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Summary

Keywords: Algebro-differential systems, LPV systems, Generalized dynamic observer, Adaptive
observer Lipschitz nonlinearities

In this thesis, the design of observers for nonlinear algebro-differential parameter-varying sys-
tems and their applications in fault estimation and parameter estimation are studied. Nonlinear
algebro-differential parameter-varying systems allow the preservation of nonlinearities and a better
understanding of the equations involved in the analyzed model, as well as a broader operating range.

The observer implemented in this work is known as the generalized dynamic observer (GDO). The
core concept involves incorporating dynamics structure to augment its degrees of freedom, with
the goal of achieving accuracy in steady-state and improve robustness in estimation error against
disturbances and uncertainties in parameters.

The main idea is to use the advantages of this generalized structure for designing various method-
ologies in nonlinear algebro-differential parameter-varying systems, thus creating a more general
framework than those documented in the literature.

Different estimation algorithms are presented to obtain diverse observer structures. The asymptotic
stability of the observers is analyzed through Lyapunov analysis using Linear Matrix Inequalities
(LMI), and the elimination lemma, which is employed to transform these LMIs while preserving
the generalized structure of the observers

Finally, the performance of the presented observers is evaluated through some engineering appli-
cations to illustrate the effectiveness of the proposed approaches.



Resumen

Palabras clave: Sistemas algebro-diferenciales, Sistemas LPV, Observador dindmico general-
izado, Observador adaptable, No linealidades Lipschitz

En esta tesis, se estudia el diseno de observadores para sistemas algebro-diferenciales no lineales con
parametros variables y sus aplicaciones en la estimacion de fallas y la estimacion de parametros.
Los sistemas algebro-diferenciales no lineales con parametros variable permiten la preservacion de
las no linealidades y una mejor comprension de las ecuaciones involucradas en el modelo analizado,
asi como un rango de operacién mas amplio.

El observador implementado en este trabajo se conoce como observador dindmico generalizado
(GDO). El concepto central consiste en incorporar una estructura dindmica para aumentar sus
grados de libertad, con el fin de lograr una precision en estado estacionario y mejorar la robustez
frente a errores de estimacién debido a perturbaciones e incertidumbres parametricas

La idea principal es aprovechar las ventajas de esta estructura generalizada para disenar diversas
metodologias en sistemas algebro-diferenciales no lineales con parametros variable, creando asi un
marco méas general que el documentado en la literatura.

Se presentan varios algoritmos de estimacion destinados a crear diversas estructuras de obser-
vadores. La estabilidad asintética de los observadores se analiza a través del analisis de Lyapunov
utilizando desigualdades matriciales lineales (LMIs), y se utiliza el lema de eliminacién para trans-
formar estas LMIs preservando la estructura generalizada de los observadores.

Por 1ltimo, se evalia el rendimiento de los observadores presentados a través de algunas aplica-
ciones en ingenieria, con el fin de ilustrar el desempefio de los enfoques propuestos.
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Notation and acronyms

Sets and norms

R Set of all real numbers.

NG Set of n-dimensional real matrices.
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C, Complex half-plane open to the right
|al The absolute value of scalar a.
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Chapter 1

General introduction

1.1 Context of the thesis

This report presents the results of the research thesis titled “Observers design for algebro-differential
parameter varying systems”. These results involve proposing a new observer structure for the esti-
mation of state variables and faults for a class of nonlinear algebro-differential parameter-varying
(S-NLPV) systems, and consequently, a structure of adaptive observers for a joint estimation of
state and parameters for the same class of systems.

On the other hand, this research is carried out in collaboration between the National Center for
Research and Technological Development (CENIDET) and the Research Center for Automatic
Control of Nancy (CRAN) at Lorraine University.

1.2 Problem formulation

Based on the literature review, it was possible to identify some common problems and trends
addressed in the literature, relying on the linear parameter-varying (LPV) polytopic approach and
algebro-differential systems. However, there is an extensive literature on the design of observers
for state, parameters and fault estimation in LPV systems and algebro-differential systems. Nev-
ertheless, these cases could have some restrictions:

« In many practical cases, maintaining a nonlinear structure instead of reducing to a linear one
can be more appropriate, and may lead to less conservativeness and over-approximation.

o Typically, the approaches to observer design presented in the literature are addressed through
specific or limited structures.

These issues are still open problems and a possible contribution was found based on the following
nonlinear algebro-differential parameter-varying systems:



k

Ei(t) = Em(ﬂ(t))[f‘lﬂ(t)ﬂLBm(t)] +Df(t, Frr) (1.1)
y(t) = > milp®))[Ciz(t) + Diu(t)] (1.2)

i=1

where x(t) € R" is the state vector, u(t) € R™ is the known input, y(¢) € RP is the measure-
ment output vector. Matrices A; € R™" B, € R, (C; € RP*" and D; € RP*" are known
constant matrices and f(t, Frz) represents a nonlinearity that satisfies the Lipschitz constrain
Al < M|Fr(z1 — z2)|| where Ay = f(t, Fra1) — f(t, Fraa), A represents a known Lipschitz
constant, while F7, is a real matrix of suitable dimensions.

Let rank(E) = r < nand E+ € R¥" be a full row matrix such that EXE = 0, in this case s = n—r-.

Considering y;(p(t)) as membership functions constructed with predefined variant parametersp(t) €
R!. The membership functions have the following properties:

k

dowlp(t) =1, pilp(t) >0, (1.3)

i=1
for 4 ranging from 1 to k, where k = 2!, representing the number of vertices in the polytope.

Most mathematical models inherently incorporate complex nonlinearities within their structure.
The nonlinear function f(t, Fyz) allows retaining the complete information of the original model in
addition to the known advantages brought by the use of the LPV approach and algebro-differential
systems.




1.3 Objectives of the thesis

1.3.1 General objective

Simultaneously estimate the state variables and non-measurable variable parameters in algebro-
differential systems by designing an adaptive observer of unknown inputs using the variable pa-
rameter nonlinear systems approach.

1.3.2 Specific objectives

« Estimate non-measurable state variables in algebro-diferential systems using the nonlinear
parameter-varying approach.

o Simultaneously estimate state variables and unknown inputs in algebro-diferential systems
using the nonlinear parameter-varying approach.

o Design an adaptive observer of unknown inputs for the estimation of state variables with
non-measurable parameters in nonlinear algebro-differential parameter-varying approach.

1.4 Justification

The precise estimation of state variables in nonlinear systems is crucial for achieving efficient con-
trol and monitoring in various control applications. Nevertheless, the use of nonlinear approaches
for different control techniques poses significant challenges due to its inherent complexity.

In the last decades, the LPV framework has proved to be suitable for addressing nonlinear control
problems, since many nonlinearities can be “embedded” in the varying parameters, thus trans-
forming the nonlinear system into an equivalent quasi-LPV representation. However, in many
cases, maintaining a nonlinear structure instead of reducing to a linear one can be more appro-
priate, and may lead to less conservativeness and over-approximation (Sename and Rotondo, 2021).

The nonlinear parameter-varying (NLPV) systems are capable to maintain certain nonlinearities
of the original nonlinear system, which has been a positive topic trend in new research. On the
other hand, algebro-differential systems (known as generalized, singular, or descriptor systems) are
a special class of systems governed by both dynamic and algebro equations and can represent a
broader range of systems such as electrical circuits, biological systems, mechanics, and chemical
processes, among others (Zhang et al., 2019).

This research aims to contribute to the design of observers for state estimation, faults with un-
known inputs, and unknown parameters in nonlinear algebra-differential parameter-varying sys-
tems. There is a vast literature on these topics, but there are still issues that have not been
addressed.




1.5 Outline of the thesis

The following chapters are organized as shown below:

In Chapter 2, an updated bibliographic review is presented for LPV and NLPV systems, algebro-
differential systems, and adaptable observers. This is done to highlight the opportunity gap ad-
dressed in this thesis work.

In Chapter 3, fundamental concepts are presented regarding algebro-differential systems, LPV,
and quasi-LPV. Their classification, examples, and important properties for this type of systems
are discussed. Subsequently, observers for algebro-differential systems, LPV, adaptable observers,
and unknown input observers are introduced.

In Chapter 4, a generalized dynamic observer is introduced for nonlinear algebro-differential sys-
tems with parameter-varying to estimate state variables. Sufficient conditions for the existence
of the observer which guarantee stability regarding Linear Matrix Inequalities constraints using
the Lyapunov stability theory are given. The approach presented includes the proportional and
proportional-integral observer as particular cases and allows some robustness concerning uncertain-
ties and modelling errors and its steady state accuracy. A rolling disc model is given to illustrate
our results.

In Chapter 5, the design and analysis of a generalized observer for the simultaneous estimation
of state variables and unknown inputs are conducted for nonlinear algebro-differential parameter-
varying systems. Also, the design of a generalized learning observer (GLO) structure for the
simultaneous estimation of variable states and actuator faults is presented for the same class of
systems. The generalized observer structure allows robustness and steady state accuracy in simu-
lation. The conditions of existence and stability are given in terms of LMIs. The obtained results
are illustrated on the heat exchanger with two countercurrent cells model with unknown inputs.

In Chapter 6, an adaptive observer design is presented for the simultaneous estimation of system
parameters and state variables for a class of linear algebro-differential systems. Also, an observer
for simultaneous estimation of parameters and state variables for a category of algebro-differential
linear parameter-varying (S-LPV) systems by employing a generalized adaptive observer is pre-
sented. Sufficient conditions for the existence of the observer, ensuring stability with respect to
Linear Matrix Inequalities (LMIs) constraints, are provided. The methodology presented is a gen-
eralization of proportional and proportional-integral observers and It allows for robustness with
respect to uncertainties and modeling errors, as well as steady-state accuracy. A numerical exam-
ple is given to illustrate our results.

Finally, in Chapter 7, some concluding remarks of this research work are presented and some
perspectives for the future work are discussed.




Chapter 2
Bibliography review

In this section, an updated and detailed bibliographic review of various crucial topics for the
thesis is conducted. The importance of each topic is explored, its current trends are analyzed,
and future developments are projected. The review contextualizes the research, identifies essential
connections, and highlights areas of academic focus. This analysis not only provides background
but also points towards possible future directions in the field.

2.1 Analysis for LPV and NLPYV observers

The LPV methodology has been widely used in recent years. Numerous researchers have studied
this methodology because many physical systems can be modeled as LPV systems. This allows

reducing the complexity of the analysis, as many of the well-established techniques used in linear
systems can be extended to LPV systems (Abdullah and Zribi, 2009).

In many control applications, have knowledge of all the state variables is necessary, although this
is not always possible. Almost two decades ago, LPV techniques emerged as an efficient solution
to address a wide operating range without the need for discretization. They provide reliability
in terms of stability and performance in the face of parameter variations, standing out for their
operational simplicity (Mohammadpour and Scherer, 2012). In previous years, the principles of
observer design for LPV systems have been established. First introduced by Shamma (1988),
followed by some relevant works such as in G. Iulia Bara and Ragot (2001); Astorga-Zaragoza
et al. (2011); Estrada et al. (2015b); Pérez Estrada et al. (2017).

LPV observers

Several relevant works in more recent years have conducted significant studies on the observer
designs of LPV systems. Oliveira and Pereira (2019) presents an unknown input proportional-
integral observer (UIO) that makes use of an explicit integration term for discrete LPV systems.
In Agulhari and Lacerda (2019), conditions for the observer-based control problem for LPV pe-
riodic discrete-time systems are presented, and an H., guaranteed cost has been employed to
provide robustness against external noises. A polytopic LPV observer is designed to estimate the
damper force by utilizing the dynamic nonlinear model of the electrorheological (ER) damper in
a quarter-car system. The system is represented in LPV form, considering a phenomenological

5



model of the damper presented in Pham et al. (2019). In Diaz et al. (2021), an observer design
for discrete time-varying descriptor systems is presented. It is assumed that the dynamical system
matrix is a function of time-varying parameters that are not precisely known.

Reference Yang et al. (2020) presents an augmented LPV observer for the high-precision state
estimation and fault reconstruction of proton exchange membrane fuel cell (PEMFC) air man-
agement system. In Fouka et al. (2021) a Quasi-LPV Luenberger interconnected fuzzy observer
(QLIF) synthesis for simultaneous estimation of the lateral and longitudinal vehicle dynamics. The
outlined observer is designed considering Quasi-LPV vehicle interconnected model taking into ac-
count real con- straints such as the variations in the immeasurable longitudinal and lateral speed,
non-linearities of steering angle and the tire slip velocities during the interconnected-sub observers
design. Reference Lamouchi et al. (2022) presents a LMIs formulation to design an active fault
tolerant control for polytopic uncertain LPV systems subject to uncertainties and actuator faults.

NLPV observers

It has been shown that in many instances, maintaining a nonlinear structure instead of reducing it
to a linear one can be more appropriate and may lead to less conservatism and over-approximation
Sename and Rotondo (2021). The nonlinear Parameter Varying systems are capable to maintain
certain nonlinearities of the original nonlinear system, which has been a positive topic trend in new
research. In Hassan et al. (2014), the autors consider the design of an observer-based controller
for time-delay systems with Lipschitz nonlinearities. A nonlinear observer design of a diesel engine
model is presented in Boulkroune et al. (2015), the observer is developed for a general class of
nonlinear systems with a locally or globally bounded Jacobian.

The robust full-order and reduced-order observers design for LPV systems with one-sided Lips-
chitz nonlinearities and disturbances are addressed in Abdullah and Qasem (2019). In Pham et al.
(2021) two NLPV classical observers were presented to estimate the damper force, utilizing a dy-
namic nonlinear model. In Zhu et al. (2022), the disturbance observer-based controller (DOBC)
design problem for a class of uncertain NPV systems subject to unknown uncertainty and un-
measurable state variables has been investigated. Reference Zhang and Liu (2022) introduces the
set-membership estimation problem in the context of discrete NLPV. Additionally, a sufficient con-
dition for set-membership estimation is derived, taking into consideration unknown-but-bounded
(UBB) noise.

Algebro-differential observers

Due to the fact that the algebro-differential system can represent a wider range of systems, such
as electrical circuits, biological systems, mechanics, and chemical processes, among others complex
systems, several works have been carried out in recent years Zhang et al. (2019). A generalized
dynamic observer for descriptor systems is synthesized to perform a convergent estimation of actu-
ator faults is presented in Osorio-Gordillo et al. (2018). Reference Rios-Ruiz et al. (2019) presents
a finite-time convergent functional dynamical observer design for descriptor systems applied to the
sensor and actuator faults detection and estimation. An interval observer (1O) for discrete-time
descriptor systems with uncertainties is presented in Liu et al. (2023).




Authors in Do et al. (2020) present a H, observer with parameter-dependent stability to attenuate
the disturbance impact on estimation error for singular LPV systems (S-LPV). In reference Zhang
et al. (2023) is presented a sliding mode observer (SMO) design method to estimate the states and
unknown inputs (Uls) in a class of non-infinitely observable (NIO) descriptor systems that contain
Uls in both the state and output equations. In Zetina-Rios et al. (2023) a GDO for descriptor
nonlinear parameter varying systems is presented to deal with state estimation in a rolling disc

Adaptive observers

Since adaptive observers are capable of estimating the vector of state variables and unknown
parameters, significant work has been carried out in recent years to address these issues. In the
literature, two primary approaches have been developed for the design of adaptive observers. These
approaches are essentially grounded on the following principles:

1. The unknown parameter vector is inferred from the stability analysis of a state observer,
and the convergence property of the parameter error is achieved through the persistence of
excitation-type constraint. Consequently, a parameter adaptation law is proposed

2. Through an augmented system for which the adaptive observer design is elaborated. In this
case, the system dynamics are augmented with the dynamics of its unknown parameters.

For the first case, relevant works have been presented in recent years. Reference Gaudio et al.
(2021) introduces a parameter estimation algorithm for the adaptive control of a class of time-
varying plants with a matrix of time-varying learning rates. This approach enables parameter
estimation error trajectories to converge exponentially fast towards a compact set whenever ex-
citation conditions are satisfied. An adaptive neural network (NN) optimized output-feedback
control problem is studied for a class of stochastic nonlinear systems with unknown nonlinear dy-
namics, input saturation, and state constraints is presented in Li et al. (2022). In reference Alma
et al. (2023) presents the adaptive observer design for a class of nonlinear descriptor systems for
simultaneous estimation of the system states and its parameters.

For the second case, innovative works have been recorded in recent years. In Chen et al. (2019),
the problem of fault observer design is investigated for Markovian jump systems with simultane-
ous time-varying actuator efficiency factors, as well as additive faults in actuators and sensors.
Reference Zhang et al. (2020) proposes a state augmentation approach to achieve interval fault es-
timation for descriptor systems with unknown but bounded disturbances and measurement noises.
A Fast Adaptive Unknown Input Observer (FAUIO) is proposed in Gao et al. (2022) to enhance
the fault estimation performance of the system.

2.2 Conclusion

After reviewing and analyzing the literature, it is evident that the design of observers for LPV
systems has been extensively explored, as indicated in Table 2.1. Subsequently, an extension
to algebro-differential systems is presented. However, there exists an implementation gap in the
development of methodologies for algebraic-differential NLPV systems. This is due to the fact that
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maintaining nonlinearities along with the aforementioned methodologies expands the knowledge
spectrum of the original model and reduces conservatism for the application of more complex
and precise control techniques. Additionally, it is possible to consider methodologies for fault
estimation and unknown inputs applied to this type of systems. Furthermore, the application of
adaptable observers allows for the proper estimation of unknown system parameters. An important
contribution in this thesis work is the design of adaptable observers applied to this type of systems.

Table 2.1. Bibliography review table

LPYV observers

Reference Observer System Description
Makes use of an explicit
Oliveira and Pereira (2019) UIO Discrete LPV integration term for
discrete LPV systems.
Agulhari and Lacerda (2019) Hyo Discrete LPV Provide robustness

against external noises.

Yang et al. (2020)

Augmented LPV

PEMFC

Presents a high-precision
state estimation and
fault reconstruction

An affine parameter-dependent

Diaz et al. (2021) Classical Discrete time-varying descriptor Lyapunov function is considered
to ensure the error convergence
Simultaneous estimation
Fouka et al. (2021) QLIF Quasi-LPV of the lateral and

longitudinal vehicle dynamics

NLPV

observers

Hassan et al. (2014)

Observer-based controller

Time-delay systems

For state estimation

Boulkroune et al. (2015)

Nonlinear

NLPV systems

Developed for a general
class of nonlinear systems
with a locally or globally

bounded Jacobian

Abdullah and Qasem (2019)

Full and reduced-order observers

NLPV systems

One-sided Lipschitz nonlinearities
class of nonlinear systems
and disturbances are addressed

Pham et al. (2021)

Clasical observers

NLPV systems

Estimate the damper force

Zhu et al. (2022)

Observer-based controller

NPV systems

Unknown uncertainty and
unmeasurable state variables

Algebro-diffe

rential observers

Osorio-Gordillo et al. (2018)

GDO

Descriptor systems

Convergent estimation of
actuator faults is presented

Rios-Ruiz et al. (2019)

Functional dynamical

Descriptor systems

actuator faults detection
and estimation

Do et al. (2020)

Hoo

Descriptor systems

Presents an observer with
parameter-dependent stability

Liu et al. (2023)

Interval observer

Discrete systems

Estimation of uncertainties

Zhang et al. (2023)

Sliding mode

Descriptor systems

Is a method to estimate
the states and unknown inputs




Chapter 3

Theoretical framework

The present chapter is dedicated to the description of different concepts and definitions about
algebro-differential systems, LPV systems and observers.

In Section 3.1, algebra-differential systems are described, along with the mathematical derivation
of some examples. In Section 3.2, LPV systems and their representation are addressed. Likewise,
quasi-LPV systems and NLPV Systems are defined. Finally, in Section 3.3, definitions of observers
are presented, along with some types of observers reported in the literature.

3.1 Algebro-differential systems

The state space approach was developed in the late 1950s and early 1960s. This approach offers
significant advantages as it provides an efficient method for the analysis and synthesis of control
systems. Additionally, it offers a deeper understanding of the various properties of systems.

State space models of systems are primarily obtained using the state space variable method. To
obtain a state space model of a practical system, it is necessary to select some physical variables
such as speed, weight, temperature, or acceleration, which are sufficient to characterize the system.

Then, by the physical relationships among the variables or through model identification techniques,
a set of equations can be established. Typically, this set of equations consists of differential and/or
algebraic equations, forming the mathematical model of the system. By properly defining a state
vector z(t) and an input vector u(t), composed of the physical variables of the system, and an
output vector y(t), whose elements are appropriately chosen measurable variables of the system,
this set of equations can be organized into two equations. One of them is the so-called state
equation, which follows the general form:

f(x',x(t),u(t),y(t),t) =0, (31>

and the other is the output equation, or the observation equation, which is in the form of

g(x(t), u(t),y(t),t) =0, (3.2)



where f and g are linear vector functions of appropriate dimensions with respect to &(t), x(t), u(t),
y(t) and t. Equations (3.1) and (3.2) give the state space representation for a general nonlinear
dynamical system.

The following equation describes a special form of (3.1) and (3.2)

Ei(t) = Az(t) + Bu(t)

3.3

y(t) = Cx(t) + Du(t) (3:3)

where z(t) € R” is the state vector, u(t) € R™ is the known input, y(t) € R? is the measurement

output vector. Matrix £ € R™"™ could be singular. A € R™" B € R (C € RP*" and
D € RP*™ are real matrices.

3.1.1 Examples of algebro-differential systems

Algebro-differential systems appear in many fields, such as power systems, electrical networks,
aerospace engineering, chemical processes, social economic systems, network analysis, biological
systems, time-series analysis, and so on. In this section, some examples of descriptor systems are
presented, from which readers can indeed see the existence of descriptor linear systems in our real
world.

Electrical circuit Systems

Numerous electrical circuit systems can be characterized using descriptor linear systems.

Example 1. (Dai, 1987) Consider a simple circuit network as shown in Figure 3.1, where R, L
and C stand for the resistor, inductor, and capacity, respectively, and their voltages are denoted
by Vr(t), VL(t), Ve(t) respectively. Vs(t) is the voltage source which is taken as the control input.
I(t) is the current total in the circuit. Following basic circuit theory and the Kirchoff’s law (Smith
and Dorf, 1992), we have the following equations, which describe the system.:

LI(t) = Vi(t), (3.4)

Velt) = 1), (35

RiI(t) Vri(t), (3.6)

RyI(t) = Vgo(t), (3.7)

Vi(t) +Ve(t) + Ve(t) = Vs(t). (3.8)
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Fig. 3.1. A single-loop circuit network.

Realizing the change of variable
x1(t) = I(t), xo(t) = VL(t), x3(t) = V.(t), x4(t) = Vgi(t) and x5(t) = Vra(t)

Equations (3.4)—(3.8), with the change of variable taken into account, can be written in the follow-
ing descriptor linear system form:

(3.9)
y(t) = Cx(t),
L 0O0O0O0 21 (t) '(1)1000' 0
00100 5(t) ~ 0000 0
with E=10 0 0 0 0], 2(t) = |z3(t)], A= _%1 001 o.B=|0]
00100 3(t)
C=10 0 0 1 0| andy = |x4(t)].
00001 ws()

Where the rank(E) = 7 < n, and let B+ € R**" be a full row matrix such that E+F = 0. In this
case, s = n — r, resulting in a singular matrix.

Mechanical systems

Example 2. Constrained linear mechanical systems can be described as follows:

MZ(t)+ Dz(t) + Kz(t) = Lf(t)+ Ju(t), (3.10)
Gz(t)+ Hz(t) = 0, (3.11)
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where z(t) € R™ is the displacement vector, f(t) € R" is the vector of known input forces, u(t) € R?
is the vector of Lagrangian multipliers, M is the inertial matriz, which is usually symmetric and
positive definite, D is the damping and gyroscopic matriz, K is the stiffness and circulator matriz,
L is the force distribution matriz, J is the Jacobian of the constraint equation, G and H are
the coefficient matrices of the constraint equation. All matrices in (3.10)—(3.11) are known and
constant ones of appropriate dimensions.

FEquation (3.10) is the dynamical equation, while (3.11) is the constraint equation. Assume that a
linear combination of displacements and velocities is measurable, then, the output equation is of
the form

y(t) = Cuz(t) + Coi(t), (3.12)

where C,, C,, € R™*". By further choosing the state vector and the input vector as

2(t) = | 2(t)| and u(t) = f(2),

p(t)
I 0 0
respectively, then the above (3.10)-(3.12) can be written as (3.9) with E = |0 M 0],
0 0 0
0 I 0 0
A=|-K =D J|,B=|L|,C=[C, C, 0] andy = [Cpu:s(t) + Coa(t)].
H G 0 0

Where the rank(E) = r < n, and let E+ € R*" be a full row matriz such that E-E = 0. In this
case, s =n —r, resulting in a singular matriz.

3.1.2 Algebro-differential system properties

Definition 1. (Yip and Sincovec, 1981): The regularity property in descriptor systems ensures
the existence and uniqueness of solutions. System (3.3) is considered reqular if there exists a
constant scalar s € C such that

det(sE— A) #0 (3.13)

or equivalently, the polynomial det(sE — A) is not identically zero. In this context, we also refer
to the pair (E, A) or the matriz pencil sE — A is regular.

Definition 2. (Duan, 2010): A descriptor linear system (3.3) is deemed impulse-free if, when
starting from any arbitrary initial value, its state response lacks impulse terms.

E 0
rank [A E] =n+rank(E) (3.14)
Definition 3. The pair (E,A) of system (3.3) is said to be admissible if it is regular,
impulse-free, and stable.
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The following condition of system (1.2) is a generalization of the impulse observability

E A
rank |0 C| =rank(E) +n, (3.15)
0 K

Impulsive terms are not desirable since they can saturate the state response. Impulse-observability
(I-observability) guarantees the ability to estimate impulse terms given by the algebraic equations.

Definition 4. The ability to reconstruct only the reachable state from the output data is charac-
terized by the Reachable-observability (R-observability).
The algebro-differential system of system (1.2) is R-observable if and only if

sk — A

rank [ c

] =n,Vs € C, s finite.

3.1.3 LPYV systems

Linear parameter-varying (LPV) systems represent a fundamental class of dynamic systems that
play a crucial role in a wide range of applications. These systems offer the flexibility to adapt to
changes in the environment or operating conditions, making them a valuable tool in fields ranging
from control engineering and robotics to aeronautics and biology.

The framework LPV systems concerns linear dynamical systems whose state-space representations
depend on exogenous non-stationary parameters, as in

(3.16)

where wu(t) is the input, x(t) is the state variable, y(t) is the output, and 6(t) is an exogenous
parameter that can be time-dependent.

The terminology “linear parameter-varying” was introduced in Shamma (1988) to distinguish LPV
systems from both LTI (linear time-invariant) and LTV (linear time-varying) systems. The dis-
tinction from LTT systems is clear in that LPV systems are non-stationary. The distinction from
LTV systems is less evident, given that for any trajectory of the parameter 6(-), the dynamics
of (3.16) constitute a linear time-varying system. Instead, LPV systems are set apart from LTV
systems by the perspective adopted in both analysis and synthesis.

3.1.4 Representation of LPV systems

An LPV system can be categorized into different groups depending on the role of parameters in
the system equations. Essentially, there are three comprehensive formulations for LPV systems.
(Briat, 2014):

e Polytopic formulation.
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o Parameter-dependent formulation.
« Formulation for a Linear fractional transformation (LFT).

In the course of developing this thesis, the focus was on investigating LPV systems, particularly
emphasizing their polytopic representation. This choice was made because the polytopic represen-
tation stands out as a widely utilized approach in the existing literature on LPV systems.

Polytopic formulation

The polytopic formulation of LPV systems involves representing them using polytopes, geomet-
ric figures with flat sides in multi-dimensional space. This approach describes the LPV system’s
behavior through a set of linear equations or inequalities associated with distinct regions in the
parameter space, each corresponding to a facet or vertex of the polytope. This representation
enables a piecewise-linear approximation of the system’s dynamics, offering a convenient method
for analyzing and controlling LPV systems with varying parameters.

The polytopic representation of an LPV system involves formulating weighting functions, allowing
for the determination of system variables as the cumulative sum of the models specified at each
vertex of the polytope. Each weighting function must satisfy the following conditions:

0< lplt) < 1, (o) = 1 (3.17)

where p;(p(t)) s the parameter-dependent weighting function. The parameter vector p(t) lies
within a polytope with 2" vertices, where r is the number of varying parameters. Each vertex of
the polytope is formed by the combination of the extreme values of each parameter.

The general form of an LPV system with a polytopic formulation is as shown below.

i(t) = Zl pi(p(t))[Asz(t) + Biu(t)]
y(t) = Cx(t)

where z(t) € R™is the state vector of the system, u(t) € R™ is the input vector, y(t) € R? is the
vector of measurable outputs, A;, B; and C are known real matrices of appropriate dimensions,
p(t) € R" is the vector of r varying parameters. Each of the k combinations of the variable
parameter limits is evaluated, thus generating a set of local models, where k = 2", with r equal to
the number of varying parameters.

(3.18)

3.1.5 Quasi-LPV Systems

When LPV systems are obtained by considering the nonlinearities of the model, the weighting
functions become functions of the system’s state. This particular type of LPV systems is known
as quasi-LPV systems (Briat, 2014).
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As an example, consider the following nonlinear system:

ialt) = o (3.19)

which can be represented as

where o(t) = 2% € R.

It is noticeable that the nonlinearity can be expressed through a quasi-LPV approach, enabling the
transformation of the nonlinear equation into a linear form. Given that o(t) represents a varying
parameter with known variation limits but an unknown trajectory, the weighting functions depend
on the variations of o(t), which, in turn, change based on the dynamics of the system’s states.

The general form of a quasi-LPV system in its polytopic form is as follows:

©(t) = ;m(Q(t))(AifE(t)Jer(t))
y(t) = Cuz(t) (3.20)

where x(t) € R" is the state vector of the system, u(t) € R™ is the input vector, y(t) € RP is
the vector of measurable outputs, A;, B;, and C are known real matrices, o(t) € R" is the vector
of r varying parameters including the dynamics of the state variables, and p;(o(t)) are the
weighting functions.

3.1.6 Nonlinear parameter-varying systems

Frequently, “linearizing” nonlinear systems using the LPV language, known as the quasi-LPV rep-
resentation, comes with the cost of reducing the generality of the system representation. Recall
that to be assigned as a scheduling parameter, a (nonlinear) function of the state z(¢) must be
known or estimated and bounded at least in the region where x(t) remains. This condition, even
if it can be satisfied, would certainly increase conservatism.

Often, by strategically choosing to maintain a certain level of nonlinearity in the system represen-
tation (rather than render it linear thanks to the LPV technique), we can benefit from interesting
properties of nonlinear functions, e.g., Lipschitz conditions, which reduce conservatism and lead to
more realistic results. This idea leads to the so-called nonlinear parameter varying (NLPV) class
of systems that has emerged as a potential research trend in the LPV community (Sename and
Rotondo, 2021). A NLPV system can be described by the following equations :

HO) = 3 (o) A(0) + Bau(t)) + Di(t, FLa,u) (3.21)
y(t) = Cuz(t) + Du(t) (3.22)
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where z(t) € R" is the semi-state vector, u(t) € R™ is the input vector, y(t) € RP is the output
vector and f(t, Frx) is the nonlinearity that verifies the Lipschitz constrain.

3.1.7 Observers for NLPV systems

Consider the nonlinear algebro-diferential parameter-varying system in its polytopic form as in
(3.21) - (3.22) and considering the membership functions presented in (3.17). The following pro-
portional observer is proposed.

() = 20 milo() [N:C(1) + Fay(t) + TDif (¢, Frb) + Jru(t)], (3.23)
2(t) = PC(t) + Qu(t), (3.24)

where ((t) € R% represents the state vector of the observer, and #(t) € R"™ is the estimate of
z(t). The matrices N; € R10*®© F, € R©o*P J € R©*™ P ¢ R™® () € R"P and T € R®*™ are
unknown matrices of appropriate dimensions, which must be determined such that Z(¢) converges
asymptotically to x(t).

This type of observer allows the inclusion of time-varying terms and nonlinearities within its
structure. Retaining nonlinearities in a system can be beneficial for several reasons:

« More accurate representation: Many systems in reality are inherently nonlinear. By pre-
serving nonlinearities in the model, a more accurate representation of the system’s behavior
is achieved.

e Modeling complex phenomena: Some phenomena in real systems can be more accurately
modeled using nonlinear functions. Nonlinearity allows capturing complex behaviors that
cannot be effectively described with linear models.

« Adaptability to changes: Nonlinear systems are often more adaptable to variations in
operating conditions. They can better handle disturbances and fluctuations compared to
linear systems, making them more robust in certain scenarios.

e Performance improvement: In some cases, nonlinearities can enhance the performance
of the system. For example, in control, introducing nonlinearities can help improve stability,
dynamic response, and reference tracking capability.

o Diversity of behaviors: Nonlinear systems can exhibit a wide variety of behaviors, includ-
ing bifurcations and chaotic phenomena. This can be useful in applications where there is a
desire to explore and leverage this diversity for specific purposes.

It is important to note that, although nonlinearities can offer advantages in representation and
performance, they can also complicate the analysis and control design. The choice to retain or
eliminate nonlinearities in a system often depends on specific modeling and control objectives.
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3.1.8 Generalized observer

Recently, the study of a new observer structure, called the Generalized Dynamic Observer (GDO),
has been introduced. These observer structures are based on Park et al. (2002) and Marquez
(2003), where the principal idea is to add dynamic structure to increase their degrees of freedom,
achieve steady-state accuracy and improve robustness in estimation error against disturbances and
parametric uncertainties. Therefore, this structure can be considered more general than Propor-
tional Observers (PO) and Proportional-Integral Observers (PIO).

Considering the following linear system

@(t) =Axz(t) + Bu(t)
y(t) =C(t)
where z(t) € R" is the state vector, u(t) € R™ is the known input and y(t) € R? is the measurement

output vector. Matrices A € R™*", B € R™"™ and C' € RP*™ are known constant matrices.
The GDO structure for system (3.25) is described by

(3.25)

C(t) = NC(t)+ Ho(t) + Fy(t) + Ju(t)] (3.26)
v(t) = S¢(t) + Lo(t) + My(t)] (3.27)
() = PC(t)+Qy(t) (3.28)

where ((t) € R% represents states vector of the observer, v(t) € R? is the auxiliary vector Z(t) € R”
is the estimate of x(t). Matrices N € R©o*® [H ¢ R®*0 F ¢ Ro*P S ¢ Ro*®0 [ € Rox0
M e R>P P e R0 Q€ R"™P and J € R%®*™ are unknown matrices of appropriate dimensions
that must be determined such that #(t) converge to x(t).

3.1.9 Adaptive observers

In the design of observers, it is often assumed that all the parameters of the system are known.
However, this is not always true. Adaptive observers offer an effective solution to this challenge,
enabling the estimation of state variables along with system parameters. This is why they have
been widely used in the literature.

Let us consider the following linear time invariant descriptor system:

B(t) = Ax(t)+ Bu(t) +b(0)0(t), (3.29)
y(t) = Cx(t),

where z(t) € R" is the state vector, u(t) € R™ is the known input, y(t) € R? is the measurement
output vector and 0(t) € R' is the unknown parameter vector assumed to be constant. Matrices
A e R B e R and C € RP™ are known constant matrices. t(t) € R™! is a matrix of
known signals, and it is assumed to be piecewise differentiable.

Let us consider the following adaptive observer for system (3.29)
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C(t) = NC)+ Fy(t) + Ju(t) + Tyl(t) + T(t),
2(t) = PCt)+Qy(), (3.30)
0t) = CTA(y(t)— Ci(t)), (3.31)

where #(t) € R™ and 0(t) € R! are the estimates of z(t) and 6(t), respectively. The matrices
N € Roxwo | ¢ R0*P ) J e Ro*™m P e R0 ) € R™P and T" € R?®*"™ are unknown matrices
of appropriate dimensions, which must be determined such that #(t) converges asymptotically to
z(t) and 0(t) converges to 0(t), respectively.

3.1.10 Unknown input observer

In the context of control systems, it’s crucial to recognize that a predominant number of physical
processes face disturbances in the form of measurement noises, modeling uncertainties, sensor
irregularities, and faults in actuators. These disturbances collectively constitute what we refer to
as unknown inputs. Managing and mitigating the impact of these unknown inputs is a critical
aspect of designing robust control strategies for optimal system performance.

Let us consider the following linear time invariant descriptor system:

#(t) = Aw(t) + Bu(t) + Dd(t) + Ew(t), (3.32)
y(t) = Caft),

where x(t) € R" is the state vector, u(t) € R™ is the known input, w(t) € R™ represents the
disturbance vector, d(t) € R™ is the unknown input vector and y(t) € RP Matrices A € R™*™,
B € R™™ and C € RP*" are known constant matrices.

In practice, often the disturbances or partial inputs are not known, or can result from either model
uncertainties or faults. An effective way to address this issue is by designing an observer for a
system similar to (3.32).

3.1.11 Tools for the stability analysis of dynamic systems

The following lemmas are used in the sequel of the document.

Lemma 1. (Schur complement) Let A, B and D be matrices of appropriate dimension. Then the
following statements are equivalent :

W |5

(ii) D <0 and A— BD7'BT < 0.

< 0.

(iii) A <0 and D— BTA™'B < 0.
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Lemma 2. (Skelton et al., 1997) Let matrices B, C and D be given. Then, the following statements
are equivalent:

(i) There exist a matriz & satisfying

BoC + (BoC)" +D < 0.

(ii) The following two conditions hold

BfDBT <0 or BB > 0.
CTEpC™ T <0 or CTC > 0.

Suppose that the statement (ii) holds, then (C;, C,) and (B;,B,) are any full rank factors of B and
C such that B = BB, and C = C,C, are verified.

Then the matriz ¢ in statement (i) is given by

¢ =B"KC"+Z-B, B.2ZCCT,
where
K= -RBTve,T(C,ve, ) + SiLCveT)

S=R*'-R'B'lV-vcrcver) e, VIBR ™,
V=(BR'B'-D)" >0,

where Z, L, R are arbitrary matrices such that ||L|| < 1 and R > 0. Let At be the orthogonal of
the matriz A and AT be any generalized inverse of the matriz A, verifying AATA = A.

Lemma 3. (Xu, 2002) Let M and N be two constant matrices of appropriate dimensions. Then,
the following inequality:

1
MIN + NTM < AyMIM + ;NTN

holds for any scalar v > 0.
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Chapter 4

Generalized dynamic methodology for
algebro-differential-NLPV systems

4.1 Introduction

This chapter addresses with the state estimation problem for nonlinear algebro-differential parameter-
varying systems (S-NLPV). The design of a generalized observer for NLPV systems whith a gen-
eral parameterization is shown. The observer design it is formulated as a set of LMIs. Finally,
to demonstrate the effectiveness of the observer, the obtained results are applied to a rolling disc
connected to a fixed wall by a spring and a damper.

4.2 Generalized dynamic observer design for S-NLPV sys-
tems

Consider the following nonlinear algebro-differential parameter-varying system in its polytopic
form.

Bi(t) = 3 pilo(t)[Awa(t) + Bru(t) + Dif (1, Fra)].
y(t) = Cx(t),

where z(t) € R™ is the state vector, u(t) € R™ is the known input and y(t) € RP is the measurement
output vector, o(t) € R" is the vector of r variable parameters, u;(o(t)) are the weighting functions
that depend on the variation of o(t). Matrix E € R"*" could be singular. A; € R™", B; € R"*™,
C € RP*™ and D; € R"™" are real matrices and f(¢, Fx) € R™ represents a nonlinearity that
satisfies the Lipschitz constrain ||Af|| < A||FL(z1 — x2)|| where Ay = f(t, Fra1) — f(t, Fras), A
represents a known Lipschitz constant, while F7, is a real matrix of suitable dimensions

(4.1)

Let rank(E) = r < n and let E+ € R**" be a full row matrix such that F+E = 0, in this case
s=n-—r.
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Considering y;(o(t)) as membership functions constructed with predefined variant parameterso(t) €

R!. The membership functions have the following properties:

k

>omilo() =1, pile(t)) >0, (4.2)

i=1

for 4 ranging from 1 to k, where k = 2!, representing the number of vertices in the polytope

The following definitions and theorem will be referenced throughout the rest of this chapter.

Assumption 1. [t is assumed that system (4.1) is regular (Definition 1), Impulse observable

(Definition 2) and Reachable observable (Definition 4).

Assumption 2. The Lemma 1, elimination Lemma (lemma 2) and Lemma 3 are used in the
sequel of the chapter.

4.2.1 Problem Statement.

Let us consider the following generalized nonlinear observer for system (4.1)

C(8) = X2 mile()) [NiC(t) + Hiv(t) + Fay(t) + TDif (1, Fu) + Jau(t)|, (4.3)
k

it) = 2 mlel®) [SiC(t) + Liv(t) + Miy(t)], (4.4)

#(t) = PC(t) + Qy(1), (4.5)

where ((t) € R% represents the state vector of the observer, v(t) € R? is an auxiliary vector and
z(t) € R™ is the estimate of x(t). The matrices N; € R®*%  H; € R0 F, ¢ R1o*P S, € R1 >0
L; e Ro>xa M, e Ro*P J, € Riox™ P e R™0 () € R"*P and T € R®*™ are unknown matrices
of suitable dimensions that need to be determined to ensure asymptotic convergence of Z(t) to
x(t).

Consider a matrix parameter 7' to define the following transformed error

e(t) = C(t) — TEx(t), (4.6)

its derivative is given as

€(t) = ¢(t) — TE(1)

(t) = zk:ui(g(t)) [Nie(t) + N;TEx(t) + Hiv(t) + F,Cx(t) + TD; f(t, Fr@)+

Il
—

<
=~
= i

— TAw(t) — TBu(t) — TDi f(t, Fro)] (4.7)

= zkj pi(o(t)) [ Nie(t) + (NTE = TA; + FC)a(t) + (J; — TBi)u(t) + TD;Ap(t) + Hv(t)]

(4.8)
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where Af(t) = f(t, Frz)— f(t, Frx). Equation (4.8) is independent of x(t) and u(t), if the following
equations are satisfied:

(b) J; = TB.
Then equation (4.8) becomes:
k
é(t) = Z pi(o(t)) [Nie(t) + Hiv(t) + TDiA ()] (4.9)

By using equation (4.6), equations (4.4) and (4.5) can be written as

o(t) = zﬂi(g<t)) {Szf(t) + (SiTE + M;C)x(t) + Lﬂ)(t)}v (4.10)
#(t) = Pe(t) + (PTE + QC)a(#), (4.11)

Now if the following conditions are satisfied

(¢) S;TE + M,C =0,
(d) PTE+QC = I,

Convergence is ensured if the aforementioned restrictions (a) - (d) are satisfied. However, if
these restrictions are not met, the convergence of the observer cannot be guaranteed.
then equation (4.10) becomes

o(t) = 3 pile(t) | Sie(t) + Liv(t)], (412)
and the state estimation error becomes
2(t) — z(t) = e(t) = Pe(t). (4.13)

If conditions (a)-(d) are satisfied, the following observer error dynamics equation is obtained from
(4.9) and (4.12)

A = 3ol [ast) + B, (0], (1.14)
where o(t) = [Z((m A= l]g ﬂ and B; = [Tﬂ

To study the stability of system (4.14) when Af(t) = 0, let us consider V(t) = p(t)* X p(t) with
X = X7 > 0 be a Lyapunov function candidate. Then we have

V(t) = ¢" (D[A(0)" X + XA(0)]p(t)
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k
where A(0) = Y pi(0(t))A;. In this case V(¢) < 0 if A(0)"X + XA(0) < 0 which equivalent to
i—1 k

> mailo(t) AT X + XA <0

i=1

k
since p1; > 0 and Y _ pu;(0(t)) = 1, the stability condition reduces to the one of matrices
i=1

N; H;
e [ ).

4.2.2 Observer parameterization

The parameterization can be obtained by first examining constraints (¢) and (d), which can be
formulated as

S; M;| [TE 0
il @
the necessary and sufficient condition for (4.15) to have a solution is
[TE
rank | C' | = rank lTE] =n. (4.16)
C
L ]/"L
From equation (4.16) there always exist two matrices 7' € R®*"™ and K € R%*P such that
TE+ KC =R, (4.17)

where R € R%*" is an arbitrary full row rank matrix such that rank [g] =n.

Equation (4.17) we can also written as

T K] [g} =R, (4.18)

~——
Q

and since rank [Q] = rank(f2), the solution of (4.18) is given by

R
[T K| =RQ" = Zi(Ly, — Q0F), (4.19)
where Q7 denotes the generalized inverse matrix such that QQ+Q = Q.
Therefore
<[ + | In
T = RQ) 0 —Zy (Lgp — Q) ol (4.20)
—_———
Ty T
L 1o [0
K = RQ2 — 71 (Lngp — Q) , (4.21)
Iy Iy
—_———
Kl KQ
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where Z; is an arbitrary matrix. By replacing TE = R — KC into condition (a), the following
equation is obtained
N,R+ (F; — N;K)C =TA,, (4.22)
—_———

K;

[NZ» f(,} [g] — TA,, (4.23)

——
b

The general solution to the equation (4.23) is as follows:
[N K| = TAST =Yyl — 55°), (4.24)

by replacing T' from (4.20) into (4.24) we have

Ni = Nh' - ZlNQi - )/iiN37 <425>
KZ‘ = KU - Zlf(Qz‘ - }/iif_{37 (426)
where Nli — TlAiE+ [[80‘|’ N2i = TQAiE-l- [18017 N3 = ([qo+p — EZ+) []80]7

0
I

p

I

p
the necessary dimensions.

Now, from (4.22) we can deduce the value of F; as

I

P

Ky =TiAX* M, Ky = ThA; ST l ] K3 = (I - X%t [0

1 and Y7; is an arbitrary matrix with

F; = K, + NiK,
= Ky — Z1Ky; — Y1 K3 + Ny K — ZiNoy K — Y1, N3 K,
= by — Z1Fy — Y13, (4.27)
where FM = TlAiEJr K s ng = TQAiZJr K and F3 = ([qo-i-p - EZJr) K .
I I I
On the other hand, equation (4.17) can be written as
rE] (1, -K
] s A .
by using (4.15) and (4.28) we obtain
S; M [1, —K]o [o
alls 7le=) =
which leads the following solution
Si M;| (0]« Yo o) o K
[P Q‘| - ([]n‘| X7 — |}/3J (IQO+P — XX ) 0 ]p ) (430)

where Y5; and Y3; are arbitrary matrices of appropriate dimensions, also we have used the fact that

I, -K|"' [1, K
0 L | “|o Ll
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From (4.30) it can be deduced the general form of matrices S;, M;, P and @ as follows

Si = —Y3 N3, (4'31>
M; = =Yy F3, (4.32)
P =P — Yy, (4.33)
Q= Q1 —YuFy, (4.34)
where F3 — (Iqo—‘,-p _ ZE—I—) l?]7 N3 = ([q0+p — EZ+) l[g)o]’ Ql =yt [ﬁ{‘| and Pl =" [Igo].
» P

Now, by using the value of matrices N;, S; and T given by (4.25), (4.31), (4.20), the observer
error dynamics (4.14) can be written as

k
pt) = 3 o)) (A — Yiha)p(t) + B (1), (4.35)
i=1
| Nu— 21Ny 0 N30 (T = Z\T5)D; Y H;
where Ay; = 0 O]’ Ay = l 0 _IJ, B, = [ 0 and Y, = Yy L;.| and
from (4.13) we have
e(t) = Pp(t), (4.36)

where P = [Pl O}, without loss of generality Y3; = 0 is taken for simplicity.
The problem of the observer design is reduced to determine matrices Z; and Y; such that system
(4.35) is asymptotically stable.

4.2.3 Stability analysis of the observer

This section is devoted to the stability analysis of equation (4.35). The following theorem gives
the condition for the stability in a set of LMIs.

Theorem 1. Consider the system given by (4.3)-(4.5) as a generalized observer for system (4.35)
for state estimation if Assumption 1 is fulfilled. The observer (4.3)-(4.5) is asymptotically stable

if there exists two parameter matrices Z,, Y; and a symmetric matric X, = §1T1 §12 with
12 22
X, X, ) )
X = such that the following LMIs are satisfied
Xa Xb
H. (L +PXL + PTUY) () (%)
cr+ Ul'p - XL - U, —Uy — Ul + YN FLFT 0 <0,  (4.37)
I, 0 ~Vntgorar
77 T 27T
[ Vo= Uy +9A 1L T, 0 <0, (4.38)
0 _,YI"H‘QO'HH
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where
T1
Ag

0 XoNii — XNy 0 X 'D; — X, 15D
0

TL — i —
C 7H12 [XaNli — XNy, O] and 1l [XaTlDi — X, 15D;|’

0 0
I 0 (4.39)
0 I

H. is known as hermitian equation, in this case matriz Z, = X' X, and parameter matriz ®; is
obtained as follows

@, =B.KCt + 2 - B B,.20CT, (4.40)

where
Y, = &, X, (4.41)
K = —RBIVCT(CV.CT) ™ + SEL(CVET) S, (4.42)
Si=R*'—-R !BV, - vcrve ) e VIBR !, (4.43)
V,=(BR'B"-D;)"! >0, (4.44)

with matrices Z, L and R as arbitrary matrices of appropriate dimensions satisfying ||L]] < 1 and
R > 0, with

He(IT]; + PX{, + PTUL) (*) (*)
D, = uir - XL, - U, —Uy — UF + 4N FF 0 ,
ng 0 _fYIn+QO+Q1
—I
B=1]0]| and C = [Ag 0 O}. Matrices By, B, C; and C, are any full rank matrices such that
0

B = B,B, and C = C_C,.

Proof. Equation (4.35) can be rewritten in singular form as

BE(t) = 3 milo(t) [Aic(t) + Bids (1), (4.45)
i=1
_ @ % _ Hata O] 5 _[Au—YAy 0 | 5 |B;
Wheref(t)—[e(t)l,E—l 0 O’AZ_ p —[n’BZ_ 0l
Now, by considering the following Lyapunov function (Wu et al., 2013)
V() = E)TETXE®), (4.46)
where B B
E'X = X'E >0, (4.47)
_ V. L RLT : . B P. ST €T
and X = XjE + E-' U, with matrices X; = X{ = T >0 and
Xip Xo
U= {Ul Ug} , such that from (4.47) we can obtain
E'X\E = ﬁ” 8 >0 (4.48)
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Xo X,
Xa Xb
The derivative of (4.46) along the trajectory of (4.45) gives

k

V() = > milo(t) [ (AT X + XTA)E() + | As(6) B XE(1) + €7 () X BiA (1)

i=1

|, (449

By using Lemma 3 we can obtain the following inequality from the framed section in equation

(4.49)

AT(HBTXE() + €7 () XTBiA () <[1AT(H)A ()] + ifT(t)XTM?Xw

using the Lipschitz condition in the framed section of equation (4.50), we have

AT()AL(t) < €7 (1) [8 XZFSTFJ &(0),

by inserting (4.50) and (4.51) into (4.49), we obtain
. k — — [ —
V(E(0) < Yo (el0) €7 (AT + XA+ IXTBBIX 4|0 i [New)]

Now, if the following LMI is satisfied then V(£(t)) < 0.

- - 1 - 0 0
T Th o 2 xTRRT
A X +XTA; + 7X B;B; X +~v lo NFTF, <0,
By using the Schur complement (Lemma 1) we obtain
ATX + XTA 4|0 50 (%)
! ’ 0 NFIEy < 0.
]BzTX _7]n+QO+q1
By replacing matrices A;, B;, and X in inequality (4.54), we obtain
He(AﬂXll — AgQSZT + ]P)XITZ + ]P)TU1> (*) (*)
B?Xll 0 —Yntgo+ar
where ¢z = XHYi.
Now, by inserting the values of matrices Ay;, B, and X;; we obtain
H (T — ATo! + PXT, + PTUY) (%) (%)
UI'P — XL — U, —Uy — U] + yN*FI'Fy, 0 <0,
HZTz 0 _P)/LH‘CID-HH

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)
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where I1;; and IIy; are defined in (4.39), X, = X,Z;.
Inequality (4.56) can also be rewritten as

(B®,C) + (B&,C)T +D; <0, (4.57)
H (I, + PXL + PTUY) (%) (%)
where D; = uvir - XL, - U, —Uy — Ul +yNF]Fy, 0 ,
ng 0 _7[ﬂ+QO+Q1
-1
B=|0|andC=[Ay 0 0].
0
According to Lemma 2, inequality (4.57) is satisfied if and only if the following inequalities verified
cT+p,cTT <0, (4.58)
B+*D;B* <0, (4.59)

the inequalities (4.58) and (4.59) are equivalent to (4.60) and (4.61) respectively

He(IIf; + PXT, + PTU) (%) (%)
ct+ UIP — XL, — Uy —Us — UL + N FLFy, 0 cttr <0,  (4.60)
ng 0 _7[n+tI0+CI1
I 7T 2 [T
0 _’YITL+!10+Q1
which complete the proof of the theorem. n

Remark
The following algorithm summarizes the procedure to design a GDNPVO.

1. Select the observer order gy and a matrix R € R®*" such that rank(X) = n.

2. Compute matrices Ny;, No;, N3, T, Ty, K1, Ko and P; defined in Section 4.2.2.
3. Solve LMIs (4.60) and (4.61) to find X, Z; and v > 0.

4. Propose matrices £, R and Z, such that ||[£L|| < 1, R > 0 and V; > 0.

5. Considering the elimination lemma, determine the parameter matrix Y; as in equation (4.41),
which involves the unknown observer matrices.

6. Compute all the remaining matrices of the GDNPVO (4.3)-(4.5); N;, H;, F;, J;, S;, L;, M;, P
and @, by using (4.25) to compute N;, (4.41) to compute H; and L;, (4.31)-(4.34) to compute
S;, M;, P and @ taking matrix Y3 = 0. The matrices F; are given by (4.27) and matrix J;
from constraint (b).
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4.2.4 Particular cases

This section shows how the proportional observer (PO) and proportional integral-observer (PI10)
are particular cases of the generalized observer (GO), and how they can be designed directly from
our results.

Proportional observer (PO)

Considering the nonlinear algebro-differential parameter-varying system of the equation (4.1), the
PO corresponds to the following considerations in the matrices of the generalized nonlinear observer
of equations (4.3)-(4.5): H; =0, S; =0, M; =0 and L; = 0. In this case we obtain the following
observer:

k
() = 32 male(®) [NiC(1) + Fay(t) + TDuf (t, Fr) + Jouh)], (4.62)
2(t) = PC(t) + Qu(?), (4.63)

and the observer error dynamics (4.35) becomes:

) = 3 o) [(Ar — Yiho)e(t) + BAS(H)], (4.64)

i=1

where Ali = Nli — ZlNQZ‘, AQ = Ng, Bz = (Tl — Zng)DZ and Yz = YVM

With these matrices the observer design can be directly obtained following the results of Section
4.2.2 and 4.2.3.

Proportional-integral observer (PIO)

The PIO corresponds to the following considerations in the matrices of the generalized nonlinear
observer of equations (4.3)-(4.5): L; = 0, S; = CP and M; = @ — I. Obtaining the following
observer:

((t) = Z pi(e(t)) [NiG(t) + Hyv(t) + Fiy(t) + TDif (£, Frt) + Ju(t)] (4.65)
o(t) = Ca(t) — y(t), (4.66)
2(t) = PC(t) + Qu(2), (4.67)

and the observer error dynamics (4.35) becomes:

k
Q1) = 3 mlel®)[(Ar = Yiho)o(t) + BAS()]. (4.68)
Nli - ZlNQi 0 N3 0 T1 - Z1T2 Dz I
where A;; = [ “op, O],AQ: [0 _I],IB%Z-: l( . ) ] and Y; = M [YM H]

The design can be obtained directly by applying the results of section 4.2.2 and 4.2.3.
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4.3 Application to a rolling disc

A rolling disc connected to a fixed wall is a mechanical system where a disc can roll on a surface
while being attached to a wall via a rod or a spring.

In real-world engineering, the concepts of rolling motion and friction are applied in the design
of vehicles and robots. These principles are essential for understanding the movement of wheels
and ensuring the stability and efficiency of the systems. Additionally, rolling disc systems are used
in manufacturing and transportation, such as in conveyor belts and industrial machinery, to move
products efficiently and with minimal energy loss. The design of a state observer for a rolling disc
is crucial for enhancing the monitoring and diagnosis of the system through precise estimations
of internal variables, as it is often not straightforward due to the complexity and cost of sensors
required to directly measure these variables (Rizal et al., 2022).

4.3.1 Model of the Rolling disc

To show the effectiveness of the observer, the obtained results are applied to a rolling disc presented
in Sjoberg and Glad (2006). The rolling disc is presented in Figure 4.1, it is connected to a fixed
wall by a spring and a damper.

Fig. 4.1. Rolling disc connected to a fixed wall.

This system is governed by the following set of ordinary differential equations

#1() = ma(t), (169)
ia(t) =~y - "Wy - Loy - Loy, (4.70)
0= xo(t) — ras(t), (4.71)
0=~ - Moy - Loty o (T4 Doy~ Zut,. ar)




where z(t) is the position of the center of the disc, x5(t) is the translational velocity of this center,
x3(t) is the angular velocity of the disc, z4(t) is the contact force between the disc and the surface,
u(t) is the applied input force to the disc.

The spring has the positive stiffness k(¢). The parameter b > 0 is the damping coefficient of
the shock absorber. The radius of the disc is r, its inertia is given by J and the mass of the disc
is m.

The parameters of the Rolling disc system are given in the following table (Estrada et al., 2015a).

Table 4.1. Rolling disc system parameters

Description Symbol Value
Damping coefficient b 35
Disc radius r 0.3
Inertia coefficient J 3.2kg - m?
Mass m 40kg
Stiffness k(t) | [70, 100]N/m

4.3.2 Nonlinear algebro-differential parameter-varying system formu-
lation

From (4.71) we get x5(t) = rz3(t) and replacing it in (4.69)-(4.72), we can obtain the following
descriptor model

0 r 0 0
(1) (1) 8 :?18 A xlgg + 8 (t) + - 1 (t)
T3 = T m mr T3 U R EHOR
0 00 .fl?4(t) _@ _bl r2+l l’4(t) _§ —@ Py o (473)
E (t) (1) %
A(p(t)) D(p(t))
y(t) = [0 0 1]a(), (4.74)
C

where the stiffness p(t) = k(t) is the time varying parameter and the nonlinearity f(t, Frx) is
considered as a Lipschitz function. The input signal is defined as

<t <
u(t) = {O.le 0s <t <1bs (4.75)

0.4Nm  otherwise.

with this, the Lipschitz constant is selected as A = 10. In fact the state z1(¢) is in a bounded set
and z3(t) is Lipschitz as shown below.
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Determination of the Lipschitz constant

First we recall that if a function g(x,u,t) is continuous in a closed and bounded region D and if

0
99 is continuous in D, then there exist a positive constant A such that ||g(z1, i, t) — g(xa, u, t)]| <

T
Aljzy — xo]| . Now, to calculate this constant for our model, we can put the Jacobian matrix of the
system (4.73)-(4.74) as shown below

0 1 0 0
- = 7 - O _
Dx(t) 0 (R 0
_k_Skem® 0 b 21
L m m m J m A

since in a finite space all the norms are equivalent, the norm 1 is used in (4.76) to obtain the
maximum column value, resulting in

H@f T, u,t) < maz {‘_kl N ’_3k2xf(t)’+ '_k’l N ‘_31{;2:15%(15) |
m m m m
(4.77)
b r? 1
—Z 1], = + +]=+ =
m J m
substituting the parameters values of the Table 4.1 in the equation (4.77) we obtain
af( t
H fleuwt)| max{5 +1523(t),2.75,1.15,0.1} (4.78)

Therefore any constant greater than the maximum value of the equation (4.78) can be selected as
the Lipschitz constant A for this particular example.

In practical case, by considering the value of r given in Table 4.1 and the fact that the maximum
length of the considered spring is d = 0.25m, the maximum value of x; is : maz(z,) =r +d =
0.55m.

The maximum value of (4.78) is then obtained as :

< max {5 + 152 (t),2.75,1.15,0.1} = 9.5375 < \ (4.79)
1

H@fxut

which justify the choice of A = 10.

4.3.3 Simulation results

First we can see Assumption 1 is satisfied, then we can apply the algorithm of section (4.2.3) as
follows
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e}

. By fixing qo = 3, we can choose matrix R =

O = =

1
1 0] x 103, such that rank(X) = 3.
10

—2.92 =292 5.26
—2.92 =292 4.96

. We obtain the following matrices Ni; =

—-2.92 -2.29 5.26]

1000 1000 0 417 —4.17 7.76]
Ty = [1000 1000 0|, Nyp = |—4.17 —4.17 7.76],
| 0 1000 0 —4.17 —4.17 7.46)
0 0 0 0 0 0
00 0 0 0 0
L=1o 0 1 M= | 00000 —0.0000 0.0015|
0 0 0 0 0 0
0 0 0 0 0
0 0 0 0
Naz = —0.0013 —0.0013 0.0022 K= S’KZ_ 0]’
0 0 0 0
08 0B s s
Ngz . ’ ,Plz 0 0 1 XlO_S.
0 0 0 0 0 o
0 0 0

. By using the YALMIP toolbox [Lofberg (2004)] we solve LMIs (4.60) and (4.61) to obtain

a 4
[ 0.0014 —0.0014 —0.0005 0.0014 —0.0014 —0.0005 0 0 O]
—0.0014 0.0014 0.0005 —0.0014 0.0014  0.0005 0 00
—0.0005 0.0005 0.0014 —0.0005 0.0005 0.0014 0 00
Y 0.0014 —0.0014 —0.0005 2.3369 —0.0157 —0.0004 0 00 108
—0.0014 0.0014  0.0005 —0.0157 2.3369  0.0004 0 0 0 ’
0.0116 —0.0155 0.0040 0 0 0 3.9808 0 0
0 0 —0.0040 0 0 0 0 4 0
0 0 0 0 0 0 0 0 4
0 0 —1.4987 0
Zi=10 0 —1.5021 0| x 10°, and v = 5.8599 x 10~°
0 0 0.0345 0

. Considering R = Iz x 996.3 and £ = onesgy x 0.01 satisfying the following conditions
||I£|| <1, and R > 0 such that V; > 0.

. Taking matrix Z = 0 we obtain matrix Y; as in equation (4.41).

34



[1.0068 —1.0068 0 0 —1.0067 1.0067 0
1.0068 —1.0068 0 0 —1.0067 1.0067 0
0 0 00 0 0 0
Yi=1 0 00 0 o ol X104
0 0 00 0 0 0
0 0 00 0 0 0
[1.1321 —1.1321 0 0 —1.1320 1.1320 0]
1.1321 —1.1321 0 0 —1.1320 1.1320 0
0 0 00 0 0 0
Ya=1 0O 00 0 o ol 10
0 0 00 0 0 0
0 0 00 0 0 0]
6. We deduce all the matrices of the GDNPVO and we obtain
[—1.0202 0.9934 0.0228] —1.4051
Ny = |—1.0202 0.9933 0.0229| x 10%, J = {1.4()82] x 104,
0 0 0 | 0.0324
(—1.1512 1.1129 0.0343] 05 05 —1
Ny = |—1.1513 1.1129 0.0344| x10*, P=1{0 0 1] x1073,
0 0 0 | 0 0 0
[—1.0067 —1.0067 0 —1.1320 1.1320 0
H, = |—-1.0067 —1.0067 0] x 104, Hy = [—1.1320 1.1320 0] x 104,
0 0 0 0 0 0
—1.0068 1.0068 0 —1.1321 1.1321 0
Sy = |—1.0068 1.0068 0| x 104, S5 = |—1.1321 1.1321 0] x 10%,
0 0 0 0 0 0
7.8787 0.4262 —0.4266 0
F,=F= 7.8787] x 103, L; = [0.4265 —0.4269 0 ]xlOS,
—0.2668 0.0231 —0.0231 —0.0007

0.4799 —0.4799 0 0 0
0.4796 —0.4796 0 | x 1078, M, = M, = |0| and Q = |0] .
—0.0938  0.0938 —0.0007 0 1

LQI

The input was considered as shown in (4.75). The initial condition for the nonlinear system (4.73)
- (4.74) are z(0) = [0.1, 0.75, 8.6353]7, and for the observer (4.3) - (4.5) the initial conditions are
#(0) = [2.1, 15.75, 735]T.

The performance of the proposed observer is shown in in Figures 4.2-4.4. To evaluate the observers
robustness, parametric uncertainties were considered in the system during all the simulation with
amplitude of Ab = 6 x 107® and AJ = 1 x 1072, so that in simulation we have b = b — Ab and
J = J—AJ. Figures 4.2-4.3 show the estimation of the system states and Figure 4.4 the algebraic
system state.

In order to compare the observer performances, the integral of absolute error (IAE) is calculated
in Table 4.2. It can be concluded that the GDO has a good state estimation despite parameter
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Fig. 4.2. Comparison of state estimate z(t).

Fig. 4.3. Comparison of state estimate x3(t).

uncertainties compared with the PO and PIO, obtaining the minimum valued on the estimation
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Fig. 4.4. Comparison of state estimate z4(t).

Table 4.2. Observer performance index

GDO | PIO | PO

IAE | IAE | IAE
Z1(t) —x.(t) | 41.38 | 70.89 | 79.91
Z3(t) — x3(t) | 37.85 | 249.46 | 431.62
Fa(t) — za(t) | 22.03 | 22.03 | 22.03

States

errors. The definition of performance analysis can be found in the appendix A.
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4.3.4 Conclusions

In this chapter a GDO for descriptor nonlinear parameter varying systems is synthesized to per-
form state estimation. The stability conditions is presented through the solution of LMIs. De-
pending on the design specifications, the GDNPVO can be configured as a simple proportional or
a proportional-integral observer by suitably computing the observer gains. A rolling disc model
form was considered to demonstrate the performance of the designed observer. It has been demon-
strated that the GDNPVO improves robustness in estimation performance against parametric
uncertainties.
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Chapter 5

Generalized dynamic unknown inputs
observers for S-NLPYV systems

5.1 Introduction

This chapter presents the simultaneous unknown inputs and state estimation problem for nonlin-
ear algebro-differential parameter-varying systems (DAE-NLPV). This structure is general, and
the PO and PIO designs can be considered as particular cases. The performance of the proposed
methodology is evaluated in the model of a heat exchanger with two countercurrent cells with
actuator faults.

In Section 5.3, the design of a generalized learning observer structure for simultaneous es-
timation of variable states and actuator faults for the same class of systems, where a general
parameterization is shown. This generalized structure provides additional degrees of freedom in
the observer design to improve robustness and reduce the convergence time for fault estimation.
The design is obtained in terms of a set of linear matrix inequalities evaluated in the model of a
heat exchanger.

5.2 Generalized dynamic unknown inputs observers design
for S-NLPV systems

5.2.1 Preliminaries

Consider the following nonlinear algebro-differential parameter-varying system in its polytopic
form.

Bi(t) = 3 wilo)[Asw(t) + Bru(t) + Dif (t, Fro)| + G fa(?),

y(t) = Cu(),

where z(t) € R™ is the state vector, u(t) € R™ is the known input and y(t) € R? is the measurement
output vector and f,(t) € R™« is the unknown input vector. Matrix E € R™*" could be singular.

(5.1)
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A; e R B, e RV C € RP*™ D, € R™™ and G € R™"f«_ are real matrices and f(¢, Fx) is
a nonlinearity satisfying the Lipschitz constraint ||A¢|| < A||Fp (21 —x2)|| where Ay = f(t, Fraq) —
f(t, Frza), A is a known Lipschitz constant and F, is real matrix of appropriate dimension.

Let rank(E) = r < n and E+ € R¥™ be a full row matrix such that E-F = 0, in this case
s=mn-—r.

Let p;(o(t)) be membership functions formed with known variant parameters o(t) € R'. The
membership functions have the following properties:

> mile(t) =1, mi(e(t) =0, (5.2)

Vi=1...,kand k = 2.
The following definitions and theorem will be used in the sequel of the paper.

Assumption 3. It is assumed that the system described by equation (5.1) is reqular (Definition
1), Impulse observable (Definition 2) and Reachable observable (Definition 4).

Assumption 4. It is assumed that rank(CG) = rank(Q).
This Assumption implies that p > nys, the number of measurable outputs must be greater than or
equal to the number of faults (Edwards and Tan, 2006).

Assumption 5. The fault vector is assumed to be constant, i.e. fa(t) =0.

5.2.2 Problem Statement

Let us consider the following generalized nonlinear observer for system (5.1)

C(t) = 2 wile(®)) [N(C(8) + TG (b)) + Hiv(t) + Fiy(t) + Ju(t)+

TD;if(t, F2) + TGfa(1)], (5.3)

6(t) = 3 mile(t) [S:(C(H) + TGFa() + Liv(t) + Miy(t)] (5.4)

i(t) = P(C(1) + TG (1) + Qu(t), (5.5)

falt) = 1a(Ci(t) — y(1)), (5.6)

where ((t) € R? represents the state vector of the observer, v(t) € R? is an auxiliary vector,
2(t) € R™is the estimate of 2() and f,(t) € R is the estimate of f,(t). The matrices N; € R%0X®
Hi c RQOXQI’ FZ c Rqoxp7 S’Z c RmXQO7 LZ. = Rq1><q1’ Mi € ]Rt11><p7 JZ € ]R(onm7 P e RRXQO, Q € Rnxp7
and T € R®*™ are unknown matrices of appropriate dimensions, which must be determined such
that Z(t) converges asymptotically to x(t) and fa(t) converge to f,(t).

Let a matrix parameter T' to define the following transformed error

e(t) = C(t) — TEx(t) + TG f.(t), (5.7)
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its derivative is given by

é(t) = C(t) — TEi(t)
ét) = f; 1i(0(t)) [Ni((e(t) + TEx(t) — TG fa(t)) + TG fa(t)) + Hv(t) + FiCa(t)+

,Zl(t) + TDif (t, FLi) + TG fult) — [T(Aiw(t) + Bu(t) + Dif (t, Fa(t)) + Gfa(t))]]
é(t) = fj pi(o(t)) [ Nie(t) + Hiv(t) + (NiTE — TA; + F,C)a(t)+

i=1

Ji = TBy)u(t) + (NTG + TG)es(t) + TDiA(1)] (5.8)

where e;(t) = fu(t)—fo(t) and Af(t) = f(t, Fy@)—f(t, Fpz). Equation (5.8) is linearly independent
of z(t) and u(t), if the following equations are satisfied:

(a) N;TE 4+ F,C —TA; =0, (5.9)
(b) J;=TB;. (5.10)
Then equation (5.8) becomes:
k
é(t) =3 pile(t) [ Nie(t) + Hivo(t) + (NiTG + TG)ey(t) + TDids(t)]. (5.11)

i=1

By using equation (5.7), equations (5.4) and (5.5) can be written as

b(t) = Z pi(o(t)) [Sie(t) + Liv(t) + (STE + MC)x(t) + SiTGey(t)), (5.12)
2(t) = Pe(t) + (PTE + QC)x(t) + PTGey(t), (5.13)

Now, if the following conditions are satisfied

(¢) S;TE + M;C =0, (5.14)
(d) PTE + QC = I, (5.15)
Convergence is ensured if the aforementioned restrictions (a) - (d) are satisfied. However, if

these restrictions are not met, the convergence of the observer cannot be guaranteed.
then equation (5.12) becomes

b(t) = Z pio(t) [ Sie(t) + Liv(t) + STGey(t)], (5.16)

and the state estimation error becomes

() — x(t) = e(t) = Pe(t) + PTGe,(1). (5.17)
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If conditions (a)-(d) are satisfied, the following observer error dynamics equation is obtained from
(5.11) and (5.16)

k

o) = 3 pale(t) [ () + Bies (1) + Citds(1)] (5.18)
where p(t) = [Z((g], A, = []g: IL{Z B, = [NiTSCjTETGl and C, = T(-)Di '

To study the stability of system (5.18) when ef(t) = 0 and Af(t) = 0, let us consider
V(t) = o(t)T X(t) with X = X7 > 0 be a Lyapunov function candidate. Then we have

V(t) =" () Xo(t) + ") Xo(t) = " ()[ATX + X Alp(t) (5.19)

k
with A =3 ui(e(t))As.

In this case V(t) < 0 if A”X + XA < 0 which equivalent to

k

> milo()[AT X + XA <0 (5.20)
i=1
. : . o [N om
since ;(0(t)) > 0 and > = 1, the stability condition reduces to the one of matrices AL
i=1 i Ly

5.2.3 Observer design

This section will be devoted to the parameterization of all the matrices of the observer and then
the observer design will be formulated as a set of LMIs. Considering a similar parameterization as
in Section 4.2.2; it is possible to obtain the values of the unknown matrices of the observer.

Substituting the previous parameterization into the observer error dynamics (5.18), a bilinearity
in the product of matrices NT'G becomes evident. To address this bilinearity, a modification is
made to the parameterization.

Let Ty = ToGand Z, = Z (Lntny —TQT; ), where Z is an arbitrary matrix of appropriate dimension,
so that, the product of matrices N;T'G becomes

NzTG - NliTlG - ZNQZTlG - }/UNngG,

where the fact of ToTy Ty = T is considered. Matrices Ny;, N3, T} are previously defined in Section
4.2.2, and matrix Ny; is defined in (5.23).
In the same way, the following expressions are obtained for matrices T', K, N; and F;

T=T - 2T, (5.21)
K =K, — ZK, (5.22)
N, = Ny; — ZNai — Y, Na, (5.23)
Fy = Fyy — ZFy — Y1, 13, (5.24)
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where T = (Iyny — ToT3)To, Ko = (Ininy — ToTo) Koy Nog = (T g — ToT5 ) Nag, Foi = (I —
TyT5") Fy; and matrices T, Ty, K1, Ky, Ny, Noj, N3, Fi;, Fy; and Fy are defined in Section 4.2.2.
Now, by using the value of matrices N;, S; and T given by (5.23), (4.31), (5.21), the observer error
dynamics (5.18) can be written as

p(t) = pilo(t)) [(Au = Y;A2)p(t) + (F1; — YilFa)ep(t) + (CiAf(t)}v (5.25)

i=1

where Ay; = [N“ — ZNa O], Ay = [N3 0 17 Fy; = [NliTlG + TG — ZNZiTlG]»

0 0 0 -1, 0
Fy = NG ,C; = HDi — ZT.D; and Y; = Y H , and from (5.77) we have
0 0 Yo Ly,
e(t) = Po(t) + Hey(t), (5.26)

where P = [Pl O} and H = P'T1G. Without loss of generality, Y3; = 0 is taken for simplicity.
Considering Assumption 5 and equation (5.6), ef(¢) can be rewritten as

ést) = fu(t)
= Dp(t) + Ges(t) (5.27)

where D = [®;,CPy 0] and G = &, CPTiG.
Finally, we can consider é;(¢) on the dynamic error equation. Equation (5.25) can be rewritten as

£(6) = X o) [Ag(r) + Cids(1)] (5.28)
)| = Ay — YAy iy — YR, = C;
where £(t) = [2(01’ A; = [ D . 1 and C; = [o]

The problem of the observer design is reduced to determine matrices Z and Y; such that system
(5.28) is asymptotically stable.

5.2.4 Stability analysis of the observer

This section is devoted to the stability analysis of equation (5.28). The following theorem gives
the condition for the stability in a set of LMIs.

Theorem 2. Consider the system given by (5.3) - (5.6) as a generalized observer for system (5.1)
for state estimation if Assumption 3 is fulfilled. The observer (5.3) - (5.6) is asymptotically stable

if there exists matrices Z, Y; and a matriz X = X1 0 with X, = X Xu > 0 such that
0 X, X1 Xio
the following LMIs are satisfied.
CTH | L 4+ XoDT + ANHTFIF P GTXy + XoG +yNHTFIFLH 0 | CTHT < 0(5.29)
ng 0 _’anf
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T 2T T
[@ X0+ XoG +ANHTFTFLH 0 <0, (5.30)

where the symbol (x) denotes the transpose elements on the symmetric positions,

A5 00 X11Ny; — X Ny 0
TL T1 A1V — XNy
C'—=10 TF3+ 0], [XllNli C XN, 0] , (5.31)
0 0 I
. — [ XuNuTiG + XiuThG — X No TV G . — XuhhD— X.T,D (5.32)
o | XuNuhG + X ThG — X No VG|~ | XuThD — X, T,D|° '
in this case matrizc Z = X' X, and parameter matriz @7 is obtained as follows
@? = BT+’C1'C[+ + Z — Br—i_BrZClCl—i_, (533)
where
Y, = (&:X; 7T, (5.34)
Ki=-R'BveCTCVveT) " + S Lever)E, (5.35)
Si=R'-R'B'lV,-vclcveH) e viIBR ™, (5.36)
Vi=BR'BT-D) >0, (5.37)
where matrices Z, L, R are arbitrary matrices such that ||L]| <1 and R > 0, with
Iy; + 07, + AN PTELEL P (%) (%)
D; = | L + XoDT + yNHIFFFLP GTXo+ XoG + N HIFFFLH 0 :
1z 0 —Ins
-1
B=1]0]| andC = |:A2 Fy O}, such that there exist matrices By, B,, C; and C,., are such that
0
B = BB, and C = C,C,, respectively.
Proof. By considering the following Lyapunov function (Wu et al., 2013)
V() = £(t)" X¢E(1), (5.38)
such that
Xy 0
X = [O XJ , (5.39)

X1 Xn
X1 X
The derivative of (5.38) along the trajectory of (5.28) gives

witthzXlT:[ > 0.

V) = 3 milo(t) [T (OATX + XTANE®) + T ()XTCias (1) + AF(HCTXE®R)],  (5.40)

=1
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By using Lemma 3 we can obtain the following inequality
_ _ 1 _
AT(OCTXEM + €T (OXTTA 1) < 7ATOA) + ' MXTCCIXED, (541

and from the Lipschitz condition, we have

PTFIE P PTRFPFH

T 20T Lfr L

Af Af S A 5 (t) [HTFEFLP HTFEFLH,] g(t)7 (542)
by inserting (5.41) and (5.42) into (5.40), we obtain

VE®) <3 o) [&T(t) (A?X # XA LXTEEEX [

i=1

PTFIF,P PTEIFH €
HTFTF, P HTFF H, '

Now, if the following LMI is satisfied then V(£(t)) < 0

- — | PTEIF P PTFIFH
T Th o 2 xTe.oT 2 Lfr Lrr
A X + XA + fyX CiC; X 4+~ HT FT PP HTFLTFLH,] <0, (5.43)
by using the Schur complement we obtain
~ ~ PTEIF P PTFIEH
T TA . 2 LYL L4'L
Ar X XA+ LI—]ITFLTFLIP’ ]HITFLTFL]HI,] S (5.44)

@zTX _fYInf

By replacing matrices A;, C; from (5.25), and X from (5.39) in inequality (5.44), we obtain

0L + XoDT — FId, + yNHIFFE P GT Xy + XoG +yNHIFFF,H 0 <0,
CZTXl 0 —"}/[nf
(5.45)
where &, = YlTX 1.
Now, by inserting the values of matrices Ay; and X1, we obtain
My + 107 — AT®; — T Ay + Y NPTFIF P (%) (%)
Il + XoDT — F2®; + v\’ FEFLP GT Xy + XoG + YN HTFIFLH 0 <0,
Hg:z 0 _’Ylnf
(5.46)
where I1y;, IIy; and II3; are defined in (5.32), and X, = X1 7.
Inequality (5.46) can also be rewritten as
(BoIeC) + (BoIC)” +D; < 0, (5.47)
where
D; = | I + XoDT + yNHIFEFP GT Xy + XoG + Y NHT FEF H 0 ,
Hg; 0 _P)/Inf
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—1
B = 0 andC:{Ag ]FQ 0}
0
According to Lemma 2, inequality (5.47) is satisfied if and only if the following inequalities are
verified

cTtp, e <o, (5.48)
BD;B" <0, (5.49)

the inequalities (5.48) and (5.49) are equivalent to (5.29) and (5.30) respectively

My + 05 + A N2PTFFELP (%) (%)
CTH | T, + XoDT + yNHIFFF P GT' Xy + XoG +yNHIFFFELH 0 | CTH < 0(5.50)
Hg; 0 _’YInf

GTXQ + XQG + ”}/)\QHTFEFLH 0

0 L <O (5.51)

Then by using the results of Lemma 2 we obtain the solution of Y; by using (5.33)-(5.37) which
complete the proof. O

The following algorithm summarizes the generalized nonlinear observer design procedure.
1. Select the observer order gy and define matrix R € R%*™ such that rank(X) = n.

2. Compute matrices Ny;, Noi, N3, T1, Ta, K1, Ky and P; defined in Section 5.2.3.

3. Solve LMIs (5.29) and (5.30) to find X, Z and v > 0.

4. Find matrices £, R and Z, such that ||£|| <1, R > 0 and V; > 0.

5. Considering the elimination lemma, determine the parameter matrix determine the param-
eter matrix Y; as in equation (5.34) which involves the unknown observer matrices.

6. Compute all the matrices of the generalized nonlinear observer (5.3)-(5.5); N;, H;, F;, Ji, Si,
L;, M;, P and @, by using (5.23) to compute N;, (5.34) to compute H; and L;, (4.31)-(4.34)
to compute S;, M;, P and @ taking matrix Y3; = 0. The matrices F; are given by (5.24) and
matrix J; from (5.10).
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5.2.5 Application to heat exchanger

A heat exchanger with two countercurrent cells is a specific type of heat exchanger that features
two countercurrent cells. In this device, two streams of fluid (typically, a hot fluid and a cold fluid)
flow in opposite directions within the heat exchanger.

The countercurrent configuration is common in heat exchangers because it maximizes heat
transfer efficiency. In this design, the temperature difference between the two fluids is maintained
high across the entire heat exchanger, resulting in enhanced heat transfer. Additionally, at the
end of each countercurrent cell, the temperature of the hot fluid is lowest and that of the cold
fluid is highest, further maximizing thermal efficiency. The presence of two countercurrent cells
in the heat exchanger provides a larger heat transfer area and thus greater heat transfer capacity
compared to single-cell heat exchangers. This enables more efficient heat exchange and greater
flexibility in the application of the heat exchanger in various industrial processes, air conditioning
systems, refrigeration, and other applications where heat transfer is required.

An observer is needed to estimate faults and states in a heat exchanger due to the difficulty
of directly measuring certain critical variables, such as temperature and fluid flow, as well as the
presence of potential faults or deterioration in the system. The observer can use mathematical
models and input data to accurately estimate the current state of the heat exchanger and de-
tect possible faults or anomalies before they significantly affect its performance. This allows for
continuous monitoring and preventive action to maintain the efficiency and reliability of the heat
exchanger (Thulukkanam, 2000).

Model of the heat exchanger with two countercurrent cells

To show the effectiveness of the observer, we apply our results to a heat exchanger with two
countercurrent cells (Figure 5.1) (Dobos et al., 2009).

Fig. 5.1. Schematic representation of the double-pipe heat exchanger.
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The equations that represent the energy balance are given in (5.52)

dTlc 2Uc UA
e e . AT
it v, Lre T ¥ o AT
dTlh 21)h UA
h _Zhep T 22 AT
it v, o= T = AT (552)
dec _Q’UC (T _ )+ UA AT '
A AW
ATy, 2v, UA
h _Z0her oy 22 AT
dt Vh( 1h = Top) onCpiVi

where AT} and AT; are defined as follows

(Tl,h - TZ,C) - (TO,h - Tl,c)

AT = . ((Tl,h - TQ,C)>
(Ton — The) (5.53)
AT, = (Top, — Ts.c) = [Thn — Tyl
; [[TQ,h — Ts,c]]
[Ty, — T,

The rate of heat flow across the solid-fluid interface is Q = UAAT] and Qs = UAAT.

V. is the volume in external side (134.99 x 107°m3), V}, is the Volume in the inner side
(15.512 x 107%m?), v, is the Flow tn the cold stream (6.399 x 10~%cm?/min), vy, is the Flow in the
hot stream (1.94 x 1075cm?/min), Cp, is the Specific heat of cold water (4181.5 J/Kg°C), Cpy, is
the Specific heat of hot water (4196.5 J/Kg°C), p. is the Density of cold water (996.781Kg/m?), py,
is the Density of hot water (971.150Kg/m?), A is the Heat transfer surface area (0.015387511m?)
and U is the Global heat transfer coefficient (1400W /m?).

T5.(t) and T p(t) are the inlet temperatures in the cold and hot streams respectively. T} .(t)
and T3 5,(t) are the outlet temperatures in the cold and hot streams, respectively.

Nonlinear algebro-differential parameter-varying system formulation

Considering the model presented in Equation (5.52), the following nonlinear state space represen-
tation is obtained:
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20, 20, 1 i
— 0 0 0
Ve Ve CpepcVe
- o - 2’Uh(t) 1 — -
1 00 00O TLc(t) 0 - Vi 0 0 _C Vv 0 Tl,c(t)
0100 0 0|t g, Pele 1 Tyn(t)
00100 0 |Th(t) | O o0 =5 0 0 CoopV | | T2e(®)] |
000 1 0 0Ty 0 205, (t) 0 ~ 2ua(t) 0 B Ton(t)
00000 0| Q@) v, Vi CpepVe| | Q)
0000 0 0] Q) 0 0 0 0 b 0 | Qa(t) |
— UA e
) o 0 0 0 0 0 ! "
I UA |
A(p(t))
0 0] SR
2 o 8 0 0]
o g 2e 8 8 AT
0 ¢ 0,h 1
0 0 u(t) 0 1 ft,Frz)
0 0 L 0 N—
L - N—— D
‘_\f_‘B G
001000
yt)=10 0 0 0 1 0f=z(t), (5.55)
000001
C

where the flow the cold stream p(t) = vy(t) is considered as the time varying parameter, and the
nonlinearity f(¢, Fx) is considered as a Lipschitz function. The input signal is considered constant
u(t) = [Ton Tie| = L77.9°C 21.2°C].
The fault signal is defined as

£(t) = {SOC 80s <t < 120s
0°C otherwise.

with this, the Lipschitz constant is selected as A = 100. In fact the states Q(t) and Q5(t) are in a
bounded set and ATy, AT, are Lipschitz functions, as shown below.

(5.56)

Determination of the Lipschitz constant

First we recall that if a function f(z,u,t) is continuous in a closed and bounded region D and if

Of (z,u,t)

————— is continuous in D, then there exist a positive constant A such that || f(z1,u,t) — f(x9,u,t)]| <

x
Allzy — x5]| . Now, to calculate this constant for our model, we can put the Jacobian matrix of the
system (5.54)-(5.55) as shown below
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ve OAT, OAT, ve OAT, 1 ]
—— 4+ UA UA — + 0 0
oTy Ty OTs, CpepeVe
OAT 2 t OAT OAT:
UA 1 vp (%) U 1 A 1 o N o
o1y h T p T2, ¢ CprnpnVh
AT, 20, AT, OAT, 1
Af (z,u,t) 0 UA —— 4+ UA UA 0 _—
= OT1,p Ve T2 ¢ 0Ty p, CpepcVe (5.57)
9z (t) 2vy, (t) OAT, OAT, 2vy, (1) AT, 1
0 —_— + UA— UA - UA—— 0 —
Vi oT1 1, 0Tz, ¢ Vi 9Tz 1, L CpnpnVh
0 0 0 0 - 0
UA 1
0 0 0 0 0 il
L UA

since in a finite space all the norms are equivalent, the norm 1 is used in (5.57) to obtain the
maximum column value, resulting in

8f T, u, t 2UC (9AT1 (9AT1 8AT1
+UA UA UA
H 1 mm{‘ Ve 0T +| || 0Ty
QUh(t) 8AT1 8AT2 QUh(t) 8AT2
- A A A
Vi U 0Ty, Y oTy Vi U Ty |’
2’Uc 8AT1 aATl 2UC 8AT2
UA UA — UA
v. U an | T e | T T o, 555
8AT2 8AT2 2’Uh(t) aATQ '
UA UA — UA
0T | | 0Ty, T
1 1 1
+ |- ]—
CpepeVe | CponpnVh
N T N
CpepcVe CpupnVi UA

substituting the parameters values of the heat model of Section 5.2.5 in the equation (5.58) we
obtain

< maz {22.81,46.13,41.33, 14.76, 0.064, 0.064} (5.59)
1

H(?fmut

Therefore any constant greater than the maximum value of the equation (5.59) can be selected as
the Lipschitz constant A for this particular example.
The maximum value of (5.59) is then obtained as :

< max {22.81,46.13,41.33,14.76,0.064, 0.064} = 46.13 < A (5.60)
1

Hafxut

which justify the choice of A = 100.

5.2.6 Simulation results

First we can see that Assumptions 3, 4 and 5 are satisfied, then we can apply the algorithm of
Section 5.2.4 as follows
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1. By fixing ¢y = 6, we can choose matrix R =
rank(¥) = rank [g] = 6.

2. We obtain the following matrices Ny; =

[—2.49
—2.49
Ny, — 2.050
—2.49
0
0 0
00
00
00
T2: 0 O
00
00
00
0 0
0 1
1 1
0 0
P=14 o
—1 0
0 —1

—2.50
—2.50
2.52
0

—2.50
—0.09

0

0
0.50

(@]
SO OO OO o oo

cocooNoo

[N oNall o o N Na)

o O O oo

0
0
50 0
~0.05
0
0.09
o
0
0
0
0|, K, =
1
0
O L
0,

X 10_3, N21 = N22 =

010001
010010
000100
001000
010011
1000 0 1]

[—2.36 —2.37 0

—236 —2.37 0
2.37 239 —2.37

0 0 0

—236 —237 0

0 =009 0
2.49 0 0 1
2.49 0 0 1
—252 0 0 0
0 o "= 1o o
2.49 0 0 1
0.10 —0.09, 10
T 0

0 0 1] e

0 10 0

0(.)5 8 8 X 10%, Ky = 8

0 1 1

0.5

0 0 1] 0

)
T 0 0
0 0 0
0 —0.089 0
0 0 0
—0.4642 0 0
0  —0.4642 0
0 0.0089 0
0 0 0
0 0 0

x 103, such that

x 1074,

0 236 0
0 236 0
0 -239 0
005 0 0
0 236 0
0.09 010 —0.09]
0 0 0 0]
0 00 0
0 100
05 0 0 o <10%
0 00 0
0 00 0
0 0
00
00
00
0 0,
00
00
00
0 0
0 0 0]
0 0 0
—0.47 0.0089 0
0 0 0
0 04642 0
0 04642 0
0.4740 —0.0089 0
0 0 0
0 0 0
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OO OO OO O oo

11.87

0
0

—1.36
—1.36
0.39
0
4.07
0
—1.24
—1.24
0.14
-0
15.05
0
0

0
0
0
0
0
14.92
0
0
0
0
0

26.70
0

[ 0.0010 0 0 0 —0.0010 0]
0 0.0010 O 0 —-0.0010 0O
0 0 0 0 0 0
0 0 0 0.0010 0 0
N3 = [—0.0010 —0.0010 O 0 0.0020 0| x 1073,
0 0 0 0 0 0
0 0 0 -1 0 0
1 0 0 0 —1 0
. 0 1 0 0 —1 0]
3. By using the YALMIP toolbox Lofberg (2004) we solve LMIs (5.29) and (5.30) to obtain
[ 4.07 —1.36 0.39 0 —1.36 0 4.07 -1.36 0.39
—-136 407 039 0 -1.36 O —1.36 4.07 0.39
0.39 039 259 0 0.39 0 0.39 039 259
0 0 0 0 0 0 0 0 0
—-1.36 —1.36 0.39 0 4.07 0 —-1.36 —1.36 0.39
0 0 0 0 0 14.92 0 0 0
X=1| 407 -136 039 0 —-1.36 0 15.06 —-1.24 0.14
-1.36 407 039 0 —1.36 0 —1.24 15.05 0.14
0.39 039 259 0 0.39 0 0.14 0.14 1296
0 0 0 0 0 0 0 0 0
—-1.36 —1.36 0.39 0 4.07 0 —1.24 —-1.24 0.14
0 0 0 0 0 14.92 0 0 0
0 0 0 0 0 0 0 0 0
[ 0.73 073 0 073 0 0 0 0 0.731]
0.73 073 0 073 0 0 0 0 0.73
0.05 005 0 005 0 0 0 0 0.05
7= 136134 36134 0 36134 0 0 0 0 361.34] 47 =S
0.73 073 0 073 0 0 0 0 0.73
| 0.07 007 0 007 0 0 O O 0.07 |

e

e NeleleNeNeNoeNo o No No Nl

4. Considering R = I15 x 10 and £ = onesiag x 0.1, satisfying the following conditions ||£|| < 1,
and R > 0 such that V; > 0.
5. Taking matrix Z = 0 we obtain matrix Y; as in equation (5.34).
6. We deduce all the matrices of the generalized nonlinear observer and we obtain

(—19.54  8.08 0 0.01  9.08 0

809 —1954 0 0.0l  9.08 0

No— | 079 079 —237 0 0.79 0

17 1-1536 —1554 0  —1.61 30.90 0

8.09 8.08 0 0.0l —1854 0

| 0.35 0.47 0 —-012 —-082 —0.

[—19.61  8.01 0 0.0l  9.10 0
8.02 —19.61 0 0.01  9.10 0
N 0.83 083 =250 0 0.85 0
27 |-15.37 —1556 0  —1.61 30.93 0
8.02 8.01 0 0.01 —-1853 0

| 0.35 0.47 0 —0.12 —0.83 —0.09]
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1 90.06 —0.15 -208 —061 —0.15 —0.61
~0.15  9.06 208 —061 —0.15 —0.61
g | 047 047 1310 007 047 007
—926.52 —26.52 —25.30 —16.62 —26.52 —25.91]’
015 —015 -208 —0.61 906 —0.61
L 061 061 058 060 061 929 |
[ 9.05 016 -220 —0.65 —0.16 —0.65]
~0.16  9.05 —220 —0.65 —0.16 —0.65
g, | 046 046 1324 005 046 005
_96.54 —26.54 —2526 —16.62 —26.54 —25.91]’
~0.16 —0.16 -220 —0.65 905 —0.65
L 061 061 058 060 061 929 |
(559 —3.62 0 0.01 —1.97 0] (406 —15.82 0 ]
~362 558 0 001 —1.97 0 —4.06 —1582 0
g _ 7023 ~024 0 001 047 0| o | 048 0 —15.82
049 —050 0 0.01 099 0 75758 0 0.89 |’
~362 —362 0 001 724 0 406 0 0
042 —054 0 0.13 096 0] 15584 0 0 |
559 —3.63 0 0.01 —1.96 0] 433 —1582 0 ]
~362 558 0 001 —1.96 0 433 —1582 0
g, _ 7022 ~022 0 001 045 Of L | 034 0  —15.82
—0.49 —050 0 0.01 099 0] 75758 0 0.89 |’
~3.62 —363 0 001 7.25 0 ~4.33 —1582 0
042 —054 0 0.13 096 0] 15584 1.78 0 |
[2372.36 0 991 —0.71 —0.84 —0.72 —0.71-0.72]
92372.36 0 071 —9.91 —084 —0.72 —0.71—0.72
L]0 0 | , _|-103 —1.03 —10.87 —0.71 —1.03-0.70
0 47400 "' 7 |=085 —0.85 —0.81 —927 —0.85—0.83]
92372.36 0 071 —0.71 —0.84 —0.72 —9.91-0.72
0 0 | —0.72 —0.72 —0.69 —0.71 —0.72—9.31]
991 —0.71 —083 —0.72 —0.71 —0.72] 0 1 00 —1 1
071 —991 —083 —0.72 —0.71 —0.72 1 1 00 —1 0
L, _ 7102 <102 -1088 —070 ~102 070, [0 0 0 1 0 0 o
~0.85 —085 —081 -927 —0.85 —0.83| 0 0 10 0 0 )
071 —0.71 —0.83 —0.72 —9.91 —0.72 1 0 00 1 0
072 —0.72 —0.69 —0.71 —0.72 —9.31] 0 -1 00 1 0
479 0 0] 476 0 0] [0 0 0]
479 0 0 476 0 0 0 0 0
468 0 0 ~463 0 0 05 0 0
Mi=1 575 0 o ™= | 575 0 ol ™ Q=] o of
479 0 0 476 0 0 0 10
—63.07 0 0] |-63.07 0 0 0 0 1

The input is considered as u(t) = {T 0.1

T37c} = [77.900 21.200}, the fault behavior is given in

(5.111). The initial conditions for the nonlinear system (5.54) - (5.55) are z(0) = [10, 60, 15, 557,
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and for the observer (5.3)-(5.5) the initial conditions are #(0) = [0, 0, 0, 0]7. The performance
of the proposed observer is shown in Figures 5.2 - 5.7. Figures 5.2 to 5.5 show the estimation
of the system dynamic states and Figures 5.6 and 5.7 are the algebraic system states and their
estimations. Figure 5.8 shows the fault and its estimate.
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Sy - - T,  Estimate[|
c
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O 451 i
o
|_‘_ 40 [ =
35+ 7
30 7
o5 ! ! ! ! ! ! ! ! !
0 20 40 60 80 100 120 140 160 180 200
time(s)
Fig. 5.2. Comparison of state estimate 7} .(t).
80 I
_T1,h NL
- - 'T1,h Estimate
751 .
/\—_\
o
70 i
|_‘_ J
4
J
65 k 1
1
1
l
1
60"
0 20 40 60 80 100 120 140 160 180 200
time(s)

Fig. 5.3. Comparison of state estimate T} ().
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40 - f\ - - T, Estimate|
§ 30 7
)
4V
=20 .
10+ 7
0 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180 200
time(s)
Fig. 5.4. Comparison of state estimate 15 .(t).
80 \
_T2,h NL

- .T2’h Estimate

| | | | | | | |
40 60 80 100 120 140 160 180 200
time(s)

Fig. 5.5. Comparison of state estimate 5 ().

The first fault occurs at the time ¢ = 80s and disappears at ¢ = 120s. In a real context, the fault
can be due to problems in the cold water inlet valve. From the simulation results, we can see that
the proposed observer manages to estimate the simultaneous unmeasured states and actuator fault
of the system with a reduced convergence time.
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Fig. 5.6. Comparison of state estimate Q(t).
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Fig. 5.7. Comparison of state estimate (Q5(t).

To evaluate the performance of the states and fault observer, the integral of the absolute error
(IAE) is computed in Table 5.1. It can be concluded that the proposed observer successfully
achieves notably accurate state and fault estimation, indicating a good performance for states and

fault estimation. The definition of performance analysis can be found in the appendix
A.
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Fig. 5.8. Comparison of fault estimate f(t).

Table 5.1. States and Fault observer performance index

States/Fault | IAE
Z1(t) — x1(t) | 10043
To(t) —x1(t) | 2468
Z3(t) —xs(t) | 557
#5(t) — w5(f) | 2161.1
6(t) — xg(t) | 1673
) —f(t) |82813

5.3 Generalized dynamic learning observer design for S-
NLPYV systems

5.3.1 Preliminaries

Consider the following D-NLPV system in its polytopic form.

() = Z wi(o(t)) [Aix(t) + Biu(t) + D, f(t, FLx)} + G fu(t),
y(t) = Cx(t),

(5.61)
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where z(t) € R™ is the state vector, u(t) € R™ is the known input, y(t) € R? is the measurement
output vector and f,(t) € R"/« is the actuator fault vector. Matrix £ € R™*" could be singular.
A; e RV B, e R C e RP*" D; € R™™ and G € R""/a are real matrices and f(¢, Fx)
is a nonlinearity satisfying the Lipschitz constraint |[|Af(¢)]| < A|FL(z1 — z2)|| where Ag(t) =
f(t, Frxy) — f(t, Frase), A is a known Lipschitz constant and Fj, is real matrix of appropriate
dimension.

Let rank(E) = r < n and E+ € R*" be a full row matrix such that EXE = 0, in this case
S=mn-—r.

Consider p;(o(t)) as the membership functions formed with known variant parameters o(t) € R!.
The membership functions have the following properties:

k
> _wilo(t)) =1, pile(t) =0, (5.62)
i=1

fori=1,..., k=2

Assumption 6. [t is assumed that the system described by equation (5.61) is reqular (Definition
1), Impulse observable (Definition 2) and Reachable observable (Definition 4).

Assumption 7. It is assumed that system rank(B;) = mnk[Bi G}.

Assumption 8. The actuator fault behavior is assumed to be constant, i.e. fa(t) = 0.

5.3.2 Problem Statement.

Let us consider the following generalized nonlinear observer for system (5.61)

(W) = X0 pile(®) [N + Hyv(t) + Fy(t) + Jau(t) + TDif (t, Fi) + TG (1),

0(1) = Do male(t)[SiC(t) + Lv(t) + Miy(1)], (5.63)
() = PC(t)+Quy(t), (5.64)
falt) = Jfalt = 7) + @ C2() — y(t)), (5.65)

where 7 denotes the sampling time interval, ((¢) € R% represents the state vector of the
observer, v(t) € R? is an auxiliary vector and #(t) € R" is the estimate of z(¢). The matrices
Ni c RQOXQO7 HZ. c ]Rqu(h7 E c RQOXP’ SZ € waﬂzo7 LZ. c ]R111><<117 Mi € quxp’ Jz c ]R(onm7
PeR»™v Qe R"™ and T € R?*" are unknown matrices of appropriate dimensions, which must
be determined such that Z(t) and fa(t) converges asymptotically to z(t) and f,(t), respectively.
Let a matrix T" € R®*" to consider the following transformed error

e(t) = C(t) — TEx(t), (5.66)

whose derivative is
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1) = 3 pile(t) [ Nie(t) + NTEx(t) + Hio(t) + FCa(t) +

Jau(t) + TD; f(t, Fp2) + TG fo(t) — TAsa(t) — TByu(t) —
TDif(t, Frr) — TG fa(1)] (5.67)

{0 = 3 lolt) [Niett) + Hilt) + (NTE — TA, + FC)alt) +
(Ji = TBi)u(t) + TGey(t) + TD;Af(t)] (5.68)

where ef(t) = fo(t) — fo(t) and Ap(t) = f(t, Fr&) — f(t, Fyx). Equation (5.68) is independent of
x(t) and wu(t), if the following equations are satisfied:

(a) N;TE + F,C —TA; =0, (5.69)
(b) J; = TB,. (5.70)

Then equation (5.68) becomes:
(t) = Z pi(e(t)) [ Nie(t) + Hiv(t) + TGey(t) + TDiA(1)] (5.71)

By using equation (5.66), equations (5.63) and (5.64) can be written as

k
’l')(t) = Z /Li(Q(t)) [Sze(t) + Li'l}(t) + (SzTE + MZC)x(t)], (5.72)
=1
#(t) = Pe(t) + (PTE + QC)a(t), (5.73)

Now if the following conditions are satisfied

(¢) S;TE + M;C =0, (5.74)
(d) PTE+QC = I, (5.75)
Convergence is ensured if the aforementioned restrictions (a) - (d) are satisfied. However, if

these restrictions are not met, the convergence of the observer cannot be guaranteed.
then, equation (5.72) becomes

k

(1) = 3 palet) [Sie(t) + Liv(t)], (5.76)
and the state estimation error becomes
Z(t) — x(t) = e(t) = Pe(t). (5.77)

If conditions (a)-(d) are satisfied, the following observer error dynamics equation is obtained from
(5.71) and (5.76)

p(t) = 3 milo(t) [Aip(t) + Bep(t) + C:iA (1)), (5.78)

i=1
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where p(t) = [Z((?)], A; = [gf: ‘ZZ], B = [TOG] and C; = [Té?z]

In this case, if ef(t) = 0, Af(¢t) =0 and ]L;,[Z [ZZ is stable, then lim;_, e(t) = 0.
Now, the problem of the GLDO (5.63)-(5.65) design is reduced to find matrices N;, F;, J;, H;,
L;, M;, S;, P, Q, T and ®y,, such that the error dynamic (5.78) is asymptotically stable.

5.3.3 Observer design

This section will be devoted to the parameterization of all the matrices of the observer

Observer parameterization

The parameterization of this observer can be obtained in a manner similar to that in the section.
4.2.2.

Now, by using the value of matrices N;, S; and T" given by (4.25), (4.31) and (4.20), respectively,
the observer error dynamics (5.78) can be written as

k —

p(t) = > milo(t) [Aip(t) + Beg(t) + CiAf (1), (5.79)

=1

where A’L = Ali — YiA27 Ali = [Nh _OZIN% 8‘|7 AQ = []gg _(} ‘|’ B = lTlG _OZIT2G]’ Cl =
q1

I'D; — ZiT2D;
0
and from (5.77) we have

] and Y; = [Yu Hi],

}/27: Li7

e(t) = Pp(t), (5.80)

where P = [Pl 0] and Y3 = 0 for simplicity, without loss of generality. Considering equation

(5.65), fa(t) = fult = 7) = fult), ef(t — 7) = falt —7) — fu(t — 7) and the definition of es(t), we
have

er(t) = fult = 7) + @, C(2(t) — 2(t) — falt) (5.81)
ef(t) = ef(t —7)+ q)face(t) + ~a(t)

From Assumption 8 it is assumed that f,(t) can be made zero, so then, estimation error (5.81) can
be expressed as

er(t) = ep(t — 1)+ Ko(t). (5.82)

where K = [CD 1aCP 0}.
The observer design is obtained from the determination of matrices Z; and Y; such that system
(5.79) is asymptotically stable.
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5.3.4 Stability analysis of the observer

This section is devoted to the stability analysis of equation (5.79).

Theorem 3. Under Assumption 6, there exist two parameter matrices Z, and Y; such that system

(5.79) is asymptotically stable if there exists a positive definite matriz X = [)(()1 )g > 0 such
2
that the following LMIs are satisfied
IT;; +1I I1
CTJ_ 1: 2 3 CTJ_T < 07 5.83
- 059
v >0, (5.84)
—nl BT'X +K
l (%) i, <0 (5.85)
where
ATt 0 PTFFFP 0 Xi\T\D; — X.T»D;
TL 2 _ 2 1 L4 L1 L 141487 z4 2474
1. — | XN+ NEXy — XNy = NEXT 0 '
17 0 0]’
in this case n > 0, matriz Z, = X; ' X, and parameter matriz ! is obtained as follows
o = B.TK.CY + Z - B, B.2CC T, (5.87)
where
Y, = (&, X717, (5.88)
Tyyp T T 3 Ty\-1
K, = —RilBl ViC, (Cer‘Cr )71 + SiQE(CTViCT )757 <5'89)
Si=R*'—R'B'V, —vcrc.ve e VIBR™, (5.90)
Vi=(BR'BT—D;)! >0, (5.91)

where matrices Z, L, R are arbitrary matrices such that ||L]| <1 and R > 0, with

ITy; + 11 II3

Di - )
(*) *’YInf

0
and C = C,C,., respectively.

B = l_ll and C = [Ag 0}, such that there exist matrices By, B,., C; and C,., are such that B = BB,
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Proof. Consider the following Lyapunov candidate function

V(p(t) = " () Xep(t) + /t i et (t)ey(t)dt (5.92)
such that
X = ﬁl )?2] >0, X;=XT. (5.93)

The derivative of (5.92) along the trajectory of (5.79) gives

Z: ()] ()X (1) + G () Xp(t) + €f (Deg(t) = €f (t = T)es(t = 7)],  (5.94)

replacing (5.79) and considering (5.82) in equation (5.94), we have

<Zm ) [e" (AT X + XTA)p(t)+

STOXTCALD) + AT Xp(0)+ (>:%)
20" () XB + K'Jes(t — 7) + ¢ (1)[2XB + K"Ky (t)]
taking into account the following restriction
B’X = -K (5.96)
we can obtain the following equivalence
e (H[2XB + KT Kp(t) = —p(t)K'Kep(t) < 0 (5.97)

It is important to note that Equation (5.97) is formed by a quadratic term and by containing
the negative sign, the condition of being defined negative will be fulfilled as long as ¢(t) # 0.
Now, Equation (5.95) can be written as

V() <3 o) ¢ (AT X + XTA)p(t) + ¢ () XTC:AL (1) + AT()CT X o(1)],  (5.98)

=1

By using Lemma 3 we can obtain the following inequality
1
AFOCTXo(t) + T () XTCiAf(t) < VAT (D) Af(H) + ng(t)XTCiQTX@(t),

and from the Lipschitz condition, we have
ATAG() <N (0)PT F] FLPp(t), (5.99)

by inserting (5.99) and (5.99) into (5.98), we obtain

k
) < Z [ )(ATX + XTA;+ 1XTC CIX + MQIP’TFTFL]P’) go(t)] . (5.100)
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Now, if the following LMT is satified then V(¢(t)) < 0.
_ 1
ATX + XTA; + = XTC,CT X + y\*PTFIF P < 0, (5.101)
f‘)/

By using the Schur complement (Lemma 1) and replacing matrix A; in inequality (5.101), we
obtain

_ _ T 2T T ,
l X(A; —YAy) + (A — YA)'X + y\PTFIF P IXC; <0, (5.102)
(%) =g
Now, by inserting the values of matrices Ay;, P and X we obtain
) _ATp. _ pT
Iy, + Il — A5 D, — D; Ay 13 <0, (5.103)
(*) —YIny

where @; = Y/'X and X, = X,Z,. IIy;, I, and I3 are defined in (5.86). Inequality (5.103) can
also be rewritten as

BoIC + (BIC) +D; <0, (5.104)
where
| gy + 11 I3 _ |1 _
Dl_[ ) _ﬂnf],s_[o and C = |Ay 0].
According to Lemma 2, inequality (5.104) is satisfied if and only if the following inequalities verified
¢t <o, (5.105)
B+D,B <0, (5.106)
the inequalities (5.105) and (5.106) are equivalent to (5.107) and (5.108) respectively
I; +1I I1
CTL 13 2 3 CTlT < 0’ 5107
-y (o107
v > 0. (5.108)
AT+ 0

with B+ = [0 I] and CT+ = If condition (5.96) is satisfied, conditions (5.107)

0 Il
and (5.108) can be solved using a standard tool for linear matrix inequalities (LMIs). However,
condition (5.96) is a matrix equality to solve it, it can be rewritten as (Jia et al., 2016)

B'X +K)B'X + K)! < n’I (5.109)

where 7 is a positive scalar. By using the Schur complement lemma (Boyd et al., 1994), equation
(5.109) can be written as

9 T
l i IB”(J“K]<0 (5.110)

(%) —1

The design problem can be simplified by considering a scalar > 0 and v > 0 to solve the
inequalities (5.83), (5.84), and (5.85), resulting in a positive definite matrix X. The parameter
matrix Y; can be obtained as (5.88), which completes the proof of the theorem. |

O
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5.3.5 Simulation applied to heat exchanger

This section is devoted to the performance analysis of the observer (5.63)-(5.65) applied to the
heat exchanger model similar to that presented in Section 5.2.5. First, we can confirm that As-
sumptions 3, 4, and 5 are satisfied. Then, we can proceed to apply a procedure similar to the
algorithm outlined in Section 5.2.4.

The nonlinearity f(t, Frx) is considered as a Lipschitz function. The input signal is considered
constant u(t) = [77.900 21.2°C}. The fault signal is defined as

8°C 80s <t <120s
fa(t) = {OOC otherwise (s). (5.111)
The Lipschitz constant is selected as A = 100 and 7 = 0.00001. The initial conditions for the non-
linear system are z(0) = [10, 60, 15, 55]7, and for the observer (5.63) - (5.65) 2(0) = [0, 0, 0, 0]7.
The perfomance of the proposed observer is shown in Figures 5.9 - 5.10. The fault occurs at the
time ¢t = 80s. In a real context, the fault can be due to problems in the cold water inlet valve.
From the simulation results shown in Figure 5.9, it can be observed that the proposed observer
successfully estimates the simultaneous unmeasured states of the system, achieving a notable re-
duction in convergence time. The estimate fault manages to reduce the convergence time due to
the learning part as seen in Figure 5.10.
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Fig. 5.9. Convergence of the states estimation errors.

65



T \
: —f N
3r: Lom - - .f Estimate|
I ! a
1 1
1 1
6H I _
~ 0 I
O '
= 1
Eit 1
1
1 1
2! : 1
1 L]
1 1
0 :l—-- ||~'
! ! ! ! ! ! ! ! ! !
0 20 40 60 80 100 120 140 160 180 200

time(s)
Fig. 5.10. Fault estimation.

5.3.6 Conclusions

In this chapter, a GDO structure is presented to perform simultaneous estimation of state variables
and actuator faults in algebro-differential nonlinear parameter varying systems. A second design
for reducing the convergence time for fault estimation is presented. The conditions for the existence
of this observer design is given in the form of a set of LMIs. This methodology can be applied to
standard LTI formulations, considering them as particular cases. In order to illustrate the observer
performances, a heat exchanger with two countercurrent cells was considered.

66



Chapter 6

Generalized dynamic adaptive observers
for parameter estimation

6.1 Introduction

This chapter presents an adaptive observer design for simultaneous estimation of system parameters
and state variables for a class of linear descriptor systems. In Section 6.2, a case where variable
parameters are present in the system is considered. The observer design is obtained in terms of
a set of linear matrix inequalities (LMI), and the conditions of existence and stability are given.
Academic examples illustrate the efficiency of the proposed approaches.

6.2 Generalized dynamic LPV adaptive observer for pa-
rameter estimation

6.2.1 Preliminaries

Let us consider the following linear algebro-differential system:

Ei(t) = 3 (o) [Ag(t) + Buu(t)] + v (1)0 (),

y(t) = Cx(t),

where z(t) € R" is the state vector, u(t) € R™ is the known input and y(t) € R? is the measurement
output vector and 0(t) € R' is the unknown parameter vector assumed to be constant. Matrix
E € R A, € R B; € R™™ and C' € RP*" are known constant matrices. t(t) € R™!
is a matrix of known signals, and it is assumed to be piecewise differentiable. Both v (t) and its
derivative ¢)(t) are uniformly bounded in time. Assume that: rank(E) = r < n, and without loss
of generality: rank(C) = p.

(6.1)

The problem addressed in this paper involves the simultaneous estimation of z(¢) and () using
measured and known signals u(t), y(t), and (). Now since rank(E) < n, there always exists a
full row rank matrix £+ such that:
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E+*E =0. (6.2)

Following (6.2), system (6.1) is equivalent to:

gui(g(t))[[ E;f)u M Zul ”ngﬂ x(t)]%E(ﬂ o(t) (6.3)

Our aim is to design an adaptive observer of the form:

((t) = Zm £)[Ni¢ + Hv + F; ( _EZ%““) - Eg¢ é(t)) +
Ju(t)} CTY0(t) + T10(1), (6.4)
o) — Zm 0)[S.C + Liv+ M, ( ‘E;%’“(t) - E;¢ é(t))}, (6.5)
e L
0 = r5T<t>cTA<y<t> — Ci(t)), (6.7)

where 2(t) and () are the estimates of z(t) and 6(t), respectively. Matrices N; € R©*% [, €
R%Xt;{l7 F; e Rqoxp7 SZ. c ]Rq1><qo’ L; € Rq1><q1’ M, € Rq1><p’ J; € RQOXm7 P c RnX(Io’ Q c Rnxp7
and 7" € R®*" T'(¢) and () are unknown matrices of appropriate dimensions, which must be
determined such that 2(¢) converges asymptotically to z(¢) and 8(t) converges to 8(t), respectively.
I' ¢ R and A € R! are symmetric positive matrices which are used to adjust the evolution rate of

0(t).

6.2.2 Problem statement

Let us consider the two estimation errors

(6.8)

Now, we make the following two assumptions which are needed for the rest of the paper

Assumption 9. [t is assumed that the system described by equation (6.1) is reqular (Definition
1), Impulse observable (Definition 2) and Reachable observable (Definition 4).

Assumption 10. Let 5(t) € R™! be a matriz of signals generated by the stable ODE system of
the form:

B(t) = ;M(@(t» [Azﬂ(t) + Xi(t)] (6.9)
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Assuming that input signal X are persistently exciting, so there exist two positive constants, 6 and
t1 and some bounded symmetric positive definitive matriz A € RY*? such that for allt the following

inequality holds:

/ T BT CTACB(r)dr > O

Remark 1. Condition (6.10) is typically required for parameter identification.

The following theorem gives the conditions for the existence of the observer:

(6.10)

Theorem 4. Let I' € R be any symmetric positive definite matriz. Under Assumptions 9 and
10, and for a constant 0(t), the adaptive observer (6.4) - (6.7), is a global exponential adaptive

observer for the descriptor system (6.1) if there exist a matriz T such that:

Ji - TBZ,
S
N, TE + F; ECA’ = TA;,
S
L C -
S
PTE +Q E-4; = I,
L C -
N; —H; .
and A, = [_Si I, ] are a stable matrices.
The matriz of signals V' (t) = [Tlét)] is obtained by linearly filtering 1 (t) through:
k
T(t) = Y- pilel®) AT (1) + Di(t)],
i=1
L
ron[®]
where D; = Jonl
[l

The matriz 5(t) is given from equation (6.9) such that:

k

X(t)=>_ pilo(t))

=1

AQ [Eﬂ + D,

or by:

o) =pr - @ [ |t

(6.11)
(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)




with P = [P 0],
Proof. Let us define the transformation error €(t) as:

e(t) = TEx(t) — C(¢) (6.18)

its derivative is given by

k

ét) = z:lﬂi<9(t))[Ni€(t)_HiU(t)

_ <NZ~TE _TA+F [E 2“”]) +(t) + (T'B; — J)u(t)
4 (T _F lbﬂ) b(t)eo(t)] — Tib(2), (6.19)
Using (6.11) and (6.12), we can obtain:
() = gui(g(t)) [Nie(t) — Hoo(t) + (T _FR Fﬂ) B(t)e + Tiéa], (6.20)

Now, by utilizing (6.18), equation (6.5) can be expressed as:

0(0) = 32 sl = Silt) + L) + (STE + 1 [ECA] Yo (t) + M, m Y(t)es(t)],  (6.21)

Using (6.13) we have

b(t) = 3 ilo(t)[ = Se(t) + Lov(t) + M, m B(t)eo(t)]. (6.22)

=1

Considering equations (6.19) and (6.21), the following observer error dynamics equation is obtained

pt) = Y milo()[Awp(t) + Ditp(t)eg + T()eéo (1)), (6.23)

where o(t) = [Z((?)] .

The key step of the proof is to define the following linear combination of ¢(t) and eqy(¢):

n(t) = o(t) = T(t)eq(t), (6.24)
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then we have:

0(t) = ¢(t) = T(t)eo(t) — T(t)éo(t).
By substituting equation (6.23) into equation (6.25), we obtain:
k

0(t) =" uilo(t) [Am(t) + (Dap(t) + AT (1) — T(t)) eo(t)]

=1

From linear equation (6.15), equation (6.26) its reduced to its homogeneous part:

k

0(t) =3 pwile(t) [Am(t)],

i=1

Matrices A; must be stability matrices to ensure convergence of 7(t) to 0.

Now and since the parameter vector 6(t) is constant, we have:

and

= —TAT)CTAy(t) — §(t)),
= —TBT()CTACe,(t).

On the other hand, by taking (6.14), we can easily prove that
EJ_
cst) = Pott) - @ | | vt

where P = [P O}.

Then, by replacing ¢(t) from (6.24), and using (6.30) in (6.29), we obtain:

EL
o= -1 cAC pato) + 10 - @ | Vet
by choosing ((t) as in (6.17), equation (6.31) becomes:
¢y = —TB" (t)CTAC [P(t) + B(t)es(1)]
Looking to the homogeneous part of system (6.32) leads to:

ég = —TBT(H)CTACH(t)eq(t).

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

(6.32)

(6.33)
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As 1(t) and () are bounded, ((t) generated from the exponentially stable system (6.9) is also
bounded. From the persistent excitation condition (6.10), and since I and A are positive, the global
exponential stability of system (6.33) can be easily proved. From the exponential convergence of
n(t) and of system (6.33), we obtain the global and exponential convergence to 0 of ey(t) generated
from system (6.32) (see Zhang (2002), Alma and Darouach (2014) and Alma et al. (2018) for more
details).

Now, from 7(t) — 0, eg(t) — 0 and the fact that 7°(¢) is bounded, we conclude that ¢(t) =
Sk i(o(t)) {m(t) + T(t)eg(t)} converges to 0, with global and exponential convergence.

Finally, from the convergence of ey(t) and ¢(t) to 0, and from (6.30), the global and exponential
convergence of e, (t) — 0 is guaranteed. O

6.2.3 Observer design

This section will be devoted to the parameterization of all the observer matrices and the stability
analysis.

Observer parameterization

This section will focus on parameterizing all observer matrices. The full parameterization of the
observer can be achieved by following the steps outlined in section 4.2.2.

Now, with the matrices N; and S; values obtained from section 4.2.2, matrix A; can be formu-
lated as

k
Ay =2 (o) (Ar — YiA,) (6.34)
=1
N BT

without loss of generality, Y3; = 0 is taken for simplicity.
The problem of the observer design is reduced to determine matrix Y; such that system (6.34)
is asymptotically stable.

6.2.4 Stability analysis of the observer

This section is devoted to the stability analysis of the observer. The following theorem gives the
condition for the stability in a LMI.

Theorem 5. Under Assumptions 9 and 10, there exist a matriz Y; such that system (6.34) is
X: 0

0 X, > 0 such that the

asymptotically stable if there exists a positive definite matriz X = l

following LMI is satisfied
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NIH[NL XD + X NN+ <0, (6.35)

matrices N1; and No are defined in section 4.2.2. Then, the parameter matrix Y; is obtained
as shown below

Y; = X H=oBT 4+ /o LTV, (6.36)
where
oBBT —Q >0 (6.37)
T .
Matriz Q = NiXa gXlNh 8 , B = —A2TO and = = ®. L is a matriz with arbitrary elements

such that ||L]| < 1 and o is a positive scalar such that I' > 0.

Proof. Consider the following Lyapunov candidate function

V(n(t) =n"(t)Xn(t), (6.38)
The derivative of (6.38) along the trajectory of (6.27) gives

V() < u" () [ATX + XAqn(), (6.39)

or

ATX + XA, <0, (6.40)
replacing (6.34) in equation (6.40) we have

AT X — AL &+ XAy — OTAy <0, (6.41)

with ®; = YT X.
by incerting A;; and X into (6.41) we have

Qi — Agoq)z — CDZTAQO < 0, (642)

Equation (6.42) can be written as

Q, + B=+ (BE)" <0, (6.43)
According to the elimination lemma (Skelton et al., 1997), there exists a matrix = that satisfies
(6.43) if and only if the following inequality is verified:

B+o,B" <0, (6.44)

with B+ = —AlL = {—NQTL O}. Using the definition of Q;, (6.35) is obtained. If (6.44) is
satisfied, the parameter matrix Y; is obtained as in (6.36) which complete the proof of the theorem.
O
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Finally, the generalized adaptive observer can be obtained with the following algorithm.
1. Select a matrix R € R%*" such that rank(X) = n.

2. Compute matrices Ny;, No, Fy;, Fy, Q1, T, K and P; defined in Section 6.2.3.

3. Solve LMI (6.35) to find matrices X and ®;.

4. Choose matrix ||£|| < 1 and a scalar ¢ > 0 such that I' > 0.

5. Determine matrix Y; using (6.36), to obtain Yi;, Ya;, H; and L;.

6. Compute different observer matrices N;, S;, M;, P, Q, F; and J;, by using (4.25) to compute
N;, (4.31)-(4.34) to compute S;, M;, P and @ taking matrix Y3, = 0. The matrix F; are
given by (4.27) and matrix J; from (6.11).

7. Compute in real time 7°(¢) and S(¢) using (6.15) and (6.9).

6.2.5 Numerical example

The following numerical example is chosen to illustrate the above Theorem 5 for a system with
unknown input. Consider the descriptor system (6.1) with one unknown parameter 6(¢) to estimate,
described by:

1000 00 pt) 0 01
01 00 1 0 0 0 0
E_OOOO’A_—l() 0 1’B_0’
0000 001 1 1 1]
- (6.45)
1 0
o] e " ftooo
G = 0 U = 0 andC—[O 100
1 0
Matrix E-+ such that ELE = 0 is obtained as:
0010
1
Bt = [0 0 0 1] (6.46)

We select matrix R = x 107, such that rank(¥) = 4.

o O O
o O = O
O = O O
_— o O O

Defining p(t) € R™ as the variant parameters were its maximum value is p = 3 and its minimum
value p = 1. By applying the above results to this system and computing Ny;, No, Fy;, Fy, Q1
T, K and P,. after resolving LMI (76), Considering £ = onesjag x 0.1 and o = 1000 satisfying
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the following conditions ||£|| < 1, and I > 0. Matrices N;, H;, F;, S;, L;, M;, and J; are computed.

~1.060 0.484 0.522  1.148 ~1.060 0.484 1.972  1.148
N _ | 0945 —0.809 —0.694 —0.935| [ 0.945 —0.809 —0.694 —0.935
L= |-0.054 —0.809 —0.744 —0.935" “2~ |-0.054 —0.809 —2.194 —0.935 |’
1.505 —1.294 —1.116 —2.084 1.505 —1.294 0.3331 —2.0844
—5 5 16,711 —3.088 —~150 150 —55.78 —75.58
s |0 0 14793 5778 | 0 0 1479 577
=5 —5 —32711 8278 | "2~ | 150 39.78 39.78  80.77 |’
5 5 —31.920 3.866 150 150 104.42 —68.63
0.002 —0.484 —0.239 —0.486 0 0 0.012 0.012 0
0.002 —0.484 —0.239 —0.486 0 0 0.012 0.012 0
S1=5210002 —0484 —0239 —0.486] <10 b M= My 0 0 0012 0012 7= |o|’
0.002 —0.484 —0.239 —0.486 0 0 0012 0.012 0

In order to simulate the considered linear descriptor system and the proposed adaptive observer,
the input ¢(t) is chosen to be a square impulses as shown in Figure 6.1. For clearness reasons,
only the first 100 seconds are presented. This signal is rich and satisfies the persistent excitation
condition.

The true parameter to estimate 0(t) switches between 1 and 2. The initial values for the state

. : . T T
vector, its estimate and parameter estimate are: z(0) = [—1 -1 -1 2} ; 2(0) {0 00 0} ;

é(O) = 0. The adaptive observer parameters are: A = onesjasxg and I' = 100.

Fig. 6.1. Input signal ¢(t) for LPV systems.
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Fig. 6.2. Convergence behavior of parameter estimate 0(t) for LPV systems
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Fig. 6.3. Convergence behavior of state estimation error x(t) for LPV systems

Fig. 6.4. Convergence behavior of state estimation error z5(t) for LPV systems
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Fig. 6.5. Convergence behavior of state estimation error x3(t) for LPV systems

Fig. 6.6. Convergence behavior of state estimation error z4(t) for LPV systems
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Figure 6.2 presents the parameter estimation in relation to its original value. One can see that
the estimate converges fastly to its real value. he rate has been adjusted with a good choice of
parameters A and I'. Figures 6.3-6.6 shows the states estimation errors evolutions e,(t) for all
the state vector. The observer permits a successful convergence to the states of the system. It
can be shown that the state estimation error converges fastly to 0 after each change in 6(¢) which
demonstrate the effectiveness of the proposed approach.

6.2.6 Conclusions

In this chapter we propose a novel generalized adaptive observer design for joint estimation of states
and parameters for algebro-differential linear and algebro-differential linear parameter varying
systems. The designs are given in term of LMIs. these approaches represents a generalization
of PIO and PO methods, enabling the concurrent estimation of some system parameters and
state variables, given that specific rank relations and a persistent condition are fulfilled. In order
to illustrate the efficiency of the proposed approach, A numerical example has been included to
illustrate the performance of the proposed adaptive observer design.
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Chapter 7

Conclusions and perspectives

This thesis has contributed to algebro-differential parameter-varying systems in different categories
as state estimation, parameter estimation and fault diagnosis. Based on these categories, a bibli-
ographical review is presented to guide the direction of this work.

Chapter 3 focuses on the GDO synthesis for algebro-differential parameter-varying systems sys-
tems. It is introduced the GDO structure considering the case for state estimation. This type of
structure takes into account a wider range of systems by combining it with a more general observer
structure, allowing for a more comprehensive methodology. In the case of variable parameters, con-
ditions for the existence of the GDO are provided, and its stability has been demonstrated to tackle
this issue. The stability conditions are formulated in terms of LMIs, utilizing the bounded real
lemma and other mathematical complements. Additionally, the designs include detailed parame-
terizations of the algebraic constraints.

In the same way, Chapter 4 concerns simultaneous state variables and unknown inputs estimations
for algebro-differential parameter-varying systems through the design of a generalized observer.
Additionally, the design of a generalized learning observer is presented, which allows reducing the
convergence time for fault estimation applied to the same class of systems.

The state and parameter estimation are addressed in Chapter 5 for algebro-differential linear sys-
tems, using the GDO structure, allowing for the simultaneous estimation of system parameters
and state variables once some rank relations and persistent conditions are satisfied. Additionally,
the case for algebro-differential LPV systems is presented for a broader operational range.

Different applications are presented in each observer design to demonstrate the performance of
each one. It can be noted that the performance of the GDO achieves a better performance index
in comparison to their particular structures (PO, PIO).

Along with this research work, many open problems were detected, giving opportunities for more
contributions to the topics encompassed in this thesis. Some of the open problems are presented
below :
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o The algebro-differential nonlinear parameter-varying systems are a very interesting class of
systems studied in this research. The solutions provided in the designs could be conservative if
there is a considerable amount of noise in the system, in addition to considering an estimation
of time-varying unknown inputs. It can take into account those scenarios, improving upon
the observer designs previously demonstrated.

e The design of adaptive observers in Chapter 5 requires a persistent excitation condition,
which must be satisfied by specific signals to estimate the unknown parameters. A case
where this condition is not taken into account for parameter estimation applied to the same
type of systems can be considered.
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Appendix A
Performance index IAE, ISE, and ITAE

A performance index is a quantitative measure of a system’s behavior and is chosen in a way that
highlights the system’s important specifications (Dorf et al. (2005)).

A system is considered optimal when its parameters are adjusted in such a way that the index
reaches an extreme value, typically a minimum value. For a performance index to be useful, it must
always be a positive number or zero, such that the best behavior is defined as minimizing this index.

Various performance indices (Dorf et al. (2005)) are employed in the literature, and the selection
of such indices depends on the type of behavior to be analyzed and the characteristics of the system.

The Integral Squared Error (ISE) is expressed as:

156 = | "2(t)at (A.0.1)

This index penalizes large errors and discriminates between excessively overdamped and under-
damped responses. The minimum value of the integral occurs for a critical damping value.

Another index used to reduce the contribution of the initial error and highlight errors occurring
after the response (Graham and Lathrop (1953)) is the value of the integral of time multiplied by
the absolute error (ITAE), defined as follows:

1mag = [ et dt (A.0.2)

Another particularly useful index for simulation studies is the value of the integral of the absolute
error (IAE). It is a more sensitive index than ISE, and therefore, TAE tends to give longer settling
times and higher overshoots. TAE is defined as:

rap = [ le(t)]dt (A.03)

There are other performance indices besides those described above. However, for the purposes of
this work, the aforementioned ones are employed.
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Appendix B

Generalized dynamic adaptive observer
design for parameter estimation

B.1 Preliminaries

Let us consider the following linear time invariant descriptor system:

Ei(t) = Az(t)+ Bu(t) + v(1)0(t), (B.1.1)
y(t) = Cal(t),

where z(t) € R™ is the state vector, u(t) € R™ is the known input, y(¢) € RP? is the measurement
output vector and 0(t) € R! is the unknown parameter vector assumed to be constant. Matrix
E € R™™ could be singular. Matrices A € R™*", B € R™™ and C' € RP*" are known constant
matrices. ¢ € R™! is a matrix of known signals, and it is assumed to be piecewise differentiable.
Both ¢(t) and its derivative t(t) are uniformly bounded in time. Let rank(E) = r < n and
E+ € R¥™ be a full row matrix such that E+E = 0, in this case s = n — r. Without loss of
generality: rank(C) = p.

The problem addressed in this paper involves the simultaneous estimation of x(t) and 6(t) using
measured signals u(t), y(t), and ¥(t).

Considering the aforementioned, system (B.1.1) is equivalent to:

[_E;(z;u(t)] _ lE;A] o)+ lELg)(t)} o(t) (B.1.2)

Our aim is to design an adaptive observer of the form:
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(t) = NC(t)+ Ho(t) + F ([_Ezg)“(t)] - [ELSW)] é(t)) "

Ju(t) + Te6(t) + 110(1), (B.1.3)
o(t) = SC(t) + Lo(t) + ([ EL(';“ )1 - lELOW)} é(t)), (B.1.4)

() = ([ ELB“ ] [ELB”( )] é(t)), (B.1.5)
A1) = TATOCTAy(t) — Ca(t), (B.1.6)

where 2(t) and 0(t) are the estimates of z(t) and 0(t), respectively. The matrices N, H, F, S,
L, M, J, P, Q, T, T and (t) are unknown matrices of appropriate dimensions, which must be
determined such that 2(¢) converges asymptotically to z(¢) and A(t) converges to 0(t), respectively.
I' and A are symmetric positive matrices which are used to adjust the evolution rate of é(t)

B.2 Problem statement

Let us consider the two estimation errors

x(t) — 2(t).
Q A( ) (B.2.1)
(t) =0(t) - 0(t).
Now, we make the following two assumptions which are needed for the rest of the paper

Assumption 11. It is assumed that the system described by equation (B.1.1) is reqular (Definition
1), Impulse observable (Definition 2) and Reachable observable (Definition /).

Assumption 12. let 3(t) € R™*! be a matriz of signals generated by the stable ODE system:
B(t) = AB(t) + X (t). (B.2.2)
Assuming that X is persistently exciting, there exist two positive constants, 0, t; and some

bounded symmetric positive definite matrix A € R such that for all t the following inequality
holds:

/ T BT CTACA(r)dr > O (B.2.3)

Remark 2. Condition (B.2.3) is typically required for parameter identification.
The following theorem gives the conditions for the existence of the observer:
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Theorem 6. Let I' € R™! be any symmetric positive definite matriz. Under Assumption 11,
and for a constant 0(t), the adaptive observer (B.1.3) - (B.1.6), is a global exponential adaptive
observer for the descriptor system (B.1.1) if and only if there exists a matriz T such that:

J = TB,
L
NTE + F E~A = TA,
L C -
=
ste+m|EA Z o
L C -
=
PTE+@Q E~A = I,,
L O -
N —-H| . .
and A = [—S L} is a stable matriz.

11 (1)

The matriz of signals 1 (t) = [ 0

T(t) = AY(t) + D(t),
EJ_
T—-F 0 ]
EL
M 0

The matriz 5(t) is given from equation (B.2.2) such that :

where D =

xi=we|% | +owi - | |,

or by:

s =rri-|” ).

with P = [P 0],
Proof. Let us define the transformation error €(t) as:

€(t) = TEx(t) — (1),

Its derivative is given by

{(t) = Ne(t) — Ho(t) — (NTE _TA+F [E;AD (t)+

A

(TB = J)u(t) + (T _F lEOlD D(t)eo(t) = (1),

1 is obtained by linearly filtering 1(t) through:

(B.2.4)
(B.2.5)

(B.2.6)

(B.2.7)

(B.2.8)

(B.2.9)

(B.2.10)

(B.2.11)

(B.2.12)
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Using (B.2.4) and (B.2.5), we can obtain:

{(t) = Ne(t) — Ho(t) + (T _F lbﬂ) D(E)eo(t) + Tiéo(t), (B.2.13)
Now, by utilizing (B.2.11), equation (B.1.4) can be expressed as:
o) = —Se(t) + Lo(t) + (STE + M [E;A] Ve (t) + M [bﬂ D(E)ea(t), (B.2.14)
Using (B.2.6) we have
o(t) = —Se(t) + Lo(t) + M [E;] D(E)eo(t). (B.2.15)

Considering equations (B.2.12) and (B.2.14), the following observer error dynamics equation is
obtained

o) = Ap(t) + Deg(t) + T(t)é(t), (B.2.16)

where o(t) = Li((m

The key step of the proof is to define the following linear combination of ¢(t) and ey(t):
n(t) = ¢(t) = T(t)es(t), (B.2.17)

then we have:

n(t) = @(t) — T (t)ea(t) — T(t)ég(t). (B.2.18)
By substituting equation (B.2.16) into equation (B.2.18), we obtain:
n(t) = An(t) + (Dy(t) + AT(t) = T(t)) eo(t). (B.2.19)
From linear equation (B.2.8), equation (B.2.19) is reduced to its homogeneous part:

n(t) = An(t). (B.2.20)

Matrix A must be a stability matrix to ensure convergence of 7(t) to 0.
The first result of the proof is that, since 7(t) is generated by (B.2.8) and under above conditions
for matrices A and D, system (B.2.19) generating 7(t) is globally exponentially stable, so n(t)
converges to 0 with global and exponential convergence.

Now and since the parameter vector 6(t) is constant, we have:

(t) =0, (B.2.21)

and
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éolt) = (1) — (1),
= BT (HCTAy(t) — (1),
= —TBT(t)CTACe,(t). (B.2.22)

On the other hand, by taking (B.2.7), we can easily prove that

est) = Pott) - Q| | vttt (B.223)
Then, by replacing () from (B.2.17), and using (B.2.23) in (B.2.22), we obtain:
ég = —TB7(1)CTAC [Pn(t) +[PY(t) - Q [ELS/’@]]@@)] , (B.2.24)

by choosing ((t) as in (B.2.10), equation (B.2.24) becomes:

ég = —T BT (t)CTAC [Pn(t) + B(t)eq(t)] (B.2.25)
Looking to the homogeneous part of system (B.2.25) leads to:

ég = —TBT()CTACH(t)eq(t). (B.2.26)

As 9(t) and 1)(t) are bounded, 3(t) generated from the exponentially stable system (B.2.2) is
also bounded. From the persistent excitation condition (B.2.3), and since I' and A are positive,
the global exponential stability of system (B.2.26) can be easily proved. From the exponential
convergence of 7)(t) and of system (B.2.26), we obtain the global and exponential convergence to 0
of eyg(t) generated from system (B.2.25) (see Zhang (2002), Alma and Darouach (2014) and Alma
et al. (2018) for more details).

Now, from n(t) — 0, ep(t) — 0 and the fact that 1°(¢) is bounded, we conclude that p(t) =
n(t) + T (t)eq(t) converges to 0, with global and exponential convergence.
Finally, from the convergence of ey(t) and () to 0, and from (B.2.23), the global and expo-
nential convergence of e, (t) — 0 is guaranteed.
[l

B.3 Observer design

This section will be devoted to the parameterization of all the observer matrices and the stability
analysis.

Observer parameterization

This section will be devoted to the parameterization of all matrices observers. The subsequent

derivation of the observer parametrization follows a similar approach to that presented in the sec-
tion 4.2.2.
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Now, by using the values of matrices N and S provided by the previous parametrization, the
matrix A can be expressed as

where A = l]\él 8], Y = l_Y;/Q _[{—I] and Ay, = [1572 _O]]

without loss of generality, Y3 = 0 is taken for simplicity.

The problem of the observer design is reduced to determine matrix Y such that system (B.3.1)
is asymptotically stable.

B.4 Stability analysis of the observer

This section is devoted to the stability analysis of the observer. The following theorem gives the
condition for the stability in a LMI.

Theorem 7. Under Assumptions 11, there exists a matriz Y such that system (B.2.20) is asymp-
X; 0
0 X5

totically stable if there exists a positive definite matriz X = [ > 0 such that the following

LMTI is satisfied

NJE[NT X, + XN NS+ <0 (B.4.1)

matrices N1 and No are defined in section 4.2.2. Then, the parameter matrix Y is obtained as
shown below

Y = X H—oB" + o LAYHT, (B.4.2)
where
oBBT - Q>0 (B.4.3)
T AT
Matriz Q = N X10+X1N1 8 , B = [ évQ ? and = = ®. L is a matriz with arbitrary

elements such that ||L|| <1 and o is a positive scalar such that A > 0.

Proof. Consider the following Lyapunov candidate function

V(n(t) =n"(t)Xn(t), (B.4.4)

The derivative of (B.4.4) along the trajectory of (B.2.20) gives

Vn(t) <" ()[ATX + XAln(t), (B.4.5)
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or

ATX + XA <0, (B.4.6)

replacing (B.3.1) in equation (B.4.6) we have

ATX — AT + XA, — ®TA, <0, (B.4.7)

with @ = YT X.
by inserting A; and X into (B.4.7) we have

Q- ATo —oTA, <0, (B.4.8)
Equation (B.4.8) can be written as

Q+ B=+ (BE)" < 0. (B.4.9)

According to the elimination lemma (Skelton et al., 1997), there exists a matrix = that satisfies
(B.4.9) if and only if the following inequality is verified:

B+oB'T <0, (B.4.10)

with B+ = —Al+ = [NQTL O}. Using the definition of Q, (B.4.1) is obtained. If (B.4.10)
is satisfied, the parameter matrix Y is obtained as in (B.4.2) which complete the proof of the
theorem.

]

Finally, the generalized adaptive observer can be obtained with the following algorithm.
1. Select a matrix R € R%*" such that rank(X) = n.

2. Compute matrices Ny, Ny, Fy, Fy, Q1, T, K and P, defined in Section B.3.

3. Solve LMI (B.4.1) to find matrices X and ®.

4. Choose matrix ||£|] < 1 and a scalar o > 0 such that I" > 0.

5. Determine matrix Y using (B.4.2), to obtain Y;, Y5, H and L.

6. Compute different observer matrices N, S, M, P, @, F and J, by using (4.25) to compute
N, (4.31)-(4.34) to compute S, M, P and @ taking matrix Y3 = 0. The matrix F are given
by (4.27) and matrix J from (B.2.4).

7. Compute in real time 7°(¢) and 5(¢) using (B.2.8) and (B.2.2).
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B.5 Numerical example

The following numerical example is chosen to illustrate the proposed design. Les us consider the
descriptor system (B.1.1) with one unknown parameter 6(¢) to estimate, described by:

1 000 0 010 07
01 00 1 0 0 0 0
E_OOOO’A——IO()l’B_O’
0000 0 111 1)
(B.5.1)
1 0
o e 1000
G = 0 L (t) = 0 andC’—[O 100
1 0
Matrix E+ such that E-FE = 0 is obtained as:
L oo 1o
E- = [0 00 1 (B.5.2)
0100 R
We select matrix R = 0010 x 102, such that rcmk(E)zrcmk( E+tA >:4.
000 1 ¢

By applying the above results to this system we can compute matrices Ny, Ny, Fy, Fs, Q1, T,
K and P;. After resolving LMI (B.4.1), considering £ = onesjag x 0.1 and o = 1000 satisfying
the following conditions ||£|| < 1, and A > 0. Matrices N, H, F, S, L, M, and J are computed.

[—0.5587 0.0588  1.0585  0.5582
0.5151  —0.0531 —0.5199 —0.5246

No= | 04715 00475 —0.0187 04911 |
|—0.0436  0.0057  0.5386  0.0335
50 50 —47.0486 —27.9492

s o_ |0 0 244800 24176

50 =50 —1.9114 23.1154
|—50 50 —22.5686 —25.5329

[—0.0021 —0.1345 —0.0645 —0.1317
g — —0.0021 —-0.1345 -0.0645 —0.1317 < 103
- |—-0.0021 —0.1345 —0.0645 —0.1317 ’

| —0.0021 —0.1345 —-0.0645 —0.1317

[0 0 0.0035 0.0034 0
0 0 0.0035 0.0034 J_
0 0 0.0035 0.0034 |’

0 0 0.0035 0.0034

o O O
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In order to simulate the considered linear descriptor system and the proposed adaptive observer,
the input ¢(t) is chosen to be a square impulses as shown in Figure B.5.1. For clearness reasons,
only the first 100 seconds are presented. This signal is rich and satisfies the persistent excitation
condition.

The true parameter to estimate 6(¢) switches between 0.5 and 1.5. The initial values for the
state vector are: x(0) = [—1 -1 -1 Z}T; z(0) [O 00 O}T; 0(0) = 0. The adaptive observer
parameters are: A = onesjaxg and I' = 100.

Fig. B.5.1. Simulated input ¢(t).
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Fig. B.5.2. State estimation error x;(t) convergence.

Fig. B.5.3. State estimation error xo(t) convergence.
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Fig. B.5.4. State estimation error x3(t) convergence.

Fig. B.5.5. State estimation error x4(t) convergence.
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Fig. B.5.6. Convergence of parameter estimate 0(t).

Figures B.5.2-B.5.5 presents the state estimation error e,(t) for all the state vector. Figure
B.5.6 presents the parameter estimation in relation to its original value. The observer successfully
converges to the states of the system. It can be shown that the state estimation errors converge 0
after each change of 0(t) with a good rate.
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