to the above figures and tables,
the proposed AFTCS approach is able to overcome the effect of faults (changing
set-points as soon as faults are estimated), being able to produce the contract
energy goal, at the end of the month, and fulfilling the plant demands throughout
all days. The proposed method is quite strong, residing in solely two QPs. The
tuning parameters are some matricial weights for each QP and no more; there is
no need for harsh design procedures (computing matrix inequalities or non-linear
programs) and the implementation steps are quite direct.

6.5 Conclusion

This chapter presented the issue of controlling and managing a sugarcane plant
based microgrid system that is subject to multiple and simultaneous faults. For
such, an integrated optimisation-based AFTCS was designed to cope with the
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presence of faults, while always attending to the load demands and producing
the defined amount of energy. The presented approach highlights the interest of
the proposed MHE/MPC paradigm for the development of Fault-Tolerant EMSs.
Simulation results show that the proposed scheme can accurately re-adjust the
control law so that effects of faults are mitigated.
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Chapter 7

Conclusions and future works

This final chapter contains a summary of the thesis proposals, a detailed discussion
of the achieved results and a perspective of possibles future research directions.

7.1 Summary

This thesis addressed the problem of analysing and designing control methods to
mitigate, as well as possible, the fault occurrence of actuator and sensor elements
on industrial processes, where the fault presence can lead the system to a degraded
performance, or in worst cases to instability.

To achieve this, firstly, Chapter 1 introduced the reader on the origin and
motivation, as well as the research area state-of-the-art and objectives of this
thesis. Secondly, some existing and basic concepts required by the AFTCS design
were recalled in Chapter 2.

Furthermore, two different model-based approaches were presented on this the-
sis: on the one hand, throughout Chapters 3 to 5 the design of a novel observer-
based FDD module and an innovative QP-based adaptive FTC method were com-
bined to develop a non-linear AFTCS, on the basis of LPV system representation.
A sketched procedure about its application on a non-linear chemical industrial pro-
cess was given. On the other hand, on Chapter 6, an optimisation-based AFTCS
strategy was proposed to develop a tertiary-level EMS, based on a sugarcane dis-
tillery power plant. Where the availability of several renewable energy sources
exposes the capacity of proposed integrated AFTCS to mitigate faults, seeking
maximal profit and increasing sustainability.

Lastly, it is noteworthy that for each studied method a detailed computer-
aided simulation scenario was exhibited. Enabling qualitative and quantitative
discussions about its performance and effectiveness, via graphs and metric indices
respectively.

7.2 Contributions

The main contributions of this thesis are highlighted as follows:

107
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e The development of a novel observer-based FDD strategy for non-linear sys-
tems was presented. The observers design and its stability conditions are
based on terms of LMI.

e An MHE procedure coupled to an MPC formulation was addressed to de-
velop a non-linear predictive controller. Terminal ingredients to guarantee
MPC stability are based on the resolution of off-line LMI problems.

e A model-based AFTCS for non-linear industrial processes was developed.

e An integrated fault-tolerant EMS MPC was addressed. An MHE method is
proposed to estimate both system states and incipient faults on renewable
microgrids.

e Realistic numerical simulation scenarios were presented, showing the effec-
tiveness of each method. Examples of typical chemical industrial processes
are given, as well as a sugarcane industrial microgrid.

e Performance indices were used to demonstrate and quantify the effectiveness
of the proposed methods.

7.3 Future works

The fault-tolerance control system remains an interesting and open research area
involving different fields of knowledge. Accordingly, with respect to the solutions
presented in this thesis remarkable future research topics are:

e The study and development of FDD schemes to achieve simultaneous fault
detection and estimation.

e The research and design of simultaneous integrated AFTCS for non-linear
systems. With the purpose of reducing the undesirable effects introduced by
FDD-FTC interactions.

e Consider the inclusion of parameter-dependent constraints and terminal set
into the MPC design procedure, to obtain a larger domain of attraction.

e Evaluate the economic impacts of stopping subsystems for repairs. Planning
the extension of the plant model knowledge, considering the maintenance
actions, that could allow a more realistic scenario.
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Appendix A

State observer

A.1 Observability

This concept was introduced by Rudolf E. Kalman in [142], and it is related
to the condition of observing or estimating the system state variables from its
outputs, generally measurable. Essentially, a system is completely observable if
every system state variable affects some of its outputs.

In practice, one of the main difficulties in a state feedback control implemen-
tation lies in the fact that the state variables are not accessible by direct mea-
surement, therefore, to construct the corresponding control signals, it becomes
necessary the estimation of non-measurable state variables. Such estimates are
possible if, and only if, the system is completely observable [47, 58].

A state observer estimates the state variables based on the measurements of
the output variables y(t), and on the knowledge of its input variables u(t). If the
state observer captures all system state variables, regardless of whether some are
available for direct measurement, it is called full-order state observer. On the other
hand, if it does not estimate all system state variables, it is called reduced-order
state observer.

DEFINITION A.1 (Observability). Considering an LTI system described by

t(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t) (A1)

where z(t) € R, u(t) € R™ and y(t) € RP are the vector of states, inputs and
outputs, respectively. Moreover, A, B, C' and D are constant matrices of appro-
priate dimensions. The state x(tg) is said to be observable if given any input u(t),
there exists a finite time ty > to, such that the knowledge of u(t) for ty <t < ty,
the matrices A, B, C' and D; and the output y(t) for ty <t < ty, are sufficient
to determine x(to). If every state of the system is observable for a finite ty, the
system is said to be completely observable, or simply, observable [58].

The Definition A.1, is the formal statement of observability. The following
theorem introduces the necessary and sufficient conditions for the system to be
observable.
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Theorem A.1l. For the system described by FEquation (A.1) to be completely
observable, it is necessary and sufficient condition that the observability matrix
O e R has a row rank of n,
C
0= C:A (A.2)
C A1
The condition also refers that the pair (A,C') is observable.

Proof. As generally known, the solution of the Equation (A.1) is
#(t) = (0) + [ A Bu(r)dr,
and consequently, the output is,
y(t) = Cez(0)+ C fot A7) Bu(1)dr + Du(t).

Thus, for observability evaluation purposes, it can be considered that the input
u(t) is null and by means of the Cayley-Hamilton theorem the output is,

n—-1
y(t) = 3 ar(t)C A" (0),
k=0
or,
CA°
CA!
y(t) = [oo(t) ar(t) - ana@®]] T |=(0).
CA"71
Therefore, if all the state variables affect some of its outputs y(¢) (the system
is completely observable) the rank of the matrix

C
o-| €

CAn—l
should be n. O

A.2 Full-order state observer.

Given an LTT system described by the Equation (A.1), and assuming that the
pair (A, C) is observable, it is possible to formulate a full-order state observer,
proposed by Luenberger [86] and depicted in Figure A.1, as:

#(t) = A2(t) + Bu(t) + L(y(t) - Ci(t)) (A.3a)
(1) = Ca(t) (A.3b)
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being Z(t) e y(t) the estimated state vectors and outputs, respectively. On the
other hand, the L matrix corresponds to the feedback gain, to be suitable designed
to achieve the desired observer behaviour. Thus, in the Equation (A.3a), the last
term continuously corrects the difference between the measurable output y(¢) and
its estimation 7(t).

u(t) > B J » C > y(t)

Observer

A 4
1S3
—~
~
=

Figure A.1: Full-order state observer.

As a consequence, from combining the Equations (A.1) and (A.3), and defining
the state estimation error vector e(t) = z(t) — Z(t), the dynamic of the estimation
error is obtained,

e(t) = (A- LO)e(t) (A4)

thus, the matrix (A — LC') determines the error vector dynamic behaviour. Con-
sequently, if this matrix is stable (Hurwitz) the observer is stable, and the error
vector converges asymptotically to zero,

tllglo e(t)=0 (A.5)

from any initial vector e(0).
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Appendix B

Parameterised Jacobian
Linearisation

This technique is one of the most used methodologies to obtain LPV models [60,
143]. Specifically, considering a non-linear system where the following differential
equations govern the system state variables evolution,

(t) = f(x(t),u(t))

y(t) = g(x(t),u(t))
where z(t) € R?, u(t) € R™ and y(t) € RP are the state, input and output vectors,
respectively. Moreover, f(x(t),u(t)) : R*xR™ - R and g(z(t),u(t)) : R* xR™ —
RP are continuous smooth non-linear functions. The PJL technique is used to
build an LPV model from the non-linear system equations. As a consequence, the
arising model is formed by local approximations of the non-linear plant dynamics,
around selected operating points. Therefore, the foundation of this method is the
development of the first-order Taylor series expansion, with respect to the operat-
ing points (Z, @) (see Appendix B.1). Then, the combination of the resulting affine
models compound a polytopic representation of the non-linear plant, not only on
the set of linearisation points, but also on those contained (see Appendix B.3).

(B.1)

B.1 Taylor series expansion

DEFINITION B.1 (Taylor series). Let be f(x) an analytic function defined on the
open disk |x — xo| < Ry (centred at xy with radio Ry) in C. Then, f(x) admits
power series representation as:

f(x) = i an(z-20)"  (jz- 0] < Ro).

where

RICD (
n!

Thus, this power series representation is known as Taylor series expansion of n-

order from the function f(x) on the open disk |v — x| < Ry centred at xo. The

special case xg =0, is also called MacLaurin series.

n=0,1, 2, ...).

Qn
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B.2 Linearisation of non-linear systems

Based on the first-order Taylor series expansion (Definition B.1) and being (Z,u)
a fixed point. Therefore, the matrices A € R B e R»™m (' e RP*™ and D e Rp™m
are defined by:

N Gf(x(;l L0 CORTGIN
SR CIORTO P TGOS GI

Accordingly, the non-linear system from Equation (B.1) results in the following
related system:

(t) = Ax(t) + Bu(t) + A, B9

y(t) = Cx(t) + Du(t) + A, (B2)
where A, = f(Z,u) - (AT + Bu) and A, = g(Z,u) - (CZ + Du). Note that, when
the fixed point (Z, u) corresponds with an equilibrium, the system from Equa-
tion (B.2) is linear. That is, A, = 0 and A, = 0. Lastly, it is also noted that
the Taylor series expansion transforms non-linear terms, not related to vectors of
inputs and states, into terms related to any of them.

B.3 Weighting functions

As previous sections stated, it is possible to represent, a non-linear system through
an LPV model, using the PJL technique. For that, firstly a variable parameter
vector ((t) € RY must be defined, on which the system matrices depend. Secondly,
the number of linearisation points per parameter L is adopted. It is important
to note that the N and L dimension are closely related to the non-linear model
representation capacity. That is, the amount of affine models need to proper
represent the non-linear system through an LPV model, is M = LV,

As an example, the development of weighting functions with dimensions N = 2
and L = 3 is presented. Thus, the L linearisation points per parameter are selected,

pi1 =min{¢;(?)}, pj2 = mid{¢;(?)}, pi3 =max{(;(t)}.
being j € Zi.y. Then, the membership functions for each parameter are obtained,

My (G0) = 250 A 0) = 250 () = S

P52 = P51 3,1~ P33 P53 = P52

Following, the M weighting functions corresponding to each affine model are de-
fined as,

Prsr-1)(C(2)) = My (Ci(t)) Mok (Ca(2)), with kAl€Zy.r.
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Lastly, the polytopic LPV model is obtained,

2(t) = ) pa (C(4)) {As(t) + Biu(t) + Aw;}
=t (B.3)

y(t) = ; i (C()) {Ciz(t) + Diu(t) + Ay}

where A,, = f(x;,u;) — (Aix; + Bu;) and Ay, = g(x;,w;) — (Cz; + Du;). More-
over, the variable indicated with a subscript ¢ corresponds to its value at the i-th
linearisation point, being i € Zj.p;.
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Appendix C

Linear Matrix Inequalities

C.1 Introduction

Historically, the first LMI appeared in 1982, when the Russian mathematician
Aleksandr Lyapunov presented his doctoral dissertation, titled: “General Prob-
lem of the Stability of Motion”'. There, the main theoretical basis of almost all
controller design was introduced. Being this the well-known Lyapunov stability
theory [66, 65]. Specifically,

DEFINITION C.1. Considering an autonomous continuous-time LTI system
(t) = Az(t) (C.1)

with x(t) € R™ and A e R, [t is said to be asymptotically stable if and only if
there exists a positive definite matriz P such that the following Lyapunov equation
holds:

ATP+PA<O (C.2)

The requirement P > 0, ATP + PA <0 is usually called as Lyapunov inequality
on P, which is a special form of an LMI. Lyapunov also showed that this LMI
could be explicitly solved. Indeed, it is possible to choose any @ = Q7 > 0 and then
solve the linear equation A”P + PA = —() for the matrix P, which is guaranteed
to be positive-definite if the system from Equation (C.1) is stable.

C.2 LMI regions

The concept of LMI region is also useful to formulate pole placement problems in
terms of LMI, which can be solved efficiently using many existing software.

DEFINITION C.2. Let D be a region on the complex plane. If there exist matrices
L=LT e R™™ qnd M € R™*™ such that:

D={s|seC:L+sM+35M" <0}, (C.3)

ITranslated from Russian
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then D is called LMI region and it is usually denoted by Dy, ary. Moreover, fp(s) =
L+ sM +35M7?2 is called characteristic function of the LMI region Dy -

The following proposition reveals a fundamental property of LMI regions.
Proposition 1. An LMI region is convexr and symmetric about the real azis.

Proof. The symmetry property is obvious. To show the convexity, two points
S1,89 € D are arbitrarily chosen,

s*=0s1+ (1-0)ss, 0<O<1.
Therefore, it has
L+siM+35MT <0, and L+s,M+35MT<0.
Using this relationship it is derived in,

L+sM+5M'=L+(0s,+(1-0)sy)M+ (05, +(1-0)5)MT
=L+0s,M+05M7 +(1-0)s5M + (1-0)5,M7
=0(L+s1M+5M")+(1-0)L +s,M +35,M"
<0, VO<h<.

Showing the convexity of the set D in the Equation (C.3). O

The LMI regions are quite general since its closure is the set of symmetrical
convex regions with respect to the real axis. Indeed, LMI regions include relevant
regions such as disks, cones, strips, etc., as well as any intersections of the above.

Examples

As the Definition C.2 states, an LMI region is a complex-plane region characterised
by a function of s and 5. To illustrate this concept consider the following three
complex-plane regions, depicted in Figure C.1.

tR(s) 1R (s) WR(s)
: ! / \ 0.
R(s) o4 R(s) 1 R
| —a T v
(a) Half-plane. (b) Disk centred at (—-g,0) (c) Cone centred at the ori-
with radius r. gin, with inner angle 6.

Figure C.1: LMI regions.

25 denotes the complex conjugate of s.
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Firstly, the complex-plane region from the Figure C.1a represented by
D, ={x+wy | z<-a<0},
is an LMI region because
D,={x+wy | x<-a}
= {s[R(s) <-a}
1
={S | §(s+§)<—a},
that is, D, is an LMI region with L = 2a and M = 1. Thus, the characteristic
function results
fo,(8) =2a+s+35.
Secondly, the complex-plane region from the Figure C.1b given by
Dyr={x+wy | (z+q)*+y*<r?},
is also an LMI region because
Dyr={z+w | (z+q)*+y*<r?}
={s|(s+q)(5+q) <r?}

[_—r s+q]<0}
s+q -r
T
-r q 0 11 _{o 1
[q —r]+8[0 O]+8[0 0 <0},

that is, D, is an LMI region with

o[ o) e

Lastly, the complex-plane region from the Figure C.1c performed by

Dy ={x+wy | |y| < —ztanb},
with 0 <6 < 7, is an LMI region. In fact,
Do ={x+1y | |y| < —ztanb}
={{z+w|y* <2’tan’d, ztand <0}

= {x+zy | y2cos? 0 < 22sin?6, xsind < 0}
B rsinf  wycosh
B {m e l—zycosG xsin@] < 0}

_ {3 l (s+35)sinf Z(S—E)COS@] <0}

(-s+5)cosf (s+35)sinf

sind@ cos® e sin 0 COSHT<0
5 —cosf sind 5 —cosf sinf ’




122 APPENDIX C. LINEAR MATRIX INEQUALITIES

that is, Dy is an LMI region with
sinf  cosf
L=0, M_[—cosﬁ Sin@]'
C.3 Schur complement

Convex quadratic inequalities are converted to LMI form using Schur comple-
ments.

DEFINITION C.3. Let Q(x) = Q(x)T, R(x) = R(x)T, and S(x) depend affinely on
x. Then the LMI

[g(%)T zg))] >0 (C.4)
is equivalent to the matriz inequality
R(z) >0, Q(z) - S(z)R(x)S(z)" >0 (C.5)
or equivalently,
O(x) >0, R(z) - S(2)TQ(z)""S(z) > 0. (C.6)

In other words, the set of non-linear inequalities from Equations (C.5) and (C.6)
can be represented as the LMI of the Equation (C.4).



Appendix D

Performance Indices

The design of modern control systems requires a metric to evaluate its perfor-
mance. Accordingly, the error and the time at which it occurs are the valuable
factors to be considered. Thus, a performance index is a single measure of a sys-
tem’s performance that emphasises those characteristics of the response that are
deemed to be important. In short, a performance index is a quantitative measure
of the performance of a system and it is chosen so that emphasis is given to the
important system specifications. Some of the most important indices are listed
below:
e Integral Absolute Error (TAE)

IAE - f " le(t)|dt,
0

Integral of Squared Error (ISE)

ISE = foo e(t)dt,
0

Root Mean Square (RMS)

RMSz\/%(e(k:+1)2+e(k:+2)2+...+e(k;+n)2),

Total Variance (TV)

TV =) [u(k)] = 3 [u(k) - u(k - 1),
On-line Computational Effort (OCE)

elapsed time

T, 100%.

OCE =

123
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