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ABSTRACT

This thesis presents contributions to the state-of-the-art in the field of gain-scheduling control,
with special emphasis on linear parameter-varying (LPV) systems and the presence of time-varying
saturations. In this area, solutions are formulated to design gain-scheduling controllers based on
linear matrix inequalities (LMIs), thus offering a systematic way to efficiently solve the problems
below using the available solvers under a finite number of conditions.

First of all, the problem of designing state-feedback controllers with the capability to take into
account both the possible inherent physical variations of the system and those that may affect the
actuators over time is considered. For this purpose, it is proposed to use the shifting paradigm con-
cept and a convex representation for the description of the instantaneous saturation limit values.
Additionally, an optimization procedure is suggested for selecting the desired specifications, such
as the maximization of the system’s closed-loop convergence speed when the largest saturation
limit is available. As a result, the designed controller is able to adjust its performance considering
the amount of available control action while ensuring closed-loop system stability under satura-
tion avoidance. When state information is not directly available through the sensors, the suggested
methodology is adapted to the utilization of a dynamic output-feedback controller structure.

Then, the problem of the feedback linearization of nonlinear systems subject to actuator satu-
rations is addressed. As a consequence of the nonlinear transformation of the state, the feedback
linearized system is affected by the presence of state-dependent saturations, making it difficult to
design controllers using linear techniques. In order to guarantee the stability of the linearized
system under saturation avoidance, the idea of establishing a control strategy based on the combi-
nation of a linearization law and a gain planning controller is explored. Hence, the total control
action will remain in the linearity region of the actuator. In addition, the controller is designed us-
ing the developed methodology, thus ensuring its adaptability to changes in the saturation limits.
The effectiveness of the proposed methodology is demonstrated using the Quanser 3-DoF hover
platform.

Finally, the problem of designing switching controllers for linear systems subject to asymmetric
saturations is considered. The presented solution transforms the asymmetrically saturated linear
system into an equivalent switched system with symmetric saturations. In contrast to existing
results in the literature, a switching rule is established based on the achievable closed-loop sys-
tem performance, which allows the selection of the controller with the largest closed-loop system
convergence speed among all non-saturating controllers.



RESUMEN

Esta tesis presenta diversas contribuciones en el 4mbito del control por planificacién de ga-
nancia, con especial énfasis en sistemas lineales de parimetros variantes (LPV, del inglés /inear
parameter-varying) y la presencia de saturaciones variables en el tiempo. En esta drea, se formulan
soluciones para disefiar controladores por planificacién de ganancia basadas en desigualdades li-
neales matriciales (LMI, del inglés linear matrix inequality), ofreciendo asi una forma sistemdtica
de resolver eficientemente los problemas descritos mds adelante a través de los algoritmos numé-
ricos disponibles bajo un nimero finito de condiciones.

En primer lugar, se plantea el problema de disefiar controladores por realimentacién del estado
con la capacidad de tener en cuenta tanto las posibles variaciones fisicas inherentes del sistema co-
mo las que pueden afectar a los actuadores a lo largo del tiempo. Para ello se propone utilizar el pa-
radigma shifting LPV y una representacion convexa para describir los cambios instantdneos de los
limites de la saturacién. Ademds, se propone un procedimiento de optimizacién para seleccionar
las especificaciones deseadas, como por ejemplo la maximizacién de la velocidad de convergencia
del sistema en lazo cerrado cuando se dispone del mayor limite de saturacién. Como resultado, el
controlador disefiado es capaz de ajustar su rendimiento teniendo en cuenta la cantidad de accién
de control disponible, al mismo tiempo que garantiza la estabilidad del sistema en lazo cerrado
evitando la saturacién. Cuando la informacién del estado no estd disponible directamente a tra-
vés de los sensores, la metodologfa sugerida se adapta a la utilizacién de una estructura de control
dindmica por realimentacién de salida.

Posteriormente, se aborda la linealizacién por realimentacién de sistemas no lineales sujetos a
saturacidn del actuador. Como consecuencia de la transformacidn no lineal del estado, el sistema
linearizado se ve afectado por la presencia de saturaciones que dependen del estado, dificultando
asi el disefio de controladores mediante el uso de técnicas lineales. Con el fin de garantizar la esta-
bilidad del sistema y evitar su saturacidn, se explora la idea de establecer una estrategia de control
basada en la combinacién de una ley de linealizacién con un controlador por planificacién de ga-
nancia. Por consiguiente, la accién de control permanecerd en la region de linealidad del actuador.
Ademis, el control estd disefiado utilizando la metodologfa desarrollada, asegurando asi su adap-
tabilidad a los cambios en los limites de la saturacién. La efectividad de la metodologia propuesta
se demuestra utilizando la plataforma experimental: Quanser 3-DoF hover.

Finalmente, se considera el problema de disefio de controladores de conmutacién para siste-
mas lineales sujetos a saturaciones asimétricas. La solucién presentada transforma el sistema lineal
saturado asimétricamente en un sistema conmutado equivalente con saturacién simétrica. A di-
ferencia de los resultados existentes en la literatura, se establece una regla de conmutacién basada
en el rendimiento que puede lograr el sistema en lazo cerrado. Concretamente, la regla de con-
mutacién permite seleccionar el controlador con la velocidad de convergencia del sistema en lazo
cerrado mds grande entre todos los controladores disponibles que aseguren evitar la saturacion.
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REsumMm

Aquesta tesi presenta diverses contribucions en I'ambit del control per planificacié del guany,
amb especial émfasi en sistemes lineals de parametres variants (LPV, de langles linear parameter-
varying)ila preséncia de saturacions variables en el temps. En aquesta area, es formulen solucions
per dissenyar controladors per planificacié de guany basats en desigualtats lineals matricials (LMIs,
de angles linear matrix inequalities), oferint aixi una forma sistematica de resoldre eficientment
els problemes que es descriuen més endavant a través dels algorismes numerics disponibles sota un
nombre finit de condicions.

En primer lloc, es planteja el problema de dissenyar controladors per realimentacié d'estat amb
la capacitat de tenir en compte tant les possibles variacions fisiques inherents del sistema com les
que poden afectar els actuadors al llarg del temps. Amb aquesta finalitat, es proposa utilitzar el pa-
radigma shifting LPV" i una representaci6 convexa per a la descripci6 dels valors limit de saturacié
instantania. A més, es suggereix un procediment d'optimitzacié per seleccionar les especificaci-
ons desitjades, com ara la maximitzacié de la velocitat de convergencia del sistema en llag tancat
quan es disposa del limit de saturacié més gran. Com a resultat, el controlador dissenyat és capag
d’ajustar el seu rendiment tenint en compte la quantitat d’accié de control disponible, alhora que
garanteix l'estabilitat del sistema en llag tancat evitantla saturacié. Quan lainformacié de estat no
esta disponible directament a través dels sensors, la metodologia suggerida s’adapta a la utilitzacié
d’una estructura de control dinamica per realimentaci6 de sortida.

Posteriorment, saborda la linealitzacié per realimentacié de sistemes no lineals afectats per la
saturaci6 de I'actuador. A conseqiiencia de la transformacié no lineal de l'estat, el sistema linealit-
zat es veu afectat per la preséncia de saturacions que depenen de l'estat, dificultant aixi el disseny
de controladors mitjangant tecniques lineals. Per tal de garantir Iestabilitat del sistema linealitzat i
evitar la seva saturacid, sexplora la idea d’establir una estratégia de control basada en la combinacié
d’una llei de linealitzacié amb un controlador per planificacié de guany. Per tant, accié de con-
trol romandra a la regié de linealitat de I'actuador. A més, el controlador esta dissenyat utilitzant la
metodologia desenvolupada, assegurant aixi la seva adaptabilitat als canvis en els limits de la satu-
racié. Leficacia de la metodologia proposada es demostra mitjangant la plataforma experimental:
Quanser 3-DoF hover.

Finalment, es considera el problema de dissenyar controladors de commutacié per a sistemes
lineals afectats per saturacions asimetriques. La solucié presentada transforma el sistema lineal
saturat asimetricament en un sistema commutat equivalent amb saturacié simetrica. A diferéncia
dels resultats existents a la literatura, sestableix una regla de commutacié basada en el rendiment
que pot aconseguir el sistema en lla¢ tancat. Concretament, la regla de commutacié permet se-
leccionar el controlador amb la velocitat de convergencia del sistema en llag tancat més gran entre
tots els controladors disponibles que assegurin evitar la saturacid.
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NOTATION

Fields and spaces

the set of natural numbers

the set of integers

the set of real numbers

the set of non-negative real numbers

the n—dimensional real space

the set of real matrices of dimensions n. x m

the set of symmetric real matrices of dimension n
the subset of ordered integers

domain of attraction of the origin

domain of R" containing the origin

subset of D,

region of expected initial conditions

region of expected initial plant conditions

region of expected initial transformed state variables
space of the transformed state variables

energy bound of w

domain of variation of ¢

domain of variation of ¢

domain of variation of ¥

domain of variation of ¥

denotes the it" derivative of y

inverse

transposition

the i row of matrix A

the element of the i* row and the j** column of matrix A
negative (semi-)definite

positive (semi-)definite

builds a diagonal (block-)matrix with the elements of its argument
denotes the shorthand (+) + (+)"

the identity matrix of dimensions n x n

the zero matrix of dimensions n x m

the Ly-norm of z, ie., | 2]y = /[y~ 2Tz dt
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Notation

Co{-} the convex hull of the elements of its argument
sign(x) the sign function of x € R

card(-) stands for the cardinality of a set

sat(-) stands for the saturation function

) largest value of a set

() smallest value of a set

vec(+) matrix vectorization

V; the 7" element of the vector v

Vi j the i'" element of the vector v located in the j" vertex/region
vl the i*" vector of a set of vectors

vj{l} the j*" element of v{*}

\Y gradient with respect to x

Lyh(x) the Lie derivative of h along f

* denotes the block induced by symmetry in a matrix
® Kronecker product

Signals and variables

t time variable (continuous-time)

x (augmented) state vector

Te controller state vector

Tp plant state vector

U input vector

Ue controller output vector

w disturbance vector

Y output vector

Zoo output performance vector

z transformed state vector

v virtual input vector

e dimension of an specific element

u, U the lower and upper saturation limit vectors of u

U; it saturation limit vector when switching control is used

o time-varying saturation limit vector / index of the active controller
gain when switching control is used

© vector of performance-varying parameters

9 vector of varying parameters

Related to the polytopic representation

A" unit simplex in R™

P polytope

o, B, p,n polytopic weight vectors

5niy OM; are the it lower and upper bounds of 7;
Ofbis 57112- are the 7" lower and upper bounds of fi;
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Related to the feedback linearization

f
h

b

<
)

TNz Q3

Nﬁ<

Others

SEISESYCESESIC RS
<

N
g

=
=
Q
=

PR EFRQFEE YN

M th & &
g N

NENES

a sufficiently smooth vector field on R"*
a sufficiently smooth function on R"®
feedback linearizing law term

the i relative degree

total relative degree

mapping matrix whose columns are smooth vector fields in R"~

decoupling matrix function
diffeomorphism

polyhedral region in which the virtual input v do not saturate

symmetric approximation of the region }V
representation of )V in the z—coordinates

state matrix

input matrix

output matrix

feedthrough matrix

disturbance input matrix

performance output matrix

performance feedthrough matrix
disturbance feedthrough matrix

controller matrix

dynamic output-feedback control matrices
auxiliary variable to convert BMIs into LMIs
(parameter-dependent) Lyapunov matrix
(parameter-dependent) quadratic Lyapunov function
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augmented disturbance input matrix
augmented performance output matrix
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guaranteed decay rate

Hoo performance

convex representation of 0y (-)?

ellipsoidal region
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Notation

Additional notations

Throughout this thesis, p—dimensional multi-indexes are denoted by boldface elements such as
© = (i1,%2,...,1p) € NP, whereas P(2) is the set of permutations with possible repeated elements
of 2. Z4 ] denotes the set of integers {a,a+1,...,b} witha,b € Zanda < b. For M € S",
M > 0(M = 0)and M < 0 (M < 0) stand for a positive (semi-)definite matrix and for a
negative (semi-)definite matrix, respectively. M € S is used as a shorthand for positive-definite
symmetric matrices. The generic arguments of a function are denoted by (+). Given u € R™ and

the limits a, b € R7"\ {0}, the polyhedral region £(u, a, b) is defined as:
£(u,a,b) = {u eR™:—q; <y < by, L€ I[l,m]}‘

Then, the abbreviated notation £(u, a) is used when a = b, and L( K, a, b) stands for a repre-
sentation in R", e.g. by the mapping v = Kx with K € R™*" and « € R". Furthermore, L; is
used to indicate that the region is associated with a switching control strategy.
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INTRODUCTION

1.1 CONTEXT OF THE THESIS

The results presented in this thesis have been developed at the Research Center for Supervision,
Safety and Automatic Control (CS2AC) of the Universitat Politecnica de Catalunya (UPC) in
Terrassa, Spain. The research was jointly supervised by Dr. Bernardo Morcego Seix and Dr. Dami-
ano Rotondo, and was sponsored partly by UPC through an FPI-UPC grant and by the Agencia
de Gestié d’Ajuts Universitaris i de Recerca (AGAUR) through the contract FI-SDUR. The sup-
ports are gratefully acknowledged.

1.2 MOTIVATIONS

It is well known that for physical, safety, or technological reasons, any real-world system presents
constraints. Among all these constraints, actuator saturation is probably the nonlinearity that has
been studied the most in the control theory field, owing to the potential performance degradation
or destabilizing effects induced on the closed-loop system. Examples of some actuator limitations
could be easily found in most common devices in industrial processes, such as the voltage limit
in electromechanical actuators, the pneumatic power in pneumatic actuators, or the flow volume
or rate limits in hydraulic actuators. Also, the presence of actuator saturation can be found in
other fields, such as aerospace applications, through deflection limits, among others. Hence, it is
crucial to design controllers that consider this phenomenon to avoid possible accidents such as
the meltdown of the Chornobyl nuclear power station or aircraft crashes (see [116]).

Over the last few decades, many studies have focused on developing controller design method-
ologies based on rigorous theory to guarantee desirable system performance, taking into account
the actuator saturation phenomenon. These methods can preserve the overall system stability
under saturation avoidance or even the allowance of the actuator to perform in saturation mode
for a finite interval of time, under the common consideration of saturation limits being constant
in time. Even though many of these approaches have achieved successful performance, an open
direction remains central to the design of actuator saturation controllers: the time-variability of
the saturation limits. The presence of time-varying saturation limits should be considered a con-
sequence of the existence of time-varying conditions and the actuator’s inherent physical limita-
tions, which play a crucial role in the saturation’s behaviour. They could arise in control systems
due to several reasons, such as the natural wear of actuators, which would provide a progressive
lack of actuation signal, or temporary power shortages. In autonomous aerial vehicles, for exam-
ple, the progressive lack of energy availability or the variations of the aecrodynamic coefficients as
a consequence of environmental changes can affect the availability of the actuator action [1, 21,
32, 41, 49, 52, 89]. This could happen in hazardous zones when performing different tasks such
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as assisting firefighters in extinguishing fires [75], monitoring coastal areas and/or high mountains
for rescue teams [124], or measuring the melting ice caps [16]. Additionally, in trajectory tracking
problems, the control action is typically calculated as the addition of a feedforward and a feed-
back action. When a time-varying trajectory is taken into account, the feedforward component
changes with time, which is perceived by the feedback controller as a time-varying saturation.

The suitability of the linear parameter-varying (LPV) framework for controlling nonlinear sys-
tems has attracted considerable attention due to its elegant way of addressing nonlinearities and
uncertainties through an appropriate definition of time-varying parameters [51]. For this reason,
the design of LPV controllers could be a viable solution to consider the risk caused by time-varying
conditions affecting actuator saturation behaviour and, consequently, the availability of the con-
trol action. Furthermore, a recent line of research has presented a new methodology for designing
LPV controllers based on the shifting paradigm concept [92], which allows the extension of the
scheduling parameter vector for introducing online changes in the desired system performance.

An interesting perspective for tackling the problem of the time-variability of the saturation
limits emerges from the combination of the shifting paradigm concept, the LPV framework, and
the actuator saturation control. Therefore, the motivation of this PhD dissertation is to exploit
the shifting paradigm concept by focusing on developing shifting feedback controllers for LPV
systems subject to time-varying saturations, guaranteeing time-varying saturation avoidance, and
tulfilling desired performance specifications.

1.3 THESIS OBJECTIVES

The objectives of this thesis are the following:

* to propose an approach for the design of shifting state-feedback controllers for time-varying
saturated LPV systems that can guarantee some desired closed-loop performance according
to the saturation limit changes;

* to propose an approach for the design of shifting output-feedback controllers for time-
varying saturated LPV systems that can guarantee some desired closed-loop performance
according to the saturation limit changes;

* to propose an approach for the design of shifting feedback linearizing controllers for full-
feedback linearized systems under state-dependent saturations;

* to consider the presence of asymmetric saturations in linear systems such that the designed
controller guarantees convergence to zero with a desired closed-loop performance.

1.4 OUTLINE OF THE THESIS

The content of this thesis is organized as follows:

* Chapter 2 provides some mathematical background required for understanding the con-
tent of this thesis. Particularly, it shows the concept and useful properties of linear matrix
inequality (LMI), the definition and polytopic representation of linear parameter-varying
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(LPV) systems, as well as the analysis and design of LPV control systems using (parameter-
dependent) quadratic Lyapunov functions. A finite-dimensional LMI relaxation proce-
dure along with an introduction to the shifting paradigm concept are also provided. The
chapter is concluded by a brief overview of the existing control approaches for addressing
actuator saturation and the concept of saturation avoidance. The reader who is familiarized
with the above concepts can safely skip this chapter and proceed to Chap. 3.

Chapter 3 addresses the problem of designing shifting state-feedback controllers for time-
varying saturated LPV systems. In the proposed approach, a possible mapping between the
instantaneous saturation limit values and a performance scheduling vector is introduced.
The resulting idea is exploited through the shifting paradigm concept, enabling the design
of a gain-scheduling controller that adapts the closed-loop system performance in accor-
dance with the saturation limit variations. By means of some considerations, the prob-
lem’s solution is expressed as an LMI-based design condition that can efficiently be solved
via available solvers. It is worth highlighting that saturation avoidance of the control ac-
tion is ensured. Furthermore, closed-loop convergence speed or disturbance rejection ef-
fectiveness is regulated online according to the performance scheduling vector through the
shifting paradigm concept. To conclude, numerical examples are used to demonstrate the
effectiveness of the proposed approaches.

Chapter 4 focuses on designing shifting output-feedback controllers for time-varying sat-
urated LPV systems, extending the LMI-based methodology suggested in Chap. 3. Con-
cretely, the combination of a gain-scheduled dynamic output-feedback controller with the
shifting paradigm concept and the formulation of requirements for ensuring time-varying
saturation avoidance under shifting performance specifications. Then, an overall LMI-
based design approach is presented using parameter-dependent quadratic Lyapunov func-
tions (PDQLFs). The practical implementation of the controller is discussed to provide a
finite number of design conditions under certain constraints. Finally, the chapter is con-
cluded by the presentation of some simulation results using a nonlinear quadrotor model
to illustrate the effectiveness of the proposed approach.

Chapter 5 is devoted to designing shifting state-feedback controllers for full-feedback lin-
earized systems under state-dependent saturations. The presented design conditions are
based on integrating the shifting paradigm concept and the feedback linearization (FBL)
technique through the framework proposed in Chap. 3. Also, itis shown that an input con-
straint mapping is required for defining the linear region of the actuators in the domain of
the virtual inputs. Therefore, this chapter proposes a shifting control strategy to guarantee
the stabilization of the constrained linearized system under saturation avoidance, such that
the combination of the linearizing law and the shifting state-feedback control law remains
within the limits of the actuator. Furthermore, the designed controller adapts its closed-
loop performance in terms of convergence speed according to the instantaneous values of
the time-varying system’s linearity region. The potential and performance of the proposed
approach are demonstrated on the Quanser 3-DoF hover platform.
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* Chapter 6 deals with the development of non-saturating switching state-feedback con-
trollers for linear systems under asymmetric saturations. The proposed methodology is
based on transforming an asymmetrically saturated linear system to an analogous switch-
ing system with symmetrical saturations. The primary difference between the suggested ap-
proach and existing results is that the switching rule is defined with attainable closed-loop
performance in mind. Furthermore, a closed-loop performance criterion is established by
assigning different decay rate values to the different possible controller modes, allowing the
control system to adjust its closed-loop performance in terms of guaranteed convergence
speed. Although the discussion is focused on LTT systems for keeping the notation sim-
pler, the extension to the LPV case is also discussed. The chapter is concluded with an
illustrative example to validate the approach.

* Chapter 7 concludes this thesis with a summary of the main conclusions and outlines
possible directions for future research.
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2 BACKGROUND

For the purpose of the development of this thesis, some well-known mathematical background
on control theory will be presented in this chapter. Particularly, the concept and useful properties
of linear matrix inequality (LMI), the definition and control of linear parameter-varying (LPV)
systems, and current approaches for addressing the control of linear systems subject to actuator
saturation are provided. For comprehensive and detailed proofs of the presented results, see [23,
26,119] and the references therein.

2.1 LINEAR MATRIX INEQUALITIES

The use of linear matrix inequalities (LMIs) in control theory has its roots in the 1890s with the
introduction of what is now known as Lyapunov theory [71]. However, it was not until the 1940s
that Lur’e, Postnikov, and other researchers in the Soviet Union applied Lyapunov’s theory to
practical engineering problems where the LMIs were solved analytically by hand [22]. From the
early 1960s to the late 1980s, their importance in control theory was strongly highlighted by the
work of Kalman, Yakubovich, Popov, and Willems, as well as the development of optimization al-
gorithms such as the interior-point algorithm [80], which provided an efficient and optimal way to
solve LMIs numerically. Over the last few decades, its application in control theory has evolved and
expanded as a powerful tool for handling a variety of control problems, including stability analy-
sis, controller design, and optimization (see [23, 31, 107] and references therein). The key to their
success lies in formulating control problems as well-defined optimization problems, such as linear
and quadratic programming or semi-definite programming (SDP), which are well-established in
convex optimization. Another factor contributing to their popularity is the availability of com-
mercial or non-commercial solvers such as SeDuMi [117], SDPT3 [121], or MOSEK [8] together
with the use of the YALMIP toolbox [70] or the CVX interface [46] for solving this kind of prob-
lems.
Let us now formally define the LMI as [31]:

Definition 2.1.1. An LMI s an expression of the form:
n
F(z) 2 Fo+ ) ;F; <0, (2.1)
i=1

where € R" represents the vector of n real decision variables and F; are known symmetric
matrices for 7 € Z[q ,,]. Note that F'(z) < 0is a non-strict LML

On the other hand, certain control design conditions cannot be effectively expressed using an

LMI formulation, resulting in a more complex condition known as the bilinear matrix inequal-
ity (BMI), which is defined as follows:
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Definition 2.1.2. A BMI is an expression of the form:
n n n
H(x)= Ho+ Y awiHi+) ) wixjHij <0, 4,7 €T n), (2.2)
i=1 i=1j=1

where x € R", H; and H;; are known symmetric matrices.

2.1.1 USEFUL PROPERTIES AND TOOLS FOR LMI FORMULATION

Since BMI conditions will arise for some control design problems treated in this thesis, we present
below a recapitulation of some useful properties and existing results from the literature for refor-
mulating LMISs or transforming matrix inequalities into LMIs.

CONGRUENCE TRANSFORMATION

If A is a square matrix and IT is a square nonsingular matrix, the product IT" AIT is referred to as
a congruence transformation of A. A recognized characteristic of this transformation is that it
preserves the definiteness of a symmetric or Hermitian matrix. Thus defining, e.g.,

A>0 < II'AIL > 0. (2.3)

CHANGE OF VARIABLES

For particular situations, a BMI can be converted into an LMI using a change of variables that is
chosen as a one-to-one mapping [31].

Example 2.1.1. Consider the matrices A € R™" and B € R™", the decision matrices K ¢
R™*™ and X € S and the matrix inequality:

AX+XA"+ BKX +XK'B" <0, (2.4)

which is a BMI due to the product between K and X. Then, the above BMI can be transformed
into the following LMI by means of the change of variable Y = K X:

AX+XA +BY +Y'B" <0. (2.5)

Once the LMI (2.5) is solved, the original BMI (2.4) can be recovered by K = Y X 1. A

SCHUR’S COMPLEMENT LEMMA

Let us recall the following lemma, known as Schur’s complement, which allows us to convert
nonlinear convex inequalities into LMIs.

Lemma 2.1.1 (Schur’s complement [23]). Consider the matrices Q € S", R € S™ and S e R™™.
Then, the statements below are equivalent:

(z) [?,T ]5_1:] > 0.
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(i) Q>0, R-S"Q7'S>0.
(iii) R>0, Q-SR1S">0.

S-PROCEDURE

The condition of a quadratic function (or quadratic form) being negative if certain other quadratic
functions (or quadratic forms) are all negative appears, e.g., in the robust control literature for
some problems. To this end, the S-Procedure is recalled for reformulating such a problem into an
LMI, which can be conservative but is often a suitable approximation of the constraint.

Lemma 2.1.2 (S-Procedure [23]). Let us consider the symmetric matrices M; € S", the known
vectors of appropriate dimensions a; and by, and the guadratic functions Fi(x) : R™ — R of the
variable x € R" defined as:

Fy(z) 22" Mz +2ajx + b;, ie Zio,p)- (2.6)

If there exist real numbers A1 ... \p € Ry, such that ¥ x:

p
Fo(z) =Y MiF(x) 20, (2.7)
i=1
then Fo(x) > 0 holds ¥V x such that Fi(x) > 0 fori € Ipy ). Note that for p = 1, the converse holds
if there exists x such that F (xg) > 0.

2.2 LINEAR PARAMETER-VARYING SYSTEMS

LPV systems were first introduced by Shamma in 1988 as a special case of linear time-varying (LT'V)
systems, where the system dynamics depend on quantifiable parameters that vary with time [110].
By an appropriate definition of the time-varying parameters, nonlinearities and uncertainties of
complex systems can be embedded into the LPV framework, making it a powerful tool for ad-
dressing nonlinear control problems. The term quasi-LPV is used to emphasize the fact that the
time-varying parameters depend on endogenous signals, such as states and/or inputs. Neverthe-
less, due to the fact that there is no unique manner to obtain an LPV representation, there ex-
ist several approaches in the literature for modelling nonlinear systems as LPV systems, such as
Jacobian linearisation [12], function substitution [118] or state transformation [111], which yield
different properties in terms of stability analysis and/or control performance.

In recent years, this framework has become increasingly popular due to its remarkable success
in handling challenging nonlinear control problems in various fields such as automotive, robotics
and aerospace (see monographs [26, 109, 127], surveys [51, 67, 68, 94], and references therein),
as well as in several practical applications such as energy production systems [78], wind turbine
systems [17] or induced motors [14]. The application of Lyapunov-based approaches also con-
tributes to their popularity by expressing effective conditions for the stability and design of stabi-
lization control LPV systems through the use of LMIs. Furthermore, three different approaches
have emerged in the literature as the most popular for representing LPV systems, i.c. linear frac-
tional transformation (LFT) [85], LPV input-output models [3] and the polytopic approach [26].
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Among the available LPV representations, the polytopic representation is chosen in this thesis
without loss of generality due to its popularity [51] and capacity for transforming other parame-
ter dependencies into polytopic ones [127].

2.2.1 LPV REPRESENTATION

Let us consider the continuous-time (CT) LPV system in its general form:

#(t) = AW(1))z(t) + BEI®))u(t), (2.82)
y(t) = C(t))x(t) + D(I(¢))u(t), (2.8b)

where 2(t) € R™, u(t) € R™ and y(t) € R™ are the state, the control input and the system
output vector, respectively, and A(9(t)) € R">*™ B(¥(t)) € R, C(¥(t)) € R
and D(9¥(t)) € R™*™ are parameter-dependent matrices. The parameter-varying scheduling
vector is denoted by ¥(t) € © c R™, whose elements are measured or estimated in real time.
Assume that 9;(t) and its rate of variation ¥; (t) are smooth and belong to known, bounded and
closed polytopes © and O, respectively, defined through the known lower and upper bounds
9 < UZ and §v; < 5’_& fori e I[l,nlg]'

By means of the polytopic representation, the parameter-dependent matrices in (2.8) are de-
fined as a convex combination of a finite set of 1, known vertices:

AW(t) B()] _ <A A; B
|:C’(19(t)) D(ﬁ(t))};m(ﬁ(t))[@ Dz‘:|’ (2.9)

where A; € R B; € R (3 € R"™*"* and D; € R™*™ stand for the given known
vertex matrices. (1((t)) € R™ corresponds to the polytopic weight vector belonging to the unit
simplex:

&= {00) R 300 =1 i00) 20,1 T | (210

2.2.2 STABILITY ANALYSIS OF LPV SYSTEMS

This section recalls some of the most popular LMI-based conditions for stability analysis and con-
trol synthesis of LPV systems, expressed through the Lyapunov theory.
Let us consider the CT LPV autonomous system :

i = AWz, (2.11)

where z € R™ is the state, 1) € © c R is the parameter-varying scheduling vector and A(?}) is
a parameter-dependent matrix of appropriate dimensions.

To simplify the notation, the time dependence of time-varying variables is now omitted.
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Stability analysis of system (2.11) is based on the common approach called quadratic stability,
which implies the consideration of a quadratic Lyapunov function (QLF) defined in this case as:

V(z)=a2"P 'z, PeS'. (2.12)

Theorem 2.2.1 (Quadratic stability of CT LPV systems). The autonomous LPV system (2.11) is
quadratically stable if one of the following statements is satisfied:

1. There exists P~ € ST such that:
P AW+ AT(9)PL <0, ViIeO. (2.13)

2. There exists P € ST® such that:

AP+ PAT(9) <0, V€. (2.14)

Proof. As aresult of a direct extension of well-known conclusions for linear time-invariant (LTT)
systems [26, Chap. 2], the proof is omitted. ]

Albei, it is well known that the usage of QLFs involves a degree of conservatism that can lead
to suboptimal performance or even make the design problem infeasible for constant or slowly-
varying parameters on the polytopic domain. This issue can be alleviated by considering more
general classes of Lyapunov functions, such as homogeneous polynomial Lyapunov functions
[33, 83], parameter-dependent quadratic Lyapunov functions (PDQLFs) [42, 45], piecewise Lya-
punov functions [4, 37], or polyhedral Lyapunov functions [18, 113], at the expense of increased
computational complexity. For sake of simplicity, only PDQLFs in the form:

V(z,9) =2 P(9) 'z, P()eS™, VIeO (2.15)

are considered in this chapter. Then, the time-derivative of the Lyapunov function (2.15) is de-

fined as: . .
: [0 P [+
veo=[[2 gso ]} 219

Hereinafter, we will use P(19) " asashorthand for % P(9) " for sake of clarity and readability.
Furthermore, the terminology of parameter-dependent quadratic (PDQ) stability/stabilization
will reflect the use of a PDQLF in the development.

Theorem 2.2.2 (PDQ stability of CT LPV systems). The autonomous LPV system (2.11) is
parameter-dependent quadratically stable if one of the following statements is satisfied:

1. There exists P(9) ™ € ST such that:
P) TAW) + AT PW) T+ P(9) <0, VdeO. (2.17)
2. There exists P() € S* such that:

AW)P(9) + P(D)AT(9) - P(9) <0, VI eO. (2.18)
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Proof. The condition (2.17) is obtained by replacing & with (2.11) and enforcing the negative
definiteness of the expression (2.16) for all z # 0 [26, Chap. 2]. Then, condition (2.18) can be
obtained by pre- and post-multiplying the constraint (2.17) by P(19), while keeping in mind the
matrix property: P(¥9) = ~P(9)P(9) ' P(9) [87,§2.2]. |

2.2.3 EXTERNAL STABILITY ANALYSIS OF LPV SYSTEMS

This section summarizes the methods for stabilizing LPV systems susceptible to external bounded
signals used in the development of this thesis. In particular, the definitions of the quadratic
boundedness (QB) approach and the well-known H, performance are provided.

Consider the CT LPV system governed by:

= A(¥)x + By(9)w, (2.19a)
Zoo = Co (W) + Doy (9w, (2.19b)

where A(¥), By, (1), C,(9) and D, (1) are parameter-varying matrices of appropriate dimen-
sions, 1) € © c R™? is the parameter-varying scheduling vector, x € R"* and 2o, € R"# are the
state and the performance output vectors, respectively, and w € R™* is an exogenous signal such
that one or both of the following conditions are considered:

* Amplitude bound: the exogenous signal w(t) belongs to the following set:
Ew(Q) 2 {w eR™ : w'Q'w< 1}, (2.20)
where () € S is a given matrix that contains information about the region.

* Energy bound: the exogenous signal w(t) belongs to the following set of functions:
W = {w :[0,00) > R™; fo w Q lwdt < 1}, (2.21)
for some Q € ST

QUADRATIC BOUNDEDNESS

Let us recall the definition of the QB based on the works [27, 64] and its extension to the case of
using a PDQLF for addressing the amplitude bound condition (2.20).

Definition 2.2.1 (Quadratic boundedness [27]). Given the set &, (Q) defined by (2.20), the
LPV system (2.19a) is quadratically bounded with a QLF (2.12) if:

V(z)<0 V(z,w): V(z)>1, we&(Q). (2.22)

Definition 2.2.2 (Parameter-dependent quadratic boundedness (PDQB)). Given theset &, (Q)
defined by (2.20), the LPV system (2.19a) is quadratically bounded with a PDQLF (2.15) if:

V(z,9) <0 VY(z,0,w): V(2,9)>1,9€0, we&u(Q). (2.23)

10
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Regardless of the exogenous signal w(t) in (2.19), the main idea of the (PD)QB approach is to
force all state trajectories to converge into an ellipsoidal region described by the unit level set of a

(PD)QLEF for all w(t) € £,(Q).

Theorem 2.2.3 (QB of LPV systems). Given the set £,(Q) defined by (2.20), the LPV system
(2.19a) is quadratically bounded with the QLF (2.12) if there exist positive scalars \1 and Ao such
that:

0< A2 <A, (2.24)

and one of the following statements is satisfied:

1. There exists P~ € ST such that:

He{P'A(W)} + P P7'B, (V)
* -X0Q™!

] <0, Vde®. (2.25)

2. There exists P € ST® such that:

He{A(0)P} + P Bu(¥)
* “2Q7!

] <0, Y9eO. (2.26)

Proof. This proof follows the reasoning in [27, 64]. By means of the S-Procedure (Lemma 2.1.2),
the conditions (2.22) introduced by Definition 2.2.1 for ensuring that system (2.19a) is quadrat-
ically bounded can be expressed as follows:

V(z)+ )\1(33TP_1:E - 1) + )\2(1 - wTQ_lw) <0. (2.27)

Then, the negative semi-definiteness of the inequality (2.27) can be verified if the following con-
ditions are satisfied: ‘
V(z)+ Mz Pz - dow Qlw<0, (2.28)

-1+ A2 <0. (2.29)
By setting V() = 227 P~ (A(9)x + By (9)w), the condition (2.28) can be formulated as:

|:ZJ:| [He{P‘lA(f)} + A P P:;Jjégf)][i] <0, VideO, (2.30)

thus obtaining the LMI (2.25) by ensuring the negative semi-definiteness of (2.30) V(z,w) # 0,
and establishing the condition (2.24) directly from (2.29). On the other hand, the LMI (2.26) can
be obtained by pre- and post-multiplying (2.25) by diag{ P, I,,,, }, thus concluding the proof. m

Theorem 2.2.4 (PDQB of LPV systems). Grven the set £,,(Q) defined by (2.20), the LPV system
(2.19a) is quadratically bounded with the PDQLF (2.15) if there exist positive scalars Ay and Ao
such that:

0< Ay <A, (2.31)

and one of the following statements is satisfied:

11
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1. There exists P(9) ™" € ST such that:

He{P(9) " A(W)} + P(9) ™ + MP(W) ™" P(ﬁ)_lBiUl(ﬁ) <0, V9O,
* ~A2Q
(2.32)
2. There exists P(1) € S* such that:
He{A(W)P ()} - P(V) + M P(9) Bw(19_)1 <0, voeo. (2.33)
* -A2Q
Proof. The proof follows a reasoning similar to the one of Theorem 2.2.3, thus is omitted.  m

H oo PERFORMANCE

Assume that the exogenous signal w(t) in system (2.19) is energy bounded such that w € W.
Then, consider that the set W defined in (2.21) represents the Lo-bounded disturbance if Q! =
L,,, and the definition of the Ly-norm of w as |w|, = \/ [~ w"w dt [23], thus introducing the

H oo performance concept:

Definition 2.2.3 (H oo performance of an LPV system). The LPV system (2.19) is said to achieve
Moo performance 7 if the induced La-gain of the input/output map is bounded by v € R, \{0}
ie.

|zl

b Tl

(2.34)

along all possible trajectories ¥ € ©.

Considering the parameter-independent and the parameter-dependent QLF defined in (2.12)
and (2.15), respectively, the following theorems stand for the external stability analysis problem
involving an Lo-bounded disturbance, based on the works [6, 23, 44, 131]:

Theorem 2.2.5 (Quadratic H oo performance for LPV systems). The system (2.19) with |w|, < 1
has a quadratic Heo performance y if there exists a scalar v € R.\{0} and one of the following
statements is satisfied:

1. Thereexists P~ € S such that:

He{P'A(W)} P'B,(W) CLW)
* -1, DL, (9)]<0, VUJeO. (2.35)

* * —fyIan

2. There exists P € ST such that:

He{A(W)P} Bu(¥) PCLY)
N AL, DL,(9)|<0, voeo. (2.36)

* * ..,

12
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Proof. The proof follows the reasoning in [23, § 6.3.2]. To prove that the La-gain of the sys-
tem (2.19) between the admissible disturbance signal w(t) and the performance output 2 (%)
is bounded by , assume that the following condition is verified for all ¢:

V() +7  2e0 Zoo — yw w < 0. (2.37)

By integrating the condition (2.37), from ¢ = 0 to t = oo, one gets:

V(z(00)) -V (2(0)) +~7* [Ooo Zoo Zoo At —7y /000 w'wdt <0, (2.38)
which is equivalent to:
V(2(00)) = V(2(0)) + 7" zeo]l3 = v]w]3 < 0. (2.39)
Hence, for 2(0) = 0, it is possible to conclude that:
|zeoll3 < V2], (2.40)

since V' (z(00)) > 0and V(2(0)) = 0 by definition, thus demonstrating the condition (2.34).

Consider the QLF (2.12), V() = 22" P7L(A(9)x + By (9)w) and 2 (t) in (2.19). Then,
by means of appropriate manipulations the inequality (2.37) can be formulated V(z,w) # 0 as
the LMI:

He{P'A(9)} + v 1CU(I)C.(9) P By(9) + 7 CL(I) D.w(V)

N D () Do (9) L, | <% 24D

Thus, obtaining the LMI (2.35) by applying Schur’s complement to (2.41). On the other hand,
the LMI(2.36) can be obtained by pre- and post-multiplying (2.35) by diag{ P, 1. }, thus
concluding the proof. ]

Theorem 2.2.6 (PDQ H o, performance for LPV systems). The system (2.19) with |w|, < 1 bas
a parameter-dependent quadratically Moo performance y if there exists a scalar v € R \{0} and
one of the following statements is satisfied:

1. There exists P(9) ™ € S such that:

He{P(9) T A(W)} + P(9)™" P(W) 'B,(9) CL(¥)
* VI, DL, (9)]<0, VieO. (2.42)

* * _fylnzoo
2. There exists P() € S* such that:
He{A(0)P(9)} - P(¥) Bu(9) P(9)CL(V)
* AL,  DL,(9¥) [<0, VdeO. (2.43)

* * —fyInZOO
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Proof. The proof follows a reasoning similar to the one of Theorem 2.2.5, thus is omitted. ~ m

2.2.4 CONTROL OF LPV sYsTEMS

The sequel will present the problem of designing a control law while taking the analytical require-
ments stated in Sections 2.2.2 and 2.2.3 into account, such that the final closed-loop system has
certain desired characteristics.

For the sake of simplicity and without loss of generality, the following results are mainly for-
mulated considering the gain-scheduled (GS) static state-feedback control law of the form:

u=K(¥)x, ViIeO, (2.44)

where the parameter-dependent controller gain K (1)) € R™**™ is to be determined. It is im-
portant to keep in mind that this control law requires complete system state information, which
may be lacking in real-world systems. In order to solve this problem, an observer-based control
scheme is needed to provide the controller with a system’s state estimation to be fed with [39, 90].
In cases where this is not possible, the interested reader is directed to alternate control strategies
like input-output controller synthesis [3,122] or output-feedback controller synthesis [38, 81].

Theorem 2.2.7 (Quadratic stabilization of LPV systems via state-feedback control). The LPV
system (2.82) with control law (2.44) is quadratically stable if there exist a matrix P € S{* and a
matrix function K (0) € R™*"* such that:

He{A(W)P + B(9)K(9)P} <0, VJeO. (2.45)

Proof. It follows from Theorem 2.2.1, replacing the autonomous state matrix A(1)) with the
closed-loop state matrix A(9) + B(¥) K (9). ]

Theorem 2.2.8 (PDQ stabilization of LPV systems via state-feedback control). The LPV sys-
tem (2.8a) with control law (2.44) is parameter-dependent quadratically stable if there exist matrix
Sfunctions P(0) € SI* and K (V) € R™"™ such that:

He{A(9)P(0) + B(0)K(9)P(9)} - P(9) <0, V(0,9) €O x04. (2.46)
Proof. The proof follows a reasoning similar to the one of Theorem 2.2.7, thus is omitted. ~ m

Theorem 2.2.9 (QB for LPV state-feedback control). Given the set £,,(Q) defined by (2.20), the
LPV system:
z=A()x+ By(¥)w+ B(9)u (2.47)

with control law (2.44) is quadratically bounded with the QLF (2.12) if there exist positive scalars
A1 and Ay, a matrix P € S''* and a matrix function K(0) € R"*"* such that:

0< A<, (2.48)

He{AW)P + BOK@)PY+MP - Bu) ] oy (249)
* _>\2Q— - . .
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2.2 Linear parameter-varying systems

Proof- It follows from Theorem 2.2.3, replacing the autonomous state matrix A(¥) with the
closed-loop state matrix A(}) + B(¥) K (9). ]

Theorem 2.2.10 (PDQB for LPV state-feedback control). Grven the set E,,(Q) defined by (2.20),

the LPV system (2.47) with control law (2.44) is quadratically bounded with the PDQLF (2.15) if
there exist positive scalars Ny and N9, and matrix functions P(0) € S}* and K (U) € R™>™ such

that:

0< Ao <A, (2.50)
U (0) + M P(0) Bw(zs*_)1 <0, V(0,0)c0x0, (2.51)
* -A2Q

where Up117(0) = He{ A(9) P() + B(9)K (9)P(9)} - P(4)).
Proof. The proof follows a reasoning similar to the one of Theorem 2.2.9, thus is omitted.  ®

Theorem 2.2.11 (Quadratic H, state-feedback control for LPV systems). The LPV system.:

i = A(¥)x + By(9)w + B(Y¥)u, (2.52a)
Zoo = Co (V)T + Doy (9)w + Dy (V) (2.52b)

with |w|y < 1 and control law (2.44) bas a quadratic Heo performance 7y if there exists a scalar
v € R\{0}, 2 matrix P € S}* and a matrix function K (0) € R™" such that:

He{A(Y)P + B(9)K (9)P} By(9¥) PCL(Y)+ PK'(9)D,(9)
* -1, DL, (9) <0, VYeO.

* * —fyInZOQ

(2.53)

Proof. It follows from Theorem 2.2.5, replacing the autonomous state matrix A(¥) with the

closed-loop state matrix A(}) + B(¥) K (¥), and the closed-loop performance output matrix
C.(¥) with C,(9) + D, (9) K (9). ]

Theorem 2.2.12 (Parameter-dependent quadratic H o state-feedback control for LPV systems).
The LPV system (2.52) with |w/|,, < 1 and control law (2.44) has a parameter-dependent quadrat-
ically Hoo performance ~y if there exists a scalar vy € Ry\{0} and matrix functions P(9) € S*
and K (9) € R"" such that:

Up(9) Buw(¥) Ypz)(9) .
* A,  DL,(0) | <0, V(9,9)e0x0y, (2.54)

* * —fyInZw

where:

Up1y(9) £ He{A(0)P(9) + B(O)K () P(9)} - P(9),
U131 (9) = P(9)CL() + P(9) K (9) DL, ().

Proof. The proof follows a reasoning similar to the one of Theorem 2.2.11, thus is omitted. m
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2.2.5 FINITE-DIMENSIONAL LMI RELAXATIONS

Considering the necessity of checking an infinite number of constraints in Theorems 2.2.1-2.2.12
due to the presence of parameter-dependent LMIs, the problem of reducing them to a finite-
dimensional representation is illustrated hereinafter through the use of the polytopic representa-
tion defined in Section 2.2.1 and the application of the Pdlya’s relaxation theorem inherited from
[102].

Following the work of Sala et. al. [102], a multi-index notation is introduced with the purpose
of compactly representing a p—dimensional polytopic summation through the definition of the

following sets:
]I(pvnu) = {7’ eNP : 1 < Zk < Ny, vk EI[I,p]}a (2553.)
]I-(Fprnu) = {z € H(p’nu) : Zk < Z.k"'l’ V]ﬂ € I[l,p—l]}7 (ZSSb)
where = (i1, ...,1,) € NP denotes a p-dimensional multi-index. Furthermore, notation P(%) c

I(p,n,) will denote the set of permutations with possible repeated elements of the multi-index 4.
For example, for ¢ = (1,1, 3), the possible permutations are:

P(¢) ={(1,1,3),(1,3,1),(3,1,1)}.

Let us generalize the finite-dimensional formulation of a parameter-dependent LMI that re-
quires negative definiteness of a p-dimensional polytopic summation, thus defining:

N Ny U

5(19) 2 Z Z Z iy (19);12'2 (19);111)(19) $TTi1._.ipx <0, Vx=#0, (2.56)

i1=112=1 ip=1

where Tz‘l...ip corresponds to symmetric matrices that are linear in some decision matrices. By
means of the multi-index notation, the expression (2.56) can be compactly formulated as:

EW)x > wi(9) 2" Tw<0, Va0,

ZEH(p,n#)

(2.57)

with 13 () = TT}_, p1i,(9) and @ € Iy, ,, y. For instance, fu¢,1,3)(¥) = 13 (9) 3 (V) will be
the polytopic weight associated to the term Y113 for a 3-dimensional polytopic summation with
ny > 3.

In order to state Pélya’s relaxation theorem from [102] (here referred to as Pélya’s relaxation
lemma), let us recall an essential concept about a set-theoretic relation between multi-indices by
the following proposition:

Proposition 2.2.13 ([102, Proposition 1]). Given any index § € L,y ), there exists a unique per-
mutation of it, denoted as i € I, ) such that:

(»
> iY== > Y mi(NYTi= > w(9) Y T (2.58)
€l mn) S LE0) S IT20)
Proof. For turther details, see [9] and [102]. [

16



2.2 Linear parameter-varying systems

Then, by considering Proposition 2.2.13 and the fact that:

iﬂz‘(ﬁ) = (im(ﬁ)) = > w(W)=1

Z‘E]I(p,nu)
for any positive integer p, the following result holds.

Lemma 2.2.14 (Pdlya’s relaxation lemma). Consider the LMI (2.57) and a chosen Polya’s relax-
ation degree d € N, with d > p, such that the following set of LM is satisfied:

. y +
,Z, Tj<0, el (2.59)
JeP(d)
Then, the negative-definiteness of (2.57) is ensured with the necessary conditions for large values of
d, thus reducing the overall conservatism at the cost of increasing the computational burden.

Let us illustrate the application of Lemma 2.2.14 through the following example.

Example 2.2.1. Consider the following 2—dimensional polytopic summation with n,, = 3:

3 3
>0 2 iy (D) iy (9) 2" Tiyiyw <0, Va#0 (2.60)
11=112=1

and a Pélya’s relaxation degree d = 2, thus defining the sets in (2.55) as:

H(2,3) = {(1> 1)7 (1a2)7 (173)7 (2a 1)> (272)a (273)7 (37 1)a (3>2)7 (373)}7
2—2,3) = {(1> 1)? (1a2)7 (173)3 (2a2)> (233)a (373)}'

Then, by applying Lemma 2.2.14 to (2.60), its negative-definiteness is guaranteed if the following
conditions are satisfied:

Tll < 0, Tlg + Tgl < 0, Tlg + T31 < 0,

Tor <0, To3+T32<0, T33<0. (2.61)

2.2.6 SHIFTING PARADIGM

The shifting paradigm concept was presented in [92] for polytopic LPV systems as a possible ap-
proach that exploits the properties of polytopes and the versatility offered by the LMI approach,
enabling the design of gain-scheduling controllers that adapt the system’s closed-loop perfor-
mance online depending on a known performance vector p(t) € ® c R™ that reflects the
variability of some chosen criteria, e.g., guaranteed decay rate, robust bounds as 2\ H o, or pole
clustering.

For the purpose of developing shifting control strategies, it is assumed that the known per-
formance vector ((t) is both smooth and a member of the known polytopic region ®, which
can be defined through the known lower and upper bounds ¢; < ¢; for j € Zyy,, }. Then,
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2 Background

the polytopic representation of generic matrices such as O(¢) and G(¥, ¢) with dependency on
(U, ¢) € © x ® are defined as the convex combination of a finite set of n,, and n,, x n,, known
vertices, respectively:

O(p) = annj(SD)ij (2.62a)
]:
G, ) = Z?m(ﬂ)Gi(go) = Z? Zém(ﬁ)nj(@)(?ij, (2.62b)
1= 1=1 9=

where O and G'j; are generic vertex matrices to be determined, ;1(¥) € A™ and n(p) € A™
represent the known polytopic weight vectors, the simplex A" corresponds to (2.10), and the
simplex A" is:

N
INC {U(‘P) eR™ : Y mi(p) =1, nj(p) 20, je I[l,nn]}' (2.63)
j=1

Additionally, the rate of variation ¢(t) € ®4 c R"# isassumed to be smooth, with ®, asaknown,
bounded, and closed set that can be determined through the known lower and upper bounds
dpj < 5ij for j € I(y - Although the definition of @ is possible, it should be emphasized that
in real-world applications, online measurement of ¢(t) may not be accessible due to the possible
dependence on endogenous and/or exogenous signals, and its estimation may be hampered by
measurement noise. For example, in the case of a quadrotor, the use of ¢(t) to schedule the
availability of the actuator action, i.e. the lack of resulting thrust force for a given command, is
affected not only by the current battery voltage but also by other factors such as air density [21,
89]. Consequently, the rate at which the battery voltage discharges must be considered, among
other conditions, for the acquisition of ¢ (t).

Finally, the shifting specifications under consideration in this thesis are formally stated in the
following.

Definition 2.2.4 (Guaranteed shifting decay rate (GSDR)). The LPV system (2.52a) is said to
have a gnaranteed shifting decay rate dg () : R™¢ — R, if the following condition is satisfied:

V() <-2dr(p)V (), (2.64)

where dg () is assumed to be a continuous positive function Yy € ® ¢ R"™ and V (-) cor-
responds to a candidate Lyapunov function that can be defined by a QLF as (2.12) or by its
parameter-dependent version (2.15).

Definition 2.2.5 (Shifting H oo performance). The LPV system (2.52) is said to achieve shifting
Hoo performance y(p) : R™ — R,\{0} if the induced La-gain of the input/output map is
bounded by v(¢p) i..

e za, <[rerel, ()

along all possible trajectories ¥ € © ¢ R"? and p € ® c R".
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2.3 Linear systems mbject to actuator satuvation

2.3 LINEAR SYSTEMS SUBJECT TO ACTUATOR SATURATION

Due to the potential performance degradation or even destabilization induced in the closed-loop
system, actuator saturation is probably one of the most investigated nonlinearities in control the-
ory (see, for example, monographs [54, 59, 119], and references therein). In general, existing ap-
proaches for addressing the actuator saturation problem are classified into two main categories
based on how saturation is handled. The first approach involves pairing a pre-designed controller
that ignores saturation during the design stage with a compensator that mitigates the negative
consequences of saturation [112, 120, 125, 130]. The key concept behind this approach, called
anti-windup compensation, is to provide additional feedback so that the actuator remains ap-
propriately within the saturation limits. The second approach, consists of addressing the input
restrictions during the controller design stage [30, 55, 60, 129]. This is the design approach that is
used in this thesis. Such an approach entails developing feedback laws that are valid throughout
the entirety or a major portion of a null controllable region, allowing the saturating actuators to
push state trajectories back to the origin.

In the following, we present a brief overview of preliminary concepts concerning nonlinear sys-
tems and the context of saturation avoidance performance. Note that the solution to the problem
of designing controllers under saturation avoidance is not given in this section, but can be found
in the cited references or in the next chapters of this thesis for the situation where a time-varying
saturation is present.

2.3.1 PRELIMINARIES
Consider the autonomous nonlinear system:
& =g(x), 2(0) =0, (2.66)

where 2 € R™ is the state and g(2): D, — R"* denotes a locally Lipschitz map from a domain
D, c R"™ into R"*. Then, let us introduce the following concepts [63, Chap. 4]:

Definition 2.3.1 (Domain of attraction of the origin). The domain of attraction of the origin,
denoted as D 4, is defined as:

Dy 2 {xo eR" : tlim C(t,zg) = O}, (2.67)

where ( (¢, ) denotes the trajectory of the system (2.66) that starts at initial condition z at time
t=0.

Definition 2.3.2 (Invariant set). A set S is said to be an invariant set with respect to (2.66) if:
x0eS = x(t)eS, VteR (2.68)

Let V() = 2" P71 be a candidate Lyapunov function as (2.12). The associated level sets of
V(z) are defined as:

E(Pc)2{zeR™ : 2’ Pz <c}={zeR™ : V() <c}, (2.69)
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where P € S|* and c s a positive scalar. If V(z) <0V eE(P,c)\{0}, then the ellipsoidal set
E(P, c) is said to be contractively invariant. Clearly, if £(P, ¢) is contractive, then it is contained
in the domain of attraction D4 [55, 119].

Remark 2.3.1. It should be noted that there exists a trade-off between the accuracy in approxi-
mating the domain of attraction and the simplicity of the representation method used to do so, as
discussed in [19]. Nonetheless, among all the shapes considered in the literature for determining
contractively invariant regions, ellipsoidal regions are most commonly used due to their simplicity
for obtaining LMI conditions. For this reason, ellipsoidal sets have been considered in this thesis.

2.3.2 SATURATION AVOIDANCE CONDITION

As shown in [119], the concepts related to stabilization of saturated linear systems can be trans-
ferred from the linear time-invariant (LTT) framework to the LPV framework. Therefore, for sake
of simplicity and clarity, the concepts recalled in this section are shown only for the LTT frame-
work and the case of the state-feedback controller, i.e. © = Kz.

Let us consider the following CT system subject to an input saturation:

% = Az + Bsat(u,u,u), (2.70a)
u =Kz, (2.70b)

where x € R"® is the state vector and u € R™* denotes the control input vector. A € R"=""=,

B e R" "™ and K € R™ " represent the state matrix, the input matrix and the controller gain
matrix, respectively, and sat(u, u,4) : R™ — R™ denotes the standard asymmetric function

defined as:
sat(uy,ur, )
: uy, ifu; >
up, ifugefu,u] (2.71)

—uy,  ifu <y

13

Sat(uauaﬂ) = Sat(uluul)ﬂl) ) Sat(ubulval)

sat (Un, s Un,, , Un, )

forl € Iy 1 where u = [u1, ..., up, 1"and @ = [y, . .., 1n, ] aregiven vectors with positive
entries. Note that the standard symmetric saturation function is recovered if u; = @ V1 € Z[y 5,1
which will be denoted by the notation sat(u, @).

The closed-loop performance of a saturated system may be categorized into two major groups
based on the degree of saturation allowance [119]:

* Saturation avoidance: this performance criterion involves the study of the closed-loop
system’s linear behaviour for designing control laws in order to avoid actuator saturation.

* Saturation allowance: this performance criterion addresses the closed-loop system’s non-
linear behaviour by seeking the utilization of all the actuator’s capacity with the purpose of
achieving a good balance between the related estimate of the region of attraction and the
closed-loop system’s performance or robustness.
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2.3 Linear systems mbject to actuator satuvation

Definition 2.3.3 (Region of linearity). The region of linearity of a system subject to a saturation
function, denoted as £, is defined as the set of all control inputs u(t) € R™* such that the control
signal is not saturated and, hence, sat(u, u, %) = u.

Definition 2.3.4 (Region of admissible initial conditions). Let X be the region of admissible
initial conditions that can be described by one of the following sets:

(a) Ellipsoidal set:
Xo 2 {ac eR™ : 2" Xyl o< 1}, (2.72)

where Xg! € ST is a known given matrix that contains information about where the
initial conditions (0) are expected to lie.

(b) Polyhedral set:
Xo 2 Co{v, .. yvn, b, vs €R™, Vselpy, g, (2.73)

where n, is the number of vertices and v, represents each vertex of the polyhedral set.

Then, from the saturation function (2.71), the linearity region of the system (2.70) can be
characterized as the following polyhedral set:

E(u,u, ﬂ) = {’LL eR™ :—yy <uy <1y, le I[l,nu]}’ (2.74)

which can be expressed as a region in the state-space domain through the mapping entailed by the
choice of u = Kz, thus yielding:

L(K,u,u) = {{E eR™ : —y; < K[l]x <y, le I[l,nu]}7 (2.75)

where K;) denotes the 1" row of the matrix K . Note that polyhedral Lyapunov functions should
be considered within the design procedure for an accurate representation of the linearity region
(2.75). However, this introduces computational complexity as the resulting design conditions
cannot be expressed as LMIs. Therefore, only the use of (PD)QLF, which defines an ellipsoid as
a level set, is considered.

The idea behind the saturation avoidance approach relies on forcing the region £(P, ¢) in
(2.69) to reside within the region of linearity (2.75), thus ensuring that all trajectories initialized
in Xp do notleave £( P, ¢). In summary, the conditions for saturation avoidance can be formally
stated by Proposition 2.3.1.

Proposition 2.3.1 (Saturation avoidance condition). Let L(K, u, @) be a polybedral set defined
asin (2.75). If E( P, c) is a contractively invariant set satisfying:

Xoc&(P,c)c LK, u,u), (2.76)

then for any initial condition xo € Xy, and bence xq € E(P, ), the convergence of the corresponding
state trajectory x(t) — 0 when t — oo is ensured under saturation avoidance.

Proof. See [119]. ]

21






SHIFTING STATE-FEEDBACK CONTROL

The content of this chapter is based on the following work:

* [95] A. Ruiz, D. Rotondo, and B. Morcego. “Design of state-feedback controllers for linear param-
eter varying systems subject to time-varying input saturation”. Applied Sciences 9:17, 2019, p. 3606.
1SSN: 2076-3417

* [96] A. Ruiz, D. Rotondo, and B. Morcego. “Shifting H o linear parameter varying state-feedback
controllers subject to time-varying input saturations”. JFAC-PapersOnLine 53:2,2020. 21th IFAC
World Congress, pp. 7338-7343. 1sSN: 2405-8963. DOIL: https://doi.org/10.1016/].ifacol.

2020.12.991

* [99] A. Ruiz, D. Rotondo, and B. Morcego. “Design of shifting state-feedback controllers for LPV
systems subject to time-varying saturations via parameter-dependent Lyapunov functions”. ISA
Transactions, 2021. 1ssN: 0019-0578. DOI: https://doi.org/10.1016/j.isatra.2021.07.025

3.1 INTRODUCTION

In the last two decades, works addressing the actuator saturation problem have been an important
field of research due to the actuators’ inherent physical limitations. However, the controller de-
sign has been commonly performed under the assumption of considering that saturation limits
are constant in time. For instance, a health-aware controller based on the remaining useful life
estimation of a battery has been designed for an autonomous racing vehicle assuming that the in-
put/output limits are constant in time [61]. A similar assumption holds for [28], where a model
predictive control (MPC) has been developed for polytopic LPV systems subject to input satu-
rations. On the other hand, some works have proposed using saturation indicator parameters to
schedule the input constraints whose limits are still constant in time [36, 128]. Alternatively, a tech-
nique based on nested ellipsoids with switching and scheduling policies has been stated in [35],
inducing a guaranteed exponential convergence rate by the corresponding saturated feedback.

In addition to the actuation saturation problem, real-world systems can also be affected by un-
known disturbances, which can contribute to the saturation of the control input, emphasize ac-
tuator deterioration, and potentially make the system unstable. Previous works in the literature
have addressed, mostly, the disturbance rejection problem for saturated systems under the same
assumption. For example, two GS controllers have been designed using the Ho, methodology
and the QB concept through a PDQLF [65]. These controllers are subject to saturations with
constant limits and provide a guaranteed Lo gain. Furthermore, the controllers adapt their gains
based on the distance from the origin, providing high-gains when the states are close to the origin,
thus increasing the system’s performance. An extension to the previous work has been presented
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3 Shifting state-feedback control

in [101] adding an anti-windup to handle the saturation under worst-case disturbance. In [88], the
assumption of the input saturation limits being constant in time is maintained with the objec-
tive of approximating the region of attraction by means of oft-line optimization algorithms. Also,
this approach allows to design a saturated dynamic output-feedback controller for an LPV system
with bounded disturbances using the QB concept.

In this chapter, the problem of designing a shifting LPV state-feedback controller for time-
varying saturated LPV systems is considered. In the proposed approach, a possible mapping
between the instantaneous saturation limit values and a performance scheduling vector is intro-
duced. The resulting idea is exploited through the shifting paradigm concept presented in [92], en-
abling the design of a gain-scheduling controller that adapts the closed-loop system performance
in consonance with the saturation limit variations. By means of the LPV framework and the use
of the shifting paradigm and the invariant ellipsoidal theory, the problem’s solution is expressed as
an LMI-based methodology which can efficiently be solved via available solvers. It is worth high-
lighting that the proposed approach handles the problem establishing a set of region inclusions
for ensuring that the control action remains in the linearity region of the system where saturation
does not occur. Furthermore, closed-loop converge speed or disturbance rejection effectiveness is
regulated online according to the performance scheduling vector through the shifting paradigm
concept.

The solution proposed in this chapter differs from the recent work [79], where the importance
of considering time-varying saturations as a consequence of an induced actuator fault has been
stated without a possible regulation of the closed-loop performance in sense of e.g. convergence
speed according to the amount of control action available.

3.2 PROBLEM FORMULATION
Consider the following CT LPV system:

= APz + By(9)w + B(Y¥) sat(u,o(t)), x(0) =z, (3.12)
Zoo = Co(0) + Doy (9)w + Dy (9) sat(u, o (1)), (3.1b)

where u € R™ is the control input, w € R™ is a vector of exogenous inputs (such as reference
signals, disturbance signals or sensor noise), Zo, € R"# is the output performance signal related
with the H o performance (see Definition 2.2.3),and ¢ € © c R™? is the time-varying scheduling
parameter vector. sat(u,o(t)) : R™ — R™ represents the time-varying symmetric saturation
function defined as:

sat(ul,.ol (t))
sat(u,o(t)) = sat(ul,:ol(t)) . sat(uy,oy(t)) = sign(uy) min(|uy|, o(t))  (3.2)
sat (tn, on. (1))

forl € Ipy 1, where o (t) = [01(),. .., 00, (t)]" is a time-varying vector with given known
positive time-varying limits 07 (). The instantaneous value of 07 () belongs to the interval [ g, 77 ]
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3.2 Problem formulation

Vi e Iy 15 with o7 € Ry \{0} and 7; € R, \{0} as the lowest and highest possible saturation
limits for each uy, respectively.

Before stating the goal of this chapter, let us define the time-varying region of linearity as a slight
modification of Definition 2.3.3:

Definition 3.2.1 (Time-varying region of linearity). The region of linearity of a system subject
to a saturation function whose limits are time-varying, denoted as £(t), is defined as the set of all
control inputs u(t) € R™ such that the control signal is not saturated.

For the sake of simplicity, we focus on the scenario in which £(t) shrinks over time as a con-
sequence of a possible lack of energy availability, thus affecting the actuator action availability of
u(t) in (3.1). Then, the time-varying region of linearity of the system (3.1) can be characterized
as the following time-varying symmetrical polyhedral set:

L(u(t),o(t)) = {u(t) eR™ : —gy(t) <w(t) <oy(t), Vie I[l,nu]}’ (3.3)

such that the largest control action is available when 0;(t) — &; Y1 € Iy ;] whereas a more
restrictive control action is obtainable when all the instantaneous values o;(t) are closer to ;.

Fig. 3.1 illustrates the possible degradation of the actuator overtime, which would affect the
online closed-loop performance of the system (3.1).

A sat(w(t), oi(t)) A us(t)
A L(u(t),a)
t

ai(t)
L(u(t), 0)

L, i (t) »uy (t)

A
I
Q
A

I

\ 4 \4
(a) (b)

Figure 3.1: Illustration of a time-varying symmetric saturation function. (a) depicts the time-varying limit
variability over a single input u;. (b) shows the shrinking of the time-varying region of linearity
due to the lack of energy availability (o (t) — a; V1 € Ify 97).

The goal of this chapter is the stabilization of the system (3.1) through the definition of the
following GS state-feedback control law:

u=K(0,p)x, V(U,p)ecOxd, (3.4)

such that the closed-loop system response of the system (3.1) has one of the shifting performance
criteria presented in Definitions 2.2.4 and 2.2.5 in accordance with the variations of L(u, o). To
that purpose, the next sections outline a mapping between possible instantaneous values of oy (t)
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3 Shifting state-feedback control

and the scheduling vector ¢(t) under the assumption that o(t) is known for all ¢ > 0, as well as
the LMI-based methodology for designing a shifting state-feedback controller presented in (3.4),
with the objective of solving the following control design problems:

Problem 3.2.1. For the LPV system (3.1a) subject to a time-varying saturation function (3.2) and
a given set of admissible initial conditions X, design a GS state-feedback control law (3.4) such
that for any initial state ¢ € &p the closed-loop system response ensures the guaranteed shifting
decay rate performance dg (¢): R™# — R, defined as in (2.64):

V() £ =2dr(2)V (), (3:5)
where V' (+) is a candidate Lyapunov function that can be defined by a (PD)QLF. O

Problem 3.2.2. For the LPV system (3.1) subject to a time-varying saturation function (3.2) and
the given set of admissible initial conditions Xj and the set W, design a GS state-feedback control
law (3.4) such that for zg € Xp and |w||, < 1

1. the closed-loop system response guarantees the shifting Hoo performance v(¢):R™ —
R, \{0}, defined as in (2.65):

OSSN (ORT B 64)
along all possible trajectories ) € © c R™? and ¢ € & c R"¢.

2. the closed-loop system trajectories x(t) are quadratically bounded by a (PD)QLF.

3.3 TIME-VARYING SATURATION HANDLING

Due to the presence of a nonlinear expression of u(t) in (3.1), the conditions presented in Sec-
tion 2.2.4 cannot be extended to address the controller design problems stated in Section 3.2 com-
plicating the obtention of computationally applicable design conditions. With the purpose of
alleviating this issue, the conditions presented in Section 2.3.2 for dealing with saturated linear
systems are extended along this section to the case where the inputs of an LPV system is under a
time-varying symmetric saturation as (3.2).

First, in order to describe a time-varying saturation in a polytopic form, let us establish below
a mapping between the possible instantaneous values of 0 () and the values of the performance
scheduling vector ¢(t) € ® ¢ R™ with ny, = ny:

a? - oy(t)?
ng(t) = Wa ‘PZ(t) € [07 1]) vi EI[I,nw]a (3.7)
=l

allowing o7 (t)2 to be expressed as a function of ¢;(t) from relation (3.7):

Gi(ei(t) 2 o (t)? =67 + @u(t) (a7 - 1), VIeTp - (3.8)
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3.3 Time-varying saturation bhandling

As a result, the closed-loop response of the LPV system (3.1) can be adapted online using the
control law (3.4) in terms of convergence speed or disturbance rejection effectiveness in line with
the instantaneous value of 0 (¢). In this way, a faster response or a better disturbance rejection
can be guaranteed when a large control action is available (o;(t) — &; V1 € I[l,nﬂ) whereas the
controller will provide a more conservative performance when all instantaneous values 0y (t) are
closer to their corresponding ;.

Remark 3.3.1. Itshould be noted that the necessary number of scheduling parameters for defin-
ing the time-varying saturation limits can be n, < n,, in cases where some time-varying satura-
tion limits exhibit some correlation. Furthermore, there exist several potential mappings between
o1(t) and ¢y(t) V1 € Iy 4,1 since the representation of the polytopic set @ is not unique.

Let us now discuss and analyse two alternative propositions based on invariant ellipsoidal set
theory [23] and the convex expression (3.8) for extending Proposition 2.3.1 to the time-varying
saturation avoidance case and, therefore, obtaining design conditions that ensure u € L(u, o)
Vt > 0. For the purpose of simplicity and clarity, Propositions 3.3.1 and 3.3.2 are formulated for
the level sets of a candidate Lyapunov function as in (2.12). Nevertheless, they can be extended to
the case when the Lyapunov level sets are associated with a PDQLEF, as in (2.15).

Consider a parameter-dependent set as the maximal ellipsoidal region contained in £(u, o),

defined as follows:
U(p) = {ueR™ : WU (p) < 1}, (3.9)

-1, . . . . . .
where U(¢) ™ 2 RUA(p)R, € S™, Ry, is a rotation matrix that describes the axes’ orientation
of the region and A() denotes the parameter-dependent axes’ magnitude:

I
61(1)

A(p) = diag{61(p1), - On, (ion, )} " = e . (1)

1
6'7Lu (Lpnu )

Note that the region U (), although defined in the input space, is mapped onto the state-space
domain as a parameter-dependent ellipsoidal set by means of the GS state-feedback control law
(3.4), thus obtaining the parameter-dependent set in (3.11) for the formulation of Proposition 3.3.1.

Proposition 3.3.1. Let U, (1, @) be a parameter-dependent ellipsoidal set given by:
Us(0,0) 2 {x e R™ : 2" K(0,0) U(p) " K (9, p)x < 1}. (3.11)
IfE(P, c) is a contractively invariant set satisfying ¥ (U, ¢) € © x ®:
XocE(P,c) cUy(9,¢), (3.12)

then for any initial condition xo € Xy, and bence o € E(P, ¢), the convergence of the corresponding
state trajectory x(t) — 0 when t — oo is ensured under saturation avoidance.

Proof-. The proof follows the reasoning in Proposition 2.3.1. The inclusion X ¢ £(P, ¢) ensures
for zo € Xp that any trajectory z(t) € E(P,c) Vt as long as the system works in the region of
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3 Shifting state-feedback control

linearity (3.3). Furthermore, taking into account the inclusion £(P,¢) ¢ U(0, ) any state
trajectory x(t) contained in £ (P, ¢) will also be located in Uy (¥, ¢), so no saturation happens
and, therefore, the convergence of z(t) - 0 when ¢ — oo is guaranteed for any z € £(P,¢),
and hence for any x € Aj. [ ]

Hereinafter, without loss of generality, it can be assumed that R, = I,,, since in most of the
cases the axes of the ellipsoidal region U () are aligned with the axes of the input space.

Let us now consider the symmetrical polyhedral set (3.3), which can be mapped onto the state-
domain through the relationship (3.4), thus yielding:

LK@, ¢),0(t) = {z e R™ : [K(@,9)pal <ort), Le Ty} (313)
Then, the region L(K (¥, ), 0(t)) can be rewritten as:

K9, 0) 1 K (0,
L(K(Y,¢),0(t)) = {xeRnw T ( ‘P)U[llzt)Q( 90)[11

x<l, le I[l,nu]}7 (3.14)
which is equivalent to the parameter-dependent set (3.15) through the convex representation
(3.8), thus allowing the formulation of Proposition 3.3.2.

Proposition 3.3.2. Let L(K (0, ), 6(p)) be a parameter-dependent set given by:

K (0,0 K (9,
5(K(ﬁ,w),6z(¢))é{xe1&”z:xT ( (P;[j](@)( 20

r<l, e I[l,nu]}' (3.15)

IfE(P, ¢) is a contractively invariant set satisfying ¥ (19, @) € © x O:
XO CE(P,C) Cﬁ(K(ﬁj(p),é’((p)), (316)

then for any initial condition xo € Xo, and bence xo € E (P, ¢), the convergence of the corresponding
state trajectory x(t) — 0 when t — oo is ensured under saturation avoidance.

Proof. The proof follows a reasoning similar to the one of Propositions 2.3.1 and 3.3.1, thus is
omitted. [ ]

While both propositions aim to guarantee that u € £L(u, ) Vt > 0 through a set of region in-
clusions that must be held, they differ in the manner of considering the region £(u, o) within the
design procedure. It should be emphasized that the capacity to consider the size and orientation of
the ellipsoidal set (3.11) by Proposition 3.3.1 may yield conservative results when contrasted with
Proposition 3.3.2. Nonetheless, it can be useful in some situations where mathematical complex-
ity needs to be kept simple. Proposition 3.3.2, on the other hand, discusses the inclusion of the
ellipsoidal set £( P, ¢) in the symmetrical polyhedral set (3.15). This inclusion may be extended
to the situation in which an asymmetrical polyhedral set is required in the presence of an asym-
metric saturation function. However, due to the symmetry of the region £ (P, c), this extension
will lead to some apparent conservative results.
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3.4 Controller design using a parameter-independent quadratic Lyapunov function

3.4 CONTROLLER DESIGN USING A PARAMETER-INDEPENDENT
QUADRATIC LYAPUNOV FUNCTION

By taking into consideration the conditions in Section 3.3, LMI-based design conditions similar
to those described in Section 2.2.4 can be used to address LPV systems subject to time-varying
saturations. Let us present an LMI-based methodology for designing a shifting state-feedback
controller (3.4) with the objective of solving the different problems formulated in Section 3.2.
For this purpose, we will consider throughout this section the use of a parameter-independent
QLF, asin (2.12):

V(z)=a"P 'z, PeS', (3.17)

and its associated unit level set:
E(P,1)2{xeR"™ : V(zx)<1}. (3.18)

Furthermore, if conditions (3.12) or (3.16) hold, the saturated LPV system (3.1) can be reduced
to the following non-saturated LPV system for design purposes:

= A(9)x + By(D)w + B(P)u, x(0) = xo, (3.192)
Zoo = Co(9) + Doy (9w + Doy (9w (3.19b)

Let us start by introducing the following theorem which gives a parameter-dependent LMI for
designing a GS control law (3.4) that ensures the quadratic stabilization of an LPV system with
some desired guaranteed shifting decay rate performance (3.5), thus guaranteeing the online adap-
tation of the closed-loop system response in sense of convergence speed according to the variations
of the scheduling vector (t).

Theorem 3.4.1 (GSDR performance of LPV systems via shifting state-feedback control). Con-
sider the LPV system (3.19a) with control law (3.4), By,(0) = 0, and a given desired guaranteed
shifting decay rate dr () € Ry. Assume that there exist P € S and Y (¥, p) € R™"™ such
that ¥ (U, @) € © x ® the following parameter-dependent LMI is satisfied:

He{A(W)P + B(9)Y (9,¢)} + 2dr ()P < 0. (3.20)

Then, the closed-loop response of system (3.19a) has a guaranteed shifting decay rate performance
(3.5) if the controller gain is computed as K (9, ) = Y (9, 0) P71

Proof. By introducing the GS control law (3.4) into the system’s equation (3.192), the following
LPV closed-loop system representation is obtained under the assumption that By, (¢) = 0 and
u(t) € L(u,0) forall t:

= (AW) +B(W)K(0,¢))x. (3.21)

Then, let us calculate V () from the expression described by (3.17), thus obtaining:

V(z)=22"P i =22 P (AW) + BW)K (D, )z, (3.22)
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which is equivalent to:
V(z) =" (He{P"'A(W) + P"'B(9)K (9, ¢)})z. (3.23)

In order to ensure that the LPV closed-loop system response (3.21) satisfies a shifting guaranteed
decay rate dr (), V () must satisfy the condition (3.5) V& # 0, thus getting:

He{P"A(9) + P'B(9)K (9, )} + 2dr(¢) P~ <0. (3.24)
Then, by pre- and post-multiplying (3.24) by P, one gets the following inequality:
He{A(W)P + B(9)K(9,9)P} +2dr(p)P <0, (3.25)

which is a BMI due to the product between the decision variables K (¥, ¢) and P. In order to
transform it into parameter-dependent LMI, the change of variable Y (1, ¢) = K (9, ¢)P is
used, thus obtaining (3.20) and concluding the proof. [

Taking into account the result obtained in Theorem 3.4.1, the following theorem provides a
set of LMISs for solving Problem 3.2.1 based on Proposition 3.3.1. Theorem 3.4.2 guarantees that
E(P, 1) is an invariant and contractively ellipsoidal set with respect to all closed-loop trajectories
of the system (3.1a), forcing 2 to reside within this region where u € U () ¢ L(u, o) in absence
of external disturbances.

Theorem 3.4.2. Given the regions (2.72) and (3.11) with the known matrices Xy' € SI* and
U(p) € Stv, respectively, and a desired guaranteed shifting decay rate dr () € R, assume that
there exist P € ST* and Y (U, @) € R™"™ such that ¥ (0, ¢) € © x ® the parameter-dependent
LMI (3.20) is satisfied together with:

P 1,
[* Xo_l]zo, (3.26)

(3.27)

[U(so) Y(Wp)]>0
* P -

Then, the closed-loop response of the time-varying saturated LPV system (3.1a), with By, (V) = 0 and
the control law (3.4) with the controller gain computed as K (9, p) = Y (9, )P~ bas a guaran-
teed shifting decay rate performance (3.5). Furthermore, the convergence of x(t) — 0 when t — oo
is ensured for any xo € Xy such that x(t) € Uy (9(t), p(t)), and hence, u(t) € L(u(t),o(t)).

Proof. The fact that (3.20) guarantees a desired shifting decay rate dg () as long as it works in
the region of linearity of the actuators, £(u, 0), is adirect consequence of Theorem 3.4.1. Hence,
let us demonstrate that if conditions (3.26) and (3.27) hold, then u(t) remains inside the region
U(p) c L(u, o) forallt, aslong as zg € Xp.

To this end, let us consider from Proposition 3.3.1 the set of region inclusions (3.12) with Xy
defined as in (2.72) and the given unit level set (3.18). The inclusion Xy ¢ (P, 1) may be for-
mulated as:

P lz< xTXala:, (3.28)
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3.4 Controller design using a parameter-independent quadratic Lyapunov function

which is equivalent to:

Xy -1, P71, >0 (3.29)

and that, by applying Schur’s complement, becomes:

P 1,
[* Xo_l]zo.

Similarly, taking into account (3.11), the inclusion (P, 1) ¢ U (1), ) can be rewritten as:
2T K(9,0) U(e) ' K0, p)x <2’ P la. (3.30)
Then, manipulating the above expression one gets:
P o K(,0) U(e) ' K, ¢) = 0. (3.31)
Now, let us pre- and post-multiply (3.31) by P, thus obtaining:
P-PK(0,9) U() ' K(¥,0)P = 0. (3.32)
By applying the change of variable Y (19, ¢) = K (¥, ¢) P, and using Schur’s complement, (3.32)

becomes:
KR
* P -

Consequently, x € U, (1), ) is ensured for any trajectory z € £(P,1) and, hence, u € U(p)
L(u, o), thus concluding the proof. ]

Remark 3.4.1. Previous knowledge of the plant can be ein)loited to define regions Xy and U ()
in (2.72) and (3.9) through the matrices X' and U () ™", so that these regions have a physical
interpretation. These regions define the initial conditions of interest and the control action space,
respectively. As a consequence of this fact, the solution of Theorem 3.4.2 is conditioned by trade-
offs related to these regions, e.g., using a smaller region of the expected initial conditions facilitates
the feasibility of the LMI-based problem, although it is desirable that the controller operates over
aregion of possible initial conditions which is as big as possible. However, from a practical point
of view, this is constrained by the available range of the control action. For instance, when a wider
range of control action is available, a larger region X could be considered while maintaining fea-
sibility of the LMIs.

Similarly to Theorem 3.4.2, Theorem 3.4.3 provides a set of LMIs to address Problem 3.2.1
based on Proposition 3.3.2. The fundamental difference between Theorems 3.4.2 and 3.4.3 lies
in how the region £(u, o) is characterized. Theorem 3.4.2 tackles the issue by considering the
maximal ellipsoidal region (3.9) contained in £(u, o), whereas Theorem 3.4.3 directly considers
(3.15) as the state-domain representation of L(u, o).
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Theorem 3.4.3. Given the region (2.72) with the known matrix Xy L e ST, the set (3.15) and a de-
sired guaranteed shifting decay rate dr (@) € Ry, assume that there exist P € S{* and Y (U, ¢) €
R™™ sych that ¥ (0, @) € © x ® conditions (3.20) and (3.26) are satisfied together with:

51(0) Yo (9,
[al(*so) [z](P 90)]20’ VieTy . (3.33)

Then, the closed-loop response of the time-varying saturated LPV system (3.1a), with By(9) =0
and the control law (3.4) with the controller gain computed as K (9, ) = Y (9, ) P~t has a guar-
anteed shifting decay rate performance (3.5). Furthermore, the convergence of x(t) — 0 when
t — oo is ensured for any xo € Xy such thar x(t) € L(K(9(t),¢(t)),o(t)), and hence,

u(t) € L(u(t),o(t)).

Proof. Letus pre- and post-multiply the parameter-dependent LMI (3.33) by diag{ 1, Pt }, thus
obtaining:

a1(p) K9, )

N P_l = 0, l EI[Lnu],

which by applying Schur’s complement and pre- and post-multiplying by 2" and z, respectively,

K (0, 0) Ky (9, 9)
a1(v)

which yields the inclusion £(P, 1) ¢ L(K(V,¢),d) in (3.16). Therefore, z € L(K (0, ¢),5)
is ensured for any trajectory « € £(P, 1) and, hence, u € L(u, o).

leads to:

<Pz, le Ti1na)»

The remaining of the proof follows a reasoning similar to the one of Theorem 3.4.2, and thus
is omitted. n

Let us now define the following theorems for designing a GS control law (3.4) based on the QB
concept and the shifting H o performance (see Definitions 2.2.1 and 2.2.5, respectively). Theo-
rem 3.4.4 introduces an LMI-based condition that guarantees QB of an LPV system, thus ensur-
ing that all the closed-loop system trajectories evolve towards the unit level set (3.18), in spite of
the external disturbance w(t).

Theorem 3.4.4 (QB of LPV systems via shifting state-feedback control). Grven the set £,(Q)
defined by (2.20), the LPV system (3.19a) with control law (3.4) is quadratically bounded with the
QLF (3.17) if there exist positive scalars A1 and Xo, P € ST* and Y (9, ) € R™" such that
Y (0, @) € © x O the following conditions are satisfied:

0< A< A, (3.34)

He{A(9)P + B(zi)Y(fﬂ, @)} +MP izg_)l <0. (3.35)

Proof. The parameter-dependent LMI (3.35) is obtained from condition (2.49) in Theorem 2.2.9,
by considering that K depends on ¥ and ¢, and by applying the change of variable Y (¢, ) =
K(9,p)P. ]
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Thereupon, Theorem 3.4.5 provides the condition to ensure the robustness of an LPV system
against w(t) meanwhile the shifting Ho, performance (3.6) is guaranteed. The resultant con-
troller will modify online its performance whenever the input saturation limit undergoes vari-
ations. Consequently, the controller will exhibit a stronger rejection of the disturbances when
larger control actions are available and, conversely, a weaker rejection when the saturation limits
are smaller.

Theorem 3.4.5 (Quadratic shifting H state-feedback control for LPV systems). The LPV sys-
tem (3.19) with |w|y < 1 and control law (3.4) bas a quadratic shifting Hoo performance y(p)
if there exists (@) € R.\{0}, P € SI and Y (9, ) € R™*"™ such that ¥ (¥, ¢) € © x ® the
following parameter-dependent LMI is satisfied:

He{A(W)P + B(9)Y (¥,9)}  Bu(¥)  PCL(I)+Y(V, )DL, (V)
* -v(p)1n, D, (1) <0. (3.36)
* * —’Y(@)Inzoo

Proof. Tt follows from condition (2.53) in Theorem 2.2.11, by considering that -y is function of
¢, that K depends on ¥ and ¢, and Y (¥, ) = K (0, @) P. ]

Combining Theorems 3.4.4 and 3.4.5 with Proposition 3.3.1, Corollary 3.4.1 provides the
LMI-based conditions for solving Problem 3.2.2 such that the exogenous signal w(t) satisfies the
condition |w]|, < 1. Furthermore, the resultant shifting state-feedback controller is able to adapt
online its rejection performance according to the instantaneous saturation limit values, consider-

ing thatu e U(p) c L(u,0).

Corollary 3.4.1. Given the known matrices Xi' € ST% and U () € S, let there exist positive
scalars N\ and o, matrices P € S}* and Y (9, ) € R™"™, and a function v(p) € R,\{0}
such that conditions (3.26), (3.27), (3.34), (3.35) and (3.36) are satisfied ¥ (09, ¢) € © x ® and
Q7' = L. If the controller gain (3.4) is computed as K (9, ) = Y (9,p) P~ and |w], < 1,
then the closed-loop response of the time-varying saturated LPV system (3.1) is quadratically bounded
with a QLF (3.17) against external disturbances with a shifting Hoo performance (). Further-
more, if T € Xo, then o € E(P, 1) and the control inpur u(t) is such thar u(t) € U(p(t)) c

L(u(t),o(t)).

Proof. It is a direct consequence of Theorems 3.4.4 and 3.4.5 when Q' = I,,,,, and the stated
conditions (3.26) and (3.27) in Theorem 3.4.2. ]

Similarly, Corollary 3.4.2 is formulated below considering Proposition 3.3.2 as an alternative
approach for solving Problem 3.2.2.

Corollary 3.4.2. Given the known matrix X' € SI#, let there exist positive scalars \1 and \a,
matrices P € S1* and Y (U, ¢) € R™"™, and a function y(p) € R \{0} such that conditions
(3.26), (3.33), (3.34), (3.35) and (3.36) are satisfied ¥ (0,0) € © x ® and Q™' = 1,,,,. If the
controller gain (3.4) is computed as K (0, ¢) = Y (9,0) P! and |w||y < 1, then the dosed-loop
response of the time-varying saturated LPV system (3.1) is quadratically bounded with a QLF (3.17)
against external disturbances with a shifting H o performance (). Furthermore, if xg € Xo, then
x € E(P, 1) and the control input u(t) is such that u(t) € L(u(t),o(t)).
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Proof. Ttisa direct consequence of Theorems 3.4.4 and 3.4.5 when Q™! = I,,,,, the stated condi-
tion (3.26) in Theorem 3.4.2, and condition (3.33) in Theorem 3.4.3. ]
3.4.1 FINITE-DIMENSIONAL LMI DESIGN CONDITIONS

The conditions provided in Theorems 3.4.1-3.4.5 and Corollaries 3.4.1-3.4.2 cannot be used for
design purposes, since the presence of parameter-dependent LMIs imposes an infinite number of
constraints. This can be alleviated by considering the following polytopic representation:

A(W) Bu,(®) B@W) | & . Bu: B
[Cz(ﬁ) D.w(9) D (19)] 21 [ D DZW], (3.37a)

[U(w) w)] im(s&)[ : 0]:| (337b)

dr(e) () )
Ny Ny
Y (9,0) =Y ni(9)n;()Yi, (3.37¢)
i=1j=1
where A;, ..., dg; stand for the given known vertex terms with appropriate dimensions, y; > 0

and Y;; € R"*"= corresponds to decision vertex terms, and the polytopic weight vectors 1(9) €
A™ and n(¢) € A™ belong, respectively, to the simplexes defined as in (2.10) and (2.63):

T

A2 {’u(’ﬁ) eR"™ : Zﬂz(ﬁ) =1, ,uz(ﬁ) 20, 1€ I[l,nu]}' (3.38)
i=1
nin

A" 2 {77(%0) cR™ z 77]'(80) = 1, nj(cp) > 0, ] € I[Lnn]}' (3.39)
j=1

Therefore, the conditions provided by Theorems 3.4.1-3.4.5 and Corollaries 3.4.1-3.4.2 are
reduced to a finite number of conditions, as stated by Corollaries 3.4.3-3.4.12b. A detailed classi-
fication of these corollaries based on their focus and design assumptions is presented in Table 3.1.

Table 3.1: Classification of Corollaries 3.4.3-3.4.12b according to their focus and design assumptions.

Assumption on B(v) and D, (V)

Corollary focused on Parameter-independent  Parameter-dependent
Guaranteed shifting decay rate (GSDR) Corollary 3.4.3 Corollary 3.4.8

Problem 3.2.1 Corollary 3.4.4a/3.4.4b Corollary 3.4.92/3.4.9b
Quadratic boundedness (QB) Corollary 3.4.5 Corollary 3.4.10

Shifting H oo performance Corollary 3.4.6 Corollary 3.4.11

Problem 3.2.2 Corollary 3.4.7a/3.4.7b Corollary 3.4.12a/3.4.12b
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Corollary 3.4.3. Given the desired guaranteed shifting decay rate vertices dr jER,, let there exist
matrices P € ST* and Y;j € R™ ™ with i € I(1,n,) and j € Iy p,)) such that:

He{A;P + BY;} +2dr; P <0. (3.40)
Then, Theorem 3.4.1 holds for B(V) = B and all parameter-dependent terms appearing in (3.37).
Proof. By means of the polytopic representation (3.37) and the fact that p (%) € A™* and () €
A", the parameter-dependent LMI (3.20) with B(?}) = B can be rewritten as follows:
p
> wi(0)[He{A; P + BY;(p)} + 2dr () P] < 0, (3.41)
i=1
which is equivalent to:
np Ny
S5 1i(9)n; () [He{A; P + BY;;} + 2dg; P] < 0. (3.42)
i=1j=1
Then, due to a basic property of matrices [53], (3.42) is guaranteed to be negative-definite if:
He{AiP + BY;J} + 2deP < 0, 1€ I[Lnu], j € I[l,nn]a (3.43)
thus obtaining the LMI (3.40) and concluding the proof. ]

Corollaries 3.4.4a and 3.4.4b state alternate design conditions to solve Problem 3.2.1, consid-
ering the results of Theorems 3.4.2 and 3.4.3, respectively, together with the LMI (3.40).

Corollary 3.4.4a. Given the known matrix X Ve S" | the known vertex matrices U. ;€S and
the desired gnaranteed shifting decay rate vertices dr ; €R,, let there exist matrices P € ST* and
Yij e R™ " withi € Ipy 1 and j € L[y, such that conditions (3.26) and (3.40) are satisfied

together with:
U, Y
[ *3 P]] >0, (3.44)

Then, Theorem 3.4.2 holds for B(V) = B and all parameter-dependent terms appearing in (3.37).
Proof. Similar to that of Corollary 3.4.3, thus omitted. [ |

Corollary 3.4.4b. Given the known matrix X5 € SI* and the desired gnaranteed shifting decay
rate vertices AR j € Ry, let there exist matrices P € SI* and Yij € R with i € I(1n,) and
J € L[1,n,)) Such that conditions (3.26) and (3.40) are satisfied together with:

615 Yy
[iﬂ [gﬂ]zo, Vi€ - (3.45)

Then, Theorem 3.4.3 bolds for B()) = B and all parameter-dependent terms appearing in (3.37).

Proof. Similar to that of Corollary 3.4.3, thus omitted. |
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3 Shifting state-feedback control

From the respective Theorems 3.4.4 and 3.4.5, one gets:

Corollary 3.4.5. For fixed positive scalars \y > N and a given known matrix Q7' € ST, let
there exist matrices P € ST* and Y;j € R " with i € I(1n,) and j € L[y p,)) such that the
following set of LM is satisfied:

He{Alp + BY;J} + )\1P Bwﬂ‘

. CAQ <0. (3.46)
Then, Theorem 3.4.4 holds for B(V) = B and all parameter-dependent terms appearing in (3.37).
Proof. Similar to that of Corollary 3.4.3, thus omitted. |

Corollary 3.4.6. Let there exist P € S|*, Y;; € R™*"* and vertex terms ~vj > O with i € I(1m,)
and j € L[y ) such that the following set of LM is satisfied:

He{A;P + BY;} By,; PCL,+YL.DL,

* —;ln, D;w,i <0. (3.47)
* * _ijInzw

Then, Theorem 3.4.5 holds for B(9) = B, D,,(V) = Dy, and all parameter-dependent terms
appearing in (3.37).

Proof. Similar to that of Corollary 3.4.3, thus omitted. [ |

Combining the results of Corollaries 3.4.5 and 3.4.6 with condition (3.44) in Corollary 3.4.4a,
we can then state the following design conditions to solve Problem 3.2.2:

Corollary 3.4.7a. For fixed positive scalars \1 > Xa, the given known matrix X Le St and the
known vertex matrices Uj € S, let there exist P € Si®, Yi; € R"™*" and vertex terms y; > 0
withi € I1y ) and j € [y y, ] such that conditions (3.26),(3.44), (3.46) and (3.47) are satisfied
for QY = 1,,,,. Then, Corollary 3.4.1 holds for B(9) = B, D, (V) = D,y and all parameter-
dependent terms appearing in (3.37).

Proof. It is a direct consequence of Corollaries 3.4.5 and 3.4.6 when Q' = I,,,, the stated con-
dition (3.26) in Theorem 3.4.2, and condition (3.44) in Corollary 3.4.4a. [

Similarly, Corollary 3.4.7b is given as an alternative to Corollary 3.4.7a in light of the condition
(3.45) in Corollary 3.4.4b.

Corollary 3.4.7b. For fixed positive scalars \\ > Ao and a given matrix X L e St=, let there
exist P e Si*, Yi; € R™™ and vertex terms vy; > 0 with i € I(1n,) and j € Iy, such that
conditions (3.26),(3.45), (3.46) and (3.47) are satisfied for Q' =1,,. Then, Corollary 3.4.2 holds
for B(9) = B, D,(9) = Dy, and all parameter-dependent terms appearing in (3.37).

Proof. It is a direct consequence of Corollaries 3.4.5 and 3.4.6 when Q_l =1, the stated con-
dition (3.26) in Theorem 3.4.2, and condition (3.45) in Corollary 3.4.4b. [ ]
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3.4 Controller design using a parameter-independent quadratic Lyapunov function

Unfortunately, it is not always possible to assume the parameter independence of matrices
B(9) and D, (1) (see, e.g., the quasi-LPV model of a two-link planar robot [66]). In order
to handle this case, Corollaries 3.4.8-3.4.12b provide appropriate design conditions for Theo-
rems 3.4.1-3.4.5 and Corollaries 3.4.1-3.4.2 by considering the polytopic representation (3.37)
together with the application of the Pélya’s relaxation theorem (Lemma 2.2.14).

Corollary 3.4.8. Given a chosen relaxation degree d € N with d > 2 and the desired guaranteed
shifting decay rate vertices dr; € Ry, let there exist matrices P € St* and Yi; € R™ ™ with
i € I, and J € [y, ) such that:

S [He{Ap P+ By, Y,,;} +2dg; P] <0, Vie H(dm#).

48
peP(i) (3 )

Then, Theorem 3.4.1 holds for all parameter-dependent terms appearing in (3.37).

Proof. The proof follows a reasoning similar to the one of Corollary 3.4.3. By means of (3.37),
the parameter-dependent LMI (3.20) can be expressed as follows:

ny My

Z Z iy (19)/“2 (19) [He{Ailp + Bi1m2(90)} + 2dR(‘10)P] < 07 (3-49)

i1=1ip=1
which is equivalent to:

Ny My Ny

,Zl ,Zl Z; 3, (0) 3, (00 () [He{ Ai, P + By, Yiy;} + 2dg,; P] < 0. (3.50)
i1=lig=1j=

Since the negative-definiteness of the expression (3.50) involves multiple polytopic summations,
the use of Lemma 2.2.14 is required to obtain the LMI (3.48) from (3.50). ]

Using the result obtained in Corollary 3.4.8, we can now introduce the following corollaries,
which provide alternative design conditions to those proposed in Corollaries 3.4.4a and 3.4.4b:

Corollary 3.4.9a. Given a chosen relaxation degree d € N with d > 2, the known matrix X' €
S, the known vertex matrices U € SY™ and the desired guaranteed shifting decay rate vertices
dr;j € Ry, let there exist matrices P € S}* and Yij € R™ " withi € I(1,n,) and j € I(1 y,, ) such
that conditions (3.26), (3.44) and (3.48) are satisfied. Then, Theorem 3.4.2 holds for all parameter-
dependent terms appearing in (3.37).

Proof. Tt is a direct consequence of Corollaries 3.4.4a and 3.4.8 when a parameter-dependent
matrix B(1) is considered. u

Corollary 3.4.9b. Given a chosen relaxation degree d € N with d > 2, the known matrix X;' €
St and the desired gnaranteed shifting decay rate vertices dr; € Ry, let there exist matrices P €
St* and Yij € R™ ™ with i € I(1n,) and j € L1y, such that conditions (3.26), (3.45)
and (3.48) are satisfied. Then, Theorem 3.4.3 holds for all parameter-dependent terms appearing
in (3.37).
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3 Shifting state-feedback control

Proof. It is a direct consequence of Corollaries 3.4.4b and 3.4.8 when a parameter-dependent
matrix B(1) is considered. =

Corollaries 3.4.10 and 3.4.11, on the other hand, are provided as alternatives to Corollaries 3.4.5
and 3.4.6 when dealing with parameter-dependent matrices B(¥) and D, (9).

Corollary 3.4.10. For fixed positive scalars N1 > Ao, a given known matrix Q™' € ST and
a chosen relaxation degree d € N with d > 2, let there exist P € ST and Yi; € R™ " wih
0 € L1, and j € [y, ) such that the following set of LM is satisfied:

D He{Ap, P+ By, Yy} + M P Bw,pll <0 WEHErd ) (3.51)
peP(i) . 0 "

Then, Theorem 3.4.4 holds for all parameter-dependent terms appearing in (3.37).
Proof. Similar to that of Corollary 3.4.8, thus omitted. |

Corollary 3.4.11. Given a chosen relaxation degree d € N with d > 2, let there exist P € S}*,
Yij € R™ " and vertex terms v; > O with i € I(y y,, and j € Iy ) such that the following set
of LM is satisfied:

He{AmP + Bp1Yp2j} Bw7p1 Pcl,m + YgljDLu,pg

Z * _’YjInw D-gw,pl <0, Vie ]I-(Fd,nu)'
peP(i) * * —’yjInzoo

(3.52)
Then, Theorem 3.4.5 holds for all parameter-dependent terms appearing in (3.37).

Proof. Similar to that of Corollary 3.4.8, thus omitted. [ |

Similarly, the following corollaries state alternative design options to Corollaries 3.4.7a and
3.4.7b, respectively:

Corollary 3.4.12a. For fixed positive scalars \y > )Xo, a given known matrix X 1 St=, the
known vertex matrices Uj € St and a chosen relaxation degree d € N with d > 2, let there exist
P e S, Y € R™™ and vertex terms y; > 0 with i € I(1n,) and j € 1[1 .y, such that
conditions (3.26), (3.44), (3.51) and (3.52) are satisfied for Q™' = 1,,,,. Then, Corollary 3.4.1 holds
for all parameter-dependent terms appearing in (3.37).

Proof. Itisa direct result of Corollaries 3.4.7a, 3.4.10 and 3.4.11 when parameter-dependent ma-
trices B(¥) and D, (V) are considered. |

Corollary 3.4.12b. For fixed positive scalars \1 > Xo, a given known matrix X, Le St and a
chosen relaxation degree d € N with d > 2, let there exist P € S}, Y; j € R and vertex terms
v > Owithi € Iy ) and j € L[y, such that conditions (3.26), (3.45), (3.51) and (3.52) are
satisfied for Q' = 1,,,,. Then, Corollary 3.4.2 holds for all parameter-dependent terms appearing
in (3.37).
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3.5 Controller design using a parameter-dependent quadratic Lyapunov function

Proof. Itisadirect result of Corollaries 3.4.7b, 3.4.10 and 3.4.11 when parameter-dependent ma-
trices B(1) and D,,, (1) are considered. |

Note that in some circumstances, we can be interested in conditions involving a polyhedral set
of admissible initial conditions X defined as (2.73) instead of an ellipsoidal one (2.72). There-
fore, in order to take it into account within the design procedure, we can replace the condition
(3.26) appearing in Theorems 3.4.2-3.4.3 and corollaries presented throughout this section by
the following LMI, as demonstrated in [54, Chap. 7]:

P vy
* 1

:| = 0, Vse I[an]. (3.53)

3.5 CONTROLLER DESIGN USING A PARAMETER-DEPENDENT
QUADRATIC LYAPUNOV FUNCTION

Despite its simplicity, the approach presented in Section 3.4 has the disadvantage of conservatism
owing to the use of the parameter-independent candidate Lyapunov function (3.17). A way to
alleviate this source of conservatism is to use a PDQLF as:

V(x,0,0) =2 P(0,0) 'z, P(0,p)eSl, V(0,p)eOxd  (354)
and its associated unit level set:
E(P(V,¢),1) = {zeR"™ : V(z,9,p) <1} (3.55)

Hereafter, the results presented in Section 3.4 are extended to the case where the PDQLF (3.54)
is used in order to solve the problems formulated in Section 3.2.

Theorem 3.5.1 (GSDR performance of LPV systems via shifting state-feedback control). Con-
sider the LPV system (3.192) with control law (3.4), By,(9) = 0, and a given desired guaranteed
shifting decay rate dg () € Ry. Assume that there exist P(0, ) € S}* and Y (19, p) € R™"*"=
such that ¥ (9, 19) € O xOgand V¥ (p,p) € ® x D the following parameter-dependent LMI is
satisfied:

He{A(D)P(¥, ) + B(9)Y (9,¢)} + 2dr (@) P(9,¢) - P(9, ) <0. (3.56)

Then, the closed-loop response of system (3.19a) has the guaranteed shifting decay rate performance
(3.5) if the controller gain is computed as K (0, @) =Y (¥, p) P (¥, o)

Proof. The proof follows a reasoning similar to the one of Theorem 3.4.1. Let us prove that
V(z,9,¢) < =2dgr(p)V (z,9,p) is satisfied Vo # 0 with V (2,9, ) defined as in (3.54),

thus obtaining:
He{P(0,0) " Aq(9,0)} + P(9,¢) " +2dr(0)P(9,¢) ' <0, (3.57)

where Ay (¢, p) = A(Y) + B(9)K (9, ).
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3 Shifting state-feedback control

Then, by pre- and post-multiplying (3.57) by P (1), ), one gets the following inequality:
He{Aa (9, 9)P(J,0)} + P(J, ) P(9, )" P(J,0) + 2n (@) P(9,) <0, (358)
which is equivalent to:
He{A(9, 0) P(3, ) + B(9)K (9, 9)P(9,9)} + 2dr () P(9, ) - P(9, ) <0, (3.59)

where the property P(19, ) = — P (49, ) P(9, ©) " P(9, ) is used.
By using the change of variable Y (19, ¢) = K (¥, ¢) P(¥, ¢), the parameter-dependent LMI
(3.56) is obtained from the BMI (3.59) thus concluding the proof. [ ]

Theorem 3.5.2. Given the regions (2.72) and (3.11) with the known matrices X Le S and
U(p) € ST, respectively, and a desired gnaranteed shifting decay rate dg () € Ry, assume that
there exist P(0, @) € S and Y (9, ¢) € R™ "™ such that V(19,19) €O xOgandV(p,) €
O x Dy the parameter-dependent LMI (3.56) is satisfied together with:

P(d,¢) In,
[ . X, ] >0, (3.60)

[U(<p) Y(WP)] > 0. (3.61)

x  P(0,9)

Then, the closed-loop response of the time-varying saturated LPV system (3.1a), with B,,(9) = 0
and the control law (3.4) with the controller gain computed as K (0, ) =Y (U, )P (9, ©) " has
the guaranteed shifting decay rate performance (3.5). Furthermore, the convergence of x(t) — 0
when t — oo is ensured for any xo € Xy such that x(t) € Uy(V(t), p(t)), and bence, u(t) €

L(u(t),o(1)).

Proof. Itis a direct consequence of Theorems 3.4.2 and 3.5.1 when the PDQLF (3.54) is consid-
ered. [ ]

Theorem 3.5.3. Given the region (2.72) with the known matrix X L e S, the set (3.15) and
a desired guaranteed shifting decay rate dr () € Ry, assume that there exist P € S}* and
Y (¥, p) € R"™ ™ such that V(Q?,ié) € O xOgandV(p,p) e ®x Dy conditions (3.56) and
(3.60) are satisfied together with:

a1(¢) Y0, 9)
[ N P(’L9, 90) >0, Ve I[Lnu]' (3.62)

Then, the closed-loop response of the time-varying saturated LPV system (3.1a), with B,,(9) = 0
and the control law (3.4) with the controller gain computed as K (9, ¢) =Y (¥, p) P (¥, ©) " has
the guaranteed shifting decay rate performance (3.5). Furthermore, the convergence of x(t) — 0
when t — oo is ensured for any xo € Xy such that x(t) € LIK(V(t),p(t)),o(t)), and hence,

u(t) € L(u(t),o(t)).
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3.5 Controller design using a parameter-dependent quadratic Lyapunov function

Proof. Itis a direct consequence of Theorems 3.4.3 and 3.5.1 when the PDQLF (3.54) is consid-
ered. ]

Theorem 3.5.4 (PDQB of LPV systems via shifting state-feedback control). Given the set £,,(Q)
defined by (2.20), the LPV system (3.19a) with control law (3.4) is quadratically bounded with the
PDQLF (3.54) if there exist positive scalars \i and X, P(0, ) € SI* and Y (0, p) € R*"=
such that:

0< Ao <A, (3.63)

and V(ﬁ, 19) €O x Oqand ¥ (p, ) € ® x O the following condition is satisfied:
He{A(9)P(9, ) + B(9)Y (9, ¢)} + M P(9, ) - P(9, ) Bw(ﬂ)l -
* “22Q7 |7

Proof. The inequality (3.64) is obtained from condition (2.51) in Theorem 2.2.10, by consid-
ering that K and P depend on 9 and ¢, and by applying the change of variable Y (1, ) =
K(9, ) P9, 9). m

0. (3.64)

Theorem 3.5.5 (PDQ shifting Ho. state-feedback control for LPV systems). The LPV system
(3.19) with |w|y < 1 and control law (3.4) has a shifting Heo performance () if there exists
Y(p) € R0}, P(9,9) € St and Y (9,0) € R such that ¥(9,9) € © x ©4 and
V(p, ) € ® x By the following parameter-dependent LMI is satisfied:

\11[11](19,90) By(9) ‘I’[13](1974P)
* (),  DL,(9) |<0, (3.65)

* * -v(o)n.,

where:

V(11 (9,9) = He{ A(9) P(V, ) + B(9)Y (9, 9)} - P(V, ),
Upi31(9,9) = P9, 0)CL(9) + YT (9, ) DL, (V).

Proof. Theinequality (3.65) is obtained from condition (2.54) in Theorem 2.2.12, by considering
that vy is function of ¢, that K and P depend on ) and ¢, and Y (9, ¢) = K (9, ) P(9,¢). =

Corollary 3.5.1. Given the known matrices X' € St* and U () € S}, let there exist positive
scalars Ny and o, matrices P(0, ) € S{* and Y (U, ¢) € R"™*", and a function v(p) €
R \{0} such that conditions (3.60), (3.61), (3.63), (3.64) and (3.65) are satisfied V(19, 79) € O x
O V(p, ) € ® x &y and Q' = 1,,,,. If the controller gain (3.4) is computed as K (0, ) =
Y (9, 0)P(9, )" and |w]y < 1, then the dosed-loop response of the time-varying saturated
LPV system (3.1) is quadratically bounded with the PDQLF (3.54) with a shifting Heo perfor-
mance (). Furthermore, if vo € Xy, then xg € E(P(V, @), 1) and the control input u(t) is such
that u(t) e U(p(t)) c L(u(t),o(t)).

Proof. Tt follows from Theorems 3.5.4 and 3.5.5 when Q™! = I,,,, and the stated conditions
(3.60) and (3.61) in Theorem 3.5.2. [ ]
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3 Shifting state-feedback control

Corollary 3.5.2. Given the known matrix X5 € SU=, let there exist positive scalars \1 and \a,
matrices P(1, ) € S{" and Y (¥, p) € R"*"*, and a function () € R.\{0} such that con-
ditions (3.60), (3.62), (3.63), (3.64) and (3.65) are satisfied V(ﬁ, 19) €Ox0Og V(p,0) e PxPy
and Q7Y = 1,,,,. If the controller gain (3.4) is computed as K (0, ¢) = Y (9, ¢) P (9, ©) " and
|lwly < 1, then the closed-loop response of the time-varying saturated LPV system (3.1) is quadrat-
ically bounded with the PDQLF (3.54) with a shifting Moo performance (). Furthermore, if
xg € Xy, then g € E(P(V,¢), 1) and the control input u(t) is such thar u(t) € L(u(t),o(t)).

Proof. It follows from Theorems 3.5.4 and 3.5.5 when Q™! =1, the stated condition (3.60) in
Theorem 3.5.2, and condition (3.62) in Theorem 3.5.3. [ ]

3.5.1 FINITE-DIMENSIONAL LMI DESIGN CONDITIONS

The conditions stated in Theorems 3.5.1-3.5.5 and Corollaries 3.5.1-3.5.2 can be converted into
a finite number of LMIs by considering the polytopic representation (3.37). However, the con-
sideration of (3.54) entails the explicit presence of P(¥, ¢) and P(¥, ¢) implying the necessity
of establishing a suitable polytopic representation for these terms. To this end, let us assume the
following polytopic representation:

ny Ny
P(9,0) =3 > mi(9)nj ()P, p(9) € A™, () € A™, (3.66)
i=1j=1
where P;; € S corresponds to decision variables for the pair (¢, j )
Then, by differentiating the expression (3.66), we find out that P (¥}, ) can be expressed as:
. Ny Mn ) Ny Mn '
P(9,0) =3 3 ()i (@) Py + Y D 1i(9)i;(0) P (3.67)

i=1j=1 i=1j=1

Note that p1(¢) € A™ and () € A™, implying that /() and () in (3.67) must fulfil the
following conditions:

%(i m(ﬂ)) = 3 is(9) =0, (3.68)
i=1 =1

E(Zn nj(sO)) = Znﬁj(so) =0, (3.69)
dt\j= j=1

thus emphasizing the importance of knowing the time-varying parameters (19, o) and their rates
of variation (19, gp) in contrast to the conditions stated in Section 3.4. Since it is assumed that

(v, 19) € © x Ogand (¢, p) € P x By, the bounds of each f1;(?) and 77j(¢) can be computed
analytically from (%) and n(), respectively. Thus, establishing:

Opi < (V) < Opgy 0 € [6pi,0p1;], Vi€ Iy, (3.70)

6_77j < 77](()0) < 5_77j7 Oe [5_77]'7 5;73']7 Vje I[l,nn]7 (3.71)
where d1;,0m; € R and S, 5;7]' € R denote, respectively, the lower and upper bounds.
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3.5 Controller design using a parameter-dependent quadratic Lyapunov function

Then, according to [33, 45, 77, 84], it is possible to compute the convex combination of a finite
number of ny and ng vectors that satisfies the conditions imposed by (3.68) and (3.69), respec-
tively, V(ﬁ, 19) €O xOgand V(p, ) € D x Dyt

5,u = za: Oém(ﬂ,ié)e{m}, Ym GI[Lna]’ Oz(ﬂ,zé) c A’fuv’ (3.72)
m=1
S 2\ oint .
(577 = nz::l Bn(soa 90)0 n ) Vn e I[l,nﬁ]7 /8(907 90) € AnB’ (373)

being the vectors elm ¢ P, c R™ and oln} ¢ Pjy € R™ the vertices of the polytopes obtained
as the intersections of the hyper-rectangle defined by the constraints (3.70)—(3.71) and the hyper-
planes defined in (3.68)—(3.69), respectively. Then, the regions where fi(¥) and 7() lie can be
described as follows:

) n L Nt & m Vm eI,
pﬂ:{aﬂeR “:(5#:7;::104,”(19,19)6{ }E;e{ b=, o(5,1) EML } (3.74)

Vn e
(%;)[;’Xv]w } (3.75)

where the polytopic weight vectors a(9, 19) € A" and (g, ) € A" belong, respectively, to
the simplexes:

nﬁ nn {n}
Py 246, eR™ 5, =3 Bu(,)0™, > 0™ =0, 5
n=1 j=1

A 2 {a(fﬁ,ﬁ) R ¢ S an(9,9) = 1, an(9,9) >0, m e z[l,na]}. (376)
m=1
. nﬁ . .
A8 2 {B(gp,cp) e R"8 : Z Brn(e,©) =1, Bn(e,¢) 20, n EI[L%]}. (3.77)
n=1
Recalling from [2], the set of n, vectors ve = {e{l}, . ,e{"a}} can be systematically con-

structed by solving the enumeration vertex problem (Problem 3.5.1) through the expression of
conditions (3.68) and (3.70) in the form A,z < be and A,z < by, and the use of the Multi-
Parametric Toolbox 3.0 (MPT3) [50]. Similarly, the set of ng vectors v, = {0{1}, ... ,o{"ﬁ}}
can be obtained for constraints (3.69) and (3.71).

Problem 3.5.1 (Enumeration vertex problem [10]). For given bounds d 5, Sp; € Randi e
I[1,n,,}> find the set of n vectors ve € R™#*" such that the constraints A,z < b, and A < be
are satisfied together for:

op;
f11(9) 1 —0pi
z=| |, Au=1y, ®[_1], bu=| |, Ae=[1 - 1], be=0.  (3.78)
fin,, (0) Oftn,, e
_éynu
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Then, the following result holds.

Lemma 3.5.6. Consider a finite number of vectors et and ot} for which (3.74) and (3.75)
hold, the polytopic representation (3.66) and its time derivative expression (3.67), then it follows for

i, a € I[Lnu], j, be I[Lnn]’ m e I[Lna] andn € I[Lnﬁ]:
. Nu Mn ng N8 .
P9, ¢) = ZZ Z > ()i (@) am(0,9)Ba( 0, %)
i=1j=1m=1n=1

o . (3.79)
Z P+ S oM P,
4 aj b ib |»

where () € A™, n(p) € A™, a(ﬂ,ﬁ) € A" and B(p,p) € A" correspond to some
polytopic weight vectors.

Proof. Let us take into account an equivalent expression of (3.67):
. Ny Ny Np T
P(0,¢0) = 3> i () 3 f1a(9) Paj + 3 (D) 3 ih(0) P, (3.80)
j=1 a=1 i=1 b=1

which can be rewritten taking into account that coefficients 11(1)) and () appearing in (3.80)
sum to one, thus obtaining:

P.)- 353 uiw)m(@)[z_“jl ra(0) Py + gm(mb]. (381)

Thereupon, let us replace f¢(1)) and () in (3.81) by the convex representations given in (3.74)
and (3.75), respectively, as follows:

. Ny N 1 Na
P, )=, ). mw)m(w[i 2, am(9.9)e P+ 303 Bl @)l }sz]
i=17=1 a=1m=1 b=1n=1
‘ (3.82)
Since 04(19, 19) € A" and (¢, p) € A", the expression (3.82) is equivalent to the one given in
(3.79) thus concluding the proof. [ ]

Given the above discussion, we can now introduce the following corollaries, which provide
a finite number of LMIs that can be used to assess the conditions in Theorems 3.5.1-3.5.5 and
Corollaries 3.5.1-3.5.2.

Corollary 3.5.3. Given a finite number of vectors €™ and o™ for which (3.74) and (3.75) hold,

the desired gnaranteed shifting decay rate vertices dg j € Ry and some previously chosen relaxation
degrees dv,dy € N with di,dy > 2, let there exist matrices Pyj € S1* and Y € R™ "= with
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3.5 Controller design using a parameter-dependent quadratic Lyapunov function

7€ I[l,n#] and j € I[Lnn] such that the following set of LMIs is satisfied Ym € Z[l,na] and

Vn e I[Lnﬁ]:
Z Z [He{Am Ppsgr + Bp Ypoq1 } +2dRg, Ppigs = TZ{V?Z;L}] 0, (3.83)
qeP(j) peP(i)

where multi-indexes © and j are associated to the sets I} and 17 , respectively, and
(dlvnu) (d27n’ﬂ)

iy
Th Z el™ Pag, + I; oi™ P,y (3.84)

Then, Theorem 3.5.1 holds for all parameter-dependent terms appearing in(3.37), (3.66) and (3.79).

Proof. The proof omits, for clarity’s sake, the dependence of the polytopic weight vectors on ¥, 19,
¢and ¢. Then, let us consider the fact that (p, ) € A™ x A", 50 that the parameter-dependent
LMI (3.56) is expressed through the polytopic representations (3.37) and (3.66), as follows:

Ny Ny

z z Hiy Mo [He{Ai1Pi2(90) + BhY};Q(QO)} + 2dR(‘10)PZ'1 (90)] - P(ﬁv QD) <0, (3-85)

11=112=1
which is equivalent to:
ng My My Ny

Z Z Z Z iy Mg M54 Mo [He{AhPiz]l +B Y2J1} +2dR]1 21]2] P(ﬁa 90) <0.
i1=1d2=1 j1=1 jo=1

(3.86)
Right after, let us replace P(¥, ¢) with the expression given in (3.79), thus obtaining:
Ny Ny Ny Ny
Z Z Z Z /‘11:“1277317732[}16{1411 Piyjy + Biy Yiyj, } +2dgrj, Zm]
i1= 212 ;Jl 1j2=1 (3.87)
o n Na {n}
-3 55 S| Sel s+ o] <o
i1=1j1=1m=1n=1
Since (a, ) € A" x A", condition (3.87) can be expressed as:
N M Ny Ny ng N8
Z Z Z Z Z Z“h“iznhnjzamﬁn
i1=1ia=1j1=1jo=1 m=1n=1 (3.89)

lom nn
x He{Ai1Pi2jl +B; Y2J1} + 2dR]1 11j2 (Z ec{zm}Pajl + Z Oén}Phb)] <0.
=1 b=1

By means of the multi-index notation presented in Section 2.2.5, (3.88) is rewritten as:

ne N
> Yambal MY pamy(Ta - T | <0, (3.89)
m=1n=1 ieﬂ(lnu) jEH(ann)
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3 Shifting state-feedback control

where:

Tij e He{Ai1Pi2j1 + Bilyizjl} + 2de1 Pile,
(o) . - D (n}
Ti;nm =) ec{zm}Pajl +2,0" Pip.

a=1 b=1

By applying Lemma 2.2.14 on the definiteness of (3.89), the set of LMIin (3.83) is obtained, thus
concluding the proof. |

Remark 3.5.1. Note that possible codependence between the coefficients 11;(1) and am(ﬁ, 19)
has been neglected. The same applies to the codependence between 7; () and 3, (¢, ). Albeit
introducing some conservativeness, this assumption has enabled the application of Lemma 2.2.14,
so that the computational complexity during the design stage has been reduced.

Remark 3.5.2. According to [82], the fact of considering arbitrarily large values for the bounds
(3.70) and (3.71) in Corollary 3.5.3 implies that the only possible solution for solving the condi-
tion (3.83) is to choose P11 ~ ... ~ Py 5, , thus making the term in (3.84) equal to zero. In this
case, the QLF V' (z) = 27 P!z can be recovered by considering P > 0 as the common decision
variable for all the pairs (¢, j) in (3.66).

Corollary 3.5.4. Given a finite number of vectors et and ol for which (3.74) and (3.75)
hold, the known matrix X Le ST, the known vertex matrices Uj € Sttv, the desired guaranteed
shifting decay rate vertices dr ; € Ry and some previously chosen relaxation degrees dy, da € N with
di,do > 2, let there exist matrices Pij € S}* and Yij € R™ "= with i € I1n,) and j € L1, )
such that condition (3.83) is satisfied Ym € I ,, 1 and Vn € I[l,n;a] together with:

[ *3 Xo‘l] >0, (3.90)
Uj Yi
[ B Pij] > 0. (3.91)

Then, Theorem 3.5.2 holds for all parameter-dependent terms appearing in (3.37), (3.66) and (3.79).
Proof. Similar to that of Corollary 3.4.9a, thus omitted. |

Corollary 3.5.5. Given a finite number of vectors 3™ and o™ for which (3.74) and (3.75) hold,
the known matrix X L e ST, the desired guaranteed shifting decay rate vertices dg, jeR, and
some previously chosen relaxation degrees dy,do € N with dy,da > 2, let there exist matrices P;j €
Ste and Yij € R™"= withi € I(1,n,) and j € I[1 1y, such that conditions (3.83) and (3.90) are
satisfied Vm € L[y 1 and Vn € I[l’nﬁ] together with:

oL; Y44
[*J l[Dij]]ZO’ Vi€ Tp - (3.92)

Then, Theorem 3.5.3 bolds for all parameter-dependent terms appearing in (3.37), (3.66) and (3.79).

Proof. Similar to that of Corollary 3.4.9b, thus omitted. [ ]
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3.5 Controller design using a parameter-dependent quadratic Lyapunov function

Corollary 3.5.6. Forfixed positive scalars \ > Mo, a given finite number of vectors 8™ and o™

Sfor which (3.74) and (3.75) hold, the known matrix Q' eS™ anda previously chosen relaxation
degreed € N wz’thd.z 2, Zettbereexz"stPiJ: € S andY;j € R "= withi € I, andj € Ly p,)
such that the following set of LM is satisfied N € Iy 5,1 and Vn € I[l,nﬁ]"

Z He{Amszj + Bpl szj} + )‘1Pp1j - Y{m’n} Bw,p1

p1j <0, Viel,, \, (3.93
peP(d) * “AQ™! @ny (3:93)
where T;Z’n} isdefined asin (3.84). Then, Theorem 3.5.4 holds for all parameter-dependent terms
appearing in (3.37), (3.66) and (3.79).

Proof. Similar to that of Corollary 3.5.3, thus omitted. |

Corollary 3.5.7. Given a finite number of vectors et and o{”}for which (3.74) and (3.75) hold
and a previously chosen relaxation degree d € N with d > 2, let there exist Pyj € SI*, Y;; € R"w*"e
and vertex terms ;> O with i € [y, 1 and j € L[y p, | such that the following set of LMIs is

satisfied Ym € L[y , ) and Vn € I[l’nﬁ].,

p1J z,p2 P17 ZU,P2

Z * —Vjln., Dzw,m <0, (3.94)
peP(d) * * _'VjInz

He{Aumj + BP1 Yp2j} - T{mm} Bw,m PpleT +Y) D]
-

where multi-index t is associated to the set Hzr din) and Tz{:}’n} is defined as in (3.84). Then, The-
orem 3.5.5 holds for all parameter-dependent terms appearing in (3.37), (3.66) and (3.79).

Proof. Similar to that of Corollary 3.5.3, thus omitted. [ |

Corollary 3.5.8. For fixed positive scalars N1 > o, a given finite number of vectors '™ and
ot} for which (3.74) and (3.75) hold, the known matrix X L e S", the known vertex matrices
Uj € St and a previously chosen relaxation degree d € N with d > 2, let there exist Py; € SI*,
Yij € R™ " and vertex terms v > O with i € Iy, ) and j € L[y p, ) such that conditions
(3.90), (3.91), (3.93) and (3.94) are satisfied Nm € Ly ), Vn € I[l,nﬁ] and Q' =1,,. Then,
Corollary 3.5.1 bolds for all parameter-dependent terms appearing in (3.37), (3.66) and (3.79).

Proof. It is a direct consequence of Corollaries 3.5.6 and 3.5.7 when Q_l = I,,,,, and the stated
conditions (3.90) and (3.91) in Corollary 3.5 4. [ ]

Corollary 3.5.9. For fixed positive scalars \\ > \o, a given finite number of vectors ™ and ol

for which (3.74) and (3.75) hold, the known matrix X' € ST and a previously chosen relaxation
degree d € N with d > 2, let there exist P;j € S}*, Yi; € R"™*"* and vertex terms v; > 0 with
i € L[y p,) and j € Iy, such that conditions (3.90), (3.92), (3.93) and (3.94) are satisfied
VYm ¢ I[l’na], Vn € I[Ln,g] and Q‘l = IL,,,. Then, Corollary 3.5.2 holds for all parameter-
dependent terms appearing in (3.37), (3.66) and (3.79).

Proof. Ttis a direct consequence of Corollaries 3.5.6 and 3.5.7 when Q! = I, , the stated con-
dition (3.90) in Corollary 3.5.4, and condition (3.92) in Corollary 3.5.5. [ ]
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3 Shifting state-feedback control

3.6 SELECTION OF DESIRED SHIFTING SPECIFICATION VALUES

The design conditions presented in Sections 3.4 and 3.5 can be formulated as an LMI-based op-
timization procedure to cope with the selection of the desired GSDR vertex values dg j € R, and
the vertex decision variables ; > 0 for j € Z{1,n,]- Due to the fact that parameter-dependent
terms dr () and y() play a key role in complying with the shifting performance conditions
(3.5) and (3.6), respectively, let us recall from (3.37b) their polytopic representation to make the
understanding of the vertex value selection easier:

[dr(p) 7(@)]=i:177j(<p)[dm Vil n(e) e A™. (3.95)
=

In order to establish a systematic approach to the determination of each expression of 7; ()
in (3.95), it is assumed that the performance scheduling vector ¢ (t) belongs to the hypercube:

o2 {peR™ : @, €[0,1], heIp, 1} (3.96)

thus allowing the definition of 1);(¢) for j € Iy ,,, 1 and ny) = 2"¢ as follows:

() = p En(on). (3.97)
=1

where &1, (¢n) represents each potential term of 7 () to be selected:

1- if (j mod 2") € Zp; on-
&inlen) ={ e 0 )€ T 1 (3.98)

otherwise

For instance, for ny, = 2, the expressions of 1); () with j € Z[; 47 are:

= &11(p1)612(p2) = (1= 1) (1 - p2),
= &1(p1)822(2) = 1(1 - p2),

= &31(p1)E32(02) = (1 - p1) w2,

= £41(01)&12(p2) = P12

m (e
n2(p
n3 (e
na(p

~— ~— v

The desired GSDR vertex values d ; in (3.37b) are defined for j € Zyy ;,, 1 with the objective of
getting the maximum feasible value of dg (¢) when the largest possible control action is available
which involves that the instantaneous saturation limit 07 () — 7 V1 € Z[1 ], as follows:

. d_RC] + @R(nw - CJ)

Ny

dr (3.99)

J
where dg € R, and dg € R, are the given lower and upper limit values of dg (¢), respec-

tively. C; = card({h € I1n,] ¢ (4 mod 2"y e I[LQ;H]}) stands for the number of times that
condition &;,(¢n) = 1 — @y in (3.98) is satisfied. Thus, Corollary 3.4.4a-3.4.4b and Corollar-
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3.6 Selection of desired shifting specification values

ies 3.4.9a-3.4.9b can be cast to the following LMI-based optimization procedure for a fixed value
of dg and a given set of possible values Sq, c R,:

max dg
dRESdR
subjectto  conditions (3.26) or (3.53), (3.40) or (3.48),
and (3.44) or (3.45)

O : (3.100)

Similarly, Corollaries 3.5.4-3.5.5 can be formulated as follows:

max dg
Oy : dredag (3.101)
subject to  conditions (3.83), (3.90) and (3.91) or (3.92)

Remark 3.6.1. Note that if dy is considered as a decision variable in (3.99), then conditions
(3.40), (3.48) and (3.83) become BMIs. In order to avoid this, the optimization problems (3.100)
and (3.101) can be solved by using the bisection algorithm *.

Let us define each value of y; in (3.37b) in order to acquire the highest performance in sense
of disturbance rejection when oy(t) — o V1 € Ipy ;1 as follows:

13

1Cj +3(ng = Cj)

]GI[
N

Y4 1,n5] (3.102)
where v > 0 and 4 > 0 are two decision variables that represent the lower and upper limits
of 7(¢), respectively. As a result, Corollaries 3.4.72-3.4.7b and Corollaries 3.4.12a-3.4.12b are

expressed for given positive scalars A1 > A2 as follows 3,

. el
min
7>0, ¥>0 2
: 1
O subjectto  conditions (3.26) or (3.53), (3.44) or (3.45), (3.103)
(3.46) and (3.47) or (3.51) and (3.52)
In the same way, we can extend Corollaries 3.5.8-3.5.9 to:
. Y+
min
Oy : 0,70 2 (3.104)

subject to  conditions (3.90), (3.91) or (3.92), (3.93) and (3.94)

thtps ://en.wikipedia.org/wiki/Bisection_method
*Note that the objective function is similar to the one proposed in [65].
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3.7 ILLUSTRATIVE EXAMPLES

This section looks at five illustrative examples to assess the LMI-based methodology developed
in this chapter. The content is organized as follows: First, Section 3.7.1 illustrates the trade-off
between the choice of the desired GSDR values and the feasibility of the problem, as well as the
flexibility of the approach. In Section 3.7.2, a performance evaluation is given between the use
of'a QLF and a PDQLEF for the GSDR specification (3.5). In Sections 3.7.3 and 3.7.4, academic
examples are given to demonstrate the effectiveness of the designed controllers under the GSDR
specification (3.5) and the shifting H o performance (3.6), respectively. Finally, an example based
on the attitude control of a quadrotor is given in Section 3.7.5.

3.7.1 ILLUSTRATIVE EXAMPLE 1: GSDR VERTEX SELECTION

Consider the following simple system (balancing pointer) which is aftected by a time-varying sat-
uration as (3.2) with o'(¢) € [5,10]:

i - [(1) (1):|:c ; [_01] sat(u, o(¢))

Note that this system is open-loop unstable since the eigenvalues of the state matrix are 1 and —1.
For illustrative purposes, consider that n,, = 2 and the vertex matrices appearing in (3.37a) for
matrices A(¥), B(¥) and By, (¥) are: A; = Ay = A, By = By = Band By,1 = By = 0,

respectively. Let us establish the region of expected initial conditions (2.72), as follows:
Xp = {:1: eR?: J:T(rg2 Ig)x <1, ro> 0}.

By solving the optimization procedure (3.100) subject to constraints (3.26), (3.40), (3.45) and
ro € {0.25,0.5,0.75,1,1.25,1.5}, one gets the feasible GSDR vertex values in Fig. 3.2. It should
be noted that the problem’s feasibility is conditioned by an obvious trade-off between the size
of region Xy and the pair of feasible values (dr1,dry). Nonetheless, shifting GSDR perfor-
mance (3.5) demonstrates design flexibility. For instance, if r, = 0.25 and the pair of values
(dr1,dr2) = (3.896,0) are chosen as design specifications, then the designed controller will
guarantee the fastest closed-loop convergence speed when o (t) — & whereas the most conserva-
tive response is provided when o (t) is closer to g. On the other hand, if (dr1,dr2) = (3,1),
then the designed controller will provide a less aggressive speed convergence at the cost of increas-
ing the speed when o' (¢) — ¢. Finally, a constant decay rate is recovered when dr 1 = dgo.
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s 1r,=0.25
s 1, =050
» 1r,=0.75
= 1r,=1.00
B or,=125

r, = 1.50

0 0.5 1 1.5 2 2.5 3
dra

Figure 3.2: Illustration of feasible GSDR vertex values.

3.7.2 JLLUSTRATIVE EXAMPLE 2: FEASIBLE GSDR COMPARISON

Consider an open-loop unstable LPV system modelled as in (3.12), ¥ € [0,1], By, (¢) = 0 and

the following state-space matrices:

425+3.50  3.8971 1 0
A(ﬁ)‘[ 3.8971 8.75—5.519] B‘[o 0.5]’

where matrices A(¢) and B can be written in polytopic form by means of (3.372), assuming
that B has the same value for all the n,, = 2 vertices:

o[ 425 3soi] [ 775 38071
17138971 875 | “2713.8971 325 |

Let us define the time-varying saturation for the inputs w1 (¢) and ua(¢) as follows:

sat(ur (1), o1()) * sign (u(£)) min(luy (1), ou(8)),  1=1,2,

where o1 () varies within the interval [5, 1] and, with the purpose of reducing the complexity
of the example, 02(t) = 02 = 5. Thereupon, let us introduce the scheduling parameter ¢(t),
which is linked to o () as follows:

a7 - o1(t)?

t =
o(t) 725
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3 Shifting state-feedback control

so that p(t) € [0, 1]. Moreover, note that the above formulation allows us expressing o (t)2 as
a function of p(t):

o1(p(t)* = a1 + (1)(25 - 7).
Then, the axis magnitudes of the ellipsoidal region U (¢) (3.9) are described by the matrix func-
tion U () as follows:

U(y) = diag{o1()* 25}

and the corresponding vertex matrices are:

~2
_lotf O 125 0
Ul‘[o 25]’ UQ_[O 25|
Let us establish the following set of conditions with the purpose of evaluating the advantage of

using the PDQLF (3.54) instead of a QLF. To thisend, 01 € S5, and the maximum desired decay
rate value dr € Sg;, are generated as follows:

Soy 2 {01 €R,:5< 51 <105}, Sgp = {dr € R, : 0<dg <100}.
Furthermore, the desired vertex values of dg () in (3.95) are fixed to:
dry = dg, dr2 =0,

where dr will be evaluated for each combination of the selected values of &1 and dg.

Table 3.2 shows the specifications for the different established scenarios. Scenario A corre-
sponds to use the QLF defined in (3.17), whereas Scenarios B-D correspond to use the PDQLF
defined in (3.54) and the polytopic representations (3.66) and (3.79).

Table 3.2: Experiment specifications for the feasible GSDR comparison example. (Relaxation degrees
d1,d2; Xg* magnitudes of (2.72); (f1;), (1) time-derivative polytopic weights limits (3.70)
and (3.71)), for¢,5 = 1,2

Scenario d; do X! (i) (1)

A 2 - diag{100,100} - -

B 2 2 diag{100,100} [1,1] [L1]
C 2 2 diag{100,100} [L1] [5,5]
D 2 2 diag{100,100} [L1] [-10,10]

Finally, Corollary 3.5.4 is evaluated for each element of 51 and dg under the different scenarios
described in Table 3.2 and the use of the optimization procedure O3 in (3.101). To this end, the
SeDuMi solver [117] and the YALMIP toolbox [70] were used. Additionally, the Multi-Parametric
Toolbox 3.0 [50] was employed to obtain a finite number of vectors in (3.72) and (3.73) by the
vertex enumeration problem (Problem 3.5.1). Fig. 3.3 shows, for each fixed value of 71, the max-
imum value obtained for dg so that the set of LMIs described in Corollary 3.5.4 is feasible. The
benefits of using a PDQLF instead of using a QLF can be observed, in that a larger feasible guar-
anteed decay rate is obtained when a larger range of variation of ¢y (t) is considered. However,
note that for small variations of o1 (), the maximum feasible values of dg are practically the same
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for both cases. Furthermore, note that for big values of 71, the proposed PDQLF approach tends
to perform similarly to the QLF approach when considering large constraints on 7); ().

40 —
e G *
351 i .
...".‘b
30| & ]
;"’"
\,g 0."'
OA‘*‘ ..... i i 7S N 7 S e A
25| & 1
4 oeie S .
&
4
21 1
15 Il Il Il Il Il
0 20 40 60 80 100 120

a1

Figure 3.3: Results of applying Corollary 3.5.4 in the feasible GSDR comparison example. (The following
symbols denote the selected scenarios: --- M - A;--¢---B; - A ---C;and -~ e - D.)

3.7.3 ILLUSTRATIVE EXAMPLE 3: GSDR PERFORMANCE

Consider a saturated LPV system (3.1a) that has two inputs with time-varying saturation limits as
tollows:

o1(t) € [10,15], o(t) € [5,7.5],

and the following state-space matrices:

A(ﬁ)=[19019_—5§ 19?1]’ B<19)=B=[é 0(.)5]’ Bu(9) =0,

where ) € [0, 1] and the matrix A(¥)(¢) ) can be written in the polytopic form (3.372) withn, = 2
and vertex matrices (note that the system is open-loop unstable for every frozen value of ¥):

10 0 5 1
Al:[—g 1]’ A2:[0 2]'

By means of the proposed mapping (3.7) in Section 3.3, the shifting LPV state-feedback con-
troller (3.4) is scheduled by ¥ and the following performance parameters:

—2 2 ) 2
a1 —o1(t) 75— oa(t)
e1(t) = 1,2—27 pa(t) = 2,2—27 ©1(t), pa2(t) € [0,1].
019 03 =303
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3 Shifting state-feedback control

The controller’s design is obtained solving Corollary 3.4.4a, which is particularized as follows:

(P T
]
He{AiP+BY;'j}+2deP<0,

Ui }]/f_',j]zo

*

where PeS2,i=1,2,j ¢ Iy 41 and X7 has been chosen as:

1 _[100 0
XO_[O 100

so that the expected initial condition for the system lies in a circle centred in the origin of the state
space, with radius 0.1. On the other hand, considering n,, = 4 and (3.95)-(3.98), the polytopic
expression of dg () can be defined as follows:

dr(p) = (1= @1)(1 - w2)dr1 +1(1 = 2)dra + (1 - p1)padrs + P192dRa,
and itis chosen to vary within the interval [ 1, 10], giving the following coefficients through (3.99):
dry =10, dro =dr3 = 5.5, dry = 1.

Finally, taking into account the variability of o1 (¢) and 2(t), the matrices U; are given by:

1520 102 0 152 0 102 0
Ul‘[ 0 7.52]’ b2 ‘[ 0 7.52]’ U?"[ 0 52]’ U4‘[ 0 52
By using the SeDuMi solver [117] and the YALMIP [70] toolbox, we find a solution of Prob-
lem 3.2.1 that, through Kj; = Yj; P!, allows us to calculate the eight controller vertex gains:

Koo [-32.3324  16.4314 | Koo [-22.8601  12.0997 |
MU 36128 -22.7568) TP 41199 -21.2087)
Koo [-31.2651  18.2873 ] I [-21.7977  13.8038 ]
B 19555 -12.9664 T 22048 -10.6816
Koo o [7289436 90140 1 [-19.7186  5.3862 ]
207 31265 —27.9253 T2 7| 34018 -24.7843)
oo [728:0168 1153051 o [-19.1225  7.6903 ]
7 16600 -18.0466)" ' | 1.7932 -15.0194]

with:
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It is worth noting that the designed controller gain matrices K;; result in reduced gain values
when the saturation limit tends to be the most restrictive available control action (j = 4).

Hereafter, two different scenarios are used to show that the designed LPV state-feedback con-
troller is able to guarantee the closed-loop system stability and the capacity to adapt its perfor-
mance online taking into account the time-varying limits of the input saturation.

SCENARIO I: FROZEN (0 VALUES

Let us evaluate the closed-loop system stability and its closed-loop performance for a given initial
condition with three different constant values of the control input saturation. To do this, we
simulate the closed-loop response from an initial state 29 = [0.42,0.04]" and 9(t) = 1 —e™".
Finally, fixing the frozen values of p1 = 2 = 0, o1 = p2 = 0.5 and 1 = 3 = 1, thus obtaining
instantaneous saturation limits values o1 = 15and o9 = 7.5,01 = 12.75and 09 = 6.37and o1 =
10 and o2 = 5, respectively.

As shown in Fig. 3.4, the closed-loop system stability is guaranteed for all the values of o1 and
o9 that were mentioned. Moreover, note that the system’s response that was evaluated with the
scheduling parameters @1 = 2 = 0, corresponds to the maximum allowed limit values of oy
and 072, obtaining the fastest system response and showing that the designed LPV state-feedback
controller is able to adjust the system’s performance depending on the different values taken by o.

0.5 \
p1=¢2=0
p1 = P2 = 0.5
g ___.LP]ZLPQZ]_ —
-0.5 I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
t [s]
0.1
0 vﬁ _____
™ AN -
8 N _--
0.1 ~___--~ i
-0.2 I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
t [s]

Figure 3.4: Scenario I: closed-loop system response.

Fig. 3.5 shows the instantaneous values of the saturation limit of u1 and us for the three frozen
values of (1 and g9 and the response of the control signals. For illustrative purposes, since the
signal 1 takes only negative values during the system’s response, only the lower bound of the
saturation is plotted. As a variation of the saturation limit occurs, the input signal changes as a
result of the adaptability of the designed controller. For example, the interval of linearity of the
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3 Shifting state-feedback control

control signal u1 corresponds to [-15,15] when ¢1 = 9 = 0and to [-10, 10] when 1 = @2 =
1. Note that if the controller gain corresponding to ¢1 = 2 = 0 had been used for the case in
which ¢1 = @9 = 1, then saturation would have occurred.

I e e

p1=¢2=0
————— p1 =2 =0.5

Figure 3.5: Scenario I: control input responses. (The saturation limits are shown as dotted lines.)

Fig. 3.6 shows the behaviour of the Lyapunov function V() for the three frozen values of (1
and 2, which correspond to guaranteed decay rates of 10, 5.5 and 1 respectively. It can be seen
that the largest decay rate corresponds to the fastest closed-loop system response, whose saturation
scheduling parameters are 1 = 2 = 0 and dr(y) = 10. Also, all the functions are under the

unit value, hence it is guaranteed by design that none of the control inputs saturates, as already
shown in Fig. 3.5.

1.5 T
p1=¢p=0
_____ ©1 :¢2:05
= =1
1 -
5
~
0.5 il
0 1
0.35 0.4

Figure 3.6: Scenario I: Lyapunov functions.
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SCENARIO II: ADAPTABILITY

Let us shows the adaptability of the designed controller to changes in o along the transient re-
sponse of the closed-loop. We consider zg = [0.42,0.04]" and 9(¢) = 1 - e™". Also, we fix
o2(t) = 02, and we vary 01 (t) such that it switches between its known limits 7 and 7.

Fig. 3.7 shows that the designed LPV state-feedback controller is able to adapt the generated
control signal u; taking into account the changes in sat(u1, o1 (t)).

15 : : . ‘ .

10

10 - \ ﬁ

1 1 1 1 \ 1 1 : 1 1
0 0.002  0.004 0.006  0.008 0.01 0.012  0.014 0.016 0.018 0.02
¢ [s]

Figure 3.7: Scenario II: adaptability of control signal ;.

Fig. 3.8 shows the behaviour of the Lyapunov function V'(z), which decreases slower when
the guaranteed decay rate dg (¢) = 5.5, as a result of fixing 2 = 0 and faster when dg () = dg.
As a consequence, the closed-loop system performance is modified online according to changes
in the saturation limits.

1 11
0.9 10
9
s 0.8 -
D S
= 8 —
~ 5
0.7
4
0.6 6
05 | | | | | | | | | 5
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

¢ [s]

Figure 3.8: Scenario II: Lyapunov function and guaranteed decay rate.
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3 Shifting state-feedback control

3.7.4 ILLUSTRATIVE EXAMPLE 4: SHIFTING H o, PERFORMANCE

Consider a saturated LPV system (3.1) is perturbed by an exogenous signal |w |, < 1, and has two
control inputs with time-varying saturation limits as follows:

o1(t) € [5,10], oo(t) € [5,10],

and matrices:

425+3.59  3.8971 10
A(ﬁ)‘[ 3.8971 8.75—5.519]’ B(ﬂ)‘B‘[o 0.5]’

1

Bw(ﬁ) =By = [O

], C.(9)=C.=[1 0], D.u(¥)=D.u(¥) =0,
where ¥ € [0, 1]. Note that the system is open-loop unstable for every frozen value of 9.

Let us introduce the performance scheduling parameter vector ¢(t), which is linked to the
time-varying input saturation limits of w1 (¢) and u(t) as follows:

_9 2 _9 2
a7 —o1(t) g5 —oa(t)

¥1 (t) = 1_2 5 @2(75) = 2_2 5
01 -9 03 =93

where ¢1(t) and 2 (t) vary within the interval [0, 1] for the inputs u; (¢) and ua(t), respec-
tively.

The controller is obtained applying the optimization procedure (3.103). In this case, the result-
ing optimization procedure O3 is as follows:

. iaael
min
7>0,¥>0 2
Yi;, P>0
(P T
. Xgl] >0
(7. Y.
Os: *J g:l >0
s.t. [He{A;P+BY;;}+ P By | _ 0
| * _)\2Inw B
[He{A;P + BY;;} By PC’
* —’yJInw 0 <0
L * * _’Yj]:nz

13

where ¢ = 1,2 and j € Z[; 4). The parameter A = A; = A3 and the matrix X ! have been

chosen as:

A=1.2975, X;' = diag{100,100},
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3.7 Illustrative examples

which means that the expected initial conditions for the system lie in a 0.1 radius circle centred in
the origin of the state-space. By considering (3.95)-(3.98), the polytopic expression of () for
ny =4is:

Y(p) = (L=p1)(1=p2) 71+ @1(1 = p2)y2 + (1= ©1)p273 + 10274,

and 1, . . ., 74 are obtained by means of (3.102) as follows:

=7, Y2=73=

which are introduced in the LMI-based optimization problem as symbolic decision variables.
Finally, the vertex matrices of U; are as follows:

10> 0 50 10* 0 50
Ul‘[o 102]’ V2 ‘[0 102]’ U3‘[0 52]’ U4‘[0 52|

taking into account the extreme values of 1 () and o2 (%).

The solution to Problem 3.2.2 through O3, was found using the SeDuMi solver [117] and the
YALMIP toolbox [70]. The resulting interval of y(¢) is [0.2410, 1.0623]. Accordingly, the eight
controller vertex gains are calculated as K;; = Y;; P

Ko [-33.3794  -14.4915] oo [-15.4868  —4.9576 |
HT-11.3827 -33.9409]° T 7 |-13.4635 -35.3024
oo |~294655 -13.4938] . [-10.2462 —6.0803 |
¥ -5.4196  -19.3670 T | -9.4186  -20.0022
Koo - [735-1080 -11.4615] . [-16.9073 -3.7123 ]
7| -11.4611 —40.5934 [ P27 |-14.8493 -41.5224
Ko - [-30.0258 -14.9333] oo [-16.8222  -7.3928 ]
BT -40774 -149120) 77| -4.9860 -15.4252]

with:
_ | 0.1063  -0.0518
“1-0.0518 0.0815

SCENARIO [: CONSTANT SATURATION LIMITS

The controller is tested in a scenario with an external disturbance, w(t) = sin(4t), subject to three
different saturation limit values kept constant throughout the simulation, o1 = 09 = {10,7.5,5}
thatlead to 1 = @2 = {0,0.5, 1} by means of (3.7). The controlled system is simulated with an
initial state 29 = [0,0]" and 9(¢) = 1 - e".

Fig. 3.9 shows the disturbance rejection for the three values of o1 and o2. Note the controller
rejects the disturbance the most when (1 = @2 = 0, which corresponds to the largest saturation
limit and to the obtained value v = 0.2410. Conversely, the disturbance is less rejected when
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3 Shifting state-feedback control

@1 = @2 = 1, showing that the performance of the controller depends on the instantaneous
saturation limits.

0.15

i
W, ! el (Y] W h inlZ] w0
-0.05 - \‘,".’ ‘\‘\\ /l.’ "‘\,", N \‘\ /".’ “‘\\/il .
Vo A V! Vo \ v 1
0.1 "\ / \J v \‘\.’ \/ \/ 1
- |- l 22 ’ - -
. S .
-0.15 e e
0 2 4 6 8 10
¢ [s]

Figure 3.9: Scenario I: plot of 2 (t) with different frozen values of ¢(t).

Fig. 3.10 shows the behaviour of u1 (t) and w2 (%), where it can be seen that they both remain
inside the boundaries determined by all the values of 01 (¢) and o2(t) that were mentioned. For
the sake of illustration, just the most strict saturation limit for each input, corresponding to o1 =
o2 =5 and 1 = 2 = 1, is displayed.

Fig. 3.11 shows the phase portrait with the established ellipsoidal regions Xy and £(P, 1) de-
noted by the solid lines (—) and (—), respectively, and U, (¥, ¢). For illustrative purposes, the
region Uy (1, ) is drawn only on the vertex values of (¥, ¢): (o) (9,[0,0]"), () (9, [1,0]"),
(») (19, [0, l]T) and (e) (19, [1, l]T). It can be seen that the state trajectories (- -) in the worst case
scenario, which corresponds to 1 = @9 = 1and§ = 1.0623, remain inside £ (P, 1), demonstrat-
ing the effectiveness of the QB approach. Moreover, it is guaranteed that the control inputs do
not saturate because the states do not exceed the boundaries that are established by the parameter-

dependent region U (¥, ¢).
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3.7 Illustrative examples

Figure 3.10: Scenario I: plot of u(t) with different frozen values of (¢). (The most restrictive saturation
limit for each input, corresponding to 01 = 02 = 5 and @1 = @2 = 1, is shown as the dotted

black line.)

I
-0.6

-0.6 -

o5(t)

0.6 -

-0.6 -

() Plot of ellipsoidal regions for ¥(¢) = 0

(b) Plot of ellipsoidal regions for () = 1.

Figure 3.11: Scenario I: plot of ellipsoidal region inclusions. (X, and (P, 1) are denoted by the solid lines
(—) and (—), respectively. Uy (9, @) for frozen values (1, ): © (19, [0, O]T), (9,1, O]T),
(19, [0, l]T) and e (19, [1,1]"). 2(t), 20 and Teng are represented by the dashed line (- -) and

the symbols x and X, respectively.)
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3 Shifting state-feedback control

SCENARIO II: TIME-VARYING SATURATION LIMIT

Let us show the adaptability of the designed controller to time variations of the saturation limit
of u1 (). The controller is tested in the same conditions as in the previous scenario, except for
the limit of ug(t), which is fixed to o9(t) = 10, while o1 () varies within the interval [5, 10]
depending on ¢ (1).

Fig. 3.12 shows the adaptability of the control performance output signal ze (%), for the dif-
ferent values of 1 (¢). It can be seen that 2o (1) is less affected by the external disturbance when
o1(t) = 10, which corresponds to (1 (t) = 0 and, conversely, it is more affected when o1 (t) =
5 (¢1(t) = 1). Therefore, it is shown that the controller is able to adapt when the limits of u; (t)
change.

0.1

0.05

Zoo (1)

-0.05

-0.1

Figure 3.12: Scenario II: behaviour of ze (t) vs ¢1 (t).

3.7.5 ILLUSTRATIVE EXAMPLE 5: ATTITUDE CONTROL OF A QUADROTOR
Consider the quasi-LPV attitude model of a quadrotor taken from [123] with parameters as de-

scribed in [93], and under the assumption of neglectable external disturbances. Then, the system

(3.1a) with By, (¢) = 01is characterized by the parameters in Table 3.3, z = [qb, 0,1, .0, @ZJ]T and

the moments produced by the rotors u(t), as follows:

(31 lakT(QZ - Q%)
u=luz|=| Lkr(Q3-97)
us] [ kq ¥ (-1
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3.7 Illustrative examples

Table 3.3: Quadrotor model parameters

Symbol Description Value Unit
¢,0,1 Roll, Pitch and Yaw angles rad

ng, 0, ¢ Roll, Pitch and Yaw angle rates rad/s
ko Thrust coefficient 7.1103 x 10~ N/rpm?
kq Torque coefficient 1.0088 x 10° N m/rpm?
L, Distance from rotor to CoG 0.171 m

Ipx Moment of inertia x—axis 3.4313 x 1073 kg m?
I, Moment of inertia y—axis 3.4313 x 1073 kgm?
I, Moment of inertia z—axis 6.002 x 1073 kgm?
Jip Inertia moment of the rotor 1.302x 1073 kgm?
Q; Angular speed of the -th propeller rpm
Omax  Maximum propeller speed 8600 rpm

Qo Minimum propeller speed 1075 rpm

Thereupon, the parameter scheduling vector ¥ = [QS, 0, QT]T is constructed by the Euler angle

rates ¢ € [-1,1] and 6 € [1, 1], as well as the term £, € [-105, 105] (rad/s) that describes in
the gyroscopic effect, which is defined as follows:

T
Q= —(Qo+Qy — Q1 —Q3).
30( 2ty 1 3)

In this way, the polytope © is a cube with 1, = 8 vertices that contains the following parameter-
dependent system matrices (3.1a):

’ Toa 21 II;}
19 Jtp 0 /ﬁ zz—lxx 0 y -1
A(9) = Iy o T P3| BW)=B-= T
192 JC; Zzyy 191 xlez - O 03><3
I3 03x3

where J 2 diag{I,z, Iyy, .. }.

TIME-VARYING SATURATION LIMITS DEFINITION

Under the assumption that all rotors share the same behaviour regarding saturation, let us con-
sider Vi € Zp; 4] that ©; € [Qo, Aq(t)] where Qg is fixed to 1075 (rpm) and Aq(2) isaknown
function that describes the instantaneous maximum propeller speed, which varies due to the dis-
charge of the battery. Then, it is also assumed that Aq () varies within the interval [Ag, Ag]
with Qg < Ag < Ag, Ag =4907 (rpm) and Ag = 8600 (rpm), respectively.

In order to handle the propeller speed limitation, let us define the largest available positive con-
trol action, thus defining the time-varying saturation limits in (3.2) as follows:

o1(t) = 0a(t) = Lkr(Aa(t)* - QF), 0a3(t) = 2kq(Aa(t)” - QF).
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3 Shifting state-feedback control

Let us assume that the axes of u(t) are aligned with the axes of the ellipsoidal region ()
(3.9). Then, let us define the squared expression of o1 (), 02(t) and o3(t) as follows:

o1(t)? = o2 (t)” = Pk1(Aa(t)" - 205 A0(t)” + QF),
o3(t)? = 4G (Aa(t)! - 208 Aq(t)? + QF).

Thereupon, let us introduce the following scheduling parameters (1 (¢) and @2 () which are
linked to A (t)? and Aq(t)?, respectively, thus obtaining expressions of o1 (£)?, o(t) and
o3(t)? asa function of () = [1(t), w2 ()]

o1(p(1)? = 02(p(1))* = k7 (p2(t) - 21 (1) +25),
a3(0(1))? = 4k (i02(t) — 29501 (1) + ).

Once 01 ()2, o2()? and o3(p)? are obtained, the axis magnitudes of U () are established
through the matrix function U ()" as follows:

U(p)™" = diag{o1(0), 02(9)2 03(0)?} .

For the purpose of solving Problem 3.2.1, let us define the polytope ® (where the scheduling
parameters 1 (t) and ¢2(t) lie) generating a set of possible values for both parameters taking
into account the bounds of Aq(?). Note that these sets reach large values due to ¢ (%) and
©2(t) being linked to square and fourth power of Aq(t), respectively. Hence, it is necessary to
normalize both parameters in the range [0, 1] in order to avoid numerical issues when computing
1 (0)).

Fig. 3.13 shows the generated values for the normalized parameters ¢, 1 () and @y, 2() as well
as the selected n,, = 3 vertices Vc{bl} = 0,07, Vc{;} = [0.5,0.2456]" and V<{I>3} = [1,1] that
define the polytope ®.

0.8 -

0.6

Pn2 (t)

0.4+

0.2+

0 0.2 0.4 0.6 0.8 1
en1(t)

Figure 3.13: Polytope ®. (o denotes the normalized values of ¢y, 1 (t) and ¢ 2(2); © denotes the polytope
vertices. )
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Then, taking into account the bounds of the polytope @, it is possible to compute 1;(¢(t))
Vj € 11 3] as the solution of the following equation:

1 2 3
en1®] [V v v ew)

en2(t) [ = v;lqi véii}, Véig n2((1)) |,
1 11 1 [Im(e®)
where V]g ; denotes the k" component of v({bj s
Let us now describe the performance specifications for the controller design considering that
the initial state of the quadrotor is around the hover attitude point (¢(¢) = 0, 6(t) = 0) with
the purpose of evaluating the LMI methodology described in Corollary 3.5.4 versus the procedure
proposed in Corollary 3.4.9a under the scenarios indicated in Table 3.4.

Table 3.4: Expected initial conditions for Euler angles. (§,; and €, denote the lower and upper bound value
expressed in (rad), respectively.)

x

[, &x]
[~0.0087, 0.0087]
[~0.0436, 0.0436]
[-0.0873, 0.0873]
(- ]
[- ]

0.1309, 0.1309
0.1745, 0.1745

CUk W N =

To this end, let us define the shape of the region (2.72) considering that the initial attitude of
the vehicle ¢(0), 0(0) and 1/(0) belongs to the interval [{,;, & ] expressed in (rad) for each sce-
nario x. Furthermore, each initial value of the Euler angle rates $(0), 8(0) and ¢ (0) is expected
to be inside the interval [-0.3491,0.3491] (rad/s), thus specifying:

Xy = diag{&s, 0.3491, &, 0.3491, &, 0.3491} 7,

where £, denotes the corresponding # upper bound value of the interval.
Then, with the aim of controlling online the convergence speed of the closed-loop system, let
us define the desired decay rate values in (3.95) as follows:

de = 07 dR2 = 07 dR3 = d_Rv

thus specifying the fastest closed-loop system response when the largest saturation limit of u(t)
is available.

Once the performance specifications are defined, let us proceed to compare Corollary 3.5.4
against Corollary 3.4.9a by evaluating dg for each value of the set {d7R eR, : 0<dr < 100}.
Thus, obtaining the maximum feasible decay rate dg shown in Table 3.5 for each scenario x un-
der the consideration of choosing the Pélya’s relaxation degrees dy = do = 2, the bounds of
(3.70) Vi € Zj; g) as [-0.8,0.8] and, similarly, the bounds in (3.71) are established Vj € Z[; 37 as
[-0.05,0.05].
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3 Shifting state-feedback control

Table 3.5: Maximum feasible values of dr 3. ((%) denotes the improvement in percentage with respect to
the value obtained through the Corollary 3.4.9a.)

k Corollary3.4.92 Corollary3.5.4 (%)

1 19.27 26.46 37.31
2 10.70 14.13 32.06
3 7.67 10.03 30.77
4 6.15 7.56 22.93
5 5.65 7.07 25.13

Table 3.6: Off-line computational cost. (*4 cores 2.80GHz CPU with 16GB RAM)
Corollary 3.4.92  Corollary 3.5.4
Number of LMIs 134 90792
Computation time* [s] 0.7126 19134

The benefits of using Corollary 3.5.4 instead of using the Corollary 3.4.9a can be observed in
Table 3.5, as an improvement of 20 — 30% with respect to the largest feasible guaranteed decay
rate obtained when QLF is used for the above defined conditions. However, this improvement
comes at the cost of increasing significantly the computational cost, as shown in Table 3.6. Note
that the increase in computational burden affects only the off-line computation due to the growth
of the number of LMIs that must be satisfied. On the other hand, the online computation is not
affected, since the total number of vertices does not depend on which of the methodologies is
used.

CLOSED-LOOP RESPONSE

Let us show how the performance varies online according to the value of the instantaneous satu-
ration limits given by Aq (%) through the results shown in Figs. 3.14-3.18 which correspond to
the controller designed under the initial conditions of scenario x = 3 and guaranteed decay rates:

de = 0, dR2 = 0, dR3 = 100

As shown in Fig. 3.14, the closed-loop system stability is guaranteed V¢ > 0. Moreover, note
that jumps in the values of ¢(¢) and () were introduced every 10 seconds in order to show the
effectiveness of the controller. It can be seen that the slowest system response corresponds to when
Aq(t) - Qo att > 30, as shown in Fig. 3.15. Conversely, the fastest closed-loop response corre-
sponds to when the maximum angular speed of each propeller is available. This demonstrates that
the designed shifting LPV state-feedback controller adapts online the closed-loop system response
in the sense of convergence speed according to the available control action.

Fig. 3.15 shows the behaviour of the maximum available propeller angular speed, which de-
creases its value over time reproducing an incipient discharge of the battery, which limits the in-
stantaneous value of u(t) according to o(t). This fact is exemplified in Fig. 3.16, where smaller
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Figure 3.14: Quadrotor’s attitude closed-loop response.

values of u(t) were obtained over time preventing saturation to occur. Similarly, Fig. 3.17 shows
the behaviour of the angular speed for each propeller under the scenario described above.

Finally, Fig. 3.18 shows the adaptability of the control performance through the behaviour of
the PDQLF (3.54). Note that the largest value of dg () stands for the fastest closed-loop re-
sponse showed in Fig. 3.14, whose instantaneous saturation limits corresponded to the largest
possible ones. Furthermore, V' (2(t), (%), p(t)) is under the unit value V¢ > 0, which provides
theoretical guarantees that none of the control actions saturates during the transient response, as

already shown in Fig. 3.16.
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Figure 3.15: Maximum propeller speed due to the battery discharge.
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Figure 3.16: Quadrotor’s attitude control actions
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Figure 3.17: Propellers’ angular speed.
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Figure 3.18: PDQLF and guaranteed shifting decay rate. ((—) denotes V' (x(t), 9(t), ¢(t)); (- -) repre-

sents dr (¢)).

69



3 Shifting state-feedback control

3.8 CONCLUSIONS

In this chapter, the problem of designing a shifting state-feedback controller for LPV systems sub-
ject to time-varying symmetric saturations has been considered. The controller has been designed
such that some desired performance is achieved considering the amount of available control ac-
tion.

In order to generate LMI-based conditions that may be utilized to solve this problem, some
well-known results in the control of linear systems subject to saturation functions have been ex-
panded. The provided solution relies on a convex representation of the changes in the saturation
limit, allowing the characterization of a parameter-dependent region in which the saturation of
the control action does not occur.

The problem has been tackled using both a parameter-independent and a parameter-dependent
QLF. Under certain assumptions, it is possible to generate a finite number of LMIs in both scenar-
ios that can be successfully solved by the current solvers. Furthermore, a finite-dimensional LMI
relaxation, based on Pélya’s relaxation theorem, has been used to deal with multiple polytopic
summations during the design stage, allowing the consideration of, e.g., parameter-dependent
input matrices.

The results obtained in the illustrative examples have shown the effectiveness of the proposed
design conditions. In particular, the designed controller has shown its ability to regulate the
closed-loop convergence speed or disturbance rejection according to the instantaneous saturation
limit values of the actuator. The results obtained for the case when PDQLF is used appear to
be less conservative in contrast with the QLF case, although at the cost of increasing the com-
putational burden and mathematical complexity, which could hinder the implementation of the
proposed design approach in higher-order plants due to the large number of required LMI.

An open issue that requires further investigation is reducing the conservativeness and computa-
tional complexity by focusing on the design of saturating controllers and the application of hybrid
techniques (for example, MPC with LPV or feedback linearization with LPV) or more advanced
LPV frameworks that incorporate switching elements in order to reduce the number of LMIs to

be handled.
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4 SHIFTING OUTPUT-FEEDBACK CONTROL

The content of this chapter is based on the following work:

* [100] A. Ruiz, D. Rotondo, and B. Morcego. “Design of shifting output-feedback controllers for
LPV systems subject to time-varying saturations”. [FAC-PapersOnLine 55:35, 2022. Sth IFAC
Workshop on Linear Parameter Varying Systems 2022, pp. 13-18. 1ssN: 2405-8963. DOI: https:

//doi.org/10.1016/j.ifacol.2022.11.283

4.1 INTRODUCTION

In Chap. 3, the problem of designing shifting state-feedback controllers for time-varying saturated
LPV systems has been introduced. The resulting approach exploits the shifting paradigm concept
[92], the invariant ellipsoidal theory [23] and the LPV framework, enabling the obtention of an
LMI-based methodology to design a gain-scheduling controller that adapts the closed-loop sys-
tem performance in consonance with the saturation limit variations. However, the state-feedback
control requires state information, which may not be available in some real-world situations [76].
When the system is observable, an estimated state-feedback law can be considered utilizing an
observer-based control approach, such that the observer provides the essential information to per-
form the control [39, 133]. Since there is a coupling between the dynamics of the plant state and
those of the observer state, it is important to note that the simultaneous design of controller gain
and observer gain may not allow for a convex formulation [26, 119]. Nonetheless, it is generally
known that by tackling the design problem separately, LMI-based design conditions can be ob-
tained. Alternatively, dynamic output-feedback control can also be used to overcome this limita-
tion, due to the observer case being a particular case of a dynamic controller.

Designing shifting output-feedback controllers for time-varying saturated LPV systems is the
focus of this chapter, extending the LMI-based methodology suggested in Chap. 3. Particularly,
Sections 4.2 and 4.3 outline the problem formulation and the prerequisites for guaranteeing time-
varying saturation avoidance. The overall design approach is defined in Section 4.4, taking into
account a full-order dynamic output-feedback control structure and the use of a PDQLEF. A finite-
dimensional LMI-based methodology is also provided under certain design restrictions, and the
practical implementation is discussed. Finally, the simulation results utilizing a nonlinear quadro-
tor model are used to demonstrate the efficacy of the proposed approach.
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4 Shifting output-feedback control

4.2 PROBLEM FORMULATION

Consider the following slight modification of the time-varying saturated LPV system (3.1):

Ip = A(D)zp + By(P)w + B(9)sat(u,o(t)), xp(0) = xop, (4.1a)
Zoo = Co(0)xp + Doy (9)w + Dy () sat(u, o(t)), (4.1b)
y=C(V)xp, (4.1¢)

where ), € R"* is the plant state, y € R™ is the measured outputand sat(u, o (t)): R™ — R«
represents the time-varying symmetric saturation function, defined for [ € Zpy ;) asin (3.2):

sat(ul,.al(t))
sat(u,o(t)) = Sat(ul,:al(t)) , sat(uy,oy(t)) = sign(uy) min(|uy|,0(¢)).  (4.2)

sat(up, , On, (1))

In order to analogously adapt the procedure stated in Chap. 3 for the output-feedback case, a
GS dynamic output-feedback control law has been combined with the shifting paradigm concept
presented in Section 2.2.6, thus defining V(¥, ¢) € © x ® the structure of a full-order shifting
output-feedback controller, as follows*:

Te=Ac(V,0)xc + Be(V,0)y, 1(0) = zoc, (4.3a)
Ue = Cc(ﬁa ‘10)350 + Dc(ﬂa 90)% (4.3b)

where 2, € R™ is the control state, u. € R™ denotes the controller’s output and A.(¥, ¢),
B.(9,¢), Cc(9, ¢) and D.(¥, ) correspond to the parameter-dependent controller matrices,
with appropriate dimensions, to be designeds. For the sake of controller design, it is further as-
sumed that the pairs (A(1)), B(¥)) and (A(¥),C(¥)) stated by the LPV system (4.1) are, re-
spectively, stabilizable and detectable w.r.t. ¥ € ©.

Then, assuming the interconnection of (4.1) and (4.3) with u = u,, the closed-loop LPV sys-
tem dynamics are defined as follows:

=AY, p)r +By(P)w + B(F) sat(K(F, )z, 0(t)), (4.4a)
2oo = Co(9) 2 + Doy () w + Do (9) sat (K (9, p)x, o (t)), (4.4b)

U . U . L
where z = [x;, :cTc] € R?" is the augmented state vector, zg = [pr, ) C] € R?™ is the initial

state and matrices A(7, @), B(¥}), etc. are given as:
. A(9) 0 . [ Buw(9) . [B()
109 [ Sty adp) B[} B [77)
]K(’ﬂ,(p)é[Dc(ﬂjcp)C(ﬁ) 00(79790)]a and Cz(ﬂ)é[cz(ﬁ) 0]

*Note that in order not to limit the controller’s dynamics, all controller matrices are considered to depend on (9, ¢).
>For details on structuring the controller matrices to define a full-order observer-based control law, see [119, § 3.4.3].
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4.3 Time-varying saturation handling

In this chapter, the goal is to stabilize the closed-loop dynamics (4.4) such that the closed-loop
system regulation fulfils one (or more) of the performance criteria listed below:

* Guaranteed shifting decay rate.
* Quadratic boundedness together with the shifting H o, performance.

To this end, the following sections outline an LMI-based methodology for designing a shift-
ing output-feedback controller (4.3) with the objective of solving the following control design
problems:

Problem 4.2.1. For the LPV system (4.1a) subject to a time-varying saturation function (4.2)
and a given set of admissible initial conditions Xp, design a GS dynamic output-feedback control
law (4.3) such that for any initial state ¢ € X the closed-loop system dynamics (4.4a) satisfies
the guaranteed shifting decay rate performance dg (¢): R™* — R, defined as in (2.64):

V() <-2dr(9)V (), (45)
where V' (+) is a candidate Lyapunov function that can be defined by a (PD)QLF. O

Problem 4.2.2. For the LPV system (4.1) subject to a time-varying saturation function (4.2)
and the given set of admissible initial conditions Xy and the set W, design a GS output-feedback
control law (4.3) such that for 2 € Xp and |w], < 1

1. the closed-loop system dynamics (4.4) satisfies the shifting H o performance y(¢): R —
R, \{0}, defined as in (2.65):

o) #zm, < reru], (46)
along all possible trajectories ¥ € © ¢ R™ and p € ® c R"#.

2. the closed-loop system trajectories x(t) are quadratically bounded by a (PD)QLF.

4.3 TIME-VARYING SATURATION HANDLING

Similarly to Chap. 3, the presence of the nonlinear saturation function (4.2) affects the closed-
loop LPV system dynamics (4.4), so it is necessary to ensure that the control input u(t) is within
the time-varying region L(u(t), 0 (t)), defined as in (3.3):

L(u(t),o(t) = {u(t) e R™ : —oy(t) <wy(t) <oy(t), VIe T}y (47)

in order to achieve computable design conditions. For this reason, by considering the convex
representation defined as in (3.8):

5’[(@[@)) = 0'[(15)2 = 5’12 + gol(t)(g? — 512), (pl(t) € [0, 1], Vi EZ[LTW], (4.8)
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4 Shifting output-feedback control

and the parameter-dependent matrices in (4.4), this section extends Proposition 3.3.2 to the output-
feedback case.
Let us represent the region of the state-space domain which contains the initial condition of

interest x as follows:
Xo={ze R 2" Xy'le < 1}, (4.9)

where X! € S%7= is a chosen matrix that contains the information about where the initial states
x0 of the closed-loop LPV dynamic (4.4) are expected to lie. Then, let us consider the relationship:

up = ]K[l] (197 90)'1. = [Dc[l](ﬁ7 90)0(19) Cc[l] (197 QO)]CC, le I[l,nu]a

which yields to the obtention of the symmetrical polyhedral set (4.10) and the formulation of
Proposition 4.3.1 using a procedure similar to the one stated in Section 3.3.

Proposition 4.3.1. Ler L(IK(V, ), 6(p)) be a parameter-dependent set given by:

LR, 0),6(0)) & L e om0 DK 0)
o 6i()

x<l,le I[Lnu]} (4.10)

IFE(P(Y, ), c) c R*= is 4 contractively invariant set satisfying ¥ (9, ) € © x ®:
XO Cg(P(ﬁ,go),C) C,C(]K(’ﬁ,(p),é’((p)), (4‘11)

then for any initial condition xo € Xy, and bence xo € E(P(V,p),c), the convergence of the
corresponding state trajectory x(t) — 0 when t — oo is ensured under saturation avoidance.

Proof. The proof follows a reasoning similar to the one of Proposition 3.3.2, thus is omitted. m

Hence, if condition (4.11) is satisfied, the closed-loop LPV dynamics (4.4) can be simplified to
the following for design purposes:

= (A, ¢) + B(W)K(Y,p))z+ By (P)w, (4.12a)
Aci(V,0)

Zoo = (C4 (V) + Do (D) K(9, ) x + D ooy (V) w. (4.12b)
C:.a(Vp)

4.4 CONTROLLER DESIGN USING A PARAMETER-DEPENDENT
QUADRATIC LYAPUNOV FUNCTION

The design conditions stated in Section 3.5 can be extended to the shifting output-feedback case
and solve the problems formulated in Section 4.2 with the use of a parameter-dependent quadratic
Lyapunov function as:

V(w,0,0) =2 P(0,0) "'z, P(0,p)eS™, V(0,p)eOx® (413

74



4.4 Controller design using a parameter-dependent quadratic Lyapunov function

and its associated unit level set:
E(P(V,p),1) = {x eR*™ : V(x,9,¢) <1}, (4.14)

Let us recall below some useful properties from the literature that address the problem of de-
signing dynamic output-feedback controllers. According to [7, 34, 106], a change of control vari-
ablesis needed, which is achieved by partitioning the Lyapunov matrices P(1, ¢) and P(9, ¢) -

as follows:

P00 J0 MOA] g o1 [ S0 NOD) g

where ® represents an element that does not influence further developments and R(?, ) € S=,
S(V,p) € S, N(V,¢) € R"™*™ and M (1, @) € R™*"* are parameter-dependent matrices
to be determined. From the identity P (19, ¢) P (1, ©) "t =1,,, the following relationship can be

established:
s (Y,) R (V,0)

with ITg (¥, ¢) and I1 (19, ¢) nonsingular matrices. Then, it follows that:
Ln, = S(9,9)R(9,9) = N(9,0)M (0, 0)",
from which the following identity may be deduced:
~(S(@,0)R(V,0) + N(3,0)M(9,0)") = S(9, 0) R(9,0) + N (9, 0) M (9, )". (4.17)

By considering P(¥), p) = —P(¥, ) P(%, ©) ' P(9, ), the relationship (4.16), and the iden-
tity (4.17), the following result can be obtained:

R(ﬁ @) R(,0)S(W, )+ M9, 0)N(9,¢)
-S(9, )

~Tr(0,0) P(9,) IR (V)

Is(9, ) P(3, o) s (9, ) = . (418)

The extension of Theorems 3.5.1, 3.5.3, 3.5.4 and 3.5.5, and Corollary 3.5.2 to the shifting
output-feedback case is presented in the next results, where the shorthand notation ¢ = [J7, ¢ |'
has been used for simplicity and readability.

Theorem 4.4.1 (GSDR performance of LPV systems via shifting output-feedback control). Con-
sider the closed-loop LPV system (4.12a) with By, () = 0 and a given desired guaranteed shifting
decay rate dr (i) € Ry. Suppose that there exist continuously differentiable matrices R(o) € S}
and S(0) € ST, and matrices A.(0) € R™*", B.(p) € R™*™, C,(p) € R™ " and
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4 Shifting output-feedback control

D.(0) € R™*™ sych that V(ﬁ, 19) € OxOgand v (p,p) € ®x P, the following conditions are

satisfied:
[ 2 g (g)] >0, (4.19)
|:\ij)11] ‘llfm]:l +2dR((p)[R(g) L, ]<0 (4.20)

where the block elements of V() are defined as:

VP 2 He{ A(Y)R(0) + B(9)Ce(0)} — R(0),
¥, £ AW) + BO)DL()CW) + AL(e), (@)

W8, = Ho{S()A(9) + Be(0)C(9)} + $(0).

Then, the closed-loop LPV response (4.12a) with By, (0) = 0 satisfies (4.5) if the parameter-
dependent controller matrices in (4.3) are computed as:

Dc(0) = Dc(0),

Ce(0) = (Ce(o) - De(0)C(I)R(0))M(0) ™,

B.(0) = N(0)™'(Bc(0) - S(0)B(¥)Dc(0)),

Ac(0) = N(0)'[S(e)R(0) + N(2)M(o)' + Ac(0)
- 5(0)(A(W) - B(¥)De(0)C(9))R(0)
~Be(0)C(9)R(e) - S(0)B(¥)Cc(0)|M (o)™,

where the nonsingular square matrices N (9) € R™"**™ and M (o) € R"**"= satisfy the factoriza-
tion problem: 1,,, — S(0)R(0) = N(0)M (o)".

(4.22)

Proof. The proof follows the reasoning in Theorem 3.5.1. The condition (4.5) can be defined
Va # 0 as a parameter-dependent BMI by means of the closed-loop LPV dynamics (4.12a) with
B, (¥) = 0 and the PDQLF (4.13), thus obtaining:

He{P(0) " Au(e)} + P(0)™" +2dr(9)P(0) ™" <0. (4.23)

Then, let us pre- and post-multiply (4.23) by P () getting:

He{Au(0)P(0)} + P(0)P(0) ' P(0) +2dr(¢)P(0) <0. (4.24)

Let us now define the change of controller variables by pre- and post-multiplying (4.24) by IT (o)
and IIg( ), respectively, thus obtaining:

15 (o) (He{A (o) P(0)} + P(0)P(0) ' P(0) +2dr(¢)P(0))lIs(0) <0.  (4.25)
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4.4 Controller design using a parameter-dependent quadratic Lyapunov function

Thereupon, (4.25) is rewritten by means of relations (4.16) and (4.18), as follows:

He{IT4(0)Au(0)Ir(0) } - M5 (0) P(0)Is(0) + 2dr ()5 (0)Ir(0) <0,  (4.26)

thus obtaining the parameter-dependent LMI described in (4.20) with:

U(0) = He{IT5(0) A (0)Ir(0) }-IT5(0) P(0) s (o), IMy(0)Ir(o) = [11(5) 51’?@)]

Furthermore, the block elements of W ( ) defined in (4.21) contains the controller change of vari-
ables: )
DC(Q) = DC(Q)a

Ce(0) = Ce(0)M(0)" + De(0)C(9)R(0),

B.(0) = N(2)Be(0) + S(0) B(¥)De(0),

Ac(0) = N(0)Ac(0)M(0)" - S(e) k() - N(e)M (o)’
+5(0)(A(W) - B(9)De(0)C(9))R(0)
+ B.(0)C(9)R(0) + S()B(9)Cc(0),

thus allowing the obtention of the parameter-dependent controller matrices in (4.3) through the
expression (4.22).

Finally, the positive definiteness of the PDQLF (4.13) Y # 0 is conditioned by P(p) > 0,
which is equivalent to:

(4.27)

ITs(0) P(0)s(0) > 0 = I (0)[r(0) > 0

through the relation (4.16), thus obtaining the parameter-dependent LMI described in (4.19) and
concluding the proof. |

Remark 4.4.1. If matrices M (¢) and N (o) have full row rank, then the computation of A. (),
Bc.(0), C¢(0) and D.(p) through the decision variables appearing in (4.22) is always possible
[34]. Furthermore, parameter-dependent controller matrices in (4.3) are uniquely determined if
n is equal to the number of controller states, thus implying that M (¢) and N () are nonsingu-
lar square matrices.

Theorem 4.4.2 (PDQB of LPV systems via shifting output-feedback control). For a given set
Euw(Q) defined as in (2.20), suppose that there exist positive scalars \1 > A, continuously differen-
tiable matrices R(0) € ST and S(0) € S, and matrices A.(p) € R™*"=, B.(p) € R™*™v,
Ce(0) € R™*™ and D.(0) € R™*™ such that V(?ﬁ‘,ﬁ) €O xOqandV(p,p) e dxdy
condition (4.19) is satisfied together with:

e ol B (¥)
2wt so)Bu ARG L,
99 0) By () | + A\ diag ,01 <0, (4.28)
[22] L, S(e)
* * “20Q7!
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4 Shifting output-feedback control

where block elements \I/fl 1 \11[912] and \I/fm] have the same definition asin Theorem 4.4.1. Then, the

shifting output-feedback controller (4.3), whose parameter-dependent matrices are given as (4.22),
guarantees that the closed-loop LPV response (4.12a) is quadratically bounded with a PDQLF (4.13).

Proof. The same procedure as in Section 2.2.3 is used. Let us prove that the closed-loop LPV
dynamics (4.12a) are quadratically bounded with a PDQLF (4.13) by ensuring that V(:L‘, 0) <
0 V(z, 0, w) such that V(x,0) > 1land w € &,(Q). To this end, the following parameter-
dependent LMI is obtained from condition (2.32) in Theorem 2.2.4, by considering the closed-
loop matrix A (o) instead of A(1), the closed-loop matrix B, (¢) instead of the disturbance
matrix By, (1), and that P(9) " and P(9) depend on g instead of ¥:

[He{P(Q)lAcz(@)} +P(e) "+ MP(o) Plo) wa)] <0.  (429)
* _/\QQ_ ‘

By pre- and post-multiplying (4.29) by diag{ P(0), I, }, one gets:

He{Au(0)P(0)} + P(0)P(0) ' P(0) + M P(0) Bu(?)
[ ! 0 OP(e 0)+MP(o —AQ] L (430)

Thereupon, a congruence transformation with diag{IIs(0), I, } is applied to (4.30) using the
relationships (4.16) and (4.18), thus obtaining the following inequality:

V(o) + Mg (e)Ir(e) I 5(0)Bu ()
s+ o] oo

R Ing _ By (Y
where IT (0)TIg(0) = [ Iii) S(o) ], My (0)By (1Y) = [S(g)ng)(g) ], and U(p) has the same
definition as in Theorem 4.4.1. Finally, the parameter-dependent LMI (4.28) is obtained by ex-

panding the condition (4.31), thus concluding the proof. [ ]

Theorem 4.4.3 (PDQ shifting o output-feedback control for LPV systems). Suppose that there
exist continuously differentiable matrices R(0) € S\* and S(p) € St, matrices A(0) € R"=*"=,
Be(0) € R™*™, C.(0) € R™*™ and D.(0) € R™*"™, and a function y(p) € R:\{0} mc/o
that V(19 v") €O x Ogand ¥ (p, ) € ® x Oy condition (4.19) is satisfied together with:

Uiy Vi o Buw() R(0)CL(9) + CA:E(Q)DLU(ﬂ)
© Uy S@Bu(0) GO+ TODDLD (43
* * _’Y(Qp)lnw Dzw(ﬁ)
* * * _’7(()0):[”200
where block elements ‘I/fn], \I/flz] and \Ilf22] have the same definition asin Theorem 4.4.1. Then, the

shifting output-feedback controller (4.3), whose parameter-dependent matrices are given as (4.22),
guarantees that the closed-loop LPV response (4.12) with |w |, < 1 satisfies (4.6).

Proof. The proof follows a reasoning similar to the one of Theorem 4.4.2 for condition (2.42) in
Theorem 2.2.6, thus is omitted. [ |
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4.4 Controller design using a parameter-dependent quadratic Lyapunov function

Let us provide the conditions for solving Problems 4.2.1 and 4.2.2. The set of inclusions (4.11)
in Proposition 4.3.1 forces the state trajectory to remain in L£(IK(p), 5 (¢)) where the function
(4.2) behaves linearly. By defining the region:

Xy = {zp e R™ 2, X,y < 1}, (4.33)

where X, € S” is a chosen matrix that contains the information about where the initial states
xp(0) are expected to lie, then z,(0) € A}, ensures that any state trajectory z(t) € E(P(p),1)
Vt > 0 under the assumption that 2.(0) = 0 ©. Hence, the inclusion Xy ¢ £(P(p),1) in (4.11)
is modified as:

Xy < E(P(0)s D)z, (0),0)- (4.34)

Theorem 4.4.4. Given the known matrix X, Ve S and a desired guaranteed shifting decay rate
dr (@) € Ry, suppose that the initial controller’s state is x.(0) = 0 and that there exist continnously
differentiable matrices R(0) € ST and S(g) € ST, and matrices A.(9) € R™*"=, B.(p) €
R, G (o) € R and D,(0) € R"™™ such that ¥(1,9) € © x O and ¥(p, ) €
O x Oy conditions (4.19) and (4.20) are satisfied together with:

X,'-5(0) >0, (4.35)
G1(¢) Coy(e) Depy(0)C(V)
* R(g) Inz >0, Vie I[l,nu]' (4.36)
* * S(e)

Then, the shifting output-feedback controller (4.3), whose parameter-dependent matrices are given
as (4.22), guarantees that the closed-loop LPV dynamics (4.42) with B, (V) = 0 satisfy (4.5).
Furthermore, the convergence of x(t) — 0 whent — oo for any xog € Xy is ensured such that

x(t) € LIK(o(t)),o(t)), and hence, u(t) € L(u(t),o(t)).

Proof. The proof of conditions (4.19) and (4.20) are stated in Theorem 4.4.1 and thus are omit-
ted. Then, consider the set of inclusions (4.11) where Xy ¢ £(P(p), 1) can be expressed under
the assumption that the initial controller state z.(0) = 0, as follows:

[xpéo)] P(Q)—l[ﬂfp(()o)] < [xpéo)] Xol[xp(()o)} (4.37)

which is equivalent to the next expression taking into account the modified inclusion (4.34) and
the Lyapunov matrix partitioning (4.15):

2,(0)" S (0)x,(0) < :L'p(O)TXglxp(O). (4.38)

Then, manipulating the above expression one gets:

X,'-5(0)=0 (4.39)

®This assumption is made to avoid that matrices M () and N () appearing as decision variables in the LMIs [129].
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thus obtaining the parameter-dependent LMI (4.35) which ensures that any state [J;;(O), O]T €
Xp is also contained in £(P(p),1).
Similarly, the inclusion £(P(0),1) ¢ L(K(0),5(¢)) can be formulated as the following
inequality VI € Ipy ,J:
KT, (0K (0)
JRUBC D i

- z <" P(0) 'z, (4.40)
a1()
which is equivalent to:
Ki, (0)Kpp(e)
Plo)t - Uy (4.41)
a1(p)

Then, by pre- and post-multiplying (4.41) by P(¢) and the use of Schur’s complement, the ex-
pression (4.41) becomes:

o K P
Thereupon, let us apply the congruence transformation diag{1, IIs(0)} to (4.42) obtaining:
10 |faule) Kyla)P(o)]ft 0 |
>0, 4.43
[0 qu(@)][ * P(o) 0 Is(o) (4:43)

which can be rewritten through the relation (4.16) as:

ai(e) Kpy(e)lr(o) |
[ * HE(Q)HR(Q)]_O‘ (444

The parameter-dependent LMI (4.36) is obtained by considering:
T _ R( Q) Inz
ot - 10 g |

and that the term K[;1(2)ITr (o) is defined through the change of variables described in (4.27),
as follows:

K (@1Tn(o) = [Dan(@C@) Can@]] (0 5 ]

= [Cy(e) Dey(0)C(9)].

Consequently, € L(IK(0),5(¢)) is ensured Vo € E(P(p),1), and hence, the control input
u(t) remains forall ¢ > 0in L(u(t),0(t)) aslongas zg € Xp, thus concluding the proof. ~ ®

(4.45)

Corollary 4.4.1. Given the known matrix X, Ve SV, suppose that the controller’s initial state
is ©.(0) = 0 and that there exist positive scalars \1 > Mo, continuously differentiable matrices
R(0) € S" and S(0) € S", matrices A.(0) € R™*"=, B.(p) € R™*™, (,(p) € R™*"=
and Dc(g) € R™*™, and a function ~y(p) € R\{0} such that conditions (4.19), (4.28), (4.32),
(4.35) and (4.36) are satisfied V(ﬁ, 19) €O xOg V(p, ) € ®xPyand Q' =1,,. Then, the
shifting output-feedback controller (4.3), whose parameter-dependent matrices are given as (4.22),
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4.4 Controller design using a parameter-dependent quadratic Lyapunov function

guarantees that the dlosed-loop LPV dynamics (4.4) with |w|y < 1 are quadratically bounded with
a PDQLF (4.13) against external disturbances satisfying (4.6). Furthermore, if xo € Xo, then
xg € E(P(0), 1) and the control input u(t) is such that u(t) € L(u(t),o(t)).

Proof. It is a direct consequence of Theorems 4.4.2 and 4.4.3 when Q! = L,,,, and the stated
conditions (4.35) and (4.36) in Theorem 4.4.4. [

Theorems 4.4.1-4.4.4 and Corollary 4.4.1 resultin a designed GS controller (4.3) that is depen-
dent on the time derivative of scheduling vectors (17, ). Due to the necessity of measuring the
rates (1), ), which are usually not available and their reconstruction is hindered by the presence
of measurement noise, the implementation of the controller (4.3) is impracticable. As indicated
in [5, 104, 105], this issue can be alleviated at the expense of adding some degree of conservatism
by imposing some conditions on the decision variables R(0), S(¢), N (o) and M (o), which
are summarized in Table 4.1. For instance, row 2 of the table corresponds to possible conditions
on the decision variables for designing a practical controller considering the PDQLF (4.13) and
bounding rates (29, gp) €Oy x Dy

Table 4.1: Decision variable conditions in the GS output-feedback control problem.

Decision variable

R(0) definedas S(p) definedas N(p) definedas M (o) defined as

QLF R S N M
R(0) S I, I,, - R(0)S

By considering the identity (4.17) and the definitions in Table 4.1, a practical computation
of the controller matrices can be derived using the given formulas in (4.22) and updating the
expression of A.(p) to:

Ac(0) = N(0) ' [Aclo) - S(0)(A(W) - B(9)De(0)C(9))R(0)
~B.(0)C(9)R(0) - S(0) B(9)Ce(0)|M ()™

Remark 4.4.2. Itshould be emphasized that since the options for R(¢) and S () are not equiv-
alent, the case of evaluating parameter-dependent matrices with restrictions on the rate of varia-
tion presents a loss of duality [5]. Consequently, for certain problems, it is preferable to assume a
constant matrix R and a parameter-dependent matrix S( ¢), whereas other problems will require
the opposite.
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4 Shifting output-feedback control

4.4.]1 FINITE-DIMENSIONAL LMI DESIGN CONDITIONS

Even with the definition of the decision variables in Table 4.1, the conditions stated by Theo-
rems 4.4.1-4.4.4 and Corollary 4.4.1 involve infinitely number of constraints to be handled. To
this end, let us recall the polytopic representation from (3.37):

AW) - Bu(¥)  B() S Bwi  B;
[o (9) D.w(¥) Dy 19>] Zl (ﬂ)[ Do D] (4.46a)

20

[6(9) dr(p) (p)]= nz )65 dr; ), (4.46b)

together with:

‘{1‘3(79’30) 3;0(19’90) R(ﬁv@] Y 9 [ ' B;C,ij Rij]
[C’c(ﬁ,gp) De(9,¢0) S(0,¢) ;]ZIM( )n;(¢) Cov Dos Sl (4.47)

where /Alcyij, B ¢,ij» etc. correspond to decision vertex matrices with appropriate dimensions, and
p(9) € A™ and n(p) € A™ are the polytopic weight vectors. The simplexes A™# and A" are
defined as in (2.10) and (2.63), respectively:

N {M(ﬁ) cR™ Z,ul-(ﬁ) =1, ui(¥) 20, i e I[Ln“]}. (4.48)
=1

A & {n((’o) ceR™ Z 7]](90) =1, T]](QO) >0, je I[lvnn]}' (449)
j=1

The time derivative expression of matrices R(, ¢) and S(¥, ¢) in (4.47) is obtained using a
similar procedure to the one presented in Section 3.5:

R(0,0)] _ 5 < ;
[5(19,@)] ;]Z:luz(ﬁ)m(w)[ ”J] +;]§;u,(z9)n](<p)[ ] (4.50)
such that (V) € P, c R™ and n(yp) € P; ¢ R™, where:

P = {5u eR™ :§, = i am(ﬁ,ﬁ)e{m}, ie{m} =0, aV(:;L ;)I[;K;L]a }, (4.51)

ng nn Vn €T
Py = {5n €R™:5,= Y Bulp,p)ol™, Yol =0, 7T Tl } (4.52)
n=1 7=1

B, ¢) e A8

with a(9, 19) e A" and B(¢p, ¢) € A™ being the polytopic weight vectors ”, and vectors e{™} ¢
R™ and 0{™} € R as the vertices of the polytopes P, and P, respectively.

"Due to the similarities with (4.48) and (4.49), the definitions of A™* and A™# are omitted. See (3.76) and (3.77)
for further details.
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4.4 Controller design using a parameter-dependent quadratic Lyapunov function

Then, the following result holds.

Lemma 4.4.5. Consider a finite number of vectors et and ol for which (4.51) and (4.52)
hold, the polytopic representation of matrices R(V, @) and S(, @) described in (4.47) and its time
derivative expression (4.50), then it follows fori,a € Ipy 5}, J;b € L1y 5,1 M € L[y pn,) and
n e Z[l ]

s

[W’ V’)] -3 S (@) (9.0)Bu(p.0)
S(”gv QO) i=1j=1m=1n=1 (4 53)

« [2251 eim}Raj + X Oén}Rib]
S el S, T ol Sy, |

where W(¥) € A™, n(p) € A™, a(ﬁ,f’) € A" and B(p,p) € A" correspond to some
polytopic weight vectors.

Proof. The proof follows a reasoning similar to the one of Lemma 3.5.6, thus is omitted. ]

Taking into account the definition of the decision variables in Table 4.1 for the QLF case, it is
possible to reduce the design conditions provided by Theorems 4.4.1-4.4.4 and Corollary 4.4.1
to a finite number of matrix inequalities, as indicated by the following corollaries.

Corollary 4.4.2. Given the desived guaranteed shifting decay rate vertices dr; € Ry and a pre-
viously chosen relaxation degree d € N with d > 3, let there exist matrices R € S}*, S € S},
Ac,ij € RNa>Mx Bc,ij € Ry éc,ij e R™*" and Dc,ij e R™*™ with i € I[l,n#] and
J € L[1,n,)) Such that the following set of LMIs is satisfied:

R 1,
[Inw 5 ] >0, (4.54)
R 1, .
> (\prj + 2dR; [I 5 ]) <0, Vie ]Igd,n#), (4.55)
peP(i) N

where Yy, is given as:

T

U, . 2 He{AmR + Bpl éC,pQJ'} Apl + Bpl ﬁC,szA'CPS + Ac,plj )
pJ * He{SAp1 + Bc,plepz}

Then, Theorem 4.4.1 holds for all parameter-dependent terms appearing in (4.46) and (4.47).

Proof. The proof is divided into two parts. Considering the design conditions that correspond
to the QLF case in Table 4.1, the first part shows how one obtains the LMI (4.54). Similarly,
the second part demonstrates the finite representation of the parameter-dependent LMI (4.20)
through the polytopic representations (4.46) and (4.47), and the utilization of Lemma 2.2.14.
Part 1: The LMI (4.54) follows from (4.19) in Theorem 4.4.1 when R(9) = Rand S(0) = S.
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4 Shifting output-feedback control

Part 2: Given that (u(9),n(¢)) € A™ x A", R(p) = Rand S(p) = S, the parameter-
dependent LMI (4.20) can be expressed using (4.46) and (4.47), as follows:

Ny Ny Ny N
wo M My Ty RIn

DI ZMz‘l(19)%(ﬁ)uis(ﬁ)nj(w)(‘l’mzigj +2de[1%1 S”]) <0,  (456)

i11=114p=1143=1j=1

where:
He{A; R+ B;,Cejp;} Ai + By, Do, i2iCis + AC m]

Witigizj = [ * He{SAzl + Bc Z1JCZQ}

Right after, using the multi-index notation presented in Section 2.2.5, the condition (4.56) is
rewritten as:

WICED> uzw)(%wdRJ[R Igf])w, (457)
Z .

’LE]I(S n )

which, due to a basic property of matrices [53], is equivalent to:

R 1, ,
> ,u,(q?)(\l!” + 2de[ 5 ]) <0, jeIpy,), (4.58)

’LE]I(S n ) Nz

with W;; = W; 5.,5. Then, the set of LMI in (4.55) is derived by applying Lemma 2.2.14 to
(4.58), thus ensuring the definiteness of (4.58) and concluding the proof. [ ]

Corollary 4.4.3. For fixed positive scalars N1 > Ao, a given known matrix Q™' € ST and a
prevzomly chosen relaxation degree d € N with d > 3, let there exist matrices R € S|, S € S!*,
A, ij € Rnaxnie, B. ij € Rnaxny, Cc ij € RN apnd D, ig € R ™ withi € Iy ] and
J € L[1,n,)) Such that condition (4.54) is satisfied together with:

. R 1, .
Z (\I/pj + A1 dlag{[l SI:|’ 0}) <0, Vie ]Izdmu), (4.59)

peP()

where Yy, is given as:
Viip; Ypelpy  Bum
Upi = *  Vizmp; SBup
* =@

and block elements Vi111pj, Y12]p; and V(a21p; bave the same definition as in Corollary 4.4.2.
Then, Theorem 4.4.2 holds for all parameter-dependent terms appearing in (4.46) and (4.47).

Proof. Similar to that of Corollary 4.4.2, thus omitted. [ |

Corollary 4.4.4. Given a chosen relaxation degree d € N with d > 3, let there exist matrices
R e S:_lx, S e S:la:’ Ac,ij € RN=XNa Bc,ij € Ry, éc,ij € R™*" 45 Dc,ij € R™*™  and
vertex terms ;> Qwithi € Ijy , and j € I1y 1 such that condition (4.54) is satisfied together
with:
Z' Upj <0, Viell, ), (4.60)
peP(i)
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4.4 Controller design using a parameter-dependent quadratic Lyapunov function

where Yy, is given as:

. . T T
\Ij[ll]p] \11[12]1)] Bval RCZ ,P1 + Cc D1] Z’u,,pz
. T T 1B 1B
Uy = * \Il[QﬂPJ SBup C, o1 T C Dc P27 D D3
* * _ijITLw Zw7p1
* * * _PyjInZoo

and block elements V1115, Y(121p; and Vigo1p; have the same definition as in Corollary 4.4.2.
Then, Theorem 4.4.3 holds for all p&zmmeter—dependent terms appearing in (4.46) and (4.47).

Proof. Similar to that of Corollary 4.4.2, thus omitted. [ ]

Corollary 4.4.5. Given a known matrix X » 1e Shte, the desired guaranteed shifting decay rate
vertices AR j € Ry and some previously chosen relaxation degrees d,r € Nwithd > 3 and r > 2,
suppose that the controller’s initial stateis x..(0) = 0 and that there exist matrices R € S, S € SI*,
AC ij € Rnexfte, Bc ij € Riexny, C’C ij € RN apnd DC ij € R M with i € I[l ] and
J €11, Such that conditions (4.54) and (4.55) are satisfied together with:

g0, (4.61)
01,5 Cc[lej DC[Z],ijPQ Vielf
peP(i)| « * S € [t nu]

Then, Theorem 4.4.4 holds for all parameter-dependent terms appearing in (4.46) and (4.47).

Proof. Part of the proof follows a reasoning similar to the one of Corollary 4.4.2, and thus is
omitted. Then, the LMI (4.61) follows from (4.35) in Theorem 4.4.4 when S(p) = S. ]

Corollary 4.4.6. For fixed positive scalars A\ > o, a given known matrix X, Ve ST and some
previously chosen relaxation degrees d,r € N with d > 3 and v > 2, suppose that the controller’s
initial state is :L‘C(O) = 0 and that there exist matrices R € S*, S € S=, Ac 4j € RNeXna,
B. ij € RnaxTy, C. ij € R and D, g € R, and vertex terms y; > Owith i € Ipy N
andj € L[1,n,) such that conditions (4.54), (4.59), (4.60), (4.61) and (4.62) are satisfied for Q~ 1
L., Then, Corollary 4.4.1 holds for all parameter-dependent terms appearing in (4.46) and (4.47).

Proof. It is a direct consequence of Corollaries 4.4.3 and 4.4.4 when Q'= L,,,, and the stated
conditions (4.61) and (4.62) in Corollary 4.4.5. ]

Corollaries 4.4.2—4.4.6 have the drawback of considering the candidate Lyapunov function
(4.13) as a parameter-independent QLF, thus introducing some source of conservatism. Notice
that the definition of the decision variables that correspond to the rows 2 and 3 in Table 4.1 can be
used for alleviating this issue. Asa result, for the purpose of simplicity and similarity, the following
corollaries are obtained using only the conditions in row 2. Similar corollaries can be obtained for
the case in row 3, but they are omitted.
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4 Shifting output-feedback control

Corollary 4.4.7. Given a finite number of vectors et} and ot} Sforwhich (4.51) and (4.52) hold,
the desired guaranteed shifting decay rate vertices dg ; € Ry and some previously chosen relaxation
degrees dl,dg € Nwithdy > 3and dy > 2, let there exist matrices R € SY*, S;; € Si*, AC ij €
R=Xne B ij € RexTy, C. ij € R and D, ig € R ™ withi € Iy, ] and j € Iy, ]
such that condition (4.63) is satisfied together with (4.64) VYm € Ipy , .y and Vn € I[ Lns] Then,
Theorem 4.4.1 holds for all parameter-dependent terms appearing in (4.46), (4.47) and (4.53).

R I,
I:Inx Sij] >0, (4.63)
n) R 1, Vi e ]1( i)
DD A28 B oy [ Z])<0, e (4.64)
q<P(j) peP(z)( " p1q1 n Incc Spwz V] € H(dg,nn)

{m,n}

In (4.64), Vpq, and \I}mql

are given as:

He{Ale + By, éc,pz(h} Ap, + Bp1[)c P2q1 Cpa +A

Upy, 2 [ cp1q1]7
* He{5p1q1Ap2 +B. p1q10p2}

- {m,n}
\I’plql dlag{() Ze }Saq,1 +b20b }Sp1b}

a=1

Proof. The proofis divided into two parts and the polytopic weight vectors’ dependency on 9, 9,
¢ and ¢ is omitted from it for clarity’s sake. The first part demonstrates how to derive the LMI
(4.63) through the polytopic representation (4.47). Similarly, the second part proves the finite
representation of the parameter-dependent LMI (4.20) using polytopic representations (4.46),
(4.47) and (4.53), as well as Lemma 2.2.14.

Part 1: By means of (4.47), R(p) = R and the fact that (u, ) € A™ x A™, the parameter-
dependent LMI (4.19) can be represented as follows:

Ny Ty I,
> umg[ S;] > 0. (4.65)

i=17=1

Then, taking into accounta property of matrices detailed in [53], (4.65) is guaranteed to be positive-
definite if:
[ R 1,

Inm S,L]:| > 0, 1€ I[L”u]’ JE€ I[L”n]’

thus obtaining the LMI (4.63).
Part 2: Similarly, the parameter-dependent LMI (4.20) can be expressed using (4.46) and (4.47),
as follows:

Ny Myp Ny Ny Ny

R I, .
Z Z Z Z Z :U’ilruizﬂi:anhnjz(\I’i1i2i3j1 + Qdell: S. j2:|) + \11(19,@) <0,
i1

i1=1i9=143=1j1=1jo=1 I,
(4.66)
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4.4 Controller design using a parameter-dependent quadratic Lyapunov function

where (¥, p) = diag{O, S (9, gp)} and the term W; ;,;,;, is defined as:

He{A; R+ B;,Cejpj,} Ai + By D 251 Cig + A W ]1]
* He{SmlAZQ + Bc zule}

Wi igiajy =

Let us now replace S(0, @) in (4.66) with the expression provided in (4.53), yielding:

Ny MNp Ny Ny N
wo M My My Ty RIn

Z Z Z Z ZMil:uhlu’ignjlnh(\IjiliQisjl +2de1[I S'm' ])
N 11J2

i1=1ig=1diz=1j1=1ja=1 (4.67)

N Nn ng {m n}

+ Z Z Z Zﬂh”jlamﬁn 171 a

i1=1j1=1m=1n=1

which can be rewritten taking into account that the polytopic coeflicients appearing in (4.67) sum
to one, thus obtaining:

Np NMp Np Np Nn N,

IDIDIDIDIDID WIS

21 112 113 1]1 1]2 1m=1n=1

(4.68)
R 1
X (\1]112213]1 + \Ij;{xln} 2 de1 [I Snx :|) <0,
Ny 1172
where:
. { n nn {n}
\Ilm1 £ diag{ 0 Z }Saj1 + Zob Siib (-
a=1 b=1
By applying the multi-index notation (Section 2.2.5) to (4.68), one gets:
n ng
- {m,n} R In,
Z Z amfBn Z Z Hinj(\ljwl + lllujl + 2de1 [I Sn ) :|) <0, (4.69)
m=1n=1 ’I‘,E]I(synu) jE]I(Qvn'I]) Ny 1172

which is equivalent to:

R 1 m € 1 N
> X Miﬂj(‘I’m BN QdRJ‘l[I Sii ]) <0 er ™, @)
id[(&nu) jGH(Q,nn) N t1J2 [1,71[;]

with W5 = W; 4.,5,. Finally, the proof is completed by using Lemma 2.2.14 to ensure the
definiteness of (4.70), thus obtaining the set of LMI in (4.64). ]

Corollary 4.4.8. For fixed positive scalars A\1 > o, a given finite number of vectors ™ und

olnt for which (4.51) and (4.52) hold, the known matrix Q7' € ST and a previously chosen re-
laxation degree d € N with d > 3, let there exist matrices R € Ste, Sij € St=, AC ij € RMteXna,
B. ij € Rty C. ij € R and D, ij € R withi € Iy, yand j € Iy p,) xucb
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4 Shifting output-feedback control

that condition (4.63) is satisfied together with (4.71) Vm € I1y ,, 1 and Vn € I[l,n;a]' Then, Theo-
rem 4.4.2 holds for all parameter-dependent terms appearing in (4.46), (4.47) and (4.53).

- {m,n} . R I, ;
> (‘I’m W A dlag{[I s ] 0}) <0, Vieliy,, (4.71)
peP(4) Ny p1J

In (4.71), Wi and \P;T;’n} are given as:

Vhip; Yzlpy  Bum
Wpj = * Wi221p; Sp1 Buw.ps |,
* * Q7

) Tp m Ny n
qj;l] } :dlag{o, Ze({l }Saj —‘,—bzzoé }Sp1b70}7
=1

a=1

where block elements V1115, V121p;j 4nd Via21p; have the same definition as in Corollary 4.4.7
with q1 = j.

Proof. Similar to that of Corollary 4.4.7, thus omitted. [ |

Corollary 4.4.9. Given a finite number of vectors el and 0{"}for which (4.51) and (4.52)
hold and a previously chosen relaxation degree d € N with d > 3, let there exist matrices R € S}*,
Sij € Sﬁz, Acﬂ‘j € RMaXMe Bc,ij e R™=My, éc,ij e R™X™ and ﬁcﬂ'j € R™> ™ and vertex
termsy; > Qwithi € I(y ) and j € Iy y, ) such that condition (4.63) is satisfied together with
(4.72)Vm € Iy ) and Vn € Z[l,n;a]' Then, Theorem 4.4.3 holds for all parameter-dependent

terms appearing in (4.46), (4.47) and (4.53).

> (‘I’pj + ‘1’;{;:);”}) <0, Viell, ). (4.72)
peP(3)

In (4.72), i and \PZ{)Z’”} are given as:

Yips  Yi2lp; By p, RCT. +C" DT

z,p1 c,p1J= FU,p2
. T T 7T T
* \II[QQJW» Sp1jBuwp, C +Cp1D D
i

v, .2 2,P1 C,p2) " ZU,P3
pPJ * * I
_’7] N ZW,p1
* o * —Yjln..,

P 2 Giaglo, S et s, 4 S oS 00
p1J - lag 72_:160, (lj+b2£0b p1b7 9 9

where block elements V1115, V121p; 4nd Via21p; have the same definition as in Corollary 4.4.7
with q1 = j.

Proof. Similar to that of Corollary 4.4.7, thus omitted. [ |
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Corollary 4.4.10. Given a finite number of vectors et and o} for which (4.51) and (4.52)
hold, the known matrix X, !¢ S, the desired guaranteed shifting decay rate vertices dg; € R,
and some previously chosen relaxation degrees dy,da, v € Nwithdy > 3, da > 2 and r > 2, suppose
that the controller’s initial state is ©.(0) = 0 and that there exist matrices R € S!!*, S;; € S}*,
Agij e R, B i€ R, Cyiio€ R and Doy € R™™ with i € Iy, 1 and
J € I[1,n,)) such that conditions (4.63) and (4.64) are satisfied Y m € L[y ,, 1 and Vn € I[ 1n5]

together with:
X1 -8,; >0, (4.73)
015 Ceflpi Deft]piiCpa Viel
* R I, >0, et (rmu) (4.74)
0] N S = Hna

Then, Theorem 4.4.4 holds for all parameter-dependent terms appearing in (4.46), (4.47) and
(4.53).

Proof. Similar to that of Corollary 4.4.7, thus omitted. |

Corollary 4.4.11. For fixed positive scalars N\1 > o, a given finite number of vectors et™} and
olnt Sor which (4.51) and (4.52) hold, the known matrix X, L e ST and some previously chosen
relaxation degrees d,v € N with d > 3 and r > 2, suppose that the controller’s initial state is
xc(O) = 0 and that there exist matrices R € S*, S;; € S}*, A, ij € Rexne, B. ij € Ry,
Ces ij € RN gpd D, jij € R™ M, and vertextermsy; > Qwithi € Ipy 5, yand j € I(y ) such
that conditions (4.63), (4.71), (4.72), (4.73) and (4.74) are satisfied Y m € I[l,na] Vn e I[l,ng]

and Q™1 =1,,,. Then, Corollary 4.4.1 holds for all parameter-dependent terms appearing in (4.46),
(4.47) and (4.53).

Proof. It is a direct consequence of Corollaries 4.4.8 and 4.4.9 when Q' = L,,,, and the stated
conditions (4.73) and (4.74) in Corollary 4.4.10. [ ]

Remark 4.4.3. It should be noted that the corollaries stated in this section can be recast into an
optimization strategy using the procedure described in Section 3.6.

4.5 JLLUSTRATIVE EXAMPLES

In this section, an illustrative example is considered in order to show the extension of the results
obtained in Chap. 3 to the shifting output-feedback case. Specifically, the example presents simu-
lation results using a nonlinear quadrotor model whose closed-loop response is adapted in terms
of convergence speed according to the instantaneous saturation limit values.

4.5.1 GSDR PERFORMANCE: ATTITUDE CONTROL OF A QUADROTOR

Consider the quasi-LPV model of a quadrotor presented in Section 3.7.5 under the assumption
of neglectable gyroscopic effect and the absence of external disturbances. Then, the system (4.1a)
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4 Shifting output-feedback control

and (4.1c) with B,,(¥) = 0 is characterized by x,, = [gb, 0,1, 90,0, @D]T and the moments pro-
duced by the rotors u(t), as follows:

uy Lkr (923 - 03)
w=\|uy| = ng(Qg-Q%)
us kq ¥y (-1)'07

The selected scheduling vector is ¥ = [(;S, G]T with ¢,0 € [-1,1] (rad/s), thus defining the
polytope © withn, = 4 vertices that contains the following parameter-dependent system matrices
(4.1a) and (4.1c):

Iyy—1I..
0 0 191% 03x3 B(ﬁ) = B-= [ :|7
A(D) = Loo—1yy Loo—1yy v , O3x3
V2=57 =57 0
> > C(9) =C =[03x3 I3,
I3 | 033

where J 2 diag{I ., Iyy, .. }.
Asin Section 3.7.5, letassume thatall rotors €2y, € [0, Aq(t)], k € Z[; 4), exhibit the identical
saturation behaviour, such that the largest possible positive control action is specified as follows:

o1(t) = 0a(t) = Lkr(Aa(t)* - QF), 03(t) = 2kq(An(t)” - 9F),

where the minimum propeller speed €y = 1075 (rpm) and Aq(¢) represents a known func-
tion describing the instantaneous maximum propeller speed, which varies within the interval
[Aq, Ag] as a result of battery exhaustion with 0y < Ag < Ag, Ag = 5000 (rpm) and
Ag = 8600 (rpm), respectively.

Then, let us introduce the performance scheduling parameter ¢ (t) € [0, 1], which is linked to
the time-varying saturation function (4.2) and the limits:

Lk (A - QF) < o1(t) < Lkr(A - Q7).

Lkt (A - QF) < oa(t) < Lkr(AZ - Q7).

2ko(Ad - 95) < 03(t) < 2kq (A - OF)
for the inputs w1 (t), u2(t) and u3(t), respectively, as follows:

oi-o1(t)? _G5-0a(t)* 53— o3(t)?

o)==~ 5 =" 3
01— 91 0y =303 03— 03

Note that (t) is a unique scheduling parameter due to the fact that 0(t) - ¢; and 0y(¢) —
01 V1 € Ipy 3) when the function Ag(t) — Ag and Aq(t) - Ag, respectively. Thus, allowing
to establish the following mapping:

G1(p()) = 0y(t)? = 57 + o(t) (af - 77),
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and, hence, n,, = 2 and the corresponding vertices of 6 (¢):
=21~ .2
01, 02, 03]7 02—[91, g2, 03

PERFORMANCE ILLUSTRATION

Consider that the initial attitude of the vehicle ¢(0), #(0) and ¥(0) belongs to the interval
[-0.0873,0.0873] (rad) and each Euler angle rate ¢(0), (0) and 9(0) is expected to lie in
[-0.0017,0.0017] (rad/s), thus determining:
— 1 7 -9
X2 - — diag{0.1,0.1,0.1,5,5,5} .
P 6 180 lag{ Y Y Y Y ) }
Then, let us define the desired decay rate values of dg (¢) taking into account the polytopic
representation (4.46b) with the purpose of regulating the convergence speed of (4.4a) online:

dR1 = 318, dR2 =0.

Remark 4.5.1. Note that the largest feasible value of dg that makes Problem 4.2.1 feasible can
be obtained by using, e.g., linear search techniques or the bisection algorithm.

Once the design specifications are defined, two Pdlya’s relaxation degree d = 4 and r = 4 are
chosen and Problem 4.2.1 is solved through Corollary 4.4.5 using the SeDuMi solver [117] and
the YALMIP toolbox [70].

The closed-loop performance of the designed controller is tested in a scenario without the
presence of external disturbances and under three different saturation limits that remain con-
stant during the simulation for illustrative purposes. To this end, each instantaneous saturation
limit is fixed to oy (t)® = {612, 0.5(67 +a}), QZQ} V1 € I 3 leading to the frozen values of
¢ = {0,0.5,1} through the established mapping. Furthermore, the controlled system is simu-
lated with z,,(0) = [0,0,0,0.0524, -0.0349, 0.0175]" and x.(0) = 0.

Figs. 4.1-4.2 show the closed-loop response of the Euler angles and the controller states, respec-
tively. Note that in both cases the fastest closed-loop convergence speed, denoted by a red line,
corresponds to 0;(t) = &; implying ¢ = 0. Conversely, it can be seen that the slowest closed-
loop response occurs when 0;(t) — oy, which corresponds to ¢ = 1. This demonstrates the
adaptability of the designed shifting output-feedback controller regarding the closed-loop con-
vergence speed. Furthermore, it is also shown that the controller achieves the closed-loop system
stabilization.

Finally, Fig. 4.3 shows the behaviour of the obtained control actions over time for the three
frozen values of ¢ where, for illustrative purposes, the instantaneous saturation limits of each
control signal u;(t) VI € Zj; 3] are not plotted. Furthermore, it can be seen that u(#) remains
inside the boundaries established by all the mentioned values of o(t), whose instantaneous val-
ues for ¢ = {0,0.5,1} are, respectively, 01 = o2 = {0.885,0.659,0.29} (Nm) and o3 =
{0.147,0.109,0.048} (Nm).
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Figure 4.1: Closed-loop Euler angle responses. ((—)¢ = 0,(---) ¢ = 0.5,and (- ) p = 1.)
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Figure 4.2: Controller states. ((—) ¢ = 0,(---) ¢ =0.5,and () ¢ = 1.)
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Figure 4.3: Control inputs. ((—) ¢ = 0, (---) ¢ = 0.5, () ¢ = 1, and the corresponding in-
stantaneous saturation limit values o1 = o5 = {0.885,0.659,0.29} (Nm) and o3 =
{0.147,0.109,0.048} (Nm).)
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4.6 CONCLUSIONS

In this chapter, the problem of designing a shifting output-feedback controller for polytopic LPV
systems subject to time-varying saturations has been investigated. Through the use of a (PD)QLEF,
the invariant ellipsoidal theory and the shifting paradigm concept, the procedure from Chap. 3
has been adapted for the output-feedback case, yielding LMI-based design conditions that can be
solved using the available solvers. Additionally, Pélya’s relaxation lemma has been used in the de-
sign stage to get a finite number of conditions due to the appearance of products between multiple
polytopic summations, thus obtaining less conservative solutions at the expense of increasing the
computational burden.

The illustrative example has shown that the designed controller satisfies the shifting decay rate
performance criterion. The controller adjusts online the closed-loop response in sense of conver-
gence speed based on the actuator saturation limit values. Future studies on this subject will look
into saturation allowance and asymmetric saturations in an effort to lessen how conservative the
suggested technique is.
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S SHIFTING FEEDBACK LINEARIZATION
CONTROL

The content of this chapter is based on the following work:

* [97] A. Ruiz, D. Rotondo, and B. Morcego. “Design of shifting state-feedback controllers for con-
strained feedback linearized systems: application to quadrotor attitude control”. International Jour-
nal of Robust and Nonlinear Control, 2023. Under review.

S.1 INTRODUCTION

Feedback linearization (FBL) is a nonlinear control technique that is commonly used for the sta-
bilization and tracking of nonlinear systems, such as unmanned aerial vehicles (UAVs) or robots
(see[13,40, 62, 74] and references therein). This technique involves the use of a nonlinear transfor-
mation of the states, through a diffeomorphism, to perform a system coordinate transformation.
The goal is to obtain a fully or partially linear system representation which can be controlled with
linear techniques.

The literature on the application of FBL to nonlinear systems subject to input constraints has
attracted the interest of researchers, due to the fact that the input constraints that affect the ob-
tained linearized system become time-varying as a consequence of the state nonlinear transforma-
tion. For instance, an analysis of the problem of stabilization and trajectory tracking of feedback
linearizable systems in the presence of input constraints has been made in [8¢]. In [58], the com-
bination of model predictive control (MPC) and FBL has been employed to design an effective
control allocation in fault-tolerant flight control. In [108], an accurate trajectory tracking control
has been developed for underactuated multibody systems in which the constraints are handled
through an optimization problem under the same control combination. Similarly, a constraint
mapping algorithm has been developed to guarantee the tracking performance of the entry flight
control of an aerial vehicle in [126], whereas in [114], 2 methodology for reducing the computa-
tional burden of nonlinear MPC has been proposed for dealing with the nonlinear constraints
originated by the combination of the MPC and FBL through the use of a set of dynamically gen-
erated local inner polytopic approximations. On the other hand, the works [48] and [11] have
both established a linear matrix inequality (LMI)-based methodology that accounts for the state-
dependent input saturations using the sum of squares (SOS) method and the differential algebraic
representation (DAR), respectively.

Although the discussed works deal with the state dependency of the input restrictions, they do
not account for varying closed-loop performance in terms of convergence speed or disturbance
rejection due to a potential lack of input availability. For this reason, this chapter is devoted to
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5 Shifting feedback linearization control

integrate the shifting paradigm concept and the FBL technique to regulate the closed-loop per-
formance of a full linearized system subject to state-dependent input saturation. To that aim,
an LMI-based methodology via a parameter-independent quadratic Lyapunov function (QLF)
has been developed for designing a shifting state-feedback controller, extending the methodol-
ogy presented in Chap. 3 to the case where an input-output FBL technique is used on multiple-
input multiple-output (MIMO) nonlinear systems with input saturation. Specifically, the shift-
ing paradigm is applied in the same way as in Section 3.4, and a set of region inclusions is defined
with the goal of ensuring that the control action remains inside the linearity region of the actua-
tors. Finally, the developed approach is demonstrated through an experimental application to the
Quanser 3-DoF hover [91].

This chapter is organized as follows: First, in Section 5.2 some mathematical background re-
garding the FBL technique is reviewed. In Section 5.3, the strategy for solving the stabilization
problem of constrained feedback linearized systems is defined. The LMI-based methodology for
the controller design is given in Section 5.4. Finally, the design implementation procedure is sum-
marized in Section 5.5, and the experimental results are presented in Section 5.6.

S.2 FEEDBACK LINEARIZATION

In order to formalize and generalize some mathematical background appearing in this chapter, the
following sections recap some concepts presented in [57, 63,103, 115] involving the FBL technique.
Particularly, the concepts of Lie derivative, diffeomorphism, and the input-output FBL of a class
of MIMO nonlinear systems are stated.

S.2.1 LIE DERIVATIVE AND DIFFEOMORPHISM

The emphasis in this chapter is on the use of sufficiently smooth vector fields and real functions so
that all existing partial derivatives are continuous and defined in a domain D, ¢ R"=. Then, the
definition of a differential operation called Lie derivative is introduced.

Definition 5.2.1 (Lie derivative operator [63, Chap. 13]). The Lie derivative of a smooth real-
valued function h(x):D; — R w.r.t. the sufficienty smooth vector field f(z) in R™ at any
point z € D, ¢ R™ is defined as:

Lyh(x) = Sf;g—;m - V(@) ().

For nonlinear systems, the diffteomorphism represents a nonlinear generalization of the well-
known concept of changing coordinates, and it is formally defined as follows:

Definition 5.2.2 (Diffeomorphism [115, Chap. 6]). A mapping T'(z): D, — R"* is called a dif-
feomorphism on a domain D,, ¢ R™ if it is a bijective function, and its inverse T'(2:) " is differ-
entiable as well. If the region D,, represents the whole space R™*, then T'( ) is a global diffeomor-
phism. Conversely, if these qualities are only locally valid in the neighbourhood of a given point
x( € Dy, then T'(z) is referred to as a local diffeomorphism.
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5.2 Feedback linearization

5.2.2 INPUT-OUTPUT FEEDBACK LINEARIZATION

Consider a class of nonlinear systems of the form:

= f(z)+G(x)u, (5.1a)
y = h(z), (5.1b)

where z € D, ¢ R"™, u € R™ and y € R™ denote the state, the control input and output
vector, respectively, and D, represents a domain of R"* containing the origin. The mappings
f(x):Dy — R™ and h(z): D, — R™ are a sufficiently smooth vector field and a sufficiently
smooth function on R™*, respectively, and G(z): D, — R"**™ corresponds to a mapping matrix
whose columns g; are smooth vector fields in R"=.

Then, the time derivative expression of the ith output ; of system (5.1) can be defined Vi €
Z1(1,m) by using the Lie derivative operator as:

m
yi = thl(l‘) + Z(Lg]hz(:c))u] (52)

j=1
Note that u; does not appear in (5.2) when the terms Lg; hi(x) = 0 Vj € Iy 1), thus imply-
ing that u; is not directly related to 3;. Hence, the Tfh time derivative expression of y; can be

obtained under the assumption that y; is differentiable r; times before at least one of the terms
Ly, L™ hi(x) # 0,V € Ty ), as follows:

(r) r U _—
Yi = Lf hz(aj‘) + Z:l ng (Lf 1hi(l‘))u]', (5.3)
j=

where the relative degree ; € N\{0} is the smallest integer such that the following condition is
satisfied for i € Zpy ;) and j € Zpy

Ly, Lihi(z) =0, keI, o, (5.4a)
ngL?—lhi(a:) #0, foratleastone j € Ipy ). (5.4b)

Let us define the decoupling matrix M (x) € R™*"™ as:

Lo, L ' ha(e) oo Ly, LY ha(a)
M (z) = : - ; (5.5)

Lo Ly () oo Lg L hip ()

Then, by means of the expressions (5.3) and (5.5), the concept of the relative degree is extended
to the case of MIMO nonlinear systems through the following definition:

Definition 5.2.3 (Vector relative degree [103, Chap. 9]). The system (5.1) is said to have a vector
relative degree r = [r1,...,rp ] atzq if:

L Ly, L]Jﬁhi(:v) =0 Vi,j €2y ), Yk <r; — 1and Yz in a neighbourhood of z.

2. M(z) is nonsingular at x.
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5 Shifting feedback linearization control

Due to the assumption of M () being nonsingular, the system (5.1) has a well-defined vector
relative degree at zq allowing the description of (5.3) as follows:

W L ()
=b(x) + M(x)u = : + M(z)u, (5.6)
i Ly ()

with b(x) € R™. Then, the input-output FBL is achieved through the feedback linearizing law:
u=M(z)" (v-b(z)), (5.7)

U . . .
where v = [v1,...,Vpy] € R™ corresponds to the vector of transformed input variables, which
leads to a decoupled and linear system:

(r1)

1 141

N N (5.8)
(rm)
Ym Ym

Furthermore, if the total relative degree . = Y>;"; r; is equal to 1, the nonlinear system (5.1) is
said to be full-feedback linearizable and the local diffeomorphism T'(x): Dy — R"* is completely
defined V& € D, such that T'(0) = 0, and the change of coordinates z = T'(x) is constructed by:

;
T() = [T (@), T @), 1 @), T )] (5.9)
where: ' '
T (2) = 2V = L hi(a), VieTp g, VEkeTp,.. (5.10)

and the superscript 7] indicates the corresponding output index.
By means of the change of coordinates z = T'(x), the nonlinear system (5.1) is transformed
into the following feedback linearized system:

2=Az+ By, (5.11a)
y=0Cz, (5.11b)

where z € R™ is the vector of transformed state variables in the new z-coordinates, and the
state-space matrices A = diag{A;,..., Ay} € R"™*" B = diag{By,..., By} ¢ R™*™
and C' £ diag{C1,...,Cp,} € R have a simple canonical structure whose block matrices
A; e R B; € R" and C; € R are defined Vi € I(1,m) as:

010 ..0 0
001 ..0 0

A=) bt Bix[i], Ciz[1 0 0 0]
000 ...1 0
000 0 1
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5.3 Stabilization of constrained feedback linearized systems

5.3 STABILIZATION OF CONSTRAINED FEEDBACK LINEARIZED
SYSTEMS

The purpose of this chapter is to compute a full linearizing control law for a nonlinear system of
the form (5.1) with the presence of actuator saturation:

= f(z)+G(x)sat(u,u,a), (5.12a)
y = h(z), (5.12b)

where sat(u, u, @):R™ — R™ represents the standard saturation function, defined as in (2.71):

sat(ui,u1,u1)
: uy, ifup >y
Sa’t(u7u7a) = Sat(uhy’lval) ) Sa‘t(uluul)ﬂl) = up, lfU,l € [ulaal] (513)
: —uy, ifu <-uy
Sat(umyuma am)

for I € Iy ) with known saturation limits ug, %; € R4\{0}. Hence, the actuator’s region of
linearity of system (5.12), denoted as Uy, is such that sat(u, u, @) = w is defined by the following
polyhedral set:

U, = {u eR™ : —y <y <uy, le I[l,m]}‘ (5.14)

Let us consider that the total relative degree of the nonlinear system (5.12) is well-defined and
equal to n,, for all u € U, and x € D, ¢ R"=. Therefore, the system (5.12) is fully linearizable by
the feedback linearizing law (5.7), obtaining the following constrained feedback linearized system:

Z=Az+ Bsat(v,v(z),v(z)), (5.152)
y=Cz, (5.15b)

where the canonical matrices A € R™*"s B ¢ R"*™ and C' € R"™*™* have the same defini-
tion as in (5.11), z € R™* is the vector of transformed state variables obtained through the local
diffeomorphism (5.9) and, without loss of generality, the virtual input v € R in (5.15a) can
be considered affected by a saturation function sat(v, v(x),7(z)): R™ — R™ defined for each
input element as:

v(x), ifv>u(x)
sat(v, v (), v (z)) = {wm, if v € [v(x), v(z)],  1eZpm, (5.16)
v(z), ifv <y(x)
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whose limits v;(2) € Rand 7;(x) € R are state-dependent:

v (x) = rﬁgz((bl(x) + M(a:)[l]u), (5.17a)
€D,

y(z) = g;é{l;(bl(l’) + M(x)[l]u). (5.17b)
€Dy

However, the presence of a state-dependent saturation function in (5.15) makes the design of
linear controllers that provide system stability without saturating a challenging task. To that aim,
the sections that follow address the problem of developing a GS state-feedback controller using
some results presented in Chap. 3. In particular, we explore an input constraint mapping, a shift-
ing control strategy, and a set of region inclusions to assure the saturation avoidance of the lin-
earized system (5.15), such that the combination of the linearizing law (5.7) and a shifting state-
feedback control law does not saturate.

5.3.1 INPUT CONSTRAINT HANDLING

As shown in (5.16) and (5.17), the constraints on the virtual input v in (5.15) are time-varying
due to dependence on M () and b(x), thus leading to an expression non-suitable to be handled
by optimization approaches. Therefore, a so-called constraint mapping has been proposed in the
literature in order to apply optimization approaches, see e.g. [108] and [126], thus transforming
the constraints appearing in (5.14) into inequalities that define the linear region of the actuators
V(xz) ¢ R™ VYt > 0 in the v—domain where v corresponds to values that do not trigger the
saturation in (5.13).

By substituting the feedback linearizing law (5.7) into (5.14), the following expression is ob-
tained:

—up < M () (v =b(x)) <, Ve Tp (5.18)
which is equivalent to the following expression:
—uy + M () b(x) < M(2)gjv <t + M () pb(), (5.19)
si(x) a(z)
thus leading to V(z) as:
V(z) = {y eR™: g(z) < M(x)v <G(x), L € I[Lm]}. (5.20)

Note that the region V() is an asymmetric region, even if constraint limits in (5.14) are sym-
metric, and that the region bounds may potentially have the same sign, owing to the appearance
of terms M(:E)[_ﬁb(a:) on both sides of the inequality (5.20).

According to [86], the cost of cancelling the nonlinearities can be large enough to saturate the
system. Therefore, it is assumed for further developments that the linearization cost is not signif-
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5.3 Stabilization of constrained feedback linearized systems

icant enough to saturate the control input, restricting the state 2 to lie in the set X' ¢ D, c R"*
containing the origin, defined by:

_ )€ 1
X2{weR"™: —g; <x; <7y, |M(x Yo(x < €, ¢ € Lins) }, 5.21
{ s asan M sa. (7 (5.21)

where z;, Z; € R, \{0} correspond to the given limitation values of the ith state and ¢ expresses
an upper limit for the control effort required to feedback linearize the system such that 0 < ¢ <
min (w, @) for [ € Ipy ;). Consequently, the vector of transformed state variables 2 belongs to
the set:

Z=T(X), (5.22)

with T'(2) defined as in (5.9),and 0 € V() forallz € X c D,.
In addition to the restriction on x, a symmetric approximation of the region V(z) with the
following definition is considered:

V(z) = {y eR™ : M (2)gjv| < ou(z), Le I[lym]}, (5.23)

where 0;(x) = min (| (z)],5(x)) and 07(z) € Ry \{0} forall z € X c D, is assumed. The
instantaneous value of 0() belongs to the interval [a7, 5] VI € Z[y ;) and Vir € X, with gy
and 07 as the lowest and highest possible saturation limit for each input 1/, respectively. Then,
similarly to [119,§ C.8], v(x) can be rewritten as:

o
Y {V eR™: M(xiil(]fz(x)m

r<l, le I[l,m]}' (5.24)

Due to its dependence on z, the region V() in (5.24) represents an infinite number of con-
straints on the input v, making it impossible to establish conditions that are computationally
tractable for the controller’s design. Then, with the purpose of finding a finite representation of
the region ]A/(:L‘), let us consider a set of grid points on each dimension of X" to obtain the set
X, = {219, 21} } with a sufficiently large number of 1, state vectors #{"} € X, c X.

Thereupon, to account for the variability of M () forall z € X, let us consider a scheduling
vector ¥ € © ¢ R™ such that ) = wyy (), with the mapping @y (z): R™*™ — R™ defined
as follows:

wy(x) = Wevec(M(x)_l), (5.25)

where vec(-) denotes the vectorization operator for a given matrix, and Wg represents a linear
transformation for, e.g., avoiding the selection of known constant terms of the vectorized matrix.
By evaluating @/ () for each & € X}, © is then constructed as the convex set defined by the
convex hull, the bounding box, or other convex representations of the obtained points. Asaresult,
the parameter-dependent matrix M (19) € R will vary within a polytope of matrices:

M (V) € Co{ My, Ms,...,M,,}, (5.26)

where the vertex terms correspond to the vertices of ©.
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Considering a mapping as the one proposed in (3.7), the relationship that links ¢ € ® c R"¢
with the possible instantaneous values of o; (x)2 is defined as follows:

_92 2
. 0; —oui(w)
Pr = l_2 5 > PIE [07 1]7 Vie Z-[l,m]7 (5.27)
9 T

allowing the definition of ® as a hypercube with 2"+ vertices. Additionally, the time-variability
of oy(2)? in (5.24) can be described as a function of ¢ by the following expression:

G1(p) = o1(2)* =7 + (o} = &7 ), Ve Ty my. (5.28)

To illustrate how to obtain M (¥9) in (5.26) and () in (5.28), respectively, let us present
Example 5.3.1.

Example 5.3.1. Consider the following nonlinear system:

T1 3 0 0
SN ig _ Ty 0 0 _
P Fa() + g31() 0 sat(u,u,u), (5.29a)

iq]  Lfa(2) 0 ga(x)

——
f(z) [91(2), g2()]
;

y=[z1 2], (5.29b)

wherez € D, c R, @ = u = [T1, ﬂ2]T is a given vector with positive real entries, and f3(x),
fa(x), g31(x) and g42(x) are known nonlinear terms.

Now consider u € U, for linearizing the system (5.29) through the procedure detailed in Sec-
tion 5.2.2, thus obtaining:

thl(:L’) =3, Lth(IL’) = fg(x), Lglthl(.CU) = 931(3:),
Lyho(z) =24, L3ho(x) = fa(x), Lg,Lyha(x) = ga2(2),

ng hz(l’) =0 Vi,j € I[L?]’ ngthi(l') =0 Vi,j € I[172] and ¢ # ]

Let us assume that g31(«) and g42(x) take non-zero values Vo € D, and, hence, the system
(5.29) has a relative degree vector r = [2,2]" and a total relative degree r; = n; = 4 such that no
zero dynamics exists. Then, M (z) € R?? and b(x) € R? in (5.6) can be defined as follows:

_|gs1(z) O | f3(x)
M(z) = [ 0 942(35)]’ b(x) = [f4($)]'

By following Section 5.3.1, the constraint mapping in (5.19) is determined Vx € D,, by:

iy + M(2) () < M(2)gpv < @+ M (2)ib(x), 1 Iy g,
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where:

1 0 fB(x)
we = [FE | e - 5|
ga2(x) 912 (z)

As a result, the region V() in (5.20) is defined as follows:

V()= {veR?: q(z) < M(2)yjv <G(w), L€ T o},

where: Jo(2) (@)
Sl(x) B _ral + 9331&)’ fl({[) E al + 9331(2)7
o(x) £ -y + gf;(é)), S(x) 2 Uy + _gi42((:;))_.

Then, let us restrict the state x to lie in a polyhedral set X ¢ D, c R4, defined asin (5.21), such
that the state-dependent matrix M () is nonsingular Y € X and the linearization cost satisfies:

M (2)b(2)] <

for [ € Zpy o7, with 0 < € < 1 as given control effort limits to feedback linearize the system.
Thereupon, let us consider the state-dependent vector o(z) € R? whose instantaneous ele-
ment values are defined Y& € X as:

o1(x) = min(ls1(2)],61(2)),  o2(x) = min(lsa(2)], 2(x)),

thus defining the region V(z)in(5.24) Vo e X andl € T2

Once the region V(i) is defined, a set of grid points & € X, ¢ X with X, = {:E{l} e 95{”1’}}
and n,, € N must be considered to obtain a finite representation of the region V().

Let us state the mapping ws () in (5.25), as follows:

WM(:U):[(l) 8 8 g]vec(M(x)_l).

By doing so, we obtain the main diagonal elements of M (95)71 as parameters of the scheduling
vector ¥ € © ¢ R?, which depicts the state dependence of the matrix. The set © is defined as the
convex hull of the points obtained by evaluating () for each state £ € &Xj;. Asa result, the
vertices of © allow the acquisition of M(9) € R¥*?in (5.26).

Considering & € Xy, the bounds of 0y (:I:)2 in (5.24) are given, respectively, by:

o} = min o(2)?, &7 = Ipaxal(:%)z, leZp o
TeX, TeXy

Then, the convex set ® ¢ R? is defined using the relationship (5.27), and hence, the expression
of 67() in (5.28) can be derived. A
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Finally, a convex representation of the values taken by M (z) ™" and o (2)* when z variesin X
is obtained and expressed through parameter-dependent terms M () € R™*™ and 6 () € R™,
respectively, so that V() in (5.24) can be reformulated as follows:

M(0) [ M(9)
a1(¢)

V0, p) £ {y eR™: T v<lle I[l,m]}7 (5.30)

where ¥ € © ¢ R" and ¢ € ® c R"¢ are the scheduling parameter vectors, with © and ®
known, bounded and closed polytopic sets.

5.3.2 SHIFTING CONTROL STRATEGY

On the basis of the concepts presented in Chap. 3, a shifting stilte-feedback control strategy is
proposed with the objective of handling the variability of region V (¥, ) and the stabilization of
the constrained feedback linearized system (5.15). An overall view of the control strategy is shown
in Fig. 5.1.

Linearization loop

Control F ; Transformed
: eedback U Y Nonlinear |State o
inputs linearization —/ system T(x) state

Stabilization loop

Shifting state-feedback controller

Figure 5.1: Shifting feedback linearization control strategy.
To this end, the following GS control law is defined:
v=K(, )z, (5.31)

where K (¥, p) € R""" is the parameter-dependent controller gain matrix. Then, the closed-
loop system (5.15) subject to the control law (5.31) is said to have a guaranteed shifting decay rate
dr(p):R™ - R, if:
V(2) < -2dr(9)V(2), (5.32)
where V'(z) is the QLF:
V(z)22"Plz, PeSt. (5.33)

Asaresult, the control law (5.31) modifies the closed-loop performance of the system (5.15) online
in response to changes in )A)(UQ, ). In particular, (5.31) uses the scheduling parameter vector ¢
to account for the variability of M (I)fl, whereas the closed-loop convergence sgeed is adjusted
through a mapping that links ¢ with the possible instantaneous values of 07 ()" for | € Zpy ;).
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5.3 Stabilization of constrained feedback linearized systems

. 2 - . .
In this way, a faster response can be guaranteed when oy(z)” — 7 while a slower response is

obtained when o;(z)* - o7, respectively, for all [ € Zi1,m)-

5.3.3 SATURATION AVOIDANCE CONDITION AND PROBLEM DEFINITION

By means of the inequality (5.32), the online closed-loop performance regulation and exponential
stability of the closed-loop system are ensured as long as dg(¢) > 0 Vo € ®. Then, with the
purpose of guaranteeing V¢ > 0 that v(t) € V(9(t), o(t)) and, as a consequence u(t) € U,
Vt > 0, let us define the following regions in the z—coordinates:

* Theregion R, (1, ) as the mapping of (5.30) into the z—coordinates through the control
law (5.31):

H(Y, ) H(9,
R(V, ) 2 {zeR”“ L SO)A[”( )( sO)Wzg 1, leI[Lm]}, (5.34)
o1y

where H(9, @)y = M(9) K (9, ¢).

* Polyhedral region of expected initial conditions zg = T'(zp):
Zy = CO{’Ul, . 7Unv} = T(X()), Vs € an, S € I[an], (5.35)

where n,, represents the number of vertex values vs, Xp corresponds to a polyhedral set
that contains the initial conditions of interest 2, and T'() is the diffeomorphism (5.9).

* The minimum volume ellipsoid (MVE) covering the set Z in (5.22):
EZE{ZER"I :zTZflzsl}, (5.36)

where Z € S!* isaknown given matrix that can be obtained through the approach detailed
in [24, § 8.4].

* The associated unit level set of the QLF defined in (5.33):

E(P1) 2 {zeR™ :V(2)<1). (5.37)

Then, Proposition 5.3.1 is formulated by following a similar process to that described in Sec-
tion 3.3:

Proposition 5.3.1. Ler R (1, p) be a parameter-dependent set defined asin (5.34). IfE(P, 1) is
a contractively invariant set satisfying ¥ (9, p) € © x -

Zyc E(P,1) cR,(V, ), (5.38a)

E(P,1) c &y, (5.38b)

then for any initial condition T (xo) € 2o, and bence T (xo) € E(P, 1), the convergence of the

corresponding transformed state trajectory z(t) — 0 when t — oo is ensured under saturation
avoidance and, as a consequence u(t) € U,

105



5 Shifting feedback linearization control

Proof. The proof uses same logic as Proposition 2.3.1. The inclusion £(P,1) ¢ R.(V,¢) in
(5.38) ensures that v/(t) € V(U(t),o(t)) Vt > 0 and, hence u(t) € Uy, during the transient
response of z(t) as long as the initial condition z( is such that T'(x() € Zy. On the other hand,
the inclusion £(P, 1) c £z ensures for any z(t) € £(P, 1) that the trajectory z(t) = T(z(t))™
belongs to the set X’ described by (5.21). [ |

On the basis of the inequality (5.32) and Proposition 5.3.1, the control design problem consid-
ered in this chapter can be formulated formally as follows:

Problem 5.3.1. Given the linearized system (5.15) subject to the state-dependent saturation func-
tion (5.16) and the regions (5.34)—(5.37), design a shifting state-feedback controller (5.31) such
that for any T'(x¢) € Z:

1. The closed-loop system dynamics satisfy the performance specification (5.32) with a QLF
given by (5.33).

2. The feedback linearizing law (5.7) belongs to the set U, defined in (5.14).

S.4 SHIFTING CONTROLLER DESIGN

Considering the control strategy stated in Section 5.3, let us introduce Theorem 5.4.1 which pro-
vides an LMI-based methodology for solving Problem 5.3.1 based on Proposition 5.3.1. Partic-
ularly, this theorem ensures v € 1}(19, ) and the convergence to zero of any state trajectory
z(t) € E(P,1) for some desired dr () and, hence, the trajectory z(t) — 0 fort > 0 and any
T(:L’o) € Zo.

Theorem 5.4.1. Given the regions (5.34)-(5.37) with the known matrices M(9) € R™™ and
Z € S*, the known vertices vs, and a desired guaranteed decay rate dr () € Ry, let there exist
P eSSt andY (U, ) € R™" such that ¥ (0, @) € © x ® the following conditions are satisfied:

He{AP + BY (9,¢)} + 2dr ()P <0, (5.39)
[]*D “1] 20, seTiin, (5.40)

[f ]P;] >0, (5.41)

[&l(f) M (”9)[1}3/(“9“")] >0, €Ty . (5.42)

Then, the closed-loop response of the linearized system (5.15) with the control law (5.31) satisfies (5.32)
if the parameter-dependent controller gain is computed as K (9, p) = Y (9, 0) P~L. Furthermore,
the convergence of z(t) — 0 when t — oo is ensured for any xo such that T'(x) € Zo and v(t) €

V(x(t)).
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5.4 Shifting controller design

Proof. By introducing the control law (5.31) into (5.15), the following closed-loop representation
is obtained under the assumption that v/(t) works in the linearity region of the actuators:

2=Az+Bv=(A+BK(9,¢))z. (5.43)
Then, the following parameter-dependent BMI can be obtained by taking into account (5.32):
He{P'A+ P 'BK(9,¢)} +2dr(p)P' <0. (5.44)
By pre- and post-multiplying (5.44) by P, we get:
He{AP + BK(9¥,9)P} +2dgr(p)P <0, (5.45)

which is still a BMI due to the product between the decision variables K (¥, ¢) and P. Then,
in order to transform (5.45) into a parameter-dependent LMI, the change of variable Y (¢, ) =
K (9, )P is applied to (5.45), thus obtaining (5.39).

Let us demonstrate that (5.40) leads the inclusion Zy ¢ £(P, 1), thus ensuring that any trajec-
tory evolution of z(¢) — 0 forany T'(x¢) € £(P, 1) and, also, for any T'(x) € Zp. Recall from
[54, Chap. 7], the inclusion Zy ¢ £(P, 1) is formulated as:

T p-1
v P us <1, se I[l,nv]a

which is equivalent to (5.40) through the application of the Schur’s complement.

Similarly, the constraint (5.41) enforces the inclusion £(P, 1) c €. This inclusion guarantees
that any trajectory z(t) = T(2(t))™" belongs to the set X' described in (5.21) for any z(t) €
E(P,1). In fact, the above-mentioned inclusion corresponds to:

777 <Pz (5.46)
Then, manipulating the above expression one gets:

Pl-z1xo, (5.47)
and, by pre- and post-multiplying (5.47) by P, we get:

P-PZ'P>0, (5.48)

thus obtaining the LMI (5.41) after applying Schur’s complement to (5.48).

Finally, condition (5.42) is obtained from the inclusion £(P,1) ¢ R, (1, ), thus ensuring
that while moving along decreasing values of the Lyapunov function V'(2), the input signal v
remains in the region of linearity. The inclusion £(P, 1) ¢ R (¥, ¢) is expressed as:

-
ZT H(’l9, @)[Z]H@?? 90)[l]
a1(¢p)

2<2 P2 Ledp (5.49)
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5 Shifting feedback linearization control

where H (0, ¢); = M(ﬁ)[l]K(ﬁ, ). By manipulating the above expression one gets:

B K (9,9)" M(9) [ M (9) [y K (9, )
a1()

-1

> 0. (5.50)

Then, by pre- and post-multiplying (5.50) by P we obtain:

LY. SD)TM@T“(]g DY Oe) (5.51)
a1

and by means of the Schur’s complement in (5.51) the parameter-dependent LMI (5.42) is ob-
tained, thus concluding the proof. [ ]

S.4.1 FINITE-DIMENSIONAL LMI DESIGN CONDITIONS

Note that Theorem 5.4.1 is not suitable for design purposes due to the presence of parameter-
dependent LMIs (5.39) and (5.42), hence the need of reducing them to a finite number. To this
end, a polytopic representation for the parameter-dependent terms appearing in Theorem 5.4.1 is
defined by a convex combination of a finite set of 1, 75y and 1, X, known vertices, respectively:

M) = Zé,ui(??)Mi, (5.52a)
[6(¢) dr(p)]= Zém(«p)[% dr;] (5.52b)
£
Y(0,¢) = Z? fim(ﬁ)m(@lfij, (5.52¢)
1= j:

where Ml e R™™ 6; ¢ R™ and dr; € R, stand for the given known vertex terms and
Yi; € R™ " denotes the decision control gain vertex matrices. p(9) € R™ and n(p) € R™
correspond to the polytopic weight vectors belonging to the unit simplexes, defined as in (2.10)
and (2.63), respectively:

Tp

Anl‘ £ {N(ﬁ) c Rn# : Zﬂz(ﬁ) = 1, /1,2(19) > O, 1€ I[l,n#]}J (5533.)
i=1
iy

A 2 {77(90) cR"™ Z 77](90) = 1’ nj((p) > 0, j € I[Lnn]}' (553b)
7=1

Based on the above representation (5.52) and (5.53), Corollary 5.4.1 is derived.

Corollary 5.4.1. Given the known matrices M; € R™ "™ and Z € S\*, the known vertices vs,
the desired gnaranteed shifting decay rate vertices dr; € Ry, and a previously chosen relaxation
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degree d € N with d > 2, suppose that there exist P € ST* and Yij € R™ " withi € I(1,n,) and
J € L1, Such that conditions (5.40) and (5.41) are satisfied together with:

G1j My, Yoo .
2 [ S W]ZO’ LeTpm,  Vielip,) (5:55)
peP(i)

Then, Theorem 5.4.1 holds for all parameter-dependent terms appearing in (5.52).

Proof. The proot is divided into two parts. The first part demonstrates the finite representation

of the parameter-dependent LMI (5.39) through the application of the polytopic representation

(5.52). The second part shows how one obtains the LMI (5.55) using (5.52) and Lemma 2.2.14.
Part 1: By means of (5.52), the parameter-dependent LMI (5.39) can be expressed as follows:

N My Ny
HG{AP +BY Y Mi(ﬁ)ﬁj(SD)Yij} +2 ) ,nj(p)dr; P <0, (5.56)
i=1j=1 j=1

which can be rewritten taking into account the fact that () € A™ and () € A™, thus

obtaining:
ny Ny

Z; Zl pi(0)n; (9)[He{ AP + BY;;} +2dg; P] < 0. (5.57)
1=1j=

Then, the negative-definiteness of (5.57) can be guaranteed if:
He{AP-l—BYZJ} +2deP < 0, 1 EI[I,n#L j EI[Lnn] (558)
is satisfied, thus obtaining the LMI (5.54).
Part 2: Similarly, the parameter-dependent LMI (5.42) can be expressed as follows:
Ny Ny Ny 5 M Y
Z Z 2 Hiy (19):“22 (6')77](@[ ij [l]ﬁ 2]:| >0, le I[l,m]' (5.59)

i1=1dg=1j=1

Since the positive-definiteness of expression (5.59) includes multiple polytopic summations, the
application of Lemma 2.2.14 is required, thus obtaining the LMI(5.55) and concluding the proof.
]

5.5 IMPLEMENTATION CONSIDERATIONS

Based on the results stated in Chap. 3, this section presents some implementation considerations
for the control strategy described in Section 5.3.2 with the purpose of getting the maximum fea-
sible value of dg (¢) when o (z) — &.

Let us recall from (3.97) the definition of the polytopic weights 7;(¢) in (5.52):

e
ni(e) = [1&n(en), JeZnome (5.60)
h=1
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5 Shifting feedback linearization control

where:
1- if ( mod 2") € Zpy on-
Einleon) = { on i ) eI (5.61)

otherwise

Then, with the consideration of dg (¢) € [QR, d_R] and the use of the procedure stated in
Section 3.6, Corollary 5.4.1 can be reformulated into an LMI-based optimization procedure ex-
pressed as O in (5.62) for a fixed value dr > 0 and a given set of possible values Sg, ¢ Ry:

max dg
Os : dreSag : (5.62)

subject to  conditions (5.40), (5.41), (5.54) and (5.55)

thus obtaining the desired GSDR vertex values dg ; € R, in (5.52b) such that the upper limit of
dr () is maximized. Note that the selection of GSDR vertex values in (5.62) is subject to the
condition defined in (3.99):

dRCi + dr(nu-C;) |
R] = J — hd J s ] € I[172n<p] (563)
Ny

d

where C; is the number of times condition &;,(¢r) = 1 = ¢, in (5.61) holds.

Finally, the optimization procedure (5.62) is used to solve Problem 5.3.1, which corresponds
to an LMI-based feasibility problem subject to the performance criterion (5.32) and the desired
vertex decay rate values (5.63). The design and implementation process is outlined below:
Offline procedure:

(i) Find the expressions of the decoupling matrix M (z), the vector b(z) and the diffeomor-
phism 7'(x) through (5.5), (5.6) and (5.9), respectively.

(ii) Define the set X in (5.21).
(iii) Define a set of grid points # € X, ¢ X with &, = {211}, ... &{"}}and n, e N,

(iv) Obtain M (49) and &;(¢) through a convex representation of terms M () ™! and o (z)?,
as shown in Example 5.3.1.

(v) Define the regions Zp and £z in (5.35) and (5.36), respectively.

Online procedure:

(i) Compute the current values of M (z), b(x) and T'(x) using (5.5), (5.6) and (5.9), respec-
tively.

(ii) Compute the current value of the polytopic weights 1;(¢) and 1;(¢), fori € Zy , 1 and
J € I[1,n,)> respectively.

(iif) Obtain the current value of Y (¢, ) from the expression (5.52c).
(iv) Compute K (9,¢) =Y (9,¢) P

(v) Compute the control law (5.31) and the feedback linearizing law (5.7).
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5.6 Experimental results

5.6 EXPERIMENTAL RESULTS

In this section, the three degrees of freedom (3-DoF) hover platform from Quanser™ [91] serves
as an experimental validation of the approach developed in this chapter. First, a brief description
and the model of the platform are provided in Section 5.6.1. In Section 5.6.2, the experimental
closed-loop configuration for the feedback linearization is detailed. In Section 5.6.3, the design
specifications are given. Finally, the simulation results and the experimental validation are pre-
sented in Sections 5.6.4 and 5.6.5, respectively.

5.6.1 QUANSER 3-DOF HOVER PLATFORM

The 3-DoF hover platform consists of a quadrotor positioned over a 3-DoF pivot joint enabling
the rotational motion about the body frame {B}. Three high-resolution encoders are available
for measuring the Euler angles ¢, 6 and v, thus allowing the estimation of the Euler angle rates b,
6 and v through a filtering process. Furthermore, the frame {B} is fixed to the platform’s centre
of gravity (CoG) and the axes (x5, Y, 2B) point to the platform’s front, right and upper sides,
respectively, as shown in Fig. 5.2.

Figure 5.2: Quanser 3-DoF hover system scheme.

The platform’s rotational motion is achieved by four propellers located at the extremes in a
cross configuration. The rear and front propellers rotate in counter-clockwise direction, while
the left and right propellers rotate in a clockwise direction. Due to the actuator actions, the roll,
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5 Shifting feedback linearization control

Table 5.1: Quanser 3-DoF parameters

Symbol Description Value / Type Unit
®,0,9 Roll, Pitch and Yaw angles Measured rad
¢,0,7 Roll, Pitch and Yaw angle rates Estimated rad/s

ko Thrust coefficient 0.1188 N/V

kq Drag coefficient 0.0036 Nm/V

L, Distance CoG - rotor 0.1968 m

I Moment of inertia x—axis 0.0522 kg m?

I, Moment of inertia y—axis 0.0522 kg m?

I, Moment of inertia z—axis 0.1104 kg m?

Vin Maximum motor voltage 24 Vv

Vibias Bias motor voltage 12 A%

kz Roll friction coefficient Estimated ~ Nm/rads™!
k?r Pitch friction coefficient Estimated Nm/rads™*
k}f Yaw friction coefficient Estimated Nm/rads™*

pitch and yaw moments (7‘¢, Ty, 71/,) can be obtained under the assumption that the thrust and
drag forces are proportional to the motor’s voltage as follows:

T4 0 -Lkr 0 Lkyp “jm’l
mo|=|lLkr 0 -Lkr O vaQ , (5.64)
3
7] Lka ko ko ko lfy"
where Vi 1, ..., Vin 4 denote the input voltage of the front, left, rear and right motors in (V),

respectively, and the rest of parameters are listed in Table 5.1. Furthermore, the motors’ voltages
Vini = VAP + Vi, are supposed to have the same behaviour regarding the voltage limits consider-
ing Vin; € [O, Vm] and Vifb € [~Vhias, Vin — Viias ] fori € 1[174], and as a consequence, the torque
limits 7 = u € R3 are:

76| < lakrVin, || < lakoVim,  |7y] < 2kqVin - (5.65)
~ — \"'\f—/ " —
U1 u2 us

Remark 5.6.1. It should be noted that including a bias voltage avoids the motor voltage from
reaching negative values and being cut off, hence preventing potential permanent damage to the
power amplifier.

Recall from [20], the nonlinear dynamics of the 3-DoF hover platform are characterized by x =

[qb, 0,1, Q.S, 9, ¢]T and u = [7’¢, 70, Tw]T under the assumptions that the platform’s body is rigid
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and symmetrical, that the entire state is known and that the gyroscopic effects and disturbances
can be neglected:

i) 24
Ta x5
. $6
T 0 _
Sl ol I A +| 72 | sat(u, u, @)
VY 22 1 s Yy )
Tal | Ly 5T (5.66)
Ts5 —Zzlyy” T4T6
; Loo—1
T Loz —lyy
L0 | T 1., T45 |

11>
|

Yy h(x)—[xl T arg]T,

where J 2 diag{I s, lyy, 1. }.

5.6.2 EXPERIMENTAL CONFIGURATION FOR FBL

By implementing the proposed strategy on toy numerical examples, it has been observed that
the effect of the proposed shifting controller design is more impactful in situations where a big
amount of the control signal is used to feedback linearize the plant. For a multirotor vehicle, this
corresponds to operating conditions usually encountered in high friction environments, such as
those experienced underwater (see, for example, [72]). In order to emulate such conditions using
the available laboratory setup, the existence of higher friction is taken into consideration by gen-
erating it using a part of the control law, thus leading to the control-loop configuration shown in
Fig. 5.3, which is employed for all the experiments described in this section.

Linearization loop

a
- Ug, o U Quanser T z
M(x)™! (v —b(z)) - JV_ 3-DoF hover T(x)
v Ve
Virtual
friction

Stabilization loop

K(9,¢)

Figure 5.3: Experimental closed-loop configuration. (us, denotes the limited feedback linearizing law (5.7)
due to the presence of the motion’s virtual friction.)

Considering the experimental closed-loop configuration in Fig. 5.3, the total control input sig-
nal in (5.66) can be defined as follows:

U = ugy, — Vg,
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5 Shifting feedback linearization control

where ug, € R? is the feedback linearizing law (5.7) and v, € IR? represents the motion’s virtual
friction:
Vg = diag{kﬁakgak}f} [O3x3 T3],

| —
Ky F

with K € R33 asa diagonal matrix containing the given positive friction coefficients k(ﬁ, kg and
kg, and F' € R3*6 25 2 matrix with appropriate rows of the identity for selecting, in this case, the
states 4, -5 and Zg.

For the sake of the controller’s design, the feedback linearizing law (5.7) is considered to vary
within 60% of the torque limit values in (5.65). Hence, the coefficients k?, kg, and k?r) have to
be chosen to define v from the input to vary within 40% of @ in order to avoid saturation. To
this end, a definition of the friction coefficient is proposed below under the assumption that each
limit of the states x4, x5 and x in (5.21) is symmetric:

0.4u 0.4u 0.4u
ke e T2 e 8
X4 Ts5 Z6

where Z4 = 24, T5 = x5 and Tg = 2 are the given symmetric state limits.
Given the above discussion, the following design model is obtained from (5.66):

N Ty 1
T1 s
T2
. L6
N EZ Io_I K¢ O3x3 _
r=|."|=lvyzizz _ 2w +| 27 | sat(ug, U, Usp
T4 Tom T5T6 Iﬁ‘gf T4 J 1 ( ) ) ) (5.67)
5 IZZI_#LL%G - If' x5
. vy ylg
-x6_ Izch_Iyyx $5 _ ;{fr xﬁ
| " 1., ]

13

Yy h(ac)=[m1 T9 :z:g,]T,

with the known limits ug, = ug, = 0.6 .

Then, by means of the procedure described in Section 5.2.2, the feedback linearizing law (5.7)
can be characterized by the following terms (the details are omitted due to similarities with Exam-
ple 5.3.1):

¢
Tyy—1-- ke
. L5526 — T4
Ipa Ton
M -1 _ J b = Izzig}zz 1;Lﬁ' 68
(x) " =J, b(z) = Tpy LTaZe = 7 U5 | (5.68)
III—Iyy kf

L. Tals~ T, 76

thus obtaining the vector of transformed state variables:

z= T(.Z') = [¢; ¢707é7w7¢]T
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and the following full linearized version of the system (5.67):

5.6 Experimental results

01000 0] [0 0 0]
000000 100
000100/ foo0o0 i
=lo o000 offt|o 1 ofRtmu@) (@) (5.69)
000001 00 0
000000 [0oo0 1]
A B
¢ 0 k?’

7.-%6 in (5.67) and (5.68) hinder platform motion.

As a result, the state-dependent input constraints of the linearized plant (5.69) are affected and,
consequently, the variability of the region V(z) in (5.24) is also affected.

k k
Note that the terms +- x4, += x5 and
I Iyy

5.6.3 DESIGN SPECIFICATIONS

Let us establish the lower and upper limits of each state as:

= _ a 26T = _ a 251 = _ a T
95'1—&'1—%8—0, 72-&-@, 11703—&63—2,
Ly =24 =7, s =I5 = 7, Te =26 = 7

thus defining the set X" in (5.21), and the coefficients kg = kg = 0.2858 and kg: = 0.0880.
Similarly, let us consider that the expected initial condition £ belongs to the following polyhedral
set:

X0={33€R6:—$0S$0Si‘0},

where Zg = 20 = 155[10, 10, 10,0.1,0.1,0.1]". The transformation of sets X and Xy into
the z—coordinates, denoted by Z and Z, respectively, is obtained by using the diffeomorphism

T'(z). As a result, the MVE that covers Z is characterized by the following matrix:
7 = diag{1.1423,3.7011,1.1423,3.7011, 14.8038, 3.7011},

thus defining the region £ in (5.36).
By considering the offline procedure in Section 5.5 and the terms in (5.68), the vertex elements
of the convex representation of & () in (5.52b) are obtained for j € Zj; g:

61 (a2, 53, 63, 652 [a?, 63, a2],
g9 = [Q% 637 5§]T7 06 = [Q% 6%7 Q%]Tv
g3 (a2, 03, 53, 672 (a3, o3, 3],
612 [0?, 03, 53", 682 (o}, o3, 03],

where 07 = 02 = 0.0061, 03 = 0.0012, 57 = 53 = 0.1134 and 53 = 0.0105. Furthermore, in
this case, it should be noted that matrix M (¢) in (5.52a) is considered parameter-independent,
without loss of generality, due to the fact that M () is constant forall z € X.
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Finally, Problem 5.3.1 is solved through the LMI-based optimization problem (5.62), which is
implemented in MATLAB by using the YALMIP toolbox [70] and the SeDuMi solver [117]. Asa
result, the following guaranteed shifting decay rate vertices of dr () in (5.52b) are obtained for
the established design specifications, a fixed dg = 0 and a chosen relaxation degree d = 2:

dg, = 0.8337,

drs = drs = drs = 0.5558,
dry = drg = dry = 0.2779,
drg = 0.

5.6.4 SIMULATION RESULTS

This section illustrates the performance of the designed controller under simulation conditions

without the presence of disturbances. To this end, the nonlinear system is evaluated for a time
simulation of 6 s with ¢ = 1g—o[—l(), -10,10,0.1,0.1,-0.1]" € A.

Fig. 5.4 shows how the closed-loop state response of the 3-DoF hover platform converges to
the origin, thus proving the closed-loop stabilization of the nonlinear system for a non-zero initial

condition.

w 0 Z 6
= 8y
— -5 =,
S —2
< .10 =0
0 2 4 6 0 2 4 6
t[s] t[s]
— 0 T
: / <
— -5 =,
o= 2
< .10 20
0 2 4 6 0 2 4 6
¢[s] t[s]
— 10 »
g .
25 S2
s = -4
= 0 5’
0 2 4 6 0 2 4 6
t[s] ¢[s]

Figure 5.4: Closed-loop state responses (Simulation).

Fig. 5.5 illustrates the time variability of the region f/(x) in (5.23) due to its dependence on .
The transient response of the closed-loop system as depicted in Fig. 5.4 corresponds to the time
window between ¢ = 0 and ¢ = 25, during which the most restrictive constraints are present
in V(). Nevertheless, the calculated value of M (l‘)[_ﬁlj forl = 1,2, 3 is ensured to lie between
the limits +0; () forall ¢ > 0. As a result, the control input (5.7) stays within the input limits, as
seen in Fig. 5.6.
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Bounds of the region V(z)

Control inputs [N m]

5.6 Experimental results
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Figure 5.6: Control inputs (Simulation).
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5 Shifting feedback linearization control

Finally, Fig. 5.7 shows that the Lyapunov function V() is strictly decreasing for the entire
simulation and illustrates the adaptability of the guaranteed shifting decay rate dg () according
to the instantaneous values of o ().

1
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Figure 5.7: Lyapunov function and guaranteed shifting decay rate (Simulation).

5.6.5 EXPERIMENTAL VALIDATION

This section describes the experimental evaluation of the closed-loop stability and the closed-loop
performance of the 3-DoF hover platform. To do this, we evaluate the closed-loop system response
from the hovering point thus implying an initial state value of the Euler angles and rates close
to zero. During the experiment, the platform is disturbed for a time interval of 1s with three
independent impulses whose values of 0.125 N m, —0.125 N m and —0.08 N m are added to the
actual 74, g and 7 atinstants ¢ = 10s,¢ = 20sand ¢ = 305, respectively, to illustrate the closed-
loop transients for different values of the initial state. The disturbance time window between
t = 10sand ¢t = 30s is highlighted in Figs. 5.8-5.12 with a grey background =, and the time
intervals when the Lyapunov function V() is such that V() > 1 are highlighted with the red
background m.

Fig. 5.8 shows that the closed-loop stability is guaranteed for all ¢ > 0, even when the aforemen-
tioned disturbances are present. The absence of an integral action and the potential existence of
unmodeled terms both contribute to the presence of a steady state error for the pitch angle 6(t).
Note that an integral action can be added to the proposed control law, following the idea of state
augmentation presented, e.g., in [43]. However, considering the state augmentation implies the
presence of internal dynamics that must be considered and, hence, the partial linearization of the
nonlinear system [63], which goes beyond the scope of this chapter.
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Figure 5.8: Closed-loop state responses (Experimental). (The grey background = denotes the disturbance
time window. The red background m represents the time interval where V'(2) > 1.)

Fig. 5.9 illustrates how the bounds of the region ]A/(:E) in (5.23) vary over time. Due to the
lack of robustness against the presence of disturbances, there exists the possibility of v leaving
V() for time instants where V() > 1 (see Fig. 5.12). However, the control input (5.7) can
be guaranteed to lie between the input limits as long as the region limits in (5.23) are satisfied, as
shown in Fig. 5.10. Furthermore, it is shown in Fig. 5.11 that the applied motor voltages, obtained
from the relationship (5.64), remain within the actuator’s limits.

Finally, Fig. 5.12 shows the Lyapunov function V' (z) and the guaranteed shifting decay rate
dr (). Note that after the disturbances have been applied, the bounds of the region V(z) are
more restrictive (see Fig. 5.9) and, as a consequence, the actual value of dg (¢) is reduced. Fur-
thermore, it is also shown that despite V' (2) > 1 for some instants after the applied disturbances
in 74 and 7, respectively, the proposed control design approach has some robustness so that it
can cope with more extensive operating conditions than those certified by the theoretical proofs
of stability and non-saturation.
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Figure 5.9: Bounds’ variation of the region f)(x) in (5.23) (Experimental). (The grey background = de-
notes the disturbance time window. The red background m represents the time interval where
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Figure 5.10: Control inputs (Experimental). (The grey background = denotes the disturbance time win-
dow. The red background m represents the time interval where V'(2) > 1.)
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Figure 5.11: Motor voltages (Experimental). (The grey background = denotes the disturbance time win-
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Figure 5.12: Lyapunov function and the guaranteed shifting decay rate (Experimental). (The grey back-
ground = denotes the disturbance time window. The red background m represents the time
interval where V' (2) > 1.)
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5 Shifting feedback linearization control

5.7 CONCLUSIONS

The design of a shifting FBL controller for a nonlinear system with input constraints has been
investigated in this chapter. The proposed methodology, which is based on the use of the input-
output FBL approach, the polytopic representation and the application of the shifting paradigm
concept, has been used to design a gain-scheduling state-feedback controller for a fully linearized
system subject to a state-dependent input saturation. The simulation and experimental results
show that the proposed controller achieves the guaranteed shifting decay rate performance by
adjusting the closed-loop response of the system in real time according to the instantaneous values
of the time-varying system’s region of linearity.

Future research will focus on the development of alternative LMI-based methods to account
for asymmetric saturation limits, parameter-dependent Lyapunov functions, and the application
of robust techniques.
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6 ASYMMETRIC SATURATIONS

The content of this chapter is based on the following work:

* [98] A. Ruiz, D. Rotondo, and B. Morcego. “Design of switching state-feedback controllers for
linear systems subject to asymmetric saturations”. JEAC-PapersOnLine, 2023. 22nd IFAC World
Congress. Accepted.

6.1 INTRODUCTION

Despite the fact that most of the proposed approaches in the literature address the saturation
control problem with symmetric actuator saturations in mind (see, for example, works [29, 30,
56], monographs [54, 119], and references therein), asymmetric saturation limits may frequently
arise in practical systems. A common approach is to manage the asymmetric saturation functions
by treating them as symmetric saturation functions with the most restrictive saturation limits, at
the cost of increasing conservatism. For this reason, several researchers have recently focused on
this topic in an attempt to reduce conservatism. For example, [25, 73] have suggested a coordi-
nate transformation in order to enlarge the controlled region of attraction. In [15], an LMI-based
methodology has been proposed for stabilizing an asymmetrically saturated system by converting
itinto a saturated one with symmetric saturation limits and a bounded disturbance. Alternatively,
a linear system with asymmetric saturations can be converted into a switched linear model with
symmetric saturations, as demonstrated in [47, 69, 132], where different LMI-based methodolo-
gies have been proposed for designing a switching controller.

The present chapter describes an LMI-based methodology for designing a switching state-
feedback controller for a linear system subject to asymmetric input saturations. Although the
idea of using a switched model is based on the idea of partitioning the state space into multiple re-
gions, as proposed by Yuan et al. [132], the main difference and contribution of this chapter when
compared to existing approaches is that the switching rule is designed based on the attainable
closed-loop performance. In particular, the design conditions are obtained through the applica-
tion of the theory of invariant sets and the use of a QLF, thus guaranteeing that the control action
remains in the linearity region of the actuators. Furthermore, a closed-loop performance criterion
is established by associating distinct decay rate values to the different possible controller modes,
equipping the control system with the ability to change its closed-loop performance in the sense
of guaranteed convergence speed.

This chapter is structured as follows: Sections 6.2-6.3 present some preliminary concepts, the
formulation of the closed-loop performance specification, and the definition of the control design
problem. Section 6.4 provides an LMI-based methodology for the controller design. Section 6.5
explores the extension to the parameter-varying case. Finally, an illustrative example is presented
in Section 6.6.
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6 Asymmetric saturations

6.2 PRELIMINARIES
Consider the following CT system:
= Az + Bsat(u,u,u), z(0) =z, (6.1)

where x € R"* is the state vector and u € R™* denotes the control input vector. A € R"**" and
B e R"**™ represent the state and input matrices, respectively, and sat(u, u, u): R™ — R™=
denotes the standard asymmetric saturation function, defined as in (2.71):

sat(uy,u1,u)
: u, ifu; >y
sat(u,u,u) = | sat(u,w,w) |, sat(u,u, @) 23 w, ifuelu,a] (6.2)

. U, if u; < —-Ujg
Sat(unu 9 unu? unu )

for [ € Iy ) with known saturation limits u;, @ € R, \{0}. Note that the standard symmetric
saturation function is recovered if u; = u; VI € Tt nay which will be denoted as sat (u;, @;).
According to Yuan et al. [132], the asymmetric saturation (6.2) can be characterized by a com-

ny

. . . . .. . s =2
bination of 2"* symmetric saturations, the limits of which belong to the set S, = {0;};_; ¢

3
R7\{0}, and ¥ is specified as:
V; = PZ’I_J, + FZ_LL, 1€ I[172nu], (63)

XNy

where U; € S, corresponds to the it" saturation limit vector, I'; € R™ is a diagonal matrix

whose elements take the value O or 1 and I'; = 1,,, - I';.
An example to explain the obtention of vectors ¥; € S, is provided below.

Example 6.2.1. For n, = 2 and the given vectors & = [y, ti2]" and u = [u1,uz]", the matrices
['; and I'; in (6.3) are defined for i € Zp; 47 by:

00 0 0 10 10
_ |1 0 _ |1 0 _ (0 0 _ {00
N U A (O R O
Then, the set S,, contains all the possible combinations of the saturation limit vectors in (6.2) as

Follows. so{l el

Therefore, the system (6.1) can be reformulated as a switched linear system subject to symmetric
saturation functions sat(u, U;): R™ — R™ associated with the vectors U; € Sy, as follows:

A

i = Az + Bsat(u,v;), i€ I[Lgnu]. (6.4)
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6.3 Problem formulation

6.3 PROBLEM FORMULATION
Let us define the following switching state-feedback controller:
u= KZ'ZC, 1€ I[LQ”“]’ (65)

where K; € R™" corresponds to the ith controller gain matrix. In this way, the closed-loop
representation of the switching saturated system (6.4) is obtained, as follows:

i = Az + Bsat(K;x,0;), 0; €Sy, i € I[LQnu]. (6.6)

The goal of this chapter is to stabilize the closed-loop system (6.6) so that the performance
criterion stated in Definition 6.3.1 is fulfilled with the actuators working in their linearity region.

Definition 6.3.1 (Guaranteed switching decay rate (GSWDR)). The closed-loop response (6.6)
is said to have a desired guaranteed switching decay rate if:

V(x) < -2dg; V(z), VieI}onu), (6.7)

where V() is a parameter-independent Lyapunov candidate function and dgr; € R, corre-
sponds to the ith desired decay rate value associated to the controller gain K in (6.5).

To accomplish this goal, the next section provides an LMI-based methodology for designing a
non-saturating switching state-feedback controller (6.5) with the objective of solving the control
design problem listed below:

Problem 6.3.1. For the CT system (6.1) under the asymmetric saturation function (6.2) and
a given set of admissible initial conditions Xp, design a non-saturating switching state-feedback
controller (6.5) and a switching rule such that for any initial state 2o € &p:

1. The closed-loop system response ensures the GSWDR performance (6.7).

2. The computed control action u(t) lies in the region of linearity of the system (6.1), such
thatsat(u, u, @) = u, which is characterized by the following polyhedral set:

L(u,u,u)= {u eR™ : —uy <uy <y, GI[LM]}. (6.8)

|

6.4 DESIGN OF A NON-SATURATING SWITCHING STATE-FEEDBACK
CONTROLLER

Let us consider the relationship between the input v and the state x given by the control law (6.5),
then for the active controller gain K; and the associated saturation limit ©; € S,,, the region of
linearity (6.8) is mapped onto a symmetric region, defined as:

ﬁs(Kiaﬂi) = {ZL‘ eR™ : |K[l],z$| < U4, le I[l,nu]}a (69)
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6 Asymmetric saturations

which is equivalent to:
K[l] i s
ﬁS(KZ',Q_}Z') £igxeR™ . .’L‘TL—QJZ <1, 1le¢ I[l,nu] R (6.10)

where ¥ ; denotes the I element of T;.
Recalling from Section 2.3.2, the polyhedral set of admissible initial conditions & is defined
asin (2.73):
Xo 2 Co{vy,...,vn,}, vseR"™, Vse I[1n)s (6.11)

where 7, is the number of vertices and vy represents each vertex of the set. Thereupon, let us
propose below a slight modification of Proposition 2.3.1:

Proposition 6.4.1. Let L (K, U;) be a symmetrical polybedral set defined asin (6.10). IfE(P, c)
is a contractively invariant set satisfying Vi € Ipy onu)

Xo CE(P,C) Cﬁs(Ki,@i), (6.12)

then for any initial condition xo € Xy, and bence o € E(P, ), the convergence of the corresponding
state trajectory x(t) — 0 when t — oo is ensured under saturation avoidance for at least one of the
2" computed controller gains K;.

Proof. Since one of the vectors U; € S,, contemplates the case with the most restrictive saturation
limits, the region £( P, ¢) is forced to reside within the region of linearity that corresponds to
the worst-case scenario. Hence, it is ensured that at least one of the computed controllers will
perform under saturation avoidance V¢ as long as z(t) € £(P, ¢). The rest of the proof follows
the reasoning in Proposition 2.3.1 and is thus omitted. [

The following theorem gives the conditions for designing the switching state-feedback con-
troller (6.5) in order to solve Problem 6.3.1 considering the performance specification (6.7) and
the set of inclusions (6.12) stated in Proposition 6.4.1. To keep things simple, the general design
approach is developed with a QLF in mind, as specified in (2.12):

V(z)=2"P 'z, (6.13)

and its unit level set:

E(P1)={xeR"™ : V(x)<1}. (6.14)

Theorem 6.4.2. Given the regions (6.10), (6.11) and (6.14) with the known vertices vs and the
desired switching decay rate values dr; € Ry, let there exist decision matrices P € S* and Y; €
R™ " satisfying Vi € I1y gnu] and U; € Sy:

He{AP + BY;} +2dg; P <0, (6.15)
P g
|:* 1 :| >0, s¢ I[an], (6.16)
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6.4 Design of a non-saturating switching state-feedback controller

o2 Y,
[ e Elj’ >0, lepy - (6.17)
Then, the closed-loop system response (6.6) with the switching state-feedback controller (6.5) com-
puted as K; = Y; P~ bas the guaranteed switching decay rate performance expressed by (6.7).
Furthermore, the convergence of x(t) — 0 whent — oo is ensured for any xo € Xy such that

x(t) € Ls(K;,0;) and, bence, u € L(u,u, ).

Proof. The proofis split in two parts. The first part demonstrates how the performance criterion
(6.7) is guaranteed by the LMI (6.15). The second one shows that any state trajectory () starting
from an zg € Xy ¢ (P, 1) belongs to Ls(K;,;), i € Iy anu], implying that 2(¢) — 0 for
t — oo withu € L(u,u, ).
Part 1: By assuming that sat(K;z, 0;) = K;x Vi € Ifj gnu, the closed-loop system response
(6.6) can be rewritten as:
t=(A+BK;)x. (6.18)

Then, the following set of BMIs can be obtained by considering (6.7):
He{P'A+ P 'BK;} +2dg; P™' <0. (6.19)
By pre- and post-multiplying (6.19) by P, one gets:
He{AP + BK;P} +2dg; P <0, (6.20)

which can be transformed into the LMI (6.15) by means of the change of variable Y; = K;P
Vi € I1y gnu). Therefore, the feasibility of the LMI (6.15) ensures that the closed-loop response
of system (6.6) has the switching guaranteed decay rate performance (6.7).

Part 2: By using Schur’s complement, the LMI (6.16) is equivalent to:

U;P_l’us <1, se I[l,nv]a (6.21)

which leads to the inclusion Xy ¢ (P, 1) (see [54, Chap. 7]). Next, the following condition is
obtained by pre- and post-multiplying the LMI (6.17) by diag{ 1, P_l}:

o2 K ~ leTn .,
[ iz ]D[i]’ z 07 v; € SU7 . 1] ) (622)

which by applying Schur’s complement and pre- and post-multiplying by 2" and z, respectively,
leads to:

= T < xTP_lac,

Ul

which yields £(P, 1) c L;(K;, v;). Consequently, x € L( K, U;) is ensured for any trajectory
x € E(P,1) and, hence, u € L(u, u, @), thus concluding the proof. ]
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6 Asymmetric saturations

6.4.1 SWITCHING RULE

Since x(t) € Ls(K;,v;) isguaranteed V¢ > 0 by Theorem 6.4.2, the following rule can be defined
to select the active controller gain K,

o =argmax dgy,

(6.23)
st. he {z €Iy onuy K € E(u,y,ﬂ)}

It should be noted that this rule accounts for which one among the controller gains provides an in-
putsignal contained in the asymmetric region of linearity (6.8), given the current value of the state.
This is a novelty when compared to other existing approaches (see e.g., [132] or [69]), where the
switching rule accounts for the control input signs instead. Furthermore, the rule (6.23) selects,
among the non-saturating controller gains, the one that provides the largest guaranteed decay
rate, therefore adjusting the closed-loop performance according to the criterion given in Defini-
tion 6.3.1.

Remark 6.4.1. Note that the situation where rule (6.23) is not defined due to saturating gains
is not considered. Future work will address the extension of the provided approach considering
saturated control inputs approaches [54, 119].

6.5 EXTENSION TO THE LPV CASE

Let us extend the procedure described in Section 6.4 to the LPV case by modifying (6.6) as follows:
= A9z + B(9)sat(K;(9)x,0;), (6.24)

with ¥; € S, and 7 € Z[; gnu]. The parameter-dependent matrices A(J) € R™*"=, B(1}) €

R7=*"u and K;(1) € R™*™* can be written as a convex combination of 1, known vertices:

[A(9) B() Kz-w>]=§ujw>[x4j B, Ky, (6.25)

where A; € R"=*" B, € R"=*™ and K;; € R™**"* stand for the given known vertex matrices
and ¥ € © ¢ R™ represents the scheduling parameter vector with © as a known, bounded and
closed set. f4(1#) € R™* corresponds to the polytopic weight vector belonging to the unit simplex,
defined as in (2.10):

Np
AN {u(ﬁ) eR™ : > pi(9) =1, p(9) >0, je I[l,nu]}' (6.26)
j=1

Due to the controller gain being parameter-dependent, the symmetric region of linearity (6.10)
becomes parameter-dependent as well Vi € Z[y nuy:

Ki(9)[ 1K (9
Es(Ki(ﬂ),l_)i)é{me]R”x it )[52 ( )“]xg, Zez[l,nu]}, (6.27)
X
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6.5 Extension to the LPV case

so that the set of inclusions (6.12) in Proposition 6.4.1 is modified as:
XO CS(P7 C) c LS(Ki(ﬂ)vﬁi)a (628)
which leads to the extension of Theorem 6.4.2 to the LPV case.

Theorem 6.5.1. Given the regions (6.11), (6.14) and (6.27) with the known vertices vs, a previously
chosen relaxation degree d € N, with d > 2, and the desired switching decay rate values dgr; € R,
let there exist the decision matrices P € SI* and Yij € R™ " with i € Ijy gnuyand j € Iy, ]
such that the LMI (6.16) is satisfied together with:

Z. [He{Aq, P+ By, Yig,} +2dr;i P1 <0, jeliy, . (6.29)
q<P(j)
Ut Yl .
*’ P’ >0, U;e€S,, l¢€ I[l,nu]' (6.30)

Then, the gnaranteed switching decay rate performance defined in Definition 6.3.1 holds for all
parameter-dependent terms appearing in (6.24), (6.27) and (6.28) with the controller gain com-

puted as K;(9) = (7% 15 (9) Vi ) P
Proof. Similarly to the proof of Theorem 6.4.2, the following BMI can be obtained Vi € Zp; nu]:
He{A(¥)P + B(9)K;(¥)P} +2dg; P <0, (6.31)

which can be transformed into the following LMI by means of the change of variable Y;(9) =
K;(9)P:
He{A(Y)P + B(9)Y;(9¥)} +2dg; P <0, (6.32)

By using the polytopic representation (6.25) of the parameter-dependent matrices appearing in
(6.32) and considering (1)) € A", one gets:

ng Ny

STy (9) gy (9) [He{Aj, P+ Bj, Yy, } + 2dg, P] < 0. (6.33)
Jj1=17j2=1

Since multiple polytopic summations are involved in the negative-definiteness of (6.33), the use
of Lemma 2.2.14 is required for obtaining the LMI (6.29).

By multiplying the left-hand side of the LMI (6.30) by 11 () and summingitupto j € Zpy , 3,
one gets:

_9 .
Ul,i Y;(l?)[l] _ 1€ I[I’Q'nu]
[ N R (6.34)

Then, let us pre- and post-multiply the expression (6.34) by diag{ 1, P }, thus obtaining:

_9 .
Ul,i Kz(’l?)[l] _ 1€ I[Lgnu]
[ . p1 (= 0, v;€8y, leTpn (6.35)
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6 Asymmetric saturations

Finally, the following inequality is obtained by using Schur’s complement and pre- and post-
multiplication by 2" and z:

§
OOy

9
Ul

<z Pz

)

which leads to the parameter-dependent inclusions £(P, 1) ¢ Ls(K;(¥),0;). Asaresult, z €
Ls(K;(19),0;) is guaranteed for any x € £(P, 1), and so u € L(u,u, ), thus concluding the
proof. [ ]

Note that rule (6.23) can also be applied to the LPV case, although it will lead to the active
controller being dependent on the varying parameter ¢:

o(¥) = argmax dgy,

h (6.36)
s.t. he {z € Ipy gnu + Ki(0)2 € L(u, u,ﬂ)}

6.6 ILLUSTRATIVE EXAMPLE

Let us consider the following system [119, Example 1.3], with modified saturation limits:

[0 -00] 15 0]
o1 -3 [T |o p|PNHE)

The characterization of the asymmetric saturation function (6.2) is obtained by a combination
of 4 symmetric saturations, thus defining the following matrices:

0 0 0 0 1 0 1 0
111 = [O 0:|) ]-_‘2 - |:0 1]7 F3 - |:0 O:|7 F4 = [0 1:|7
_ |1 0 _ |1 0 _ 10 0 _ 10 0
N e A (e

Then, the symmetric saturation limits U; € S, of the switched closed-loop system (6.6) are ob-
tained for ¢ € 7y 4) with S, defined as:

21 2] [5] [5
s-{EHE B
Let us now assume that the initial states for the system (6.1) belong to the polyhedral set X

T

Then, for each controller gain K; in (6.5), let us define the following desired switching decay
rate values:

= [572]T
[2,3]"

[N

de = 0, dR2 = 165, ng = 330, dR4 = 495,
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6.6 Illustrative example

which will lead to obtain the fastest guaranteed closed-loop convergence speed for the closed-loop
system (6.6) associated with the controller gain K4 and the saturation limits ¥4 € S,,, whereas,
the slowest one is established for the system with K1 and 01 € S,,. On the other hand, the decay
rates dro and dg 3 are chosen by considering 33% and 66% of dg 4, respectively.

Remark 6.6.1. Itshould be noted that there exists a trade-oft between the provided values of the
desired switching decay rates and the feasibility of the problem. For example, a larger value of dr ;
implies lower values in the remaining decay rates in order to reach a feasible solution. Furthermore,
it is also worth noting that, for a pre-determined design criterion, a linear search technique may
be utilized to find values that make Problem 6.3.1 feasible.

After determining the design specifications, Problem 6.3.1is solved by implementation of The-
orem 6.4.2 in MATLAB environment via the YALMIP toolbox [70] and the use of the SeDuMi
solver [117]. Then, the Lyapunov matrix P and the controller gains K; obtained as a feasible solu-
tion are:

_1-0.0642 -0.1346 Ky = -0.3751 -0.0815
~[-0.0819 -0.5426 T2 7 |-0.0785 -0.5896’

P
[-0.7214 -0.2770] [—1.0289 —0.4028]
3= , Ky = )

_[22.5511 -0.2223
- 1-0.2223  1.0710 |’

-0.0377 -1.5314 -0.0003 -1.9308

SIMULATION RESULTS

Let us illustrate the results of the designed switching state-feedback controller under three difter-
ent initial conditions: ") £ [3.5162,0.6602]", z{* = [2.9,-0.65]" and z{¥ = [-1,-1T,
denoted by a solid red line (—), a blue dashed line (- -) and a dashed-dotted green line (---), re-
spectively.

Figs. 6.1-6.2 show the closed-loop state responses and the behaviour of the obtained control
input over time, respectively. It is worth noting that regardless of the initial conditions, all states
tend to the origin ensuring closed-loop stabilization. For the case of starting in a:(()l), the computed
input signal has three discontinuities due to the activation of three different controller gains, as
shown in Fig. 6.3, where the signal o/(t) is plotted. Conversely, it can be seen that the input signals

do not show any discontinuities in simulation xé?’) as a result of using the same controller gain
for the entire simulation.

Fig. 6.4 illustrates the phase plane delimited by the asymmetric regions of linearity obtained for
each designed controller: © o = 1,7 0 =2, o0 =3and ¢ = 4. Furthermore, the regions Xy
and (P, 1) are represented by the shaded black area and the solid violet line (—), respectively.
Then, it can be seen that all region transitions produced by the evolution of the state correspond
to the values of the signal o(¢) shown in Fig. 6.3.

Remark 6.6.2. During the controller design stage, a unit Lyapunov level set £(P, 1) has been
considered without loss of generality. It should be emphasized, however, that all level sets of the
QLF (6.13) completely contained in the illustrated asymmetrical regions of linearity in Fig. 6.4,
such as the one bordered by the solid yellow line (- ), satisfy the stated closed-loop performance
requirement.
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6 Asymmetric saturations

Fig. 6.5 shows that the Lyapunov function V() is strictly decreasing in all the simulations.
Furthermore, note that the closed-loop convergence speed of the state trajectory corresponding
to x(()l) rises from the specified value dg to the value of dg 4 according to current state vector, thus
producing abrupt changes in V' (). Finally, Fig. 6.6 shows that the guaranteed switching decay
rate (6.7) satisfies the desired decay rate values for all the possible non-saturating state trajectories,
ie, -V (x)/(2V(z)) > dr, Yo # 0. This demonstrates the capacity of online adaptation of

the closed-loop system.
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Figure 6.2: Control inputs. (The saturation limits are shown as dotted lines.)

132



6.6 Illustrative example

Figure 6.3: Switching control rule signal.

Figure 6.4: Asymmetric regions of linearity.

10
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Figure 6.5: Lyapunov function and its derivative.
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Figure 6.6: Guaranteed switching decay rate. (W corresponds to ~V ()/(2V ()) and mm denote dg,.)
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6.7 Conclusions

6.7 CONCLUSIONS

This chapter explored the design of a control law for a linear system with asymmetric saturations.
The proposed method is based on the transformation of an asymmetrically saturated linear system
into an equivalent switched system with symmetric saturations, providing an LMI-based method-
ology for developing a switching state-feedback controller. The results demonstrate that the pro-
posed switching rule criterion satisfies the guaranteed switching decay rate performance criterion.
In this way, the closed-loop system response alters its performance in terms of convergence speed
dependent on the current state vector. Furthermore, it has been demonstrated how to extend the
proposed methodology to the parameter-varying case.

Animportant question that has to be addressed further is the consideration of saturated control
input with the purpose of obtaining less conservative results, thus allowing the implementation
of the designed controllers to real-world systems. Furthermore, the development of alternative
LMI-based methodologies to deal with the case where the saturation limits vary over time may be
of interest in future work.
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7 CONCLUSIONS AND FUTURE WORK

This thesis has proposed some contributions to the fields of LPV systems and actuator saturation
control, with a focus on their application to time-varying saturation avoidance. This chapter pro-
vides the main conclusions of the work presented in this dissertation and explores potential lines
of research.

7.1 CONCLUSIONS

Actuator saturation control has been investigated throughout the last few decades, and several
theoretical and experimental results have been presented in the literature. Nevertheless, the pres-
ence of time-varying saturation levels still leaves an open direction for further investigation. This
thesis has contributed to the advancement of the state-of-the-art in this field.

* In Chapter 3, the problem of designing shifting state-feedback controllers has been ad-
dressed for time-varying saturated LPV systems. The given solution is based on a con-
vex representation of changes in the saturation limit, enabling the characterization of a
parameter-dependent region in which control action saturation does not occur. LMI-based
design methodologies have been proposed using both parameter-independent and parame-
ter-dependent QLFs. In addition, an optimization procedure has been proposed for the
selection of desired shifting specification vertex values under a pre-established criterion,
such as the maximization of the closed-loop convergence speed when the largest satura-
tion limit is available. In order to obtain a finite number of design conditions, the poly-
topic representation has been employed together with the application of Pélya’s relaxation
theorem to deal with the presence of products involving multiple polytopic summations,
allowing the consideration of, e.g., parameter-dependent input matrices. The proposed de-
sign conditions have been effective, with the controller being able to regulate closed-loop
convergence speed or disturbance rejection effectiveness according to the instantaneous sat-
uration limit values and closed-loop stabilization under saturation avoidance. It has been
observed that the results obtained for the PDQLF case appear to be less conservative than
those obtained for the QLF case. However, the computational cost and the mathematical
complexity are increased, which may hinder the implementation of the proposed design
approach in higher-order plants due to the large number of LMIs required.

* Chapter 4 has considered the problem of designing shifting output-feedback controllers
for time-varying saturated LPV systems, thus extending the procedure proposed in Chap. 3
to the output-feedback case. To this end, a GS dynamic output-feedback control law has
been combined with the shifting paradigm concept. Additionally, the conditions for ensur-
ing time-varying saturation avoidance have been stated. The solution to the design problem

137
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has been expressed in terms of LMI-based design procedures, for which a feasible solution
should be found, and it has been obtained using a PDQLF. However, the obtained design
conditions result in a GS controller whose dependency on the time derivative of schedul-
ing vectors leads to a nonviable implementation. At the expense of adding some degree of
conservatism, this issue has been alleviated by imposing some design restrictions on the de-
cision variables. The example has shown the effectiveness of the proposed approach for the
shifting guaranteed decay rate criterion. In particular, in contrast with existing results in the
literature, the designed controller is able to adjust its closed-loop performance in terms of
convergence speed based on the actuator saturation limit values and guarantee closed-loop
stability under saturation avoidance.

In Chapter 5, the shifting paradigm concept and the FBL technique have been integrated
through the framework proposed in Chap. 3 to solve the problem of designing shifting
state-feedback controllers for full-feedback linearized systems under state-dependent input
saturations. Specifically, a shifting control strategy and an input constraint mapping have
been proposed, thus guaranteeing the stabilization of the full-feedback linearized system
under saturation avoidance and achieving a shifting performance such that the combina-
tion of the linearizing law and the shifting state-feedback control law remains within the
limits of the actuator. The control design has been formulated through LMI-based con-
ditions using a QLF. However, the assumption of symmetrizing the time-varying region
of linearity of the constrained linearized system has been considered for obtaining these
conditions, thus introducing a certain degree of conservatism. Through simulation and
experimental results obtained by using the Quanser 3-DoF hover platform, the potential
and efficacy of the designed controller have been demonstrated. It has been shown that the
controller guarantees shifting decay rate performance by adjusting the closed-loop response
of the system in real time in accordance with the instantaneous values of the time-varying
system’s region of linearity.

Chapter 6 has explored the design of non-saturating switching state-feedback controllers
for linear systems under asymmetric saturation. A transformation of an asymmetrically
saturated linear system has been used to obtain an equivalent switched system under sym-
metric saturations. The solution to the design problem has been expressed in terms of
LMI-based design conditions using a QLF, which can be solved via the available solvers.
Additionally, an extension of the proposed design methodology to the LPV case has been
discussed. The main difference between the proposed strategy and others in the literature is
that the switching rule has been designed based on achievable closed-loop performance. In
particular, the concept of a guaranteed switching decay rate has been introduced. There-
fore, the established switching rule selects among the non-saturating controllers the one
that provides the largest guaranteed decay rate, thus adjusting the closed-loop performance
in terms of closed-loop convergence speed.



7.2 Perspectives and future work

7.2 PERSPECTIVES AND FUTURE WORK

Open issues that could be addressed as potential future research topics are summarized in this
section.

* The proposed LMI-based methodologies in Chapters 3 and 4 for designing shifting con-
trollers have also been developed using PDQLFs, thus resulting in less conservative results
in contrast to the QLF case. However, the necessity to deal with the presence of scheduling
parameter rates at the design stage increases the computing burden and the mathemati-
cal complexity, making it more difficult to implement the suggested design technique in
higher-order plants due to the substantial amount of LMIs needed. Through the investi-
gation of polytopic vertex reduction techniques, further study on this subject will try to
minimize the number of design conditions.

* An experimental platform has been used to successfully implement the approach proposed
in Chapter 5. However, the LMI-based design methodology for the controller design has
been produced utilizing a QLF and the assumption of symmetric saturation limits of the
linearized system, thus introducing a certain conservatism. The extension of the approach
to the usage of different kinds of Lyapunov functions, such as parameter-dependent ones,
and the consideration of asymmetric saturation limits in order to reduce the conservative-
ness of the solution would be an intriguing area for further study.

* A non-saturating switching controller for linear systems with asymmetric saturation has
been designed thanks to the methodology described in Chapter 6. The design criteria,
however, do not account for a potential variation in the saturation limits. Additionally, it
has been used a QLF for each and every switching region, which is conservative. Creating
switching approaches that could deal with the presence of time-varying saturation limita-
tions poses an interesting problem to be addressed. The potential application of switched
Lyapunov functions may also be a future research area.

* The selection of the desired shifting specification values associated with each controller
vertex gain may not be trivial in situations where there are several vertices. An interesting
line for future research would be the exploration of genetic algorithms, swarm-based algo-
rithms, or machine learning techniques for finding an efficient way to assign the desired
specifications to each controller’s vertex gain.

* The overall suggested design procedure has been developed under the assumption of per-
fect knowledge of the systems, the absence of uncertainties in the scheduling parameters,
the avoidance of actuator saturation, and symmetric saturation limits. However, in many
real-world applications, robustness against model uncertainties and sensor noise is required,
saturation allowance is desired for obtaining more aggressive performance, and asymmet-
ric saturation limits may appear. Future research will extend the proposed techniques to
design saturating, robust controllers for LPV systems subject to actuator saturation with
time-varying symmetric/asymmetric saturation limits.

* The conditions for ensuring actuator saturation control have been derived in this thesis
using the direct design approach. To avoid placing limitations on the nominal linear con-

139



7 Conclusions and future work

troller design, it may be interesting to take into account alternate strategies, such as an anti-
windup technique, for extending the suggested methodology. Further investigation into
the usage of contractive polyhedral sets throughout the design stage may include a focus
on MPC techniques.
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