TUTI

TECHNISCHE UNIVERSITAT MUNCHEN
TUM School of Computation, Information and
Technology

Constrained Adaptive Control of Uncertain
Switched Systems
A Study with Focus on Piecewise Affine Systems

Tong Liu

Vollsténdiger Abdruck der von der TUM School of Computation, Information and
Technology der Technischen Universitat Miinchen zur Erlangung des akademischen
Grades eines

Doktors der Ingenieurwissenschaften (Dr.-Ing.)

genehmigten Dissertation.

Vorsitz: Prof. Dr.-Ing. habil. Erwin Biebl

Priifer der Dissertation:

1. Prof. Dr.-Ing. Martin Buss

2. Prof. Dr.-Ing. Rolf Findeisen

Die Dissertation wurde am 07.07.2022 bei der Technischen Universitat Miinchen eingereicht
und durch die TUM School of Computation, Information and Technology am 19.09.2023
angenommen.






Acknowledgments

This thesis summarizes my research conducted over the last years at the Chair of Automatic
Control Engineering (LSR), at the Technical University of Munich, Germany. First of all, I
would like to express my sincere gratitude to my advisor, Prof. Martin Buss, for providing
me the chance to do research at LSR and great freedom to explore the topics I am interested
in. His trust in my ability and insightful suggestions constitute the source of encouragement
for me to overcome challenges in my research. Let me also express my appreciation to Marion
Leibold and Stefan Kersting for their kind discussions at the beginning stage of my research.
I also get continuous support and encouragements from my collaborators Fangzhou Liu,
Zengjie Zhang and Yufeng Gao. Many thanks for the great collaboration experience.

I would also like to thank the whole team at LSR and ITR. I appreciate the valuable sug-
gestions from Yi Ren, Qingchen Liu, Zhehua Zhou about writing responses to the reviewers.
Many thanks to Volker Gabler for maintaining the IT infrastructure and helping me with
the organizations in the adveisor program. Special thanks to my colleagues Yingwei Du,
Stefan Friedrich, Tim Briiddigam, Cong Li, Yongchao Wang, Ni Dang, Yuhong Chen, Gerold
Huber, Rameez Hayat, Kohi Hoang Dinh, Ozgiir Ogiiz for the helpful discussions and ex-
changes. 1 greatly appreciate my officemate Jakob Frohner for the enjoyable time, where we
not only celebrate our successes but also provide mutual support during challenging times.
Besides, many thanks to Larissa Schmid for always being patient and helpful to all kinds of
my organisatorial issues.

During my time at LSR, the adveisor program is an extraordinary chapter. I would like to
thank Dirk Wollherr, who always has an open ear to all my problems and questions, always
give me quick feedback and continuous support. I am also grateful to Manfred Lang, Philipp
Rubner, Jorg Kammermann, Andreas Ebentheuer, Tim Stahl for sharing their valuable
experience and knowledge with me. Further, thank Michael Fink for the pleasant and kind
cooperation in the handing-over-year.

Most importantly, I would like to take this opportunity to thank my parents Shihong Liu
and Yan Chen for their love and understanding. Although being more than eight thousand
kilometers away, their support always encourages me to move forward. Finally and equally
importantly, I wish to express my deepest gratitude to my wife Zhou Tong for her love,
encouragement, and support during all these years.

Munich, May 2022 Tong Liu






Abstract

Numerous engineering systems are characterized by nonlinearity and switching phenomena,
which pose great challenges to the analysis and control design. Considering the tremendous
existing approaches and methods in the control community to analyze and control linear
systems, it is natural to propose the concept to model switched systems or approximate
nonlinear systems with a set of linear systems, such that the existing approaches for linear
systems can also be applied to nonlinear and switched systems. Piecewise affine systems, as
a class of representative switched systems, are proposed to realize this concept because of
their universal approximation capability. This thesis focuses on the study of piecewise affine
systems and aims to explore their adaptive control with considerations of three practically
relevant constraints: limited excitations, performance constraints, and sensor constraints.

Under limited excitations, it is challenging to achieve the convergence of the estimated
parameters of the uncertain piecewise affine systems to their real values in the adaptive con-
trol. To tackle this challenge, a concurrent learning-based indirect adaptive control method
is developed, which exploits both the current data and the recorded history data to update
the control gains and estimated parameters. Given a relatively milder excitation condition of
the linear independence of the recorded data is satisfied, the control gains and the estimated
parameters converge to their nominal and real values.

Performance constraints on the system output or state are imposed when the real sys-
tems have operational boundaries or safety specifications. In the presence of performance
constraints, adaptive control approaches are developed for both output tracking and state
tracking tasks, respectively. The use of barrier function concept endows the approaches with
the feature that the tracking errors are confined within a prescribed performance bound. To
enhance the robustness of the proposed approaches against disturbances, we further present
projection-based modifications of the adaptation laws. Furthermore, for both output tracking
and state tracking cases, direct and indirect adaptive controllers are developed, respectively.
The direct adaptive control enjoys simple structure while the indirect adaptive control can
achieve parameter identification in addition to the trajectory tracking task.

For switched systems with sensor constraints, namely, whose states are not available for
feedback measurement, we investigate their adaptive control and adaptive observer, respec-
tively. The common difficulty of these two tasks lies in how to cope with the transient terms
caused after each switch, which depend on the unknown states at switching instants. An
output feedback-based adaptive control is developed for uncertain piecewise affine systems.
It treats the transient terms as disturbances and incorporates projection-based adaptation
laws to guarantee the closed-loop stability. As a result, the proposed adaptive control en-
forces the output of the piecewise affine system to track the output of a linear reference
system with the tracking error being small in the mean square sense. Besides, the conver-
gence analysis of the estimated control parameters is also provided. Moreover, an adaptive
observer is developed for uncertain switched systems. By exploiting the known information
contained in the transient terms as excitation sources, the proposed adaptive observer es-
timates the unknown state and parameters simultaneously with asymptotic convergence of
the estimation errors.
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Zusammenfassung

Zahlreiche technische Systeme sind durch Nichtlinearitdt und Schaltphdnomene gekennze-
ichnet, die eine grofle Herausforderung fiir die Analyse und den Entwurf der Regelungen
darstellen. In Anbetracht der umfangreichen bestehenden Anséitze und Methoden zur Anal-
yse und Regelung linearer Systeme ist es naheliegend, das Konzept vorzuschlagen, mit einer
Reihe von linearen Systemen schaltende Systeme zu modellieren oder nichtlineare Systeme
anzunihern, so dass die bestehenden Ansétze fiir lineare Systeme auch auf nichtlineare und
schaltende Systeme angewendet werden konnen. Stiickweise affine Systeme, als eine Art von
reprasentativen schaltenden Systemen, werden zur Umsetzung dieses Konzepts vorgeschla-
gen aufgrund ihrer universellen Approximationsfahigkeit. Diese Dissertation konzentriert
sich auf die Untersuchung von stiickweisen affinen Systemen, mit dem Ziel, ihre adaptive
Regelung unter Beriicksichtigung von drei praktisch relevanten Beschrankungen zu unter-
suchen: begrenzte Anregungen, Performancebeschrankungen und Sensorbeschrénkungen.

Bei begrenzten Anregungen ist es eine Herausforderung, die Konvergenz der geschétzten
Parameter der stiickweise affinen Systeme zu ihren realen Werten in der adaptiven Regelung
zu erreichen. Um diese Herausforderung zu bewiéltigen, wird eine auf Concurrent Learning
basierende indirekte adaptive Regelungsmethode entwickelt, das sowohl die aktuellen Daten
als auch die aufgenommenen historischen Daten zur Aktualisierung der Regelparameter und
geschétzten Systemparameter nutzt. Bei der Erfiillung einer relativ milderen Anregungs-
bedingung von der linearen Unabhéangigkeit der aufgenommenen Daten konvergieren die
Regelparameter und die geschatzten Systemparameter zu ihren nominalen beziehungsweise
realen Werten.

Performancebeschrankungen fiir den Systemausgang oder -zustand werden auferlegt, wenn
die realen Systeme Betriebsgrenzen oder Sicherheitsspezifikationen haben. Bei Vorhanden-
sein von Performancebeschrinkungen werden adaptive Steuerungsansitze sowohl fiir die
Ausgangsverfolgung als auch fiir die Zustandsverfolgung entwickelt. Die Verwendung des
Konzepts der Barrierefunktion verleiht den Ansétzen die Eigenschaft, dass die Verfolgungs-
fehler innerhalb einer vorgegebenen Performancegrenze begrenzt werden. Um die Robus-
theit der vorgeschlagenen Ansétze gegentiber Storungen zu verbessern, stellen wir aulerdem
projektionsbasierte Modifikationen der Adaptionsgesetze. Auflerdem werden jeweils fiir die
Ausgangsverfolgung und fiir die Zustandsverfolgung sowohl direkte als auch indirekte adap-
tive Regler entwickelt. Die direkte adaptive Regelung hat eine einfache Struktur, wahrend
die indirekte adaptive Regelung neben der Verfolgung einer Referenztrajektorie auch eine
Parameteridentifikation durchfiihren kann.

Fiir schaltende Systeme mit Sensorbeschrénkungen, d.h. deren Zustande nicht fiir eine
Riickkopplungsmessung zur Verfiigung stehen, untersuchen wir ihren adaptiven Regelung
und adaptive Beobachter. Die Schwierigkeit dieser beiden Aufgaben liegt in der Behandlung
der Transienten, die nach jedem Schaltvorgang auftreten und von den unbekannten Zustan-
den zu den Schaltzeitpunkten abhédngen. Eine auf Ausgangsriickkopplung basierende adap-
tive Regelung fiir stiickweise affine Systeme mit Parameterunsicherheiten wird entwickelt.
Sie behandelt die Transienten als Storungen und beinhaltet projektionsbasierte Adaptionsge-
setze, um die Stabilitat des geschlossenen Regelkreises zu gewahrleisten. Die vorgeschlagene
adaptive Regelung erzwingt den Ausgang des stiickweisen affinen Systems dem Ausgang eines
linearen Referenzsystems zu verfolgen, wobei der Verfolgungsfehler klein im Sinne des mit-
tleren Quadrats ist. Auflerdem wird die Konvergenzanalyse der geschétzten Regelparameter
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durchgefithrt. Dariiber hinaus wird ein adaptiver Beobachter fiir schaltende Systeme mit Pa-
rameterunsicherheiten entwickelt. Durch Ausnutzung der bekannten Informationen enthal-
ten in den Transienten als Anregungsquellen schéitzt der vorgeschlagene adaptive Beobachter

den unbekannten Zustand und die Parameter gleichzeitig mit asymptotischer Konvergenz der
Schatzfehler.
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Notation

Conventions

Numbers and Number Sets

R Set of real numbers

R+t Set of positive real numbers
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Notation

Norms and £, Spaces
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1P
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1Al
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ZC€£2
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and positive definite matrix, defined as ||z||p = 27 Px
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For function x(t), we say that x € L., when sup,|x(t)| is finite
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Introduction

In engineering practice, many systems are characterized by a mixture of continuous dynamics
and discrete modes. The switching among discrete modes governs how the continuous state
of the system evolves. Systems involving these two kinds of dynamics are called switched
systems [92]. Based on how the switching signals are generated, switched systems can be
categorized into two classes: state-dependent switched systems and time-dependent switched
systems. For state-dependent switched systems, the continuous state space is partitioned
into several operating regions by switching surfaces. A continuous differential equation is
assigned to each operating region to describe the local dynamics. Each local dynamics
can be viewed as a subsystem of the switched system. Whenever the state of the system
evolves across the switching surface, the switching of subsystem dynamics, or in other words,
operating modes is triggered. For time-dependent switched systems, the switching signals
are piecewise continuous functions of the time. In most literature, the switching signals of
time-dependent switched systems are treated as exogenous signals.

A representative example of state-dependent switched systems is the class of piecewise
linear (PWL) or piecewise affine (PWA) systems, which exhibit universal approximation
capability to approximate nonlinear systems. A PWL or PWA system can be obtained
by linearizing a nonlinear system at a set of operating points. The state space (in some
cases state-input space) of a PWL/PWA system is partitioned into convex polytopes with
each polytope containing one operating point. In each region, the PWL/PWA system is
governed by an associated linear subsystem dynamics. The hyperplanes, which determine
how the state space is partitioned into polytopes, characterize the switching mechanism of
the PWL/PWA system.

Since proposed by Sontag in the pioneering work [146], PWL/PWA systems have enjoyed
a wide range of engineering applications. In electronic circuits, they have been utilized to
model circuits with switching components such as DC-DC converters [59, [110, [111] as well
as those with nonlinear components such as tunnel diode circuits |[130] and chaotic circuits
[36, 182]. Another favorable application field is manufacturing engineering where many
plants are mechanical systems with piecewise linear characteristics such as friction |165],
backlash [171], and saturation [74]. Closely related to these systems in the manufacturing,
many mechanical systems in the transportation are reported to be modelled as PWL/PWA
systems like automotive vehicles with nonlinear tire friction characteristics [21, 24], aerial
vehicles [30], and aircraft wing models with nonlinear aeroelasticity [176]. In robotics, PWA
approximation of contact dynamics around the nominal trajectory facilitates the realization
of complex dexterous manipulation [63] and planar non-prehensile manipulation tasks [66,
67). Besides, the concept to linearize nonlinear systems at multiple operating points has
been widely adopted in chemical and biological systems including stirred tank reactors [44],
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hormone therapy for diseases [148], and gene regulatory networks [10]. In addition to all
the above-mentioned physical models, researchers have exploited PWA systems to describe
social phenomena such as opinion dynamics [68], [147].

Early studies of PWA systems begin with their intrinsic properties including stability
analysis [53, 72, [73], controllability and observability |14} 29, 37|, well-posedness [70], non-
Zenoness [28] and convergence analysis |[124]. Based on the stability analysis of autonomous
PWA systems, the state feedback controllers are developed for the stabilization of nonau-
tonomous PWA systems [64], 129]. For PWA systems, whose states are not available, the
state estimator [75] and observer-based control synthesis are developed to fulfill regulation
tasks |130] and tracking tasks [158, |165], given that the trajectory to be tracked is also
generated by a reference PWA system. In cases where the trajectory is not generated by
a reference PWA system, tracking tasks are also explored with the optimization concept
(minimizing the tracking errors) such as the optimal control |24, 35| and model predictive
control [41]. The synthesis of the aforementioned controllers focuses on the ideal case, which
requires that the system parameters and region partitions are exactly known and the systems
are without disturbances. To enhance the utility of the developed methods, some practical
relevant factors are considered such as actuator and sensor faults [127], noisy measurements
[128], time-delay, data sampling and packet losses over communication networks [109, [132].
Moreover, in the presence of parameter uncertainties or external disturbances, robust opti-
mal control [78] and various control methods with H,, performance are proposed [40, [52,
54, [189]. Nevertheless, when the uncertainties and disturbances are very large, the robust
controllers may not be able to stabilize the closed-loop systems.

To counter large uncertainties and disturbances, more recent works introduce the adap-
tation mechanism into PWA systems. One aspect is adaptive identification. Due to the
hybrid nature of PWA systems, both the switching hyperplane estimation and the subsys-
tem parameter identification need to be explored. Given offline data of the switched systems,
the simultaneous estimation of switching hyperplanes and subsystem parameters has been
studied in [45, 87, [159], to name a few. A more elaborated introduction can be seen in
[57] and [80, App.B]. Online estimation approaches to estimate the switching hyperplanes
and the subsystem parameters are respectively proposed in [81] and [79] assuming that the
counterpart is known. Recently, online identification approaches are developed in |23, 46,
113] to estimate the switching hyperplanes and subsystem parameters simultaneously.

Another aspect to cope with uncertainties lies in adaptive control. Typically, adaptive
control is divided into two groups: direct adaptive control and indirect adaptive control.
In direct adaptive control, the controller gains are adjusted without identifying the system
parameters while the controller gains of indirect adaptive control are updated based on the
parallelly conducted parameter estimation. The direct model reference adaptive control
(MRAC) approaches of PWL systems for state tracking and output tracking are reported in
[137] and [134], respectively. For PWA systems in control canonical form, a hybrid MRAC
approach based on minimal control synthesis is proposed for the continuous-time case |16]
and discrete-time case [19]. By assuming the existence of a common Lyapunov function,
the stability of the controlled PWA system in control canonical form without sliding mode
is guaranteed. This approach is extended in [18] such that the stability is ensured even
when the closed-loop system exhibits sliding mode. Moreover, the absence of the sliding
mode phenomenon is proved for the MRAC of a special class of PWA system, namely,
continuous bimodal PWA systems [17]. The work in [83] generalizes the MRAC approach
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to multivariable PWA systems. In particular, the indirect MRAC approach, which is rarely
studied for PWA systems before, is also discussed. Given a reference signal, which satisfies
the persistence of excitation (PE) condition, both the tracking task and the estimation of
subsystem parameters of the PWA systems can be achieved. All these referenced MRAC
approaches are applied to PWL and PWA systems with known region partitions (known
switching signals) and unknown subsystem parameters. This is closely related to the MRAC
of switched linear systems with unknown subsystem parameters as their switching signals
are given externally and therefore also known. To enhance the robustness of the adaptive
switched linear systems against disturbances and time-delay, some robust MRAC approaches
have been proposed. These include robust MRAC with dead-zone [161] and leakage [174],
robust H., MRAC [166,, 169, |170] as well as control approaches with asynchronous switching
between subsystems and controllers |167].

1.1 Challenges and Research Goals

Despite the above-referenced research progress, practical relevant constraints are not taken
into account in the existing adaptive control of PWA systems. As a control system has three
basic elements: the input, the state/output, and the feedback loop, we consider in this thesis
constraints imposed on each element, namely, limited excitations at the input, performance
constraints on the state/output, and sensor constraints on the feedback loop.

Limited Excitations

Most adaptive control tasks primarily aim to track a given state or output trajectory by
updating the controller gains. Although asymptotic tracking can be achieved without the
convergence of parameter estimation errors, studying the parameter convergence (conver-
gence of the controller gains or unknown system parameters to the nominal values) is still a
topic of major interest [150]. On the one hand, parameter convergence improves the transient
behavior of the closed-loop system. It is shown in [39, |118| that large parameter estimation
errors may result in bad transient behavior. On the other hand, parameter convergence facil-
itates the monitoring of the operation conditions of the plants. By observing the estimated
parameters, one can identify hazards such as component aging and actuator failures.

Despite these advantages, achieving parameter convergence in the adaptive systems re-
quires strong conditions. The PE assumption is a common condition for the parameter
convergence. With this assumption, existing results of adaptive estimation and control of
switched systems [83, (137, |173| achieve the parameter convergence. Nevertheless, the PE
condition requires that the input signals should contain different frequencies. This causes
oscillations and vibrations in the real engineering systems, which might be harmful to the
physical plants. This poses the challenge when the system is with limited excitations and
the PE condition is not satisfied. The question we would like to explore is as follows:

Question 1. Can we achieve parameter convergence for adaptive control of uncertain PWA
systems without the PE condition?
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Performance Constraints

Most of the existing adaptive control approaches can ensure asymptotic tracking, namely,
zero steady-state tracking error, whereas the transient behavior of the closed-loop systems
is not guaranteed. Large differences between the true parameters and the initial values of
the estimated ones may lead to aggressive transient behavior. One possible way to improve
the transient behavior is to manually tune the adaptation gains by trial and error. However,
tuning adaptation gains on the real systems with uncertainties is not always feasible for two
reasons. First, a lot of systems in practice have state or output constraints like physical or
operational boundaries, and saturation. Taking the above-mentioned examples of switched
systems for instance, an electrical machine has a maximum allowed rotation speed and its
coils have a maximum allowed current to avoid mechanical injuries and overheating. A
chemical reactor has a nominal volume to avoid the overflowing of the chemicals. Second,
some physical systems may have to interact with the environment, which induces certain
performance and safety constraints such as a collision-free specification for the trajectory
of an autonomous car or a service robot. As the exact system models are not available,
directly tuning adaptation gains on these systems may lead to violation of the performance
constraints, which further causes accidents, personal injuries or financial loss. Recently,
a lot of adaptive control methods satisfying some performance constraints on the output
tracking error have been proposed for non-switched systems [12} |13] 62} 69| |153]. How to
design adaptive controllers for uncertain switched systems and meanwhile satisfy the output
tracking performance constraints is still challenging. In light of this fact, the following
question is to be studied in this thesis:

Question 2. How to design adaptive controllers for uncertain PWA systems satisfying out-
put tracking performance constraints?

In some circumstances, constraints may not only be imposed to the output of a system,
but also the full state vector. This motivates us to further consider the following question:

Question 3. How to design adaptive controllers for uncertain PWA systems satisfying state
tracking performance constraints?

Sensor Constraints

The solution of many practical problems requires precise measurements of system states.
However, in engineering practice, the full state measurement requires the complex placement
of sensors, which is not always feasible because of physical constraints or limited budgets.
Due to such sensor constraints, we consider the situations where only the output signal is
available. Most of the existing adaptive control approaches for switched systems rely on the
full state feedback. In [134} 155, |156], the adaptive control methods for linear time-varying
systems with parameter jumps or PWL systems are proposed based on output feedback,
which guarantees small output tracking errors in the mean square sense. Nevertheless,
they cannot be applied to uncertain PWA systems due to the additional affine terms of
PWA systems when compared with those systems. Therefore, we would like to explore the
following question:

Question 4. How to design adaptive controller for uncertain PWA systems based on output
feedback?
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Figure 1.1: Thesis Outline

In addition to the adaptive control tasks, it is also of interest to explore the state obser-
vation tasks. To recover the state signals from the output signals, the state observers can
be applied. Nevertheless, the design of state observers requires exact knowledge of system
models. For systems with parameter uncertainties, it is a challenge to simultaneously esti-
mate unknown states and system parameters. The adaptive observer is the main method to
solve this problem |20}, |71}, |86, 108, |181]. Most existing adaptive observers focus on systems
with constant unknown parameters and cannot be applied to switched systems. This gives
rise to the following question:

Question 5. How to design adaptive observers for uncertain switched systems to simulta-
neously estimate the states and parameters?

In summary, the goal of this thesis is to study the adaptive control of uncertain PWA
systems with considerations of limited excitations, performance constraints, and sensor con-
straints.

1.2 Contributions and Thesis Outline

As show in Figure[I.1} we begin with the background information in Chapter [2] to introduce
the switched systems and the current research progress on adaptive control of these systems.
In Chapter 3] the indirect adaptive control for switched systems with parameter convergence
in spite of limited excitations is developed. The challenge of performance constraints is over-
come in Chapter [4] for the output tracking and Chapter [5| for the state tracking. In Chapter [
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and Chapter [A] the adaptive control and observation problems for switched systems subject
to sensor constraints are studied, respectively. The conclusion and possible future work are
given in Chapter [/l The contributions of each chapter are presented as follows.

Chapter [% To achieve the parameter estimation under limited excitations, a concurrent
learning-based indirect MRAC approach for PWA systems is proposed. The underlying
concept is to exploit the current data and recorded history data concurrently to update
the estimated parameters. The main advantage of this approach is that the classical PE
assumption of the input signal is not required. In contrast, a relatively milder assumption
of the linear independence of the recorded history data suffices for the convergence of the
estimated parameters.

The content of this chapter has been published in [97].

Chapter[f} For uncertain PWA systems with output performance constraints, we develop
the prescribed performance adaptive output tracking control approaches. Both direct and
indirect adaptation approaches are studied. Given a desired output trajectory, both control
approaches ensure the output tracking error to be confined within a performance bound,
which prescribes the steady-state tracking error as well as the transient behavior such as the
decaying rate and the overshoot. Based on the common Lyapunov functions, the stability of
the controlled systems under arbitrary switching is established. Furthermore, the parameter
convergence for both direct and indirect approaches is proved under the PE condition. The
robust modifications of the adaptation laws are proposed for PWA systems with additive
disturbances.

The material presented in this chapter has been published in [100)].

Chapter [5 While Chapter [] studies systems with output constraints, this chapter con-
siders the MRAC for uncertain PWA systems with full state performance constraints. The
proposed direct and indirect approaches ensure the error metric, defined as the weighted Eu-
clidean norm of the state tracking error, to be confined within a user-defined time-varying
performance bound. For the indirect approach, the parameter convergence is achieved under
the PE condition. Moreover, for the uncertain PWA systems subject to unmatched distur-
bances, we propose the corresponding robust modifications of the adaptive controllers to
ensure the robustness of the closed-loop systems.

The contributions of this chapter have been published in (98] and [101)].

Chapter|@t Unlike the systems in the previous chapters, where the full state information is
available, this chapter considers PWA systems with sensor constraints and only the output
signal is available for the measurement. A direct MRAC of PWA systems and its parameter
convergence are investigated. Under a slow switching assumption, it is shown that all the
closed-loop signals are bounded and the output tracking error is small in the mean square
sense. Built upon this result, the estimation error of controller parameters is proved to
converge to a residual set if the input signal is sufficiently rich. Finally, the convergence of
the estimated controller parameters to their nominal values can be achieved for a certain
subsystem given that this subsystem is activated for infinitely long time.

The content of this chapter has been published in [99].

Chapter[4} In addition to the adaptive control approach with sensor constraints, an adap-
tive observer is proposed for switched systems to estimate the states and parameters simul-
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taneously. By applying the dynamic regression extension and mixing (DREM) technique,
the estimation errors of system states and parameters converge to zero asymptotically. Fur-
thermore, the robustness of the proposed adaptive observer is guaranteed in the presence of
disturbances and noise.

The contribution of this chapter is scheduled to appear in [102)].






Background on Switched Systems and 2
Adaptive Control

In this chapter, some important background knowledge for this thesis will be revisited. We
first introduce two typical switched systems: switched linear systems and piecewise affine
(PWA) systems in Section 2.1] The difference between these systems and their common
features will be discussed. Besides, the common tools for stability analysis of switched
systems will be depicted. Then, based on Section 2.1 we revisit in Section [2.2] the existing
adaptive control approaches for switched linear systems and PWA systems in three aspects:
tracking performance, parameter convergence, and robustness analysis. Finally, Section [2.3
provides a summary of the existing results.

2.1 Introduction to Switched Systems

In general, switched systems can be categorized into two groups: time-dependent switched
systems and state-dependent switched systems. In this section, typical examples of these
two groups will be respectively introduced: switched linear systems and PWA systems.

2.1.1 Switched Linear Systems

Suppose a switched linear system has s € N* subsystems. Each subsystem can be described
by the following dynamics

#(t) = Aw(t) + Bu(t), ie€{1,2,---,s} (2.1)

where = € R” is the state vector, u € RP represents the input signal of the system. Let 7 £
{1,2,---,s}. The matrices A; € R"*" B; € R"*P i € T represent the system parameters of
subsystem 7. The overall dynamics of the switched linear system can be written as

() = Aya(t) + Bogyul(t). (2.2)

The switched system has s subsystems and A, € R" " B,y € R™P denote the
switched system parameters with A,y € {A1, Ag, -+, As}, Bowy € {B1, Ba, -+, Bs}. The
switching signal o(t) : [0,00) — Z is a piecewise constant function. It governs, which
subsystem is activated. Namely, for o(t) = 7,4 € Z, we have A,y = A;, Boy) = B; and we
say that ¢-th subsystem is activated at time ¢.

To characterize the switching instants, let the set of switching time instants represented
by {t1,t2, -+ ,tg, -} for k € N and the initial time instant denoted by t.

Switched linear systems having exogenous switching signals o (t) are typical time-dependent
switched systems. If the switching signal o(t) is generated following a function of the state
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of the switched system, then the switched system is said to be state-dependent. This brings
us to the class of PWA systems.

2.1.2 Piecewise Affine Systems

The class of PWA systems belongs to state-dependent switched systems. A PWA system
can be obtained by linearizing a nonlinear system at multiple operating points. Consider

the nonlinear system
#(t) = g(x(t), u(t)), (2.3)

where x € R" and u € R? represent the state and control input of the nonlinear system, g :
R™P — R™ denote a smooth nonlinear function. Given a set of operating points (7, u}),i €
Z, the state-input space [z, u”]T € R can be divided into s convex regions {{;}5_,. The
boundaries of the convex regions can be described by a set of hyperplanes in the state-input
space, which are analytically expressed by a set of inequalities

Q; = { m € R™
u

where a hyperplane is expressed by one row of H;. The operator < represents < or < in the
element-wise. Each region contains one operating point. For every time instant ¢, the vector
[z (t),u” (t)]" can only belong to one region. The regions have no overlaps, i.e., ;N =0
for i # j and 7,5 € Z. The linearization of the nonlinear system around the i-th operating
point is given by

xr
H; |u 50} (2.4)
1

T~ g(z;,uf) + Ai(r — 27) + Bi(u — uj), (2.5)

where A; = %kxf,u;‘) and B; = %kx;‘,uf)' The following PWL system can be obtained
by assuming zero equilibrium operating points g(z},u}) = 0 and prior knowledge of the
operating points (x}, u})

T~ A;jAx; + B Au; (2.6)

with Az; = 2 — 27 and Au; = v — u] denoting the local state and input vector around the
i-th operating point. The PWA model can be derived by

&~ g, up) + Aiw —27) + Bi(u —u7)
= Az + Bu+ g(z],u)) — Ajx] — Bu; (2.7)

with the affine term f; = g(af,uf) — A;xf — Byuf. Both PWL and PWA systems can
approximate the nonlinear systems given the same operating points and partitioning of the
state-input space. Comparing with PWL systems, PWA systems utilize the global state and
input by introducing the affine term f;. They allow nonzero g(z}, ;) and do not require
that the operating points are known.

Defining the switching signal o(t) : [0,00) — Z, whose value depends on the state and
input vector

o(t) =14, if [27(t), v ()] € Q, (2.8)
we can write the overall dynamics of the PWL system as
i(t) = Ao Ax(t) + Bo Aul(t) (2.9)

10
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and the one of the PWA system as
:E(t) = Ag(t)l‘(t) + Bg(t)u(t) + fa(t)‘ (2.10)

Alternatively, the indicator function can be used to describe the switching behavior, which
characterizes in which region the state-input vector locates and is defined as follows

R

Since the regions {€;}7_, have no overlaps, we have >7_; x; = 1 and []_; x; = 0. Note that
the switching signal o(¢) and the indicator function y;(¢) have the following relationship

ot)=i <= xi=1x;=0,j#4i < [27@#),u" ()] € Q. (2.12)

Thus, the PWL system can be written as
x(t) = A(t)Ax(t) + B(t)Au(t) (2.13)

while the PWA system can be written as
2(t) = A(t)z(t) + B(t)u(t) + f(t) (2.14)

with A(t) = 37 xi(t)As, B(t) = iy xa(t)Bi and f(t) = 37, xi(4) fi-

2.1.3 Stability of Switched Systems

Consider the unforced switched system
T = Ay, o(t) e, (2.15)
with A;,7 € Z being Hurwitz. The following theorem of stability is given.

Theorem 2.1. [99] “If all systems in (2.15) share a radially unbounded common Lyapunov
function, then the switched system 42.10) is globally uniformly asymptotically stable.”

For the system ([2.15]), a widely used approach to construct a common Lyapunov function
(CLF) is to find some positive definite matrices P, Q) such that

ATP+ PA = —Q, Viel. (2.16)

Then, a common quadratic Lyapunov function (CQLF) V(z) = T Pz can be constructed.
In general, finding the common P matrix satisfying is a difficult task. Necessary and
sufficient conditions for the existence of the common P matrix for some special switched
systems including second order switched systems [143], switched systems consisting of two
stable subsystems [142, [144], and switched systems with a special parameterized family of
matrices |26] are reported. In addition to these theoretical advances, some numerical methods
are proposed such as algorithms based on the gradient iterations [93] and the particle swarm
optimisation [49].

11
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In case a CLF does not exist or cannot be found, one can use the multiple Lyapunov func-
tion (MLF) V), namely, one Lyapunov function for each individual subsystem, to analyze
the stability of the switched systems. In general, the function V,4 will be discontinuous
as Vi(z(ty)) = Vj(x(ty)),i # j does not necessarily hold at the switching instant ¢;. For
i-th subsystem, V;,i € Z decreases during the active phase of i-th subsystem while V; may
increase during the inactive phase. A well-known result to analyze the stability of switched
systems using MLF is introduced in |92, Thm.3.1]. It shows that the switched system ({2.15)
is globally asymptotically stable if the values of V;,Vi € Z at each switch-in instant of sub-
system 7 form a decreasing sequence, namely, V;(z(t;)) < Vi(z(t,)) for o(ty) = o(t,) =i and
tr, > t,. Nevertheless, as pointed out in [58], this result is not simple to apply due to the
nonsuccessive nature of the sequence. Therefore, we recall the following stability condition.

Theorem 2.2. (25, 172] “Let be a finite family of globally asymptotically stable sys-
tems, and let V;,1 € I be a family of corresponding radially unbounded Lyapunov functions.
Suppose that for every pair of switching instants (ty_1,tx) with o(tx—1) = j and o(ty) =i for
i, € L,1# j, we have

Vi((ti-1)) = Vi(x(tr)) <0 (2.17)

Then, the switched system s globally asymptotically stable.”

A common choice of MLF for the autonomous switched system is of quadratic form
V = a7 P,yx. Under some dwell time constraints (e.g., see [65]), exponential convergence of
the state can be obtained based on a combination of finite incremental jumps at switching
instants (V(t,) < pV(t;) for p > 1 and V(t;) £ lim,y, V(7)) and exponential decaying
property (V' < —AV for A > 0) in between switches.

2.2 Adaptive Control of Switched Systems

In general, adaptive control can be divided into two categories: direct adaptive control and
indirect adaptive control. In direct adaptation, the controller gains are adapted directly with
the error information and the estimation of system dynamics is not required. Different from
the direct adaptive control, the controller gains are indirectly updated by using estimated
system parameters in the indirect adaptive case.

Depending on if the system to be controlled is linear or nonlinear, various adaptive con-
trol approaches have been developed. For linear systems, model reference adaptive control
(MRAC) has been extensively studied. The general idea of MRAC is to design an adap-
tive controller such that the closed-loop system behaves as a given reference system. For
nonlinear systems in certain canonical forms, the adaptive backstepping design is a popular
technique primarily for output tracking tasks. Namely, it is utilized such that the output of
the controlled system tracks the desired output trajectory.

As the subsystems of switched linear systems or PWA systems are linear, most of the ex-
isting adaptive control approaches for switched linear systems and PWA systems are based
on MRAC. Similar to the stability analysis of autonomous switched systems shown in Sec-
tion [2.1.3] current results of adaptive control of switched linear systems and PWA systems
are based on either CLFs or MLFs. Although switched linear systems and PWA systems
have different switching mechanisms, it is worth pointing out that most existing adaptive
control of switched linear systems and PWA systems share the same technical route. That is,

12



2.2 Adaptive Control of Switched Systems

the switching signals are assumed to be known and the reference switched systems are gov-
erned by the same switching signals, regardless of whether the switching is time-dependent
or state-dependent. Then each subsystem is assigned with a local controller, which is up-
dated and utilized when the corresponding subsystem is activated. Therefore, the switching
among different local controllers is also determined by the same switching signals of the
controlled switched systems. This section will revisit the representative results of these ap-
proaches. Furthermore, the results of the parameter convergence and robustness analysis, as
two essential issues in the area of adaptive control, will also be revisited.

2.2.1 Model Reference Adaptive Control

In this section, we first revisit the reference system design and stability analysis of the
reference system. Then, we review the representative results of direct and indirect MRAC
of switched systems based on CQLF, respectively.

Reference Model

The goal of the MRAC is to enforce the trajectory of the controlled system to track the
trajectory generated by a reference model. Consider a PWA reference system

Tm(t) = Ap(O)zm(t) + B (6)r(t) + fin(t), (2.18)

where x,, € R™ and r € R? denote the state of the reference system and the reference input.
Am<t) = f:l Amixi(t>’ Bm(t> = ?:1 Bmixi(t)v fm<t) = f:l fmiXi(t) are the parameters
of the reference system.

For simplicity and without loss of generality, we assume that the switching of the reference
system is the same as the one of the controlled PWA system, namely, it shares the common
indicator function with the controlled PWA system. For time-dependent switched systems
like switched linear systems, this assumption can be easily verified as both the switching
signal of the reference switched linear system and the one of the controlled switched linear
system are given externally. For state-dependent switched systems such as PWA systems,
more explanations are needed. One may argue that if the switching of the reference PWA is
governed by the switching signal of the controlled system, which further depends on the state
of the controlled PWA system and cannot be determined in advance, then it is not possible
for the user to design the desired behavior with the reference system. In fact, assuming
the switching of the reference PWA system to be governed by the indicator function of the
controlled PWA is a simplification, which can be generalized to the case, where the switching
of the reference PWA system is governed by its own region partitions and is independent of
the switching of the controlled PWA system. A detailed explanation will be given in Section
b.2.4

Assume each subsystem of the reference system is stable and thus there exists a symmetric
and positive definite matrix P, € R™*" for a given symmetric and positive definite matrix
Q; € R™™ such that

AL P+ PAy = —Q;, Vi€l (2.19)

The stability of the reference system and thus the boundedness of the reference state z,, is
the prerequisite for the stability of the MRAC of the switched systems. According to [65], the
stability of (2.18) can be concluded by proving the exponential stability of its homogeneous

13
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part @, = 37, XiAmiTm. For the quadratic Lyapunov function V; = z! Pz, for the i-th
homogeneous subsystem, there exist constants i, A > 0 such that |lemit|| < a,,e i
Therefore, we have the following lemma.

Lemma 2.1. [137] “The reference system & = A,,(t)x is exponentially stable with decay
rate o € (0, sa) if the dwell time T = mingen+{t — tj_1} satisfies

2

max || B (2.20)

«
Tp> —2 1+ pA
D2 T gpq T HAL,), = g e

where Ay, = max; jez HAi_AjH> @ = MaX;ec7 )\maX(Pi)a B = min;er )\min<Pi)7 Ay, = MAX;eT Ay,
Am = maxX;er Ami’

For each subsystem, a set of controller gains is utilized. Let K, € RP*" K - € RPPKT,
R? i € 7 denote the nominal controller gains for the i-th subsystem of (2.14] The controller
gains and the system parameters switch synchronously. Therefore, the controller takes the
form

u(t) = Kyo(t) + Kir(t) + K7, (2.21)

where K7 (t) = 323, xa(t) K5, K (1) = X5 xa(t) K7, K7(t) = 327, xi(1) K. Taking (2
into (| - yields the closed-loop system. To obtain a closed loop system having the same
behavior as the reference system, an usual assumption is that following matching equations

hold:
Api = A + BIK,

xi)

Bui = BiK},  foi=fi+ Bk}, Viel (2.22)

As the parameters are unknown, the nominal gains are not available. The adaptive con-
trol design is based on certainty equivalence principle |150], namely, we use the estimated
parameters in the feedback control as if they are the real system parameters in the case of
uncertain or unknown system dynamics. Therefore, the adaptive controller takes the same
structure as in but with the estimated parameters

u(t) = K, (D)a(t) + K (O)r(t) + K (t), (2.23)
with \ . .
= Z Xilui(t),  Ki(t) = Z XilGi(t),  Kj(t) = Z XK 5i(t). (2.24)

where K,; € R K,; € RP*? and Ky; € RP denote the estimated control gains for i-th
subsystem.

Direct Adaptive Control
Inserting (2.23)) into the controlled PWA system ([2.14]) yields the closed-loop PWA system

i =Y Xi((Ai + BiKy)x + BiK,ir + (BiKyi + [7). (2.25)
i=1

Defining the state tracking error e(t) = x(t) — x,,(t) and subtracting (2.18]) from (2.25)), we
have the error equation

€ = me+le mzx—i—KrZr%—Kﬂ) (2.26)

14
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where f(m =K, — K}, R’M =K, — K, f(ﬁ = Ky — K}“i represent the estimation errors of

the controller gains. The adaptation laws of the estimated controller gains are given as
Ky = —XiTwiSTBE Pex”, K,; = —x.T.:SEBL. Per”, Ky = —xil'1:SFBL Pe (2.27)

where I';;, I, I'y; € RY are positive scaling factors. S; € RP*P is a matrix such that
there exists a symmetric and positive definite matrix M; € RP*P with (K}S;)~' = M,.
An usual assumption in multivariable adaptive control [150] is that S; is known. This
indicates the knowledge of control directions. The use of the indicator functions y;(¢) in the
adaptation laws implies that the controller gains associated with a certain subsystem
are updated only when this subsystem is activated. Their adaptation terminates and their
values stay unchanged during the inactive phase of the corresponding subsystem. Without

loss of generality, let I';; = I',; = I'y; = 1. By constructing the following CQLF

1 13 ~ ~ ~ ~ ~ ~
V= gelPet o 3 (r(KpMilo) + tr(K MKy + K MK pi). (2.28)
i=1
with My = (K»S;)~! € RP*P| the stability and tracking performance of the closed-loop
system is summarized in the following theorem.

Theorem 2.3. [83] “Consider the reference system for which a CQLF with P = P;, Vi
is known. Let the PWA system with known regions §2; be controlled by the state
feedback with gains updated according to . Then, the state of the PWA system

asymptotically tracks the state of the reference system.”

Indirect Adaptive Control

The nominal control gains can be obtained by solving the matching equations ([2.22)) if all
the subsystem parameters A;, B;, f; are known and B; has full column rank for i € 7

K = Bl(Ami — A)), K} =DB[Bni, Kj;=Bl(fmi—f) (2.29)

with (-)7 denoting the Moore-Penrose pseudoinverse.

The classical indirect adaptive control approach updates the control gains by replacing the
system parameters in with the estimated parameters. This, however, may introduce
singularity by calculating B () as B;(t) is time-varying and may have rank deficiency at some
t. To avoid this problem, the approach proposed in [83] applies the dynamic gain adjustment
technique. We review this approach as follows. Define the closed-loop estimation errors as

EAi = Ai + Bz'Km‘ — Ami, i = éiKm’ — B, Efi = fz + éini = fmi, (2-30)

where A;, B; and ﬁ denote the estimated system parameters of i-th mode. Based on the
closed-loop estimation errors, the adaptation of control gains obeys

Km' = —SiTBg;Z-&TAi, Km' = —SZ-TBg;LiéTBi, Kfi = —SZ-TBg;iéffi. (231)

Let Z denote the predicted state and define its dynamics as

F=Ant+ S (A — Api)z + Biu + fi)xi. (2.32)
=1
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This together with ([2.25)) leads to

=1

Whelre~ ¥ = & — x denotes the prediction error of the system state. A; = fli — A;, B; = BZ- — B;
and f; = f; — f; are parameter estimation errors. The parameter update laws based on the
closed-loop estimation errors and the state prediction error take the form

~..T
Ai = —xiPix’ — ea,

By = —iPiu" — ey KL — e KL — sfiKﬁ-, (2.34)

T

fz’ = _Xipj_gfi-

Consider the following CQLF

1 L= AT BB + fTf,
V —=3TPi + = S (te(ATA) + (BT By) + fTF,
. 2;( (AT A) + tr(B] By) (2.35)

The stability and tracking performance of the closed-loop system is summarized in the
following theorem.

Theorem 2.4. [85] “Consider a reference system for which a CQLF with P; = P,Vi
is known. Let the PWA system with known regions €); be controlled by the state
feedback with gains updated according to , which is based on ,, and
2.530}). Then, the state of the PWA system asymptotically tracks the state of the reference
system.”

Theorem and Theorem present results based on CQLFs (CLFs in quadratic form),
where the jumps of V' at switching instants are avoided. Therefore, establishing V' < 0 in
between switches is sufficient for the stability under arbitrary switching. For adaptive control
of switched systems in the absence of CLF, the general idea is to construct MLF. Compared
to CLF, the use of MLF allows more design freedom and flexibility, which leads to broader
applications. In adaptive control of switched systems with MLFs, the worst-case jumps at
switching instants are compensated by the exponential decrease in between switches. As V' in
the adaptive control contains not only the tracking error, but also the parameter estimation
errors (in form of V = T Pe + ¥, ¢9~,T9~Z with 6; being parameter estimation errors for i-th
subsystem), establishing the exponential decrease in between switches (V < =V +d for
A, d > 0) requires extra conditions. In the sequel, some existing results of MLF-based direct
MRAC of switched systems with PE conditions and robust modifications will be revisited
in Section and Section [2.2.3] respectively. For indirect MRAC of switched system, the
existing result in the literature must rely on the existence of a CLF, which will also be shown
in Section [2.2.2] In addition to establishing the exponential decrease of V', these conditions
ensure the robustness of the closed-loop systems in the presence of disturbances and the PE
condition will also lead to parameter convergence.
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2.2.2 Parameter Convergence

First, we revisit some signal properties and a useful lemma, which are essential for the
parameter convergence analysis in the adaptive control.

Definition 2.1 (Persistence of Excitation (PE) [71]). “A piecewise continuous signal vector
z:RT — R™ is PE with a level of excitation «ay if there exist constants «y, T, > 0 such that

1 t+To T
al > —/t z(T)z" (T)dT > apl,

for Vi > 07

The idea behind the PE property is that some internal signals should contain rich frequency
components. A closely related property is sufficiently rich property |71, Def. 5.2.1], namely,
a signal u : RT — R is called sufficiently rich of order 2n, if it contains at least n distinct
frequencies.

Lemma 2.2. [71] “Consider the system described by

x; ~ |PF(t)P _OT 2 (2.36)
=l 0

where 1 € R™ x5 € R™ for some integer r,n; > 1, A, P;, P, are constant matrices and
F(t) is of the form

lenl
Z2[n1
F(t) = . € Rmmixm
2
where z;,7 = 1,2,--- ,r are the elements of vector z € R". Suppose that z is PE and there
exists a matrix Fy > 0 such that
Py+ ATPy+ PyAy + CoCT <0 (2.37)

where .
_ A — (1) T _
=~ \PFOR 0 ] Cg = [1n:0].

Then the equilibrium z1, = 0,29, = 0 of (2.36]) is exponentially stable in the large. ”

Ao

For the parameter convergence of adaptive identification and control of switched systems,
it is a common approach to first study the parameter convergence of each subsystem during
the active phase and then evaluate the overall convergence for the whole time interval. If
the sufficiently rich input signal causes all the subsystems to be intermittently activated,
then the parameter convergence of all the subsystems can be concluded for some dwell time
constraints [83, (84} |137], [173].

For direct adaptive control, we rewrite the error equation as

&= Ape + U1, (2.38)
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with
3 o x
v = VeC(Bi[Km' K Kfi])a U, = |r| I, (239)
1
where vec(-) denotes the vectorization of a matrix, ® represents the kronecker product.

Therefore, (2.38) and the adaptation laws (2.27) can be written as the joint dynamics in a
similar form as ([2.36))

é A, Ul le

o= e 1) e
where P,y = B;M; ' BF P,. If the signal vector [z”,r”,1]” is PE, then one can invoke Lemma
2.2| to prove the exponential decrease of z = [e!,97]T during each active phase of i-th

subsystem. This together with some dwell time constraint would lead to the stability of the
multiple Lyapunov function and the parameter convergence. A formal result is summarized
in the following theorem.

Theorem 2.5. [83] “Consider the reference system without CQLF and let the PWA
system with known regions €); be controlled by the state feedback with gains
updated according to . Let the reference signals in v be sufficiently rich of order n + 1
with distinct frequencies. Furthermore, let the resulting switching signal be sufficiently slow
with dwell time Tp and cause repeated activation of all subsystems. If the input matrices B;
have full column rank, if the system matrices A,,; are inertible, and if the pairs (A, Bmi)
are controllable, then all errors e, Ky, K, f(fi asymptotically converge to zero fort — 00.”

For indirect adaptive control, the prediction error equation ([2.33)) can be written in a more
compact form

&= Ay + 979, (2.41)
where
) o x
1

Based on ([2.41)), we can further write the joint dynamics of Z and the estimated parameters

IR ETRI R o

where e; = —vec([eas, e K] + e K 4 €7K};]). The homogeneous part of (2.43) has the
same form as (2.36). Thus, invoking Lemma leads to the convergence of ¥ and the

parameter estimation errors.

Theorem 2.6. [85/ “Consider the reference system for which a CQLF with P; =
P.,Yi is known. Let the PWA system with known regions €); be controlled by the
state feedback with gains updated according to , which is based on ,,
and . Let the reference signals in v be sufficiently rich of order n + 1 with distinct
frequencies and such that all subsystems are repeatedly activated. If the input matrices B;
have full column rank, if the system matrices A,,; are inertible, and if the pairs (Ami, Bmi)
are controllable, then the state of the PWA system asymptotically tracks the state of the
reference system and the estimated parameters A;, éi, and ﬁ as well as the estimated gains
K., Ky and Ky; converge to their nominal values as t — 00
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2.2 Adaptive Control of Switched Systems

Due to the presence of ¢; in , V decreases asymptotically and the exponential decrease
of V' in between successive switches cannot be established. Therefore, dwell time constraints
cannot be obtained when V' exhibits jumps at switching instants. As a result, the reviewed
indirect MRAC of PWA systems in Theorem [2.6] unlike the direct one shown in Theorem
2.5} can only be applied with the existence of CLFs. This restriction will be relaxed later in
Section [5.3] of this thesis.

2.2.3 Robust Modification

In this section, we revisit two robust modifications for the direct MRAC of switched systems:
projection and leakage.

Projection

We revisit the definition of the projection operator. Let § = [0y,60,---,0,]7 € R™ denote
the estimation of the nominal parameter * € R™. Define a convex hypercube in R™ such
that the evolution of § should not exceed the bound of this hypercube. Specifically,

Qo ={0 eR"OP™ <0; <O, j=1,2,--- ,n}, (2.44)
where (9}“1“, 07%*) represent the lower and upper bounds of the j-th component of 6. Besides,
let Q, = {# € R"M™ 0 < 0; < 07 —wv,j = 1,2,---,n} be a second hypercube
with a small constant v € Rt such that Q, C Q. For the dynamics § = Pr[y] with

Yy =[y1,y2, - ,yn] € R™ we define the projection operator Pr[-] with the following element-
wise operation

((0] — 0§nin>/v)yj’ if 9]‘ < H;nin + v, Y; < 0
Prly] = ¢ (07> = 0;) /v)y;, if 0; > 0™ —v, y; >0 (2.45)

Yj, otherwise.

Based on ([2.45)) we obtain the following property of the projection operator
(0 0")7(Prly] — y) < 0. (2.46)

This inequality can be extended to the matrix case with ©,Y € R™*"™. Let col;(-) represents
the j-th column of a matrix and © = Pr[Y] = [Pr[col;(Y)],-- -, Pr[col,(Y)]]. For a given
nominal parameter matrix ©* € R"*™  we have

tr((© —0")T(Pr[Y] - Y)) <0. (2.47)

Alternatively, we can formulate the projection operator Prly| =y + f, f € R" with the j-th
element of f, denoted by f;, being defined as follows

((0; = O™ —v) fv)y;, if0; <O 4o, y; <0
fi = (07> = 0; —v)/v)y;, if0; >0 —v, y; >0 (2.48)
0, otherwise.

The projection operator presented above is widely used in robust adaptive control [6]. The
concept is to construct two hypercubes. The outer one is the hard constraint for § while the
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2 Background on Switched Systems and Adaptive Control

inner one serves as a soft constraint. The parameter adaptation of € does not change within
the inner hypercube whereas it terminates when reaching the outer hypercube. The area
between the inner hypercube and the outer one acts as a transition area, which enables a
continuous evolution of 6 to 0. Using hypercubes as bounds of the parameters corresponds
to the cases, where the element-wise upper and lower bounds of the parameters are known
prior. It is worth pointing out that the hypercube is not the only way to describe the bounds
of parameters. A more general discussion can be seen in [89, Sec.11.4].

For PWL systems with single-input, namely, p = 1 and K,; is scalar, Sang and Tao [137]
proposed the following projection-based adaptation laws

Ko = —xsign[K5Tpize” P B + Xifuis

' | i (2.49)
Kri — —XiSIgn[K:i]F”re PLBmZ + Xifria

where f,;, f;i are the parameter projection laws (see (2.48])). The term K in (2.23)) is not
necessary as no affine term needs to be compensated in the PWL system. sign|-] denotes

the sign of a scalar. With a,,, A, o, 3, 1, A4, defined in Lemma [2.1] the stability result is
summarized as follows.

Theorem 2.7. [137] “Consider the closed-loop system consisting of the piecewise linear

system , the reference model system with f,, =0, and the controller with
Ky = 0 updated by the adaptive laws . If

Tp = ;?%I}r{tk —tpat > =a(l+kr)Inl+ uA4, , k>0, (2.50)
€

then all the closed-loop signals are bounded, and the tracking error e(t) is small in the sense
that

t+T T
/ e (Pe(r)dr < pha,com—t o1, t=2t, T>0 (2.51)
¢ D
with ¢y = (1 + pla,,)co for some ¢g > 0.”

The tracking performance (2.51)) is called small in the mean square sense (s.m.s.s). For
switched systems with disturbances, projection-based adaptation laws proposed in [166]
achieve H, state tracking of the closed-loop system.

Leakage

Consider the switched linear system in form of
#t) = Asye(t) + Boult) +d(t), o(t) €T (2.52)

with d(t) being a bounded disturbance term with the upper bound d. For the reference
switched linear system @, (t) = Ao T(t) + Buo)r(t) satisfying the following inequality

AL P+ PiAy + (1+ k)P <0, (2.53)
Yuan et al. proposed the following adaptive controller

u(t) = Kooy (1) (t) + Koo (0)r(1) (2.54)
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2.3 Summary

with the dwell time constraint

1
fﬁi In His 6 € (Oa 1)a (255)

for p; = ﬁ(ﬂ) and o = max;ez Amax(F;). The adaptation laws based on leakage for the
active phase of i-th subsystem are

TD>TD:

Kri = —S?BZ‘,”PI(ETT — (SlMZKM,

Koy = —0;M;Ky;,

. S (2.56)
Krj = _6_]MjKr] Vi 7£ 1,7 € I,

where the leakage rate 9; fulfills the constraint

9 — max Kidmax (M) >0 (2.57)

Theorem 2.8. [17}] “With the adaptation law (2.56),(2.57) and the switching law with
mode-dependent dwell time , the globally uniformly ultimately bounded stability of the
unknown switched system with controller can be guaranteed. In addition, the

tracking error e is bounded as

Oé(CQ + OZ|(j|2) }

1
D < =
‘6( )‘ N A {Cl, (1 - 5) maX;ez K

(2.58)

where c¢; and co are two positive constants that depend on the initial estimates and on the
actual values of the controller parameters.”

The well-known drawback of the leakage modification is that the adaptation laws tend to
drive the estimated parameters towards zero [71, Sec.8.4.1]. This problem persists in the
above adaptation laws for switched systems. Built upon these adaptation laws, the
follow-up work [152] introduces novel adaptation laws, which keep the control gains in the
inactive phase constant. This alleviates the problem of the estimated parameters tending to
zero and improves the transient behavior of the closed-loop system.

In addition to projections and leakages, another common robust modification is the dead-
zone modification [71, Sec.8.4.3]. The underlying concept of dead-zone modification is ter-
minating parameter adaptations for small tracking errors while updating the parameters
for large tracking errors. In [161], a robust adaptive controller for switched linear systems
in canonical form is proposed based on the dead-zone modification, which guarantees the
uniform boundedness of the tracking error and the stability of the closed-loop system.

2.3 Summary

In this chapter, the definitions of switched linear systems and PWA systems as well as
their stability analysis are presented. Besides, representative adaptive control approaches
for switched systems in the literature are revisited, where the switching signals are assumed
to be known while the subsystem parameters are unknown. From these approaches, two
typical paradigms can be summarized (see Table [2.1)). The first one relies on CLF, which
ensures the asymptotic stability of the closed-loop system under arbitrary switching. The
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2 Background on Switched Systems and Adaptive Control

method extra conditions | convergence reference
non-adaptive CLF - e—0 [92]
(autonomous) | MLF + dwell time - e—0 [65],[186]
CLF - e—0 Theorem 2.3
adaptive MLF + dwell time projection S.1M.S.8S. Theorem [2.7]
(direct) MLF + dwell time PE e—0 [137], Theorem [2.5|
MLF + dwell time leakage bounded e Theorem 2.8
adaptive CLF - z—0 Theorem [2.4]
(indirect) MLF + dwell time according to |83 not feasible

Table 2.1: CLF and MLF for non-adaptive and adaptive control of switched systems.

other one exploits MLF. This paradigm allows instantaneous jumps of the Lyapunov function
at switching instants, which should be compensated by its exponential decrease in between
sufficiently slow switches. The exponential decrease can be ensured by either introducing PE
conditions or imposing robust modifications such as leakage and projection, which requires
more prior information. Moreover, the robust modifications can also ensure the robustness
of the closed-loop systems in the presence of disturbances. In the following chapters, these
two paradigms will be adopted in the adaptive control design to solve the questions raised

in Section [L.1l
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Adaptive Control of PWA Systems with 3
Concurrent Learning

As presented in Chapter [2 the existing results of the adaptive control of switched systems
can be categorized into direct adaptive control and indirect adaptive control approaches. In
direct MRAC, the controller gains are updated based on tracking errors without estimating
the system parameters. Considering the case, where the identification of the uncertain system
parameters is a part of the control objective, the indirect MRAC can be applied. In indirect
MRAC, the control gains are updated based on the estimated system parameters. With the
indirect adaptive control approach revisited in Section [2.2.1], the asymptotic convergence of
the tracking error is proved by using a CLF (see Theorem . Under the PE condition, all
the estimated subsystem parameters are proved to converge to the real values (see Theorem

2.0).

As pointed out in Section the PE assumption requires the system input to contain
various frequencies. A common realization of this is to exert sinusoidal waves with differ-
ent frequencies on the system input. Such input signal causes oscillations and vibrations in
the real engineering systems, which might be harmful to the plants. Considering the cir-
cumstance, where the PE condition cannot be satisfied and only limited excitations can be
provided, how to achieve parameter convergence is a challenging task. A recently proposed
approach, concurrent learning 33|, 34], exploits the recorded history data of the system and
replaces the restrictive PE condition with some mild assumption on the linear independence
of the recorded data. This technique has been applied to the identification of PWA systems
[46, 182, 184, [85] to achieve parameter convergence without PE conditions. Nevertheless, how
to integrate concurrent learning into the indirect MRAC of PWA systems is still open.

This Chapter enhances the indirect MRAC approach revisited in Section by inte-
grating the concurrent learning technique to overcome the challenge of limited excitations.
Without requiring the PE condition, the proposed approach guarantees the convergence of
the subsystem parameters to their real values. Besides, the controller gains are converged to
the nominal values. Moreover, the closed-loop system is proved to be stable when the system
enters the sliding mode. Compared to the previous approach, the concurrent learning-based
approach exhibits better tracking performance and guarantees parameter convergence with-
out the PE condition.

The rest of this chapter is structured as follows. Section defines the problem to be
solved in this chapter. The concurrent learning-based indirect MRAC is displayed in Section
.2l The stability proof and convergence analysis are provided in Section [3.3] The proposed
method is validated through a numerical simulation in Section [3.4l The conclusion and
discussion of this chapter are followed in Section [3.5]
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3 Adaptive Control of PWA Systems with Concurrent Learning

3.1 Problem Formulation

In this chapter, we consider the PWA system
x(t) = A(t)x(t) + B(t)u(t) + f(t), (3.1)

with known indicator function x;(t),7 € Z and unknown parameters A(t) = Y27 4 x;(t)A;,
B(t) = X xi(t)B;, and f(t) = Y7, xi(t)fi for i € Z. x € R™ and u € RP represent the
state and the control input of the PWA system. The reference PWA system is described by

Fm(t) = A (BT (t) + Bu()r(t) + fin(t) (3.2)

with A, = >0 1 AmiXi, B = Yiiq BmiXi, fm = X251 fmiXi being known parameters of
the reference system. Let K, € RP" K, € RP*P K7, € RP,i € 7 denote the nominal
controller gains for the i-th subsystem of . The nominal controller gains and the system
parameters switch synchronously. For the nominal controller

u(t) = Kx(t)z(t) + K ()r(t) + K3 (t), (3.3)

where K (t) = X0 xi(0) K, KX(t) = X, xa(t) KT, Kj(t) = X7 xi(t) Ky, we assume
that the following matching equations hold

Ami = Ai + BiKy,;, Bpni=BiK};, [mi=fi+BiK}, i€l (3.4)

As most existing results presented in Section [2.2] we assume here that the reference system
shares the same indicator functions x; as the controlled PWA system . Assume each
subsystem of the reference system is stable and thus there exists symmetric and positive
definite matrix P € R™" for the given symmetric and positive definite matrix @; € R™*"
such that

AT P+ PAn = —Q;, i€T. (3.5)

The goal is to design the indirect adaptation laws for the adaptive controller

u(t) = K. (t)x(t) + K, (t)r(t) + Kg(t) (3.6)
with
K, = ZXiKm K, = ZX@'KM? Kf = ZXini, (3-7)
i=1 i=1 i=1

where K,; € RP*" K,; € RP*" and Ky; € RP denote the control gains for i-th subsystem.
The problem we would like to solve in this chapter is formulated as follows:

Problem 3.1. Given a reference system and a PWA system with known state
space partitions ; (or equivalently, known indicator functions x;(¢)) and unknown subsystem
parameters A;, B; and f;, design an adaptive control law u(t) such that the state z(t) of
the PWA system tracks the state x,,(t) of the reference system and the system
parameters converge to their real values without the PE condition.
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3.2 Indirect Adaptive Control Design

3.2 Indirect Adaptive Control Design

In this section, we incorporate the concurrent learning technique to solve Problem 3.1} Before
we start, it is necessary to clarify the term “concurrent learning” as the word “learning” may
create a misleading impression of a machine learning process with a nonparametric model
such as Gaussian process. In fact, the problem we are studying is based on a parametric
system model (PWA model), and the term “concurrent learning” means the concurrent use
of current and recorded data for adaptation in the context of model-based adaptive control.

Our proposed concurrent learning-based approach combines the current data and recorded
history data for the estimation of the subsystem parameters

Aj=AC 4 AR B =BC+BR = fC+ fF (3.8)

with the superscript ‘C” representing the parameter adaptation with the current data, while
the superscript ‘R’ means the adaptation with the recorded data.
The parameter update law based on the current data takes the form

el - T
A7 = —xiPTx’ — ey,

EC = —X,LPi”U,T — 8AiKg; — 5BiKT' — gfiKch;'7 (39)

K3 T

fic - _szj — &4y

where & = & — x denotes the prediction error of the system state and the predicted state &
is generated by the following dynamics

S

&= Apt + 3 (A — Api)z + B+ fi)xi- (3.10)

i=1

€ Ais EBi» Efi N 1} are closed-loop estimation errors with the same definition as those shown

in Section 2.2
A = Az + BiKm' — Api, €pi= éiKri — B, Efi = fz + Bini — fmi- (3'11)

Based on the closed-loop estimation errors, the control gains adaptation obeys the following
adaptation laws

Ky = =S Byieai, Kpi=—=SBuepi, Kp=-SIBep. (3.12)

Until now, the adaptation laws (3.9), (3.11), and (3.12)) are the same as those of the
classical approach revisited in Section [2.2.1} Recall that the idea of concurrent learning is

to use the history data concurrently to update the estimated parameters. Suppose that
T, U, o, represent the j-th recorded state, input and derivative of state of i-th subsystem
with j € {1,2,--- ¢}, where ¢ € NT denotes the number of recorded data and ¢ > n+p—+1
holds. We make the following assumption.

Assumption 3.1. The information of the state derivative & is available and precise such
that the equation #;, = A;x;, + Biu;, + fi,i € Z,5 € {1,2,--- , ¢} holds.
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3 Adaptive Control of PWA Systems with Concurrent Learning

We define ¢;; as

e, (t) = Ai(t)xi, + Bi(t)us, + fi(t) — i, (3.13)

and replace &;; based on Assumption [3.1]leading to

(Ai(t) = Ag)a, + (Bi(t) = Bi)uy, + (filt) = fi)
Ai(t)ai, + Bi(t)ui, + fi(t)

i (1) (3.14)

with A; = 1211 — A, B, = BZ — B; and f; = ﬁ — fi- We propose the following update law
based on the recorded data

. q . q . q
At = —xiv Y eirl, Bl =—xiv Y enul, [I'=—xivd e, (3.15)
j=1 j=1 j=1

where v € RT is a positive scaling factor.

3.3 Stability and Parameter Convergence

Compared with the previous approach proposed in [83] (and revisited in Section , the
concurrent learning-based method of this chapter supplements the additional adaptation
terms , which depend on the recorded data. Now we proceed to explore, how the
modified adaptive law affects the control and parameter convergence. The state tracking
and parameter identification performance are summarized in the following theorem.

Theorem 3.1. Consider a reference system with CQLF. The PWA system with
known region partitions and unknown subsystem parameters is controlled by (@) with the

adaptation laws (3.§), and based on and (3.15). Let the recorded data

stacks Z; € R"PTUX4 contain n+p+1 linearly independent vectors z;, = [x], uz )T If the
input matrices B; have full column rank, the pairs (Apm;, Bmi) are contmllable then the state
of the PWA system asymptotically tracks the reference state x,,. Furthermore, the estimated
parameters fli, Z%i, fz converge to their true values and the control gains Ky, K,;, Ky; converge

to the nominal gains as t — oo.

Proof. Consider the following candidate Lyapunov function

V—JTP;L-Jr (tr(ATA;) + tr(BTB;) + fT'f;
2 2; o H (BB + (3.16)

+ tr(KE My Ky) + tr(KEMG K, + KﬁMsiKﬁ)
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3.3 Stability and Parameter Convergence

with M = (K7,S;)~' € RP*P. Taking the time derivative of V' yields

. 1 . .
V= 5(:z«Tm: + 2" Pi)

2y,
+ Y (0 (AT AS) + (BT BE) + T §C)

=1

éVZa
s ) 5 ) . ) 5 (3.17)
+ Y (tr(KL Mg Ky) + tr(K Mg Kyy) + KfTiMSZ-Kﬁ)

=1

PR
=Vayp

S ((ATAR) + w(BTBR) + TR,

2y,
Inserting the parameter update law based on current data , indirect update law of
control gains 1) and closed-loop estimation errors 1) into Vi, Vo, and Vy, yields

. . . 1S -
Vi+ Vag + Vo = — $T(§ Y Qumixa)T — > (tr(eheai) + tr(epep) + tr(efen)).  (3.18)
=1 =1

Detailed derivations of this step can be found in [83]. Substituting the fLR, BlR and ﬁR in

Vs with gives

. S ~ q ~ q ~ q
Vs == > xay(tr(A7 Y e al) + te(B Y eui) +tr(f Y ei))).
i=1 j=1 j=1 j=1 (3.19)

AV3q AV, éVSfi

Inserting (3.14) into Vsai yvields

q 4q ~
Vaai = vtr(AT (A, le]xz + B Y wx) + fi sz;))

(3.20)

Using the property of trace tr(X7Y) = vec(X)Tvec(Y), (3.20) can be further transformed
as

Vaai = yvec(A;) vee(|4; B fi] &u)- (3.21)

Recalling the compatibility of vectorization with Kronecker product vec(ABC) = (CT @

A)vec(B), it follows
Viai = ’YVeC(f‘:li)TVGC([n [/L' B; ~fz] ?11) ) (3.22)
= yvee(A)" (€] @ Lvee([4; B; fi]).
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3 Adaptive Control of PWA Systems with Concurrent Learning

Similarly, we can obtain

Vi = yvec(Bi)" (&3, ® L)vec(|A; B; fi]) (3.23)
and ' 3 S
Vagi = yvee(f)" (&5 ® L)vec(|A; By fi) (3.24)
with
2 %“Z 2 Tiy
Eoi = |22 Uzjuz; o &= |20 g | - (3.25)
j Ui 251

Summing up Vg,m-, ngi and Vg, i yields

Vaai + Vapi + Vgﬁ

i i e, )
=v[vec(A;) vec(B;) vee(fi)'] €L @ 1, VGC([AZ- B, fl}))
&el, (3.26)
- [el, o
I,
Note that
gel, Ti Ty, TG T
§2Tl ®1,| = Z u,]xz; uZ]u;‘F ui, | @I,
T - T T
;@ 1, | oz U 1
= i i (3.27)
iy T T
= ulij [:Eij u;, 1}) ® I,
J
Therefore, we obtain ' ' . o
Vaai + Vapi + Vagi = 70 2.6, (3.28)
with
q ‘Tij ~ ~ ~ ~
=111

So the derivative of the candidate Lyapunov function becomes

S

. 1.8 s
V== jT(§ Z QumiXi)T — 72 xifi Zibi — Z(tr(sgism) +tr(epiens) + tr(sﬁ-éﬁ)). (3.30)
i=1 i=1

=1

The linear independence of the n+p+1 vectors z;; implies the full rank of the data stack Z;,
from which it follows that Z;Z! is positive definite. Since the identity matrix I,, is positive
definite, the Kronecker product =; = ZiZiT ® I, is also positive definite, which together with
the positive definiteness of Q,,; implies the negative semidefiniteness of V.

An essential issue in analyzing the stability of the adaptive control of PWA systems is
that the closed-loop system may enter a sliding mode. Namely, both the vector fields of two
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3.4 Numerical Validation

neighbouring subsystems point towards the switching hyperplane and the trajectory of the
system cannot move across the regions. According to the Filippov concept [18, 56, [83], we
evaluate the convex combinations of the vector fields around the sliding surface. This can
be done by substituting x; € {0,1} with y; € [0,1] in the expression of V. Hence, we have

1 S
—fT(§ Y Qmixi)T <0 (3.31)
i—1
and .
_7Z>Zi§zTEiéi <0, (3.32)
=1

which leads to the negative semidefiniteness of V even when the system enters sliding mode.
This indicates the boundedness of state prediction error Z, estimated subsystem parameters
fli, E’i, fz (and equivalently 0, € L) and control gains K,;, K,;, Ky;. This further implies
€ Ai» EBir Efi € Loo. Moreover, from V <0 it follows €AirEBirEfi € Lo and 0, € Lo.

From the boundedness of & and €4;,ep:,6f € Loo N La, it follows Z,e4;, i, €55 — 0 as
t = 00, x,u € L. Therefore, lim; ,(z — z,,) = 0. The details of this derivation step is
referred to [83].

Furthermore, the recorded data w;,, u;; € Lo due to the boundedness of x, u. This together

with 6; € L results in €i; € L. Considering (3.15) we have flf”, BiR, fiR € L. From
we can obtain AZC, Ef, fZC € L... Therefore, let 0; = Vec([fli B; f,]) and it yields 0,0, € Lo,
which together with é, € Lo N Ly leads to 0~Z — 0 as t — o0o. Hence, fll — A, BZ — B; and
ﬁ- — fi ast — oo.

Finally, we study the convergence of the controller gains. Considering the full column
rank assumption of B; and taking the convergence of fli, Ei, ﬁ», €4,,€p; and ey; into ,
we can conclude that K,; — K}, K,; — K, and K¢ — K3 as t — oo. O

xi)

Remark 3.1. One condition to guarantee the convergence of the control and subsystem pa-
rameters is the linear independence of the sampled data vectors {z;,}7_,. Here we use the
singular value maximizing data recording algorithm proposed in [32] to maximize the sin-
gular value of the data stack Z; and obtain rich information. By doing so the condition of
linear independence can be fulfilled faster.

3.4 Numerical Validation

In this section, the proposed concurrent learning-based indirect MRAC approach is validated
through a numerical example.

We take the mass-spring-damper system from [83] to validate the proposed algorithm. The
system is shown in the Fig. , where m; = 5kg, ms = 1kg denote the masses, d = 1 Ns/m
is the damping factor, pi, ps represent the displacement of the two springs, F}, F» are the
forces operated on the masses, respectively. The left mass is connected with the static wall
by a spring with static spring constant ¢y = 1N/m whereas the two masses are connected
with the right spring, which has a stiffness with a PWA characteristics

10N/m, if |[po —p1| <1m
Fo(p1,p2) = { 1N/m, if pp—p; >1m (3.33)
100 N /m, if pp—p1 <—1m
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3 Adaptive Control of PWA Systems with Concurrent Learning

m m

1 ]:I 2
d 'y d " o
— —

Figure 3.1: The coupled mass-spring-damper system

Defining the state vector x = [py, p1, p2, 2]’ and the input vector u = [F, Fy]T, the system
dynamics can be written as a PWA system in the state space form as (3.1]) with

0 1 0 0 0 0
_cote  _2d ¢ d 1
P mi my my my mi .
iy 0 0 0 R N R fi (3.34)
<i d e«  _d 0o L
mo mo mo ma m2
Az‘ Bi

with the affine terms f;, i = {1, 2,3} being

0 0 0
O c1—C2 c3—C1
fl = 0l f2 = 761 ) f3 = 161 . (335)
0 c2—C1 ¢1—cC3
mo m2

The partitions of the regions are given by
Q1 = {2" e RYH[z,1]" <0},
Qy = {27 e RYHI[z,1]" <0},
Q3 = {27 e RYHI[z,1]" < 0}.

with the switching hyperplanes

r [-10 1 0 -1
Hl_l1 0 —1 0 —11’

Hy =[1 0 -1 0 1],
Hi =[-1 010 1],

The reference system is chosen as

0 1 0 0 0 0

. =25 =10 O 0 25 0

Im=| 0 0 L&t ol” (3.36)
0 0 -25 —-10 0 25

which exhibits a decoupling motion of the two masses. The control goal of our approach is
to enforce dynamics of the controlled PWA system to track the trajectory of the reference
system and identify the uncertain subsystem parameters of the controlled PWA system.
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3.4 Numerical Validation

B

:

--reference 00

o
-
o
N
o
w
o
N
o
a
S
o2}
S
~
o
[e:]
S

=]
v

*wi‘th CL ﬁ
—without CL|
- reference 00

o
-
o
n
o
w
o
S
o
[8)]
o
(2]
o
~
o
(o]
o

—with CL 4
—without CL|
- reference 00

o
-
o
N
o
w
o
N
o
al
S
o2}
S
~
o
[e:]
S

—_

8
S

—with CL ﬁ
—without CL
- - reference 00

8
' o
o ' ' '
onN A~ [eoNoNo] oo oo, oo,

o
-
o
n
o
w
o
S
o
(&)
o
D
o
~
o
[0
o

—with CL J

L —without CL|
50 60 70 80 90 100
time ¢ [s]

mode

o
-
o
N
o
w
o
N
o

Figure 3.2: State tracking performance of indirect MRAC with and without concurrent learn-
ing

We use the reference signal r = [ry,r5]7, where 7 = 3sin(0.5¢) and ry is a periodic
rectangular wave switching among the values {—2,0,2} with time interval 7" = 30s. The
scaling factor v is specified to be 20. The same common P matrix is utilized as in [83].
Besides, the singular value maximizing data recording algorithm is utilized to manage the
data for concurrent learning.

Fig. [3.2 shows the state tracking performance of the indirect MRAC approach with and
without concurrent learning. ‘CL’ in the legends stands for ‘concurrent learning’ The black
dashed lines depict the states of the reference model. The red lines and blue lines show
the states of the controlled PWA system with and without concurrent learning, respectively.
No significant difference between the performance of the two approaches is observed for
the positions (x; and x3). However, we can see that the red trajectories of the velocity
components (x5 and x4) exhibit fewer peaks compared to the corresponding blue lines. Hence,
using concurrent learning improves the state tracking performance of the controlled system.

In Figure , the norm of the parameter estimation errors §; by using algorithms with
and without concurrent learning are displayed in red and blue lines, respectively. By using
concurrent learning, |6;] converges to zero for Vi € {1,2,3}. Compared to the concurrent
learning-based approach, the classical approach exhibits unsatisfactory convergence perfor-
mance of the parameter estimation errors.

Fig. displays the convergence of the controller gains of subsystem 2 (the controller
gains for other subsystems are similar and thus not shown because of clarity) by applying the
concurrent learning-based indirect MRAC approach. The dashed lines represent the nominal
gains and the solid lines stand for the adaptation gains. The elements in the gain matrices
are distinguished by different colors. We can see that the controller gains converge to their
nominal values, which validates the conclusion of Theorem [3.1]

31



3 Adaptive Control of PWA Systems with Concurrent Learning

20 T T T T .
—with CL
‘él‘ 10 tj —without CL
0 L | | | | | |
0 10 20 30 40 50 60 70 80 90 100
20 T T T T T T T T T
—with CL
@‘ 10 o~ —without CL|
O | \L + + —~ | | | |
0 10 20 30 40 50 60 70 80 90 100
200 T T T T T T T T T
—withCL  §
‘éd‘ 1001 \ —without CL|
0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
time ¢ [s]

Figure 3.3: Parameter convergence of indirect MRAC with and without concurrent learning
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Figure 3.4: Convergence of controller gains with concurrent learning-based indirect MRAC

3.5 Summary

In this chapter, we proposed a concurrent learning-based indirect MRAC approach for un-
certain PWA systems. With the proposed approach, the controlled PWA system tracks the
trajectory of the reference system asymptotically. Based on the CQLF, the closed-loop sys-
tem is stable under arbitrary switching and in sliding mode. Furthermore, if the recorded
data of concurrent learning is linearly independent, the system parameters converge to their
real values and the control gains converge to the nominal gains, which eliminates the need
for the conventional PE condition.

Compared to the classical adaptive control approaches of switched linear systems and
piecewise affine systems, the advantage of our approach is that it enables the identification
of unknown system parameters without disturbing the primary control task due to its PE-
free feature. This advantage is essential in the case where the estimation or monitoring of
system parameters is required in addition to the nominal operation of a plant.

32



3.5 Summary

The proposed approach is validated through a numerical simulation example, a coupled
mass-spring-damper system with piecewise linear spring characteristics. The simulation re-
sult validates an improvement in the state tracking and parameter estimation performance
when compared with the classical indirect adaptive controller revisited in Section 2.2.1] Al-
though the numerical example might appear simple, it models a large class of real plants in
the practice such as lateral vehicle dynamics with piecewise linear tire friction characteris-
tics [21}, [24], two-inertia motor systems with backlash [171], and aircraft wing models with
nonlinear aeroelasticity [176]. This indicates the applicability of the proposed method in a
wide range of practical domains.

One limitation of the concurrent learning-based approach is that the state derivative is
required to be known. In real applications, the state derivative information can either be
obtained by placing extra sensors or be estimated by differentiating the state vector numeri-
cally at the expense of extra costs or estimation errors. Existing approaches to alleviate the
estimation errors of the state derivatives include the dynamic state-derivative estimator [76],
integral concurrent learning |123], and fixed point smoothing [80, Sec.5.2.1]. In future work,
it is of practical interest to further investigate the assumption of known state derivatives, as
recent results [119} [131] show that the need for the state derivatives can actually be removed
by incorporating filtering techniques. Applying the filtering techniques to our approach to
omit the assumption of known state derivatives deserves further studies.

Another limitation of the approach presented in this chapter is that it requires the existence
of the CLF, which might restrict the design flexibility of the reference system. However, we
will show later in Section [5.3]that such restriction can be lifted by constructing a special type
of MLF, which exploits barrier functions and exhibits only non-increasing jumps at switching
instants. This will inspire further research on the concurrent learning-based indirect MRAC
of PWA without the existence of the CLF, with which one will have more flexibility on the
design of the reference system and therefore, expand the scope of application scenarios.
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Adaptive Control of PWA Systems with 4
Output Performance Guarantees

Most of the MRAC approaches for PWA systems reviewed in Section ensure asymptotic
tracking, namely, zero steady-state tracking error. However, the transient behavior of the
closed-loop system is not guaranteed and can only be improved by manually tuning the
adaptation gains or imposing additional PE conditions. As mentioned in Section [I.1] the
analysis and improvement of the transient behavior is an essential issue in adaptive control
[116], because an aggressive transient response may result in saturation, oscillation, or even
damage to the physical plants in real applications. In this chapter, we would like to explore
the adaptive control of PWA systems with the output tracking performance constraints on
the transient behavior and the steady-state tracking error.

Prescribed performance control, proposed in |12, [13], is a popular tool to guarantee the
element-wise performance of adaptive systems. With this approach, the steady-state track-
ing error and the transient response such as the decaying rate as well as the overshoot are
confined within a predefined bound. The core idea is to transform the ratio of the tracking
error and a performance function into an unbounded value, the so-called transformed error.
By designing the controller to ensure the boundedness of the transformed error, the origi-
nal tracking error is guaranteed to stay within the performance bound. This approach has
been incorporated into different areas such as multi-agent systems |38 [55, (106} |139], heli-
copter /satellite attitude control [187, 188], underwater vehicles [50] and robot manipulators
[77]. In addition to these applications, prescribed performance control has also been intro-
duced to the field of switched systems. For switched nonlinear systems in strict-feedback
form, the method proposed in [177] combines the prescribed performance control with dy-
namic surface control. The tracking performance satisfies the prescribed performance with
average dwell time constraints. The approaches reported in [90, 91] can also be applied
to switched nonlinear systems in nonstrict-feedback form. These methods are suitable for
systems with known input matrices and cannot be applied to the PWA systems with un-
known subsystem parameters. Besides, the parameter convergence, which is a topic of major
interest in the area of adaptive control [150], is not considered in these works.

The main contribution of this chapter lies in tackling the direct and indirect adaptive
output tracking control problem of uncertain PWA systems with performance constraints.
Specifically, we cast the dynamics of the transformed error metric into linear form, where the
nonlinearity and switching are captured as its exogenous input. Based on that, we construct
novel common Lyapunov functions, which do not rely on the solution of the conventional
Lyapunov equations shown in Chapter [2, and prove the closed-loop stability under arbitrary
switching. We further prove that the estimated controller and system parameters converge to
their nominal values under PE conditions. Moreover, a robust modification is developed for
the direct adaptation case to ensure the robustness of the closed-loop system in the presence
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4 Adaptive Control of PWA Systems with Output Performance Guarantees

of disturbances.

This chapter is structured as follows: in Section the problem to be solved in this
chapter is defined. Some preliminaries of the prescribed performance technique is revisited
in Section 4.2l The design of nominal control is introduced in Section [4.3] which is followed
by direct adaptive control in Section [.4] and indirect adaptive control in Section [£.5 A
robustness modification is presented in Section [4.6] The approaches are validated through
numerical examples in Section 4.7} Finally, the discussion and conclusion of this chapter is
given in Section [4.8]

4.1 Problem Formulation

In this chapter, we consider a special class of multi-input multi-output (MIMO) PWA system
with strict relative degree r € N described as follows

xgr) :ar{ix + bfiu + fu

(4.1)
:)sz(f) :a;a: + b;fiu + fpi, 1€
y =[r1, 29, 1,]"
where .
z) == (4.2)
and r = [xq,- - S Ty, -+, aT YT € R™ denotes the overall state vector with

n = pr. u,y € RP represent the control input and system output, respectively. The output
y and its derivatives up to order r — 1 constitute the state vector . They are available for
the control design. a;; € R",b;; € RP, f;; € R,j =1,--- ,p denote the system parameters of
1-th subsystem. We write system into compact form and obtain

4.3
y=Cr. (4.3)

where A, € R™" B, € R (C € RP*™ and f; € R" denote the system parameters of i-
th subsystem. a;;, bji, fji,j =1,--- ,p,1 € L are contained in A;, B;, f; in the corresponding
positions, respectively and thus, A;, B;, C, f; are in control canonical form. Since a large class
of physical systems can be modeled [43] [176] and transformed [15] into canonical form, the
control design for PWA systems in canonical form is essential and attracts a lot of interests
such as 16}, (18] [19]. In this chapter, we focus on the prescribed performance adaptive control
of MIMO PWA systems in control canonical form.
With the help of the indicator functions y;(t), we can rewrite the PWA system as

= A(t)r + B(t)u+ f(t

b= AW+ B+ () "
y = Cu,

where A(t) = Y274 x:Ai, B(t) = Y7, xiBi and f(t) = >27_4 x:fi- Since the system has strict

relative degree r, we have

4.5
Cfi=CAfi=-=CAf,=0, CAf,#0 )
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4.1 Problem Formulation

for i € Z, which leads to

y="Cux

Y ! (4.6)

y") = CAjx + CA; ™' B+ CA; f,

In this chapter, the system input and output have the same dimension p and the system is
a square system. Nevertheless, this will not necessarily restrict our approach, since square
systems cover broad applications [138]. Some non-square systems can also be transformed
into square systems [61}, 126].

Remark 4.1. The state z in PWA system is continuous, also on the switching hyper-
planes. This leads to the continuity of y,7,--- ,y" ™" according to the definition of y (see
). This in turn, implies CA; = CA;,--- JCAT = C’A;‘l for Vi,57 € Z. If the PWA
system is not in control canonical form, this property does not hold and the output derivative
may exhibit jump behavior on the switching hyperplanes.

Recall that we would like to study the output tracking of the PWA system (4.3). We

assume that the reference signals y; € RP and its derivatives g4, - - - ,yc(lr) € R? are bounded
and continuous. To study the output tracking with prescribed performance, we first introduce
the performance function and study its properties in control systems.

Definition 4.1 (Performance function [13]). A smooth positive function p : R* — R* is
defined as the performance function if it is decreasing and satisfies lim;_,o, p(t) = poo > 0.

A commonly used performance function is

p(t) = (Po = Poo)e ™ + poc (4.7)
with pg, peo, I € RT and pg > ps. We see that p(t) is decreasing with p(t = 0) = py and
p(t — 00) = poc.

Given the reference output y; and a vector performance function p(t) € RP, let e =
le1, €2, ,e,]T € RP be the output tracking error e = y — yg4, p;(t) be the performance
function of the j-th component of p. The control objective that the tracking error is confined
within a prescribed performance bound can be expressed by the following inequalities

—0;p;(t) < e;(t) < p;(t), if e;(0) >0,

—p;(t) < e;(t) <d;p;(t), if €;(0) <0
forj=1,---,p, for §; € [0,1] and Vt > 0. The variable 4, is introduced in such that the
user could have more flexibility to design the performance bound. We take the case e(0) > 0
for instance. Fig. shows the performance bounds and possible error transients with 3
different § values (we remove the subscript j in the figure for simplicity). The performance
bounds are displayed by red lines and the tracking errors are presented by blue lines. As

illustrated in Fig. , the overshoot of e can be reduced by choosing smaller 6;. If J; is set
to be 0, then the overshoot in the error transient behavior can be completely avoided.

(4.8)

Problem 4.1. Given a PWA system (4.3)) with known subsystem partitions €2;, unknown
subsystem parameters A;, B;, f;, design an adaptive control law u(t) to enforce the output
of the system y(t) to track the given reference signal y4(t) with prescribed error perfor-
mance . Besides, explore the conditions, under which the estimated gains or estimated
parameters converge to their nominal or real values.
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Figure 4.1: Graphical representation of performance bounds with different ¢ values

4.2 Prescribed Performance Technique

The concept of prescribed performance control is to transform the constrained error (4.8])
into an unconstrained one, and thus the classical stability theory can be applied to design
the controller for the unconstrained transformed error. Let o; be the transformed error
and define e; = p;(t)G,(0;), where G,(0;) is a smooth and strictly increasing function of
transformed error o;. Note that inequalities in are equivalent to

—5j < Gj(O'j) < 1, if Gj(O) > 0,

4.9
—-1< Gj(O'j) < 5j7 if €j(0) <0, ( )

so the strictly increasing function G;(o;) needs to be designed such that (4.9) holds for
0 € (—00,+00). We choose the following function as the most references suggested

N — 6. e
G,(0;) = eXp(”ﬂ) JeXp(_ 73), if ¢;(0) > 0,
exp(o;) + exp(—o;) (4.10)
5. A g .
Gj<0j) — JeXp(UJ) GXp( O-J)’ if ej(O) < 0.
exp(0;) + exp(—0o;)
The transformed error o; can thus be solved by
— ej(t) _ 5j+Gj .
o {Gj 1<'”f§t§) — 1l = if ¢;(0) > 0, @11)
J —1/ei(t +G; . .
G]' 1(,0;(75)) = %ln(;j_gjja if eJ'(O) <0,

from which we can see, if o; is bounded, then (4.9) holds, which further implies that (4.8)
holds. To relate the transformed error o; with the tracking error e;, we take for instance the
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time derivative of o; for €;(0) > 0 and it yields

;= Qo€ + Q3¢ (4.12)
with
b TG T
J pi /NI py
| 5;+1

1
q1; = €5 ;i\
M 20 (1= ) (0 + )

and similarly, the k-th derivative of o; is

k Iy (1 j k
o) = X dlsles - AT + Gy el (4.13)
1=0 p; ) Pi
where q{fj (pj, - ,pf_l) represents a term depends on p;, - - - ,pg-k*l) for some given k < r, k €

Nt and [ =1,2,--- ,k — 1. Define the error metric E;
r—1 A
Bj=o0;+ 3 Mol (4.14)
k=1

where \; € RT are parameters to be chosen, aj(k) is the k-th derivative of o;. Ej is utilized

to describe the dynamics of the transformed error system. The derivative of £} follows

r—1 r—1
Ei=Y" 3 naihel + A iq) el (4.15)
k=01=k—1

with A1 = ¢) =0, \g = 1. We can write the vector form

r—1 r—1
E=Y Y NRIe® 4N Rre™ (4.16)
k=01l=k—1

with £ = [Ey, -, E,)T € R? and
R = : (4.17)

Since p(t) and y, are known, each component of their derivative up to r-th order can be
calculated. The system state z is assumed to be available and thus y,7,--- ,y" Y are also
available. Substituting e in 1) with y") — yc(lr) and inserting 1' yields

r—1 r—1
E=% Y MRHe® -\ Ry 40 RICAx

LK

+ A RICA™ ' Bu+ A\, RICA™ ' f.
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4 Adaptive Control of PWA Systems with Output Performance Guarantees

This step associates the system input u with the error metric E. If the control input u
is designed such that F is bounded, then the boundedness of aj(k) are ensured for k =
1,---,r—1,7=1,--- p. This further implies the achievement of prescribed performance
described by the inequalities in (4.8]).

For the purpose of clarity, we replace R] with R and A,_; with A in the rest of this chapter
and express E as

E =K+ RCA™z + A\ARCA"'Bu + ARCA"'f. (4.19)

4.3 Nominal Control

We start with the nominal control design, where the subsystem parameters and switching
hyperplanes are known exactly.

The following control law, which is suggested by the Lyapunov stability analysis (will be
shown in Theorem , is proposed

u=Kiz+ K¢+ K;, (4.20)
where ] ]
= —R'E+-R'K 4.21
£=1 +5 (4.21)
and

K; = ZXiK;i == ZXi(C‘I’i)_IC(I)i
i=1 i=1

Ky =) ik = -2 x(Cv)™! (4.22)
=1

i=1

Kjt - ZXlK;z == ZXi(C\I’i)_lcTi

i=1 i=1

are nominal controller gains with
d; = A, U, =A"'B;, T, =ATf (4.23)

Note that C'U; is assumed to be invertible for ¢ € Z. The controller structure ,
the definition of & as well as the nominal controllers are determined by the
Lyapunov-based stability analysis. The performance analysis of the proposed nominal control
law and the closed-loop stability are summarized in the following theorem.

Theorem 4.1. Given the reference signal y; and predefined performance function p, let
the PWA system with known partition regions €); and known subsystem parameters
A;, By, fi be controlled by the feedback controller . Let p be designed such that the
inequality (@ holds at initial time instant t = 0. The closed-loop system is stable and the
output tracking error satisfies the prescribed performance (@

Proof. Substituting u in (4.19) with (4.20)) and inserting (4.22)), we obtain

E = K + ARC®x + ARCVu + ARCY = —E (4.24)
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4.4 Direct Adaptive Control Design

where @ = 327, x;®:;, ¥ = X7 xiW;, T = 37, x; L. This means that the closed-loop
dynamics of FE can be described by the homogeneous system E = —F by applying the
nominal controller (4.20]). Define the following Lyapunov function

1
V= 5ETE. (4.25)

Taking the derivative along the trajectory (4.19) yields

V=-E"E<0. (4.26)
From ({4.26)) it follows £ € L, and £ — 0 as t — oco. This further implies the boundedness
of O'j,O'](-k with aj,a(»k) —~ 0ast — oo, Vj = 1,---,p, which leads to y,y® € Lo,k =

1,---,r—1, and thus = € L. From the definition of K and (4.21)), we also have K € L,
and § € L. From (4.11]) and the boundedness of ¢; we can conclude that the tracking error
is within the performance bound, i.e., (4.8]) holds. O

Remark 4.2. Asymptotic tracking can be achieved under certain conditions. From Theorem
we have o; — 0. Given certain 9, lim;_,., G; can be obtained by solving lim;_,., 0; = 0
according to (4.11f). If §; = 1, then we obtain G; — 0 for ¢ — co. Since G, = Z—j and p; # 0,
the j-th component of the tracking error e; — 0 as ¢ — oo.

Remark 4.3. The controller shares the common structure as the controller of MRAC,
ie,u= Kjz+ Kr+ Kj (see (2.21)). The difference is that the reference signal r of the
MRAC is replaced by ¢ in this context. Unlike the reference signal r, which is given as an
external signal in MRAC, ¢ also contains internal signals. As shown by , & contains the
error metric £ and output tracking errors as well as their higher-order derivatives (captured
by K). Therefore, its boundedness needs to be specially checked, as shown in the proof of
Theorem F.11

Remark 4.4. According to we have that F depends on o; and its derivatives, which
in turn relates to the tracking error e and its derivatives. Since y, and its derivatives as well
as 4,7, - ,y" Y are continuous (see Remark {4.1)), E is also continuous even on switching
hyperplanes. Therefore, the Lyapunov function is shared by all the subsystems and
it decreases independent of which subsystem is activated. This implies that the Lyapunov
function is a CLF and the closed-loop stability can be concluded under arbitrary
switching.

The nominal control design provides the basis for the further design and analysis of adap-
tive control. In particular, the controller structure (4.20)) as well as the expressions of the
nominal controller gains are utilized in adaptive controllers, as will be shown in the
next sections.

4.4 Direct Adaptive Control Design

In this section, we introduce the direct prescribed performance adaptive control for PWA
systems and provide stability analysis as well as parameter convergence analysis.
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4 Adaptive Control of PWA Systems with Output Performance Guarantees

4.4.1 Controller Design

The adaptive control design is based on certainty equivalence principle [150], namely, we use
the estimated parameters in the feedback control as if they are the real system parameters
in the case of uncertain or unknown system dynamics. Therefore, the controller takes the
same structure as in but with the estimated parameters

u= K,z + K,{+ Ky (4.27)

where . ) )
K, = ZX’inia K, = ZXiKm Kf = ZXini
j= i=1 i=1
are estimated controller gains. We propose the following adaptation law to update the
estimated controller gains

Ky = xilwiSFRTEx”, K. = xiTWwSTRTEST, K= il ;:STRTE, (4.28)

where I';;, I, T'y; € RT are positive scaling factors. Define the estimation errors of the
controller gains as

f(xi = K:m K,

x1)

We insert (4.27)) in (4.19) and obtain

E=K+Y xi(ARC®;x + A\RCV;u + ARCY;)

=1

=K+ > xi(ARC®;x + \RCV,; K,z (4.30)

=1

+ ARCY, Kyiw + ARCU, K7€ + ANRCU, K, €
+ ARCW,K}; + ARCW, K, + ARCY,).

K, =K, — K},

Ky = Kp — K3, (4.29)

Inserting the nominal controller gains (4.22)) yields

B = —B+ AR O (K + Kok + K ) (4.31)
=1
ThlS equation describes the dynamics of the error metric £ when the adaptive controller
is utilized. The estimation errors of controller gains K,, K,, K ¢ constitute the external
mputs of the dynamics. The state transition matrix of £ is —I and thus is not affected by
switching.

4.4.2 Stability Analysis

We study the stability and the tracking performance of the closed-loop system. The result
is summarized in the following theorem.

Theorem 4.2. Given the reference signal yq(t) and predefined performance function p, let
the PWA system with known partition regions €); and unknown subsystem parameters
be controlled by the feedback controller with the update law . Let p be designed
such that the inequality (@ holds at initial time instant t = 0. The closed-loop system is
stable and the output tracking error satisfies the prescribed performance @
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Proof. We define the following Lyapunov function

ETE > > ”
Z DoMr(KEM K ) + T e (KEMGK) + Tlte (KL MK ), (4.32)

v —

where M; = (K7,S;)~' € RP*P. Taking the time derivative of V' yields

ETE s .
+ Z Tl r(KEMKy) + Dot (KT M K,) + T (KT MK ). (4.33)

We replace E in the first part of V with (4.31)) and obtain

ETE  ETE

=t ETRCY (K, + K.& + Ky), (4.34)

where K, = =>7 1X2K:ma K, = Yo Xsz, Kf =>7, Xif(fz'- Now we analyze the second
summand in V. Considering that

M;ST = M;SH(—CU, K ) = —M;ST K (CU)! = —M; M (CU)T = —(CW,;)", (4.35)
we have

F;iltr(Kg;Mif(xi) = Xitr(f(TM-STRTExT)
= —xitr (KLU CTRTEx™)

wner (4.36)
= —xitr(zET ROV, K,,)
= —\itr(ETRCY, K ).
Because the term ETRCW, K,z is a scalar, its trace is equal to itself. Thus,
I Mr(KEMK,y) = —xi: ETRCU K i, (4.37)
Similarly, we obtain
r;ltr(K,ﬂMiéri) = —:ETROV,K i€, (@.38)
It (KM Ky) = —x ET ROV Ky,
Inserting , and into yields
V= —iETE <0. (4.39)

The negative semidefiniteness of V confirms the stability of the closed loop adaptive system.
More plremsely7 E. K, K., K 7i € Lo. Considering E € Eoo, and - we have
o,0® e e e L. Wthh further 1ndlcates y,y® e Lo k=1, — 1, and thus x € L,
The boundedness of e leads to Rl € L, with k = 0,1,--- ,r,l =1,2,---,r, from
which we can obtain K,¢ € L, and hence, K, ,Krl,['( i € L. The boundedness of
Km,KM,Kﬂ,x 19 gives u € Lo, and F € L. (4.39) also implies that £ € L5, which
together with F, E € Lo, gives limy_,oo £ — 0 This together with the boundedness of o;
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4 Adaptive Control of PWA Systems with Output Performance Guarantees

implies that the tracking error e is confined within the prescribed performance bound, i.e.,
holds.

To analyse the stability in sliding mode, we follow the concept in Chapter [3] and observe
the derivative of V' along the sliding mode solutions, which can be achieved by replacing
the indicator function y; € {0,1} with x; € [0,1], where >7_; x; = 1. Specifically, the
transformed error dynamics is convexified as

E=—E+ARY_ xiCV;(Kyx + K& + Kpy). (4.40)
i=1
Equation (4.40|) holds due to the synchronous switching of the plant and the controller. As
a part of the closed-loop dynamics, the adaptation gains during the sliding motion are

Kmi = )_(irxiSiTRTExT
K, = X\l .iSTRTEET (4.41)
Ky = xil 1iSTRYE.

Inserting (4.40) and (4.41) into V', we still obtain the same expression as in (4.39), which

implies the stability of the controlled system also in sliding mode. O

Remark 4.5. Theorem shows that the tracking error stays within the prescribed per-
formance bound. Note that F,o,0®) — 0,k = 1,---,r — 1 as t — oo, the time limit
of the tracking error can thus be calculated by solving . Similar to Remark for
d;=1,7€{1,---,p}, we have the solution lim,; , €;(t) = 0.

Remark 4.6. Benefit from the property that the state transition matrix of E' is independent
of the switching (as shown in (4.31)), the Lyapunov function is a CLF. It ensures the
closed-loop stability under arbitrary switching. A similar concept to construct the CLF can
be found in the adaptive control for switched systems in Brunovsky form [4], where an error
metric is constructed based on the tracking error and its derivatives (see (11) in [4]). When
comparing to the approach in [4], the distinctive feature of our approach is that the error
metric I is expressed in terms of the transformed error o; and thus the transient behavior
evolves within the prescribed performance bound if £ is bounded.

Remark 4.7. The stability analysis of classical MRAC of PWA systems revisited in Section
2.2.7] also relies on the CLF. It requires the existence and the knowledge of a common
Lyapunov matrix P such that the Lyapunov equation AL.P + PA,,; < 0 holds for all
the state matrices A,,; of the reference PWA system. Differing from this requirement, the
construction of the CLF in this chapter only requires the continuity of the reference signal
and its derivatives, which is less restrictive. This advantage is obtained at the expense of
confining the applications to the output tracking of PWA systems in control canonical form.

Remark 4.8. Theorem [4.2]shows that the tracking error e satisfies the prescribed performance
condition, i.e., holds. If the performance function is chosen as , the tracking error e
decays exponentially. In the classical direct MRAC of PWA systems, the PE condition of the
reference signals must be introduced to ensure the exponential decaying of tracking errors
in between switches (see Theorem 2 in [137] and Theorem 2 in [83]). Besides, the decaying
rate depends on the excitation level of the reference signals. Expressing it explicitly is not
straightforward (see (26), (27) in |83]). In contrast, the exponential decaying of the tracking
error in our approach does not require PE conditions and the decaying rate can be specified
directly in the performance function by choosing the value of [.

44



4.4 Direct Adaptive Control Design

4.4.3 Parameter Convergence

Theorem shows the boundedness of the controller gains K,;, K,;, K. In this section,
we discuss if the adaptive controller gains converge to the nominal gains under the classical
PE conditions. First of all, we explore if the signal vector z = [z7,¢7,1]7 is PE given a
sufficiently rich reference signal y4. This is summarized in the following lemma.

Lemma 4.1. Let the system (4.3)) be controlled by the controller (4.27)). If the closed-loop
system has F € L, F — 0 for t — oo, if the reference signal y, is sufficiently rich of order
r+1,and if ; = 1,5 =1,--- ,p, then the vector z = [z, £ 1]T is PE.

Proof. The signal vector z can be written as

[ yg ] [ e ] [ Yd ] [ ]
Ya : Yd
xr .
Z pr— :é[. = yérfl) + 6(7’—1) == yg"fl) —'I— 6(7‘71)
3 0 Uk v
1] . 0] 1 . 0 ]
L i
ac L¢/
with
1 1 r—1 r—1 L1
v = XR‘1E+XR‘1(Z S AR ™). (4.42)
k=01=k—1

We have E € L, and E — 0 for t — oco. This results in e,e® € £.. From 4 =173=
1,---,p, it follows e,e® — 0,k =1,--- ,r —1 as t — oo, which further leads to v — 0 as
t — oo. Therefore, ¢ € L, and ¢ — 0 as t — oo. In order to obtain the PE property of z,
it suffices to show the PE property of ¢ |71, Lemma 4.8.3].

Writing ¢ in the frequency domain related to y, yields

l; 0
Slj 0
Cl)=>2| ¢+ |yai(s)+ || Ls)
T 0 (4.43)
0 1
—_— ~~
éHj éf’]f

where yg4;(s) is the j-th element of the reference signal yq. 1; = col;(f,) € RP is the j-th
column of the identity matrix I, € RP*?. The auto-covariance of ¢ is given by

R:(0) 1/00 Hy(—w)S1(w)H | (w)dw

- 21 J -0
. (4.44)
+ or Z/ Hj(—w)Sy, (w)Hf(Lw)dw,
™ —00
7=1
where ¢ is the imaginary unit (¢ = —1), Sy;(w) and S;(w) are the spectral distribution of

the j-th component of the desired output y,; and the constant input 1, respectively. Given
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4 Adaptive Control of PWA Systems with Output Performance Guarantees

that y4 is sufficiently rich of order r + 1, each of its element has r + 1 distinct peaks at
wij,l =1,--- 7+ 1. Therefore, we have

r+1

Syj (w) - ; fyj (wlj)é(w - wlj)v (445)

where f, (wi;) is the I-th peak of yg4; in the frequency domain and the constant 1 leads to a
single unit delta function at zero

S1(w) = d(w). (4.46)
Inserting (4.45) and (4.46)) into (4.44]) yields

R:(0) = ;THf(—LO)Hf(LO)
e (4.47)
5= 20 D fui (i) Hy (=g ) Hj (s

j=11=1

To prove the PE property of ¢, it suffices to prove the positive definiteness of R(0), namely,
the only solution of the equation
XTR:(0)X =0 (4.48)

is X = 0p4pr1 for X € R*PH Considering that each summand in (4.47) is positive
semidefinite, (4.48]) can hold if and only if
Hi(0)X =0, H(ww;)X =0, (4.49)

J

foril=1,2,---,r+1landj=1,---,p.
Suppose X = [y,Z]T with y = D)h"' ’yner]T c Rn+p and Z € R. H?(O)X =0
indicates Z = 0.

For a certain j € {1,--- ,p}, HjT(Lwlj)X = 0 with r + 1 distinct frequencies wy; results in
Loowy o (o)™t ()’ Vi
oy e ()™ ()" || Vg | 0
I wpgry - (Lwr+1j)rfl —(wr11)" ] Yrpt
2H;

H,; has full rank for wy; # w;; with h,l € {1,2,--- , 7+ 1}, which leads to
[yj>yp+j’ T ayrp-i-j}T = OT+17 Vj € {17 o 7p}' (4'50)

Note that rp = n, we have Y = 0,,4,,. Therefore, X” R;(0)X = 0 holds if and only if X = 0,
so R(0) is positive definite, from which it follows ¢ is PE and hence, z is also PE.
[

For the case, where the adaptive systems have to fulfill the desired tracking task y4, which
does not contain a sufficient amount of frequencies, the sufficiently rich condition can be
fulfilled by superposing some periodic signals with the required amount of frequencies and
small enough amplitudes upon the desired trajectory. By doing so, the sufficiently rich
condition can be fulfilled without significantly disturbing the primary tracking task.
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4.4 Direct Adaptive Control Design

Since a PWA system has multiple subsystems, the controller gains of all the subsystems
need to be estimated. To this end, we require that the reference signal y; to be sufficiently
rich and repeatedly activate all the subsystems as also suggested in other works of adaptive
switched systems [83] |84), [173]. The conclusion is depicted by the following theorem.

Theorem 4.3. Let the PWA system with known partition regions €); and unknown
subsystem parameters be controlled by the feedback controller with the update law
. Let p be designed such that the inequality @ holds at initial time instant t = 0.
Let the reference signals yq be sufficiently rich of order r + 1 and cause repeated activation
of all subsystems. If the matrices C'V; are invertible, and 6; = 1 for j = 1,--- ,p, then
Kxia Km‘,Kﬁ — 0 fOT t — 00.

Proof. According to Theorem [4.2] the closed-loop system is stable under arbitrary switching.
For clarity we first study a single subsystem and suppose the i-th subsystem to be activated
during some time interval, i.e., x;(t) = 1. We rewrite E' as

which can be further simplified by using Kronecker product

E = —FE + \R="9, (4.52)
with
x ~ ~ ~ ~
E= | ®1, 60, =vec(CV;[K, K, Kpil), (4.53)
1

where ® denotes the Kronecker product, I, € RP*P is an identity matrix, the operator vec(-)
represents the vectorization of a matrix.
Note that

0,

vec(CW[Ky Ky Ky
vec(CU;STRTE[z" €7 1))
= - vec(CV;STRTE)
—Z-W,;RTE,

(4.54)

where W; = C'\I/Z-Mi_l(C’\I/i)T. We write £ and QNZ in a form of a new dynamical system and

obtain _
E ~I, ARET|[E
M - [_EWfRT 0 ] M ' (4.55)

From Theorem and 0; = 1,5 =1,---,p we have e;(t) — 0. This leads to R — R* as
t — 0o, where R* € RP*P is some constant diagonal matrix. R* can be calculated by going
through the derivation shown in Section . Let r} denote j-th diagonal element of R* and
we have

1

= o

.1 5 +1

r*
105+

_ : (4.56)
T 200 (- 2

210
o)

t—o0
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with ps; = pj(t — o0) being the predefined static bound of j-th error component. For
R = R* we have the dynamical system

E ~1, A\R*ET] [E
AR}

which has the same structure as the one of Lemma [2.2] Applying this lemma with the
PE property of z (obtained by invoking Lemma we have that £ — 0 and 6; — 0
exponentially for system (4.57), which together Wlth R — R* implies that £ — 0 and
0; — 0 ast — oo for (4.55). Note that the exponential convergence property of [F, 0]
in 1} is not retained in 1-) due to the time varying R. So [E, 9] converges towards
zero asymptotically during the inverval, when ¢-th subsystem is activated. Since all the
subsystems are activated repeatedly, we have 0; — 0,Vi € T as t — .
The convergence of Km, Km, K £ cannot be directly concluded from the convergence of 0

Further steps of analysis are needed. Note that

0; = vec(CU;[Kyi — K3 K — Kiy Kpi— K3)

Since C'¥; are invertible, §; — 0 implies Ky — (C\If )IC®; = Ky, Ky — (C) 7 = K7,

~ i) re)

and Ky — (C¥;)7'CT; = K7};. Hence, Kai, Kpiy Kji — 0 as t — oo. O

4.5 Indirect Adaptive Control Design

If the estimation of the system parameters is also a part of the control objective, the indirect
adaptation can be applied.

4.5.1 Controller Design

The indirect adaptive control use the same control structure as (4.27). The concept of
indirect adaptation suggests the following update law

where Cfn-, \fli, T, denote the estimated i-th subsystem parameters. The main difficulty by
using this method is the singularity of (C\ifi)*l, which is also known as loss of controllability
issue. Since U; is updated by some adaptation law, it cannot be ruled out that the smallest
singular value of C, may go across zero or become some small value around zero, which
leads to unbounded controller gains.

To solve this singularity problem, we use the dynamic gain adjustment technique revisited
in Section . This concept is originally introduced by [48] and extended to MRAC
of PWA systems in [83]. We extend this method to the context of adaptive control of
PWA systems with prescribed performance. Specifically, the dynamic gain adjustment in
MRAUC starts with defining the closed-loop estimation errors, which capture the matching
errors between the reference system and the controlled closed-loop system with estimated
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4.5 Indirect Adaptive Control Design

parameters. Unlike the MRAC, there exists no reference system in our context and thus we
propose the following novel closed-loop estimation errors

These closed-loop estimation errors are obtained by multiplying both sides of (4.58) with
CV; and taking the difference between the left and right-hand sides. The controller gains
are updated by using the closed-loop estimation errors

Ky = XL RT B2 + T3S e
K. = xil'iSTRTEET +1,,8] ew, (4.60)
Kpi = XS] RTE + TSl ey
and the estimated system parameters are updated by
(i%' = —TiC"eq;
U, = —Tui(CTeqi K + CTewi K, + CTepiKTy) (4.61)
Ti = —FTiCT€f¢
with I'g;, I'yi, I'v; € RT being positive scaling factors. The update laws and are

derived based on the stability analysis. We can see from (4.60) and (4.61)) that the inverse
calculation shown in (4.58)) is avoided through the utilization of closed-loop estimation errors.

4.5.2 Stability Analysis

The stability of the closed-loop system by using the indirect adaptive laws is summarized in
the following theorem.

Theorem 4.4. Given the reference signal y; and predefined performance function p, let the
PWA system with known partition regions €; and unknown subsystem parameters be

controlled by the feedback controller with the update laws , and . Let

p be designed such that the inequality @ holds at initial time instant t = 0. The closed-loop
system is stable and the output tracking error satisfies the prescribed performance (@

Proof. For clarity and without loss of generality, we let the scaling factors in (4.59) and
(4.60) be 1 and propose the Lyapunov function

ETE 5 < ~ s .
V= + = (tr(DF @) + tr(V] W) + tr(T] T,
N 2;( (B @) + tr(W; Wy) + (T Ty)) (4.62)
where ~ ) . . - .
Taking the derivative yields
. ETE S X ~ 2 cri
V== +3 (e (D] D;) + tr (U] W) + tr(TTY)
R{—/ i=1 éV .
2V “ (4.64)

M
=Vs;
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Replacing F with (4.31) we have
.. ETE ETE . . .
Vi=s——=-—"—+ ETRCY(K,r + K& + K;). (4.65)

After inserting (4.60) into Vs, we observe the first summand in Vi;

We insert ([4.35]), transform the second summand of (4.66|) according to (4.36)) and obtain
(KL MK ) = te(KEM; S eq;) + yitr(KT M, ST RT Ea™)

. N (4.67)
= —tr(KLUTCTegy) — i BT ROV, K .
Similarly, the second and third summand in Va; can be transformed as
tr(KTMK,) = —tr(KEUT 0 ey,) — ; ET ROV, K, i€ (@.5)
tI‘(K};MzKﬁ) - —tI'(K}c;\I/lTOTéﬁ) — XZETRC\IJZK]%, .
which gives
S Vai == (tr(KLUTCTeqy) + tr(KLV] CTey;) + tr(K LU CTeyy))
= ! (4.69)

i=1

Noticing that the second summand in (4.69) can be canceled out with the second term of V;

in (4.65), we have

Vi + zs: Vai = — E'E — zs:(tr(f(T-\If-TC'Teqy)
= N5 (4.70)
—+ tr(f(g\II;FCqu,l) + tr(f(ﬁ\II;FCTsfl)),
which further leads to

) ETE s U -

V=— —+ S o tr(®] D — KLU CTeqy)
=1

+ 3 (BT, — KW ey, (4.71)

=1

S .
+ > (T — KUl Cleyy).
i=1
Now we insert (4.61) into the trace operators and simplify the expressions in the trace
operators. We have

TP, — KTUT ey,

a2 7

= — (BTCT + KU CT)eq,

x1 (2

dTCT —TCT + KXwToT — KXT0T 0T )eq, (4.72)

T 3

=—
= — (®TCT + KTWTCT — KTUTC ey,
=—

x1 K3 A K3

K
T T 5T AT
ep; — K3V C7 )ea,

20
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and

VI, — KE0TC ey = —(U7CT (e KT + e K h) + U7 CTey KL 4+ KLU CTey;). (4.73)

T 1

Note that the second and third terms in (4.73) can be further simplified as
VI CTey K+ KW CTey,
=0T e KE — 0T C e KT + (KL — KXY C ey,

=0Ty, KT — KT0TCT ey, (4.74)
—\IITCTE\IIZK + e,
which in turn leads to
tr — KZOT O ey;)
—tr CT(S@K + afleZ) + \IITCT&MKZ; + ) (4.75)

—tr
—tr

( T
( T
(U7 CT (eqi K5 + e1:KF) + (KEUTCT + 1)e )
( zTCT(g‘blK + 5flez) + 6\1118‘1’1)

Similarly, we have

Y7, - KhulCTey,
— (YTCT + KU CT ey
— (YTCT +YTCT + KRUICT — Kol ey (4.76)
—(Y7CT + KjulIcT — KLwlcT ey,

— (e}, — KFUTCTey.

’L

Therefore, we obtain

ETE 5 ~
— Ztr et — KLUTCMeg;)

V=
=1

= > te(ef — KLU CT)epa),

which after further simplification leads to

ETE > T T T
T > tr(egicai + eycwi +epep) < 0. (4.78)
i=1

V=

From the negative semldeﬁnlteness of V it follows that E, @Z,\I/,,T,,KM,KM,K fi € Lo,
which together with implies €4, cwi,€fi € Lo. Thus, we have (IDZ,\IIZ,T € Lo

Moreover, also 1nd1cates E, eqi,cwi,epi € Lo. Following the same analysis as in the
direct adaptation case, one can conclude that o,0® e, e® € £, which further results in
y,y® € Lo,k =1,--- ,r—1, and hence, z,£, K € L. This in turn, implies K;, KM,Kﬂ €
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L. The boundedness of u, E can be concluded from the boundedness of K,;, K,;, K i T, €.

Furthermore, F € Lo, as well as E € L., N Ly results in limy_ £ — 0 and thus aj, O'j(-k) — 0
ast —o0,Vj=1,--- ,pk=1,---  r—1. Therefore, we conclude that the tracking error e
stays within the performance bound, i.e., inequalities in hold.

Observe that the same expression as can be obtained by replacing y; with y; in the
transformed error dynamics and in adaptation laws , we thus can conclude the
closed-loop stability when the closed-loop system enters sliding mode. O]

Remark 4.9. Two other methods used to avoid singularity (or loss of controllability) problem
can be found in [13] and [12], respectively. While calculating the inverse of a matrix Fg
using the formula F;' = adj(Fg)/det(Fg), the method in [13] adds a positive desgin number
dp € R" to the denominator to prevent the division by zero (see (12) in [13]). The method in
[12] replaces the denominator with a positive constant if its norm is smaller than a threshold
(see (12) in [12]). With these two methods, the transformed tracking error and the parameter
estimation error converge only to a bounded set. Differing from these results, one key feature
of our approach is that the convergence of the tracking error e; — 0 is achieved by specifying
0; = 1. Furthermore, the parameter estimation errors, as will be shown later, also converge to
0 under PE conditions. Nevertheless, more prior knowledge (S; matrix and the the structure
of canonical form) is required compared to [12].

Remark 4.10. In the classical indirect MRAC of PWA systems revisited in Section [2.2.1],
the utilization of the dynamic gain adjustment technique has the disadvantage that the
convergence of the tracking error is not exponential. This still persists when the PE condition
of the reference signals is introduced. This issue, however, could be bypassed in our approach

by choosing an exponentially decreasing performance function (such as the performance
function (4.7))).

4.5.3 Parameter Convergence

Theorem shows the boundedness of the parameter estimation error ®;, ¥;, T;. If one of
the control objectives is the estimation of the real system parameters, the PE property of the
reference signal gy, should be added to ensure the convergence of the estimated parameters
to their real values. This is summarized as follows.

Theorem 4.5. Let the PWA system with known partition regions €); and unknown
subsystem parameters be controlled by the feedback controller with the update laws

, and . Let p be designed such that the inequality @ holds at initial

time instant t = 0. Let the reference signals in y, be sufficiently rich of order r + 1 and
cause repeated activation of all subsystems. If the matrices C'V; are invertible, and o; = 1
forj=1,---p, then Ky, K;;, Ky = 0 and A;, B;, f; = 0 as t = oo.

Proof. Let 0; = vec(CU; [Km K, f(ﬁ]) From (4.60) we have (for unit scaling factors)

0,

vee(CW[Ky Ky Ky

vec(CU,ST(RTE[x" &7 1)+ [cai ewi €1i]))
= - vec(CV;STRTE) 4+ vec(CV, S  [eai  ewi €5i))
—ZW;RTE + vec(CV;ST [eqi  ewi €4i]).

(4.79)
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Combining it with (4.52), we have the dynamical system with the state [E, §;]”

lHE] - [—E_VéfRT ARéET] lﬂ + m : (4.80)

with ¢; = vec(C"Il STlea; ewi €4i]). Considering (4.59)) and the property ®,,U;,T; € Lo and
K, Km,KfZ € Lo, we have €g;, i, €5 € Lo, Wthh together with e¢;,cwi, e € Loo N Lo
leads to €i,cwi, /i — 0 as ¢ — oo. Therefore, the convergence property can be shown
through the homogeneous part of (4.80} -

It has already been shown in Theorem {4 . 3 that E,0, — 0 asymptotically if €; = 0 and
all subsystems are activated repeatedly, from which one can conclude that K, — 0, K,; —
0, K i — 0 as t — oo, namely, the adaptive controller gains converge to the nominal gains
K, — K}, K, = K}, Ky — K}Z,‘v’i € T ast — oo. Considering ey; — 0 and the

xi) 1)

expression of ey; in ‘-D it follows C'; — —(K?)~' = C¥,. Taking this into the expression
of e¢; and e, in 1-| we have C®; — C®; and CT; — CT; as t — co.
Note that

C&) [& agi, cee ,&pi]T
C\IJ [b1i, boiy - -+, by T (4.81)

[flzaf%; o )fpi]T

where a;;, bﬂ, fjZ represent the estimated values of aj;, bﬂ, fjiin . forj=1,---,p,1 €.
The convergence of C@Z,C’\IJ“ CT implies a;; — aji, b]Z — bj; and fﬂ — fii- Con51der1ng

that the system is in control canonical form, it follows from the convergence of a;;, bﬂ and
fji that Az — Ai, B; — B; and fz — fz as t — o0. O

The advantage of our indirect adaptive controller over the direct adaptive controller is that
the indirect adaptive controller exhibits the capability to identify the subsystem parameters.
This is, however, achieved at the expense of imposing more complexity into the closed-
loop system. Specifically, the update law of the controller gains of the indirect adaptive
controller is obtained by fusing the closed-loop estimation errors to the update law
of the direct adaptive controller . Meanwhile, the subsystem parameters are updated
through the information of the closed-loop estimation errors and the estimated controller
gains. Therefore, more computational costs must be tolerable when applying the indirect
adaptive controller.

Remark 4.11. (Parameter tuning guidelines) Larger adaptation gains I'y;,I';;, I'y; and g,
I'y;, I'y; speed up the parameter adaptation while too large adaptation gains may lead to
numerical instability and high control effort. A is the coefficient of oj(rfl) and serves as the
input gain of the dynamics of E (see ) A larger \ amplifies the sensibility introduced
by the higher order derivative and results in aggressive response of E/, whereas a too small A
leads to “stiff” descent of the Lyapunov function (see (4.39)) and ), which is numerically
difficult to solve.

The concept to convert a constrained error into an unconstrained one to satisfy a prescribed
performance requirement has been studied for hybrid systems and switching systems in |91,
95, |107}, [177]. These approaches are based on backstepping design and require either input
gains to be completely known [91, 177] or the control direction as well as lower bounds of
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4 Adaptive Control of PWA Systems with Output Performance Guarantees

input gains to be known |95, [107]. Compared to these approaches, only the control direction
is assumed to be known in this chapter. Another feature that differentiates our approaches
from these approaches is that the convergence of gain and parameter estimation errors is
achieved under PE conditions.

In prescribed performance control, there also exist approximation-free control methods |11,
163, |188], where no adaptation mechanism is introduced. Such approaches have low con-
troller complexity and computational costs. Compared to these approximation-free methods,
our approaches are based on adaptations and can achieve unknown parameter estimation in
addition to the tracking task. This is especially useful for monitoring systems with parameter
drifts and component aging as well as for joint control and identification tasks.

4.6 Robust Modification

Since the PWA system is utilized to approximate a nonlinear system, there may exist ap-
proximation errors and external disturbances. To achieve the provable robust stability of the
proposed methods for PWA systems with disturbances and approximation errors, the adap-
tation laws need to be modified. Here we demonstrate a projection-based robust modification
for the direct adaptive control. So the original PWA system becomes now

2 =z + b+ fi; + dy(z,t)

’ (4.82)
:L‘g) :a;-x + b;;u + fpi +dpi(z,t), i€
y =[xy, 29, - 7J7p]T
where dy;, - -+ ,d,; represent bounded continuous error terms (approximation errors or dis-
turbances). The compact form becomes now
= A+ Bu+ fi +di(x,t), i€Z (4.83)

y=Cz,

with d;(x,t) € R™ being the vector of the error terms. It contains p nonzero elements. Due
to the structure of control canonical form, there exists w;(x,t) € R? such that d;(x,t) =
Bjw;(x,t). We assume that w;,i € Z are bounded and satisfy |w;| < w,i € Z. Therefore,
the transformed error becomes

E =K+ ARCA z + ARCA ' Bu+ ARCA™ ' f + A\RCA™1d.
=K+ ARCA"x + ARCA" 'Bu+ ARCA™ ' f + \RCA" ' Bw (4.84)
= K + ARC®x + ARCUu + ARCY + ARCUw

ford =377, xidi, w = >27  xyw;. We add an additional term v = 377 | xv; = >0 XiSiTRTE
to the controller (4.27) and obtain the updated controller

u= Ko+ K,§+ Ky +v. (4.85)
The following robust adaptation laws are proposed

Ko = xiPr[T:STRT ExT|

K,; = xiPr[l;ST RTEE"] (4.86)

Ky = xiPr[[ ;ST RTE),

o4



4.6 Robust Modification

where Pr|-] denotes the projection operator depicted in Section [2.2.3] it terminates the adap-
tation when a predefined bound of the corresponding estimated gain is reached.

Theorem 4.6. Given the reference signal y; and predefined performance function p, let the
PWA system with known partition regions §2; and unknown subsystem parameters be
controlled by the feedback controller with the update law . Let p be designed such
that the inequality @ holds at initial time instant t = 0. The closed-loop system is stable
and the output tracking error satisfies the prescribed performance (@

Proof. Based on the controller (4.85)) and following the same derivations as (4.30]), the error
dynamics of the transformed error £ becomes

=1

For stability analysis, we use the same Lyapunov function as (4.32). Taking its derivative

and inserting (4.87)) and (4.86) yields

: 1 : -
V< _XETE +ETRY xiCWw; + ETRY " xiCV,u;. (4.88)

i=1 i=1

Since K, = —(CV;)~! and M; = (K};S;)~!, we have

O, = —S: M. (4.89)
Inserting (4.89) and v; = SY RTE into (4.88)) yields
. 1 S S
V< —XETE — Y XiE"RS;iMyw; = x; ETRS;M;S] R"E (4.90)

i=1 =1

Because of the inequality — X" MX — XTMY < iYTM Y for positive definite M, we have

. 1 1
1 =t (4.91)

1
< —XETE + Emaxi)\max(Mi)w2a

where %max(]\/{i) denotes the maximum eigenvalue of M;. Let Vi = Zle(f‘;iltr(f( ;;le(m) +
UMt (KEMK) + Tyt (KF MK ), it follows from (4.32) that 2V = $ ETE 4 V. Thus,
(4.91) can be further transformed as

. 1 1
V< _XETE — Vi + Vi + EmaXiAmax<Mi)w2

1
= -2V + VK + zl’naxi)\max(]\Ji)7I)2
— V4B

(4.92)

with B = Vi + imaxi)\maX(Mi)wQ. Due to the use of projection in , Vi is bounded and
B also bounded. Therefore, we can conclude the boundedness of V. Based on the similar
reasoning as in Theorem , we have E,R € Lo, 0,0® e, e € Lo, y,y® € Lo,k =
1,---,r—1,x € L, and the prescribed performance constraint holds. n
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Figure 4.2: Output tracking performance of direct adaptation case.

4.7 Numerical Validation

In this section, the proposed adaptive approaches of PWA systems with prescribed per-
formance are validated through two numerical examples. The mass-spring-damper system
studied in Chapter [3| and the aeroelastic model of aircraft wings.

4.7.1 Mass-Spring-Damper System

In the following simulation, we validate the proposed methods with the mass-spring-damper
system shown in Section [3.4. The region partitions are assumed to be known and the
subsystem parameters are unknown. Both direct and indirect adaptation cases depicted in
Section [4.4] and Section [4.5 are analyzed as follows.
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4.7 Numerical Validation

Direct Adaptation

We start by testing the tracking performance of the direct prescribed performance adaptive
control approach, abbreviated as PPAC. To compare this performance with the one of MRAC
[83], we let the desired trajectory yg be the output of the reference system yy; = W,,(s)r,
where W, (s) = diag{ (0.281“)2, (0_251+1)2} denotes the transfer matrix of the reference system

(see Sec.V in [83]), the input signal r is chosen as r = [2sin(0.2t), 2sin(0.5¢)]”. We define
the performance bounds by specifying py = [10, 10]7 and ps = [0.1,0.1]7 with the decaying
rates | = [l1,l]T = [1,1]7. The error bounds in (4.8)) are chosen to be symmetric by letting
01 = 0o = 1. X is selected to be 0.04. Besides, we use unit scaling factors for controller gains
adaptation, I'y; =I'y; = I'y; = 1,Vi = 1,2, 3 and we specify S; = —1,,Vi = 1,2, 3.

The output tracking performance of PPAC and MRAC are shown in Figure[£.2] In Figure
and Figure [4.2d, the red regions represent the prescribed performance bounds of the
output. Blue solid lines indicate the real system output of PPAC and the black dashed lines
depict the desired output. In Figure and Figure [£.2d] the tracking errors as well as
the performance bound of errors are displayed in blue lines and red regions, respectively.
Besides, the mode information is given in Figure and the CLF in Figure [£.2fl The
Lyapunov function is continuous at each switching instant and strictly decreasing. It can be
seen from the figures that both components of the output tracking error of the controlled
system stay within the prescribed performance bounds. For comparison purpose, the tracking
performance of the MRAC approach is displayed with magenta lines. We observe that
the transients of MRAC converge slower than the one of PPAC and violate the prescribed
performance constraints.

40 |
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Figure 4.3: Convergence of estimation errors of controller gains of direct adaptation case.

To validate the convergence of the controller gains under PE conditions, the desired output
signal is chosen as y; = [2sin(0.2t) — 0.2sin(3t), 2sin(0.5¢) — 0.2sin(7¢)]*. The relative degree
of the system is r = 2. According to Theorem yq should be sufficiently rich of order
3 to guarantee the convergence of the controller gains to their nominal values. Since each
component of y, contains 2 distinct frequencies, the sufficiently rich condition is satisfied.
Besides, the chosen desired output signal ensures that all the subsystems are activated
repeatedly. The scaling factors are chosen as I'y; = I';; = I'y; = 5,Vi = 1,2,3 and A
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4 Adaptive Control of PWA Systems with Output Performance Guarantees

is specified as 0.01. The performance bounds are specified by py = [10,10]7 and pa

[0.15,0.15]7 with the decaying rates [ = [ly,15]" = [0.5,0.5]7.
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Figure 4.4: Output tracking performance of indirect adaptation case.

Figure shows the convergence of the errors between estimated controller gains and
nominal controller gains (the norm operators || - || in the figures of this chapter represent the
Frobenius norms || - | for clarity purpose). We use K; on the vertical axis to represent the

set of estimation errors of the controller gains for i-th subsystem, i.e., K; = {f(m-, f(m‘, K it
As we can conclude from the figure, the estimated controller gains of all the subsystems

converge to their nominal values. This validates the theoretical results of Theorem

Indirect Adaptation

The tracking performance of the indirect adaptation case is tested with the same parameters

as in the direct adaptation case. Figure and Figure display the desired output in
black dashed lines, the real output of PPAC in blue solid lines as well as the performance
bound of output in red lines. The tracking errors, as well as the performance bound of the
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Figure 4.5: Convergence of estimation errors of controller gains of indirect adaptation case.
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Figure 4.6: Convergence of estimated parameters of indirect adaptation case.

errors, are presented in Fig. [£.4b] and Fig. [4.4d] with blue and red colors, respectively. The
switches are displayed in Fig. and the CLF in Fig. [£.4f] which is continuous at each
switching instant and strictly decreasing. As we can see, the output of the controlled system
is enclosed by the performance bound and the prescribed transient performance is satisfied.
In comparison to this, the tracking performance of the MRAC approach, displayed with
magenta lines, violates the prescribed performance constraints.

The convergence of the controller gains and the estimated parameters is tested by applying
the same PE input signal with the same setting of parameters as in the direct case. In
addition, Ig;, Iy, I'ys = 1,Vi = 1,2,3. As Figure 4.5 shows, the estimation error of the
controller gains f(m-, f(m K 7 converge to zero. The parameter estimation of subsystem 2 is
displayed in Figure [4.6] Note that only the to be estimated components rather than all the
components in the parameter matrices are displayed, see . The dashed lines represent
the real values and the solid lines depict the estimated values. As can be seen from the
figure, the estimated system parameters converge to the real values.
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4 Adaptive Control of PWA Systems with Output Performance Guarantees

wh i U

Figure 4.7: The aeroelastic model of aircraft wings [176].

4.7.2 Aeroelastic Model

In this section, the proposed approaches of Section and Section are tested with an
engineering application example, the aeroelastic model of aircraft wings |1} [176]. The wing
fluctuation is simplified as the dynamics of an airfoil with linear and torsional spring, which
is illustrated in Fig. [£.7 The airfoil has two degrees of freedom, plunging and pitching.
h denotes the plunging deflection and « represents the pitch angle about the elastic axis.
B = [P, B2] serves as the input signal and denotes the left and right flap deflection angles,
which are not distinguished from each other in Fig. due to the side view. )V denotes
the constant airspeed. Let y = [h, ] be the system output. The motion of the aeroelastic
model can be described by the equation

Mij+Cj+ Ky + W, = B, (4.93)

where M denotes the mass and inertia matrix, B, represents the control gain. The structural
damping effect, stiffness, aerodynamic lift and moment effect are included in matrices C and
K. Their values are known and detailed derivations can be seen in [1]. W, = [0, Ka]”
constitutes the source of uncertainties with K being the nonlinear torsional stiffness

K = 2.82 — 62.322a0 + 3709.71a% — 24195.60° + 48756.9540*.

The characteristics of the nonlinear term Ko in the interval oo € [—0.38,0.38] can be divided
into 4 regions and its piecewise linear approximation in form of @;a+b;,i = 1,-- - ,4 is given
in Tab. . Let the state be z = [h, «, h, &]”. The dynamics can be approximated
by the PWA system in form of with

0 0 1 0
a_] 0 0 0 1
171 -293.27 —100.59 + 0.663; —5.9027 —0.40542 |’
| 1885.9 743.79 — 19.653; 34.728  2.4687
: (4.94)
0 0 0
0 0 0 .
Bi=|_ 76068 —7642.6| 1= | og6p |7t
| 14250 9021.9 ~19.650;

60



4.7 Numerical Validation

mode 1 2 3 4

a; 10044 5992 2482.1 19.141

b; 2732.9 1377.8 422.78 2.8463
Region | [-0.38,-0.33] | [-0.33,-0.27] | [-0.27,-0.17] | [-0.17, 0.3§]

Table 4.1: Piecewise linear approximation of Ka
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Figure 4.8: Output tracking performance of direct and indirect adaptation cases.

Now we test the tracking performance of both direct and indirect PPAC approaches on the
nonlinear system , which is equivalent to the PWA system with approximation
errors as external disturbances. Gaussian noise with zero mean and 0.001 variance is added
to the state measurements. We define the performance bounds by specifying py = [5, 7/6]7
and po, = [0.1,0.04]7 with the decaying rates [ = [0.2,0.2]”. The error bounds are symmetric
with 0, = d; = 1. X is selected to be 0.01. The adaptation gains are I'y; = I'y; = 1,17, =
0.001,Vi = 1,--- ,4 and we specify the reference signal as y; = [0, —0.4e7%%3sin(0.5¢ +
)" The initial state of the system reads 2(0) = [1,—0.35,0,0]". The initial guess of the
parameters for each subsystem is specified by letting a; = b; = 0 in . The following .5;
matrices are applied

0.7607  0.7643

Si = —1.4250 —0.9022

NVi=1,--- 4. (4.95)
The output tracking performance of direct and indirect PPAC are shown in Fig. 1.8 In
Fig. and Fig. the blue lines and magenta lines depict the output tracking errors
of direct and indirect approaches. The mode switches by using direct and indirect PPAC
are shown in Fig. and Fig. [4.8d] respectively. It can be seen from the figures that
the output tracking errors of both direct and indirect approaches stay within the prescribed
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4 Adaptive Control of PWA Systems with Output Performance Guarantees

performance bounds. This also suggests some degree of robustness of our approaches against
noise and disturbances.

Rl
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Figure 4.9: Convergence of estimated controller gains of indirect adaptation case.

The parameter convergence property is tested on the PWA system (4.94]) with indirect
adaptation approach. The reference signal is y; = [0.5sin(0.2¢) 4 0.05sin(0.9¢), 0.2sin(0.5¢) +
0.05sin(1.2¢)]T without Gaussian noise. The adaptation gains, the performance bound, and
the initial guess of parameters are chosen the same as those of the tracking case. Besides,
we specify A = 0.04.
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Figure 4.10: Convergence of estimated parameters of indirect adaptation case.

Figure shows the convergence of the estimation errors of the controller gains of sub-
system 4. The red line, the green line and the blue line represent the (Frobenius) norms of
the estimation errors Kyq, K4, K 74, respectively. The figure validates the convergence of the
estimated controller gains to the nominal ones.

Similarly, the component-wise convergence of the estimated parameters of subsystem 4 by
using the indirect PPAC approach is shown in Fig. [£.10] As can be seen from the figure, the
estimated system parameters, displayed by solid lines, converge to the real values (dashed
lines).

4.8 Summary
In this chapter, we have investigated the adaptive control approaches for PWA systems

satisfying prescribed output tracking performance constraints in terms of both direct and
indirect adaptations, respectively. For both control approaches, we have shown that the
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4.8 Summary

output tracking errors stay within the prescribed performance bounds. Based on the novel
CLFs, closed-loop stability is achieved under arbitrary switching. The controller gains and
estimated subsystem parameters are proved to converge to their nominal and real values if
the desired trajectory is PE. Moreover, a robust modification is developed to enhance the
robustness of the closed-loop system against disturbances.

Compared to the classical MRAC of PWA systems reviewed in Chapter [2] our methods
ensure that the transient behavior of the closed-loop systems fulfills prescribed output track-
ing performance constraints and guarantees safety during adaptations. Besides, the existing
prescribed performance control methods proposed for switched systems [91}[177] are based on
completely known input coefficients/matrices while our approaches are eligible for uncertain
PWA systems, whose input matrices are unknown. Furthermore, parameter convergence
is achieved in our approaches, which fills the gap that the existing prescribed performance
control approaches either do not consider parameter convergence |91} [177] or only partially
achieve parameter convergence in the sense that the parameter estimation error converges
to a bounded set[12, 13, 55].

One limitation of the approaches presented in this chapter is that the use of the prescribed
performance technique may result in a large control input. In future work, how to improve
the current approaches for systems having saturation constraints on the input signal is of
practical interest. In our current setting, we treat the entries aj;, bj;, fj; in matrices A;, B;, f;
as unknown for the purpose of generality except that some directional information of the
input matrices is known. In practice, the number of unknown parameters can be reduced by
performing offline measurements of some physical quantities. Furthermore, it is mostly also
possible to determine the upper and lower bounds of the unknown parameters. For instance,
in the PWA model of lateral vehicle dynamics [24], which can be well represented by the
numerical example in Sec. [3.4] the vehicle mass and yaw inertia can be determined while the
tire friction coefficients are unknown as they depend on the road conditions. Nevertheless,
reasonable upper and lower bounds can be well determined by testing the interaction of
the tire and different types of roads. With a reduced number of unknown parameters with
certain upper and lower bounds, it would be possible to investigate how the input satura-
tion constraints are related to the bounds of the uncertain parameters, which is of great
significance in the area of prescribed performance for not only PWA systems but also a more
general class of systems.

Another limitation is that the current approaches are only eligible for PWA systems in
canonical form. How to extend these approaches to generalized PWA systems (PWA systems
without structural restrictions) remains to be explored in future work. Methods proposed in
[91,/177] can be applied to switched systems in strict feedback form and non-strict feedback
form. However, as mentioned above, the input coefficients/matrices are assumed to be
completely known and parameter convergence is not achieved. In the direct next step, it is
interesting to study, how to extend our approaches to PWA systems in strict and non-strict
feedback form while retaining our key features that the input matrices do not have to be
completely known and the parameter convergence is guaranteed under the PE condition.
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Adaptive Control of PWA Systems with 5
State Performance Guarantees

In the previous chapter, we explored the adaptive control of PWA systems satisfying output
tracking performance constraints. Considering the cases where not only the output but also
the whole state vector need to satisfy some performance constraints, we would like, in this
chapter, to explore the adaptive control for PWA systems with state tracking performance
guarantees.

As also reviewed in Chapter [ notable progress has been made in the field of adaptive
control with performance guarantees. These include funnel control [62, 69], barrier Lya-
punov function-based approach [153], and prescribed performance control [12, [13]. All of
these methods are proposed to confine the output tracking error within the predefined con-
straints. Although some recent barrier Lyapunov function-based controllers achieve the full
state constraints [103} 104, 117, |184], they are built upon the backstepping concept, which
requires the controlled system to be in strict feedback form or pure feedback form. Thus,
they cannot be applied to generalized PWA systems. Recently, a set-theoretic MRAC for
linear systems is developed [8]. It uses the barrier Lyapunov function concept to confine
the weighted Euclidean norm of the state tracking error within a predefined bound. The
controller does not rely on the backstepping-type analysis and therefore does not impose re-
strictions on the system structure. This method is extended to the cases with time-varying
performance bounds [6], systems with actuator faults [168], and systems with unstructured
uncertainties [7]. However, extending this method from linear systems to switched systems is
nontrivial and challenging. Specifically, if the barrier Lyapunov function is constructed with
the user-defined performance bound being the barrier, as it is done in the linear system case,
then the discontinuity of the weighted Fuclidean norm of the tracking error at switching
instants may cause transgression of the barrier, which makes the barrier Lyapunov function
invalid. Besides, only matched uncertainties (uncertainties, which can be compensated with
an additional input term) are addressed in the work of set-theoretic MRAC approaches.
Since the PWA systems are mostly approximations of nonlinear systems, their approxima-
tion errors are not necessarily matched, let alone other kinds of external disturbances. How
to enhance the robustness against unmatched uncertainties/disturbances when applying the
set-theoretic MRAC to PWA systems is still open.

The main contribution of this chapter is threefold. First, direct and indirect set-theoretic
MRAC approaches for uncertain PWA systems with state tracking performance guarantees
are developed. Second, parameter convergence is achieved for the indirect adaptation case.
Finally, a robust modification of the proposed method is developed for PWA systems sub-
ject to unmatched disturbances. In addition to these achievements, another highlight of
the approaches proposed in this chapter is that the multiple Lyapunov functions are non-
increasing even at switching instants. Therefore, closed-loop stability and asymptotic state
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tracking in the disturbance-free case is achieved for the MLF setting without introducing
extra conditions, while the classical methods (see Table require robust modifications
or PE conditions. This enables the application of the proposed methods with fewer prior
knowledge requirements and less excitation. Furthermore, the non-increasing property of the
MLF is especially essential for the indirect adaptive control of PWA systems as it overcomes
the limitation of the classical indirect adaptive control of PWA systems, which requires the
existence of the CLF and cannot be applied to the MLF setting.

This chapter is structured as follows. The problem to be solved in this chapter is formu-
lated in Section [5.1] The direct adaptive control is presented in Section [5.2], in which the
stability analysis is also provided. In Section [5.3] and Section [5.4] two variants of indirect
adaptive control are introduced with the analysis of the stability as well as the parameter
convergence. The robust modification is shown in Section [5.5] Numerical examples are
illustrated in Section [5.6] which is followed by the summary in Section [5.7]

5.1 Problem Formulation
In this chapter, we consider the PWA system

() = A(t)x(t) + B(t)u(t) + f(t) (5.1)
with known indicator functions x;(¢),i € Z, unknown parameters A(t) = >0 4 x;(t)A;,

B(t) = >0, xi(t)Bi, and f(t) = >0 xi(t)f; for i € Z. x € R™ and u € R? represent the
state and the control input of the PWA system. The reference PWA system

Tm(t) = Ap(O)zm(t) + B (6)r(t) + fin(t), (5.2)
with A, (t) = 227 Xi(t) Amiy, Bim(t) = 2521 Xi(t) By fi(t) = D271 Xi(t) fni shares the same

indicator functions with the controlled PWA system (/5.1]). There exist some positive definite
matrices P; and @); € R™" ¢ € 7 such that

AL P+ PAy; = —@Qi, i€ (5.3)
Let the nominal controller be
u(t) = Kyo(t) + Kir(t) + K7, (5.4)

where K7(t) = X0, xi(0) K7, KiX(t) = X7 xa() Ky, Kj(t) = X0 xa(4) K, with K3, €
R Ky, € RP*POKG, € RP,4 € T denoting the nominal controller gains for the i-th sub-
system of (5.1)). We make the usual assumption as in Chapter [2| and Chapter |3| that the

following matching equations hold:

Ami = Ai + B K,

xi)

Bui = BiK.;,  fmi=fi+ BiKy, €T (5.5)
The adaptive controller takes the form

u(t) = K (t)z(t) + K.(t)r(t) + Kg(t) (5.6)
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with Ko (t) = 320 xa(0) Kwi(t), Ki(t) = 3o xi(OKri(t) and Kp(t) = 320 xa(0) Kpi(t).
Inserting (5.6 into the controlled PWA system (5.1)) and defining the state tracking error
e(t) = z(t) — z,,(t), we have

e = Ame+ > XiBi(Kpr + Kyr + Ky;), (5.7)
=1

Rm' = KT’L_K*

where K, = K, — K7, ol
the control gains.

In this chapter, we would like to design an adaptive controller for PWA systems such that
the norm of the state tracking error e is enforced within a predefined performance bound

and hence the closed-loop system satisfies performance constraints. The performance bound
can be chosen the same as the one in Chapter {4 (see (4.7))

K i = Kyp — K}*i represent the estimation errors of

p(t) = (po — poo)e ™) + py, (5.8)
where po, poo;! € RT and pg > po. The performance constraint to be satisfied can be
formulated as

le®)llp < p(t), (5.9)

where |le(t)]|p is the weighted Euclidean norm of e(¢) with the weighting matrix P, i.e.,
le(t)||p = (eT(¢)Pe(t))2. The error metric ||e(t)||p serves as a performance measure reflecting
the difference between the state of the controlled system and the reference system. P is equal
to P; if subsystem ¢ is activated, i.e., P = Y7 ;| x;(t)P;, where the weighting matrices P;
satisfy (5.3). So the error metric ||e(t)||p and the system parameters switch synchronously.

Remark 5.1. Some questions may arise regarding : is it feasible to specify a global
weighting matrix for the error metric instead of the switching one? What if the user would
like to define a performance constraint with an arbitrary weighting matrix, which does
not necessarily satisfy the Lyapunov equation ? In fact, these requirements can be
transformed into the formulation (5.9). We explain this point in the following.

Suppose that a global performance measure, which should hold for every subsystem, is
desired by the user, i.e., [le(t)]ls < p*(t), where S € R"™ is an arbitrary user-defined
positive definite matrix and p*(¢) represents a user-defined performance function in form of

(5.8). Then, we can choose P, i € Z matrices based on (5.3). We know |le[s < = [le][p with

v = minger 4/ f\:]:x((%)) To satisfy ||e(t)||s < p*(t), it suffices to let |le||p < vp*(t) hold, which
is equivalent to (5.9) by letting p(t) = vp*(t). A graphical illustration of this explanation

can be seen in Fig. [5.1]

The problem to be studied in this chapter is formulated as follows:

Problem 5.1. Given a performance function (5.8, a reference model and a PWA
system with unknown subsystem parameters A;, B;, f; and known regions 2; (or equiv-
alently, known indicator functions x;(t)), design the adaptive controller u(¢) such that the
state x(t) of tracks the state z,,(t) of with the tracking error e(t) satisfying the
performance constraint . Besides, ensure that the estimated gains or estimated param-
eters converge to their nominal or real values.
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el'Se=p*—

Figure 5.1: Graphical illustration of Remark

5.2 Direct Adaptive Control Design

In this section, we propose the direct adaptive controller to solve the given problem in the
disturbance-free case. First, we introduce the auxiliary performance bound and explain the
solution concept. Then the proposed adaptation laws are presented, which are followed by
the stability analysis of the closed-loop system.

5.2.1 Auxiliary Performance Bound

We define a generalized restricted potential function (barrier Lyapunov function) [6] ¢ :
R* — R* on the set Dy = {e||le|lp €[0,0)}

lell?
¢(llellp) = B0~ [e5 lelle < 6(2). (5.10)
By properly initializing the reference system or designing the performance function, we can
let |le(to)]|p < p(to). The set-theoretic MRAC approach for linear systems [6] suggests
specifying the barrier 6 to be p(t) and designing the adaptation laws such that ¢(|le||p) is
bounded Vt € [ty, 00), then it would be obtained that |le(t)||p < p(t),Vt € [to, 00).

The difficulty in switched systems is that P = Y7 | x;(¢)P; leads to the jumps of ||e(t)]|p
at switching instants. Suppose x;(t) = 1 for t € [ty_1,t;) and x;(t) = 1 for t € [y, ty41) for
i # j,i,7 € T and recall that e(t;) £ lim4, e(7), we have

)‘maX(Pj)

le(ti) 5 = e (t) Pre(tr) < Amax(Py)le(ti)]* < mne@m%

(5.11)

which may result in [le(ty)]|p > p(ts) for 3220 > 1 and [le(t;)]|p < p(ty), as shown in

Figure [5.2a] This further makes the barrier function ¢(||e||p) invalid. We call this barrier
transgression problem.

To overcome this problem, our idea is to introduce an auxiliary performance bound, de-
noted by €(t), which decays faster than the user-defined performance bound p(t). €(t) is reset
at each switching instant such that |e(ty)||p < e(tx) for k € N see Fig. If the adap-
tive controller ensures ||e||p < €(t) and if €(¢) is designed such that €(t) < p(t) for ¢ € [to, 00),
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5.2 Direct Adaptive Control Design

(a) The barrier transgression problem (b) Introducing auxiliary performance bound

Figure 5.2: Graphical illustration of the barrier transgression problem and the concept to
introduce auxiliary performance bound

then the control objective ((5.9)) is achieved. We propose the auxiliary performance bound
€(t) with the following dynamics

. g _

€(t) = —he(t)+g, e(to) € (ﬁ,po), e(tr) = G(e(ty)), keN* (5.12)
where h,g € RT. G : RT — R* is a state reset map. It resets the value of € at each switching
instant. Note that e shares the same switching instants with the controlled PWA system
ty, k € NT, ie., when the switch of the controlled PWA system occurs, € is reset by the state
reset map simultaneously. We specify the state reset map G to be

G(e(r) = VFeliz), 12 may m (5.13)

with p > 1. The parameters h, g, ;1 control the evolution of the auxiliary performance bound
€(t). Specifically, h represents the decreasing rate of €(t). g serves as a input for the dynamics
of € and affects its minimum value. /i reflects the increment of €(t) at each switching instant.
As stated before, €(t) should be smaller than p(t),Vt € [ty,00). To achieve this, the state
reset of €(t) needs to satisfy some dwell time constraints, i.e., Tp = mingen+{tx — tx—1} > Tp
for some 7p € R*. We have the following lemma:

Lemma 5.1. Given the performance function (5.8)) and the auxiliary performance bound
(.12) with the reset map (5.13)), if A > [, poo > (/1% and if the dwell time of €(t) satisfies

_ 9
——In IS g\hr“ (5.14)
1 pee— L/

for u > 1, then the following inequality holds

TD>TD:

% < e(t) < p(t), Vi€ [to,00). (5.15)

Proof. The initial value of e satisfies €(tg) > ¥, meaning that e decreases exponentially
towards ¥ if no switch occurs. Since \/p > 1, € increases at each switching time instant and
€(ty) > ¢ for Vk € N*. If the switch terminates from some time on, then ¢ — ¢ for ¢ — oo,

otherwise, € > £ for ¢ € [tg,00). Therefore, we have e(t) > £,Vt € [to, 00).
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5 Adaptive Control of PWA Systems with State Performance Guarantees

Now, we explore the relationship between €(¢) and p(t). We have for the time interval
[to, t1)

¢
e(t) = e(to)e M0 £ g [ ™M dr = (e(ty) — g)e_h(t_tO) +

5.16
\ " (5.16)

9
-

Since €(to) € (£,p0), h >l and po > /113, we have €(t) < p(t) for t € [to,t1). For t =t it
gives

eltr) = Vie(t) = Viilelto) = 5)e~ 07 4 /. (5.17)

Let At; £ ¢, — ¢y, we have

1) — e(t2) =(p0 — pre)e ™ = (elto) — D) + (poe — V2
20— g™~ VHe) = 7 (o
=(po — \/ﬁ%)e_mtl — (e(to) Z)e—hml (5.18)
>(p0 = VA e = Voo — e
If the inequality
= D i et oo

holds, we will immediately have p(t;) > €(t1). Since py > peo > /Hf > ¥, we have
po — /14 >0 and (/1(po — %) > 0. Therefore, (5.19) is equivalent to

_ /e
% > e (DAL (5.20)
Vi(po — §)
Taking the logarithm of both sides we obtain
1 _g
At; > I YHP0 VI (5.21)

h—1"" po—4/n

Following the above analysis we can obtain €(t) < p(t) for ¢t € [tx_1,t;) and €(t;) < p(ty) for
k e Nt if

ti _ 9
Aty > L ln\/ﬁp(k1> h\/ﬁ:

(n— VI
h—1" plte1) — 2./0 h_). (5.22)

1
In +
=i YR - i
If the dwell time T is no smaller than the maximal required interval length max{At;}, then
e(t) < p(t) holds for U[ty_1,tx), k € NT. Because p(tr_1) > poo for k € NT| we have

1 o — 1
Tp > max{At;} > In VP 7 hVE (5.23)
h=1" pe— 3/1t

So we can conclude that if ((5.14]) holds, then e(t) < p(t) for t € [tg, 00). O
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Lemma [5.1] tells the dwell time constraint to be fulfilled. We will further discuss how this
dwell time constraint can be satisfied later in Section Since €, the reference system
and the closed-loop system share the same switching signal, the first question to ask
is, if the reference system is stable with the dwell time constraint ? This is answered
by the following lemma.

Lemma 5.2. The reference system (5.2) satisfying (/5.3)) is stable with the dwell time con-

straint ([5.14)) and h satisfying h < = mln,g 1"7((%;

Proof. Consider the Lyapunov function V,, = x (3%, x:P;)x,, for the homogeneous part
of (5.2). The increment of V;, at each svvltchlng instant satisfies V,,,(tx) < puVi,(t;). In the
interval t € [ty_1,1x), k € NT, we have V., < —a,,V,, with

Q= HliIl /\min(Qi)

. .24
S (P (5.24)

If the switching satisfies t, — t,_1 > f—“,‘v’k € N*, the homogeneous system z,, = A, 2,
is exponentially stable and the stabﬂit};n of the reference system (5.2)) can be concluded for
bounded input r [65], [112]. Since h < émlnzg /\m‘“((%i, we have h — [ < h < %ozm. This
together with p > 1 leads to

Tp >7mp > —

Qm poo_g M am poo_% (0777 '

So this tells that the reference system is stable and x,, € L. if the dwell time constraint

(5.14) is satisfied. O

5.2.2 Adaptation Laws

Based on the auxiliary performance bound proposed in Section we define the following
generalized restricted potential function (barrier Lyapunov function) ¢ : RT — R+

lell?
ollellr) = 53—z llellr <e®) (5.26)
€(t) — llell
with P =327, xi(t)P;. Since ||e||% and €2(t) are piecewise continuous and piecewise differen-
tiable, the partial derivative of ¢ with respect to ||e||% over the time interval [tg, tz41), k € N
takes the form
0p €2(t)

2al10e) 2 Biel. = (o)~ fer? (527

¢ and ¢q have the property that 2¢4(||el|p)|le]|3> — ¢ > 0.
The direct adaptation laws of the estimated controller gains are given as

Km’ = _Xirxi(bd(|’6HP)S?B£¢H6$T7
Ky = —xiIvita(|lell p) ST BL; Per”, (5.28)
Ky = —xilyida(|lell p)S] B Pie

where I'y;, ', I'yy € R* are positive scaling factors. S; € RP*P is a matrix such that there
exists a symmetric and positive definite matrix M; € RP*P with (K7S;)™! = M;. Here we
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5 Adaptive Control of PWA Systems with State Performance Guarantees

make the usual assumption that S; is known. The use of the indicator functions y;(t) in the
adaptation laws implies that the controller gains associated with a certain subsystem
are updated only when this subsystem is activated. Their adaptation terminates and their
values stay unchanged during the inactive phase of the corresponding subsystem. Note that
¢q in (5.28]) can also be viewed as an error-dependent gain, whose effect can be weakened
or amplified by tuning the constant gains I';;,I",;,'s;. They are chosen by trial and error
in the simulation. If I';;,T';,I's; are too small, the effect of ¢q on the adaptation speeds
Km, KM-, K i is weakened. Consequently, ¢ and ¢4 may have every small denominators and
become ill-conditioned. If I';;,I'y;, I'y; are too large, the differential equations may become
“stiff” and difficult to solve numerically.

5.2.3 Stability Analysis

The tracking performance and the stability of the closed-loop system are summarized in the
following theorem.

Theorem 5.1. Given the reference PWA system satisfying and the predefined
performance function (@, let the PWA system with known regions ;i € T and
unknown subsystem parameters A;, B;, fi,1 € T be controlled by the feedback controller
with the adaptation laws (5.28). Let the initial state of € satisfy |le(to)||p < €(to). The
closed-loop system is stable and the state tracking error e(t) fulfills the prescribed performance

constraint if the time constant h in satisfies

h < 5 IznelIn m (529)

and if the switching signal of the controlled PWA system obeys the dwell time constraint in
5.14).

Proof. Without loss of generality, we let the scaling factors in (5.28) be 1. Consider the
following Lyapunov function

V =o(lellp) + D (tr(KEMKy) + te(KEMK) + KM Kys) (5.30)

i=1

AV

V' is piecewise continuous and piecewise differentiable. In particular, V' is continuous and
differentiable in between any two consecutive switching instants [tx_1,%), k € N* (including
to for the initial instant), while it is non-differentiable and (possibly) discontinuous at each
switching instant ¢, k € N*. The mixture of the continuous evolution and the discontinuous
jumps of V' constitutes the main challenge of the stability analysis of switched systems.
The overall idea is to prove 1% < 0 in between switches and evaluate the incremental or
decremental jumps at each switching instant. First of all, we would like to study the evolution
of V in the continuous phase (named phase 1), namely, in between two consecutive switches:

phase 1: t € [ty_1,t;), k € NT

V' is continuous in the intervals between two successive switches. Without loss of gener-
ality, we suppose that the i-th subsystem is activated for ¢ € [t;_1,11) and e(t;_1) satisfies
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lle(ts—1)||p, < €(tg—1). The time-derivative of V' in [tx_1,tx) is given by

o(llellp) + 22 (KM K ) + te(KEM ) + KEMK ). (5.31)

First, we simplify the second term of V. Taking the adaptation laws (5.28)) into the first
summand of the second term of V' gives

tr(f(flef(m) = —xipatr(KLM;ST BT Pex™). (5.32)

Since (K:,LSZ)_l = Mz and BZK:Z = Bmz‘; we have MZS,LTB;” = MlSzT(BlK:l)T = MZMJIB@T =
BT which further gives

tr(f(Z;le(m) = —Xigbdtr(KTBTP ex ) = —Xiqﬁdtr(xeTRBif(m)

xr1 1

] (5.33)
= —Xi¢dt1"(e Pz‘BiKm'l") = —Xipae” PB; K.

Doing the same simplification for tr(f(g;sz(m) and K};sz(fz we have

0N (te(RT MK o) + tr(RT M) + KT M ) = 25 yidaeT PBi( Ko + Kot + K1),
' i T fi f f

=1
¢ can be further simplified as
‘ 09, o7 (%
= —€=2 Peée+ — 5.34
Substituting é with (5.7) yields
: 0
= ¢gle (A P, + PA,, )e+26TP le il Ky x+ Kor + Kfz)) —¢é
= Oe
. 96 (5.35)
= —¢ae" Qi + 2> Xidae” PBi(Kypiw + Kor + Kp;) + 876
i=1 €
Therefore, V can be simplified as
. 0
V= —¢d€TQiG + ﬁ& (536)
Oe
with
0, —2efelp_, ¢ €]
ae (2—2)262 —2¢d( e Pi) e 2P7'g S 2¢d( (& Pi) (& %’z? (537)
Invoking Lemma , we have €(t) > ¥,Vt € [to,00). Therefore,
. he —
e _he=g _\ 9 (5.38)
€ € €
which leads to
0
iﬁG < 2hda(lle]lr,)llel7,- (5.39)
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5 Adaptive Control of PWA Systems with State Performance Guarantees

Taking this into (5.36|) yields
V S _¢d‘e|2)\min(Qi) + 2h¢d|€|2)\max<Pi) = _¢d|€’2<)\min<Qi) - 2h>\max(Pz)) (540)

From the condition (5.29)) it follows Apin(Q:) — 2R Amax(P;) > 0, which together with the
property 2¢q(|le]lp)llel[7 — ¢ > 0 gives

Amin(@i) - 2h)‘max<B)

V< —
- 2Amax (P)

¢ < 0. (5.41)

The fact V < 0 in intervals [t_1, %), k € N* implies that the Lyapunov function decreases
between two consecutive switches. ¢ and ¢4 are bounded in [tx_y,t;). Since ||e(tr_1)||p, <
€(tk—1), we have ||e(t)| p, < €(t) for Vt € [tg_1,tk).

The property V < 0 for each [tr_1,tr) does not imply the global stability of the closed-loop
system over the whole t € [ty,00). It is necessary to evaluate the discontinuity of V' at each
switching instant (phase 2):

phase 2: jump at switch instant ty, k € NT

Now we analyse the behavior of the Lyapunov function at the switching time instants.
Suppose that i-th subsystem is activated in [tx_i,tx) and j-th subsystem is activated in
[tk,tkr1), where i,j € Z,i # j. From the adaptation laws of the estimated controller gains
, we see that the estimated controller gains are continuous, i.e., Ku;(tp) = Ka(ty),
K,i(ty) = K.i(ty) and Kpi(t,) = Kp(ty) for Vi € T, from which it follows Vi (t;) = Vic(tr.).
To study the relationship between V (tx) and V (¢, ), it remains to analyse ¢(|le(tx)||p) and
o(|le(ty)|lp). Since e(t) is also continuous, e(tx) = e(t; ). This results in

2 o Amax(F)) 7
(Fy)le(t)|” < Fom(P) € (tx) Pie(tr)

le(ti)Ip < nlle(ti)I3-

le(t)llp = € (tx) Pre(tr) < Amax
Al P) (5.42)
B )\min(Pi)

From the analysis of phase 1, we already know that ||e(t;)||p < €(t;). € is reset at t; and
we have

le(tollr < vullelty)llp < pe(ty) = e(tr), (5.43)
which makes the potential function ¢(|le(tx)||p) also valid at t;. Recalling the dynamics of

€ (5.12) and the above inequalities (5.42)), we have

el alel?
) — et = @00 -l
ulleli) 2 (5:44)

B ue(ty) — plle(t)||% = o(lle(t;)llp)-

Combining the facts ¢(|le(t)]|p) < ¢(|le(ty)]lp) and Vi (t, ) = Vi (tx), we have

olle(to)llr) =

Vi(tr) = ¢(lletr)llp) + Vi (tr) < ¢(lle(ti)llp) + Vi () = V (t;). (5.45)

Therefore, the Lyapunov function is non-increasing at every switching time instant. This
together with the fact V' < 0 in [tg_1, ) for V& € NT implies that V(¢) is non-increasing
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for Vt € [ty,00). The discontinuity of the Lyapunov function does not introduce extra dwell
time constraints.

Combining the analysis of phase I and phase 2, we have ¢, Ky, K,;, K 7i € Lo, which
further leads to K, Ky, Kf; € Loo. Besides, |le(t)||p < €(t) < p(t) holds for Vt € [tg, 00)
and ¢4 € Lo

Invoking Lemma we have z,,, € L. This property and ||e(t)||p < €(t) < p(t) lead to
x € L, which together with r, ¢4 € L., implies Kxia KM, Kﬁ € L. O

Theorem shows the tracking performance and the stability of the closed-loop system
under the dwell time constraint . Now we study the case with arbitrary switching.
For the PWA reference systems with common Lyapunov matrix P, i.e., if positive definite
matrices P and );,7 € Z exist such that

AT P+ PA = —Q;, €T, (5.46)

the error metric ||e(t)||p exhibits no jumps at the switching instants. We can construct the
potential function with the user-defined performance function directly

e
bolllellr) = e = lelle < plt) (547)

Corollary 5.1. For the reference PWA system ([5.2) with a common Lyapunov matrix P,
if the adaptation laws

Ky = —XidaoS! BY Pex,  K,i = —xidaS! BL,Per”, Ky = —xi¢a0S! BL,Pe  (5.48)
are used with ¢q9 = a|| ”2 , and if the decaying rate of p satisfies
1 /\min 7
[ < = min w (5.49)

2 i€z )\maux(F))7

the closed-loop system is stable under arbitrary switching and the state tracking error e(t)
satisfies the prescribed performance guarantees (/5.9)).

Proof. We propose the following CLF
V =do(llellp) + S (br(KLM Ky) + tr(KEMK ) + K[ MK ). (5.50)
i=1
V' is continuous not only within each interval [ty,tx11),k € N but also at switch instants

tr, k € NT. Taking its time derivative and inserting (5.48]) and (/5.7)), we obtain

V = —ge’ ZXzQz e+ ﬂ (5.51)

Since %25 < 2¢a0([le]lp)[le] 32 and 2 <1, we have

miniGI Amln(@l) - 2l)\max(P>
2Amax(P)

given that 9) holds. V <0is negative semidefinite. Therefore, we have ¢y, K zis K i K #i €
Lo for arbltrary switching. The boundedness of K;, K,;, K i implies K, Ky, Ky € Lo
Furthermore, |[e(t)||p < p(t) holds for Vt € [tg,00). This leads to x € L, and ¢q40 € Eoo,
which together with r € L., implies that Ky K, K 7i € Loo. O

V S _de0|€|2 Izréllr_l )\min(Qi) + 2l¢d0|6|2>\maX<P) S - ¢0 S 0
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It is worth comparing the proposed method with other control approaches for switched
systems with performance guarantees. The bang-bang funnel controller [94] enforces the
output tracking error of systems, which can be transformed into Byrnes-Isidori normal form,
within a predefined funnel. The backstepping-based approaches can achieve output tracking
with performance guarantees for systems with special structures (strict-feedback form [22]
177] and non-strict-feedback form [91]). In contrast, our approach achieves performance-
guaranteed full state tracking without special structural requirements provided that the
matching conditions hold. Nevertheless, extra efforts are needed in our case for the
design of auxiliary performance bound to bypass the barrier transgression problem. The
fault-tolerant approach [179] solves the barrier transgression problem by modifying the per-
formance function when actuator failure occurs. Compared to this concept, our method
imposes the auxiliary performance bound with certain dwell time constraints such that the
modification of the original performance function p(t) is not necessary.

Remark 5.2. The classical MRAC approaches for switched systems [83, |137, |166] (see also
the review in Section suggest using e’ (37_, x:P;)e as the error-related term (the first
summand) of the Lyapunov function V. This leads to potential increases of V' at switching
instants. The dwell time constraints are then derived by formulating an inequality in form
of V < —aV + 3 for some constant «, 3 > 0 to keep V exponentially decreasing in between
the switches. To achieve this, the projection operator needs to be introduced (see Theorem
as well as work by Wu and Zhao [166]) or the input signal must be PE (see Theorem
2.5) in the disturbance-free case. One key feature of our approach is that the Lyapunov
function V' is non-increasing even at the switching instants and does not impose extra dwell
time constraints. This omits the need for introducing the projection or the PE condition in
the disturbance-free case.

Remark 5.3. The non-increasing property at switching instants of Lyapunov functions is also
achieved in the recently proposed adaptive control approaches for switched systems [173,
175, which employ time-varying gains for adaptation laws. These time-varying gains are
either obtained by interpolating a set of pre-calculated P, ; matrices satisfying certain linear
matrix inequalities [173] or generated by an auxiliary piecewise continuous dynamical system
[175]. Compared to these approaches, our method can be viewed as an error-dependent
dynamic gain approach (see ¢, in adaptation laws ) and endows the closed-loop system
with a user-defined performance guarantee.

Remark 5.4. Introducing the auxiliary performance bound e has the advantage that the
barrier transgression problem can be avoided. Nevertheless, this imposes one technical chal-
lenge: how its parameters are related to the dwell time constraint and the system stability.
We resolve this challenge by deriving a novel dwell time constraint in terms of the parame-
ters of € in Lemma [5.1] which differs from the existing dwell time constraints [105], [114] and
proving that the resulted Lyapunov function does not impose extra dwell time constraints.

5.2.4 Independent Switching

So far, the theoretical results are obtained with the assumption that the reference PWA
system and the controlled PWA system switch synchronously, where the switches
depend on the state of the controlled PWA system. To show how the dwell time constraint
can be satisfied, we consider a more general case, where the reference PWA system
switches based on its own state space partitions x,, € {Q:}i,. For x € Q; and =z, €
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e(t)
fy T € QU 2 -
om X switching instants of reference system
z €Y ! € ! € ! € switching instants of controlled system
2] 12 t3
Kz Ky Ko K Koy switches of gains
P(t)= P

Figure 5.3: Reset of €(t) for independent switching of the reference PWA system and the controlled PWA
system. Switching instants of the reference PWA system and the controlled PWA system are
displayed in red and blue, respectively. The value of P(t) and the reset of €(¢) depend on the
switches of the reference PWA system 71, f5, which can be pre-determined and checked when
designing the reference system and the reference input. The switching of the controlled PWA
system (see e.g. tvg,tvg,), which cannot be determined in advance, does not affect the value
of P(t). So even when the controlled PWA system switches within the interval [f;,%5), the
analysis of the closed-loop stability in this interval can be conducted with a common Lyapunov
function framework based on Corollary @ with € being the jump-free barrier.

Q}‘, a set of controllers K,;;, K,i;, Kyi; is activated for adaptations, whose nominal values
Ky K Ky satisAfy the matching equations for {A;, B;, fi} aADd {An;, Aij, fmj}- AAt the
switching instants {ty }ren+ of the reference PWA system, i.e., z(t; ) and x(tx) € i, 2 (ty, ) €
Qj, Tm(tr) € Qu,j # 1, we have P(f;) = Pj, P(ty) = P.. The reset of ¢ is triggered; At the
switching instants {f; }ren+ of the controlled PWA system, i.e., z(f;) € Q;, 2(fy) € Qi #
l, 2 (ty) and z,,(f,) € Q;, we have a common P(f;) = P(f;) = P;. € is not reset at .
So within each interval [f;_y, %), the analysis follows a common Lyapunov setting shown in
Corollary ; Over the whole time interval Uk[fk,l, fk), the stability argumentation follows
Theorem (5.1, The above analysis shows that only {ij}ren+ of the reference system have
to satisfy the dwell time constraint. Since the reference PWA system is designed by the
user, the dwell time constraint can be fulfilled by properly designing the reference input and
the reference PWA system offline and can be checked in advance. Fig. [5.3] also provides a
graphical illustration of the above explanations.

5.3 Indirect Adaptive Control Design: Variant

The core idea of the direct MRAC for PWA systems with state tracking performance guar-
antees proposed in the previous section lies in the use of the barrier function to replace
the conventional quadratic error term e’ (35, x;P;)e (see e.g. the conventional Lyapunov
function (18) in [137]), which may exhibit incremental jump behavior at switching instants.
In this section, we explore the indirect counterpart of this method. A natural idea is to
inherit the barrier function concept to replace the quadratic prediction error term of the
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5 Adaptive Control of PWA Systems with State Performance Guarantees

Lyapunov function of the indirect adaptation case (see (2.37])). As it will show later in this
section, this idea would not guarantee the constraint on the state tracking performance to be
satisfied. Nevertheless, compared with other indirect MRAC approaches (|83, Thm. 3] and
the approach shown in Chapter |3), where the existence of a CLF is required, the approach
presented in this section fills the theoretical gap of the indirect adaptive control of PWA
systems in the MLF setting with provable stability guarantee. Based on the result presented
in this section, we will further present an alternative to fulfill the state tracking performance
constraint in Section (.4l

5.3.1 Adaptation Laws

Assume that for the reference system ([5.2)), there exist positive definite matrices P;, Q; €
R™™ ¢ € T such that
AL P+ PiAy; +2hP=—Q;, i€l (5.52)

where the positive constant h € R™ is defined in - In indirect adaptive control, the
unknown system parameters need to be identified while tackling the tracking task. So recall
that A;, B;, fZ denote the estimated values of A;, B; and f;. The estimated parameters are
updated based on the state information x and the predicted state, denoted by & € R"™, whose
dynamics can be written as

Z — Api)z + Biu+ fi)x. (5.53)

Define A; = A; — A;, B; = B; — B;, and fz = f, — f; to be the parameter estimation errors.

By (5.1) and ([5.53]) we obtain
i= A7+ (Aix + Bu+ fi)x (5.54)
i=1

with £ = & — x representing the state prediction error. Equation relates T with the
parameter estimation errors fli, Bi, fz

Before we derive the adaptation laws for parameters and control gains, we first define the
prediction error metric

1Z]|p = 2" qu (5.55)

||Z|| p is piecewise continuous and piecewise differentiable. Moreover, the following property
holds at each switching instant ¢

~ ~ (o — /\max P
1EEOIE < ulEE)IB,  with g = max 2mxtD)

max N P) (5.56)

Amax () and Apin(+) denotes the maximum and minimum eigenvalue of a symmetric matrix,
respectively. Next, we define the following generalized restricted potential function (barrier
Lyapunov function) ¢ : RT — R™ on the domain D.(t) = {Z | ||Z||p € [0,€(t))}

iy = EE
o(lzllp) = 20— [E5 (5.57)
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5.3 Indirect Adaptive Control Design: Variant

where €(t), as the “barrier” of ¢, is the time-varying piecewise continuous signal we used
for the direct adaptation generated by the dynamics with h satisfying . At
each switching instant #;, € is reset by the reset map e(tx) = \/ue(t, ). Considering the
jump of ||Z]|p at ¢, shown in (5.50), the reset map of e guarantees ||Z(t)||p < e(ty) if
|Z(t; )| p < €(ty), i.e., the increment of ||Z||p at switching instants will not lead to invalidity
of (121

In every interval between two successive switching instants [ty, txy1), k € NT, ¢ is differ-
entiable and its partial derivative with respect to ||Z||% is

26 (1)
¢a(llZllp) & 5o = >0 (5.58)
oNzlp  (e(t) — 12(7)?
Furthermore, ¢ and ¢, have the relation that 2¢4(||Z|p)||Z]|% — ¢ > 0.
The indirect adaptation laws for estimated system parameters and control gains are again
based on dynamic gain adjustment technique, which has been exploited in Chapter (3| and
Chapter {4 Define the closed-loop estimation errors

EAi = Ai + B'L’K:m' — Ami, €= éiKm' — B, Efi = ﬁ + éz‘Kfi — fmi- (5-59)
The adaptation of control gains is driven by these closed-loop estimation errors

Kuy=—SI'BYcs, K,i=-S'Blep, Kp=—S'Blep, (5.60)

*

where S;,1 € 7 are known matrices such that K7;S; are symmetric and positive definite.
On the other hand, the estimation of system parameters is adjusted based on closed-loop

estimation errors, the state prediction error z, the state x, and input u. Specifically,

A; = —xi¢a(||E] p) Pida" — e i,
B; = —xipa(|Z||p) Piv" — e s K], — epi K — €7 K, (5.61)
fi = =xi0a(| 2 p) P& — &5s.

In (5.61)), the partial derivative ¢q(||Z| ) is used as a time-varying gain of the first summand
of each adaptation law, which differs from the classical adaptation laws (see (2.34)). Such
arrangement as well as the adaptation of control gains are suggested by Lyapunov-
based stability analysis, which is shown in the next section.

5.3.2 Stability Analysis

We start by exploring under which condition the auxiliary “barrier” signal €(¢) is bounded.
Unlike the fixed dwell time constraint introduced in Lemma [5.1] we explore here an average
dwell time constraint, which is summarized in the following lemma.

Lemma 5.3. Given the piecewise continuous signal €(t) defined in (5.12)), if the number
of switches within an interval (7,t), denoted by N(t,7), satisfies N(t,7) < Ny + - with
D

Ny = 1%‘; and 75, = % for any positive constants a € RT, 1 € (0, h), then €(t) is bounded.
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5 Adaptive Control of PWA Systems with State Performance Guarantees

Proof. For an arbitrary time interval [ty,?) containing the number of switches N (t,ty) = k,
namely, to < t; < -+ <t <t,k € NT, we have

t
e(t) = e(ty)e ") [ ge 7Ty

tr

. (5.62)
:\/ﬁﬁ(t};)e_h(t_tk)—f— t ge_h(t_T)dT.
k
Replacing €(t; ) in (5.62)) with
—
e(ty) = e(ty_y)e Mte=1) 4 [ ge=hlte=T)qr (5.63)
te—1

leads to

t
E(t) = M%g(tkil)e*h(t*tk—l) + M% gefh(th)dT + gefh(tfr)dT'
12

te—1

Recursively doing the same derivation shown above yields

-
e(t) = ,uge(to)e_h(t_to) + ug /t " ge gy
0
to, t
fu T [P ge A 4 p2 [ ge M

t1 tk
Note that k = N(t,ty), k — 1 = N(t,t1), etc. Therefore,

N(t.tg)

(ttg) [t
et)=p 3 G(to)e_h(t_to) +,uN big /1 ge_h(t—T)dT

to
N(tty) [ta N(tty) [1
—+ ol 2 1 2 ge_h(t_T)dT “+ -+ Mfk ge_h(t_T)dT_
t1 tg

N(t,t5)
Since N (t,7) = N(t,t;) for 7 € [t;,tj41), the p=2 ’ ,j7 €{0,1,--- k} terms can be put into the
integral operators, which yields

N(t,tg) t N(t,7)
€t)=p 2 ‘ e(to)e_h(t_to) + A ' ge_h(t_T),u 7 dr
0
2 —h(t—r) LT ! —h(t—7), M)
—|—t ge [T d7-+~-+tge puo 2z dr.
1 k

Merging all the integral terms yields

t
e(t) = E(to)e—h(t—to)+N(t2,to)lnu + g/ e_h(t_Tlenudr

to

To ensure the boundedness of €(t), it suffices to let —h(t — 1) + N(;’T) Inpy < a—I(t — 7) for some

positive constants « € R* and [ € (0, h). This further leads to
t—T
N(t,7) < No+ —; (5.64)
™D

with No £ 22 and 77, £ 3. O
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5.3 Indirect Adaptive Control Design: Variant

The average dwell time means that the switches do not necessarily fulfill a fixed dwell time
constraint but are constrained in an average sense. Despite having the same form as the one
in [65], is derived based on the nonautonomous switched system (5.12)), where g acts
as a constant input. For nonautonomous switched systems with £, input, this derivation can
also be adjusted to the H,, performance analysis [178,185]. Furthermore, applying Theorem
2 of |65], the reference model is stable and x,, is bounded under the constraint (5.64)).

Theorem 5.2. Consider the reference system satisfying and the PWA system
with known regions €; and unknown subsystem parameters A;, B;, f;. Let the PWA
system be controlled by the adaptive controller @ with adaptation laws , ,
and (5.61). If ||2(to)||lp < €(to) and the switch of the controlled PWA system satisfies the
dwell time constraint , then the state tracking error e = x — x,, — 0 ast — oo.

Proof. Consider the following candidate Lyapunov function
1 . 1 1
V= §¢(||$||P) +5Vk+ 35V

where
i=1
Vo £ 3 (tr(AT A) + tx(B] B)) + fI' f3).
i=1
Similar as the proof of Theorem [5.1] we analyse the closed-loop stability with the following
two phases:
phase 1: t € [ty_1,t;), k € NT
Suppose i-th subsystem is activated in the interval [t;_i,t;) and the time-derivative of V/
in this interval is

. 1. il o o 2 oy 2
Vv =go(llZlle) + X (tr(A] Ai) + (B B)) + fi fi)
i=1
1=1

Ay
=Vg

Considering (5.61)), we expand the second summand of V as

S (AT A) + (BT B + 7o)
i=1
= — qﬁd(tr(;l;-rPi:Z‘:L‘T) + tr(BiTPi:ZuT) + szPz‘i‘)

S
— Z(tr(AzTeAi + B;‘F(eAiKg;i + 5BiKZ; + 6f¢K};)) + fiTefi)
=1

Inserting ([5.60)) into v we obtain

vp — Ve = — Y _(tr(ehe i) + tr(epgiemi) + efiesi).
=1
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Detailed derivations of this step can be found in [83, Sec. IV]. Thus, we have

V =3d(13llr) — pa(tx(AT BaaT) + (B ) + T Pid)
s (5.65)

— > (tr(hieai) +tr(ehieni) +efiegi).
i=1

The time-derivative of ¢ can be further simplified as

- d¢ dlzllp, | 9¢ s, 00
- iy 90 = 20,57 P + 226 5.66
| T P R o (5.66)
Substituting z in (5.66)) with (5.54)) yields
- ~ ~ -~ 0
¢ = pai’ (AL P, + PiA)T + 20437 Pi(Aix + Bu + fi) + ;é. (5.67)
€
Inserting ([5.67)) into (5.65) we obtain after some cancellations
. 1 ~T T ~ 1 a¢ . u T T T
V= 5@3: (A, P+ PiAL)T + 5@6 - Z(tr(eAigAi) + tr(epepi) + 5fi€f2-).
i=1
We know that
P . —2¢||Z||3, . 2 € 2 J€]
= _——_""T"5 c__9 - <2 —
866 <€2 - ”i’ %31_)26 ¢dH$ Pie = ¢de P €

From the dynamics of € (5.12)) we have |¢|/e < h, which gives %2¢ < 2h¢,|| 73, = ¢aiT (2hP;)7.
This together with ((5.52)) leads to

S

. 1
V< —igbdfTQi:% — Z(tr(sﬂiem) + tr(eh;em:) + 8?2-6]%).
i=1

Therefore, V is non-increasing in between two successive switching instants [ty _1, tx), k € NT.
phase 2: jump at switch instant t;,, k € NT
Now we analyse the behavior of V' at switching instant ¢;,. Without loss of generality,
we suppose that i-th subsystem is activated in [t;_1,%;) and j-th subsystem is activated in
[tk,tkr1), where i, 7 € Z,i # j. From (5.56]) we have

2 P 01
() — [12(te)IB, — € (te) — pllZ(t)IIE,
pllz )3, - (1
= = = = o2 () lp)-
pe?(ty) — pllz)|?, ;
Since Vi and Vj remain unchanged at t;, we have V(t;) < V(t;),k € N*.
According to the above analysis, V' is negative semidefinite for ¢ € [ty,00). Thus, we have
¢ € Loo, Kui, Koiy Ky € Lo, and A, By, fi € L&, which, according to the definition 1)
leads to €4i,€pi; €fi € Loo. The boundedness of ¢ implies that ||Z(¢)||p < €(t) for Vt € [to, 00).
Since € is bounded, we have & € L., and ¢4 € L. Integrating V over [ty,c0), we obtain

o(12(te)llp) =
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5.3 Indirect Adaptive Control Design: Variant

ik Vdt = V(oo) — Vi(ty) < —ftzo(%qbd:iTQii: + 38 (tr(elea) + tr(eLen:) + 5?i5fi))dt.
Because ¢4, V(00), and V (ty) are bounded, we conclude Z, e4;,€p;,5; € Lo. Letting e4 =
> i1 Xi€Ais €B = 251 Xi€Bi» €f = 21 Xi€ i and inserting (5.6 and ([5.59)) into ([5.53)) yields

;f:(Am—l—EA)i"—EAf—F(Bm_EB)T+fm_5f'

This equation together with stable A,,, r € Lo, T € Lo, €ai,€Bi,€5i € Lo N Ly leads to

Z,x € L. According to 1' we have u € L. Bounded x,u imply bounded A;, By, fi, T
and further €4, €pi, € € Loo.

Therefore, Z,€4i,€pi,€i — 0 as ¢ — oo. This together with £ — x,, leads to e — 0 as
t — o0. O

Remark 5.5. Similar to the discussion in Remark [5.2], the indirect adaptive control approach
of this section achieves asymptotic tracking for switched systems without introducing extra
conditions when compared to the classical MLF-based direct adaptive control approaches
for switched systems (see Theorem and Theorem [2.7]).

Remark 5.6. The conventional MLF concept introduced in [65] 186 does not work for indirect
adaptive control of PWA systems without the CLF. Due to the presence of € 4, €p;,€y; in v,
the exponential decaying property of V' in between successive switches cannot be established.
No dwell time constraint can be found to compensate the increment of V' at switches and
the closed-loop stability cannot be obtained (see [83, Thm. 4]). Therefore, the indirect
adaptive control reviewed in Section [2.2.1] and the approach developed in Chapter [3| require
the existence of CLF (P, = P;,Vi # j) to avoid jumps of V' at each t;. In contrast, the
proposed Lyapunov function in this section is non-increasing at each switch instant and
provable closed-loop stability can be established without the CLF.

5.3.3 Parameter Convergence

We explore here the parameter convergence property when applying the proposed approach.

Theorem 5.3. Consider the reference system satisfying and the PWA system
with known regions €; and unknown subsystem parameters A;, By, f;. Let the PWA
system be controlled by the adaptive controller @ with adaptation laws , ,
and (5.61). Let ||Z(to)||p < €(to) and the switch of the controlled PWA system satisfies the
dwell time constraint . If the input matrices B; have full column rank, the pairs
(Apni, Bmi) are controllable, the system matrices A,,; are invertible, if the reference input r
1s sufficiently rich of order n + 1 such that all subsystems are repeatedly activated, then the
state tracking error e — 0 and the estimated parameters A;, B, ﬁ as well as the estimated
gains Ky, K., Ky; converge to their real or nominal values as t — oo.

Proof. The stability and the asymptotic convergence of e has been proved in Theorem [5.2]
In this proof, we remove the subscript i and let the following steps refer to the activated
subsystem. Since all subsystems are activated intermittently, the convergence of estimated
parameters of all the subsystems can be concluded.

Define § = vec([A B f]) and ¥, = [27,47,1]T ® I,, with I, € R™" being the identity
matrix. From and , we can write the dynamics of the prediction error  and
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5 Adaptive Control of PWA Systems with State Performance Guarantees

parameter estimation error # in compact form as

i A, 9zl o

=L el 608
where e = —vec([ea, eaK! +epKl +e;K] ef]). Define X £ [z7, 071", we can rewrite ([5.68)
as

X=AX +Li+d, ©=CX (5.69)
where

- A, T B 0 r |

A= [—\IJHP 0 ] » L= [(1—%)\1@]31 ¢ = [O] ’
and d = [0,eT]T. reveals that the dynamics of X can be decomposed into a ho-
mogeneous part AX, an output injection part Li and a disturbance term d. It is proved
in Theorem that e - 0and 2 — 0 ast — oo, so Lt — 0,d — 0. We can focus
on proving the convergence property of the homogeneous part of : X = AX. Let
P= diag{ P, I,(n+p+1)}- We construct the Lyapunov function V' = X TPX, whose derivative
along the solution X = AX is given by

V =XT(ATP + PA)X = —i(Q + 2hP)i < —vi'#

with v = A\uin (@ + 2R P) € RT. This further leads to V < —vXTCTCX. Invoking Lemma
2 of [83] and considering the conclusion of Theorem that e — 0, we have the signal
vector z = [z, u”,1]T is PE if the reference signal r is sufficiently rich. Applying Lemma
we obtain § — 0 and therefore, A — A, B — B, f — f as t — oo. This together with
£4,€p,€5 — 0 and B; having full column rank gives Kw,f(r,f(f —0ast— o0. O

Remark 5.7. The challenge of parameter convergence analysis of the barrier function-based
approach proposed in this section lies in the presence of the time-varying gain ¢4 in the
joint dynamics of [Z,6] in (5.68)), where the conventional analysis (see Theorem cannot
be applied. To bypass this issue, we transform the joint dynamics of [Z, 6] into an output
injection form (|5.69)), where ¢, is shifted into the injected output . Since z — 0 is proved
in Theorem [5.2], the effect of ¢4 on the parameter convergence decays to zero.

5.4 Indirect Adaptive Control Design: Variant

Variant [1) shown in the previous section enables the indirect MRAC for PWA systems in the
MLF setting. However, it can only ensure the performance of the prediction error ||Z]|p < €
while it can make no statement about the relationship between the error metric of the
tracking error ||e]|p and the auxiliary performance bound e. To endow the indirect MRAC
of PWA systems with state tracking performance guarantees, we explore an alternative
approach in this section to satisfy the state tracking performance constraint.

5.4.1 Adaptation Laws

The same as Variant |1, we assume that for the reference system (5.2]), there exist a set of
positive definite matrices P;, Q); € R™*" ¢ € Z such that

AT P+ PAy; +2hP, = —Q;, i€T (5.70)
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where the positive constant h € R* is defined in ((5.12]). We propose the following adaptation
laws for the controller gains

Ko = —xida(|lell p)S] Bl Piea™ — STBY e i,
K, = —xida(llellp) ST Bl Pier™ — ST Bl ep;, (5.71)
; le]]

Note that the time-varying gain ¢, in (5.71)) refers to ¢4(||e||p) and should be distinguished
from ¢q(||Z|p) in (5.61). Recall that €4;, €5,y are closed-loop estimation errors

EAi = Az + Eini — Ami, €Bi= BiKri — B, Epi = fz + Bini — Jmi- (5~72)

The adaptation laws for the parameter estimation are

A

A = —ea,
Bi = _5AiK£ — 5BiKZ; — €fiK]7c;-, (573)
fi = —€fl'.

5.4.2 Stability Analysis

The tracking performance and the stability of the closed-loop system using the indirect
adaptive control are summarized in the following theorem.

Theorem 5.4. Given the reference PWA system satisfying and the prede-
fined performance function (@, let the PWA system with known regions ;1 € T
and unknown subsystem parameters A;, By, fi,1 € I be controlled by the feedback controller

(5-6) with the adaptation laws . (5-73), and (5.73). Let the initial state of € satisfy

lle(to)||p < €(to). The closed-loop system is stable and the state tracking error e(t) fulfills

the prescribed performance guarantees if the time constant h in satisfies
and if the switching signal of the controlled PWA system obeys the dwell time constraint in

5.1]).

Proof. Consider the following Lyapunov function

1 1 1
V= Solllellp) + 5Vic + 5Va (570

with

=1
s

Vo2 S(6(ATA) + (BT By + [T ).

=1

Similar to the proof of Theorem the stability analysis can be divided into two phases:
phase 1: t € [ty_1,1t),k € NT
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Suppose that the i-th subsystem is activated for ¢t € [t;y_1,t;) and e(tx_1) satisfies the
inequality ||e(tx_1) (tk,l). The time-derivative of V' in [tx_1,t) is given by

‘ ' (5.75)
+ Z (tr(AT A )+ tr(BTB;) + fL f)).
Taking the adaptation laws ([5.71]) into the second summand of (5.75)) gives
i=1
= — > xigae PBi( Ky + Kyr + Kpi) + Z —tr(K} B ea;) — tr(K Bl ep;) — K};Bl'ey:).
=1 =1
=g

(5.76)

Inserting the adaptation laws (5.73)) into the third summand of (5.75|) yields
> (t(ATA) + (B B) + f )
- (5.77)
- Z tr AT&A + BT(gAlK + gBZK + gflez)) + szgfi> = Ve

Note that

Vg — Uy = — Z(tr(agism) + tr(egieBi) + 5};€f¢). (5.78)
i=1
Detailed derivations of this step can again be found in [83, Sec. IV]. Therefore, (5.75) can
be rewritten as
1. s - . -
V= §¢( ellp) = > Xipae" PiBi(Kyx + Kpir + Kpi) + vg — v:

i=1

S

> xibae” PBi(Kyx + Kpir + Kpi) — Y (tr(eheai) + tr(ehien) + e pi)-

=1 =1

1.
= §¢( ellp,) —
Following the same derivation as (5.34)) and (5.35)), ¢ can be further simplified as

. s N N N 9
¢ = —dae’ (AP, + PiAn)e + 23 xidae” PBi(Kpx + Kyr + Ky;) + a(fé- (5.79)
=1

Therefore, V can be further simplified as

. 1 s 5
V = —§¢d€T<A?nZR + PZAmz>€ - Z(tr(aﬁigm) -+ tr(ggigBi) + 8?@'51%) + 2£€
=1

= dalllellp)e” (2nP))e (see (5.39)), inserting (5.70) into

(5.80)

Because %‘fé < 2hoq(|le]lp)lell®
(15.80f) we have

S

. 1
V< —§gbdeTQie — Z(tr(égiém) + tr(5gi5Bi) + 5?1‘5)%’)‘ (5.81)

=1
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Therefore, V' decreases between two consecutive switches. ¢ and ¢4 are bounded in [tg_1, ).
Since |le(tx—1)||p, < €(tx—1), we have |le(t)||p, < €(t) for Vt € [tg_1, k).
phase 2: jump at switch instant ty, k € NT

As the estimated controller gains and estimated parameters are continuous, we have
Vi(ty) = Vi(tr) and Vp(t,) = Vp(tx). Similar as the analysis of phase 2 in Theorem
5.1} we have V(t) < V(t;).

Therefore, the Lyapunov function is non-increasing at every switching time instant. This
together with the fact V' < 0 in [t;_y,t;) for V& € N* implies that V() is non-increasing
for Vt € [tg,00). This leads to ¢, [N(m,f(ri,f(ﬁ € Lo, and A;, B;, f; € Lo, which further
leads to K, K, Kfi € Loo, Aiy B, fi € Lo and é € Lo, Besides, [le(t)||p < e(t) < p(t)
holds for V¢ € [tg,00). Since € is bounded, e € Lo, ¢a € Loo. Integrating V over [ty,o0), we
obtain [o° Vdt = V(co) =V (to) < — [ (50ae” Qie+ 5, (tr(ehen) +tr(ehep:) +efe5))dL.
Because ¢g4, V(00), and V() are bounded, we conclude e,e4;,ep;,65 € Lo. Recall that
Tm € Loo. This property and [[e(t)][p < €(t) < p(t) lead to x € Lo, which together
with 7, ¢q € Lo implies K, K, Kpi € Lo, Ay Bi, f; € Lo and u € Lo. This further
leads to €4;,€pi,€fi € Loo, Which together with e, e, epi,6f € Lo N Ly leads to e — 0,
6,4@',63@',6]0,‘—)0&815—)00. ]

5.4.3 Parameter Convergence

The parameter convergence property of Variant [2]is summarized in the following theorem.

Theorem 5.5. Consider the reference system satisfying and the PWA system
with known regions €); and unknown subsystem parameters A;, B;, f;. Let the PWA
system be controlled by the adaptive controller (@) with adaptation laws , ,
and (5.79). Let the initial state of € satisfy |e(to)||p < €(to). If the input matrices B; have full
column rank, the pairs (A, Bm;i) are controllable, the system matrices A,,; are invertible, if
the switch of the controlled PWA system satisfies the dwell time constraint and if the
reference input r is sufficiently rich of order n + 1 such that all subsystems are repeatedly
activated, then the state tracking error e — 0 and the estimated parameters fli, éi, ﬁ as well
as the estimated gains K, I, K¢ converge to their real or nominal values as t — oo.

Proof. The stability and the asymptotic convergence of e has been proved in Theorem [5.4]
Similar to the proof of Variant [I, we remove the subscript i for clarity purpose and let the
following steps refer to the activated subsystem.

To obtain the joint dynamics of the tracking error e and parameter estimation errors of

controller gains in form of (2.40)), we first rewrite the error dynamics (5.7)) as

é = Ape+ UL (5.82)
with
. S x
U =vec(B[K, K, Ky|), V,=|r|®I, (5.83)
1
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with I,, € R™ ™ being the identity matrix. Besides, the adaptation law (5.71]) leads to

0 = vee(BIK, K, K/))
= —¢aV, BM 'B" Pe —vec(BS" Bl [c4 ep /]
= —¢qV, BM'B"Pe—vec(BM 'BT[c4 ep ¢4])

£p,

(5.84)

A
=€e

From (5.82) and ([5.84]), we obtain the following joint dynamics

é A vl e 0
il = L 1B 1) 659
Define z, 2 [e7,97]7, we can rewrite (5.85) as

20 =Az + Le+d, e=Cz (5.86)

where
1 Am qu _ O T ]n
e O P e Tt

and d, = [0,X]7. Similar to the one shown in Variant , the joint dynamics of z, is
decomposed into a homogeneous part A, z., an output injection part L,z and a disturbance
term d,.. It is proved in Theorem-that ge—0ande —0ast — 00, s0 Lz, — 0 d — 0.
We can focus on proving the convergence property of the homogeneous part of (5.86): z. =
A,z. Infact, 2. = A rZe 18 exactly the same as the equation shown in Accordlng to
Theorern . we have J — 0. As B; have full column rank, K, K, Kf — O as t — oo. This

together with €4,ep,e — 0 gives A— A B— B, f — fast — oo. O

Two variants of the indirect MRAC for PWA systems are developed in this chapter, both of
them use the intermediate variables, the closed-loop system errors € 4;, €gi, € i, to dynamically
update the subsystem parameters and controller gains. This concept originates from the
so-called combined direct and indirect adaptive control proposed in [47], where both the
prediction error T and the tracking error e are included in the Lyapunov function. One follow-
up version developed in [48] renders the combined approach into the indirect approach by
considering only the prediction error Z in the Lyapunov function. This approach constitutes
the basis for the indirect MRAC for PWA systems (see the approach reviewed in Section
, [83], our approach proposed in Chapter , and Variant |1 of the indirect approach in
Section. Unlike Variant presented in Section Variant [2|is derived based on the error
equation of the tracking error e instead of the prediction error Z. On the one hand, Variant
2] preserves the advantages of Variant [I] that the MLF setting is allowed and the parameter
convergence can be achieved. On the other hand, Variant [2|ensures the closed-loop system to
satisfy the performance constraint of the state tracking, which is not guaranteed in Variant [T}
Nevertheless, as the auxiliary performance bound € needs to locate within the performance
function p, a fixed dwell time constraint is required to be satisfied in Variant |2| whereas
a more flexible dwell time constraint, the average dwell time is allowed in Variant .
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5.5 Robust Modification

In the previous sections, the adaptive control approaches and the stability of the closed-loop
systems are studied in the disturbance-free case. Since the PWA systems are commonly
used as approximations of nonlinear systems, approximation errors exist. Besides, unmodeled
dynamics and external disturbances cannot be neglected in real applications. In this section,
we focus on the robust adaptive control design for PWA systems with approximation errors,
unmodeled dynamics, and external disturbances, i.e., we consider

#(t) = A(W)x(t) + Bt)u(t) + f(t) + d(z, u, 1), (5.87)

where d(x,u,t) € R™ can denote the approximation error of the linearization, unmodeled
dynamics or external disturbances. d is continuous and its norm is upper bounded, i.e.,
|d| < d, where d is known. We propose the following robust adaptation laws

K. = _Xi¢d(|‘€|’P)S?B;nPierT + XiFri, (5.88)
Ky = —xida(|le|l p)S] Bl Pie + xiFo;

where F,; € RP*" F,., € RP*P F,, € RP represent the projection terms to confine the esti-
mated controller gains K, K,;, Ky; within some given bounds. The projection terms have
no effect on the adaptation if K,;, K,;, Ky; are within their bounds, otherwise, the adapta-
tion terminates (see Section for detailed explanations). Here we make the assumption
that a known matrix S; € RP*P as well as an unknown diagonal and positive definite matrix
M; € RP*P exist such that (K%S;)™' = M.

Remark 5.8. For the robust adaptive control design, more prior information is required
compared with the disturbance-free case. For our projection-based approach, M; must be
diagonal and the element-wise bounds of K,;, K,;, Kf; need to be known (see also work by
Sang and Tao [133]). The leakage-based approach proposed by Yuan (see Theorem
requires M; to be completely known because they are used in the leakage terms. The follow-
up work [152] requires Apa.(M; 1) to satisfy some constraints associated with the leakage
rates.

Remark 5.9. Regarding the input matrix, there is another popular formulation & = A,z +
B,Au for linear systems appearing in many works inspired by aerospace applications [6, |7,
88|, where B, is known and A is an unknown diagonal matrix with strictly positive diagonal
elements. Such arrangement of the input matrix is equivalent to our formulation. Specifically,
we have B = B,,SM (we remove the subscript ) in our notations. The unknown diagonal
matrix A with strictly positive diagonal elements corresponds to the diagonal and positive
definite matrix M in our case, while the known control direction B, corresponds to the
multiplication B,,S.

Besides, instead of the Lyapunov equation (5.3, we assume for the reference system ([5.2))
that positive definite matrices P;, Q;,7 € Z exist such that

AL P+ PiA + P =—Q;, i€l (5.89)

Before we proceed with the robustness analysis, another property of the potential function
(5.26)), which is useful for the analysis in this chapter, is given in the following lemma.
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5 Adaptive Control of PWA Systems with State Performance Guarantees

Lemma 5.4. For a positive constant ¢ € R* and ¢ < minge?(t), the function ¢(||e]|p) defined
in ((5.26)) and its partial derivative ¢4 with respect to ||e||% satisfy

(1) 264 (el —¢) — ¢ > 0 for ¢ < [le]3 < ¢
(2) 264+ (le2 =) =6 < 0 for [le]3 < ¢

A _2 4 2
with ¢ £ efe%ec.

Proof. From the definition of ¢ given in (5.26]) we have

el + €*[lel[ — 2¢e?

(€ — [lel|)?

The denominator of (5.90)) is positive and the sign of 2¢, - (||e]|% — ¢) — ¢ is determined by
the numerator, which can be viewed as a quadratic function f(z) = 2% + €%z — 2ce? with

z = |le]|4. We have f(z) < 0 for z € [_62—\/64+86%7 —e2+\/2€4+8620] and f(z) > 0 otherwise.

Since ¢, ¢ are defined over |3 € [0, €?) and =E=vt8 V2€4+862C < 0, it can be obtained that

204 - (|le]|> —¢) — ¢ > 0 for ¢ < |le]|% < €% and 264 - (|le]|% — ¢) — ¢ < 0 for |le]|% < ¢ with

C: —2 4+ 18e2¢ u
5 :

20a - (lellp —c) — o = (5.90)

The control performance and the closed-loop stability by using the robust adaptive con-
troller are summarized in the following theorem.

Theorem 5.6. Given the reference PWA system satisfying and the predefined
performance function (@, let the PWA system with known regions ;1 € T and
unknown subsystem parameters A;, B;, fi,1 € T be controlled by the feedback controller (@
with the adaptation laws (5.88). Let the initial state of € satisfy ||le(to)||p < €(to). The closed-
loop system is stable and the state tracking error e(t) satisfies the prescribed performance

guarantees if the time constant h in satisfies
L Ain(Q0) Amaz(P;)d

max <

206 AnaalB) T € N 0n(Q0) — 2hAnax(P)

and if the switching signal of the controlled PWA system obeys the dwell time constraint in
5. 1))

: (5.91)

S

Proof. We propose the same Lyapunov function as . The stability analysis can also be
divided into two phases as the one in Theorem [5.1}
phase 1: t € [ty_1,tx), k € NT
Following the same steps from to ((5.35)) as in Theorem we have
V = —pae” (AL, P, + PiA,)e + da(e” Pid + d* Pie) + gfe‘ (5.92)
+ 20q(tr( KL M Fyy) + tr(KEM ) + KM Fy;)

Since M; is diagonal, we have

gzﬁd(tr(f(T.M»Fm-) + tr(KEMFy) + KM Fy,)

=g sz Jl) mﬂ)_i_zzm Jl) rjl)+zm])kfz fOz )

j=11l=1 j=11l=1 7=1

(5.93)
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with K,; = [W ) Ko = R, By = (B9), Fu = [£9°), B = [£97), and Fys = [£]. M, =
diag{ml(-l), e } It can be verified that k(ﬂ f(jl <0, k(ﬂ f(ﬂ <0 and k Jl)foﬂ) <0,
which together Wlth the fact that mz(»j) >0,1€Z,j=1,---,pleads to
. 0
V < —pae’ (AL P+ PiA e + a(ﬁé + ¢q(e? Pid + d* Pie). (5.94)
€

Since P is positive definite, it can be written as P = H;H! with H; being a nonsingular
matrix. The inequality (5.94) can be further transformed as

V < =6 (ApiPs + PAmi)e + ?fe‘ +2¢ae" HiH] d
€
06

g—wﬂ@+ak+5fmmgmm%+fmww
€

—@J0ﬁ+ﬁk+%fmﬂﬁ

S _¢d|€|2()\min(Qi) - Qh)\max(Pi)) + (bddTP'Ld
S _¢d|6|2/€i + (bdAmax(F)i)(ZQ

(5.95)

with £; 2 Auin(Qi) — 2RAmax(P;). For P, Q; and h satisfying the condition (5.91)), we have
k; > 0. Further analysis can be divided into two cases: |le]|% > ¢; and ||e]|% < ¢;, where

—e? + Vet +8e%¢;

G = ; L ieZ (5.96)
with ¢; & ’\m%dQ From (5.91)) we obtain
2 )\2 d2 )\2 B _
e(t)* > 9> max max(£1) = max{%()(f} > ¢, (5.97)

~ h? (S Amin(Qz) 2h>\max(Pi) B 1€l K

which further leads to
—€2 4+ Vet + 82 ¢2 9
= €.

Case 1 |le||% > ¢;: invoking Lemma [5.4] inequality (5.95) can be further derived as
' Ki¢d 2 Anax(D) 7 Ki
V< ——-o— ——d) < ———0 <0 5.99
< Anwx(}%)(ﬂeﬂp P 2Anwx(f%)¢ (5.99)
Case 2 |le|% < ¢ defining k = minjer{x;}, @ = maxX;ezAmax(P;) and considering the

property that 2¢4(||e||p)|lel|% — ¢ > 0, we have

V<=Lt paad® = 2 (¢ + Vi) + Vi + daad® < ——V + —Vic + g al?
20 20 200 2a 2q ( )
5.100

with ¢g4 .. = maX”e”%)SngSd(HeH%) = ¢a(max; () € L for ¢ = 37 1 xiG. Vi is defined in
1) K, K, Ky; are bounded due to the utilization of the projection, which leads to
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5 Adaptive Control of PWA Systems with State Performance Guarantees

Vi € L. Suppose Vi to be the maximum of Vi and let the positive number B € Rt be

defined as _
2P d,r O

R

B2 Vi + (5.101)
For V < B, V may increase. For V > B, we have V < 0 and therefore, V is decreasing.
Combing Case 1 and Case 2, we know that V' is bounded for the interval [t_1, k).

phase 2: jump at switch instant t;,, k € NT

Following the same steps as shown in Theorem [5.1{ and we have V (t;) < V (t;).

Based on the analysis of phase 1 and phase 2, we can conclude that

V(t) < max{V (t,), B}, Vt € [to, o), (5.102)

from which we obtain ¢, ¢4 € L. The projection leads to f(m, f(m-, K #i € Lo, which further
leads to Ky, K, Ky € L. Besides, |le(t)||p < €(t) < p(t) holds for Vt € [ty,00). The
prescribed performance guarantee is satisfied.

With similar steps in the proof of Lemma [5.2] one can prove the stability of the reference
system with , so we have z,, € L. This leads to z € L., which together with
r, ¢g € Loo implies Ky, Ky, Kfi € L. O

Remark 5.10. The leakage-based robust MRAC approach for switched linear systems re-
viewed in Section [2.2.3|obtains the boundedness of the Lyapunov function V' by formulating
the inequality V' < —aV + 8, where a > 0 and 3 is a disturbance-related term. This,
however, does not apply to our approach, because the disturbance-related term in our case
has a time-varying coefficient ¢, (see the term ¢d)\max(Pi)JQ in (5.95))). The boundedness of
¢q cannot be concluded without proving the boundedness of V', while the boundedness of
V' requires qﬁd)\max(Pi)cP to be bounded. This potential circular reasoning constitutes one of
the main technical challenges of the robust modification. Our solution concept is employing
the property of ¢ shown in Lemma to discuss the stability in two separate cases. When
le(®)||lp < ¢, V may increase with ¢4 and V upper bounded. V is strictly decreasing if
le(@®)llp > ¢ for ¢ =i xiGie

Remark 5.11. In work about set-theoretic MRAC by Arabi and Yucelen [6} 7, 8], disturbances
flow into the system through the same input matrix as the control signal. The fault-tolerant
set-theoretic MRAC approach proposed by Xiao and Dong [16§] also assumes the actuator
fault and external disturbances to be matched, i.e., they can be compensated by designing
additive terms in the control signal. Compared with these works, a distinctive feature of our
approach is that the disturbance term d is also allowed to be unmatched.

Remark 5.12. According to , the length of the dwell time is governed by /i, the
reset map of the auxiliary performance signal €(t) (see (5.13)). By reducing /i1, a less
conservative dwell time constraint can be obtained. In the adaptive controllers introduced
in this chapter, the reset map is defined with p = max; jez ima:((zljjga which indicates the
maximal possible jump of ||e(t)||% at each switching instant. Since the current activated
subsystem is known (supposed to be p), the maximal jump of ||e(t)||% at next switching

. : A P
instant 1s p, = maX;er /\Z?:((Pg

< . For the case where both current subsystem (supposed to

be p) and the next subsystem to be switched on (supposed to be ¢) are known in advance, the
maximal jump of |le(t)||% at this switching instant is p,, = ?\:a:((zljs)) < p. Adopting ,/f, or

/g instead of |/p as the reset map of € yields a less conservative dwell time constraint. The
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Figure 5.4: The mass-spring-damper system

corresponding stability properties of the reference system (5.2]) and the closed-loop system
are still retained. Such dwell time constraints are known as mode-dependent dwell time [42]
(when p, is adopted) and mode-mode-dependent dwell time [174] (when p,, is utilized).

5.6 Numerical Validation

In this section, the proposed direct and indirect adaptive controllers will be validated through
numerical examples.

5.6.1 Direct Adaptive Control

In this section, the proposed direct MRAC approach is validated through a numerical ex-
ample modified based on the example of Section [3.4] a mass-spring-damper system, which
is shown in Fig. The displacement of the mass is denoted by p and the force op-
erated on the mass is F', respectively. The mass is m = 1kg and the damping factor is
d = 1Ns/m. The mass is connected to the static wall with the spring ¢, and the damper
d. For |p| < v = 1m, the spring factor ¢, = 10N/m. If it is extended beyond 7, i.e.,
p > 1m, the spring factor ¢, is reduced to ¢, = 1 N/m. The spring ¢, = 90 N/m is a floating
spring with one end connected to the wall. The distance between the mass and the tip of
the spring ¢, is v when ¢, is in its resting position. The system is equivalent to a classical
mass-spring-damper system with the spring exhibiting a PWA stiffness characteristics

¢ =10N/m, if |p| <1m
F.(p) =S¢ =1N/m, if p>1m (5.103)
c3 = 100N /m, ifp<—1m
Let the state x = [z1,22]7 = [p,p|? and the input u = F. The system dynamics can be
described by a PWA system in form of

;;c:[_oq _ﬂ]wl?}wlol, ie{1,2,3} (5.104)

with f; =0, fo = (cg —1)/m, fs = (¢ — ¢3)/m. The region partitions are given as

U ={r eR?|z| <1}, Q={recR?z;>1}, Q={rcR¥r <1}
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5 Adaptive Control of PWA Systems with State Performance Guarantees

The reference system is a PWA system with the following subsystem matrices

0 1 [0 | [0
Aml - -_25 _10] Y Bml - -25- 9 fml - _O‘| ) (5105)
0 1 0] 0
Am2 - __16 _8] 9 Bm2 - _16_ 9 fm2 - _5‘| 9 (5106)
0 1 0] 0
A = 19 _14] , Bz = 19] , fms = __101 i (5.107)
4 —z(BLF) 4 —2(MRAC)
2 2
XN [ : MRINENCS i
2 ¥ \\\\’/ 2 \ /)\ / \j\ \///
NA |
4 4
4 2 0 2 4 -4 2 0 2 4
(a) Proposed approach (b) Classical MRAC approach

Figure 5.5: Closed-loop system’s trajectory by applying proposed direct adaptation method
and the classical direct MRAC approach.

Ideal Case:

The adaptive controller in the ideal case with the adaptation laws (5.28)) is tested. The P,
and @); matrices satisfying (5.3)) are chosen as

po_ |10 2] , _[121.25 3.125] , _ [182.857 1.02
L= 12 52072713125 6642 | 1.02 3.644|’

Q=Q= Q= [11000 11000] ,

which gives /i = 7.1. The scaling factors are I'y;, I'ys,I'y; = 0.1. The performance function
is designed with pg = 10, poo = 1.5,1 = 0.02. We choose €(ty) = 9,h = 0.12 and g = 0.01 such
that the condition ([5.29) and further conditions stated in Lemma hold. Let the initial
values of the reference system and the controlled PWA system be [2,0]”. The initial values of
the estimated controller gains are specified as K,;(to) = 0.5K;, K,;(to) = 0.5K;, Kyi(ty) =
0.5K7%;,1 € {1,2,3}. We use the following input signal r

2 + 0.5sin(0.27t), for 0s <t < 25s
—0.08t + 2.8 for 25s <t < 50
r(t) = T 25, or s s i (5.108)
—2 4 0.8sin(2t — 100 — 7)), for 50s <t < 75s
0, fort > 75s
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(a) State tracking error and performance bound (b) Lyapunov function V'

Figure 5.6: Tracking performance of the direct adaptive controller in ideal case.

The state-space trajectories of the reference system and the closed-loop system in the
time interval [23s,52s] are displayed in Fig. with black dashed and red solid lines,
respectively. The light blue, light green, and light yellow regions refer to {29, €2y, and 23.
The ellipses centered at the state trajectory of the reference system represent ||e(t)||p = €(t)
and indicate the bounds of the state of the closed-loop PWA system. The colors of the
ellipses distinguish |le(t)||p,, |le(t)||p,, and |le(t)||p;. We can observe that the state of the
closed-loop system always stays within the auxiliary performance bound. For comparison,
the state trajectory of the closed-loop system by using the direct MRAC approach [83] is
displayed with blue solid lines in Fig. [5.5D] from which the violation of the performance
bound can be observed.

According to Lemmal5.1], the dwell time of the closed-loop system should satisfy Tp > 24 .
The small window of Figure [5.6a] shows the mode information of the closed-loop system.
We can observe that the dwell time constraint is satisfied. In Figure the prescribed
performance bound p(t), the auxiliary performance bound €(t) and the weighted norm of
the state tracking error |le(t)||p are displayed with the black dashed line, the blue solid line
and the red solid line, respectively. We can see that ||e(t)||p < €(t) < p(t). The weighted
norm of the state tracking error ||e(t)||p and the auxiliary performance bound €(t) jump at
the switching instants, where the relation |le(t)||p < €(t) is still satisfied. This guarantees
the potential function ¢(t) to be valid and the control objective to be fulfilled.

The Lyapunov function V is displayed in Figure [5.6b] We observe that the Lyapunov
function V' is non-increasing, also at the switching instants. This validates the theoretical
statement given in Theorem [5.1]

Robust Case:

Now we test the performance of the robust adaptive controller with the adaptation laws
(5.88). The PWA system is subject to an unmatched disturbance term d = [0.036 cos(0.7t) +
0.072sin(0.2¢) 4+ 0.018sin(¢), 0]”. The P;, Q; matrices satisfying (5.89)) are chosen as

Pi= [0.0353 0.0458 0.0504 0.0601 0.0183 0.0236

107 1 06
@r=0Q= [0.7 0.8] Gs = [0.6 0.6] ’

0.7627 0.0353 0.6140 0.0504 0.7932 0.0183
7P2 - 7P3 = )
(5.109)
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which gives (/i = 5.86. The scaling factors are I'y;, Iy, I'y; = 1. The performance function
is designed with py = 10, poo = 3.2,1 = 0.02. The auxiliary performance signal is designed
with €(tg) = 9,h = 0.08 and g = 0.04 to fulfill the conditions in Lemma and Theorem
5.6l The dwell time of the closed-loop system must satisty T, > 67.7s. Let the initial values
of the reference system and the controlled PWA system be [0,0]7. The initial values of
the estimated controller gains are specified as K,;(ty) = 0.5K};, K,;(to) = 0.5K};, Kyi(ty) =
0.5K7%;,4 € {1,2,3}. The input signal r is

0, for 0s+ &L <t <70s+ &
r(t) =142, for 70s+ KT <t < 140s+ KT (5.110)
-2, for 210s + KT <t <280s+ KT

with K € N and T = 280s.

The small window of Fig. shows the switching information of the closed-loop system.
It can be observed that the dwell time constraint T > 67.7s is satisfied. In Figure |5.7a),
the black dashed line, the blue solid line, and the red solid line represent the prescribed
performance bound p(t), the auxiliary performance bound €(t) and the weighted norm of the
state tracking error |le(t)||p, respectively. It can be seen that |le(t)||p < €(t) < p(t) holds.
The element-wise tracking performance of the closed-loop system is displayed in Fig. [5.7c
and Fig. where the black dashed lines represent the reference signals and the red solid
lines represent the state signals. Despite the existence of the disturbance, the closed-loop
state tracks the one of the reference system with the prescribed performance.

1 : : : : :
L e
—e(t L e(t > (]
78 P
8 plt)
76]
of v
e(t 741
lle( )Hi 200 ]
__________________________ 72+
ol 79.6
70f 30 40 50 60
0 P e 68 : : : : :
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time ¢ [s] time ¢ [s]
(a) State tracking error and performance bound (b) Lyapunov function V'
3 6
=
2+ Zm1 4t
1t 2
n 0 T2 Ohe
At 2
2t -4t
3 : : : : : 6 : : : : :
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time ¢ [s] time ¢ [s]
(c) state z1 (d) state xo

Figure 5.7: Tracking performance of the robust direct adaptive controller with disturbances.

The Lyapunov function V' is shown in Fig. [5.7bl According to the proof of Theorem 5.6
V' may increase when |le||p < (. In Fig. [5.7b V' is shown in red for ||e|]|p > ¢ and in blue for
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lellp < (. We observe that V' is decreasing for |le||p > ¢ whereas it may increase (as shown
in the small window) but remain bounded for |le||p < ¢. This validates the theoretical result
given in Theorem [5.6]

Independent Switching Case:

Now we validate the direct adaptive controller when the controlled PWA system and the
reference PWA system switch independently, depicted in Section [5.2.4] The controlled PWA
system has the same parameters and the same partitions (Q; = {27 € R?||z1| < 1},Qy =
{27 € R?|z; > 1},Q3 = {27 € R?*|x; < —1}) as those shown before. Now the reference
PWA system has the subsystem matrices

0 1 0 0
0 1 0 0

and its own state-space partitions
O = {2, € R¥wp < 0}, Q5 = {a] € Rz, >0}

It switches independent of the controlled PWA system. The P; and (); matrices satisfying

10 10 : : :
’”f()t)HP -E<t)d (plant)
K% —e(t mode(plant
8 - p(t) %O 8 mode(ref)
6 < 6
lle(®)ll» £
4r o 4t
g
2 = 2 \ T — A
UM € Ll
) N NN
0 0
0 50 100 150 200 0 50 100 150 200
time ¢ [s] time ¢ [s]
(a) State tracking error and performance bound (b) €(t) and switching information
445
440F
435
1%
430¢
425¢
420 : : :
0 50 100 150 200
time ¢ [s]

(¢) Lyapunov function V'

Figure 5.8: Tracking performance of the independent switching case.

(5.5)) are chosen as

140 2 121.25 3.125 100 10
] )P2 - [ ‘| JQi - [

h= [ 2 52 3.125  6.64 10 100] for i € {1,2}, (5.113)
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which leads to /g = 5.2. The scaling factors are I'y;, I'vs, I'y; = 1. The performance param-
eters po, Poo, | and €(tp), h, g are the same as those specified before. The barrier function is

o(|lellp) = % where €(t), P(t) and the reference PWA system switch synchronously.

t)=llel[3’
The resulted dwell time Tp > 19.3s. Let the initial values of the controlled PWA sys-
tem be [—0.5,0.5]7. The initial values of the estimated controller gains are specified as

xig> Tij)
reference signal is given as r = 7 4 0.3sin(0.5¢ + ) with

2, for 5s+ KT <t < 17.5s+ KT
r(t) = ¢ -2, for 25s+ KT <t <50s+ KT (5.114)
0, otherwise

for K € N and T" = 50s. This reference signal is designed such that it will result in a
switching sequence of the reference PWA system satisfying the dwell time constraint.

From Fig. we observe that the tracking performance is as expected that the error
metric ||e||p is confined within the performance bound (marked by black dashed line). Fig.
[5.8D] presents the switching information and how e depends on it. Specifically, € is shown in
blue solid line. The mode information of the reference PWA system is displayed in green solid
line and the mode information of the controlled PWA system is given in magenta dashed
line. The switches of the reference system (the green solid line) can be tested in advance
to determine that the dwell time constraint is satisfied before applying the controller to the
controlled PWA system. The reset (jumps) of €(t) is triggered only when the reference PWA
system changes its mode and is not affected by the switching of the controlled PWA system.

Fig. |5.8c|shows that the Lyapunov function V' is non-increasing during the whole simulated
time interval. These three figures validate the statements in Section [5.2.4]

5.6.2 Indirect Adaptive Control

Now we validate the two variants of the indirect adaptive control. Both of them will be
applied to the PWA model of the pitch control of a helicopter system [132]. This PWA

model can be written in form of (5.1)) with the state z = |21, z5]7 € R? denoting the vector

of pitch angle and pitch rate. The state space for x; € [—3%, %”] is divided into 3 regions,

3

s s 3T 3T s

The associated system parameters are from |132] and presented as follows.

0 1 0
A= 105751 —0.1447]’ fr= —4.6265]’

0 1 0
Az = 1.9210 —0.14471’ f2= 12.4780]’

0 1 0
As = —8.1786 —0.1447]’ fa= _—3.1208]’

and By = By = Bz = [0,35.3012]7. The reference PWA model has the same subsystem
parameters as the one shown in ([5.105)) while its switching follows the same switching signal
as the controlled PWA determined by the region partitions ([5.115)).
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Variant [1

The auxiliary signal €(t) is generated with h = 0.12, g = 0.01, and €(0) = 9. Numerical
experiments show that larger A and smaller ¢ may improve the tracking and parameter
convergence rate but lead to smaller denominator of ¢4, which may cause ill-conditioned
problems when solving it numerically. P; and (); matrices satisfying are chosen as

p o [149.9448 2.7197] , _ [131.7956 4.1135

"7 27197 533600 7 | 41135 6.8672
192.2987 1.4913 100 10

Fs= 140913 3.7008) Ql_QQ_QS_[lo 100}'

Therefore, by (5.56), ¢ = 52.0045 and 77, > 16.5s for [ € (0,h) (see (5.64)). Let z(0) =
[0.5,—0.5]" and z,,(0) = 2(0) = [0,0]”. The initial values of the estimated system param-
eters are specified as 80% of their real values with zero initial gains. Given the reference
input rectangular signal switching among {—1,0, 1}, the tracking performance is shown in
Fig. One can observe that the tracking error e — 0. Besides, each jump of €(¢) (marked
by the black dashed line) indicates a switch instant. The overall switch (7 switches within

200s) is slower than 7}, and the decrease of €(t) together with the decaying ||Z||p validates
Theorem (.2
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time ¢ [s] time ¢ [s]
(a) State tracking error e (b) Error metric ||Z| p

Figure 5.9: Tracking performance of the indirect adaptive controller (Variant .

To test the parameter convergence property, let the input signal be r = 7 + 0.4sin(1.2t) +
0.2sin(11¢) for 7 switching among {—1,0,1} with a fixed interval 25s. It contains 2 distinct
frequencies and is sufficiently rich of order 4 > n+ 1 = 3. 7(t) is exerted such that the state
of the closed-loop system is driven through all the partitioned regions. The estimation errors
of system parameters are shown in Fig. [5.10a, where the parameters of different subsystems
are distinguished with difference colors. The dashed sections represent the phase where the
corresponding subsystem is inactive and the solid ones displaying the active phase. As we
can see, |f;| and |5] converge quite close to 0 within 300s, while |f,| decreases relatively
slower. The Lyapunov function V is displayed in Fig. [5.10b] Different colors indicate which
mode is active. Although no common Lyapunov matrix is applied (because P, # Pj,i # j), V
is non-increasing at each switching instant and decreasing in between every two consecutive
switches. This indicates the stability of the closed-loop system with the proposed method
and validates the theoretical results.
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Figure 5.10: Parameter convergence and the Lyapunov function of the indirect adaptive con-
troller (Variant 1f).

Variant [2I

Now we validate Variant [2| of the indirect MRAC of PWA systems using the same helicopter
system. The initial states of the controlled PWA system and the reference system are x(0) =
[0.5,—0.5]" and z,,(0) = [0,0]7. The initial values of the estimated subsystem parameters
and the controller gains are the same as those in Variant [l Besides, the configuration of €
as well as the selection of P;, (); matrices are identical to those in Variant (I As we aim to
validate if Variant [2] is able to satisfy the performance constraint, we let the performance
function designed with py = 10, poo = 1.5,1 = 0.02, which leads to Tp > 24s.
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*,
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-0.5 5
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0 50 100 150 200 0 50 100 150 200
time ¢ [s] time ¢ [s]

(a) State tracking error e (b) Error metric ||e||p

Figure 5.11: Tracking performance of the indirect adaptive controller (Variant .

First, we validate the tracking performance of Variant [2using a reference input rectangular
signal switching among {—1,0, 1} with a fixed interval 25s. In Fig. [p.11a] each element of e
is displayed. One can observe that e — 0. Besides, as shown in Fig. the error metric
|le|| p satisfies |le||p < € < p and therefore, the performance constraint is fulfilled.

Then, we test the parameter convergence of Variant [2| using the same input signal as the
one in Variant [I} r = 7 + 0.4sin(1.2t) + 0.2sin(11¢) for 7 switching among {—1,0,1} with
a fixed interval 25s. From Fig. [5.12a we can observe the convergence of |;],i € {1,2,3}
while ||, similar as it is in Variant [1] decreases relatively slower than || and |fs].

The Lyapunov function V displayed in Fig. also validates the theoretical statement
that V' is non-increasing at each switching instant and decreasing in between every two
consecutive switches and the closed-loop system is stable.
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Figure 5.12: Parameter convergence and the Lyapunov function of the indirect adaptive con-
troller (Variant [2)).

5.7 Summary

In this chapter, we explored the direct and indirect MRAC approach for PWA systems with
time-varying performance guarantees on the state tracking error. The proposed methods
are based on barrier Lyapunov functions. In the direct MRAC design, to solve the barrier
transgression problem caused by the discontinuity of the weighted Euclidean norm of the
state tracking error, we introduce an auxiliary performance bound with a state reset map at
switching instants to construct the barrier Lyapunov function. This auxiliary performance
bound resides within the user-defined performance bound if some dwell time constraints
are satisfied. The Lyapunov function is non-increasing at and in between the switching
instants, which ensures the weighted Euclidean norm of the state tracking error to fulfill
the performance guarantee. To enhance the robustness of the closed-loop system against
unmatched disturbances, the projection-based robust modification of the proposed method
is presented.

The non-increasing property of the Lyapunov function also enables a MLF setting for
the indirect MRAC design for PWA systems. This overcomes the limitation of the classical
indirect MRAC approaches which require the presence of the CLFs. Two variants of indirect
MRAC are developed. Variant |1} allows an average dwell time constraint, which, compared
to the fixed dwell time constraint of the direct MRAC, provides more design freedom. The
drawback of this variant is that no statement can be made for the fulfillment of the perfor-
mance constraints of the state tracking. To endow the indirect MRAC with the performance
guarantees, Variant [2|is proposed, which combines the advantage of performance guarantees
of the direct adaptation approach and the advantage of the parameter estimation of Variant
of the indirect adaptation approach.

Compared to the classical MRAC of PWA systems revisited in Chapter [2] one key feature
of the proposed approaches is that the state tracking error satisfies a user-defined perfor-
mance constraint in form of a time-varying performance bound, which prescribes both the
transient and steady-state behaviors. This is essential for the safe operation of systems un-
der uncertainties. Another key feature is that the Lyapunov functions exhibit non-increasing
jumps at switching instants, which enjoys the advantage that, in the disturbance-free cases,
no extra conditions need to be introduced to ensure closed-loop stability in the MLF set-
ting. In contrast, the classical approaches require e.g., projections (see Theorem or PE
conditions (see Theorem to establish the exponential decrease of the Lyapunov func-

101



5 Adaptive Control of PWA Systems with State Performance Guarantees

tion in between switches such that possible increasing jumps at switching instants can be
compensated given that the switches are slow enough.

The proposed approaches are validated through two-dimensional numerical examples for
the purpose of better visualization of the safety constraints on the phase plane. Applications
to PWA systems with higher dimensions are straightforward and thus, as pointed out in
Chapter [3| the numerical examples reveal the applicability to a large class of real plants.

Similar to the output tracking case shown in Chapter [4] one drawback of the approaches
presented in this chapter is that the saturation of the control input signal is not considered.
Extending the current methods to the systems with input saturation would be an interesting
topic for future work. Besides, it is also worth due to practical interest investigating the
reduction of the jumps of the input signal of the PWA systems (or equivalently the output
of the adaptive controllers u) at switching instants and taking into account the actuator
dynamics [5] in future work.
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Adaptive Control of PWA Systems with 6
Output Feedback

In the previous chapters, the adaptive control problems for uncertain PWA systems with
limited excitations and performance constraints are explored. Now we consider the challenge
of sensor constraints, namely, only the output signal is available for the feedback. This chap-
ter deals with sensor constraints by designing adaptive controller based on output feedback
such that the output of the controlled system tracks the trajectory generated by a reference
system.

Adaptive control methods based on output feedback is well-established for linear systems
[71, |115]. Built upon this result, few works [134, 155, [156] develop the adaptive control
methods for linear time-varying systems with parameter jumps or PWL systems based on
output feedback, which guarantees small output tracking errors in the mean square sense.
Nevertheless, these approaches cannot be applied to PWA systems due to the existence of
the unknown affine terms. Moreover, the convergence of the controller parameters remains
unexplored. To fill this gap, we investigate the output feedback MRAC for PWA counterparts
with special focuses on the analysis of controller parameter convergence. It is a challenge to
analyze the effect of the special controller structure for PWA systems on the excitation of the
estimated parameters. Besides, the influence of the tracking error, as well as the switching
behavior on the parameter convergence needs to be evaluated.

In this chapter, we first extend the controller proposed in [134] to the context of PWA
systems and prove that the tracking error is small in the mean square sense under slow
switching. Based on this result, we prove that the controller parameter estimation error
converges to a bounded set given a PE reference signal. We establish the relationship between
the size of the set and the switching frequency. Finally, we show that the convergence of
the controller parameters to the nominal values can be achieved in a special case where the
trajectory is kept staying in one subsystem for infinitely long.

The rest of the chapter is structured as follows. The problem formulation is presented
in section [6.1} In section our proposed control law is depicted. The tracking error as
well as parameter convergence are investigated. The approach is validated by a numerical
example presented in section [6.3] which is followed by the conclusion in section [6.4]

6.1 Problem Formulation
In this chapter, we focus on the SISO PWA system with the i-th subsystem described by

6.1
y=Cr. (6.1)
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6 Adaptive Control of PWA Systems with Output Feedback

where x € R” represents the state. ¥y € R and u € R represent the output and the control
input. 4; € R, B;,CI' € R™! and f; € R" denote the unknown system parameters of
i-th subsystem.

The input-output mapping of the PWA system when system ¢ is activated is given by

y(t) = Gpi(s)[u](t) + Gri(s)[A](1), (6.2)

where

N

pi(s> _ C(S]—Ai)_lBi,
pi(S
Zfi(s

sz-(s)
The notation y(t) = G(s)[u](t) represents the output in time-domain at time ¢ of a system,

which is characterized by transfer function G(s) and input u(t) [149]. Given a reference
system

Gpi(s) = kypi

=y

(6.3)

~—

Gfi(s) == ]Cfi = C(S] - Al)_lfz

Zp(s)
R(s)’
where y,, is the reference output trajectory, W,,(s) denotes the transfer function of the

reference system and r(t) represents the reference input signal.
The problem we would like to solve is formulated as follows:

Ym(t) = Win(s)[r](t),  Win(s) = km

(6.4)

Problem 6.1. Given a PWA system (/6.1)) with known subsystem partition €2; and unknown
subsystem parameters, design a feedback control law based on output feedback, such that
the plant output y(¢) tracks the reference trajectory v, (t).

Assumption 6.1. The assumptions are summarized as follows, which apply to the entire
chapter.

o Z,(s) is a monic strict Hurwitz polynomial of degree m
o The sign of k,;,7 € Z is assumed to be known
o Zm($), Rn(s) are monic strict Hurwitz polynomials

. Z

»i(s) and R,;(s),7 € Z are coprime
o Zi(8)/Zyi(s),i € T is proper
o The relative degree of the plant is equal to that of the reference model

o The number of switches within time interval [t,¢+4 T'), which is denoted by N(t+1T,t),
satisfies N(t + T, t) < ¢+ uT,Vt, T > 0 for some positive constants ¢, u

» Each polyhedral region €2; only depends on y and u and is assumed to be known

Assuming Z,,;(s) and Z,,(s) to be strict Hurwitz requires the reference model and each
subsystem of the PWA to be minimum phase. The reference model is also stable since R,,(s)
is assumed to be strict Hurwitz. The term strict Hurwitz polynomial implies that the real
parts of the roots are strictly negative.
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6.2 Controller Design

The assumption on the number of the switches N (¢ + T, t) over a time interval with the
length of T constraints the average frequency of the switches among subsystems, which is
characterized by u. A small p reveals slow switching. Limiting the frequency of switches is
essential to ensure closed-loop stability and is, as also shown in the previous chapters, widely
adopted in the area of adaptive control for switched systems [134, 136, |137].

Definition 6.1 (small in the mean square sense [71]). Let z : [0,00) +— R™ with z € Lo,
and consider the set

4T
S(p) = {x|/t o' (1) (r)dr < copT + 1, V¢, T > O}

for a given positive constant u, where cg, c; > 0 are some finite constants, and ¢ is indepen-
dent of p. x is said to be p-small in the mean square sense, if x € S(u).

6.2 Controller Design

In this section, the plant parameters are firstly assumed to be known in order to derive the
nominal controller. The nominal controller parameters are determined by solving algebraic
matching equations. Then the adaptive controller is discussed in the case where the plant
parameters are unknown.

6.2.1 Nominal Control Design

Consider the feedback control law for i-th subsystem

Lro(s) L 7a(s) % % %
u(t) = 03 A(s) [u](t) + 65 @[y] (t) + 03,y(t) + cpr(t) + dyy, (6.5)

where ¢, di., 03 € R, 05, 05 € R"! represent the nominal controller parameters to
be designed, a(s) = [s"72,5"73 ..., s, 1]T, A(s) is an arbitrary monic Hurwitz polynomial of
degree n — 1, which can be designed by the user, e.g., A(s) = s" 1+ X\, 28" 2+ -+ A5+ \o.
Inserting the control law into yields the closed-loop behavior of i-th subsystem

y(t) = Gea(s)[r](t) + Fu(s)[1](2) (6.6)
with

kpi Zpi C&A

Gci =
(S) Rpi(A - QL‘TCV) - kpini(%iTO‘ + 05,A)

(6.7)

representing the transfer function which relates the input and output signals and

ki Zoi N, + ki Z (A — 07,7 )

Fci =
) Ryi(A = 037 @) = kpiZpi (05, o + 03;:)

(6.8)

denoting the behavior caused by the affine term. The control goal is that the output of the
closed-loop system tracks the output of the reference model. So we let the transfer function
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6 Adaptive Control of PWA Systems with Output Feedback

of the closed-loop system equal to the one of the reference model and use the final value
theorem to enforce the affine term to decay to zero

Gei(s) = km ]imig
. m (6.9)
£i_r>r(1) chi(s)g = }911)% F.(s) =0,
which leads to the matching equations
Ryi(A— 057 Q) — kpZys (05, o+ 05,M) = ZpihMo Ry, (6.10a)
ki ZpiNdy, + K i Z (A — 07,7 )40 = 0. (6.10b)

Here ¢, is chosen as co; = ’Z—Z and A(s) = Ag(s)Z,,(s). The nominal control parameters are
obtained by solving the algebraic matching equations.

Remark 6.1. Since the relative degree of the plant is equal to that of the reference model
and Z,;(s) and R, (s) are coprime, the left and right sides of (6.10a)) have the same degree
2n — 1 without cancellation. This ensures the uniqueness of its solution.

Remark 6.2. Note that the final value theorem is utilized to eliminate the biasing effect
of the affine term. The conditions of final value theorem are that the non-zero roots of
the denominator of F,.; must have negative real parts and it must not have more than one
zero-pole, which requires that Z,,, Ag and R, are strict Hurwitz polynomials.

Remark 6.3. The second equation of can be expanded as

k2 ke Zp(A— 057 a)
li piLm d* fi& fi 14
L TR iy oy v

) = 0. (6.11)

Since Zy;/Z,; is proper, the second summand in the brackets is also proper. To ensure the ex-
istence of the solution of djy;, it requires that Z,,|s—0 # 0, R |s—0 7 0 and kyi Zyi Ao Zp|s—0 #
0. These are achieved by applying the assumptions Z,;, R, Z,, being strict Hurwitz poly-
nomials and designing Ay to be strict Hurwitz. Simplifying further gives the equation

(6-100).

6.2.2 Error Model

We rewrite the nominal control law for the PWA system as
u(t) =3 xib; w(t), (6.12)
i=1

x _ [pxT pxT px % *« 1T : _ T T T
where 0F = [0, , 05,7, 0%;, cb;, di;]" is the control parameter vector and w = [wi’,wo', y, 7, 1]
with

= ——lu(t = t). 6.13
W1 A(S) [U]( )’ %) A(S) [y]( ) ( )
Applying the nominal controller, the closed-loop system can be written in state-space form

:tc = Acixc + Bcir + fci

6.14
Y= chcy ( )

1T T T o _ T
where 2, = [z",w] ,wy |", C. = [C,05,_5].

106



6.2 Controller Design

Lemma 6.1. For the closed-loop system (6.14)), the equation C.A_' f.; = 0 holds for Vi € T.

Proof. The effect of the i-th closed-loop affine term can be expressed by Fy;(s)+ = Co(sI —
Aci) ' feit. Recalling yields lim,_o Ce(sI — Ay)~'fs = 0 and it follows C. A f.; =
0. [l

We study the tracking error behavior when the nominal controller is applied. The following
theorem states the smallness property of the tracking error.

Theorem 6.1. Let the PWA system with known subsystem partitioning €); and known
subsystem parameters be controlled by output feedback nominal controller . There exists
po € R such that Vi € (0, po), the output tracking error e =y — y,, € S(u). Furthermore,
im0 SUP,+, |€(T)| < e +d for |r(t)| < T and some constants ¢,d € RT,

Proof. Let (C., As, , Beiy,, [«i,) denote the active system over time interval [ty, tx11), k € Z7,
i, € Z. The trajectory of y over time interval [t,t11) is given by

t
y(t) = | C.®@.(t,7)Be,r(T)dT + Ce®.(t, t)x (tr)

tg

t (6.15)
+ [ C.P.(t,T) [, drT,
ti

where ®.(t,7) denotes the associated closed-loop state transition matrix. The matching

equation ensures

¢ ¢
Ce®.(t,7)Beyr(1)dr = | Cp®@p(t, 7)Bpr(7)dr, (6.16)

tx tg

which yields the tracking error at time ¢ € [ty, t511)

e(t) =y(t) = ym(?)

t 6.17
:ch)c(t, tk)l'c(tk) — Cmq)m(t, tk)l'm(tk) —I— ch)c(t, T)fcide- ( )
tg
The eigenvalues of A.; depend on A, Z,;, R,,,, so A is stable and
i, (1) £ CTO(t, 1)z c(tr) — CLD,(t, tr) T (tr) (6.18)

is exponentially decaying. Furthermore, according to the matching equation (6.10b), we
have that the term

t
iy, (t) £ /tk CcT(I)c(ta T)fcikd7—> (619)

which is the deviation caused by the affine term, decays to zero exponentially. The general
expression of the tracking error e over an arbitrary time interval [¢,¢ + T') is

e(t) =n(t) + o(t) (6.20)

with n(t) = n;, (t) and o(t) = 0, (t) when t € [ty, tg+1). It is proved in [134] that there exists
p1 > 0 such that Yy € [0, 1), 7 € S(u). This indicates that if the switching is sufficiently
slow, the error term 7 is small in the mean square sense. Following the same concept, there

107



6 Adaptive Control of PWA Systems with Output Feedback

exists po > 0, such that Vu € [0, u2), 0 € S(i), which together with (6.20]) leads to e € S(u)
for Vi € [0, po) with pro = min{pur, po}.

From ((6.18)-(6.20)) we have

el < [l +[of with ] < [Ce||®c]| max |z ()] + [Con || o || max | (24)]
and |o| < maxy fttlf“ |C.|||®@c]||| fei|dT. Based on the slow switching assumption and Theorem
2 in [65], we have ||D.(t)]] < A.e™! for some A, . > 0. For the reference system we
have [|®,,(t)|| < Aje @t for some A, > 0. These lead to |x,(t)] < ¢ + €, and
|ze(t)| < coT + d.. + €. for some ¢, c., d. > 0 and exponentially decaying terms €,,, €., which
in turn gives lim;_,o sup,-, |e(7)| < ¢r + d for some ¢,d > 0. O

Theorem reveals that the tracking error exists even if the nominal control parameters
are utilized and the matching equations for every subsystem hold. Once the system switches,
the output deviates from the reference one. The deviation decays to zero provided that the
trajectory stays in the subsystem for sufficiently long time (characterized by u) until the
next switch occurs.

6.2.3 Adaptive Control Design

Now consider the case where the plant parameters are unknown. In this case, the nominal
control parameters cannot be determined by solving matching equations. The estimation of
the controller parameters is utilized to implement the adaptive controller

u(t) = Z:XiQiTw(t), (6.21)

where 0; = [HliT, s, 03, cos, do;]T denotes the estimated parameter vector for i-th subsystem.
The output of the system can then be expressed by the output of the reference system
perturbed by the error of control parameters 0, =0, — 07 and the transient terms 7, o caused
by switching

) =Walr + 3 07)(0) +0(0) + o) (6:220)
“Walrl(0)+ 3 Xt Wl 0l (1) + (1) + (1) (6.220)

with pf = 1/¢f;. From to , a swapping error term W, S5, xipt0Tw](t) —
S X Wi [ 25, xifT w](t) is neglected without loss of generality as the normalized version
of this error term has the same property as 1 and p, namely, it is also small in the mean
square sense |134]. Define the estimation error for i-th subsystem as

€i(t) = e(t) + pi(t)&(1) (6.23)

where
&(t) = 67 (HC() — Win(s)[67w] (1), (6.242)
C(t) = Win(s)[w](t) (6.24b)
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with e(t) = y — ym denoting the tracking error. The following update law is proposed

sign[ky|Tie; (t)C(t)

bi0) = —ipr I,
(6.25)
pilt) = —xPr{ 2T,

where Pr[-] is, as revisited in Section [2.2.3] the projection operator to confine the parameters
within a bounded convex set, which is known as prior information. I'; > 0 and v; > 0 are
adaptation gains, m(t) is a dynamic normalizing signal defined by m? = 1 + m, with

me(t) = —dgms +u* +y°,  m,(0) =0, (6.26)

where d is a positive constant. The following theorem describes the property of the tracking
error in the adaptive case.

Theorem 6.2. Let the PWA system with known subsystem partitioning €); and un-
known subsystem parameters be controlled by output feedback controller with the adap-
tation law . There exists g € RT such that Y € (0, o), the output tracking error
eeS(u).

Proof. From ((6.23) and (/6.24)), it can be derived that
& = pi0lC+ pi&i +mi + o (6.27)

with n; = x;n, 0; = x;0. Consider the Lyapunov function

V(0,5) = x:(1}107T70; + 7' 57). (6.28)

i=1

Taking the piecewise derivative of V' along the trajectories of (6.25)) yields

. 2¢,

— =S (p10TC + i), (6.29)
o m?
Inserting (6.27)) into (| - 6.29) yields
s 2 s
: Xi€; Xi€i
V=23 0 23 (it o) (6.30)
i=1 i=1

Integrating over an arbitrary interval [t, £+ 7"), in which multiple switching may occur, yields
BT e, 1 4T )
| Cras v v+ — [+ o) (6:31)
with € = 377 xi6;. Because I + £ € S(u), it follows = € S(u). The rest of the proof can
be divided into several steps as follows:

step 1: Express the input, output signals in terms of HNZ-Tkw. Based on |D y over the
time interval [t, x4 1) is expressed as

y(t) = Walr + 7, 05,0)(t) + 13, (1) + 03, (0). (6.32)
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Ignoring the effect of the exponentially decaying terms 7, , ¢;,, the control signal u can be
expressed by

u(t) = G Winlr + 7, 0L w](t) — Gy (G, [1](2) (6.33)
GGy, and G

i kaW are stable and proper. Define a ﬁctltlous normalizing signal mf =

Lt e =m2 (1) + |lull3s + [lyll3s. it follows from (6.32), (6.33) and Lemma 3.3.2 in (71]
that
m} < ¢+ ce”Tm? (t) + |0 w35, (6.34)

where || - [[2; denotes the Los-norm, § € (0, o], ¢ > 0 denotes any finite constant.
step 2: Use the Swapping Lemma to establish the boundedness of |6} w||25. The following
inequality is obtained by applying Swapping Lemma [71]

C .
167 wll2s < ce™ " m? (t,) + o s 163 ]]2s)

_ (6.35)
+cag ([l llos + 16i,mll2s + 173 ll2s + lloi]l2s),
for some ap > 0. Since § € (0, dp|, we have m < my, thus
~ IS .
107 wllas < ce™® T RmP(ty) + —(my + [|0;,my|25)
%o (6.36)

+ caf (|| mf||26+||91kmf||25+|| mf||26+||7mf||25)

step 3: Prove the boundedness of closed-loop signals. From - and (| it follows
my < e+ ce”mP(ty) + cag™ || gimy |3 (6.37)

for large ap with §2 = (5£)2 462 + (“2)2 + (25)2. Now consider an arbitrary time interval

[t,t + T'), within which switches occur at time instants ¢ <ty trgy e oty < t+T. The
normalizing signal my over this interval is then expressed by

T
m} < c+ ce_‘Sng + c/t e_é(t_T)EJQ(T)m?c(T)dT, (6.38)

whete m, = max{m(t,), -+, mlti,)} and 7 = ()2 + S0, xif? + (1) + (22,5 € S(u).
Applying Bellman-Gronwall Lemma [71] yields

t+T
mi < e (L4 md)er kIO g [ et [L g, (6.39)

To obtain the boundness of my, cu <  should be hold for some positive constant c¢. This
condition can be achieved by letting p sufficiently small, which implies slow switching. Since
mys € Lo, following from Lemma 6.8.1 in [71], it can be concluded that u,y,w,m € L

step 4: Study the property of the tracking error. It follows from and the boundedness
of w that &,( € Lo. 5 € S(p) together with m € L yields € € S(u). From we
write the general expression for e

e =Y xile — pi&) = € = D xipii. (6.40)
=1 i=1
With the boundedness of p;,§; and € € S(u) we can conclude that e € S(pu). O
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Remark 6.4. Compared with the counterpart for PWL systems [134], the controller
introduces a constant term in w to cancel out the biasing effect caused by the affine term.
Since the affine term can also be viewed as input disturbance |164], non-equilibrium offset
[141], actuator failure [151], and system damage [61], the controller for each subsystem has
the common structure as the output feedback-based controllers proposed in [164, Sec. 4] and
[151, Ch. 4]. Note that these two cases exhibit either no switching or switching only once
and thus the disturbance or the actuator failure compensation error decays to zero as t — oc.
This further gives asymptotic output tracking. Different from this result, the tracking error e
in the PWA context is small in the mean square sense due to the switch-dependent property
of n as well as g, as discussed in Theorem [6.1]

Remark 6.5. Note that the operator W,,,[-](¢) in (6.24) reveals the input-output relationship
without specifying the initial conditions (at initial instant ¢, and switching instants ¢, for
k € NT). Depending on how this operator is implemented for the signals ¢ and &; in
practice, the expression of ¢; in may vary. Specifically, if ¢ and &; are implemented
with a reset at each switching instant ¢;, then equation (6.27]) remains unchanged. If ¢ and
& are implemented without the reset at each switching instant ¢z, then for some interval
t € [tg,tks1), in which i-th subsystem is activated, would become

&i(t) = 07 (1)C(t) — (Wan(s)[67 w](t) + pea(t)), (6.41a)
C(t) = Win(s)[w(t) + ¢ (t) (6.41b)

where ¢ (t) € R* ! and ¢g(t) € R for ¢t € [ty,tr1) represent some transient zero-input
response terms triggered at t;. Therefore, based on , the error equation would
become €; = p} 9~1T C+pi&i+ni+o0i+pi0; T(,D( — pi e after some algebraic manipulation. Since
the normalized version of ¢ and ¢g; have the same property as 7;, 0; (small in the mean
square sense) under slow switching, the above result (Theorem and the following analysis
based on the error equation ((6.27]) can also be applied to the implementation without resets.

6.2.4 Control Parameter Convergence

Now we study the convergence of the control parameters. We extend the analysis method
for linear systems in [71, p. 757] to the PWA systems. In particular, the proposed con-
troller contains a constant term, which is reflected in w or equivalently (. The effect
of this controller structure on the PE property of w,( needs to be specifically analyzed.
Furthermore, the tracking error e is small in the mean square sense, whose influence on
the parameter convergence needs to be discussed. In addition, how the switching frequency
affects the parameter convergence remains to be explored. The following theorem shows our
result.

Theorem 6.3. Let the PWA system with known subsystem partitioning €); and un-
known subsystem parameters be controlled by output feedback controller with the adap-
tation law . If the reference signal v is sufficiently rich of order 2n with distinct fre-
quencies and activates all the subsystems repeatedly, i.e., Vi € T and Vt, € RT, there exists
tg > ts and 6t € RT such that x;(t) =1 fort € [ty,tq + 6t) and if the projection in is
not activated, then |e| and |0;| converge to a residual set

S@i = {6 € R, QNZ c R2n+1‘|6| + |0~z| < CO(VO + \/ﬁ)}

for some positive constants co, vy € RT and pu € (0, po).
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6 Adaptive Control of PWA Systems with Output Feedback

Proof. First, as each subsystem is activated intermittently and 0, is frozen when the i-th
subsystem is not activated, we remove the subscript ¢ for simplicity and we show that ( is
PE.

[wi](2) K§M®
[wa] () A ()
C(t) = Wanls) | (@) | =Wils) | [y](t) |- (6.42)
[r](t) [r)(¢)
[1)(%) [1(t) |

Inserting (6.2) into (6.42)) and substituting u yields
C(t) = Gm + Ces (6.43)

where

A(s) —'p 0
AW (5) 0
G =Wa(s)(|  Wi(s) | Ir1@)+ |0 [1](2)),
1 0
0 1
- - ——
2F(s) SHy(s)
5, (6.44)
[a(s) —1T a(s —
A(s)(cip Ags% GP G
AG) 0
Ce=Wn(s)(| 1 [le]@®)+ 0 [1](2))-
0 0
0 0
L i
L£H,(s) £Hyc(s)

To prove the PE property of ¢, we start by showing that z is PE. The auto-covariance of
z is given by

1 12 - ~ ~
R.(0) = ng(O)Hf(O)T +5- ST E () H(—u)H ()T, (6.45)
=1
éRZl(O) é1?122(0)
where ¢ is the imaginary unit (¢* = —1), F,.(€) denotes the spectral peak associated with
frequency €,1 € {1,--- ,2n}. Note that the constant input 1 in w leads to an unit spectral

peak at zero frequency (see R.;(0)) while the frequencies contained in 7 build 2n distinct
peaks F,.(€) (see R.2(0)). We rewrite H(s) as

H(s) = lH’(S)] : (6.46)
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with (=)
ofs -1
A(s)gp Win(s)
Ho(s)=| aeVm(s) (6.47)
Wi(s)
1
It is proved in [71] that H_(:Qy), H_(:Qy), ... H_(19s,) are linearly independent.
If R.(0) is positive definite, then equation
XTR.(0)X =0 (6.48)

only has solution X = 0,11, X € R*"*1. Because R,1(0) and R,»(0) are positive semidefinite,
we have
XTR1(0)X >0, XTR.,(0)X >0, (6.49)

which together with (6.48)) implies that
XTRA(00X =0, XTR,(0)X =0 (6.50)

only if X = 09,,1. Suppose X = [XL, X,]T with Xo € R?", X; € R. From XTR,,(0)X =0
follows
L"Xc=0 (6.51)

with L = [H_(:), H_(1Qy), ..., H_(:Qs,)]. Because L has full rank, Xz must be 0.
From XTR,;(0)X = 0 it follows that X; must be 0, which implies the positive definiteness
of R,(0), thus z is PE, which together with (,, = W,,[2](¢) yields (,, being PE. Hence, there
exist Ty > 0, a9 > 0 such that

1

t+To T
7 GlnChrdr > gl vt > 0. (6.52)

Next, we would like to prove that ( is also PE. Note that

1 t+ado
— C(r)¢H(r)dr
nTo /{ (6.53)
>

t+nTo
> 5t ) " Gmcmar - — [T e @,

where 7 is an arbitrary positive integer. Because G,(s) and W,,(s) have the same relative
degree, W,,,(s)H,(s) is strictly proper. G(s) is also proper, which implies that W,,(s)H.(s)
is strictly proper. Because it is established that e € S(u), we have W,,,(s)H.(s)[e](t) € S(u).
Considering Wi, (s)H.(s)[1](t) € Lo, we have (. € S(p), which together with the PE
property of (,, yields

anO /tt—l-ﬁTo C(T)CT(T)dT > @[ _ (KON + T)I (6.54)

for some Cy, Ko > 0. If n is chosen such that Cy < {nTp, then for Kou < %, we have

ﬁlTo /t T T () dr > %I. (6.55)
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6 Adaptive Control of PWA Systems with Output Feedback

So ( is PE. Based on the obtamed PE property of ¢, we continue to explore the convergence

property of ;. Insert into (6.25) yields

pr¢Ct -

éi(t) = —xusign [k, Ti( - pi&iC | (mi+ 0i)C

b+ o+
m

). (6.56)

Considering that the homogeneous part of - is exponentially stable due to the PE
property of ¢ and C € L, we have

t 5.£. . .
|9 | < B e~ 2 (t—tg) +B e—ﬁz(t—7)<|plfl| + |T]z| + |Qll)d7'

tr m m

_ t ] 4
< Boe ) 4 G4 g, [Fepeon( Il
tr m

(6.57)

_ B |P1£z|

where Sy, 01, B2 € Rt are some positive constants, § = rsup, 28, Because 1,0 € S (1),

we apply |71}, Corollary 3.3.3] and have

3 o P2(t—7 (’771’ + ’Qz’)d <8 (\/@—F K'ii) (6.58)
for some constants ¢, K’ € Rt with 8 = 2 52 — : 7. Lhis implies that 6; converges to a
residual set B
1< R o (6.59)
where p € (0, po), v =3 \/ﬁ + %, ¢ = BVK’ and ¢ is an exponentially decaying term.
Invoking Lemma 3.3.2 of [71] we have from e = y — W,,[r] and (6.22) that
e < max | o} || Wi () 25107 wllzs + d (6.60)

with d = sup,(|n| + |o|) and [|[W,,,(s)]|2s denoting the d-shifted Hy norm of W,,(s) for some
§ > 0. Inserting (6.59)) into the Lys-norm ||67w]|ss in (6.60) leads to

le] <@(d(v+ /i) +d+¢€ (6.61)

sup, |w|

for @ = max; |p;[[Wi(s)|26=55~ and € being a decaying to zero term. Combining (6.59
and (6.61)) we have that |e| and |6;] converge to the residual set

Sgi = {6 € R, QNZ c R2n+1‘|€| + |§z| < CO(VO + \/ﬁ)}

for cozc’(l—i-@),yozu—i-%.
[l

In our proof, we first decompose ( into (,, and (.. (, can be further decomposed into
one component depending on input frequencies and one constant term representing zero
frequency. These constitute the excitation source. (. contains all the error terms and is
proved to be S(u). We show that its effect on the excitation can be eliminated by carefully
balancing the switching frequency p and excitation level aq of (,,. Finally, we establish
the relationship between the switching frequency p and the size of the bounded set Sy, by
expressing |0;| in terms of an inequality of p.

Theorem [6.3|indicates that the bound of the residual set relates to the switching frequency.
Fast switching results in a large residual set. The convergence to the nominal value is,
however, possible and discussed as follows:
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6.2 Controller Design

Corollary 6.1. Let the PWA system ([6.1) with known subsystem partitioning 2; and un-
known subsystem parameters be controlled by output feedback controller with the
adaptation law (|6.25)) without the projection. The reference signal r is sufficiently rich of
order 2n. If for a certain ¢ € Z and a certain time instant ¢, > 0, we have y;(¢) = 1 for
Vt € [t,, 00), then e(t) — 0,60;(t) — 0 as t — co.

Proof. Since the system output remains in i-th subsystem, we focus on i-th subsystem and
remove the subscript ¢ for simplicity.

Let n = 0. + 1y, with . = C.@.(t,t,)x.(t,) and 0, = —Cp @ (¢, 1) 20 (tL). 1. and 0y,
satisfy

We = Acwe,  welty) = zc(t,)

6.62
Ne = chc ( )
and
W = Apwim,  w(ty) = x,(t
Nm = —UmWm,
respectively. Besides, p satisfies the equation
ws = Aws + F., ws(t,) =0
’ ’ o) (6.64)
0= ch5-
Define the Lyapunov-like function
V =|p*0"T70 + 771 p? + wl P, + Wl P,
I VPt w, m (6.65)

+ (w5 — AT )T Po(ws — AZYF).
Since A,, and A. are stable, there exist positive definite matrices P. and P,, such that
ATP,+ P A, = —7.I, ALP,+ P,A, = —Yml (6.66)

for some constants 7.,7v, > 0 to be chosen. Take the derivative of V' and insert (6.27)),
(6.62), (6.63)), (6.64) and (6.66]), we have

2€n, 2€0 o
T o wm]? + =2 — @, (6.67)
m m

_’70|w6|2 +

where s = ws;— A1 F,. Substituting ., 7, 0 with (6.62)), (6.63)), (6.64) and invoking Lemma
6.1] it follows

. 2¢2 2 2
V<- o) + W|€||Cc\|wc| — Yelwe|* + ﬁ|e||0m||wm\
2
—Vm\wm|2+@!€\|0c\|@| — Yelws]? (6.68)

2

€
——w+¢1+¢2+¢3
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6 Adaptive Control of PWA Systems with Output Feedback

where
€ 2
$1 =5— + —5lel|Cellwe| — Yelwe/?
2m* - m (6.69)
€2+(5_4|CC||WC|>2 2 4|OC|2
== Am2 - |wc| (/76 - m2 )7
€ 2
b= = ooy 3l Coletml — o -
€ + (e — 4] CpJwm])? 2 41C, 12 (6.70)
= 4m2 - |Ldm| (’ym - m2 )’
and
€ 2 _ _
63= = ooy + L leICellm] — el .
e 4 (e —4|C||ws])?  _ 41C.? (6.71)
=TT ~ @l e = =)

We obtain ¢y, ¢a, ¢3 < 0 by choosing 7, > 4|C.|*> and ~,, > 4|C,,|?, which indicates V < 0.
It follows that 6,5 € Lo and < € L,. Following the derivation of Theorem yields
g € Loand w,m, €&, ¢ € L, which together with and 7,0 € LoNLy gives € € LoNL .
From (6.25) we have € £, and thus &€ € £,. It follows from (6.20) and €, € Lo, p € Lo
that e € L5, which combined with é € L, reveals e(t) — 0 as t — oo.
Since ( is PE, the homogeneous part of is exponentially stable, which together with
£,m,0 € Ly implies () — 0 as t — oo. ]

As Corollary shows, if the output trajectory is kept staying in a certain subsystem,
the periodic deviations caused by switching are avoided and this further results in both the
convergence of the tracking error and control parameter estimation error.

6.3 Numerical Validation

A numerical example taken from [80] is utilized to validate the proposed control algorithm.
The plant parameters of the PWA system are given by

0 1 0 1 0 1
A= [—2 —1]’ A= o4 —1]’ As=1_15 —1]’
0 0 0
fl == [041 3 f? = 02‘| ) f3 - _03] y

with the common input matrix B = [0,1.5]7 and the output matrix C' = [1,0]. The sign of
each subsystem is 1 and known as prior. The switching hyperplanes depend on the system
output and are given by

O ={yeR[-2<y<2},
Qy = {y € Rly > 2},
ng{yER‘y<—2}
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6.3 Numerical Validation

The reference model is chosen as

1
m = m (6.72)

The relative degree of the reference system is 2, which is equal to the one of all the subsystems

of the PWA system. Selecting A(s) = — and « = 1, the nominal control parameters are

s+1
obtained by matching equations

0; = [-1,1.33,-0.67,0.67, —0.53] ",
03 =[-1,1.67,1,0.67,—0.27]",
05 =[—1,1,0.33,0.67,0.4]",

Given an input signal r = 4sin(0.05¢), the output tracking performance of the closed-
loop system by applying the nominal controller is displayed in Fig. It shows that the

5 T T T T T T T T T
3
3 _
Sy L
=)
o

_5 1 | | | | | | | |

0 100 200 300 400 500 600 700 800 900 1000
2 T T T T T T T T T

8_0 | | | | | |

2
0 100 200 300 400 500 600 700 800 900 1000

mode
N

0
0 100 200 300 400 500 600 700 800 900 1000
time ¢ [s]

Figure 6.1: Output tracking performance with input signal r» = 4sin(0.05¢), the nominal
controller is applied

output tracking error exists even when the nominal control parameters are employed. When
the system switches, the output of the closed-loop system deviates from the output of the
reference system, as depicted in equation . This deviation vanishes given a sufficiently
slow switching. The overall output tracking error over the whole time interval is thus small
in the mean square sense.

Given the adaptation gains I'; = 7; = 10, the output tracking performance of the adaptive
system is displayed in Fig. [6.2l It can be seen that the desired performance is achieved
by applying adaptive controller. The deviation from the reference output occurs due to the
switches among subsystems. The smallness of the tracking error in the mean square sense
validates the theory derivation. Compared with adaptive controller, the nominal controller
exhibits better transient performance. This motivates us to study the convergence property
of the controller parameters. To validate the control parameter convergence, the input signal
is required to be sufficiently rich of order 4. Define the input signal r = sin(0.9¢)+sin(0.1¢)+T,

117



6 Adaptive Control of PWA Systems with Output Feedback

output

_1 0 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

2 T T T T T T T T T

-2
0 100 200 300 400 500 600 700 800 900 1000

mode
n

0 100 200 300 400 500 600 700 800 900 1000
time ¢ [s]

Figure 6.2: Output tracking performance with input signal r = 4sin(0.05¢), the proposed
adaptive controller is applied

with a periodic offset signal

4, 1000 + £T <t < 3000 + KT's
7(t) = § —4, 4000 + kT <t < 6000 + kT's (6.73)
0, otherwise

where k € N, T = 6000s. T drives the trajectory into all subsystems periodically. In Fig. [6.3]

time ¢ [s] x10°

Figure 6.3: Control parameters converge to a residual set around the nominal values with
slow switching

the dashed lines represent the nominal control parameters and the solid lines the adaptive
control parameters. It reveals that the adaptive control parameters converge to a set around
the nominal values under slow switching. Since the convergence of 6; is similar, so only 6; is
displayed for clarity.
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6.4 Summary

To show the parameter convergence stated in Corollary [6.1], the trajectory of the closed-
loop system must be kept within a certain subsystem of the PWA system from a certain
time instant ¢, on. Here we remove 7 from r at ¢, = 40000s, which leads to x; = 1,x2 =
x3 = 0,Vt € [t,, 00), the adaptive control parameters in ¢; converge to the nominal control
values in 607, as shown in Fig. The simulation validates the theory derivation.

time ¢ [s] x10°

Figure 6.4: Control parameters converge to the nominal values for y; = 1 after 40000s

6.4 Summary

In this chapter, we have developed the output feedback-based direct MRAC for PWA systems
for output tracking and explored the controller parameter convergence. With the proposed
approach, all the signals in the closed-loop are bounded and the output tracking error is small
in the mean square sense with sufficiently slow switching. If the input signal is sufficiently
rich, the control parameters converge to a residual set around the nominal values for slow
switches.

When comparing with the output feedback-based direct MRAC for PWL counterparts,
one highlight of our approach is that a novel adaptation law is proposed, which introduces
a constant term and compensates the biasing effect of the affine term. Furthermore, we fill
the gap that the controller parameter convergence is not explored for output feedback-based
MRAC of switched systems by establishing the relationship between the switching frequency
and the size of the residual set, to which the controller parameters converge, provided that
the input signal is sufficiently rich.

The effectiveness of the proposed approach is validated through a two-dimensional numeri-
cal example with relative degree 2. As the theoretical analysis shows, the proposed approach
can also be applied to PWA systems with higher dimensions and higher relative degree of
each subsystem, so long as the Assumption on the system classes holds.

The proposed approach is limited to be applied to SISO PWA systems with measurable
input and output signals, whose region partitions only depend on the known input and output
signals, in contrast to the more common cases where region partitions depend on the state
vector. Considering this limitation, the following directions for future work are suggested.
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6 Adaptive Control of PWA Systems with Output Feedback

Regarding the extension of the feedback mechanism, it would be interesting to study a more
general case where the partial state feedback [145] instead of the output feedback is available
for the adaptive controller design. Regarding the extension of the switching mechanism, it
would be worth investigating the output feedback-based direct MRAC for PWA systems,
whose region partitions depend on the system state and thus are unknown. Furthermore,
the current approach is based on a slow-switching assumption. It is also an interesting topic
to study how to avoid frequent switching and sliding mode.
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7

Conclusion and Outlook

The motivation of this thesis is to explore the adaptive control for uncertain switched systems
with a particular focus on three aspects of constraints: limited excitations, performance
constraints, and sensor constraints.

7.1 Conclusion

The background knowledge presented in Chapter [2| reveals two common concepts in the
literature to solve the adaptive control problem of switched systems with known switching
signals: CLF-based approaches and MLF-based approaches. This thesis adopts these two
concepts to solve the constrained adaptive control problem of switched systems. As most of
the chapters focus on uncertain PWA systems, whose region partitions are assumed to be
known, the proposed methods are also eligible for time-dependent switched linear systems.

7.1.1 Solution to Limited Excitations

In Chapter [3, an indirect MRAC approach based on concurrent learning is proposed for
uncertain PWA systems. The concept of this approach is that it exploits not only the current
data, but also the recorded history data for the adaptation of the parameter estimation.
Specifically, each subsystem is assigned with a stack for the storage of history data. The
recorded data of a stack is updated and utilized for the parameter adaptation when the
corresponding subsystem is activated. The key advantage of the proposed method is that
the parameter convergence does not require the excitation to fulfill the conventional PE
condition. Instead, a relatively mild excitation condition of the linear independence of the
recorded data suffices to ensure the convergence of the controller gains and system parameter
estimation errors. This provides a solution to achieve parameter convergence in the indirect
MRAC of PWA systems under limited excitations. In light of the limitations of the known
state derivative assumption and the existence of the CLF, we suggest incorporating filtering
techniques to eliminate the assumption of known state derivatives and leveraging the non-
increasing property of barrier function-based MLF introduced in Chapter [5| to relax the
assumption of the existing CLF as future work.

7.1.2 Solution to Performance Constraints

In Chapter [] and Chapter [5], adaptive control approaches of uncertain PWA systems satis-
fying performance constraints are developed, where Chapter 4| deals with constraints on the
output tracking and Chapter [5] deals with constraints on the state tracking. In addition to
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the performance constraints, both chapters achieve parameter convergence and present mod-
ified adaptation laws to guarantee the robustness of the closed-loop systems in the presence
of disturbances.

In Chapter [, the adaptive control approaches for uncertain PWA systems in control
canonical form with both direct and indirect adaptation options are developed. The key idea
is to introduce an error transform, which transforms the constrained output tracking error
into an unconstrained one and then design the adaptive controller to ensure the boundedness
of the unconstrained transformed error. Given a desired trajectory, both control approaches
ensure the output tracking error to be confined within a performance bound, which prescribes
the steady-state tracking error as well as the transient behavior such as decaying rate and
overshoot. Based on CLFs, we prove the stability of the closed-loop system under arbitrary
switching. Besides, the parameter convergence for both direct and indirect approaches is
proved under the PE condition. Furthermore, a projection-based robust modification of
the direct adaptation laws is provided, which ensures the closed-loop stability as well as
the fulfillment of the performance constraint when the PWA system is subject to matched
disturbances.

While Chapter ] deals with performance constraints on the output tracking, Chapter
focuses on MRAC for uncertain PWA systems with performance constraints on the state
tracking, which is formulated as an inequality in terms of an error metric, defined as the
weighted Euclidean norm of the state tracking error. The core concept is to construct a
barrier function to confine the error metric to stay within a certain “barrier”. In the absence
of a CLF, this error metric exhibits jumps at the switching instants and may lead to the
barrier transgression problem. To solve this problem, we introduce an auxiliary performance
bound with a state reset map at switching instants to construct the “barrier” of the barrier
function. On the one hand, this auxiliary performance bound resides within the user-defined
performance bound if some dwell time constraints are satisfied. On the other hand, by
resetting the auxiliary performance bound at each switching instant, the error metric with
jumps is guaranteed to be confined within the auxiliary performance bound at switching
instants. We construct MLFs for both direct and indirect adaptation cases, which enjoy
the non-increasing property at as well as in between the switching instants such that the
error metric fulfills the performance constraint. The parameter convergence is proved for the
indirect adaptation case. Moreover, a projection-based robust modification of the proposed
method is developed to enhance the robustness of the closed-loop system against unmatched
disturbances.

In addition to the capability of the performance guarantee, another advantage of the ap-
proaches developed in Chapter [5]is that the constructed MLFs are non-increasing at switching
instants such that extra conditions like projections or PE are not needed to guarantee the
stability in the ideal case. Based on this property, two variants of indirect MRAC approaches
for uncertain PWA systems are developed, which relax the assumption of the existence of a
CLF, which is known as one key limitation of the previous indirect MRAC approaches for
PWA systems.

To better understand the connections and the difference between Chapter |4/ and Chapter
b}, it is worth discussing the following points. First, both of them follow a barrier function
concept, namely, mapping a constrained error term to an unconstrained term. The perfor-
mance constraints can be fulfilled by ensuring the boundedness of the unconstrained term.
However, the value of the the unconstrained term may become very large if the error ap-
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proaches the boundary of the constraint. This would lead to large control inputs, which is
the common limitation of the approaches in both chapters. Second, approaches of Chapter
[] belong to adaptive control with state feedback for output tracking and those of Chapter
belong to adaptive control with state feedback for state tracking. The former can only be
applied to uncertain PWA systems in control canonical form, while the latter ones do not
have structural requirements on the PWA systems. The canonical form in Chapter {4 leads
to the existence of CLFs. Nevertheless, the existence of CLFs in Chapter |5 depends on the
choice of the reference models. Finally, the robust modification in Chapter [4] is limited to
cope with matched disturbances whereas the one in Chapter [5| can also handle unmatched
disturbances.

Considering the common limitation of large control inputs, extending the current ap-
proaches to systems having input saturation constraints will be part of future work. Besides,
it is of practical interest to explore the relationship between the input saturation constraints
and the bounds of the uncertain parameters.

7.1.3 Solution to Sensor Constraints

Chapter [6] and Chapter [A] cope with the uncertain switched systems with sensor constraints,
namely, whose states are not available. To be specific, Chapter [6]is devoted to the adaptive
control of such systems based on the output feedback while Chapter [A]focuses on the adaptive
observer (simultaneous estimation of unknown states and parameters). The convergence of
the estimation errors of the control gains is also explored in Chapter [0}

In Chapter [6] the output feedback-based direct MRAC control design of PWA systems
as well as its parameter convergence analysis are investigated. The transients after each
switch, including the mismatch of zero-input responses and the compensation error of the
affine term, are treated as disturbances. Under the slow switching assumption, it is shown
that all the closed-loop signals are bounded and the output tracking error is small in the
mean square sense. Built upon this result, the estimation error of the controller parameters
is proved to converge to a residual set if the input signal is sufficiently rich. The relationship
between the size of this residual set and the switching frequency is established. Moreover, the
convergence of the estimated controller parameters to their nominal values can be achieved
for a certain subsystem given that this subsystem is activated for infinitely long time. The
main limitation is that the proposed approach is only eligible for SISO PWA systems, whose
region partitions only depend on the known input and output signals.

Chapter [A] presents an adaptive observer for a class of nonlinear systems with switched
unknown parameters, which covers some special classes of PWA systems. The key difficulty
lies in how to deal with the disturbance effect of the intermittently appeared zero-input
responses caused at each switching instant. These responses depend on the unknown SASI
and constitute an additive disturbance to the parameter estimation, which obstructs the
parameter convergence to zero. The solution concept is to treat the zero-input responses as
excitations instead of disturbances. This is realized by first augmenting the system parameter
with the SASI and then developing an estimator for the augmented parameter using the
DREM technique. Thanks to its property of element-wise parameter adaptation, the system
parameter estimation is decoupled from the SASI. As a result, the estimation errors of
system states and parameters converge to zero asymptotically. Furthermore, the robustness
of the proposed adaptive observer is guaranteed in the presence of disturbances and noise
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under a PE condition. The application of our approach is confined to switched systems
whose uncertainties are linearly parameterized. The extension to nonlinearly parameterized
switched systems is suggested as part of future work.

Although the zero-input responses caused at each switching instant constitute the common
difficulty for the adaptive observer design in Chapter [A] and the adaptive control design in
Chapter [0, the concepts to treat these responses are different. Specifically, in Chapter [A]
the known information contained in the zero-input responses are fully exploited to update
the estimated parameters and therefore, these responses can be viewed as excitation sources.
In contrast, the zero-input responses (together with other transients caused by switching)
are treated as disturbance terms in Chapter [6] Such conceptual difference further leads to
the following difference of results: if every subsystem is intermittently activated, then the
estimation errors of the state and the parameters of the adaptive observer in Chapter [A]
converge to zero asymptotically, while the tracking error and parameter estimation errors of
the adaptive controller in Chapter [6|are only bounded. Nevertheless, if the switch terminates,
then the zero-input response converge to zero. Thereby, the parameter estimation errors of
the adaptive observer in Chapter [A] remain to be bounded whereas those of the adaptive
control in Chapter [6] converge to zero.

In summary, we have developed adaptive control approaches for uncertain PWA sys-
tems with the focus on dealing with constraints from three perspectives. Specifically, from
the aspect of the input of the control system, the problem of limited excitations at the
input is solved by achieving the convergence of the estimated system parameters in the
indirect MRAC of PWA systems without requiring the PE condition. From the aspect of
the state/output of the control system, direct and indirect adaptive control approaches are
developed for PWA systems to satisfy the output performance constraints and full state
performance constraints, respectively. From the aspect of the feedback loop, a direct MRAC
approach is developed for PWA systems, which only relies on the output feedback. Be-
sides, a novel adaptive observer is proposed for switched systems to estimate the unknown
parameters and states simultaneously.

7.2 Outlook

The adaptive control methods for PWA systems developed in this thesis can be categorized
as model-based control, which enjoys the advantages of provable stability, robustness and
parameter convergence. Meanwhile, the rapid growth in the computing power of the modern
processors in recent years has initiated much effort on developing model-free learning meth-
ods based on big data to solve planning, control and decision making problems of agents with
increasing complexity in highly dynamic and uncertain environments. Despite their ability
to solve control problems with large complexity, the stability and robustness are mostly not
formally ensured. Considering the complementary features of the model-based and model-
free control approaches, it is an exciting topic to investigate how to combine the research
achievements presented in this thesis with the learning methods to solve the current techno-
logical challenges. In light of this, we discuss the following potential research directions for
future work.

Potential to fill the “sim-to-real” gap: the “sim-to-real” gap stems from the area of rein-
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forcement learning (RL). Many existing RL methods train the control policies in the simu-
lation environment. Compared to the training on the real agents, training in the simulation
enjoys the advantages such as reduced time and financial costs as well as less danger. Nev-
ertheless, control policies obtained from simulation-based training may fail when directly
applied to real agents due to uncertainties in the real world. This reveals a “sim-to-real”
gap. MRAC has the potential to fill such gap by training the reference input for a reference
model with RL in the simulation while enforcing the uncertain real plant to track the state
of the reference model [60]. As PWA systems have the universal approximation capability
to model highly nonlinear and hybrid systems, an interesting direction would be training
the reference input for the reference PWA models with RL for complex agents in the sim-
ulation and then applying the MRAC developed in this thesis to the real agents such that
the behavior of the PWA model in the simulation can be transferred to the real system with
identified parameters and safety guarantees. Since the reference PWA model and the real
PWA system are connected by the matching conditions, the core of the successful transfer
lies in the question, how to design or find the reference PWA models to ensure the fulfillment
of matching conditions for complex and large-scale PWA systems?

Avoidance of the sliding mode phenomenon: the PWA systems may enter sliding mode
on the switching hyperplanes, which causes the chattering and may be harmful for the
actuators. It is of practical interest to explore, how to avoid the sliding mode phenomenon
in the adaptive control of uncertain PWA systems. Current research results of PWA systems
to rule out the sliding mode are restricted to simple cases such as bimodal autonomous PWA
systems [140, |154], continuous autonomous PWA systems [27], where the system parameters
and switching hyperplanes are completely known and there is no adaptation mechanism. For
adaptive control of PWA systems developed in this thesis, the stability can be guaranteed
with CLFs (Chapter |3, Chapter {4) if the closed-loop system enters sliding mode. However,
how to enhance these adaptive controllers for PWA systems without the occurrence of sliding
mode is still open.
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tems

In Chapter [6] the MRAC of PWA systems is explored with sensor constraints. This chapter
continues to cope with sensor constraints and studies the simultaneous state and parameter
estimation of uncertain switched systems.

Over the last decades, a lot of efforts have been devoted to the simultaneous state and
parameter estimation of dynamical systems with adaptive observers. Early results of adap-
tive observer design focus on systems, which can be transformed into canonical form |20, |71}
86, |108]. In [181], a new adaptive observer is proposed for a class of time-varying systems,
which does not require the system to be transformed into canonical form. Extensions of
this adaptive observer to nonlinearly parameterized systems [51], systems nonlinear in the
parameters [157], and stochastic systems [180] are reported. These approaches also enjoy a
wide range of applications, e.g., biodiesel fueled engines [183], lithium-ion batteries [162], and
antilock braking systems [2]. The fundamental idea of most referenced adaptive observers
is to construct a linear regression equation (LRE) by utilizing filtering operations on known
signals depending on the inputs and outputs. The LRE enables the application of various
adaptive parameter estimation approaches to estimate the unknown parameters. Then the
state observation is conducted with the estimated parameters. It is worth pointing out that
the LRE captures the forced response of the filtered system whereas the zero-input response
stemming from the filtering operation is treated as a disturbance and mostly disregarded, as
it is exponentially decaying and does not destroy the convergence of the estimation errors.

Despite the above-mentioned advances, the existing adaptive observers focus on systems
with constant unknown parameters and cannot be applied to systems with switched unknown
parameters. In practice, the operation conditions of most plants, as mentioned in Chapter
[ may change, which cannot be modeled using constant parameters. This motivates us
to explore adaptive observers for systems with switched unknown parameters. The main
challenge in this regard lies in the disturbance effect of zero-input responses caused by the
switching. These responses are products of unknown states at switching instants (SASI)
and the known transient terms. They act as a non-vanishing unknown additive disturbance
term to the LRE and prevent the parameter estimation error from converging to zero. This
problem cannot be solved by using conventional adaptive observers. However, the recently
proposed adaptive observers using dynamic regressor extension and mixing (DREM) [120,
121}, [125] provide new inspiration to cope with the zero-input responses. These approaches
treat the initial state as an unknown parameter and transform the state observation problem
into the parameter estimation problem of the initial state. The key feature of these DREM-
based approaches is the ability to ensure the element-wise parameter adaptation, namely,
the adaptation of each element of the estimated parameter is decoupled from each other.
Although methods in [120} 121, [125] are not eligible for switched systems, we are inspired
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by their element-wise adaptation property and develop an adaptive observer for systems
with switched unknown parameters by using DREM, which overcomes the challenge of the
treatment of zero-input responses.

The main contribution of this chapter is that we develop an adaptive observer for a class of
systems with switched unknown parameters. We achieve asymptotic convergence of state and
parameter estimation errors despite the presence of the non-vanishing zero-input responses.
Furthermore, the robustness of the proposed adaptive observer is analyzed for the case with
noise and disturbances. We emphasize the novelty of the technical route through which we
cope with the zero-input responses. Specifically, distinct from the most adaptive observers
for systems with constant unknown parameters [2, [20} 51|, 186, [108], 157, (162, |180, 181} [183],
where the zero-input response is viewed as a disturbance and disregarded, we exploit the
known information of the zero-input responses to construct the regressor and augment the
system parameters with SASI (the unknown part of zero-input responses). To decouple
the system parameter estimation and the evolution of SASI, we propose a DREM-based
parameter estimator for the augmented parameter. Thanks to its element-wise adaptation
property, the asymptotic convergence of state and parameter estimation errors is achieved.

The rest of this chapter is structured as follows. The problem formulation is given in
Sec. [AIl The proposed adaptive observer is depicted in Sec. [A.2] with the robustness
analysis shown in Sec. [A.3] The numerical validation is shown in Sec. [A.4] In Sec. [AF] the

conclusion is given and future work is discussed.

A.1 Problem Formulation

In this chapter, we consider the following uncertain nonlinear single-input single-output
(SISO) switched system

i = Az + Bu + V(y,u)0; ), (A.1a)
y=Cu, (A.1b)

where x € R" is the state vector, y € R denotes the output signal, and v € R represents the
input signal of the system. A € R™" B € R™! C € R™" are known constant matrices.
The nonlinearity ¥(y,u) € R™*™ is a known time-varying matrix depending on the output y
and the input u. The switched system has s € N subsystems and 05 € R™ denotes
the switched unknown parameter vector with 6, € {67,0%,---,0%}. The switching signal
o(t) is known.

The system structure stems from the well-known system form with constant un-
known parameters studied in [2, 180, |181] with the difference that system depicts
systems with switched unknown parameters. As depicted in Chapter [T} extending estima-
tion and control methods from linear systems to switched systems is of practical interest
as switched systems can model many engineering applications operating in multiple modes
such as mechanical systems with friction [165] and backlash [171].

Although system appears to be different from the PWA systems studied in the
previous chapters, it covers some special class of PWA systems. For instance, if a PWA
system is utilized to approximate a Lur’e system (an interconnection between a linear system
and a memoryless nonlinearity) [160], then it can be written in form of . As we will
show in Section the Chua’s circuit, a typical PWA system, can be expressed with the
system ((A.1]).
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The problem to be solved in this chapter is formulated as follows:

Problem A.1l. Given a switched system (A.1)) with the known switching signal o(t¢) and
the unknown subsystem parameters 07,7 € Z, design an adaptive observer based on the
input v and the output y to simultaneously estimate the system state x and the subsystem
parameters 07,7 € 7 with asymptotic convergence of the estimation errors.

For the observer design in this chapter, we make the following assumptions:

Assumption A.1. The state x(t), the output y(¢), the input w(¢) and the parameters
0f are bounded. ie., z(t) € X,y(t) € Y,u(t) € UVt > 0 and 0 € O;,i € T with
X eR"Y e R,U € R,0; € R™ being compact sets.

Assumption is a common assumption in adaptive observer design problem [51} 96].

A.2 Adaptive Observer Design

In this section, we introduce the proposed adaptive observer to solve the above-mentioned
problem. We first derive the LRE of and redefine the role of the transient zero-input
responses caused by switching by augmenting the unknown parameters with the SASI. Then,
we develop a DREM-based parameter estimator to decouple the parameter estimation from
the SASI. Based on the estimated parameter, we design the state observer and conduct the
robustness analysis.

A.2.1 Derivation of LRE

Let us start by transforming the system (A.1)) into a LRE. The goal of this step is to establish
an algebraic relation between the unknown parameters and the known signals. We rewrite

(ATa) as

&= (A~ KC)z+ Bu+ Ky + V(y,u)d; (A.2)

with K € R™! being an output feedback gain such that (A — KC) is Hurwitz. The time
response of x(t) for the interval ¢ € [ty, tx11),k € N, in which 0, remains constant, can be
written as

t
z(t) = O(t, tr)x(ty)+ | P(t,7)(Bu(r) + Ky(r))dr
th
" (A.3)
+ [ (¢, )V, ,dT,
tg
where ® (¢, 7) is the state transition matrix associated with (A— KC'). From (A.3]) we can see
that three components constitute the solution of = for ¢ € [tx, 1),k € N: the zero-input
response associated with the SASI z(t), the forced response driven by the known signal
Bu + Ky and the forced response driven by the switched uncertain part W8%. These two
forced responses can also be described by two auxiliary signals x, and xy generated by the

following dynamics

iy = (A~ KC)vy + Bu+ Ky, z.(tx) =0, (A.4a)
ig = (A= KC)rg+ V0,4,  wp(ty) =0, keN (A.4b)
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Therefore, for t € [ty, tx11), k € N, equation (A.3]) becomes
x = Ot tp)x(ty) + x4 + To. (A.5)

Furthermore, let the signal matrix T(¢) € R"*™ be generated by the following dynamics

T=(A-KC)T+VU, YT(t) =0, keN, (A.6)

from which one obtains Y(t) = [/ ®(¢,7)¥dr,t € [ty,tr+1). This together with the solution
of zy (the third term in (A.3)) leads to

29 = 0% (A7)

The signals x,, g, T can be respectively viewed as filtered signals of Bu + Ky, \Ifﬁi(t), 1
with the filter parameter (A — KC'). xy is unknown and to be estimated. z,,Y are known
and will be used later for the adaptive observer design.

Remark A.1. In the adaptive observer design for non-switching systems [181], it suffices to
specify zero initial states of the auxiliary filtered signal z,, T at ty. In contrast, these signals
in our context are reset to zero at each time instant t; (k = 0 for the initial instant and k € N*
for switching instants, see , ) Such reset is essential for a clear decomposition of
x into the zero-input response (see ®(¢,t;)x(tr) in (A.5)) and forced responses (see x,, g in
(A.5)) for every continuous interval [ty, tx. 1),k € N.

Recall that the goal of this section is to establish an algebraic relation between the unknown
parameters and known signals by transforming the system (A.1]) into a LRE. To achieve this,

we take (A.7) into (A.5)), move the known signal x, to the left side of (A.5)), and multiply
both sides with C', which yields for ¢ € [ty, tx11),k € N the following LRE

2= CYO% g + OD(t, 1)z (1), (A.8)

with z =y — Cz,.

Remark A.2. For systems without switching, the LRE would become z = CY0*+C®(t, to)x(to),
t € [tg,00) with 6* being the constant unknown parameter. In most of the approaches of
the current line of research [2, 20, 51, [86} |108, 157, 162} {180, 181, [183], only z = CY0* is
considered and the zero-input response C®(t,to)x(ty) is disregard due to its exponentially
decaying property. The work [9] provides rigorous asymptotic convergence analysis when
Cd(t,t9)x(ty) is not neglected. As oppose to the decaying property in these papers, the
zero-input responses C'®(t, tx)x(t)) in our case build a non-vanishing disturbance signal un-
der intermittent switching, as each switch triggers a zero-input response depending on the
SASI z(ty), k € NT. Consequently, the effect of these transients on the parameter estimation
cannot be neglected.

The disturbance effect of C®(t, tx)x(tx), k € N is the main obstacle to obtain the asymp-
totic convergence of the estimation errors. Observe that C®(¢,t;)x(tx) consists of the known
part C®(t, ) and the unknown part z(t;). Our solution concept is to treat the SAST x(tx)
as a part of the unknown parameters and view C'®(t,t;) as a part of the regressor such that
we can make full use of this known signal for the parameter estimation. Namely, we rewrite

ED as ]
2z = vl (t) (A.9)
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with the augmented parameter and regressor

v =[O, C(t,1;,)] € R>*m+n),
e w
" (t)
where 7*(t) € X £ {z(t),x(ts),--- 2(ty),---} and 2*(t) = x(ty) for t € [tp,tps1), k € N.
Viewing over the whole time interval ¢ € [ty, 00), *(t) is a piecewise constant vector.

The augmented parameter vector 6* (t) in is a switched parameter, which remains
constant within each interval [tg, ;1) for & € N and switches at each ;. It consists of two
parts: the parameters to be estimated 67, i € 7 and the state at each switching instant
z*(t) € X. The cardinality of Z is s while the cardinality of X is unknown. Due to
the mismatch of the cardinalities, it is necessary to develop a parameter estimator, which
enables separable adaptations of (9;@) and z*. To realize this, we propose a DREM-based
parameter estimator as it can achieve element-wise adaptation of the parameter.

A.2.2 DREM-based Parameter Estimator

The LRE is derived by incorporating the filterd signals x,, T with the filter parameter
(A— KC). Based on this derivation, the first step of DREM is to create m+n LRE by using
a set of filters with distinct filter parameters (A — K;C),j € {1,2,--- ,m + n} instead of
using a single filter with (A — KC). K, are designed such that (A — K;C) are Hurwitz. So
we repeat the derivation from to and replace K with K;,j € {1,2,--- ,m+n}.
This leads to

2 = VjTé*(t) (A.11)
with
2 =y = g, (A.12)
v] = [CT;,C;(t, 1),
where

ftuj = (A — KjO)%u]‘ + Bu + ij, xuj(tk) = 0,

T, =(A-K;C)Y; + 7, T,(ty) =0,k €N

and @, (¢, 7) denotes the state transition matrix associated with (A — K;C'). We rewrite the
m +n LRE in matrix form and obtain

Zy = NTo*(t) (A.13)
with
21 V?
Zf — c Rm+n7 NT — c R(ern)X(ern). <A14)
“m+n V£+n

The second step of DREM suggests multiplying the extended regression equation ({A.13)
with the adjoint of the extended regressor matrix N7, denoted by adj(N7T). This leads to

adj(NT)Z; = adj(NT)NTO*(t) = det(N)6*(t) (A.15)
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with det(-) denoting the determinant of a matrix. Let A = det(N) € Rand Z = adj(NT)Z; €

R™*" From (|A.15)) we obtain ) )
Z = A0 (1), (A.16)

As A is a scalar, (A.16]) leads to m + n separate scalar regression equations

2’;1 _Qio(t)_
|z o i
Z=|2" =AW = AG*(t), A7
z () (t) (A.17)
_Z_m—i-n_ _‘/L‘;’kL (t) i

where Zj is the j-th element of the vector Z, 0%, represents the j-th element of 7, and z}
denotes the j-th element of x*.
Recall that the indicator function is an alternative way to describe the switching

\ilt) = {1’ i olt) =1, (A.18)

0, otherwise.

Let éji € R be the estimated value of 7, and let 0; = [éu, e ,émi]T. The adaptation of the
estimated parameter follows the adaptation law

forieZ,j€{l,---,m}. v € R is a positive scaling factor. This adaptation law gives the
parameter error equation

for éﬁ- being the j-th element of 0~Z with 01 = HAZ — 07. The indicator function x; in the
adaptation law indicates that the value of 6; remains constant when subsystem % is
inactive and 6; is adapted during the active phase of subsystem 1.

As underscored in the introduction of this chapter, the conceptual highlight of this chapter
is to convert the role of the zero-input responses from disturbances to excitations. To better
understand this concept, we observe from (A.12)) and (A.14) that the known part of the zero-
input response C'®;(t, t;) constitutes a part of the regressor matrix A, whose determinant A
further drives the adaptation of the parameter estimation errors (see (A.20])). Furthermore,
the element-wise adaptation property of DREM ensures that the evolution of the unknown
part of the zero-input response z(t;) does not affect the adaptation of the estimated system
parameters é,

Remark A.3. Simulation results in [180, 181] show that adaptive observers proposed for non-
switched systems have the tolerance for rare switches of the parameters at the expense of
transient parameter estimation errors after each switch. Due to these transient parameter
estimation errors, provable asymptotic convergence of parameter and state estimation errors
cannot be established. Moreover, performance degradation may occur when the time between
two successive switches of parameters is not long enough to let the transients converge. One
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feature that distinguishes our method from these methods is that each subsystem has its
own estimated parameter éi,z’ € Z. The estimated parameter 0; is only adapted when i-th
subsystem is activated. Otherwise, 0, is frozen and is retained as the initial value for the next
active period for i-th subsystem. Therefore, asymptotic convergence of parameter estimation
errors can be achieved without suffering from transient errors after each switch.

A.2.3 Adaptive State Observer

After obtaining the parameter adaptation law 1) for the estimated parameters éi, the
adaptive state observer to estimate the state x is given based on 6;

T = A% + Bu+ \I/(y,u)ég(t) + K(y —9),

A21
§=C2 (A.21)

where %, 9 denote the estimated state and output, respectively. K € R™ ! is to be chosen
such that (A — KC) is Hurwitz.

Assumption A.2. The scalar signal y;A satisfies ;A ¢ Lo,Vi € 7.

The performance of the proposed adaptive observer (A.19)), (A.21) can be summarized
below.

Theorem A.1. Consider the switched system with unknown parameters 07,1 € T
and the adaptive observer with the adaptation law (A.19). If Assumption and
Assumption hold, then we have the parameter estimation error 0;(t) — 0,¥i € T as

t — oo and the state estimation error T(t) = &(t) — x(t) — 0 as t — 0.

Proof. From (A.20f), we have

G,(t) = ¢ Vo A gy (A.22)

Since x;A ¢ Lo,1 € Z, we have 9~ji — 0 and therefore, 6, — 0 as t — oco. From 1) and
(A.21)) we obtain for z =2 — x

i=(A—KC)%+ W,y (A.23)
Since 6; — 0,Vi € T for t — oo and (A — KC) is Hurwitz, it leads to & — 0 as t — co. [

Remark A.4. Regarding the zero-input response, the underlying concept of the adaptive
observers for non-switched systems (e.g., see [20} 51} [181]) or adaptive control for switched
systems (see [135] and Chapter [f]) is treating the zero-input response as a disturbance,
regardless of whether neglecting it or including it in the stability analysis [9, |135]. Distinct
from this concept, we provide a new perspective that the zero-input responses can be utilized
as excitations to promote the parameter estimation such that asymptotic convergence of state
and parameter estimation errors can be achieved.

Remark A.5. The DREM-based adaptive observers in [120} [125] augment the system param-
eters with the initial state. Then the state estimation is established based on the identified
initial state through an open-loop integration [120] or a non-fragile algebraic equation [125].
As oppose to these approaches, the purpose of augmenting the system parameters with SASI
in this note is to exploit the known information of the zero-input responses in the regressor
whereas the estimation of SASI is not of interest and disregarded.
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Remark A.6. The convergence analysis of the parameter estimation in the previous chapters
requires that each subsystem is activated intermittently [84] (99, [173]. In this chapter, this
condition is implicitly included in the condition x;A ¢ L5,Vi € T (Assumption[A.2)). Specif-
ically, if there exists subsystem [ € Z that is not intermittently activated, then there exists
{ > 0 such that o(t) # [ and x;(t) = 0,Vt € [{,00). This would lead to x;A € Ly, which
contradicts with the condition x;A ¢ Lo,Vi € Z. Therefore, Assumption implies that
every subsystem is activated intermittently.

To frame the current result in the state of the art, it is worth distinguishing our method
from switched adaptive observers in the literature. Switched adaptive observers |2, 3| are
proposed to deal with non-uniformly observable systems (systems in form of but with
a time-varying A(t) matrix such that no constant K matrix can be found to let (A(t) — KC)
be Hurwitz). A switching output feedback gain K, is designed such that (A(t) — K,C)
is always Hurwitz. The reset adaptive observer [122] utilizes a reset integral term in the
state observer aiming to improve the transient behavior of the adaptive observer. All the
above-mentioned works [2, 3, |122] deal with systems with constant unknwon parameters.
The adaptive observers therein cannot be applied to systems with switched unknown pa-
rameters. A switched adaptive observer for switched nonlinear systems is proposed in [96].
The adaptation law therein still follows the concept of [181], namely, using single parameter
adaptation to estimate parameters with jumps. Therefore, it suffers from the same problem
mentioned in Remark [A.3]

One potential drawback of using the DREM-based parameter estimator is the computa-
tional complexity as n +m LREs are involved. In view of this, one question which may arise
is why not use gradient-based adaptation [181] or least square-based adaptation |51], where
only one LRE (e.g., (A.8)) is needed with relatively lower computational costs? We explain
this point as follows.

The reason for using DREM lies in its ability to establish element-wise relationships such
that the adaptation of the parameter éji is decoupled from the jumps of z*. In contrast,
neither the gradient method nor the least square-based adaptation can achieve such decou-
pling. We take the gradient method as an example. Specifically, theAgradient method would

suggest for the estimated augmented parameter vector (denoted by 6; for i-th subsystem) in
(A.9) the following adaptation law

A ~

0i = vixiv(z — VTéi) = —Yixivv" 6. (A.24)

for HZZ = 0; — 0*. Together with the excitation condition that x;v is PE, this would lead to
an exponential decrease of the norm |0;(t)] in the time interval

0,(1)] < wle 0,1, € [ty b )

k, k' € RT are some positive constants, [t;,,t;, +1), k¥ € NT denote time intervals in which i-th
subsystem is active. Note that we cannot expect the state at the switch-out instant of i-th
subsystem x(t;,11) to be equal to the state at the next switch-in instant z(t;,,,). Namely,
2*(ti,+1) = 2*(t,.,) does not necessarily hold. This implies a potential instantaneous jump
of 6* at each ti,. As 0; evolves continuously and 0, =6, — 9*, the jump of 6* leads to the

jump of #; at each ti,. These jumps together with the exponential decrease of |0;] in each
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[ti,, ti+1), k € NT does not lead to the convergence of 0| to 0. In this regard, the jumps
of z* is coupled with the parameter vector 6; through the norm operator and obstructs the
convergence of 6; to 0.

A.3 Robustness Analysis

In this section, we study the robustness of the adaptive observer when applying it to systems
with disturbances and noise. Consider the system

& = Az + Bu+ V(y, u)0; ) + w, (A.25a)
y=Cu, (A.25b)
y=vy-+o, (A.25¢)

where w € R™ represents the state disturbance. y denotes the measured output with v € R
being the measurement noise. w and v are bounded, i.e., |w| < wy, |v| < vg for some constants
wo, Vg € RT.

With regards to the nonlinear function ¥(y, u) in , we make the additional assump-
tion as follows:

Assumption A.3. The function V(y,u) in (A.25) is Lipschitz with respect to y. That is,
there exists positive constant Ly € R* such that Vu € U and y,y € Y we have ||U(y,u) —
(Y, u)|| < Luly =yl = Ly|v] < Lyvo.

To study how w and v affect the stability, we rederive the error equation (A.20). We start
by rewriting (A.25al) as

i = (A - K;C)x + Bu+ Ky + V(y,u)0;,) +w (A.26)

for some K; € R™' j € {1,2,--- ,m + n} such that (A — K;C) is Hurwitz. The time
response of x(t) for t € [tg,tx+1), k € N can be written as

t
() =0, (t, ) (ty) + / o, (t,7)(Bu + K,y)dr
. b . (A.27)
+ [ Q;(t, )V (y,w)didr + | @;(t, T)wdr.
tr tr

We use the measured output y to generate the filtered signals

j?uj = (A — KjC)SL’uj -+ Bu + Kjg, .T}uj(tk) = 0,

Tj = (A — KJO)T] + \Il(g,u), T](tk) = O,k’ eN

Let z; = y — Czyj, which gives for ¢ € [ty, 1, + 1),k € N
t
zj=Co+v—C([| ®;(t,7)(Bu+ K;y+ K;v)dr). (A.28)
tr

Substituting = with (A.27)) yields
Zj = C(I)j(t, tk)x(tk) + CTJQ;(t) + dj <A29)
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with the disturbance-related term d; being expressed by
t
dj =C s (I)J(t77—>(\1j(y7 U) - \P(gvu»e:’(t)dj—
k

t t
+C [ O;(t, T)wdr +v—-C | D;(t, 7)K;vdr.
tr

ti

(A.30)

With the regressor v] = [CT;, C®;(t,t;)], equation (A.29) can be written in the linear

regression form

zp = v 0%(t) + d;. (A.31)
Stacking m + n equations yields

Zy =NTo*(t) +d (A.32)
with d = [dy,da, -+, dpmyn])’. Multiplying both sides with adj(N7T) leads to

Z=A0*(t)+D (A.33)

with D = adj(NT)d. We apply the same parameter adaptation law as in the ideal case
(A.19) and obtain the element-wise parameter error equation

0 = —%’XiAQ‘gji + %’XZAD;‘, (A.34)

where i € Z,j € {1,2,---,m}, Dj is the j-th element of D. Let D be a vector of the first m
elements of D, i.e., D = [Dy, Dy, ---, D,,]7. We can write (A.34) into the vector form

éi = —7;xiA%0; + yix;AD. (A.35)

The adaptive observer is constructed based on the measured output y and (A.21)) now be-
comes

Az + Bu+ ¥(y, u)éa(t) + K(y —19),
C

&>
I

(A.36)

Ny
I
=>

Assumption A.4. The scalar signal ;A is PE, Vi € 7.

The following theorem summaries the robustness of the proposed adaptive observer in the
presence of disturbances and noise.

Theorem A.2. Consider the switched system with unknown parameters 07,1 € T

and the adaptive observer with the adaptation law . If Assumptioq As-
sumption and Assumption A.2 hold, then the parameter estimation error 6; and the

state estimation error T converge to the residual set

Re:{jeR”,éi cR™

|Z| + |6;] < pwsup |AD| + ¢} (A.37)
¢

for some positive constants p,c € RT.
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A.3 Robustness Analysis

Proof. We start the proof by showing that d;,j € {1,2,--- ,n+m} in is bounded for
t € [to,0). As ®;(t, 7) is the state-transition matrix of the Hurwitz matrix (A — K;C'), there
exist constants 5375/ € R* such that [|®;(t, 7)|| < Bje =) Therefore, for t € [ty,trs1),
we have from ) the following inequality

t
@] < BIC] [ (g 0) = UG w05 dr
k
t
+ 8101 [ e B fw] + K lol)ar + Jol.
tg

Let Ly = max; |0f| and Aty = tpy — tr,k € N. Due to Assumption we obtain for
(S [tkatk-i-l)a keN

t

451 < BIC1 [ e (Ly Lyvy +wo + [Kfuo)dr + g
ty
5, Bj Aty

|O‘(L\I;L9U0+Cd0+ |K |U0)(1—€ 7 )"‘UO
/6/
53

which together with adj(NT) € L, leads to D, D € L,
From ({A.35]), we have

~ —Yi ¢ A2 S SN t . t .
0i(t) = & o AG 1) 4o [ et SN O A DAy,
to

|C‘(L\1;L9U0 + Wo + |K |U0> + Vo,

Since y;A is PE, there exist constants o, a; € RT such that
- _ t
10:(t)| < age_’YiOéi(t—tO)|0i(tO)| + ag%/ e_’Yiai(t—tO)|XiAD|d7—’ (A.38)
to
which further leads to

lim sup |6;(7)| < 07 sup [x:(t) A1) D(#)]- (A.39)

t—o00 >t i

From ({A.25) and (A.36) we obtain

#=(A—KC)i+ (U5, u)aw) — Uy, u)05y) —w + Kv,
which can be further rearranged as

i = (A~ KC)E + (U(F,u) = Wy, 0))o + (g, 0)ag) — w + K.

Recalling that (A — KC) is Hurwitz, there exist constants g, 3’ € Rt such that

2] <o attn)| + [ e Lavoldo)

+ sgp | W (y, )H]Qo |+ wo + | K|vg)dr.
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Since |0o()| < 0o + |05 < 10| + Lo, we obtain

t ~
2(6)] B Na(to)| + 6 [ P (Lovoldage)
to

+ Ly Lgvo + sup 1 (y, w) |0y + wo + | K |g)d7.

This further yields
/

im sup ()] < (Lt + sup 3. )] | + Lo Lot + o + K ),

t—o00 >t

which together with (A.39) gives (A.37)) with

/ /

Q;
p = max —(1 + —(Lyvo + sup [[U(y, u)|)),
i I} t
g (A.40)
c = E(L\IILQ,UO + wo + |K|U0)
This completes the proof. O

Remark A.7. Compared to the disturbance-free case, Theorem requires a stronger exci-
tation condition that ;A is PE, which is instrumental to ensure the boundedness of Z and
0;. In case the PE condition cannot be satisfied in some circumstances, robust modifications
such as projections and leakages revisited in Chapter [2| can be applied to the adaptation law
(A.19). The modified adaptation law together with the boundedness of D in (A.35]) would
lead to the boundedness of # and 6; (see , Ch. 9.2)).

4 8 15 -
— J, x1A%ds — 61|
3 6 —f[fngstf — ]
o« —_— [f x3A2ds 1 — 6]
3 S T - T
: 2 % a ]
B 05
1 2 1
-1_\ ........... -
0 0 0 —
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
time ¢ [s] time ¢ [s] time ¢ [s]
(a) Switching signal (b) Excitation (c) Parameter convergence

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
time ¢ [s] time ¢ [s] time ¢ [s]
(d) State estimation #; (e) State estimation o (f) State estimation Z3

Figure A.1: Parameter and state estimation using the proposed adaptive observer.
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A.4 Numerical Validation

In this section, the proposed adaptive observer is validated through a numerical example of
the chaotic oscillator, the Chua’s circuit, adjusted from the literature [31, 182]. Tts system
equation is given by

&1 = po(—r1 + 22 — g(21))

j?g =T — T9+ T3 <A41)
T3 = —qoT2 — Tox3
where py = 10,qy = 16,79 = 0.0385 are known parameters. Let x = [z, 79, 23] be the

state vector. The system output y = x; is measurable and x5, 3 are to be estimated. The
function g(z;) is a piecewise linear function

—0.71432, — 0.4286, for 1 > 1
g(z1) = § —1.1429x4, for |z;] <1 (A.42)
—0.7143x1 + 0.4286, for x; < —1

Therefore, the system (A.41]) can be written in form of (A.1]) with

—po po O y 1
A= 1 -1 1], ¥=-py|0 0], (A.43)
0 —qo —To 0 0

B =10,0,0]" and C' = [1,0,0]. The initial state of the system is z(0) = [2.88, —0.066, —2.12].
The nominal parameters to be estimated are

07 = [—0.7143, —0.4286]"
0; = [—1.1429,0)%, (A.44)
03 = [—0.7143,0.4286]" .

The switching signal o(t) = 1 for x,(t) € Qy = {z1|z1 > 1}, o(t) = 2 for x1(t) € Qy =
{z1||z1| < 1}, and o(t) = 3 for z1(t) € Q3 = {z1| 21 < —1}.

Now we evaluate the estimation performance of our proposed adaptive observer in the ideal
case. The filter parameters {K;}°_, are chosen as Ky = [0, -1, —15]", K, = [-2,2.5,20]",
Ky =[-2,0.1,1]7, K4y = [-0.4,-0.4, —8]7, K5 = [-8,6.5,18]7 and K in the state observer
(A.21) is K = [-2,2.5,20]7. The initial value of the observer #(0) = [0,0,0]”. We specify
the scaling factors 7; = 10,4 = {1,2,3}. The switching signal is show in Fig. [A.1a] We
can observe the intermittent switching, namely, every mode is repeatedly activated. Fig.
shows the evolution of integrals [; x;(s)A?(s)ds,i € Z, from which one can conclude
YA ¢ Ly. The norm of the parameter estimation error for each subsystem |6;] is shown in
Fig. where dashed sections represent the inactive phase and solid sections represent the
active phase. As it can be seen from Fig. , the value of \§Z| stays unchanged during the
inactive phase whereas it, thanks to the use of DREM, decreases monotonically during the
active phase. Furthermore, The estimated parameters of all subsystems converge to 0. The
element-wise state estimation is shown in Fig. [A.1d] Fig. [A.1d, and Fig. [A.T] respectively.
The red solid lines display estimated states and the blue dashed lines represent real states.
One can observe that the state estimation errors also converge to 0, this together with the
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parameter convergence validates the theoretical results of Theorem that the proposed
method is able to eliminate the disturbance effect of the zero-input responses and achieves
asymptotic convergence of state and parameter estimation errors.

Finally, we show the robustness of the proposed adaptive observer in the presence of
disturbances and noise. The filter parameters {Kj}?zl, the scaling factors ~;, as well as
the initial value of the observer Z are specified to be the same as those in the ideal case.
The disturbance term in is w = [0.05sin 7¢,0.005sin 5¢, 0.1 sin 13¢]. v in (A.25d) is
generated as random numbers with |v| < vy = 0.1. In the simulation, the true switching
signal o(t) of the plant is used for the switching of the parameter estimator and the state

observer.

15 - 10
— (6] —
— 6] —
1 165 5 )
al o s
0.5
5
oL 10
0 10 20 30 40 50 0 10 20 30 40 50
time ¢ [s] time ¢ [s]
(a) Parameter estimation (b) State estimation

Figure A.2: Parameter and state estimation using the proposed adaptive observer in the
presence of disturbances and noise.

The parameter estimation errors |f;| and the state estimation error # are shown in Fig.
and Fig. [A.2D] respectively. Despite of the presence of disturbances and noise, both
the parameter estimation errors and the state estimation error converge to bounded sets,
which implies the robustness of the proposed adaptive observer.

A.5 Summary

In this chapter, we studied the simultaneous state and parameter estimation of uncertain
switched systems with sensor constraints. Instrumental for this task is the derivation of a
new LRE, which takes the intermittently appeared zero-input responses into account. We
underscore the novelty that we convert the known information of zero-input responses into
a part of an augmented LRE and propose a DREM-based parameter estimator to decouple
the parameter adaptation from the SASI of these responses. With the proposed adaptive
observer, we managed to eliminate the disturbance effect of the zero-input responses and
achieve asymptotic convergence of state and parameter estimation errors. Moreover, we
have proved the robustness of the proposed method by showing that the state and parameter
estimation errors converge to a bounded set in the presence of disturbances and noise.

The key advantage of using DREM in our adaptive observer is that it enables element-wise
adaptation and thus decouples the adaptation of the system parameters from the jumps of
the SASI. In contrast, classical adaptive observers can only achieve the decrease of the norm
of the parameter estimation error vector. As a result, the jumps of the SASI would obstruct
the convergence of the system parameters via the norm operation. In addition, a byproduct
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A.5 Summary

advantage of using DREM in our approach is that it does not require the classical persistence
of excitation condition to achieve the parameter convergence in the disturbance-free case.

The theoretical results are validated through a numerical example of Chua’s circuit, a
typical application example in form of with constant matrices A, B. The proposed
method can be generalized to systems with switched system matrices Ay, Bo(y) (instead of
the constant ones A, B in (A.1))) by following the same procedure but using switched filter
parameters and a switched observer gain (see [102, Remark 6]).

One limitation of the proposed method is that the switching signal is required to be
known. For PWA systems, whose region partitions depend on the input and output signals
but the output measurement is corrupted with noises, the switching signal will be imprecise
because it is obtained by evaluating in which region the measured output locates. How the
imprecise switching signal affects the convergence property and the robustness of the state
and parameter estimation remains to be explored in future work.

Moreover, the proposed adaptive observer is eligible for SISO linearly parameterized
switched systems. To enlarge the application domain of system classes, future work can
also focus on the extension of the proposed adaptive observer to MIMO and nonlinearly
parameterized switched systems.
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