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ABSTRACT

In the following dissertation, the theoretical and experimental results
on the problem of modeling uncertainties in the system control within
the Active Disturbance Rejection Control paradigm are presented. The
considered concept proposes that, in the presence of unmodeled dy-
namics or unmeasurable external disturbances, it is possible to employ
the Extended State Observer algorithm to online estimate a difference
between the controlled plant and its assumed nominal model. It is
advocated that this measure of uncertainty of the dynamics of the
plant can be then used in the control law to effectively compensate for
the unknown dynamics and achieve high performance without the
perfect knowledge of the system.

Various examples from both academia and industry have proven
the quality of such an approach. Yet, its premises are based on the
assumption of a specific form of the model uncertainties and distur-
bances affecting the plant, which is often not satisfied in practice. In
this work, the performance and robustness of the Active Disturbance
Rejection Control in the presence of unmodeled dynamics which may
not conform to this nominal structure are discussed. Namely, the
model of the dynamics subject to the uncertainty of both input gain
and assumed drift term is considered and the performance of the
discussed control scheme is analyzed through the Lyapunov approach.
To further extend the insights into the problem of Active Disturbance
Rejection Control performance in the presence of modeling uncertain-
ties, a series of individual and specific scenarios is also discussed,
covering a wider range of control tasks which may not be consistent
with the characteristics assumed in the earlier analysis.

As the possible methods of increasing the robustness of the con-
sidered control schemes to the presence of modeling uncertainties
the recently proposed novel Parameter Identifying Extended State
Observer and Parameter Identifying Disturbance Rejection Control are
discussed. These algorithms stem from the Extended State Observer
and Active Disturbance Rejection Control approaches but incorpo-
rate the adaptive terms employing the gradient adaptation law to
online identify the model of the plant and fine tune the controller to
best fit the dynamics of the real object. The applicability and stability
conditions of the proposed approaches are discussed, and their us-
ability is verified by extensive simulation and experimental testing. It
is demonstrated that the introduction of the adaptive identification
of the dynamics of the plant within the Active Disturbance Rejection
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Control algorithms can significantly improve their performance by
ensuring asymptotic convergence of all errors in the system.

In this thesis, particular attention is given to the application of
the Active Disturbance Rejection Control and Parameter Identifying
Disturbance Rejection Control approaches to robotic manipulators
and autonomous mobile robots. The experimental validation of the
discussed schemes is performed mainly using a robotic telescope
mount designed and constructed by a team that includes the author of
this work, and a mobile hovercraft robot adapted for scientific research
solely by the author of this dissertation. The structure and design of
these devices are also given in this paper in the scope corresponding
to the involvement of the author.
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STRESZCZENIE

W niniejszej rozprawie przedstawiono teoretyczne i eksperymentalne
wyniki badari nad problemem niepewnos$ci modelowania w systemach
sterowania opartych o paradygmat Aktywnej Kompensacji Zaburzeri
(ang. Active Disturbance Rejection Control, ADRC). W ramach tego
paradygmatu wnioskuje sig, iz w obecnosci niemodelowanej dynamiki
lub niemierzalnych zewnetrznych zaburzen, mozliwe jest zastosowa-
nie Obserwatora Stanu Rozszerzonego (ang. Extended State Observer,
ESO) by w czasie rzeczywistym estymowac réznice pomiedzy dy-
namika sterowanego obiektu, a przyjetym modelem nominalnym.
Proponuje sig, by tak uzyskany wskaznik niepewno$ci modelu wy-
korzysta¢ nastepnie w projekcie prawa sterowania w celu efektywnej
kompensacji nieznanej dynamiki obiektu i uzyskania wysokiej jakosci
sterowania mimo braku dokladnej znajomosci ukfadu.

Réznorodne przyklady zastosowania, zaréwno w warunkach akade-
mickich jak i przemystowych, wykazaly wysoka skutecznos¢ takiego
rozwiazania. Teoretyczne podstawy tej metody oparte sa jednak na
zalozeniu pewnego modelu niepewnodci i zaburzen oddziatowujacych
na uklad, ktére czesto nie jest spelnione w warunkach praktycznych.
W niniejszej pracy, przedstawiono wyniki badan nad skutecznoscia i
odpornoécia sterowania z Aktywna Kompensacja Zaburzei w obec-
no$ci niemodelowanej dynamiki nie spelniajacej tego zatozenia. W
szczegblnosci, rozwazono uklady dynamiczne z niepewnoscia w torze
wejscia oraz dryfu i, wykorzystujac podejscie Lyapunova, zbadano
wladciwosci uktadéw sterowania opartych o metode Aktywnej Kom-
pensacji Zaburzen. By poszerzy¢ zakres uzyskanych wynikéw na
temat wlasciwosci sterowania z Aktywna Kompensacja Zaburzen w
obecnosci niepewnosci modelowania, przedstawiono i zbadano takze
zestaw wybranych probleméw z zakresu sterowania, nie objetych
przez wczesniejsza analize.

Jako potencjalna metode zwiekszenia skutecznoéci rozwazanej me-
tody w obliczu niepewnosci modelowania, w pracy przedstawiono
takze niedawno zaproponowane techniki Obserwatora Stanu Rozsze-
rzonego z Identyfikacja Parametryczna (ang. Parameter Identifying
Extended State Observer, PIESO) oraz Sterowania z Kompensacja Za-
burzenri z Identyfikacja Parametryczna (ang. Parameter Identifying
Disturbance Rejection Control, PIDRC). Algorytmy te zaproponoawne
zostaly w oparciu o struktury Obserwatora Stanu Rozszerzonego oraz
Sterowania z Aktywna Kompensacja Zaburzen i wzbogacone o ad-
aptacyjne skladniki wykorzystujace gradientowe prawa adaptacji w



celu identyfikacji modelu zaburzenia w czasie rzeczywistym i do-
pasowania struktury sterownika do rzeczywistej dynamiki obiektu.
W pracy przedstawiono warunki stabilnosci i stosowalnosci zapro-
ponowanych metod, a ich skutecznoé¢ w problemach praktycznych
zostata zweryfikowana przez wyczerujace badania symulacyjne i eks-
perymentalne. Wykazano, ze wprowadzenie sktadnika adaptacyjnego
w celu identyfikacji dynamiki rzeczywistego obiektu pozwala zna-
czaco zwiekszy¢ skutecznos¢ metod Aktywnej Kompensacji Zaburzeri
i uzyska¢ asymptotyczna zbieznos¢ wszystkich btedéw w ukladzie
regulaciji.

W niniejszej rozprawie szczeg6lna uwage poswiecono zastosowa-
niom techniki Aktywnej Kompensacji Zaburzen i Kompensacji Za-
burzen z Identyfikacja Parametryczna do sterowania robotycznymi
manipulatorami oraz autonomicznymi robotami mobilnymi. Ekspe-
rymentalne badania rozwazanych metod przeprowadzono w istotnej
cze$ci z wykorzystaniem zrobotyzowanego montazu teleskopu astro-
nomicznego zaprojektowanego i wykonanego przez zespét badawczy
ktérego cztonkiem byt autor tej rozprawy, oraz mobilnego zrobotyzo-
wanego poduszkowca przygotowanego do celéw badawczych przez
autora tej rozprawy. Struktura obu tych narzedzi réwniez zostala
krétko oméwiona w zakresie odpowiadajacym zaangazowaniu autora
tej rozprawy.
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INTRODUCTION

It may happen, however, that the characteristics demanded of the equalizer cannot be
prescribed in advance, either because the characteristics of the associated apparatus
are not known with sufficient precision, or because they vary with time.

— H. W. Bode, 1938 [31]

The hereby presented dissertation summarizes the research carried
out by the author throughout the five years of his doctoral studies
at the Poznan University of Technology. This work has been fully
devoted to the problems of automatic control and has started as an
investigation into the general problem of robustness of the Active
Disturbance Rejection Control (ADRC) and Extended State Observer
(ESO) to the modeling uncertainties which do not conform to the com-
monly accepted assumptions on the structure of the controlled system.
The initial years of the doctoral studies have thus been focused on the
search for different types of disruptive dynamics commonly occurring
in the practical tasks in the field of automatic control and robotics,
and analysis of their influence on the performance of the algorithms
based on the ADRC scheme. These efforts are covered in the first half
of this thesis. The findings of these studies have led the author to the
formulation of the novel adaptive Parameter Identifying Extended
State Observer (PIESO) and Parameter Identifying Disturbance Re-
jection Control (PIDRC) schemes combining the merits of the ADRC
approach and indirect identification algorithms. Development, analy-
sis, and validation of these new estimation, identification, and control
approaches are presented in the second part of this dissertation.

In this chapter, the wide background of the conducted research is
portrayed. Namely, the general problem of modeling uncertainties in
the automatic control is defined, and some solutions to this issue as
reported in the literature are recalled and shortly presented. In the fur-
ther sections of this chapter, the scope, contribution, and structure of
this work are precisely defined and the list of embraced nomenclature
choices is formulated for a future reference.

1.1 PARAMETRIC UNCERTAINTY IN DYNAMIC SYSTEMS

Automatic control can be defined as a deliberate influence, governed
by an autonomous controller device, on the evolution of a process
[133]. How to design and implement such a controller apparatus
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has been a subject of interest since at least the 18th century and
the invention of a centrifugal governor by J. Watt. Nonetheless, the
rigorous studies of the principles of automatic control have not been
carried out until 1868 when J. C. Maxwell published a seminar paper
describing the dynamics of the different types of governors [193],
setting a cornerstone for a use of mathematical models of the process,
in form of sets of differential equations, for development and analysis
of control techniques. Such an approach has become the standard
scientific methodology in the field of automatic control, establishing a
foundation for the development of a model-based control paradigm.

The embracement of the model-based approach imposes on the
designer the obligation to create and develop the mathematical de-
scription of the plant in order to design and implement the control
algorithm. Unfortunately, obtaining a precise and accurate model of
the physical systems is an exercise that may be time-consuming, expen-
sive, and often even impossible to perform. These difficulties may be
caused by unknown physical properties of the system, changes in envi-
ronmental working conditions, or unexpected external forces affecting
the plant, and may severely hinder the process of system modeling.
As a result, the mathematical model of the system dynamics used in
the design and synthesis of the control algorithm often deviates from
the real behavior exhibited by the plant. The uncertainties affecting the
dynamic systems can be categorized by taking into account various
aspects of their presence.

1. On basis of the extent of possessed knowledge about the model
of the system [30]

* parametric uncertainty — the dynamics of the real plant are
properly modeled by the assumed equations, save for the
incorrectly chosen values of constant parameters,

e structural uncertainty — the structure of the assumed model
does not describe the real behavior of the plant with a
required accuracy for any choice of constants.

2. On basis of the dependence of uncertainty on certain variables

e input uncertainty — the unknown effects can be expressed
as a function of the input variable,

e drift uncertainty — the plant uncertainty depends on the
time or momentary state of the system and is not directly
dependent on the control variable.

3. On basis of the possibility to directly decouple the uncertain
dynamics [20, 51]
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* matched uncertainty — the uncertainty is present in the same
path as the input variable and could be easily compensated
for had it be known,

e unmatched uncertainty — the unknown dynamics affect
the paths which are not directly controlled by the input
variables.

4. On basis of the expected properties of the uncertain dynamics

* bounded uncertainty — the unmodeled dynamics or their
norm satisfy some algebraic bounds under some predefined
conditions,

* unbounded uncertainty — the disturbance present in the
system may grow to arbitrarily large values at some states
of the plant.

5. On basis of the predictability of the unknown dynamics [60]

* deterministic uncertainty — the system uncertainty can be
expressed as some deterministic functions and could be
predicted had this function be known,

e stochastic uncertainty — the system is affected by the un-
certainty that cannot be predicted except for some of its
statistical properties.

Moreover, various uncertainties not easily conforming to the proposed
classification can arise in the control systems, including unmodeled
time-delays [139, 310] or incorrectly assumed order of the plant [75,
128]. The proposed division of the modeling uncertainties is not an
exhaustive one and other classes of disturbances could be denoted
depending on the specific context of the considered system. In this
work, only the systems burdened by the deterministic disturbances
satisfying some boundedness properties are considered. Special con-
sideration is given to a class of systems with matched parametric
uncertainties applying to both input and drift. Some attention is also
paid to specific scenarios featuring structural uncertainties concerning
a drift term, an input path, and an unknown degree of the system. In
the latter parts of this dissertation, a new control solution is proposed
to overcome the problem of matched parametric uncertainties of the
drift part of the dynamics.

The problem of modeling uncertainty is of extreme importance in
both mobile and manipulation robotics due to the growing range
of applications of the robotic systems and tasks they are expected
to handle. According to the International Federation of Robotics, in
2020 alone almost 400 thousand new units of industrial robots were
introduced worldwide which increased the global stack of such de-
vices by ten percent. In the same year, over 19 million new service
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robots, corresponding mainly to mobile robots of various types, were
manufactured [307, 308]. Development of the methods of reliable con-
trol of these devices, even in the presence of imperfect modeling or
disturbances, is thus a crucial task for modern robotics. Uncertainties
in such systems may be caused by the changes in an unpredictable
environment where the robot operates, especially in the presence of
people or other devices moving in the same space, imperfection of
the employed sensors, the performance of which is limited by noise
and quantization, low accuracy of used actuators which are subject to
wear and tear, or conscious choices on algorithmic approximations of
both control schemes and mathematical models [284]. The evolution
of scientific interest in these problems is visualized in Fig. 1.1.

T
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(a) Number of papers (b) Percent of all papers

Own work based on [118]

Figure 1.1: Search results of the IEEE Xplore database for papers published
in each year with terms robot and either manipulator or mobile
containing also words robust or uncertain. In the last decades,
almost half of the papers on mobile and manipulator robotics
acknowledge also the problems of uncertainty and robustness.

At the basic level, the modeling of the robotic system consists of
a description of its kinematics and dynamics, both of which can be
affected by modeling uncertainties [289]. The kinematics of the ma-
nipulators are usually described using a model derived from a set of
constant parameters unambiguously defining the relations between
the positions of the joints of the robot. These representations, like the
Denavit-Hartenberg model, the Sheth-Uicker model, or the so-called
Unified method, require the designer to perform precise measure-
ments of the physical dimensions of the robot. While the required
measurements differ in each representation, typically the lengths and
twists of the links, as well as offsets along the axes of rotation, or some
quantities derived from these, are necessary to successfully generate
the model of a robot [264]. The imperfection of any of these measure-
ments, or change of these parameters e. g. due to bending of loaded
links, may be a source of some modeling uncertainty. In the context
of mobile robotics, the kinematic model describes the relationship
between the local velocities and control variables of the robot with
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its movements in the global coordinate system. Modeling errors can
arise, if the model does not account for e. g. the slip of the wheels [146,
261], operation in uneven terrain [39] or if the dimensions of the robot,
including a wheelbase or wheel radius, are not perfectly known [55].
The description of the dynamics of the robotic systems may contain
the influence of friction effects in joints and motors, which may vary
with mileage and temperature change [33, 263], or centrifugal forces,
depending on the mass and inertia of the elements of the robot [213,
295]. The flexibility of the manipulator robots [45, 351] or wheel slip of
the mobile robots [306] can also be perceived as a source of dynamic
uncertainties. Moreover, even if the obtained nominal model accurately
describes the dynamics of the plant, the robotic systems are subject
to wearing and aging leading to a deterioration of the performance
of the robot itself and thus to changes in its dynamics. In this context,
the means to alleviate the impact of the appearing uncertainties on
the performance of the system are vital to ensure the reliability and
fault-free operation of the plant [1, 6]. Some common examples of
modeling uncertainties in the standard control plants are given in [3].
Other instances of the robotic systems subject to certain uncertainties
and disturbances are given in Fig. 1.2.

) =

(a) Robotic manipulators (b) Swimming robot

Factory Automation by KUKA Roboter GmbH, public domain
Robot Fish by Kuba Bozanowski, CC BY 2.0

Figure 1.2: Robotic systems subject to disturbances and modeling uncertain-
ties. Unknown properties of the load or environment may strongly
impact the performance of the system.

No matter the type and source of the uncertainty that affects the
system, in the presence of a difference between the mathematical
description and the behavior of the real plant two kinds of problems
arise that require special attention [348]:

¢ analysis problem — how to determine whether a given controller
guarantees a satisfactory performance in the presence of certain
classes of disturbances, noises, and uncertainties,
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¢ synthesis problem — how to design a controller guaranteeing
satisfactory performance in the presence of certain classes of
disturbances, noises, and uncertainties.

While the two are distinct in their scope of interest, both ultimately
consider the same question of whether it is possible to efficiently
control the real system without explicit knowledge about parts of its
dynamic model. The controller able to perform these tasks is said to
be robust to the chosen class of uncertainties. The detailed reports on
the history of early research on the robustness of control schemes have
been published in [57, 58, 251] and are recalled here in brief.

The earliest results on the robustness of the control schemes have
considered only the linear systems and propounded the frequency-
domain stability margin criteria to evaluate the robustness of linear
systems to uncertain gain and phase shift of the plant [32, 211]. These
allow the designer to investigate the admissible uncertainty of gain
and phase shift of the linear system for which the control scheme
remains asymptotically stable. The later developments in the field of
robustness analysis have come chiefly in the form of the small-gain the-
orem [105, 331] and analysis based on the Lyapunov second method
[89, 92, 200] with both approaches being applicable to linear and
nonlinear systems. The small-gain theorem considers the uncertain
dynamic system as a set of interconnected subsystems with external
inputs and says that to maintain the stability of the whole, the high
gains of one subsystem have to be compensated for by the small gains
of the other. From the formulation of the small-gain theorem, one
can directly derive the proposition to use the high-gain feedback to
overcome the parametric and structural uncertainties in nonlinear sys-
tems. The standard approach to the uncertain system analysis using a
Lyapunov method is to seek a function that meets the conditions of
Lyapunov second method for the undisturbed system, and then in-
vestigate its evolution in the presence of uncertainties satisfying some
expected properties, e. g. being expressed by Lipschitz or bounded
functions. From such an inquiry, one can establish some feasible set
of uncertainties for which the system stability is maintained. Other
means of robust system analysis include the singular perturbation
method investigating the systems subject to small deviations of the
evolution of state variables [140], approaches based on Hy theory
treating the uncertain model as a simplified linear system with pa-
rameters varying in time [349], or passivity theorem assuming the
uncertainty of the plant can be expressed as a positive-real transfer
function [93]. A comprehensive overview and more details on these
and other methods of robust stability analysis can be found in the
recent review papers [127, 234] or modern textbooks on robust and
nonlinear control [137, 302] and references therein.
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Importantly, due to the character of the uncertainty, which is in
its nature unknown, the methods of stability analysis of uncertain or
disturbed systems are inherently conservative, and obtained results are
often based on some predictions of the worst-case scenario possible for
the considered class of modeling errors. There is thus a constant need
for new studies investigating both more specific and more general
types of uncertainties, to obtain either less conservative results or
the results applicable to wider classes of the dynamic systems. In
this work, the robustness and stability of the investigated control
methods are established mainly through the Lyapunov-based analysis
of the uncertainties which are expected to satisfy specific boundedness
conditions. As auxiliary tools, the standard methods of analysis of
linear systems are employed whenever they fit the character of the
studied systems.

1.2 CONTROL SOLUTIONS

To answer the problem of the modeling uncertainties in dynamic
systems, a wide range of control algorithms characterized by high
robustness to unmodeled dynamics has been considered throughout
the years. The earliest results on the robust control schemes in robotics
have been summarized in [2, 197, 252], while a wide review of modern
robust control schemes has been recently presented in [244]. The
authors of these papers have outlined multiple approaches proposed
to cope with the lack of precise knowledge of the system dynamics.

The most basic and classic approach often employed by control
practitioners consists of the standard PID controller, which is de facto
default solution in many practical situations, tuned to achieve a satis-
tying performance in the presence of some modeling uncertainty. Such
tuning is often either derived from some roughly identified model of
the system in the model-based approach or is iteratively obtained in
an attempt to optimize some criterion function based on the input-
output data in the model-free procedure [4, 34, 271]. Tuning schemes
have been proposed to answer the specific requirements, including
guarantee of chosen gain and phase margins in linear system [157] or
compensation of time-delays [214, 262]. Despite high scientific interest
in the robustification of the PID controllers, studies show that in prac-
tical applications only about a quarter of employed PID controllers
offer satisfactory performance [212]. Other publications contest also
the claimed robustness of this well-known algorithm [296].

Classic algorithms designed specifically to deal with the problem of
modeling uncertainty include robust Ho, controllers, algorithms em-
ploying a notion of passivity, or the sliding mode control (SMC). Hq,
algorithms, nominally designed for the linear systems, have initially
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been proposed as an answer to problems of optimal control and only
later evolved into a method of robust control [59]. To this end, a sensi-
tivity function, corresponding to a transfer function of the disturbance,
is incorporated into the cost function which is then optimized, what
results in a proposition of a suitable control law [87, 290]. Recently, the
application of this approach to systems with nonlinearities [106, 123]
or time-delays [312] has also been presented. The use of the passivity
theorem to design the robust controllers rely on the notion that a
passive system can be easily stabilized by the control law which is
itself independent of the model of the plant, even if only a weak form
of passivity is exhibited by the system [132]. Thus, multiple control
algorithms seeking to ensure the passivity of the uncertain systems
have been proposed in the literature [136, 278]. The notion that the
robustness can be ensured by the use of the controller independent of
the model of the system is also used in the SMC method, where the
control law is designed to force the states of the system to slide along
a predefined trajectory in the phase space and does not depend on the
dynamics of the plant [292]. This control law is then enhanced with
terms responsible for the transition of the state of the plant from the
initial condition to this sliding trajectory. The sliding mode controllers,
characterized by their high robustness to system uncertainties and
external disturbances, fast dynamic response, and intuitive implemen-
tation, became one of the standard solutions in the field of automatic
control [141]. Multiple variants of this method have been proposed
to improve its efficiency or widen its applicability [18, 77], including
the Terminal SMC aimed at increasing a convergence speed [327], the
Integral SMC eliminating the reaching phase and enforcing sliding
movement in an entire response of the plant [221], and High Order
SMC [260, 293] or SMC with an exponential reaching law [65], both
seeking to limit a chattering effect caused by standard SMC approach.

The advances in the field of robust control have led also to the
formulation of new algorithms, designed to offer satisfactory perfor-
mance in the presence of unmodeled dynamics, in form of solutions
employing the Disturbance Observers (DOB). These approaches pro-
pose the use of some kind of an observer able to online estimate the
momentary impact of the system uncertainty. The disturbance can
be then compensated for by the control law, thus separating the con-
trol of a nominal system, which can be performed with any suitable
non-robust controller, and robust elimination of disturbing dynamics.
In its standard form, the DOB scheme is designed for disturbed or
uncertain linear systems and consists of a linear observer constructed
based on a nominal model of the plant and some filtering transfer
functions chosen by the designer [163, 259]. These results have later
been extended to the class of nonlinear systems by replacing the linear
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filters used in the observer design with some nonlinear dynamics [17].
Other advances in the design of DOB control include the High Order
DOB offering better performance at a cost of reduced robustness [254]
or Finite Time DOB proposed to achieve the disturbance compensa-
tion in the finite time horizon [160]. The methods of Uncertainty and
Disturbance Estimator (UDE) [321], Generalized Proportional Integral
Observer (GPIO) [191, 309], Unknown Input Observer (UIO) [95] or
Active Disturbance Rejection Control (ADRC) [314, 326] may also be
perceived as custom solutions within the general DOB pattern. Specifi-
cally, significant scientific interest has been in recent years given to the
ADRC scheme, which estimates the disturbance affecting the plant by
the means of Extended State Observer (ESO) and treats the uncertain
dynamics as separate state variables describing the evolution of the
system.

A different approach to the problem of system uncertainty is repre-
sented by the adaptive control schemes which, historically, have been
developed as a branch of solutions independent of other robust con-
trol algorithms [153]. In opposition to the robust approaches, which
primarily seek to reduce the influence of the unknown dynamics on
the performance of the closed loop, the adaptive controllers are de-
signed to online adapt their parameters and structure to produce a
controller suitable for the real dynamics of the system. That is, had
the dynamics of the plant been known, the non-adaptive controller
could be designed with the same parameters as the ones generated
by the adaptive scheme. Wide overviews of the historical results in
this field have been published in [13, 256] and recently in [8]. Two
distinct approaches to the adaptive control have been established in
the literature. The indirect control attempts first to identify the model
of the plant, and only then use it to synthesize the controller in form
of some suitable non-adaptive algorithm. Alternatively, the only goal
of the adaptation in the direct control is to find the controller suitable
for the real system, without seeking for the real model of the plant
[119, 208]. The classic solutions belonging to the group of indirect
control include the parameter identification through the family of
algorithms based on the Least Square Error approach [170, 246] which
modifies the parameters of the controller in order to minimize the
cost function defined as a square of the modeling error, or a class
of algorithms employing the Gradient Method which changes the
parameter values in the direction of the steepest descent of the identi-
fication error [124, 188]. Among the indirect adaptive control schemes,
the greatest interest has been given to the Model Reference Adaptive
Control (MRAC), designed to automatically tune the controller to
guarantee that resulting closed loop dynamics correspond to some
predefined reference dynamic [334]. Regardless of the chosen solution,
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the adaptive algorithms are commonly characterized by the persis-
tency of excitation (PE) condition, requiring the evolution of the plant
to be rich enough to enable the proper adaptation of the controller
[205]. A significant number of the existing schemes are also designed
under the assumption, that the considered plant is characterized by
the strictly positive-real (SPR) transfer function which enables param-
eter identification on the basis of the output feedback only [155]. The
modern advances in the field of adaptive control are often focused on
the applications to the nonlinear systems [14], employment of multiple
models of the plant in the controller design [7, 207] or attempts to
weaken the PE condition [198, 222].

Both in the fields of robust and adaptive control, growing interest
has been lately given to solutions based on machine learning, includ-
ing fuzzy controllers or algorithms employing neural networks. The
surveys and tutorials on these methods can be found in [161, 168, 237,
297] with some insights on the future of such approaches discussed in
[280]. The focus of this dissertation, however, is limited to the formal
methods of control and attention is paid to the deterministic descrip-
tion of the systems. The methods involving machine learning are thus
beyond the interest of this dissertation and are not discussed here
in more detail. Scientific interest in the rest of the presented control
solutions is visualized in Fig. 1.3. In this work, the main emphasis
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(a) Major control types (b) Methods within DOB approach

Own work based on [118]

Figure 1.3: Search results of the IEEE Xplore database for papers published
each year with terms corresponding to the chosen type of con-
troller. In years of late, the number of papers published on DOB
and ADRC schemes has rapidly increased.

is placed on the ADRC method and its recent modifications. In the
second part of this dissertation, the methods of adaptive control are
also recalled, and new solutions based on the combination of both
ADRC and adaptive schemes are presented.
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1.3 RANGE AND CONTRIBUTION

In this work, the results on the robustness and applicability of the
ADRC in the presence of the modeling uncertainties are discussed.
Namely, the stability and robustness of the ADRC control scheme are
analyzed for the dynamic system with single input and single output
which is burdened by parametric uncertainties. Uncertainties applying
to both input gain and drift terms are studied under assumptions
which are less restrictive than the ones commonly accepted in the
literature. It is shown that the ADRC scheme ensures a convergence
of the tracking and estimation errors to some boundary of the origin
for a wide class of uncertain systems. In the presence of input gain
uncertainty or state-dependent disturbances, this convergence is only
achieved under sufficiently high tuning gains. Furthermore, from
the presented analysis a conclusion is drawn that, in some cases,
the performance of the ADRC controller may be improved by an
increase in the modeling uncertainty. This notion is further studied
with respect to the parametric uncertainty of the input gain, and it
is shown that for the ADRC scheme designed in the tracking error
domain, the performance of the closed-loop system is indeed improved
if the nominal parameters are consciously chosen to differ from the
dynamics of the real plant. Following the presented analysis, the series
of experimental, simulation, and theoretical results are presented to
further investigate the specific forms of the modeling uncertainties. It is
shown that the ADRC is robust to some extent of various disturbances
including unmodeled actuator dynamics, friction phenomenon, and
harmonic disturbances. Simultaneously, it is emphasized that the
quality of control increases if the proper model of these effects is
included in the controller design.

In the second part of this work, the advantage is taken of the afore-
mentioned results and a new control algorithm is proposed to cope
with parametric uncertainties in the paradigm of the ADRC. To this
end, a system with a disturbance modeled by a function linear in
unknown parameters is considered, and an identification scheme is
designed combining the ESO observer and gradient descent adapta-
tion law. It is shown that this new observer guarantees asymptotic
convergence of identification and estimation errors. The proposed
algorithm is then employed in the design of a control law ensuring the
convergence of tracking errors to the origin in the task of trajectory
tracking. The effectiveness of this approach is validated in simulation
and experiments on mobile and manipulator robots.

Lastly, this work presents also the results of engineering works un-
dertaken by the author during his doctoral studies. In this context, the
design, construction, and software implementation of the laboratory-
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scale hovercraft system is presented. This device has been constructed
on the basis of a commercially available off-the-shelf hovercraft model
and modified to better fit the purpose of scientific research and ex-
periments. Recent advances in the development of the astronomic
telescope mounts in the SkyLab laboratory are also covered in the
finishing sections of this work in the range corresponding to the in-
volvement of the author. The author has been engaged mainly in the
design and implementation of the distributed communication scheme
of the telescope control system, as well as the development and tuning
of the control algorithms. Both of these devices have been vital to the
studies presented in this dissertation and the results of experiments
performed with these systems are presented throughout this work.

The contributions and findings presented in this work may be
summarized as follows:

1. Detailed stability analysis of the ADRC scheme in the presence
of the modeling uncertainties.

2. Establishment of the idea of ADRC tuning by the means of
conscious input gain underestimation.

3. Experimental validation of the ADRC for real uncertain systems.

4. Proposition of adaptive ESO observer able to identify the param-
eters of the plant and ensure asymptotic convergence.

5. Proposition of adaptive ADRC controller guaranteeing asymp-
totic tracking.

6. Formulation of theorems and analytical proofs of certain proper-
ties of the proposed methods.

7. Development and implementation of laboratory tools for re-
search in automatic control.

1.4 STRUCTURE OF THE THESIS

The structure of this dissertation is as follows. In Chapter 2 the analysis
of the ADRC robustness is presented. To this end, Section 2.1 recalls
the background of the ADRC control and the fundamental results
available in the literature. The history of this approach is recalled to
show the foundation and rise of a new paradigm in control theory.
The review of the most important findings in the development of this
method is presented with special attention given to the publications on
stability and robustness. Some publications on the possible directions
of development of the ADRC scheme are also presented and a picture
of the future of this paradigm is thus painted. Section 2.2 presents the
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results of the research of the author on the stability of the ADRC in
the general scenario of uncertain systems. A detailed investigation on
the basis of the Lyapunov approach is shown and a series of theorems
are formulated stating the stability properties of the ADRC method
in the presence of different types of uncertainties and disturbances.
The studies focused on the impact of the input gain uncertainty on
the stability and performance of the ADRC system are reported in
Section 2.3. By the means of numerical studies, the stability regions
are formulated in terms of the extent of input gain uncertainty and
feasible choices of the tuning variables. Furthermore, the influence
of the incorrectly estimated input gain on the disturbance rejection
ability is studied in detail. In Section 2.4 and its subsections, the
studies of the author on the performance of the ADRC in the presence
of specific types of uncertainties are presented. Namely, the problems
of unmodeled dynamics of the input path, ignored disturbance in
form of friction phenomenon, and harmonic disturbance are discussed
in the context of the ADRC control. Thus, the opening chapter of this
work is devoted to the analysis and discussion of the impact of the
modeling uncertainties on the established ADRC schemes.

Chapter 3 presents a novel Parameter Identifying Extended State
Observer (PIESO) and Parameter Identifying Disturbance Rejection
Control (PIDRC) algorithms. To better establish their position among
other control schemes, in Section 3.1 a wide literature review on
adaptive control is carried out. Mainly, the literature on parameter
identification, the persistence of excitation, and adaptive control stabil-
ity are discussed in detail. The recent progresses in the analysis of the
stability of adaptive systems utilizing the Lyapunov’s direct method
are also highlighted as a cornerstone for the examination of the new
methods to be proposed. Section 3.2 introduces the PIESO identifica-
tion method, describing its development on the basis of ADRC control.
The two variants of the PIESO algorithm are derived for the system,
depending on the extent of the available knowledge of the system.
For both cases, the stability analysis is performed and convergence is
proved through the use of Lyapunov functions. Results of simulation
studies on PIESO approach are also presented for a wide range of
dynamic systems. Beside the structures nominally conforming to the
assumptions made during the design of the methods, some additional
models are considered, including the two mass system and dynamics
disturbed by a harmonic function of unknown frequency, to highlight
the wide applicability of the proposed method. Section 3.3 builds
upon the preceding content and presents the results on closed-loop
PIDRC control. Both variants of PIESO observer are incorporated into
corresponding control schemes, with some additional design freedoms
incorporated, resulting in a total of three various PIDRC propositions.

13
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Once again, the stability is proven by the Lyapunov approach with the
global asymptotic and local exponential convergence of the tracking,
estimation, and identification errors being established, and the effi-
ciency of the method is confirmed by extensive simulations. To further
validate the effectiveness and performance of the new algorithms, the
results of experimental studies are presented in Section 3.4. Two appli-
cations from the field of robotics are considered, with the experiments
conducted on the differentially driven mobile robot and the hovercraft
system.

Chapter 4 contains the reports on the engineering works on the
laboratory-scale mobile hovercraft system and robotic astronomic
telescope. Works carried out by the author are presented and their
importance for scientific research is highlighted. In Section 4.1 the me-
chanical and electrical structures of the considered hovercraft system
are presented. Furthermore, a discussion is made on the communi-
cation scheme designed to facilitate the control of the system and
execution of scientific experiments. Mathematical modeling of the
hovercraft system is also presented. Development of the robotic astro-
nomic mount is presented in Section 4.2, with special attention given
to the design and implementation of the control and communication
schemes. Some remarks on the general features and performance of
this instrument are also given in this section.

The dissertation is summarized in Chapter 5. All of the presented
results are once again recalled in brief and the most important findings
are emphasized. Furthermore, some plans for future research are
highlighted, both on the classic ADRC approach and novel PIESO and
PIDRC methods.

1.5 NOMENCLATURE

Throughout this work, certain choices concerning the notation and
symbol use are made to ensure the uniformity of the mathemati-
cal expressions across the work. The chosen nomenclature is, unless
explicitly stated otherwise, as follows:

1. R represents a set of real numbers, with IR, standing for a set of
only positive real numbers and R_ being a set of negative real
numbers. IN stand for the set of natural numbers.

2. C* is a class of k-differentiable functions, i. e. functions with at
least k continuous derivatives.

3. All matrices are denoted with bold uppercase letters, while vec-
tors are denoted with bold lowercase letters, e.g. A, b, 3. The
elements of the matrices and vectors are denoted with lower-
case regular letters and subscripts indicating the position of the
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element within a matrix, e.g. az1,bs, 34. The same notation
applies to matrix-valued functions, e. g. f(t), f1(t).

Terms I and 0« with k € IN stand for the identity and zero
matrix of size k x k. Moreover, O, x«, stand for the zero matrix
of size k1 X k2 with k7,k> € IN.

. The following matrices are defined for any constant k > 2 € IN:

Ov—1x1 Ik Ok—1x1
Ay = € R**, by = € R¥,
) [ 0 01xk—1 1

Oc—2x1

Ce = ] cR*, d = 1 € R*.
Ok—1x1 0

. The hat accent is used to denote the estimate of a variable, e. g.

%. The tilde accent represents an error between the variable and
its expected value, e. g. X. The bar accent denotes some scaling,
applied either to the original variable, its error, or some other
derived quantity, e. g. X. The starred variables, e. g. x*, are used
to denote some other modifications of the original quantity.

Euclidean norm of vector h is denoted by |/h||. For matrix H,
induced euclidean norm is denoted by |H|.

. For any constant matrix or vector H, constant hyy = HHH € Ry

is denoted. For bounded varying vector or matrix H(x), constant
hm = |[H(x)|| € Ry for any x is defined. For any constant
square matrix H, constant hy,, = Apmin(H) € R is also denoted
with Apin(H) being the eigenvalue of H with the smallest real
part. These constants can be defined with respect to the original
variable, its error, or some other derived quantity denoted with
an accent.

. A scaling matrix is defined for any constants k € N, w € Ry as

D (w) =diag(w T, w<2,...,1) € R*XK,

The extraction matrix is defined for any constant k € N as A =
[Ic Ocx1] € R***! Notably AcAci1 = AcAc+bcbl
AKCK+] = Cg, AKdK+] = bK and AKbK+1 =0.

For most of the time-varying variables the time argument is
presented only in the first appearances of the variable in the
text. The argument is omitted for brevity in the succeeding
appearances, e. g. x(t) and x.

The custom piecewise exponentiation operator is defined as
w112 = max(w*1, w*2). for any constants w, k1, k2 € R.
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ACTIVE DISTURBANCE REJECTION CONTROL

There is no way of assuming away intractable conditions in the real world.

— G. Leitmann, 1994 [159]

In this chapter, the research on the problem of robustness of the
Active Disturbance Rejection Control (ADRC) is presented. At first,
the history of the ADRC is recalled in brief, from its creation by J. Han
to the rise of scientific interest and its establishment as a new design
paradigm. Particular attention is given to its robustness to unmodeled
dynamics present in the system. A wide review of literature results
on this problem is given as an introduction to the presentation of
new results obtained by the author. The theoretical considerations are
followed by extensive simulation and experimental studies.

2.1 BACKGROUND AND EARLIER RESULTS

The foundations of the ADRC control lie in the general ideas of
the disturbance observer control, yet its initial evolution is hard to
precisely track due to the language barriers and political situation of
the end of the 20th century. Some highlights on its history are given in
recent papers pointing at the inspiration of the ADRC in the invariance
principle which was proposed in early 19th century by J. V. Poncelet
and has later gained significant interest in the Soviet Union [83, 286].
The idea of Poncelet states that if the matching disturbances acting
upon the system can be measured, then this measure can be also
used in the control signal to compensate for the presence of these
disturbances [239]. To visualize this notion, one may consider a simple
first-order dynamic system in the form of

x =u-+d(t), (2.1)

where x € R is a state of the system, u € R is an input variable, and
d(t) € R represents some unknown, possibly time-varying, distur-
bance impacting the plant. Clearly, if d(t) is known or measurable, the
control signal can be chosen as

u=v—d(t), (2.2)

with v € R being some new control input of a system free of dis-
turbances. By applying (2.2) to nominal system (2.1), the invariance
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principle is invoked in practice, the disturbance is compensated for,
and a controller can be designed by considering only the dynamics

X =v. (2.3)

This idealistic premise encounters its limitation if the disturbance does
not appear in the same path as a control signal, i.e. the matching
condition is not satisfied, or it is not available for direct measurement.
As the disturbance may be understood as any phenomenon impacting
the plant which is not modeled by the available mathematical descrip-
tion of the system, its measurability is seldom ensured in real-life
scenarios.

Starting in the early 1970s, this constraint was treated as an incen-
tive for the development of various control algorithms employing
observers able to online estimate the momentary impact of distur-
bance affecting the plant. The earliest propositions in this field are
represented by the papers on the Unknown Input Observer (UIO)
published in 1971 [129] and the original Disturbance Observer (DOB)
first developed in 1987 [291]. These notions resulted also in the idea of
the Extended State Observer (ESO) which is an essential component
of the ADRC control scheme. The first manuscripts by J. Han on this
control algorithm were published in Chinese in the 1990s [97-100].
The method was probably presented to the Western scientific com-
munity for the first time in the year 1998 in the papers by groups of
G. Feng [69] and Z. G. Hou [110] and followed by a presentation by
Han himself at 14th IFAC World Congress in the year 1999 [101]. At
the same time, a strikingly similar idea was independently reported
by L. Praly and Z. P. Jiang in [238]. Soon other results presenting the
possible applications of the ADRC have been reported in English [109,
333]. These early years of scientific interest in the ADRC are often for-
gotten, and it is commonly reported, that it had been presented in the
West for the first time in 2001 in [84] by J. Han and his collaborators —
Z. Gao and Y. Huang. In the year 2003 the simplified linear version of
the ADRC controller was proposed which sparked a further increase
of interest in the method [80]. The initial period of the intensified
research on the ADRC has been oriented mostly on the applicability
of the scheme to new practical problems. Numerous papers have been
published on the use of this control algorithm in tasks of drive control
[70, 283], mobile robotics [250, 273], naval ships cruise control [46, 249],
power plant process control [112, 138], and many others.

The growing interest in the ADRC method combined with the high
performance of this control scheme offered despite the lack of precise
analytical background has led to the announcement of the rise of a
new paradigm in the control theory in 2006 [81]. Two major points are
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brought forward by this new archetype. First, any uncertainty of the
system can be perceived as a disturbance affecting the nominal model
which can be freely defined by the designer. Second, only a minimum
degree of knowledge about the system is required for a successful
controller design and any lack of familiarity with the dynamics of
the plant can be counterbalanced by a properly designed algorithm.
The ADRC paradigm thus strives to find a balance between control
based on the mathematical model of the system and the empirical
measurements of the momentary error in the closed loop.

Remark. The point of view proposed by the ADRC paradigm is also em-
braced in this dissertation and the term disturbance may represent external
disturbances, unmodeled dynamics, or any other modeling uncertainties.

It was not until the second half of the 2000s that the focus of the
researchers was redirected to the problem of stability and theoretical
analysis of the foundations of the ADRC algorithm. Although some
stability results for specific applications and controller structures were
published as soon as in 2001 [114, 115], probably the first results on
the systematic analytical approach to the question of convergence of
the general ADRC were presented in 2006 by Z. Gao in [81] where
Lyapunov function was proposed for linear ESO affected by bounded
disturbance and was used to draw conclusions about the closed-loop
stability of the linear ADRC. In the next year, G. Tian and Z. Gao used
a frequency domain approach in [285], and the group of Q. Zheng
gave more detailed results by once again using the Lyapunov method
in [347]. This was followed in 2008 by L. B. Freidovich and H. K. Khalil
who presented an analysis of closed-loop performance viewed as a
singularly perturbed system [74]. Others have followed suit starting
a period of analytical studies to the ADRC control. The published
results on the stability of the ADRC scheme include an analysis of the
performance of both single-input single-output [242] and multi-input
multi-output [344] system, with respect to the chosen tuning of the
controller [335] or the order of the system [5]. A better understanding
of the theoretical foundations of ADRC made it possible to estab-
lish notions of equivalence between certain structures of the ADRC
and other means of disturbance attenuation, including the equivalence
with the GPIO and DOB observers [247], controllers based on a flatness
property [266], PID controller [164] and integral observers employing
the SMC approach [270]. Moreover, the explicit conditions of appli-
cability of the ADRC have been formulated regarding the structure
of the controlled system [210] or degree of feasible uncertainty [43,
319]. Advances in the analysis of ADRC have led also to the formu-
lation of new variants of the controller able to tune its parameters
in an adaptive manner [56, 220] or estimate the feedforward signal
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of the time-varying reference trajectory [196, 336]. Simultaneously to
these progresses, numerous tutorial papers have been published in
international journals to further acquaint the global community with
the ideas of the ADRC [41, 79, 82, 102]. The timeline visualizing the
rise and development of the ADRC approach is presented in Fig. 2.1.

2020 —4—
ANALYTICAL PERIOD
Research based on analytical results,
theoretical studies of the controller
2010 —4—
2006 Stability analysis published - - - - - - APPLICATION PERIOD
. Application-oriented research, develop-
2003 Linear ADRC proposed - - - - - - . .
000 ment driven by experimental results
1998 ADRC presented in the West - - - - - - DEVELOPMENT PERIOD
! Initial development confined
1996 First result on ADRC - - - - - - to the Chinese community
1990 ——
1987 First publication on DOB - - - - - - BEFORE ADRC
Development of various control
schemes based on the disturbance
1980 —— observers, including UIO and DOB
1971 First result on UIO - 1570 =% Invariance
principle

Figure 2.1: The timeline of ADRC development, current research is focused
mainly on the results derived from a theoretical understanding
of the method.

The cornerstone of control schemes built upon the DOB approach,
and in particular upon the ADRC paradigm, is the notion that the
fundamental difficulty in the application of the invariance principle —
the unmeasurability of the disturbance dynamics — can be overcome
by means of some observer structure able to recover the information
about the disturbance from measurements of the available input-
output data. If such an estimation is possible, the control law akin
to (2.2) can be designed on the basis of the estimate produced by the
observer. A schematic view of general control scheme consistent with
this approach is given in Fig. 2.2. The ADRC method gives a specific
structure compliant with this notion to answer the question of how
to synthesize the observer to effectively estimate both the disturbance
and the state of the system.
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Figure 2.2: The simplified graphical illustration of the general DOB or ADRC
approach. The disturbance is understood as any deviation from
the nominal model.

Following the first English paper of J. Han on the ADRC [101],
consider the system similar to (2.1) given by

X = AnX+ bn (bu+ d(t,X)) s

2.
y=cTx, (2.4)

where x = [x; ... xn]' € R™ is the state of the system, y € R is
the measurable output, u € R is the control variable, and d(t,x) € R
stands for the unknown disturbance affecting the plant. Parameter
b € R\ {0} represents the input gain of the system. Constant matrices
An, by, and ¢, are as defined in Section 1.5. It is of major importance
to note, that the specific form of disturbance d(t,x) is not declared
here, and it can represent both external factors impacting the plant
and internal uncertainties. Namely, disturbance d(t,x) represents any
components by which the real plant differs from the undisturbed
nominal system. This disturbing term is thus denoted as total dis-
turbance which is to be overcome by the properly designed control
algorithm. According to the ADRC methodology, the nominal system
can be rewritten by employing the notion of an extended state. Let
z=[z1 ... zm] T € R™ represent the extended state of the system
and be defined as z = [xT §] Twithm =n+1and 6 being a new
representation of the total disturbance affecting the system. The dis-
tinction between d(t,x) as a physical phenomenon affecting the real
system and 0 as a conceptual total disturbance is made here to increase
the unambiguity of the notation. The system dynamics expressed in
terms of extended state z takes the form of

X =Anx+by(bu+d),

. d

o= —d(t,x), 2.
0t (t,x) (2.5)

y:CEX,
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or equivalently can be expressed in compact matrix notation as

d
Z=Amnz+dn,bu+b,—d(t,Anz),

y=clz

with the constant matrix d,, and the extraction matrix A,, as defined
in Section 1.5. Notably, while (2.4) and (2.6) define two distinct dy-
namic systems, these representations both describe the same physical
plant, if the proper initial conditions are chosen for the extended sys-
tem. Thus the equality x = A,z is satisfied. Due to such reformulation
of the system dynamics, the problem of disturbance measurement can
be perceived as one of the state estimation. As the system expressed by
(2.6) is inherently observable, a suitable estimation algorithm can be
designed [41]. In the original development of the ADRC scheme, the
following Nonlinear Extended State Observer (Nonlinear ESO, NESO)
has been proposed to estimate the extended state of the system,

5= Azt dpbut dly—ch2), (2.7)
where 2 = [21 eer Zm } T € R™ is the estimate of the extended state
and ¢ () = [(b] () ... dm(?) }T € R™ is a nonlinear vector-valued

function with elements given as
liepxi™! el < Bi,
dile) = { s el < By (2.8)

lile|* sgn(e) el > By

with «i, i, i € R for i € {1,..., m} being the tuning parameters the
choice of which is given to the designer. The term y — ¢ 2 is the
estimation error calculated on the basis of the measurable output of
the system. In order to achieve the efficient stabilization of system
(2.4), the following nonlinear feedback set-point controller has been
proposed to accompany the nonlinear observer,

_ Z{l:] d)ci(xri _21) _im

u o (2.9)

with ¢.i(-) defined analogously to ¢i(-) of the observer and x, =
[Xe1 ovv Xon | TeRr® being a constant set-point to be achieved by
the state of the plant. The control law in such a form consists of two
fundamental terms. At first, the state error feedback term is used to
drive the system in the direction of the desired reference state. While
the feedback is here formulated on the basis of the state estimate, this
may be replaced with real state values if the state of the system is
measurable. The second part, being a crucial component of the ADRC
scheme, is an estimate of the total disturbance and is supposed to
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compensate for the presence of uncertainties in the system. The distur-
bance decoupling performed on the basis of the disturbance estimate
can be perceived as a tool of indirect linearization [187]. In the perfect
case, the system after the disturbance compensation behaves like the
nominal linear system. The nonlinear ADRC discussed here presents
certain difficulties with theoretical analysis of stability and dynamic
properties and can be deemed cumbersome in implementation — in
particular, the definition of nonlinear functions ¢ (-) requires a condi-
tional operations, the use of a discontinuous sighum operation is often
problematic in the presence of measurement noise, and proper tuning
of i, Bi, and 1; for the observer and controller requires a choice of
a total of 3m + 3n parameters what is time-consuming and prone to
cause the stability issues.

To overcome the drawbacks of the original nonlinear ESO, the
simplified Linear Extended State Observer (Linear ESO, LESO) has
been proposed in the literature and gained significant attention. The
schemes derived from this simplified method are the main focus of
this dissertation. The comparison of scientific interest of the linear
and nonlinear variants of the ESO observer is given in Fig. 2.3 The
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Figure 2.3: Search results of the IEEE Xplore database for papers published
each year on nonlinear extended state observer or NESO and linear
extended state observer or LESO. Increased interest in the simplified
linear scheme is visible, although many papers do not explicitly
state the type of employed ESO (cf. number of papers on ADRC
in Fig. 1.3)

linear ESO algorithm abandons troublesome ¢ (-) functions in favor
of simple constant gain coefficients. Due to such a change, the LESO
takes the form of a classic Luenberger observer designed for a system
(2.6) by ignoring the unknown disturbing dynamics, and is given by

2=AnZ+dmbu+l(y—cl2), (2.10)

where 1 = [11 lm]T € R are the constant positive observer

gains chosen to ensure the desired dynamics of the state estimates.
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Following the linear structure of the observer, the control law itself is
reformulated as

U= (2.11)

withk=[k; ... kn] Te R™ being constant feedback gains.

In contrast to the sophisticated NESO tuning, the LESO is charac-
terized by only n of controller gains and m of observer gains. The
tuning process is further simplified by the application of bandwidth
parametrization, consisting of the controller and observer gains chosen
on the basis of the standard root-locus procedure. The method, initially
employed in [80], takes advantage of the notion that the observer is
designed on basis of a hypothetical undisturbed system. The choice
of the parameters of the controller is thus done on the basis of the
dynamics of simple linear system. Consider the system in form of (2.6)
and denote the estimation error between the output of observer (2.10)
and the state of the plant as Z = z — 2. The dynamics of the estimation
error are considered by ignoring the disturbance and are thus given as

o™ (Am—1lcl)z, (2.12)
what is stable if the real parts of the roots of the characteristic equation
of the resultant matrix are negative. Observer tuning in the form of

L= Tiw}), ie{l,m}, (2.13)

ensures the satisfaction of this condition if the elements of the observer
gain vector I = [1; ... T ] Te R are chosen as coefficients of a
Hurwitz polynomial. The positive parameter w, € IR determines
the observer bandwidth. Similarly, stabilization error can be considered
by ignoring the estimation errors. The dynamics of the control errors
X = Xx; — X are then given by

P

T (An —bnkT)x. (2.14)

[\

The choice of controller gains as
ki = ki ie{l,ny, (2.15)

with elements of k = [k ... kn]' € R} chosen as coefficients of a
Hurwitz polynomial, guarantees that all roots of the resultant matrix
in (2.14) are Hurwitz and thus the system is stable. The constant
parameter w. € R, defines a controller bandwidth and is a new tuning
variable. In practical scenarios the scaled gains 1 and k are often chosen
to ensure that the eigenvalues of the matrices in (2.12) and (2.14) are
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located in —w, and —w, respectively. Such a decision leads to the
choice of scaled gains on the basis of the order of the system only, with
values of tuning parameters as given in Tab. 2.1. Under such a tuning

n m 1 k

12 [2 1] 1]’

2 3 [33 1] [12]7

3 4 [46 4 1] [1 3 3]7

4 5 [5 10 105 1]" [1 4 6 4]"

5 6 [6 1520 15 6 1]7 [1 5 10 10 5]7

Table 2.1: Values of 1 and k under the common bandwidth parametrization
for chosen orders of dynamic systems.

bandwidths w,, w. remain the only parameters to be chosen by the
designer and can be easily set on the basis of an intuitive expectation
that an increase of bandwidths corresponds to faster convergence at
the cost of stronger noise amplification and potential stability issues
in discrete digital implementations.

In order to further expand the scope of applicability of the ADRC
method, the problem of tracking of the time-varying trajectory can
be considered instead of the simple set-point stabilization. While
this improvement can be incorporated into both linear and nonlinear
ADRC, only the linear approach is discussed here. Specifically, for
system (2.4), the observer given by (2.10) is employed without any
modifications, but the control law is reformulated as

kT (xr —An2)+blx, —bl 2

u= o . (2.16)

This control law differs from (2.11) by the presence of the feedforward
signal, enabling the system to successfully track the time-varying
reference trajectory. Such a combination of the LESO and control
law with feedback, feedforward and disturbance compensation term
constitues a basis for majority of further considerations of this work.
Fig. 2.4 presents the graphical interpretation of the linear control
scheme given by (2.4), (2.10) and (2.16). The performance of the linear
ADRC controller is illustrated by a simulation example.

Simulation 2.1. Consider the second order n = 2 system with b = 1
and subject to a time varying disturbance expressed by d = sin(4t). The
problem of tracking of the reference trajectory in the form of x.(t) =
[sin(2t) 2cos(2t)]" is investiaged and the LARDC controller as given
by (2.10) and (2.16) is designed to control the plant. The tuning gains
of the algorithm are chosen according to (2.13), (2.15) and Tab. 2.1 with
weo = 100, we = 1. The response of the system is shown in Fig. 2.5 where
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Figure 2.4: The detailed graphical illustration of the linear ADRC controller.
Increased order of the observer and the disturbance compensation
scheme are visible.

the evolution of the state of the plant and the estimates produced by the
observer, as well as tracking and estimation error, are presented. For compari-
son, the tracking errors produced by the standard state feedback algorithm
without disturbance estimation (i.e. with wy = 0, 2, = 0, and the state
measurements instead of estimates used in the control law) are also presented.
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Figure 2.5: Time responses of the second order system under the linear
ADRC controller. Results of the simulation without disturbance
estimation are shown by transparent plots of x and X.

One can notice the correct estimation of both state variables and
disturbance term, as well as efficient trajectory tracking thanks to
the disturbance compensation. Simultaneously, it is clear that the
conventional ADRC algorithm does not offer asymptotic stability of
the system in the presence of disturbances and only convergence of
the errors to some boundaries is achieved in the considered scenario.
Nonetheless, a significant improvement of the control quality in com-
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parison with the standard approach without disturbance rejection is
offered by the scheme employing the ESO observer.

One of the significant modifications of the ADRC scheme has
been developed by applying the ESO observer to the closed-loop
error dynamics, instead of the nominal dynamics of the plant. This
error-domain ADRC (EADRC) has been proposed independently by
M. M. Michatek in [196] and H. Zheng in [336], and has since been a
subject of active research [156, 182, 184]. Consider once again system
(2.4) with the task of tracking of x.(t) reference trajectory. Without any
specific choice of the control law, the dynamics of the control errors
X = X; —X are given as

X = AX — b, (bu—%mn +d(t, xr — %)), (2.17)

what, in its general structure, resembles the nominal system (2.4) dis-
turbed additionally by derivative of the reference trajectory. Thus, the
idea to apply the ADRC scheme to this resultant dynamics arises intu-
itively. To this end, the extended state is defined as z = [%T 1) } Te
R™ with dynamics

Z=Anz— dmbu—bm% (d(t, %y — Anz) —Xen) (2.18)
and the linear extended state observer designed in the error domain
takes the form of

Z2=AnZ—dmbu+l(cix—cl2). (2.19)

The structure of the error domain ESO is the same as the standard
ESO and, due to the embraced definition of tracking error %, differs
in the sign of input gain only. The previously discussed tuning and
stability conditions are thus directly applicable also to this modified
scheme. The control law is proposed on the basis of the error estimates
as

_ KTAnz+bh2

v b

(2.20)

The graphical interpretation of the EADRC approach is given in
Fig. 2.6. Importantly, the EADRC control law (2.20) does not nec-
essarily include explicit feedforward term which constitutes part of
the standard ADRC controller. This term is considered here as a part
of the total disturbance and is actively estimated by the ESO observer.
Thus, the application of the ADRC scheme in the error domain alle-
viates the need for analytical calculation of the higher derivatives of
the reference trajectory which may increase the applicability of this
algorithm in practical scenarios.
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Figure 2.6: The detailed graphical illustration of the error-domain EADRC
controller. The estimates are generated on the basis of control
error measurement.

Simulation 2.2. The practical illustration of the performance offered by the
EADRC scheme is given in Fig. 2.7 where the results of simulations akin to
these of Sim. 2.1 are given.

A —

0 10 20 30 t[s] 0 10 20 30 t[s]

Figure 2.7: Time responses of the second order system under the linear
EADRC controller. Results of the simulation without disturbance
estimation are shown by transparent plots of x and X.

It can be noted that due to the inclusion of the reference trajectory
derivative in the disturbance signal the estimate of this term is signifi-
cantly greater than in the standard ADRC approach as given in Fig. 2.5.
In the consequence, the disturbance estimation quality is decreased in
comparison with the conventional ADRC controller. Nonetheless, the
resultant tracking errors are smaller than in the case of classic state
feedback control. This increase in performance in comparison with the
algorithm devoid of disturbance estimation could be further enhanced
by the choice of greater controller and observer bandwidths. Thus the
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EADRC scheme proves its usefulness if the derivative of the reference
trajectory is not available.

No matter the choice of the precise form of ESO observer, the
control law, or the tuning of the parameters, both (2.7) and (2.10) are
designed by omitting the unknown disturbing term $d(-). Thus, the
observer is inherently ill-formed, and the presence of any non-constant
disturbance inevitably deteriorates its performance. The ability of the
standard ESO to perfectly estimate the constant disturbances, and
thus compensate for their presence in the ADRC scheme, has been
observed and analyzed already at the early stages of research on these
methods [114]. The systematic studies on the impact of different types
of uncertainties on the convergence and performance of the ESO and
ADRC algorithms were started in 2007 with [285], where the authors
used the frequency response analysis to prove the high robustness
of the controller to the system uncertainties. It was shown that the
stability margins are almost invariant to the changes in the parameters
of the plant if high gains are used in the employed ESO.

The major advance in the understanding of the ADRC method
has been done in [347] which was further extended in [346]. The au-
thors considered linear ADRC structure with bandwidth parametrized
gains, and analyzed the convergence of the estimation and tracking
errors by employing the Lyapunov methods. It was shown that if the
structure of the system is perfectly known the errors converge to the
origin, while the presence of unknown disturbance characterized by
boundedness of its derivative leads to convergence to the boundary of
the origin only. These results were obtained under the conditions that
w, and w, have to be chosen greater than some predefined thresholds.
Using a singular perturbation approach these results have been at first
confirmed [350] and then significantly extended in [74] by showing,
that such a convergence of the errors to the boundary of the origin can
also be achieved if the input gain b is not precisely given and is only
known to be greater than some minimum value. The feasible class
of disturbances for which convergence to the neighborhood of the
origin is guaranteed has been expanded to include the bounded dis-
turbances with unbounded derivatives in [322]. The analytical results
were further validated by simulation of the system with disturbances
in form of a square wave for which the satisfactory performance of
the controller was achieved.

Results established for the linear ESO have been later also confirmed
valid for the custom proposition of the nonlinear observer in [91]. At-
tention has been also given to the systems with an unknown degree,
and it has been shown that the ADRC offers satisfactory performance
even if the relative degree of the SISO system is not known [337-339].
The analysis in the frequency domain was employed under the as-
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sumption that the upper bound of the uncertain relative degree is
known. The same approach has been employed in [316] to confirm the
robustness of the ADRC method. The stability of ADRC has been also
analyzed for multi-input multi-output systems. The conditions on the
stability of the MIMO systems with linear ADRC have been presented
at first in [315] and further investigated in [318]. The applicability of
the nonlinear ADRC to the MIMO systems has been studied in [90].
The results on the control of the MIMO plants of unknown orders
have been presented in [340] on the basis of the analysis akin to the
one employed earlier for the SISO systems. In [317] the performance
of ADRC in the presence of uncertainties with unbounded derivatives
and unknown input gain has been further studied. It was proved that
the convergence to the origin is maintained if the discontinuities of
the disturbance are all of the first kind. Moreover, the conditions on
the range of feasible input gain uncertainty were strongly weakened
in comparison with earlier studies. Multiple studies confirming the
earlier results have also been reported in the literature. In [64] the
studies on the convergence of nonlinear ADRC applied to the undis-
turbed plant with nonlinearities have been presented and convergence
to some stable surface in the phase-space was proved. A reformula-
tion of the closed-loop system into a perturbed Lurie model has been
presented in [243] and Lyapunov-based analysis with the use of the
Sylvester equation has been shown in [5]. In [258] the analysis by
the singular perturbation method has been revisited, and in [320] the
studies based on the linear system theory have been reported.

The stability and a peaking phenomenon present in the ADRC
have been studied in the context of nonlinear systems in [345]. It was
shown that the use of time-varying gains may successfully attenuate
the peaking of the estimates. In the paper [42], the conditions of ap-
plicability and stability of the ADRC for the systems with unmatched
and unobservable uncertainties have been given and discussed. It was
shown that the ESO can be successfully employed to transform some
class of individually unmatched and unobservable disturbances into a
single, combined total disturbance satisfying a matching and observ-
ability conditions, and thus enabling the output regulation through
the ADRC controller. A further weakening of the assumptions on the
form of disturbances has been achieved in [48] where the disturbance
with derivative which is unbounded, but Lipschitz was studied on the
example of the simplified first-order system. In [300] the impact of
the input uncertainty on the closed-loop system has been studied in
more detail, while in [44] the necessary and sufficient conditions of
the input gain uncertainty for the open-loop estimation with ESO have
been established in place of earlier conservative results. The surveys
on the studies on stability analysis of the ADRC have been published
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first in the year 2014 [116] and then in 2017 [71]. A summary of studies
on the problem of stability, performance, and applicability of the ESO
and ADRC is presented in Tab. 2.2.

Study Subject method Analysis Input gain
[114] NESO Lyapunov, SSR  known
[285] LADRC frequency known
[5, 346, 347] LADRC Lyapunov known
[74] LADRC s. perturbation  approx.
[350] LADRC s. perturbation known
[322] LESO integration known
[337-339] LADRC frequency approx.
[91] NESO Lyapunov known
[315, 318] LADRC Lyapunov approx.
s. perturbation,

[90, 344] NADRC Lyapunov approx.
[317] LADRC no proof approx.
[316] LADRC frequency approx.
[64] NADRC Lyapunov known
[345] NADRC s. perturbation  approx.
[42] LADRC no proof approx.
[243] NADRC Lyapunov approx.
[258] LADRC s. perturbation known
[340] LADRC frequency approx.
[48] LADRC Lyapunov known
[44] LESO integration approx.
[300] LADRC Lyapunov approx.
[71, 116] Review papers

Table 2.2: Survey of publications on the stability of ADRC. Types of the con-
sidered method, employed analysis tools, and assumed knowledge
about the system are given.

The general conclusions about the stability of the ADRC systems
can be drawn from the aforementioned studies. It has been shown
that the ADRC schemes with both linear and nonlinear structure, as
given by (2.7)-(2.9) and (2.10)—(2.16), offer asymptotic convergence
only if the total disturbance is either constant or vanishes with time.
The asymptotic convergence can be extended to some other classes
of disturbances (e. g. linear or polynomial) by further extending the
state of the system. In the general case, only the convergence of the
errors to some neighborhood of the origin can be ensured. The most
conservative results assume that the total derivative of the disturbance
has to be bounded by some constant values in order to achieve such a
performance. More detailed studies have shown that the convergence
of the errors to the neighborhood can be also guaranteed if the dis-
turbance has discontinuities of the first type or depends linearly on
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certain variables in the system. One of the most important notions
given by the analytical studies of the ADRC is that in the presence
of the unknown disturbances, the neighborhood to which the errors
converge can be made arbitrarily small by the increase of the observer
and controller bandwidths. Thus, even if the asymptotic stability is
not achieved, the satisfactory performance of the system can be accom-
plished in practical scenarios. Moreover, research has confirmed the
earlier observations that the performance of the ADRC is not signifi-
cantly deteriorated even if the input gain of the system is unknown.
The precise range of feasible input gain uncertainty, for which the sys-
tem can be stabilized by a choice of high enough observer bandwidth,
has been recently established. It has been furthermore shown that both
linear and nonlinear algorithms exhibit similar stability properties,
and these properties apply to both SISO and MIMO systems under
certain conditions.

2.2 STABILITY OF A CLASS OF UNCERTAIN SYSTEMS

Due to its robustness to modeling uncertainties, external disturbances,
and changes in the parameters of the system, the ADRC method has
been recently employed in the growing number of problems in the
field of robotics. Numerous publications have reported successful
applications of this control paradigm to the manipulator robots [167,
240, 287], including systems as sophisticated as flexible manipulators
[68, 117], soft continuum robots [103], or even wearable robots [103].
Other publications highlight the effectiveness of the ADRC in the tasks
of mobile robotics [40, 179, 265]. A wide review of the recent results
on the applicability of the ADRC to the tasks of robotics has also been
published in [67].

With the thriving interest in the applications of the ADRC in robotics,
there also arises the need for a detailed theoretical analysis of the sta-
bility and performance of the controller, tailored for the characteristics
of the robotic systems. In this section, some results on this topic are
presented. Namely, by the means of Lyapunov analysis, the robustness
of the ADRC scheme applied to the system corresponding to the dy-
namics subject to parametric uncertainties is investigated. To this end,
the analysis presented in [225] is extended and reformulated in more
detail. Due to the employment of the original form of the state exten-
sion proposed recently by the author, the unified analysis is presented
for the SISO system with and without uncertainties. On the basis of
this study, a series of theorems is formulated to unveil the impact of
different forms of uncertainties on the stability of the ADRC control
scheme. Importantly, the conducted investigation does not require
any assumptions on the behavior of the system or the disturbances
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(such as boundedness of the trajectories or disturbances) which are
commonly accepted in the studies presented in the literature. In their
stead, only the assumptions on the reference trajectory and the general
properties (such as satisfaction of the Lipschitz property) of the dis-
turbances are considered. Thus the analysis presented in this chapter
is based on assumptions which are significantly easier to verify and
have stronger practical foundations. The stability conditions of the
closed-loop system are formulated on the basis of the parametrized
observer and controller gains and the feasible range of the input gain
uncertainty. The theoretical analysis is performed for the systems of
the arbitrary order which further increases its applicability in various
practical scenarios.
Consider the dynamic system

X1 = X2,
(2.21)

Xn = bu+1P(t,x)0 + d(t,x),

Yy =X,
where x = [x7 ... xn| TeRr® corresponds to the state of the sys-
tem, u € R is a control input, and b € R\ {0}, 0 = [61 Gk]T
R¥ are constant unknown parameters of the system. Terms (t,x) =
[11)1 (t,x) ... wk(t,x)] € Rk and d(t,x) € R stand for the fully

known and unknown dynamics, correspondingly. The output of the
system is denoted by y € R. A system in such a form may, for example,
represent the robotic manipulator with a single degree of freedom
controlled on the level of torques (for n = 2) or motor voltages (for
n = 3).

Assumption 2.1. Lef P(t,x) and d(t,x) be Lipschitz, i.e. let

[W(t,xa) =t xu)[| < Wr([xa—x0p,
||1-l)(ta/ tb/ H g lpL ”ta _th 7
(2.22)
[d(t,xa) — d(t, xe)|| < dr[[xa —xv]l,
Hd(ta/ tb/ H g dL ||ta _th 7

for some constant Py, dr € Ry and any xq,xp € R™ and tq,tp, € R.

Corollary 2.1. For any Lipschitz function f(x) satisfying

[f(xa) — f(xp)|| < L [[Xa — x| (2.23)
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for some positive constant fi € Ry and any x4, Xy, the inequality

|

is also satisfied for any x.

0
&f(x)

< fr (2.24)

The extended state z = [xT S]T = [11 zm]T € R™, with
m =n+ 1, for system (2.21) can be defined as

21 =23,

tn = but (4, Anz)0 —(t,x;) (6 —8) + zm, (2.25)

d

tm = o ((b—fa) w+P(t,x;) (e — é) + d(t,/\nz)) ,

which incorporates the impact of the drift parameter estimation er-
ror within the total disturbance. On the basis of the dynamics of
the extended system, the ESO which employs only the available or
measurable signals can be easily formulated in its standard form as

. (2.26)
Zn :bu+1b(t/An2)e +2m+l—n (Z1 _21)/
Zm =lm (21 —21),
s oT 21T ~ A T m : .
where 2 = [x 6] = [21 zm] € R™ is the estimate of the

extended state. Equations (2.21), (2.25) and (2.26) can be rewritten in
an equivalent compact form as

X =Anx+ b, (bu+P(t,x)0 +d(t,x)),

£ = Az + i (But bt Anz)0 —b(t,x,) (0-6))
‘. (2.27)
ma s

5= Am2+dm (Bu—i—d)(t,Ani)é) 1T (z—2),
with
§=(b—b)ut+(t,x,) (e—é) +d(t, Anz). (2.28)

Such formulation of the extended state seems unorthodox but is a
valid solution for the analysis of the system with modeling uncertain-
ties. Specifically, in the presence of modeling uncertainty, the model
description introduced here allows one to assume, that even if the
estimation error vanishes, the dynamics of the plant are still disturbed
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by the uncertainty of the drift term due to the tracking errors. Thus
the proposed form of the extended state imposes a stronger separation
between the tracking and estimation errors and the ESO is expected
to accommodate only the former, while the task of compensating for
the latter is laid on the controller only. Importantly, if the term © is
known then the extended state in form of (2.25) is simplified to the
form suitable for the analysis of the undisturbed systems. Moreover,
such an approach is vital to the analysis presented in the later sections
of this work and is thus employed here for clarity.

Remark 2.1. The extended state may be defined differently than (2.27) to
facilitate the analysis of various aspects of the closed-loop system dynamics,
e. g. ability of the observer to estimate the disturbance or the ability of control
law to compensate for the transient estimation errors. In particular, one may
consider the system given by

2= Anz+dn <Bu—|—1l)(t,/\nz)é) +bm%6,

X R (2.29)
5= (b—B)u+w(t,Anz) (e ~8) +d(Anz),
which simplifies the forthcoming analysis, but does not yield such a clear
separation of the tracking and estimation errors. Alternatively, the state
extension of
2=Amz+dp (but bt An2)d) T,
dt (2.30)
5= (b—b)u—P(t, An2)0 +¥(t, Anz)0 + d(An2z)

or

Z=Amz+dm (Bu+ll)(t,An2)é+ (E—1) bl (z—i))

d
bm—3,
oM
§= (b—b)u—P(t,An2)0 +P(t, Anz)0

+d(Anz) — (E —1> bl (z—2)

(2.31)

may be considered. These are designed to accommodate, within the total dis-
turbance, for the state estimation error impacting the evaluation of the known
P term. Importantly, for the extended systems defined in such ways, even in
the presence of the nonzero estimation errors, the control law fully decouples
the dynamics of the nominal plant in the latter case and omits only the impact
of the disturbance estimation in the former. Thus, in these approaches, the
total disturbances are expected to partially or fully accommodate for the effects
directly caused by the imperfect estimation of this disturbance. Some results
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obtained through the analysis using the latter dynamics are presented in
[225]. Notably, all of these representations correspond to the same dynamics
of the underlying physical system and yield the same observer design.

By taking advantage of the state and disturbance estimates produced
by the observer, the control law is proposed in the form of standard
ADRC control enhanced by the estimated value of the partially known
dynamics

u= :3 (v—S—II)(t,/\n:Z)é) , (2.32)

with v € R being a new input, which can be used to define some
internal control law designed to cope with a specific control task.
Here, the inner control law is designed as

v=KT (x, — &) +x1™ (2.33)
and consists of the state feedback evaluated on the state estimate and

feedforward generated on the basis of the derivative of the reference
trajectory which is defined as

xr:[xﬂ xm]Tz[xgo)(t) xﬁ“_”(t)]TelR“,

(2.34)

with x,(t) € R being some function of time chosen freely by the
designer. The internal control law v can be defined differently depend-
ing on the availability of the state measurements. In (2.33) the most
restrictive variant of the controller is assumed, and the control law is
synthesized fully on the basis of the state estimates. Importantly, by
solving (2.28) and (2.32) for u, the control law can be expressed as

u:;<v+(68)1p(t,xr) (efé) (2:35)

- Il)(tr Ani) - d(t/ Anz)> s

what visualizes that the control law defined on the basis of the esti-
mated input gain value corresponds to the control law for the nominal
system incorporating the estimation error dynamics. Thus, as the es-
timation progresses and § — & ~ 0, the input gain uncertainty may
be correctly compensated for due to the total disturbance estimation.
Hence, if the estimation errors are small enough, the obtained control
law becomes almost indistinguishable from the controller designed
with a full knowledge of the input gain parameter. In conclusion, even
in the presence of the input gain uncertainty, the ADRC does not
require the designer to manually compensate for the unknown input
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gain, for example by scaling the controller gains or the feedforward
signal, as the disturbance rejection should drive the control signal
close to the form suitable for the true value of the input gain. The
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Figure 2.8: The detailed graphical illustration of the considered ADRC con-
troller. The state-dependent disturbance and drift dynamics, as

well as employed estimates of drift parameters and input gain,
are visible.

detailed scheme of the considered control system is given in Fig. 2.8.

Assumption 2.2. Let the reference trajectory belong to the class C™, i.e. let

derivative xﬁm) exist and be continuous.

Assumption 2.3. Let the reference trajectory be chosen such that its deriva-
tive is bounded, i. e.

%+ (V)] < xm (2.36)

for some constant xpm € Ry and any t.

Denote the tracking errors X = x, —x = [%1 ... %] T and esti-

mation errors 2 =z—2 = [%; ... Zm]T. By taking advantage of
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(2.32) and analytically calculating the time derivative of u, the error
dynamics can be then derived directly from (2.27) as

$—Hz+dn <1|)(t,/\nz)9 (%) (e - é)
—W(t, A@)é) fbm <1i)(t,xr) (e — é)

¥
b . AN
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with H = Ay — (Im + (£ = 1)bmbf)lel, G = Ay —byk' and
W =b,kTA,, +b,b] . The term v is as in (2.33). The time derivative
of the internal control law can be obtained analytically from (2.33) in
the form of

v =kTG% + kT (AnH— W)z +x™. (2.38)

Furthermore, denoting d = d(t,Anz) and P = P(t,Anz), P =
P(t, An2), b, = P(t,x,), the time derivatives of the known and
unknown drift terms present in (2.37) are expressed by

A aljl\) . o ailb
11’ - d (/\ni) ((Anlcm GAn) z GX“‘XT) + e
: od 3 o A

- od
—10 -
v )) BT
The detailed deriviations of these expressions are given in Appendix A.1.
The precise form of matrices H, G, W are given by

1 1 0 - 0
, 0 1 0
- 0 1T . 0
H _ . . . , G — ,
0 0 1
2l 00 0]
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0 0 0 0
W = E (2.40)
0 o0 0 0 +
ki k2 -+ kn 1

Matrices H and G are respectively the state matrices of the undisturbed
estimation and control errors dynamics, while matrix W corresponds
to the influence of the state estimation errors on the control law.

Remark 2.2. Importantly, matrix W is associated with the use of state esti-
mates in the control law to formulate the feedback signal. If the measurability
of at least part of the state vector can be ensured in a considered specific
scenario then the control law may be formulated on the basis of the measured
state variables. Matrix W is then strongly simplified. In the extreme case of
measurability of entire state x, matrix W is reduced to by bl and becomes
independent of the choice of gains k. The significance of such a change is
discussed in more detail in further parts of this dissertation.

To facilitate the study of the closed-loop system stability, consider
the choice of the tuning parameters according to the bandwidth
parametrization as given in Section 2.1. Let thus the elements of
1, k be chosen as

ie{l,m},

li :Tiw},,
kj = ij2+1_j, j €{l,n},

(2.41)

with wo, we € Ry being new tuning parameters of the algorithm
and 1= [T Tm]TEIRT and k = [k; En]TGIR1 being
constant parameters chosen to detemine the dynamic properties of
the observer and controller. Introduce also an auxiliary scaling of the
estimation and tracking errors in the form of

i

Zi = (,Ugl_ Zi, 1€ {1,m},

je{l,nk. (242)

2. — (%,
X = w K,

The proposed tuning choice and error scaling may be expressed in a
matrix form as

l=wo, ',

k=w. Dk,

s D (2.43)
X = O X.

where @, = @, (w,) and P = P, (w) are the scaling operators

K—2
;.

defined as @ (w) = diag(wK_],w ..,1) € R**¥ as given in
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Section 1.5. The dynamics of these new scaled errors are derived from
(2.37) as

Fwodm <1|)(t,/\nz)0 —p(t, %) (e _ é)
Pt An2)0 ) Y bm <1b(t,xr) (e - é)

<E ) (t, An2)6 — v) +d(t, /\nz)>,

% = weGx — (bnkTwC(I)c/\n(I)g1 +bnb;) z
+ by (w(t,xr) (0-8)+w(t,An2)0 —w(t,/\nz)e>,

(2.44)
The time derivative of the internal control law is transformed by
substituting (2.43) into (2.38) what yields

v=wck' (wocpc/\ncpo1 H-b, k' w. P A, D!

(2.45)
—bnb], >z + w2kTGx +xl™.

The derivatives of the drift and disturbance dynamics expressed in
terms of the new scaled state variables take the form of

% oy 1z _
b= (/\q;z) <Anwo(1)o el —A A, D!

+b kT w DA D 2
- 11\ o 0P
+we (bnkT—An®c1wC1>x+xr>+m, -
2.4

od ET 11 5

a(/\]iz)(wc <bnk _ATI(DC w. )X

+bn (l‘chcI)C/\ncDg1 + b;) z

d=
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Due to the embracement of the bandwidth parametrization, scaled
matrices H, G are independent of the choice of the observer and
controller bandwidths and are given by

-, 1 0 0
_ 0o 1 0
-, 0 1 0
H= : G =
_ o 0 .o
00 K K ek
[—%lm 0 0 0]
(2.47)

Importantly, as matrix H explicitly depends on the values of b and b
the choice of tuning gains 1 has to consider this dependence. Thus, the
teasible choice of the observer gains directly depends on the unknown
error of the input gain estimation. This is a crucial limitation imposed
on the applicability of the ADRC by the presence of the modeling
uncertainties. Consider now the tuning of the controller and observer
such that the following is satisfied.

Assumption 2.4. Let the scaled observer and controller gains 1,k be chosen
such that matrices H and G are Hurwitz.

Following [178], if Assumption 2.4 is satisfied then there exist pos-
itive definite matrices P € R™*™ and R € R™ ™ satisfying the
Lyapunov equations H'P+PH= —I;, and G'R+RG = —I,,. The
investigation into the stability properties of the considered control
scheme can be performed on the basis of the following function of the
scaled tracking and estimation errors

1 1
V,(z,%) = EzTPz + ECOXTRX, (2.48)

with cp € R being some positive constant. Due to the positive
definiteness of matrices P, R implied by Assumption 2.4, the proposed
function satisfies

1 1
Va(2,%) 2 5pm 12]* +co5m %], (2.49)

2

with pim = Amin(P) € Ry and 11y = Amin(R) € Ry, where Apjn ()
stands for the smallest eigenvalue of a matrix. Thus V,(z,%x) > 0 for

41



42 ACTIVE DISTURBANCE REJECTION CONTROL

any nonzero Z,X with V,(Z,%) = 0 only for Z,% equal zero. The time
derivative of (2.48) along the trajectories of the system is given by

Vi(z,%) = — %wOZTZ + wozTPdm (q)e —P, (e — é) — é)

P
b . ~ b A A
=T = . _ _ —
(3]t fo-8) (31
+ d> — %Cowcchi — CoiTRbn(ETwcq)cAnq);1
+b;rn>Z+C07_‘TRbn (d)r (9— ) +h0—ve )
(2.50)

with P = P(t, Anz), P = P(t,An2) and P, = P(t,x;) denoted for
brevity. By substituting v from (2.45), expanding 1 and d as in (2.46),
and finally adding and subtrackting term @ to take advantage of the
Lipschitz property of 1, the explicit form of V> (z,%) can be written as

Vy = — %wOZTZ+ WozZ Pdom ((1p —,) (e — é) + <1p —{p) é)

+zTPbm< (%‘i’x + a;pt) (e—8)+ (E R 1> (xﬁ"‘)
T

(wc (bnl_cT —ALD! w;‘) X+ (/\nwocb(,—]icl1

o
o%

CARAL D] +bnl_<TwC<1)C/\n(I>0‘>Z+xr>é - %‘1’@
+w§l_<TG7‘c+wcl_cT<w0<Dc/\n<Dg1Fl—bnbm
—bnETwc(I)c/\nd)o1)i> + ga(bn (ETchDcAncDg‘
+b])z2+ we (bnk" — A @ w*‘)»‘c+

b ((W—w,) (0-8)+ (v—b )) )
— %cOwca‘cTi +cox"Rb, < ( )
+(b-0) 8- (K we@ A @, +0],) )

(2.51)

The derivative of V,(Z,X) expressed as in (2.51) unveils some impor-
tant stability properties of the uncertain disturbed systems working
under the ADRC principle. The major notions are as follows.
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1. The major influence of the input gain uncertainty is clearly
visible due to the presence of the term

b T = _ _
zTPb,, (6 — 1) (wngGx+ wck' (wod)cAn(I)g1H

_ o -
—bnbm — bnkTwC(Dc/\nd)o_1>Z—|—x$m) ~ aife
P - PN o
— aﬁ<wc (bnk —AnD, 1wc ]) X+ (/\nwo(I)oucI1

— A ALD ! + bnRTwcqncAan‘)z +>‘<T) é).

While the preliminary impact of b was already established by
Assumption 2.4, from (2.51) it can be stated that the estimation
error of parameter b amplifies the effects of { function estima-
tion and of the higher derivatives of the reference trajectory on
the convergence of the system. Specifically, the term % —1is
nonzero if the input gain is not perfectly known. In this aspect,
the input gain uncertainty negatively impacts the performance
of the controller and leads to the growth of the neighborhood to
which the errors converge. The presence of multiple expressions
quadratic in the tracking and estimation errors shows also that
the uncertainty of the input gain may disturb the basic stability
properties of the plant and the convergence to any neighborhood
may not be guaranteed even if Assumption 2.4 is satisfied.

2. The impact of the uncertainty of 8 parameters can be seen mainly
in the presence of the term

ZTPbm< <?;':xr+ a;?) (e—é) >

and
woz Pdm (W —w,) (0-0) + (v—1)8),
cochRbn<(wr—¢) (6—0)+(b-w) )
zTHb,, <g;1 ((xp — W) (e _ é) n (11) —1i)> é)) ,

The first of the recalled terms stands for the direct influence of
© uncertainty on the regressor dynamics and affects the bound-
edness property of the errors. Specifically, the modeling error
present in this term affects the system in the same manner as
the unmodeled disturbances d. The latter of these represent the
indirect impact of parametric uncertainty on the evolution of the
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system, exhibited as the state of the plant deviates from the nom-
inal trajectories of the undisturbed system. Due to the explicit
presence of tracking and estimation errors and Lipschitzness
property of P function, these directly disturb the stability of
the closed-loop dynamics. Notably, the separation between the
impact of the tracking and estimation errors is visible here. It can
be concluded that such an impact of the parametric uncertainty
is exhibited only when the plant is not on the reference trajectory.
Had the tracking errors been reduced, the system would evolve
as if it were indeed charactertized by the assumed values of the
parameters. Importantly, some of these are further amplified by
the choice of observer bandwidth.

3. The dynamics of the system represented as either modeled term
P or unmodeled d are scaled by both P and the term % -1
Specifically, the term

] ad ).
zTPbm<ax (wc (b KT —AL@C WS ‘)x
4 by (l‘cTwchCAnd)g‘ +b;) Z+ %,

bn (0 —,) (0-8) + (v —b) 0) ) +2‘:>

as well as the expressions
P (0w (0-€) (0 9)).

v (3028) (0-9)

b
2 TPy (= —1
v (51) (5%

+ 0, K W @AD" )2+ we bk — A0 w; ')

oyp
>e+ate)

may deteriorate the performance of the algorithm. The last one is
scaled by both P and 2 — 1, while the remaining expressions are
affected by P only. Imporantly, the expressions scaled by % —1

and

((Anwo el — ApAL @

depend directly on 1 but do not contain unmodeled disturbance
d. While both P and % — 1 are the functions of the estimate of the
input gain, the norm of the former grows quickly in the presence
of the input gain underestimation, while the characteristics of
the latter are more ambiguous. It may be thus advised to forfeit



2.2 STABILITY OF A CLASS OF UNCERTAIN SYSTEMS

the term 1p in the design of the observer to avoid deterioration of
the tracking quality if the input gain of the system is unknown.

. Due to the presence of the expression satisfying Lipschitz con-
dition, the inclusion of 1 in the design of the observer also
generates quadratic-like terms in the derivative of V(Z,%) func-
tion. Specifically, the terms

w2 P (W —,) (8- ) (ll) ﬁ))é
coicTRbn<(1pT W) (e e )

2P (55 (0w (0 é) + (ﬂ) ~9)0))

are upper bounded by some quadratic functions of the norms of
% and Z. Notably, all of these are dependent on the characteristics
of P and do not fully vanish even if the parameters of the
system are prefectly known. Thus the incorporation of the known
dynamics of the model in the synthesis of the ADRC controller
does not alleviate the limitations on the choice of bandwidths
Wo, we imposed by the presence of the state-dependent drift.
This property is caused by the dependence of 1 on the estimate
of the state which induces a requirement for sufficiently high
speed of the state estimation.

. The presence of { and d depending on the state of the sys-
tem introduces the expressions scaled by both the observer and
controller bandwidths. Specifically, the expression

b ] ]
2 Pb., (6 - 1) (wckT<wocDCAncD01H

o

—bnl‘cTwC@CAncpg‘)- SOk W DA D zO)

and the term

0 _
ZTPbma—ibnkTwcd)c/\n(Dg]Z
grow with the increase of w. and shrink with the increase of
Wo. This leads to the significant dependence of feasible observer
bandwidths on the chosen controller bandwidth. Thus, with
the increase of w, higher choice of w, is also required. Such

phenomenon is absent if i and d are independent of the state
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of the system. While the same property is also exhibited by the
term

coX "Rb kTw D N, D'z,
it can be attenuated by proper choice of ¢y constant.

To facilitate the further studies of the stability of the closed-loop sys-
tem and simplify the upcoming analysis, denote the custom piecewise
exponentiation operator

w112 = max(w*1, w*<?). (2.52)

Notably, the operator is monotonic in its argument w if k1 and k, are
of the same sign. If k7 or k; is equal 0, the result of the operator is
equal 1 in some range and monotonic in the remaining domain. The
norms of some expressions from (2.51) can be expressed in terms of
this operator. Specifically,

w n|1
chcpc/\n@j H - <C> ,

w
N (2.53)
Hwod)c/\nd)o_‘ H _ (‘“C) ,
Wo
and
T
(2.54)

Notably, the bounds of the expressions in (2.53) increase with the
growth of w. and decrease with the growth of w,. The bounds
of the remaining expressions in (2.54) are nonincreasing with the
growth of their respective bandwidths. To further simplify the nota-
tion denote also b = %— 1 eRy, 6 =06— éH € R, as well as
GM:max(HB éH) eR,.

The structure of V,(Z,%) obtained in (2.51) enables the formulation

7

of the several notions tailored for different scenarios of the ADRC im-
plementation. A selection of such results is presented in the following
theorems. At first, the application of the discussed control scheme to
the system with perfect knowledge of the input gain and the drift
terms independent of the state of the plant or to some constant value
is considered. Multiple results on the stability of such systems have
been already established in the literature and are here independently
obtained on the basis of the uniform framework proposed for the
stability analysis.
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Theorem 2.1. For system (2.21) with { = const or P = P(t) and con-
stant disturbances, d = const, observer (2.26) and control law (2.32)—(2.33)
designed without any modeling uncertainty (i.e. b = b, & = @), guarantee
the global exponential asymptotic convergence of errors Z,X to the origin
under the tuning proposed by Assumption 2.4 for any choice of we, We.

Proof. Under the conditions stated in Theorem 2.1, the derivative of V;(Z,%)
takes the form of

: Wo 1. We _1_

Vo [ pep(t) = — TOZTZ— TCC()XTX (2.55)
d=const
b=b — coXTRby, (ETwctl)c/\nCI)g‘ +b;) z

and satisfies inequality

Wo 12 We o2
2 2l - S colx (256

_ we\ ™! )
+co [[X]| Tm (kM (c> +1 ]2,
We

with v = ||R|| € Ry and km = ||k|| € Ry.. The obtained inequality is
further expressed as

V2

N

2
: 1 c w\™
w<—2<%—j®<m(ﬁ w1) iR s

for any positive constant ¢ € R.. For any choice of w, and w. bandwidths,
the negativity of the second term can be guaranteed by setting e small enough.
Then, choosing co small enough ensures also the negativity of the first term.
Function V,(Z,%) thus satisfies the conditions of the Lyapunov function.

Remark. The conclusion formulated for the case of system disturbed by a
constant disturbance only fully satisfies the separation principle and thus
the design and tuning of the observer and control law can be considered as
separated issues. This property does not hold in some of the subsequent cases.

Theorem 2.2. For system (2.21) with state-dependent known term 1\ =
P (t,x) satisfying Assumption 2.1 and constant disturbances, d = const,
observer (2.26) and control law (2.32)—(2.33) designed without any modeling
uncertainty (i.e. b = b, @ = 0), guarantee the global exponential asymp-
totic convergence of errors Z,% to the origin under the tuning proposed by
Assumption 2.4 for we, w chosen high enough.
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Proof. Under the conditions stated in Theorem 2.2, the time derivative of
V1 (2, %) takes the form of

. 1 A\ A
V2 p=ptx) = — Ewosz+ woz Pdy, ((11) —II)> 9)
d=const :
b=Db —
0=0 — zcowciTi—coiTRbn<(kTwc®cAncDg‘

+oL)z— (h—v) é)

(258)
and satisfies inequality
. Wo | 1_2 _ 1=
V2 < = S22 + wo 12l pabe [ An @5 2] (2.59)
w 5 w n|1
— Do I + co %] T (kM () +1) Iz
Wo

+co [IX|| MWL HATLq)o_1ZH Om,

where pm = ||P|| € Ry.. The obtained inequality is further expressed as

. 1 _
Vo < — 3 (wo —2pmbrLwe "0 (2.60)

— —CoT™. kM <C) +1
€1 Wo
1 1\ 2

— —cormL (won‘ 1) 9M> s
€2

1 _n2
— —co <wc —&1TM — EerwL9M> 1%l

2

2

for any positive constants €1, e, € Ry. The negativity of H)ZHZ coefficient
can be ensured by the choice of w. high enough or e1,¢2 small enough.
Setting wq high enough with co small enough guarantees then the negativity
of the coefficient of HZHZ Function V,(z,%) thus satisfies the conditions of
the Lyapunov function.

Theorem 2.3. For system (2.21) with \p = const or Pp = P(t) and time-
varying disturbance d = d(t) satisfying Assumption 2.1, observer (2.26)
and control law (2.32)—(2.33) designed without any modeling uncertainty
(i.e. b =1, 8 = @), guarantee the global convergence of errors z,% to some
neighborhood of the origin under the tuning proposed by Assumption 2.4 for
any choice of we, We.
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Proof. Under the conditions stated in Theorem 2.3, the derivative of V,(Z,%)
takes the form of

) od
V; ‘('{:g’(“)) = — %sz + 2TPbma — %COXTX (2.61)
=d(t
g:g — coXTRb,, (ETwchcAnCDg‘ + b;) z

and satisfies inequality

. w _ _ w -
Va < —70 I1Z]1* + pmde 12| —7660 I%])? (2.62)

w n|1
+ceorm | km | =)+ 1) Iz,
Wo

which can be further expressed as

2
: 1 c we \ ™
Vo< -1 [wo - (kM (2) 1) )i e

~ oy lwe — ) [KI + prad [2]
for any positive constant ¢ € R.. For any choice of w, and w. bandwidths,
the negativity of the second term can be guaranteed by setting € small enough.
Then, choosing co small enough ensures also the negativity of the first term.
Define the concatenated errors in the system as & = [XT 2T | T e R,
Expression (2.61) is reformulated in the terms of & as

) 1

A ‘wzw(t) = —JETNE+ [onm bLP%} 3 (2.64)
d—d(t)
b=b
0=0

where
N — wecoln n22 c RMHmxntm (2 65)
n}lz wolm '

with na, = —coRby (KT W ®ALD," —bL). Matrix N is positive
definite if aforestated conditions are satisfied. Derivative (2.64) thus satisfies

: 1
Va < =3 €%+ pede ] (2.66)

with Ny = Amin(N), where Apin () stand for smallest eigenvalue of a matrix.
The neighborhood of the origin to which errors & converge is thus defined by

€]l < 2pmding. (2.67)

Notably, n;,! can be made arbitrarily small by increase of w. and w,.
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Remark. Evaluation of final error bounds is omitted in the subsequent proofs
but could be trivially conducted following the approach presented here.

Theorem 2.4. For system (2.21) with {p = const or P = P(t) and time-
varying, state-dependent disturbance d = d(t,x) satisfying Assumption 2.1,
observer (2.26) and control law (2.32)—(2.33) designed with input gain per-
fectly known (i.e. b = b), guarantee the global convergence of errors Z,% to
some neighborhood of the origin under the tuning proposed by Assumption 2.4
for w,, w, chosen high enough.

Proof. Under the conditions stated in Theorem 2.4, the derivative of V,(Z,%)
takes the form of

. Wo _1_ _ od T
Vo lp=w(t) = —sz+zTPbm( (wc b.k (2.68)
d—d(tx) 2 0x (
g=b —Ancl)g1w;‘)>‘<+bn(f<Twch)CAnd>g‘
od w
Top ')z ZR) _He 4T
+b., )z+x>+at> 2cxx

—coX"Rby, (ETwC(DCAnCDg‘ +bl1> z
and satisfies inequality

V2 < =22 2P + pdre (ke + ™) Rl 12 (2:60)

w.\ ™ il
ﬂmﬁ@m<c> Fag™ ) 22
Wo

) w 02
+pmdixm [IZ]| +pmde [[Z]] — TCCO %]

W n|1 ) .
-HMM@M(C) 1) 1=z,
Wo

which can be further expressed as
- 1 we\ ™! —nl-1
V>, — =l wo—2pmdr | km | — + Wy

2 Wo

2
1 i 1
— —CoT™™ (kM <wc) +1> _7wgpMdL<kM
€2 Wo €1

-1 2 ] x||2

N

2
+pmdr (xpm + 1) [|Z]]
(2.70)

for any positive constant e1,e, € Ry.. The negativity of H)ZHZ coefficient
can be ensured by the choice of w. high enough and then w, high enough
guarantees the negativity of the coefficient of ||2||*. Function V3 (z,%) thus
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satisfies the conditions of the Lyapunov function for errors X, z large enough
what implies the ultimate boundedness of the errors.

Theorem 2.5. For system (2.21) with state-dependent and time-varying
known term \p = P (t,x) and disturbance d = d(t,x) satisfying Assump-
tion 2.1 , observer (2.26) and control law (2.32)—(2.33) designed with pa-
rameters of the model perfectly known (i.e. b =b, 6 = @), quarantee the
global convergence of errors Z,X to some neighborhood of the origin under
the tuning proposed by Assumption 2.4 for we, w¢ chosen high enough.

Proof. Under the conditions stated in Theorem 2.5, the derivative of V1 (Z,%)
takes the form of

V2

1 N\ A
B(x) = —3WoZ T2+ o2 Pdn (¢—¢) 0
(tx)

d(t
b _ od - 1 -1\ -
5 +zTPbm<ax (wc (bnkT—AncDC‘wc ‘)x

DT e

+ by <T<Twc(I)C/\n(I)_] + b;®31> Z + %

<1I) II)) A) + ) — %cowciTi
+cox"Rb < kTde) An®g +bT)
+(b-w)0)
(2.71)

and satisfies inequality
. 1 1=
Va < = o |21 + wo |z Pmtpe [ An @52 00
n|—1 wc it
2l pmde (we (ko + we™ ) %]+ (v
O

#1) 2l + x4 A 2] o 1) = Geow [

2
We n|1
+cOu>-<urM( kM( ) 1)
Wo

+ HAnCDg‘zH 9M>,

(2.72)
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which can be further expressed as

1

Vo, < — 3 <wo — 2w M MO b O — 2pmdi L we ™

W n|1 1 5
—2pmdr [ km [ == 1] —— di (k
PM L<M<w> +> E]wcPM L(M

o

Tom

1 Cnl—1\2 1
_gCOrMIbL (won‘ 1) 9M> \|Z||2—2<Cowc—€1PMdL

— €2C0TM — €3C0TM11)L9M> %>+ pamdr (xm + 1) |12
(2.73)
for any positive constant 1, €2, €3 € R.y.. The negativity of ||x ‘2 coefficient
can be ensured by the choice of w. high enough or setting €1, €2, €3 small
enough. The choice of we high enough guarantees then the negativity of
the coefficient of ||Z||”. Function V2 (z,X) thus satisfies the conditions of the

Lyapunov function for errors X,Z large enough what implies the ultimate
boundedness of the errors.

The aforementioned theorems are in line with the results presented
in the earlier literature on the subject of the stability of the ADRC
schemes. The applicability of these results may be further extended by
considering the systems with the modeling uncertainties, i. e. b#D
and 6 # 0.

Theorem 2.6. For system (2.21) with{ = const, d = const, observer (2.26)
and control law (2.32)—(2.33) designed with only the input gain uncertainty
(i.e. b #b,0 = 0), quarantee the global convergence of errors z,% to some
neighborhood of the origin under the tuning proposed by Assumption 2.4 for
Wo, W chosen high enough.

Proof. Under the conditions stated in Theorem 2.6, the derivative of V,(Z,%)
takes the form of

V2 [ p—const = — %sz —coXRby, (ETwcd)c/\nd)g‘ + b;) z
d=const
b#£b b o
0 0 - %COXTX +2TPby, <B - 1) <w§kTG>‘c +xlm)

+wck' (woq)c/\ncpjﬂ bk W DA D]

—bnbm)z>

(2.74)
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and satisfies inequality

. Wo . we \ ™! A
Vo< e ||zH2+corM(kM(wC) S1)I=lE @7s)
(o]
We

—_ 12 = — _
5 Co 1%]|1* + wibpamkmam 12| [1%]]

n—1|0
_ B _ w
+bpmxm HZH + w:bpmkm < <(,Uc> hm

o]
W n|1
ke () +1) 12112,
Wo

where hpy = ||H|| € Ry and gm = ||G|| € Ro.. Moreover, a constant
measure of the input gain deviation is as defined earlier b = ||[bb~" —1]|.
Notably, this term is bounded for any feasible choice of b. The above boundary
can be expressed as

1

n—1|0
Vo < —= (wo — 2w bpmkm < <wC> hm (2.76)
2 Wo

ﬂ.“ ] _
+kM <Ll)c> +1> ——w‘c‘bpMkMgM
w €1

1 we\™! : 1

— —CoTM (kM <C> —|—1> > ||iH2—*<(UcCo
€2 Wo 2

— €1BpMkM9M — £2COT1\/[> H)ZHZ + BprM HZH

for any positive constants €1, ¢, € R. For any choice of cg the coefficient
of H)‘(HZ can be made negative by setting €1, ¢, small enough or w. high
enough. Then the negativity of the coefficient of HZHZ is ensured by choosing
W high enough. Function V,(Z,X) satisfies conditions of the Lyapunov
function for errors %, Z large enough and b chosen to satisfy Assumption 2.4,
guaranteeing the ultimate boundedness of the errors.

Remark. In the general case presented in the theorem, only the convergence
to some neighborhood of the origin can be ensured. Analysis of the proof
unveils that if the reference trajectory is chosen such that x™ s equal
to 0 or vanishes with time, the term bpnmxm ||Z|| in (2.76) also vanishes.
The asymptotic convergence to the origin can thus be ensured by proper
choice of bandwidths. In other cases, the ultimate boundedness is ensured and
the bound depends on the chosen bandwidths, reference trajectory, and the
extent of input gain uncertainty. Such a possbility to achieve the asymptotic
convergence is lost if some time-varying model of the known dynamics is
included in the observer design as shown by Theorem 2.7

Theorem 2.7. For system (2.21) with { = Pp(t), d = const, observer (2.26)
and control law (2.32)—(2.33) designed with only input gain uncertainty
(i.e. b #b, 8 = @), gquarantee the global convergence of errors z,% to some
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neighborhood of the origin under the tuning proposed by Assumption 2.4 for
Wo, W chosen high enough.

Proof. Under the conditions stated in Theorem 2.7, the derivative of V(Z,%)
takes the form of

Va | ppe) = — %sz — coX"Rby, (KT we @A @] +b],) 2
d=const b 611)
640 We 1 ST A
6—o — TCcoxTx—i—zTPbm (‘6 — 1> (w%kTGx— T 0

™ b kT (wod)cl\nd)g1 H—-b.bn
bnRTwccbcAnq)o‘)z)
(2.77)

and satisfies inequality

. w 5 w n|1
Va < = 922+ eorm (kM () +1> Iz @78)
Wo
We 112 2% T
Yoo I®I + wZBpmkmon 2] I

n—1/0
_ ) _ w
+opmbLOMm |IZ]| + wchMkM< (wc> hm
o
w n|1 5 ~
o () +1) 12112 + Bparcn 211
Wo

The above boundary can be expressed as

_ 1 ~ w n—1/0
Vo< — 5 <wo —chbPMkM< < C) hm
2 w

o

w n|1 1 w n|1
+ km <C> +]>—CoT‘M k]\/[< C) +1
We €2 Wy

2

1 _ 1 _
_ 81(,Uﬁb]?]\/[k)\/[g]\/l> HZHZ — E (wcco — €1bpMkMgM

- ezcorM) I%]|% + Bpam (xan + W10 1|2l
(2.79)

for any positive constants €1, e, € Ry. For any choice of co the coefficient
of H)ZHZ can be made negative by setting €1, €2 small enough or w. high
enough. Then the negativity of the coefficient of ||Z||* is ensured by choosing
W high enough. Function V,(Z,X) satisfies conditions of the Lyapunov
function for errors %,z large enough and b chosen to satisfy Assumption 2.4,
guaranteeing the ultimate boundedness of the errors.

Theorem 2.8. For system (2.21) with P = P (t,x), d = const, observer
(2.26) and control law (2.32)—(2.33) designed with only parameter uncer-
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tainty (i.e. b =b, @ # 0), guarantee the global convergence of errors z,% to
some neighborhood of the origin under the tuning proposed by Assumption 2.4
for we, w, chosen high enough.

Proof. Under the conditions stated in Theorem 2.8, the derivative of V,(Z,%)
takes the form of

V, Pt = — %wOZTZ + woz Pdy ( (P —p,) (e — é)
670 + (v —b) é) - ;cowciTi+ZTPbm<<?;I:rXr
v
9"%) (eé)) +co>-<TRbn< (b-w)é

+bL)z>

(2.80)

and satisfies inequality

. 1 1=
Va < = o |21 + wo |2l pu (1 [An®7 2] 0

lla) 1 i
+bu [ @ 1%]|8) + 12l prwr (xav +1)8 = Scowe K

w n|1 B B
+co ||>z||rM( (kM (w) 1] l2)+ o ||og x| 0
o

L HAnq)g‘iH eM>.
(2.81)

By assigning co = w, the above boundary can be expressed as

. 1 _
Va< -5 <wo (1 —erpmbrwg 108

2
w n|1 . \2
—&2T™™ <kM (wc> +1 | —e3rmiL (won‘ ]> 9M>
o

_ 1
_ZpM\wac ot OGM) HZHZ - iwo (wc

1 _ =1 1
— —pmbrwe 96 — —rpm— —rmdLOMm
€1 €2 €3

—Zthl)LwZnH Oé) H7_6||2 +pmibL (xm+1) ] Hi”
(2.82)

for any positive constants €1, €2, €3 € R. At first, the positiveness of the
coefficient associated with w, can be achieved by setting €1, €3, €3 small
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enough and ensuring that w, > wc. The negativeness of the coefficient
of H)ZHZ can be reached by setting w. high enough and choice of w, high
enough ensures the negativeness of the coefficient of ||z||*. Function V3 (z,%)
thus satisfies conditions of the Lyapunov function for errors X, Z large enough,
guaranteeing the ultimate boundedness of the errors.

Theorem 2.9. For system (2.21) with P = P(t,x),d = d(t,x), observer
(2.26) and control law (2.32)—(2.33) designed with the parameter and input
gain uncertainty (i.e. b # b, © # 0), quarantee the global convergence of
errors z,X to some neighborhood of the origin under the tuning proposed by
Assumption 2.4 for we, w chosen high enough.

Proof. Under the conditions stated in Theorem 2.9, the derivative of V,(Z,%)
takes the form given by (2.51) and satisfies inequality

. 1 1,
Vz < — Ewo ”ZHZ + Wy HZ||pM11)]_<H/\n¢)O ]ZH GM
+ o %] 8) + Izl pue (e ixue-+ 110

B w n—1/0 w n|1
ot (2) s (2) " 1) 12
Wo Wo

_ 100
+ wZknmgm [[X]| + W <XM + (wc oy

we \™ |
+kM< > )HZ]erC(kM—Irwcn ‘)HxH)eM

Wo

n|—1

M+ Wwo

0 xan ) )+l (e (we (ue+ wc™ ) Il

n|1
- (kM <w°> +1) 2] +xm + (11)L H@g‘x” 0
Wo

1. 1 _
+br HATL(DO 1ZH 9M>> + dL> — 5CoWe %12

w n|1
+¢co ||>‘<||m< (kM <> +1 Iz
Wo

+ P H(D;B‘c” 0+ Y1 H/\ncbg]zu 9M>,
(2.83)
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where Iy = ||1]| € Ry.. By assigning co = w the above boundary can be
expressed as

1

_ . N2
Vs < —2<wo (1 —e1pmVPr0 —earmPr (won‘ 1) Om

nl1 2

—€3TMm <kM <wc> + 1) > — wipmbkmgm

Wo

_ w n—1/0 w n|1
— 2w pmbkm <C) hm +km <C) +1
Wo Wo

_ ] : w n|1

—2pmYLOm <b <wc_n+ O+ 0™ km <C) )

n|1
+ d]_wgnlil + wc“HO) —Zp]\/[d[_ (kM (;U)C> + ])

(o]

_ N2
—wipm (b Om +dp) (kM +aw™ 1)

- 1 1 ~( - 2
- deMme) Il2l* =5 (wo (wc — o8 (@)

1 1 _ _
— —TMmYPLOMm — gTM —2rpmdrw: 108

) —pmbkmgm
&2

_ _ 2 _
—pmbYrOm —pmdr —dipmibL (wc n+”0> 9> I%]|>
+Pm ( (Wrxm + W) 0+ b (WrxmOm +WrOm + xm)

+dixm + d]_) ||ZH
(2.84)

for any positive constants €1,¢€3,€3 € R. At first, the positiveness of the
coefficient associated with w ZHZ can be achieved by setting €1, €2, €3 small
enough and ensuring that w, > w.. The negativeness of the coefficient of
H)‘(HZ can be reached by setting w. high enough and choice of w, high enough

ensures the negativeness of the coefficient of HZHZ Function V(z,%) thus
satisfies conditions of the Lyapunov function for errors X, Z large enough and
b chosen to satisfy Assumption 2.4, guaranteeing the ultimate boundedness
of the errors.

The presented theorems unveil a wide range of behaviors exhibited
by the systems working under the ADRC controllers. It is presented
that in the nominal case of the simple system without any varying
disturbances the asymptotic convergence is guaranteed for any choice
of the observer and controller bandwidths. In line with the results
presented in the literature, it is shown that in the presence of unknown
varying disturbances only the ultimate boundedness of the errors is
ensured and additional requirements on the choice of bandwidths are

57



58

ACTIVE DISTURBANCE REJECTION CONTROL

imposed if the disturbance directly depends on the state of the plant.
The incorporation of the known terms of the plant dynamics in the
observer and controller design enables successful compensation and
recovery of the asymptotic stability, but the limitations of the choice
of the tuning variables are also imposed if the modeled dynamics are
expressed as a function of the state of the system. The uncertainties
present in the considered system further erode the performance of
the controller. The parametric uncertainty of the varying drift of the
plant used in the observer design makes it impossible to achieve the
asymptotic convergence of the errors and strengthens the limitations
imposed on the choice of the tuning parameters requiring an increase
of the observer and controller bandwidths. In the presence of the
input gain uncertainty, an asymptotic convergence can be ensured
by an increase of the bandwidths only in the most basic scenario
of a system free of any known or unknown varying disturbances if
the reference trajectory satisfies certain conditions. In other cases, the
unknown input gain bolsters the negative effects of the structure of
the system increasing the size of the ultimate bound of the system and
requirements for the choice of the higher values of the tuning variables.
Regardless of the considered scenario, Assumption 2.4 remains the fun-
damental requirement for the presented stability analysis and unveils
the direct dependence of the feasible observer tuning values on the
extent of the input gain uncertainty. This assumption, together with
Theorem 2.6, is in line with the results presented in the manuscript
by the group of S. Chen [44] where the stability of matrix H is stated
as the necessary and sufficient condition for the existence of w, high
enough to stabilize the closed-loop dynamics. Here, similar results
are independently developed on the basis of the straightforward Lya-
punov analysis. The performance of the ADRC controller in different
scenarios is summarized in Tab. 2.3 where the results which can be
obtained by the analysis of (2.51) are presented.

2.3 IMPACT OF THE INPUT GAIN UNCERTAINTY

The analysis presented in Section 2.2 unveiled some major properties
of the ADRC control scheme working in the presence of the modeling
uncertainties. Specifically, the satisfaction of Hurwitz condition by
matrix H according to Assumption 2.4 is used as a cornerstone for the
stability analysis. Further study of the dynamics of the closed-loop
system showed that this property is not a sufficient condition for the
stability of the system, as in the presence of the uncertainty of the in-
put gain of the plant, additional requirements are imposed concerning
the choice of the tuning variables, as given by Theorem 2.6. Due to
the presence of matrix P in (2.51), the input gain uncertainty affects
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=b b#b  p=b b#D
6=0 0-=0 0+£0 0O+0

> D

1 = const, d = const asymp., bound*., asymp., bound*,
any w highw  any w high w
P =P(t),d = const asymp., bound., bound., bound.,
any w high w highw  high w
P =1P(t,x),d =const | asymp., bound., bound., bound.,
high w highw  highw  high w

1P = const, d = d(t) bound., bound., bound., bound,,
any w high w any w high w
P =P(t),d=d(t) bound., bound., bound., bound,,

any w high w highw  high w
P =P(t,x),d=d(t) bound., bound., bound., bound.,
high w highw highw  highw
1 = const, d = d(t,x) bound., bound., bound., bound.,
high w highw highw  highw
P =P(t),d =d(t,x) bound., bound., bound., bound.,
highw highw  highw  high w
P =9(t,x),d =d(t,x) | bound., bound., bound., bound.,
highw  highw highw  highw

* depending on the chosen reference trajectory, possible asymptotic convergence

Table 2.3: Performance of the ADRC control and required bandwidths in
different scenarios. Cases covered by the theorems explicitly pre-
sented in this work are given in color. All uncovered scenarios can
be seen as special cases of the discussed examples.

also the ability of the controller to compensate for the unmodeled
disturbances. The term P is derived by the Lyapunov equation directly
from H which in turn depends explicitly on the ratio between the
real value of the input gain of the plant and its estimated approxima-
tion. The relation between P and H is a nonlinear one, and thus the
exact impact of the modeling uncertainty on the performance of the
controller is not immediately clear from the analysis of (2.51). These
observations suggest the need for a more detailed study aimed at
finding the feasible range of the observer and controller gains, as well
as their impact on the overall performance of the algorithm, for the
systems subject to input gain uncertainty.

In this section, some results on this problem are presented on the
basis of the findings reported in [228, 233]. Namely, the dynamics of
the tracking and estimation errors as given by (2.37) are recalled and
investigated in more detail. The explicit form of the error dynamics
is given for various propositions of the internal control law v and,
on their basis, the numerical studies are conducted to explicitly de-
termine the stability conditions of the closed-loop system depending
on the extent of uncertainty and the chosen tuning of the algorithm.
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Numerical simulations are also employed to investigate the impact of
the input gain uncertainty on the rejection of the disturbance by the
ADRC controller. It is found that the underestimation of the input gain
of the plant introduces more strict requirements concerning the choice
of the tuning bandwidths but simultaneously may lead to an increase
in the performance of the system. This improvement is significantly
more considerable if the controller is designed in the error domain
according to (2.17)—(2.20). Moreover, it is shown that the need for the
choice of higher gains imposed by the presence of the input gain
uncertainty can be alleviated if at least some of the state variables are
measurable. As a result of this phenomenon, the stability of H is not
the necessary condition for the stability of the closed-loop system if
the entire state of the system is available for measurement.

While the main focus of this section considers only the problem of
static uncertainty in the input path, some results on the stability of
the ADRC scheme in the presence of unmodelled dynamics governing
the input of the plant are also given on the basis of [226, 227]. It is
shown that if the degree of the plant is higher than assumed during
the controller synthesis and the input path is governed by some stable
dynamics, the overall closed loop system maintains the stability if
the input path dynamics are fast enough. This general conclusion is
formulated through the analytical investigation. Additional numerical
studies supporting this result unveil also that the increase of input
phase lag rapidly hinders the stabilization of the system and strongly
limits the feasible choice of the controller bandwidth.

2.3.1 Stability of the system

Consider the system discussed in Section 2.2 and assume, to facilitate
further analysis, that {p(t,x) = 0 and d(t,x) = d(t), what yields

X =Anx+b,y (bu+d(t)), (2.85)

where x € R"™ is the state of the plant, b € R\ {0} is the control input
and d(t) € R is some unknown disturbance affecting the system.
Recall the state extension (2.25) and (2.28) in the form of

. d
2=Amz+ dmnbu+bm—3,
m m ™dt (2.86)

§=(b—b)u+d()
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with z € R™ being extended state, where m =n + 1, and § € R being
the total disturbance in the system. For such a system, observer (2.26)
is given by

f=Anz+dnbutle] (z—2) (2.87)

with Z € R™ being the extended state estimate. The control law in the
form of (2.32) and (2.33) is designed as

= = — 8 ,
h b (v=2) (2.88)
(n).

v=kT (xy — %)+ xr
Note, that some of the state variables of the plant may be measurable
and different forms of the internal control law v may thus be designed.
To consider this issue, define the auxiliary mixed extended state vec-
tor z; € R™ consisting of the combination of n measurable states
variables and estimates of the remaining signals, with 1 being some
nonnegative constant integer representing the number of measurable
states available for control law design.

Remark 2.3. Even though the degree of measurability n can be equal to 0,
the observer design requires at least one state variable to be measurable. Yet,
constant 1 refers only to the number of state variables directly included in
the control law and not to their factual measurability and thus the observer
can be succesfully synthesized even if 1 = 0.

The explicit form of this auxiliary vector is given by
zh = I =T ) 2+ Ty 2 (2.89)

with the mixing matrix defined as TT,, , = diag(0y, I1n—y) € R™*™
for any constant nonnegative integer n satisfying 1 < m — 1. By
taking advantage of this notation the internal control law incorporating
measurable state variables in the feedback loop is redesigned as

v =kT (xr —Anzy) + ), (2.90)

Note that the control law considered in Section 2.2 and given by (2.33)
is a specific case of the more general controller (2.90) obtained by
setting 1 = 0. The studies of this section are thus wider in scope
than previous investigations. Simultaneously, one can observe that
HI'IH < 1 and thus the analytical solutions given in the preceding
section are conservatively valid also for the system considered here,
as introduction of TT does not invalidate the Lyapunov analysis of
the stability of the closed-loop system. By employing the control law
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based on the mixed extended state vector, the error dynamic, originally
given by (2.37), take the generalized form of

H2+bm(<gl>\'}+d>, (2.91)

G)’Z - an,-n i.

z

X
Il

The change in the dynamics of the tracking error introduced by the use
of mixed extended state is consistent with predictions of Remark 2.2.
The dynamics of the inner control law, expressed in terms of the
tracking and estimation errors, are given as

Uy = kTGX A+ KT (AnTTqH—WTT, ) 2+ XM, (2.92)

Consider the concatenated errors & consisting of both tracking and
estimation errors and defined as & = [2T XT | T e R™*™, By substi-
tuting (2.92) into (2.91) the dynamics of & are expressed in the compact
form of

£=NEg+ bl 01x1]T<d+<E—1>x$m)), (2.93)

where N € RM*™X™M*N js 3 constant matrix dependent on the choice
of gains k and 1, uncertainty of the input gain b and the degree of
measurability 1, and is given as

H+bb,n kT (AnTTyH—WI,,,) bbb, kTG

N =
~WTT G

(2.94)

with b = 2 — 1. The term b is defined as in Section 2.2 and thus
satisfies b = ||b||. The dynamics given above have the form of a simple
disturbed linear system and its stability can be concluded on the basis
of matrix N. Despite the straightforward form of this equation, a
direct analytical formulation of stability conditions for the system of
arbitrary order is a nontrivial task due to the dependency of matrix N
on k, 1,6, and 1. The explicit solution to this problem has not yet been
found.

In this chapter numerical analysis is employed to unveil some prop-
erties of matrix N for the system of chosen order. To this end, the

second order (n = 2) system in the form of (2.85) is considered as
b

the commonly investigated exemplary dynamics. By denoting 3 = T
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the exact forms of matrix N for different choices of n € {0, 1,2} are
obtained as follows,

—1 1 0
- 0 1 | bb kTG
N| _,=|mn31 bki—k3) O ,
n=0
0 0 0 G
|k Ky -1 ]
i -1 1 0 T
-1, 0 1 | bb kTG
N ne2 = —613—6]{212 —Ek% 0 , (2,95)
n=1 0 0 0
i 0 e 1] &
[ -1 1 0 1
-1 0 1 bbm kTG
N[, ,=|Bls 0 bl
n=2 0 0 0
0 0 1 ¢
with
nzy=—Pflz—b(kz (k1 +1)+kily),
0 0
- 2.96
e TR IR LT A P
—bkiky B (ki —k3) P

In order to investigate the impact of the modeling uncertainty on the
stability and convergence of the closed-loop system working under
the ADRC controller, numerical evaluation of the Hurwitz criterion for
each variant of N matrix can be considered. To enable such analysis
some parametrization of the observer and controller gain is required
and thus the tuning proposed in Tab. 2.1 is embraced here, leading to
the tuning variables chosen as

1=[3w, 3w2 W3]’ k=[w? 2w.]". (2.97)

For such a choice of tuning variables matrix H takes the form of

|
w

|
N

H = (2.98)

o o =
o = O

and is stable for any B € (0,9). The presented representation of the
dynamics of the system is an alternative to (2.37) which used (2.47) as
a starting point for the stability analysis. The stability conditions of
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matrix H can be compared with the stability of entire N to investigate
whether Assumption 2.4 is necessary for the convergence of the ADRC
system. The results of the numerical evaluation of the stability of
matrix N are given in Fig. 2.9 as a function of w,, w. and f3.

We
20

10 1600

1020 30 40 50 60 70 80 90 100 110 B

()n=2

Figure 2.9: Borders of stability regions of N for different values of n parame-
ter. Stable regions correspond to the areas above the surface.

Produced results show that forn = 0 and n = 1 the stability of H
is indeed the necessary condition for the stability of the system for
a wide range of tuning bandwidths. Yet, the numerical evaluation of
the stability conditions of N matrices reveals that for small values of
the observer bandwidth the stability of the closed-loop system can
be achieved even if matrix H is not itself stable, what has not been
noticed and reported in [44] or other earlier papers. Nonetheless, for
any greater value of w, the system is not stabilizable for § > 9. An
increase of the modeling uncertainty B enforces also the choice of
higher w, to maintain the stability of the closed-loop system, what is
in line with the results presented in the literature. In accordance with
the notions made on the basis of (2.51), higher choices of the observer
bandwidth are also necessary to stabilize the system if the higher
values of w, are chosen. The introduction of a single measurable state
variable does not significantly change the character of the stability
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conditions of the plant, save for a slight increase in the range of
observer bandwidths feasible to stabilize the system in the presence
of significant input gain uncertainty. Only once the entire state vector
is available for the control law design and the observer is used only to
produce the estimate of the total disturbance acting upon the plant,
the dynamics of the plant undergo a fundamental change. In such a
case, the stability of H is no longer an important condition for the
stability of the closed-loop system and the convergence of the errors
can be ensured even in the presence of significantly greater modeling
uncertainties. Despite multiple attempts (search up to f = 10%), no
ultimate value of 3 for which it would be impossible to ensure the
stability of the system was found. Moreover, once a certain threshold
is crossed by the value of {3 its further increase does not lead to
higher requirements concerning the choice of w, and w. but instead
increases the range of feasible bandwidth choices.

Further insights into the stability properties of N matrix can be
provided by the analysis of the explicit forms of the Routh-Hurwitz
table RH associated with this matrix and expressed as follows,

1 P2,1 P31
P1,2 P22 P3,2
01,3 Pf} P23 O

RH = 2.
n=2  |p14p73 P24 O (2.99)
p1,spf}; 0 0
P16 0 0

By embracing the tuning given by (2.97), the exact values of the
elements of RH table can be derived independently for each of the
matrices from (2.95). The elements for matrix N with n = 0 are

P12 =3wo + 2w,
p13=(9—PB)wd+6(4—P)wiwc+3(5-B)wow? —2w?,
p1a=(9—B)Pws+12(5—p) Pww.
+6(23-7B) Bwiwli+2(61—18B) fw]w]
+9(5—B) Powdwe + 6Bwow?,
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~ 2
P15 = — Bwiw% Bwo +2w¢) (3w% +6wowe + wg)

. 2
— Rl we Qwe +3we) (wf, +6WoWe +3w§)

+2B%wl w, <9wg + 75w2 we 4 243w w2 + 358w3 w?

+ 24302 w? 4+ 75w w2 + 9wg> ,

P16 = Pwiws,
(2.100)
and
P21 = 3ng + 6WoWe +4w§ —3[3(»%,
p22 = (108 —9) w3 +6 (2p—1) wiwe
+3(3-2B) wow?—6(B—1)w?,
6w, (Wo + we) ~ ~
+5(B_1)wowg+(s_1w§)>,
P2,4 = (106 —9) wiw% +9 (1 — B) wowﬁ,
p31 =2(10F —9) wiwc +3(2p — 1) wiw?
—18(B—1) wow?—3(B—1) wg,
p32= (10 —9) wiwZ—9(B—1) wowt.
(2.101)

The inclusion of some measurable state variables in the control law
significantly simplifies the Routh-Hurwitz table. Assuming n = 1
leads to the terms of the table given as

P12 = 3w, + 2w,

P13 = (9— B) wg +6 (4— B) wﬁwc
+12wow§+2[§w§,

pra= (9—B) Ba§+12(5— B) Bwlw
+3(45—13B) Pwiw? +2 (51 —8B) pwiw?
+12(2+B) Bwwe +6p2wow?,
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P15 = —9Bwdw? (we +2we)? Bwo + 2wc)

+6B%wlw, <3wg + 25wl we + 8 — w3 w2 — 108w w?

+ 55w, w? + SwE) +Bwiw. (ng + 27w we

+ 114w w? +148w3 w? + 18w w? —48wow? — 16w§>,

5.3 2
P1,6 = Pwywg,
(2.102)
as well as
a2 5 2
p2,1 =3wg +b6wowe + Pwg,
P22 =1 (wfJ +6wlw, +3w0w§) ,
6pwwe , (2.103)
=—2 — (w we),
P2,3 3w, + 2w, (wo + we)

5 3 2
P24 = Pwyweg.

Finally, assigning n = 2 and designing a control law on the basis of
the fully measurable state of the plant yields

P1,2 = 3(Uo +ZBwC/
p13=(9—PB) w +18fwlw. +12p%wow? +2p%w?,
p1a= (9—B)BwS+12(3+p) Bw)w.
+3(1+27B +4p%) Bwiw?Z +2(10+33B) 2wl w?
+36B3wlw? +6B3wow?,
P15 = — 276(»2(»% + 2<9wg + 51 wf,wC + 6w0w§
+4w§> Bzwgwc + (—2wi +21w(3,wc —1—204(1.)(2)(»5
+ 144wow? +42w‘c‘> Biwdwe + 2<12wf, + 84w3 w,

+ 99wz w? + 48w, w? + Swg) Btwdw?,

.3 2
P1,6 = Pwywg,

(2.104)
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with

P21 = 3w2 +6Pwow. + Pw?,
P22 = Pwo (w?, +6WoWe +3w§) ,
2Bwiwe
3wo +2Pwe
P24 = Pwiwg,

P31 = F’wgwc (2w +3we),

P23 = Bwi +2(2+B) wowe +3Bw?),

(2.105)

5 3 3
P32 = Pwywe.

Some further conclusions, compatible with the results of numerical
calculations, can be drawn by analysis of the elements of RH tables
given by (2.100)—(2.105). The extensive presence of the terms in form
of the polynomials of input gain estimation error 3 can be noticed,
especially of the first order terms given by (po — ) where po is some
positive constant. Clearly, such terms work toward the destabilization
of the system once the input gain estimate is chosen such that f > po.
The presence of multiple such expressions in the Routh-Hurwitz
tables of the systems with 1 = 0 and n = 1 is associated with the
destabilization of these systems in the presence of significant modeling
uncertainties as shown in Fig. 2.9. In contrast, in RH table for n = 2
such term appears only once with pg = 9. Such a change is also
coherent with numerical results which showed that the system with
a measurable state is stable for almost any < 9. The terms p1 5 for
all variants of the system suggest that the dynamics may not be stable
for very small values of 3 and certain choices of the controller and
observer bandwidths which is also coherent with the results of the
numerical evaluations.

In order to generalize and confirm the notions made on the basis
of the second order system, the numerical evaluation of the stability
of the third order system is presented in Fig. 2.10. For the purposes
of this investigation, the tuning and parametrization as proposed in
Tab. 2.1 is once again employed. Under such a tuning matrix H takes

the form of
—4 1 0 0
_ -6 01 0
H = .
=3 |4 0 0 1|’ (2.106)
—B 00 0

which is Hurwitz for any input gain uncertainty satisfying f € (0,5).
The numerical evaluation of the stability of the system is conducted in
the same manner as for the second-order plant. The results presented
in the plots confirm the notions made in this section on the basis of
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Figure 2.10: Borders of stability regions of N for the third order system and
different values of 1 parameter.

the second-order system. Namely, it is possible to stabilize the system
for the small values of the observer bandwidth even with the unstable
matrix H. Nonetheless, if not all state variables are available for the
control law design the stability of H stands as a crucial precondition
for an easy stabilization of the closed-loop system in a wider range
of observer and controller tuning values. The inclusion of a fully
measurable state in the control law causes the system to undergo a
fundamental change in its stability properties and the convergence of
the errors may be guaranteed for arbitrarily uncertain plants by proper
choice of the bandwidths of the algorithm. Notably, the Lyapunov
analysis of Section 2.2 is not applicable if such a tuning is embraced, as
it is based on the assumption of stability of H matrix. The numerical
trials performed for the system of the third order shows also some
difficulties to stabilize the system in the presence of very small values
of . These notions significantly extend the results presented hitherto

in the literature and can be summarized by the following conjectures.

Conjecture 2.1. For system (2.21) with ¢ = 0,d = 0, observer (2.26) and
control law (2.32)—(2.33) under the tuning given by (2.13)—(2.15) and with
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N < n the closed-loop system can be stabilized for B such that Assumption 2.4
is satisfied by choice of w, high enough. For some other values of  the system
may be stabilizable by choice of w, small enough.

Conjecture 2.2. For system (2.21) with ¢ = 0,d = 0, observer (2.26) and
control law (2.32)—(2.33) under the tuning given by (2.13)—(2.15) and with
N = n the closed-loop system can be stabilized for 3 such that Assumption 2.4
is satisfied for any choice of w,. For all other values of B the system is
stabilizable by choice of w high enough.

2.3.2  Performance and disturbance attenuation

While the presented analysis answers some questions concerning the
impact of the input gain uncertainty on the stability of the closed-loop
system working under the ADRC paradigm, further investigation has
to be carried out in order to investigate how the modeling uncertainty
influences the performance of the closed-loop system in terms of
convergence speed and disturbance rejection. Some insights into these
properties are here obtained on the basis of the numerical simulations
of the response of the closed-loop system.

Simulation 2.3. Series of simulations are performed for the nominal second-
order (n = 2) system with dynamics corresponding to (2.91) and no external
disturbances affecting the plant (i.e. d = 0). The real input gain of the system
is set to b = 1. The controller and observer tuning are chosen according
to (2.97) for coherence with the earlier results and the reference trajectory
to be tracked by the system is chosen as a simple sine wave function given
by x.(t) = sin(2t). Each simulation is carried out for a different value of
the input gain estimate b and measurability parameter n. The quality factor

E() is then calculated for each run as

ty

BB = | Ixe—xla, (2107
1 0 Jto

where to = 20s,t1 = 40s stand for the initial and final time instants

of the integration chosen to eliminate the influence of transient states on

the evaluation of the controller performance. The resulting values of E(f)

obtained in the simulations are given in Fig. 2.11.

The plots confirm the existence of some feasible range of input
gain uncertainty outside of which the system does not maintain its
stability, as indicated by the rapid growth of calculated E(f) factor
for simulations with {3 larger than some threshold value. As shown
already by Fig. 2.9, this limiting value grows with an increase of w,
and decrease of w., and converges toward the value of ¢ if not all

state variables are available for measurement. It is also visible that if
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Figure 2.11: Values of the performance criterion E(f3) for the undisturbed
system with various measurability degrees. Gains are chosen as
w¢ = 11n the left plots and w, = 100 in the right plots.

state x of the plant is directly employed in the control formula this
threshold grows significantly, especially in trials with the increased
controller bandwidth w., which is also in line with the earlier numer-
ical results. Noteworthy, the simulations performed with n = 0 and
n = 1 provided results that are visually identical and no significant
difference in the response of the plant can be noted. This property
would be possibly lost had some state variables used in the control
law be burdened by measurement noise. The products of the simu-
lations unveil also the impact of the input gain uncertainty on the
overall performance of the system. It is shown that, in accordance with
intuitive notions, the highest performance of the ADRC controller
in the system without any disturbances is achieved with the input
gain perfectly known and deviations from its nominal value lead to a
decrease in the tracking quality. Importantly, the deterioration of the
performance of the controller is significantly greater if the input gain
used for the controller synthesis is overestimated, leading to B <1,
than if this parameter is underestimated, which corresponds to f > 1.
In the latter case, the performance decrease seems to be limited by
some boundary and further increase of 3 does not apparently lead
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to the accelerated increase of E(f3) criterion up until the destabilizing
boundary is reached. On the contrary, the accumulated value of E(f)
factor rapidly grows with the increase of input gain overestimation.
This observation may lead to a conclusion that if the input gain is not
perfectly known, the choice of the smaller values of its estimate, and
thus greater 3 may be advisable in practical scenarios. This proposi-
tion is formulated here only on the basis of the results obtained for
the undisturbed double integrator system, and further research into
the impact of the input gain uncertainty on the ability of the controller
to estimate and reject disturbances affecting the system is required in
order to generalize this notion.

From the dynamics given by (2.51) it can be noted that majority of
disturbing terms are scaled by the solution P of the Lyapunov equation
which varies with the change of unknown term 3 present in H matrix.
The analytical solution of the Lyapunov equation H'P +PH = —I,,
can be obtained by taking advantage of the Kronecker product [107].
P is given by properly reshaping the solution of the equation

_ _ -1
vec(P) = — (Im oH +H'® Im> vec(Im), (2.108)

where ® is the Kronecker product operator and vec(-) stands for the
operation of matrix vectorization. For the second order system the
explicit form of the solution of the Lyapunov equation takes the form
of

1 1+12w2+3Bwd

P11 2 2(p—9)w?
p‘ — —1 P22 -7 (2.109)
n=2 1+12w3+3Bwd 1
A(p-ojwy 2 P33
with
) 343(3+B) wl +p2wd
11 = = ,
2(9-PB) wo
T+ 12w3 + 3w}
P22 = 2 (9 - B) w3 (2.110)
) 3+ (27+PB) wi +3(9+2B) wg
33 = = = .
2(B—9) B3

Due to the dependence of (2.51) on P, some general conclusions about
the ability of the controller to suppress the impact of disturbances can
be drawn from the numerical analysis of the norm of this matrix in the
function of the observer bandwidth and the input gain uncertainty. The
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derivative of function V;(Zz,%) as given by (2.51) contains numerous
terms scaled by P matrix. More specifically, the expression

ZTPbm< (aai)x + a;‘;) (e—8)+ (E R 1> (xﬁ"‘)

o
0%

<wc (bnl'cT —ALD! w;‘) X+ (/\nwocl)g] el

+wXkTGx + wCET<chDC/\n<Dg1Fl— brbm
od

- bncha)Cq)CAn@o‘)z) + 5 (bn (RTwC(I)C/\n(I)g1

] 2
+b;)z+wc (bnkT —An(I)c_]w;1) X+ a—(: + %y

+on (0 —w,) (0-8) + (b —1b) e)))

accommodate majority of the dynamic effect impacting the evolution
of the closed-loop system and is scaled by Pb,,, what stands for the
last column P matrix only. Since, in the practical scenarios, the extent
of the disturbance estimation errors is commonly significantly greater
than that of the state estimation errors (see Fig. 2.5), the last element of
this column, equal to bl Pb,,,is expected to have a predominant role
in shaping the evolution of the system. Differences in the character
of the state and disturbance estimations have also been highlighted
by the earlier finding of this section. In Fig. 2.12 the norms of both
Pb., and b] Pb,, are shown for different values of w, and 3. The
values are presented only in the range in which H maintains stability,
as the analytical studies presented in the previous sections have no
meaningful interpretation outside of this domain.

The presented results show that while the norm of Pb,,, increases
with the growth of B term, the interpretation of the properties of
the term bJ Pb., is less straightforward and its norm grows as f3
approaches both 0 and 9. Importantly, none of these expressions has a
minimum at 3 = 1 which corresponds to the perfect knowledge of the
input gain of the plant. Thus, it may be expected that in some scenarios
the choice of input gain estimate according to its real value may not
lead to the best disturbance rejection capabilities. Yet the properties
of P matrix alone cannot serve as a sole basis of conclusions on the
disturbance rejection capabilities of the algorithm in the presence of
the input gain uncertainties, as its performance inherently depends
also on the character of N matrix as shown by simulations in Fig. 2.11.
It is thus justified to seek to establish some notions on this problem on
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Figure 2.12: Norms of the solution of the Lyapunov equation

the basis of numerical simulations of the responses of the disturbed
system.

Simulation 2.4. The system with dynamics (2.91) and various forms of
disturbances affecting the plant is considered. The conditions of the trials
are chosen as in Sim. 2.3 with real input gain fixed as b = 1 and value of
performance criterion E(() calculated for each run with different values of b.
The algorithm is tuned with bandwidths w, = 100, w = 1. The following
scenarios are considered to investigate the performance of the ADRC controller
for uncertain disturbed systems:

1. state independent disturbance d = o sin(4t),
2. state dependent disturbance d = 0'(X1 + xz),

where parameter o is a scaling factor varying across the simulations. The
results of these trials for varying degrees of measurability n are given in
Fig. 2.13.

The plots show an important, yet counterintuitive, notion that the
growth of 3 factor leads to an increase in the disturbance rejection
abilities of the ADRC algorithm. For the disturbances large enough
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Figure 2.13: Values of the performance criterion E(3) for the disturbed sys-
tem. State-independent disturbance in the left plots, and state-
dependent disturbance in the right plots.

this positive influence visibly overcomes the decrease of performance
observed in Fig. 2.11 and the overall performance of the disturbed sys-
tem increases with the input gain underestimation. This phenomenon
is observed for both considered types of disturbances regardless of the
chosen degree of measurability and is valid up to the threshold value
of  for which the system loses its stability according to the results
of Fig. 2.9. Moreover, the scenario employing the disturbance being
a function of the plant state shows also its impact on this stability
threshold. According to (2.51) one may expect that in the presence
of state-dependent disturbance the exact form of N differs from the
one given in (2.94) due to the presence of terms derived from the
dynamics of the disturbance. Thus, not only the performance but also
the stability region is affected by the presence of the state-dependent
disturbance acting upon the plant. Specifically, it can be noticed that
the non-dissipative disturbance employed in the second scenario leads
to the decrease of this stable region which shrinks with an increase of
o despite unchanged w,, w. parameters. The proper behavior of the
system is thus not always achieved for the values of p which stabilized
the undisturbed plants in the earlier trials.
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The presented numerical results seem to imply that in the presence
of significant disturbances affecting the plant the conscious choice
of the input gain estimate which is substantially smaller than the
nominal value of this parameter in the plant my positively affect the
performance of the closed-loop system. This phenomenon may be
partially caused by the indirect scaling of 1,,, by B as shown in (2.47),
yet is not limited to this reason, as explicitly shown by (2.95) where
the impact of the modeling uncertainty on the other elements of the
dynamics of the system is highlighted. The following notions can thus
be stated.

Conjecture 2.3. For system (2.21) with { = 0,d = 0, observer (2.26) and
control law (2.32)—(2.33) the best quality of reference trajectory tracking in
terms of E(P) criterion is achieved for b=0.

Conjecture 2.4. For system (2.21) with{ = 0,d = d(t,x), observer (2.26)
and control law (2.32)—(2.33) the quality of the reference trajectory tracking
can be improved in terms of E(B) criterion by setting b < b if the extent of
the disturbing term d(t,x) is large enough.

Remark 2.4. While the aforestated conjectures assume a lack of any known
dynamics of the plant (i.e. \p = 0), the results can be trivially extended
to the systems with some parts of the dynamics known. In such a case, for
the purposes of the proposed conjectures, the impact of the drift parameters
uncertainty may be lumped with disturbance d as shown in Section 2.2. The
same holds for subsequent conjectures.

While the majority of published research focuses on the investiga-
tion of the ADRC performance under an assumption that the input
gain estimate at least roughly corresponds to its correct value, the
first notion that it may be chosen differently to improve the efficiency
of the controller was suggested already in 2010 in [341]. The authors
noticed that the increase in this estimate enlarges the stability mar-
gins of the system and thus the greater values of the observer and
controller bandwidths may be applied decreasing produced tracking
and estimation errors. A similar approach was later employed in [47]
leading to the proposition of the tuning which included the choice of
b in order to satisfy some predefined required setting time. The con-
clusions presented in these papers are not contradictory to the finding
of this thesis, but no proposition concerning a conscious decrease of
the input gain estimate was put forth there and was, according to the
best knowledge of the author, for the first time proposed by the author
of this dissertation.

The proposed tuning of the input gain estimate is valid only for the
system in which, under an assumption of perfect knowledge of input
gain value, the disturbances scaled only by Pb,, are not outweighed
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by thosed scaled also by  — 1, as Fig. 2.11 and 2.13 showed that the
change of 3 caused no improvement of in the control quality for the
undisturbed plant and only moderate improvement in the weakly
disturbed plant. For the standard ADRC this implies that the impact
of the nonzero external disturbances d should outweigh the derivative
xt™ of the reference trajectory. Alternatively, the EADRC algorithm
designed in the error domain and presented in Section 2.1 always
satisfies this condition, regardless of the specific structure of the term
d and x,. It is thus justified to extend the earlier studies to incorporate
the EADRC control scheme and separately investigate its performance
in the presence of the input gain uncertainties. To this end, consider
the plant working under the EARDC control as given by (2.17)—(2.20).
In order to follow the procedure employed at the beginning of this
section and incorporate the input gain uncertainty and mixing matrix
IT into the EADRC design, the extended state is defined in the error
domain as z = [%T §] T with the dynamics rewritten from (2.18) as

N d N
z=Anhz—dbu—b,,— ((b—b)u—xgn) +d) (2.111)
dt
and the observer designed as
E=Anz—dnbu+l(cfx—cl2). (2.112)
The control law is then rewritten from (2.20) in the form of

u= :A) (v+bl2) (2.113)

with the internal control law employing possibly measurable states of
the plant expressed by

vn =kTAnz} (2.114)
and auxiliary vector z* defined in the error domain as
Z; = (I =T n) 2+ T n 2. (2.115)

The error dynamics, analogous to (2.91), of the EADRC control algo-
rithm are then obtained as

—bm <<13— 1> v—xtm) +d> ,
b (2.116)

GX + WIT,p, 2.

H

[\

z

X
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By substituting v into these equations, the dynamics of the concate-
nated errors & for the EADRC scheme are expressed by

£=Ng+ bl OTTIM]T (d—x&“”) (2.117)
with

H+bby kT (AnTTqH—WIT,,) —bb kTG

N =
“”m,n G

(2.118)

Due to the embraced error definition, the obtained matrix N differs
from its counterpart associated with ADRC control by the signs of
elements on its antidiagonal. Such matrices are bound to have the same
eigenvalues and thus the stability properties established earlier for
the standard form of the algorithm hold also for the variant designed
in the error domain. The major difference between the presented
expressions and the forms obtained for standard ADRC in (2.93) and
(2.94) can be nonetheless noticed. Namely, the dynamics of & errors
for the EADRC controller do not contain the term (B — 1)x$m) which

(m
T

is replaced by the expression x ) only. Such a change has a twofold
impact on the analysis of the system. Firstly, it is clear that even if the
input gain parameter is perfectly known, it is not possible to eliminate
the influence of the reference trajectory on the performance of the
system working under the EADRC controller, which is achievable with
the standard form of the algorithm. The lack of this property limits
however the undesired sensitivity of the EADRC to the input gain
uncertainty, as the growth of B factor, does not lead to a surge in the
disturbance affecting the closed loop system. Both of these notions
may be perceived as reasons to consider the proposed input gain
underestimation as a tuning method for the EADRC systems. In order
to investigate these properties, the numerical simulations conducted
in Sim. 2.4 for the standard ADRC controller are repeated here for the
EADRC algorithm synthesized in the error domain.

Simulation 2.5. Consider the scenario given by Sim. 2.4 with EADRC
controller employed. The conditions of the simulation remain unchanged and
thus the second order system (n = 2) is considered with a real value of input
gain chosen as b = 1, tuning gains set to wo, = 100, we = 1 and with the
disturbing terms d in the forms of either d = o'sin(4t) or d = o(x1 +x2).
The results of the simulations for various values of parameter o are given in
Fig. 2.14.

The obtained results show that due to the lack of scaling of X

term in the dynamics of the errors in the EADRC scheme, the perfor-
mance criterion E(3) does not reach its minimum value for = 1 and,
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Figure 2.14: Values of the performance criterion E({3) for the disturbed
EADRC system. State-independent disturbance in the left plots,
and state-dependent disturbance in the right plots.

in all considered scenarios, monotonically decrease with the growth of
input gain underestimation up to the threshold value destabilizing the
system. Importantly, the additional simulations performed with the
trajectories characterized by significantly smaller values of X\ also
confirm this notion which thus arises as a property possibly indepen-
dent of the chosen trajectory or the type of disturbance. Specifically, if
xt™ = 0 then the asymptotic convergence is achieved for any feasible
choice of b, what corresponds to the special case of Theorem 2.6. The
proposed method of input gain tuning thus seems to be well-suited for
the application to the plants controlled under the EADRC algorithm.
The plots moreover show that the general conclusions concerning the
stability of the entire system drawn on the basis of the simulations of
the ADRC system hold also for the EADRC algorithm.

Conjecture 2.5. For system (2.21) with P = 0,d = d(t,x), observer
(2.112) and control law (2.113)—(2.114) the quality of the reference trajectory
tracking can be improved in terms of E(B) criterion by setting b < b for a
wide class of disturbances and reference trajectories.
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In order to further verify the obtained results, the experimental
trials are performed considering different choices of the input gain
estimate value.

Experiment 2.1. The robotic astronomic telescope device with a mirror of
diameter 0.5 m, which is described in detail in Section 4.2, is employed. The
plant is modeled as a second-order dynamic system (n = 2), and the EADRC
controller is synthesized and tuned with w, = 140, we = 10. The task of
trajectory tracking is considered with the reference trajectory expressed by

—1
Xp=2-7.268-107" <;7r> sin(%nt) rad/s, (2.119)

where 1, € {2,5} stands for the factor affecting the maximum velocity of
the axis of the telescope and varies across performed trials. The choice of
higher values of 1\, corresponds to the slower desired movement of the mount.
Although the presented analytical and numerical results imply that the choice
of the reference trajectory does not impact the overall performance properties
of the system, it has been observed that the character of the disturbance
affecting the telescope device varies with the changes in the velocity of the
axes of the mount. Namely, for the slow trajectories, the disturbances seem
to be characterized mainly by the friction force in the presliding regime that
significantly impacts the response of the plant. Conversely, faster movement
of the axis allows the friction to enter the sliding regime in which the impact
of the friction on the motion of the telescope is strongly limited. The change of
the reference trajectory is thus used here to indirectly influence the attributes
of the disturbing dynamics. For each choice of velocities of the trajectory,
separate trials are performed for different choices of n factor. In order to
enable choice of n = 2, a separate observer with constant tuning is employed
to estimate the velocity of the axis. In line with the outputs of the earlier
simulation, the experimental results obtained for n = 0 and n = 1 proved
to be visually identical and are thus merged in the presented figures. The
modified performance criterion Eq () based only on the output of the system
and expressed by

~ 1 t

BB = | el (2120
t _to to

is then calculated from the results of the experimental trials and presented in

Fig. 2.15. The assumed value of b instead of B is displayed due to the fact

that the real value of b is not certainly known in the experimental setup.

The results of the experiments are roughly in line with the outcomes
of the earlier simulations. Namely, it is shown that, in some limited
range, the decrease of the input gain estimate improves the overall
performance of the system in all considered scenarios. For the larger
extents of input gain underestimation the errors in the system rapidly
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Figure 2.15: Values of the performance criterion E;(f3) for the experimental
EADRC system. Each dot represents the individual experiment.
Full range of experiment on the left side, close-up view on the
right.

grows (approximately tenfold increase at b~ 1/150 forn € {0,1} and
at b ~ 1/210 for 1 = 2) what possibly correspond to the theoretical
stability limitation as proposed in the Conjecture 2.1. Moreover, the
experimental trials confirm that the inclusion of the entire measurable
state in the control law design significantly extends the resultant
stability region enabling the choice of smaller values of input gain
estimate. It has to be nonetheless admitted that the improvement
of the performance of the closed-loop system achieved here by the
application of the proposed input gain tuning method is comparable
with the results achievable with the standard increase of the observer
and controller bandwidth. Thus the offered method should be possibly
seen rather as a technique of selecting the input gain parameter if
its real value is not known in order to avoid deterioration of the
performance of the system, than as a way of improving the quality of
work of the plant if the true value of the input gain is available.

2.3.3 Input path dynamics

Section 2.3 considered so far only the problems of the static uncertainty
present in the input path of the system. Specifically, the problem of
the unknown value of a single constant input gain parameter and its
influence on the stability and performance of the closed-loop system
was investigated. In the analysis of some of the practical scenarios,
such a simplification is insufficient, and a more detailed study of the
input path uncertainty is necessary. Certain plants encountered in
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such situations belong to the class of systems with additional stable
dynamics present in the input path. If the specific form of these
dynamics is unknown, the controller is often designed by assuming a
static definition of the input path and synthesizing the algorithm for
such a simplified model. The problem of stability of the closed-loop
formed by embracing such an approach arises and requires thorough
investigation.

Consider once again the system as presented in Section 2.2 with
P(t,x) =0and d(t,x) = d(t) expressed by

X =Anx+b, (bu+d(t)). (2.121)

Assume moreover that the value of the input gain b is perfectly known,
but the input signal u is not directly available for control purposes
and is instead governed by the first order inertial dynamics given by

u:Tg1 (—u+u*), (2.122)

where Ty, € R4 is a positive time constant of the input dynamics.
Signal u* € R is a new input of the entire system and can be freely
used by the designer to control the plant. Importantly, dynamics (2.122)
are inherently stable for any positive value of Ty, and thus u always
converges toward the value assigned by u*.

Assuming that both the value of the time constant and the general
structure of the input gain dynamics are unknown, the observer and
control law may be designed by omitting dynamics (2.122) and treating
u* as the actual input of the plant. Under such an interpretation the
state extension can be defined in a standard form of

Z2=Amz+dmbu+bnd (2.123)
with the extended state observer designed as
2=AnZ+bubut+lel (z—2). (2.124)

The control law can be synthesized according to the ADRC paradigm,
but applied to the available input, yielding

w=b" (kT (xr —An2)—bl 2 —|—x$n)> . (2.125)

The order of the state observer is thus equal to the order of the entire
plant consisting of the nth order nominal system and additional first-
order input gain dynamics. Importantly, the interpretations of the
appended states are different in both systems. The schematic structure
of the considered system is shown in Fig. 2.16.
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Figure 2.16: The detailed graphical illustration of the system with uncertain
input dynamics. Increased order of the plant is visible.

Remark 2.5. Similarly to the notions of Remark 2.1, the alternative state
extension in the form of

Z2=Amz+dmbu" +by (d+b(u—1u"))

could also be considered in the analysis of the given problem, emphasizing the
expectation that the observer may successfully compensate for the unknown
dynamics of the input path. The results obtained by the author under this
approach are more conservative than the ones presented in the main body of
the thesis and are thus not given here in more detail.

In order to investigate the properties of systems with uncertain
input dynamics, define the tracking, estimation, and input errors as

X=Xr—X, Z=z—2, t=u"—u (2.126)

x
k¢

The dynamics of these errors are given by

x = GXx— W2z +b,bi,
2 =Hz—d,bii+bnd, (2.127)
=1 —T,'a

with matrices G, H, W defined as in Section 2.2. The derivative of the
nominal control signal is obtained analytically from (2.125) as

w = b7 (KTGR+ (b, WH—KkTW) z4x{™ ). (2.128)
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To further facilitate the study of the closed-loop system the tuning
as proposed by (2.41) and state parametrization (2.42) are employed.
Thus, the dynamics of the scaled errors are given by

xr
Il

w.Gx—b, (Tchq)c/\ncbg‘ + bll) Z+b,bi,
. . (2.129)
= woHZ —w,d,bli+ b d

e

with G, H being once again defined as in Section 2.2. Moreover, the
control law derivative is expressed in terms of scaled errors as

W =b"" <l_<Tw§G>'c— wkb, <T<TchI)C/\nq)g‘> z  (2.130)
rT —1 TH) 5 (m)
+(k WD AR D +bmH)z+xr )

Further analysis of the properties of the system is performed in a
twofold manner. Namely, an analytical investigation on the basis of the
Lyapunov approach is carried out to obtain some general conclusions
valid for a wide class of dynamic systems of arbitrary degree and
parameter values. Then, numerical studies are performed to produce
more detailed notions applicable to the specific forms of the considered
system.

Consider first the following theorem formulated on the basis of
analytical investigation.

Theorem 2.10. For system (2.21) with p = 0,d = d(t), and the input
governed by (2.122), observer (2.124) and control law (2.125) ensure the
global convergence of the tracking and estimation errors to some neighborhood
of the origin if wy, w are chosen high enough and time constant Ty is
simultaneously small enough.

Proof. Let the scalar-valued function be given as

1 1
Vaio(%,2,0) = 52TP2+ SXTRX + S0 G, (2.131)
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The time derivative of function V3 10(X, Z, 1) is analytically calculated as

V210(%,2,0) = — w0522~ wo2 Pdmbii+ 2 Pbmd

1 _
— wC?ZTX —%xTR <bnkTwCCI)C/\ncI)g1
+ bnb;) Z+xTRb,bi—T, 0T
+2iTb 'K Gx+ 1T k(™
+iTb ! < (RT — wCRTbnl‘cT) W DAL, D]
BT wCETbann) :
(2.132)

Under the assumptions of the lipshitzness of the disturbance as given in
Section 2.2 the bound on V5 10(%,z, 1) may be imposed and is given as

: 1 - -
V210 < — wos [12l|* + wopmb 12| ] +pmde |I2]

1 i w n|1 . .
~wey K + (kM (2) +1) 112l
o

T 1 ~n2 2, — T

+ b 1% 1 — Ty I+ wibyg kmgm 1% 11|
w n|1

+ byt xm || + by < (km + wekiy) ()

(o]
ha wcm) Iz ),
(2.133)

where by = ||b||. By taking advantage of Young's inequality, it can be
established that the above satisfies also the following relation.

. 1 w n|1
V210 < —2<wo —T™™ <kM <wc> +1> —pmbm
(o]

w n|1
— by ((kM +wekiy) (w°> +hm

o

+wckM>) HZ||2—2<CUc—TM <kM <wc> +1>
(o]
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_ _ 1 _
—TMmbm — by} kM9M> %> — 7 <2Tb T —rmbm

— (,Ug)p]\/le — wéclb;/l] kMgM — b;/l] (hM + wckM>

w n|1 ) )
+ (ot wekde) (2)7 ) [l + pued 2]

o
+ by xm 1] -
(2.134)

The negativeness of the two first terms can easily be ensured by choosing
we, and then w,, high enough. Simultaneously, increasing these parameters
disrupts the structure of the term associated with |[t||". Thus, once the
bandwidths of the controller and observer are set sufficiently high, the time
constant of the input gain dynamics is required to be small enough to enable
the stabilization of the system. If these conditions are satisfied the convergence
of the errors to some neighborhood of the origin, defined by the terms associated
with HﬁH and HZ , 1s ensured.

The results produced by the Lyapunov method apply to the entire
class of the systems described by (2.21), but are inherently strongly
conservative. In order to gain further insights into the stability proper-
ties of the systems with uncertain input gain dynamics, the numerical
analysis of a specific form of the plant is considered. To this end,
recall the error dynamics as defined by (2.129) and define the vector of
concatenated errors in the form of &,, = [iT zT ﬁ] T The dynamics
of these errors are expressed by

Eu=Nu&u+ bl 0]Td+bomb Txi™ (2.135)
with matrix N,, € R2mx2m having the form of

G -wW bnb
Ny = | Omxn H —d,b (2.136)
b k"G b~ (bJWH-kTW) -T.!

and depending directly on k,1,b and Ty, parameters. Importantly,
it can be shown that the sign of the eigenvalues of this matrix is
invariant to the changes of b parameter. The stability of matrix N,
can be investigated through Hurwitz criterion to establish precise
conclusions concerning the convergence of errors &,,. To this end
consider the second order system (n = 2) with the tuning chosen
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according to Tab. 2.1 and (2.97). Matrix N, for the second-order
system is expressed by

0 1 0 0 0 0

—Kkq —ks  —kq —k> —1 b

N 0 0 -1 1 0 0
wl o= o o L o 1 -b| G137

0 0 —13 0 0 0

12 2_
|k A8 gy —2pH 0 L]
with
_ —13 —k1ky —ki1l1 — ko1

Ng3 = o . (2.138)

The numerical evaluation of the stability of matrix N, in function of
Wo, we, Ty is given in Fig. 2.17.

10

o

05

Ty

Figure 2.17: Border of stability region of Ny,. The stable region is below
and to the left of the surface. Plots in different ranges of w,
parameter are presented.

The numerical results presented in the plots are consistent with
the conclusions drawn on the basis of the analytical investigation. It
is shown in the figure, that there exists some region in which the
system maintains stability despite the presence of some dynamics in
the input path. As the time constant Ty, approaches zero, this region
grows what corresponds to the plant becoming closer to the nominal
system without any input path dynamics. Conversely, as the value of
Ty grows, the region of stability rapidly shrinks. The graph shows that
if the large values of w, are chosen, further changes in this bandwidth
do not significantly impact the stability of the system. The bandwidth
of the observer is commonly chosen significantly greater than that of
the controller and its abilities to impact the stability of the system are
thus limited according to the presented results. Hence, in the presence
of the dynamics in the input path, the tuning limitation is formulated
mainly concerninig the choice of the controller bandwidth w.. Notably,
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the stability conditions of N, are more strict than these of the system
controlled by the conventional state feedback control with the same
tuning. In the system with input dynamics, the ESO itself imposes
stability limitations as a tradeoff for the offered disturbance rejection
capabilities.

To further investigate the performance of the ADRC controller in
the presence of the input gain dynamics, the series of numerical
simulations are performed for the system as discussed in this section.

Simulation 2.6. The second order system with d = 0 is considered. The
task of tracking of time-varying trajectory given by x,(t) = sin(2t) is
investigated. The input gain of the plant is chosen as b = 1 and the values of
we and w, vary in each experiment. The quality factor E(Ty ) as given by
(2.107) is calculated for each run and presented in the plots. The results of
the simulations are given in Fig. 2.18

10 | 10 |
51 5
0 0
0 02 04 06 08 T 0 02 04 06 08 T
(@) wo =10 (b) we =100

Figure 2.18: Values of the performance criterion E(Ty) for the system with
input dynamics.

The presented simulations are once again in line with the analytical
results. Moreover, several properties of the ADRC algorithm working
in the presence of input dynamics are unveiled. It can be seen that
while the increase of the controller bandwidth w. leads to destabi-
lization of the system for higher values of time constant of the input
dynamics, it simultaneously weakens the impact of the input dynam-
ics on the performance of the controller enforcing small values of
performance criterion in the entire range of stable work. The results
of simulations show also, that the changes of w, have no significant
impact on either the stability or the performance of the controller
in the discussed situation. This notion highlights the inability of the
ESO to estimate the impact of the input dynamics which leads to the
lack of compensation improvement with the increase in the observer
bandwidth.

The presented analytical and numerical investigation into the prop-
erties of the ADRC scheme in the presence of the input path dynamics
answers some questions not previously solved in the literature. The
problem of the unknown degree of the plant has been previously stud-
ied only for the case of the real degree of the plant being smaller than
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the one assumed during the controller synthesis. In works [337-339] it
was shown that the ADRC controller can ensure the stability of such a
system. According to the best knowledge of the author, no results have
been so far published on the applicability of the ADRC to plants with
a degree higher than assumed. The presented results are thus the first
to show that in the presence of additional stable dynamics in the input
path, the ADRC with fixed values of tuning parameters offers the
convergence of the errors only for a narrow range of values of input
path time constants. It is moreover shown that this range shrinks with
the increase of controller bandwidth and the disturbance estimation
capabilities of the ESO are insufficient to successfully compensate for
the presence of such unknown input dynamics.

2.4 PERFORMANCE IN PRACTICAL SCENARIOS

The increasing interest in the ADRC scheme among practitioners in-
evitably leads also to an increase in the variety of perturbed and
uncertain systems to which the algorithm is applied. Thus, there is
a requirement for scientific investigation of the performance of the
ADRC approach for various specific types of disturbances. While the
results presented in the previous sections highlight numerous aspects
of the ADRC approach in the general scenarios satisfying specific
predefined conditions, a more detailed study of the chosen systems
encountered in engineering practice is necessary. To this end, this
chapter presents the results of implementation and application of the
ADRC controller to some types of practical problems. Namely, at first,
the problem of friction compensation is studied and the results are
presented concerning the performance of the ADRC controller in the
task of trajectory tracking in the presence of resistive forces. With a
view to this, the results presented in [236] are recalled in parts material
to the subject of this work. In the second part of this section, the focus
is placed on the problem of harmonic disturbance attenuation. The
results of the application of the ADRC to a system subject to such a
disturbance are given. Moreover, the recently proposed structure of
the algorithm more suitable for such tasks is recalled and compared
with the standard approach in terms of performance and robustness.
These are given on the basis of results shown in [180] where the exten-
sive study of this problem is presented. All of the experiments of this
section are carried out using the robotic astronomic telescope mount
described in more detail in Section 4.2. The results presented here
are strongly focused on the practical aspects of the ADRC algorithm
and based on the experimental studies of the author. Analytical con-
siderations are omitted here and only some basic descriptions of the
discussed systems are given.
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2.4.1 Friction compensation

Friction compensation is one of the major concerns in the design
of control algorithms for mechanical systems. Several models of the
friction effects have been proposed in the literature and tested in
practical solutions [33, 113, 215]. Multiple results on the identification
of the friction effect have also been presented [23, 96, 294]. Yet, due to
the sophisticated character of this phenomenon, obtaining its suitable
model with proper parameter values in advance is a difficult and time-
consuming process. Significant interest is thus given to the methods
of adaptive friction compensation [158, 298, 324]. These allow the
designer to omit the demanding identification of the disturbing forces
and achieve the satisfying performance of the algorithm due to its
ability to online estimate the feasible values of the parameters of
the model. An alternative approach to the friction compensation is
represented by the solutions employing the ADRC controller to cope
with uncertainties in the friction model or complete lack of such a
model [27, 50, 283].

The problem of friction compensation is of special importance in the
field of astronomic observations [165, 279]. Modern robotic astronomic
telescope mounts are subject to high requirements concerning the
quality of motion in a wide range of velocities. In order to enable
conducting observations of celestial objects, the mounts are required
to exhibit high precision of tracking in extremely low velocities. Simul-
taneously, the devices are expected to be capable of performing fast
changes of working point and quick reconfiguration of the mount at
high velocities to shorten the delay between the observations. Such
working conditions imply the necessity to cope with the presence
of friction effect in different operation regimes. The common use of
the direct drive schemes further increase the needs for a robust fric-
tion compensation. Consider the simple model of a single axis of the
robotic telescope mount given by

wheren =2, x = [¢ w)] T € R2 represents the orientation and
rotational velocity of the mount axis, b = % stands for the input gain
with ] € Ry being the inertia coefficient of the axis, and 1 = —bds
with d¢ being a disturbing friction force affecting the plant. While the
presence of other disturbing effects is expected in the plant, it is here
assumed that the friction is a predominant force impacting the system.
The control signal u takes the form of the torque exerted by the motor.

Two basic modes of the friction force d¢ are distinguished — pres-
liding and sliding regime, exhibited during the slow and fast types
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of motion, correspondingly. The behavior of the friction force in the
sliding regime may be described by the well-known static model as a
function of the velocity of the axis [10]. Such a model takes the form
of

df = 2w +sgn(w)s(w),

(2.140)

d
s(w) =Fc + (Fs _Fc)exp(_ ‘\(/U )

where 0, € Ry is a viscous force coefficient, Fs € Ry and F. € R
stand for static and Coloumb friction coefficients, Vs € IR is a Stribeck
velocity and & € R is a shape factor. Notably, for very small velocities
the exponential term is approximately equal to one and s(w) ~ F;
which significantly simplifies the static model and makes it unsuitable
for modeling the friction effect in the regime of slow movements.
The extension of this static description is given by dynamic Dahl
and LuGre models which take into account the characteristics of the
friction force in the presliding regime when the external force is too
small to break the static friction force [52, 53]. The latter of these is
modeled by

df = 0oz+ 012+ 02w,
wl (2.141)
z,
s(w)

where s(w) is given as in (2.140), while 0p € Ry and o7 € R, are
micro-stiffness and micro-damping coefficients responsible for the
modeling of small deformations of the contact surfaces. Notably, in a
steady state with z = 0, the dynamic model (2.141) is simplified to the
static form expressed by (2.140).

Assuming that the constant parameters of the friction models are
roughly known, the controller characterized by inbuild friction com-
pensation can be designed according to the ADRC paradigm and

Z=wWw—0p

procedures presented in Sections 2.1 and 2.2. To this end, the method
and procedure of identification of these parameters given in [236]
are employed. As a result of the presented approach, the set of pa-
rameters is obtained describing the character of friction force in the
vertical axis of the mount bearing an astronomic telescope of diameter
0.5m. Namely, the micro-stiffness and micro-damping coefficients are
found to be equal oy ~ 9.8 - 10* Nm/rad and o7 ~ 521.4Nms/rad.
The coefficients of viscous force and both static and Coloumb friction
are given as 02 ~ 32.8Nms/rad and F. =~ 23Nm,F; =~ 3.3Nm.
Finally, the Stribeck velocity and shape factor are identified as Vi ~
4.1-10"2%rad/s and & ~ 2. Moreover, it is assumed that the moment
of inertia of the axis is roughly equal ] ~ 30 kgm?.
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Simulation 2.7. The simulation study of the behavior of plant (2.139) in
the presence of the friction modeled by full dynamic system (2.141) is carried
out. To this end, a problem of slowly varying trajectory tracking is considered,
with the reference trajectory chosen according to (2.34) with x.(t) given by

—1
x+(t) =5-7.268-107° (én) sin(%nt) rad/s. (2.142)

In Fig. 2.19 the response of the numerical system is presented for the scenario
with the controller without any kind of disturbance compensation (i.e. wo =
0, Z2m = 0, and with state measurements instead of estimates used in the
control law), with the controller bandwidth chosen as w. = 15. Fig. 2.20
presents the results of the simulation with the conventional ADRC controller
designed without any knowledge about the model of the disturbance (i.e.
Y = 0 in the observer design). The controller bandwidth is set to w. = 15
and the observer is tuned with w, = 220. In the plot real value of disturbance
d¢ and the trajectory of —]Z23, which corresponds to the estimate of the friction
force produced by the obsever, are given.

Figure 2.19: Time responses of simulated telescope axis in the presence of
LuGre friction model. Results obtained for the controller with-
out any disturbance compensation. Reference state shown in
transparent plots.

The results obtained for the controller without disturbance atten-
uation highlight the significant impact of the friction force on the
performance of the plant. It can be seen that the conventional con-
troller exhibits the strongly limited capability to compensate for the
resistive force working against the movement of the axis and trajectory
tracking is hardly possible. The inclusion of the disturbance rejection
according to the ADRC paradigm strongly improves the performance
of the system. The tracking errors are reduced and the significant
errors are present only in the moments of movement reversals. Simul-
taneously, the character of the friction force is changed and almost
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Figure 2.20: Time responses of simulated telescope axis in the presence of
LuGre friction model. Results obtained for the ADRC controller
without explicit disturbance model.

discontinuous terms become the dominant part of the dynamics of
this phenomenon. The final simulations are performed taking into con-
sideration the full control algorithm which includes the explicit model
of the friction incorporated in the observer and controller design.

Simulation 2.8. The settings as in Sim. 2.7 are considered with the controller
incorporating a friction model. Both the standard static model of the friction
and the dynamic LuGre model corresponding to the actual model used to
simulate the plant, are considered. To this end, the models are calculated using
the estimate of the state of the plant, and dynamics of z displacement variable
in the LuGre model are simulated online without any direct measurement of
its value. Importantly, the dynamics given by (2.141) are stable ones, and
thus the simulation error of z state tends to converge to the origin in the
steady state. The results of these simulations are given in Fig. 2.21 and
Fig. 2.22, where the results obtained with static and dynamic models are
presented.

The presented plots show the differences in the impact of the in-
corporation of the discussed friction models in the controller design.
Namely, it is shown that the inclusion of the static model, which is a
common approach among practitioners, may not lead to an increase in
the tracking quality in the simulation environment. Despite the use of
identified parameters of the physical phenomenon, the static function
is unable to successfully approximate the behavior of the dynamic
model. On contrary, the full LuGre model successfully copes with
the undesired disturbances. The tracking errors and the disturbance
estimate are strongly reduced in the entire time horizon of the simula-
tion, despite employing the state estimates as a basis of the friction
model evaluation and lack of direct measurement of z displacement.
This property is caused by the character of the displacement dynamics
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Figure 2.21: Time responses of simulated telescope axis in the presence of
LuGre friction model. Results obtained for the ADRC controller
with static disturbance model evaluated on the estimated state.
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Figure 2.22: Time responses of simulated telescope axis in the presence of
LuGre friction model. Results obtained for the ADRC controller
with dynamic disturbance model evaluated on the estimated
state.

in (2.141) which, for any constant w, has a form of stable linear dy-
namics. Thus, for the slowly-varying enough trajectories, both real z
and its computed estimate converge to the same configuration despite
unknown initial displacement. Vanishing of the estimated signal —J23
shows that the incorporated model succesfully describes the distur-
bances acting upon the system and thus the observer is not burdened
with its estimation. Additional trials unveiled the high robustness of
such an approach to the parametric uncertainties of the model - of all
the parameters, only the changes of Fs seem to visibly deteriorate the
performance of the algorithm. Similarly, the robustness to the decrease
of observer bandwidth has been noted with results for w, = 50 being
visually identical to these obtained with a nominal value of w, = 220.
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The numerical results imply the usefulness of the ADRC scheme
and the dynamic friction model in the task of friction compensation.
Experimental trials are performed to further investigate this issue.
Additionally, to study the impact of the tracking and estimation errors
on the modeling of the friction phenomenon, two versions of the con-
troller are considered. Specifically, unmeasurable w variable necessary
to evaluate (2.140) and (2.141) is substituted with either estimated
value produced by the observer or the reference state x,(t).

Experiment 2.2. The ADRC controller with static and dynamic friction
models is implemented in the main control unit of the telescope mount. The
constant parameters are chosen according to the results presented in [236].
The tuning of the observer and controller, as well as the reference trajectory,
are chosen as in Sim. 2.8 and remain unchanged. The results of the experiment
conducted with the standard ADRC controller without the friction model are
presented in Fig. 2.23. The outcomes of employing the static model evaluated
using the estimated state and the reference velocity are given in Fig. 2.24
and Fig. 2.25 correspondingly. Finally, Fig. 2.26 and Fig. 2.27 present the
products of trials with dynamic LuGre model generated on the basis of the
estimated state and the reference velocity, respectively. In all plots, the initial
moments of experiments are omitted and only the performance in the steady
state is considered for evaluation.

Figure 2.23: Time responses of telescope axis in the experiment. Results
obtained for the standard ADRC controller without explicit
disturbance model.

The experimental results confirm the effectiveness of the combina-
tion of the ADRC algorithm with an explicitly given model of the
disturbance in the task of friction compensation in the mechanical
system. It is shown that the inclusion of the dynamic model success-
fully limits the impact of the friction phenomenon in the experimental
setting. As the included model is used to compensate for the friction
dynamics, the estimate of the total disturbances is also significantly
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Figure 2.24: Time responses of telescope axis in the experiment. Results
obtained for the ADRC controller with static disturbance model
evaluated on the estimated state.
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Figure 2.25: Time responses of telescope axis in the experiment. Results
obtained for the ADRC controller with static disturbance model
evaluated on the reference state.

decreased in the scenarios employing the explicit model. It can also be
noted, that the evolution of the disturbance d¢ modeled by the LuGre
model and shown in Fig. 2.26 and 2.2y strongly resembles the esti-
mate —JZ3 produced in the first trial. While the trials performed using
the dynamic model result in a visible improvement in the tracking
quality, the static model does not offer a significant increase in the
tracking quality. This notion is in line with the outcomes of the simula-
tions. Notably, the static compensation in the scenario with the model
evaluated on the evaluated trajectory offers slight improvement of
control, quantified by a decrease of E criterion by approximately 13%
in comparison with the standard ADRC approach. On the contrary,
the use of a static model calculated using estimated state leads to a
significant decrease of tracking quality and an increase of E; factor
by over 50%. Such an effect is attributed to the high sensitivity of the
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Figure 2.26: Time responses of telescope axis in the experiment. Results
obtained for the ADRC controller with dynamic disturbance
model evaluated on the estimated state.
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Figure 2.27: Time responses of telescope axis in the experiment. Results
obtained for the ADRC controller with dynamic disturbance
model evaluated on the reference state.

static discontinuous model to the estimation errors and measurement
noises. While the performance of the controller with dynamic model
evaluated on the estimated state is also slightly worse than that with
the model generated using reference signals, both approaches result
in improvement in the control quality, resulting in a decrease of E by
73% and 80% respectively. This notion implies the higher robustness of
the dynamic friction model to the measurement noises and estimation
errors. Regardless of these differences in performance increase offered
by specific friction models, the outcome of the experiment highlights
the effectiveness of the inclusion of explicit disturbance dynamics
equations in the ADRC controller design and synthesis.
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2.4.2  Harmonic disturbance compensation

The presence of harmonic and oscillatory disturbances affecting the
dynamic systems is a problem commonly encountered in practical sce-
narios. Different kinds of disturbing vibration forces are encountered
in the tasks associated with suspension systems [342, 343], flexible
manipulators [135, 199] or elastic gantry cranes [88]. Moreover, simi-
lar kinds of uncertainties are commonly observed in other practical
dynamic systems due to the manufacturing imperfection or inherent
characteristics of the employed components, e. g. possible eccentricity
of the rotor of electric motor [36] or ripple torque of brushless motors
[24, 78, 169].

In the field of automated astronomic observations, the oscillating
disturbances are often caused by vibrations induced in the mechanical
structure of the mount and the presence of the torque ripple in the
employed motors. The high stiffness of the telescope mount construc-
tion and use of a gearless connection between the motors and the
telescope, combined with expectations of limited internal clearances,
may amplify the impact of the high-frequency oscillations in the struc-
ture of the device. Although such phenomenons are often of negligible
importance in other engineering tasks, the extremely high precision
requirements of the celestial observations enforces the designer to
consider the impact of these forces on the performance of the system.
To this end, a model of a single axis of the robotic telescope mount is
investigated and described as

X =Anx+ by (bu+1) (2.143)

with n = 2. The terms x and b are as discussed in Section 2.4.1. The
disturbing term is here denoted as \p = —bd}, where dy represents
some harmonic disturbance. Once again the assumption is made
that dy, is a dominant disturbing force in the plant. This is ensured
in the experimental scenario by employing the additional control
outer control loop, designed according to the results of Section 2.4.1,
for friction compensation. In the paper [180] the comparison of the
performance of several methods based on the error-domain ADRC in
the task of harmonic disturbance rejection is presented. In order to
design an algorithm in the form of the EADRC method, the nominal
tracking error is defined as X = x, —x with dynamics

X=A,X—b, (bu +— xf»n)> ) (2.144)

Regardless of the source of the harmonic disturbance in the considered
system, in its most general form, such disturbances may be modeled
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as a static sine function or a response of a dynamic oscillating system.
The simplest description of such a phenomenon is given by

dn = ayp sin(27tfpt) (2.145)

with a;, € R and fp € Ry being the amplitude and frequency of
the harmonic function. Following the approach outlined in [275] an
internal model is incorporated [73] and function (2.145) is equivalently
presented by in the form of an unforced oscillator system without
dumping expressed as

dn + (27'cfh)2 dy, =0. (2.146)
Taking derivative of (2.146) the dynamics
d\?) 4 (27f)? dp = 0 (2.147)

is obtained. This notion allows one to rewrite the nominal closed-
loop system (2.143) including the additional states representing the
dynamics of the harmonic disturbance. The dynamics of the plant
thus take the form of

d=An3q-[bL 0,17 (u=xi™) = buys 2nfn)? dl 50,
(2.148)

where q = [%T dn dn ah]T € R™3. Due to such a redefinition of
the state of the system, the problem of the identification of amplitude
ay, is transformed into the problem of state g estimation.

For such a system three algorithms can be proposed on the basis
of the ADRC defined in the error domain. At first, if frequency f, is
known in advance, a standard observer can be designed for a system
in the form of (2.148) by taking z = (. Such an approach has been
proposed in the state-domain in [275] under the name of Resonant
ESO (RESO, not to be confused with Reduced ESO), and [181] in the
domain of the tracking error. The corresponding observer is given by

2= (Anis—bnis2nfn)al, ;)2 (2.149)

T .
—[b 03] utlef 5(z—2),

with the vector of gains 1 of suitable order. Alternatively, if the fre-

quency of the harmonic disturbance is unknown, the term (27f},) ? dl_ .q

in (2.148) can be considered a part of unmeasurable total disturbance
and be omitted in the observer design. A new observer is then de-
signed and expected to estimate the momentary value of the total
disturbance corresponding to the state of the oscillatory system gener-
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ating the sinusoidal disturbance affecting the plant. Such an alternative
observer design takes then the form of the 5th order ESO given by

o ] u+1tel,;(z—2) (2.150)

5 — 5 T
Z=An32— [b n+3

n
with z = q. Finally, the standard 3rd order EADRC algorithm can be
designed for the nominal system (2.143) by defining = di. In such a
case, the observer is given by

Z2=Annz2—bru+le] (z—2) (2.151)
with the extended state defined in the error-domain in a standard
manner as z = [iT ) ] T ¢ R+, For all of the variants, the control
law is designed as an ordinary EADRC controller with disturbance
compensation on the basis of the disturbance estimate expressed by

u=b"" (KR +2147). (2.152)

The initial studies of the considered approaches are conducted in
simulation to investigate the performance of the algorithm in nominal
scenarios.

Simulation 2.9. Model (2.143) is implemented with the harmonic distur-
bances as observed in the real telescope mount during the preliminary experi-
ments and characterized by fy, = 7.46 Hz. The unknown amplidute of this
phenomenon is approximated as ay, = 0.6 m/s? and | = 30 kgm?. In all the
trials the reference trajectory is chosen according to (2.142) and the algorithm
is tuned with w. = 2, w, = 100. For the sake of comparison, the first trial
is performed for the controller without any disturbance compensation (i. e.
Wo =0, Zn41 = 0, and with state measurements instead of estimates used in
the control law) and its results are presented in Fig. 2.28 where the evolution
of the state and control signals, together with the tracking errors and its
spectrum, is given.

It can be seen that the controller missing the disturbance rejection
capabilities is unable to correctly compensate for the lack of explicit
feedforward signal and the presence of harmonic disturbances. The
significant oscillations of the state of the plant are present in the output
of the simulation, despite its attempted attenuation signified by the
presence of the oscillations also in the control signal. Simultaneously,
the tracking errors remain relatively high throughout the entire sim-
ulation due to the inability of the algorithm to successfully track the
time-varying trajectory.

Simulation 2.10. Simulations with settings as Sim. 2.9 and different
EADRC control schemes are conducted. The results of the simulations em-
ploying the 3rd order ESO as given by (2.151), 5th order ESO given by
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Figure 2.28: Time responses of simulated telescope axis in the presence of
harmonic disturbance. The results obtained for the controller
without any disturbance compensation. Reference state is shown
in transparent plots.

(2.150) and RESO in the form of (2.149) are given in Fig. 2.29, 2.30 and
2.31, correspondingly.
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Figure 2.29: Time responses of simulated telescope axis in the presence of
harmonic disturbance. Results obtained for the ADRC controller
with 3rd order ESO.

Some properties of the three algorithms can be noticed on the basis
of the presented plots. The overall quality of the control is significantly
improved in every case due to the disturbance rejection capabilities
displayed by all of the considered methods. Specifically, the employ-
ment of the standard 3rd order ESO resulted in the decrease of E;
performance factor by over 67% in comparison with results obtained
without disturbance compensation. It is shown that an increase in the
order of the observer between the 3rd and the 5th order ESO results
in the substantial reduction of the impact of the low-frequency distur-
bance caused by the varying of the reference trajectory. This effect is
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Figure 2.30: Time responses of simulated telescope axis in the presence of
harmonic disturbance. Results obtained for the ADRC controller
with 5th order ESO.

caused by the fact that the ESO in its standard form is designed on the
basis of an assumption that the disturbance is modeled by the function
with certain derivatives equal zero. Thus it is inherently better suited
for the compensation of low-frequency signals. Simultaneously, the
impact of this change on the rejection of the high-frequency harmonic
disturbances is limited, and only a twofold decrease in the spectral
amplitude is observed. The overall control quality in the scenario
employing the 5th order ESO as measured by E; criterion is improved
by over 81% as compared with the first trial without disturbance
compensation. The inclusion of the explicit model of the harmonic dis-
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Figure 2.31: Time responses of simulated telescope axis in the presence of
harmonic disturbance. Results obtained for the ADRC controller
with RESO.

turbance tuned with the proper frequency of the oscillating function
significantly changes the properties of the algorithm. The capabilities
of the observer to estimate the disturbances of the given frequency
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are highly improved at a cost of deterioration in the compensation of
other signals. The employment of the RESO allows thus successful
compensation of the harmonic disturbance, signified by the almost ab-
solute reduction of its spectral amplitude. As a result, the performance
criterion in a steady state is decreased by over 99% in comparison with
the nominal scenario. Nonetheless, the compensation of the effect of
the varying trajectory is limited in this scenario, and the choice of dif-
ferent x,(t) function may impact the scale of the achieved performance
improvement.

In order to validate the simulational results in the practical scenarios,
a series of experimental trials is conducted.

Experiment 2.3. Three controllers based on the 3rd order ESO, 5th order
ESO, and RESO are implemented in the driver of the robotic mount of
the telescope and tested in the task of trajectory tracking. To emphasize the
presence of the harmonic disturbances in the system, an additional sinusoidal
input signal is generated in the control input of the system and an outer
loop controller with a friction model is employed to alleviate the impact
of the friction phenomenon. The reference trajectory, disturbance model,
and controller gains are chosen as in the Sim. 2.9 and 2.10. The observer
bandwidth is set to w, = 80 in the trials employing the 5th order ESO
and the RESO algorithms, and to w, = 140 in the run with standard 3rd
order ESO. This tuning method is embraced to ensure a comparable value
of B1 in tests with 3rd and 5th order ESO. Due to the dominant character
of the harmonic disturbance in the considered system, a similar value of
the performance criterion can not be achieved in the scenario employing the
RESO controller and the bandwidth in this trial is set equal to the one chosen
for a 5th order ESO. The results of the experiments with 3rd order and 5th
order ESO, as well as with RESO algorithm, are given in Fig. 2.32, 2.33 and
2.34, respectively.

The results obtained in the two initial trials bear a strong resem-
blance due to chosen tuning method aimed at obtaining similar quality
of control. The use of the observer of higher order allows a choice
of lower tuning gains without a decrease in the resultant tracking
precision. Simultaneously, such a choice seems to increase to impact of
the high-frequency harmonic disturbance which cannot be effectively
reduced due to the limited bandwidth of the observer. This effect
is also visible in the plot of the error spectrum, as the amplitude of
the high-frequency errors is increased in comparison with the dis-
turbance caused by the low-frequency trajectory. A slight increase in
the high-frequency modes in the control signal can also be noticed.
Incorporation of the explicit model of the disturbance according to
(2.149) in the experimental setting results in a significant attenuation
of the high-frequency disturbance. The resultant tracking quality is
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Figure 2.32: Time responses of telescope axis and the error spectrum in the
experiment. Results obtained for the ADRC controller with 3rd
order ESO.

0 5 10 f[Hz]

Figure 2.33: Time responses of telescope axis in the experiment. Results
obtained for the ADRC controller with 5th order ESO.

thus significantly enhanced, which corresponds to a decrease of E;

criterion by over 52% in comparison with results obtained for 3rd and
5th order conventional ESOs. The experimental trials do not confirm
the superiority of the standard ESO in the task of low-frequency dis-
turbance compensation, as observed in the simulations, in practical
situations. As emphasized by the spectrum plots, the RESO employed
in the experimental settings of the robotic telescope mount offers not
only improved rejection of the disturbance of the prescribed frequency,
but also improved attenuation of all disturbances affecting the plant.
Such a result is obtained despite the lack of changes in the tuning of
the algorithm between the runs employing the 5th order ESO and the
RESO method. The exact reason for such a difference between the im-
provement due to the RESO employment observed in the simulation
and experiment is not yet sufficiently explained and investigated.
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Figure 2.34: Time responses of telescope axis in the experiment. Results
obtained for the ADRC controller with RESO.

The presented results of the use of the ADRC controllers in the
experimental settings highlight some important properties of the con-
troller. Namely, the algorithms capable of active disturbance rejection
show significantly higher performance than standard methods devoid
of such possibilities. Both in the task of friction compensation and
the harmonic disturbance attenuation, the ADRC algorithm offered
a substantial increase in the tracking precision in comparison with
preliminary simulations performed using simple state feedback con-
trollers. While the use of a standard ADRC method proved to improve
the control quality in the considered scenarios, in both cases it was
shown that proper modifications of the controller enabled the further
enhancement of the performance of the system. This notion unveils the
high customizability of the discussed algorithm, allowing the designer
to tailor the method to better suit specific practical problems.

105






PARAMETER IDENTIFYING ADRC

In the ultimate analysis, an adaptive system is merely a complex feedback system.

— K. Narendra, 1991 [203]

In this chapter, the studies of the problem of incorporating adaptive
control schemes into the Active Disturbance Rejection framework are
presented. To this end, a brief history of adaptive control is recalled
and some standard solutions in this field are shortly presented. A sur-
vey of results presented in the literature is conducted and discussed.
Then, a novel Parameter Identifying Extended State Observer and
Parameter Identifying Disturbance Rejection Control algorithms are
introduced. The underlying motivation and interpretation are given,
and a detailed analytical study of their theoretical properties is con-
ducted. Finally, the performance and applicability of the proposed
methods are studied on the basis of simulations and experimental
trials.

3.1 ADAPTIVE CONTROL

Adaptive control is intuitively defined as a class of methods that
adjust their parameters on the basis of their observed performance
[61]. Such a definition, based on the biological concept of the ability of
organisms to adjust to changes in their environment, constitutes one
of the earliest attempts to draw a clear distinction between adaptive
control and other control approaches. Yet, as the idea of an algorithm
which is able to respond to unpredicted changes in working conditions
is indeed also a cornerstone of the entire field of automatic control,
numerous other definitions have been proposed to better describe the
essence of adaptive control. An exhausting review of the historically
proposed terminologies has been presented in [76], where general
notions on the adaptivity in a wide range of scientific problems were
discussed. The early definitions by G. Sommerhof and W. Ashby [12,
272] emphasized that the adaptive system evolves toward a specific
direction and this evolution is a dynamic process taking place over
a period of time. Alternatively, R. Raible stressed in [245] that the
operation of the adjustments of the adaptive system should be a result
of conscious search for a suitable configuration of the controller. Such
a definition collided with a common understanding of an adaptive
system, as it excludes a wide class of contollers that incorporate certain
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identification schemes. In contrast to this, in the paper [328] L. Zadeh
extended the notion of adaptive control to almost all control schemes,
by making a claim that any system ensuring a satisfying performance
in certain scenarios is adaptive with respect to these scenarios. The
ambiguity of the definitions of adaptive control has led J. Truxal to
state that the general adaptive system is considered to be adaptive
only by those, who are aware of the underlying assumed nominal
structure of the plant. The designer unfamiliar with the original system
perceives the same controller as merely sophisticated conventional
algorithm. The adaptivity of the controller can thus be seen as a
subjective matter depending only on the intentions of the designer
[288]. Despite the lack of a conclusive definition of adaptive control,
the field has attracted growing attention throughout the years. In
Fig. 3.1 the number of papers published on the subject in the last
decades is given.

3,000 ﬂ |i| Adaptive cont‘rol } /
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2,000 |- N
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0 | | | | | |
~ o~ b~ b ~ L ~
XL EgSSSO
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Own work based on [118]

Figure 3.1: Search results of the IEEE Xplore database for papers published
each year on adaptive control. A temporary decrease of interest in
early 2010s, followed by revival of the field, is visible

The difficulty in precisely defining the borders of the field of adap-
tive control strongly reflects the development of this approach in its
early days. The beginnings of the adaptive control approach have been
presented in [11, 277] where surveys of the earliest results in this area
are given. Notably, as noticed by K. S. Narendra in [203], these first
reviews contain also controllers which are no longer considered to be
adaptive according to modern standards. Nonetheless, the roots of
later solutions can be found in the algorithms recalled in these works.
In the papers [203, 204] the later evolution of this field is presented,
with the findings up to the 1990s being described. A similar record
of the history of adaptive control is given in [120] and recently in [8].
Based on these, the most significant results are recalled here in brief.

The early 1950s can be seen as the beginning of modern adaptive
control when the rising interest in the problems of design of autopilot
algorithms for airplanes and spacecrafts sparked research on con-
trollers able to adjust their properties to the changing environment.
Due to the variations in the working conditions, the dynamics of the
considered plants cannot be modeled in advance and some uncertainty
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has to be inherently assumed during the synthesis of the controller.
To illustrate this problem, consider a simple dynamic system given by

x =u+1P(t)0, (3.1)

where x € R is a state of the system, u € R in an input variable, P (t) €
R'*k represent some known structure of the system, and term 0 € R*
stands for unknown parameters of the system, possibly depending
on the slowly changing working conditions. The general problem of
the adaptive control is to ensure that x tracks a desired reference
trajectory x,(t) € R despite the presence of unknown parameters
0. The major result of the 1950s was a proposition of the so-called
MIT rule introduced in 1958 by a group of H. P. Whitaker in work
[303]. The method attempt to identify the parameters of the system
according to a simple gradient adaptation law in the form of

d, _d

where v € R, is an positive adaptation gain, 8 € R¥ is an estimate
of unknown parameters 6, and X = x, —x € R is a tracking error
achieved by employing a controller in which estimate © is directly
t diléfcz cannot be explicitly calculated if the real
parameters © are unknown, the MIT rule proposes to approximate the
momentary value of this unknown gradient by some other measurable
quantity [188].

The MIT rule belongs to the class of sensitivity methods, which
employs the knowledge accumulated during system operation to

used. As gradien

calculate or estimate the gradient of some performance criterion and
use it to appropriately adjust the values of parameter estimates. The
sensitivity methods, together with the perturbance methods, for which
the adaptation laws are based on the observation of the effects of some
variations of the parameter estimates consciously introduced into the
control loop, constituted one of the major direction of early research
in the field of adaptive control. Within these approaches, two major
methods ultimately arose — the Model Reference Adaptive Control
(MRAC) and the Self Tuning Regulators (STR). The MRAC method,
initially proposed by I. D. Landau in [152], defines the control problem
as a task of forcing the considered system to track the output of some
predefined reference model. Thus, the control law is proposed and
the adaptation laws are defined to identify the set of parameters of
the controller ensuring that the behavior of the system is consistent
with the desired reference model. Alternatively, R. E. Kalman in [134]
proposed the STR method, which employs the adaptive scheme as
an extension of the conventional control law. The problem is thus
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formed as one of the trajectory tracking or setpoint stabilization, and
the adaptation law is formulated to identify the real dynamics of the
system and on their basis update the parameters of the controller.
The MRAC and STR approaches thus represent two distinct modes of
adaptive control — the direct, or implicit, mode in which the adaptation
law is employed to find the suitable values of the parameters of the
controller, and the indirect, or explicit, mode in which the adaptive
scheme is used to identify the dynamics of the controlled plant and
the parameters of the controller are separately updated to suit the
identified model. The conceptual schemes of the direct and indirect
adaptive control modes are given in Fig. 3.2 and Fig. 3.3. Numerous

Real plant

desired l'L111¢\lWLc controller Cc?ntrol output
value - signal Nominal value
Controller >
Plant
> Adaptation |_ |
Law
controller parameters

Adaptation scheme

Figure 3.2: The simplified graphical illustration of the general direct adaptive
control approach. The adaptation law directly adjusts the param-
eters of the controller.
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desired Tmmbl\c controller  control output
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Figure 3.3: The simplified graphical illustration of the general indirect adap-
tive control approach. The adaptation law identifies the model of
the plant used to tune the controller.

propositions of MRAC and STR methods working in both direct and
indirect modes have been since proposed in the literature, leading to
a blurring of the clean threshold between these two approaches.

The initially proposed adaptive schemes lacked proven stability
conditions and attempts have been undertaken to analytically study
the behavior of the adaptive systems. In the 1960s the strictly positive
real (SPR) condition, as well as the persistency of the excitation (PE)
condition, were formulated. The former, proposed by B. Shackloth and
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R. L. Butchart in [257] and by P. Parks in [223], employs the properties
of the passive systems to state that the adaptive scheme is stable if
certain matrices describing the dynamics of the system are strictly
positive real. The persistency of excitation condition, introduced by
K. Astrom and T. Bohlin in [16], tied the stability of the adaptive system
and the ability to correctly estimate real parameters of the plant to the
requirement that certain signals in the system are rich enough. Namely,
the system in the form of (3.1) is said to be persistently excited, and
thus the identification of its parameters is possible, if

t+Tpg
| T ar €
for some constant positive values Tpg and p and any time instant t. If
regressor P (t) depends on the state of the plant then the PE condition
can be ensured by the proper choice of the input signal. Yet, it has
been soon found that even if these conditions are satisfied, the adap-
tive systems are prone to instability in the presence of unmodeled
dynamics, excessive initial errors, or time-varying parameters of the
plant. To cope with these phenomena various modifications of the
adaptation laws were proposed in the late 1970s and 1980s. The use
of a projection operator to confine the parameter estimates to some
predefine set containing also the unknown values of the real parame-
ters was proposed by B. Edgart in [62], as well as by G. Kreisselmeier
and K. S. Narendra in [149]. While such an approach requires cer-
tain knowledge about the real parameters of the system, it effectively
prevents the drift of the parameters in the presence of unmodeled
disturbance. Alternatively, in [62] B. Edgart proposed also the use
of conditional updating, nowadays known as the dead zone, which
disables the adaptation law if the tracking error is sufficiently small.
Thus the impact of small modeling uncertainties can be suppressed.
The analysis of the stability of a system working in such a regime
was presented in [253]. Another method was proposed by P. Ioannou
and P. Kokotovic in [121] who incorporated a leakage term into the
adaptation law to create the artificial drift of the parameters away
from the regions of instability. Both leakage term and dead zone result
in improved stability of the system at a cost of the inability to achieve
the asymptotic convergence of the errors.

In the later years, the studies of the stability properties of the adap-
tive control scheme continued and led to the establishment of multiple
new results. In the year 1986, in work [35] the persistency of excitation
of linear systems was shown to be tied to the spectral measure of
the control signal. Numerous attempts to weaken the PE condition
have been presented in the literature, including the works defining
relaxed conditions for certain classes of dynamic systems or types of
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stability [174, 222] or proposing new adaptation algorithms capable of
operating with milder persistency assumptions [142, 198, 248]. These
methods are commonly designed to take advantage of the presence
of persistent excitation only in some specified intervals during the
operation of the system. Thanks to the acquisition of the data from
the past time instants the convergence of the estimates can be guar-
anteed in these schemes even if the PE condition is not satisfied in
the entire horizon of operation. Yet, such modifications are often sen-
sitive to measurement noise and external disturbance affecting the
plant in the moments of data acquisition. A better understanding of
the properties of the adaptive controllers led also to more detailed
investigations of different types of stability and the extension of these
works to nonlinear systems. Specifically, the conditions for both ex-
ponential and uniform stability have been studied for nonlinear or
linear time-varying adaptive systems with results presented in [86,
172, 173]. Throughout the most of development of adaptive control,
the stability of such systems has been studied by employing a com-
bination of converse Lyapunov theorems, conclusions drawn from
Barbaldt lemma [19] and the SPR condition, as no unified approach
to the design of the Lyapunov functions for adaptive systems have
been found to prove the asymptotic convergence of both control and
identification errors. A solution to this problem has been presented by
the group of F. Mazenc in 2009 in the book [195] on the basis of their
results from [194] published in 2003. Recently, this new approach has
been used by a group of A. Loria in [171] and strict functions have
been proposed to prove the exponential convergence of tracking and
estimation errors in the MRAC scheme if the PE condition is satisfied.

Simultaneously to the works on the stability of the adaptive control
schemes, the design of adaptive observers able to estimate the state
of the system despite the presence of unknown parameters has been
investigated. One of the first propositions of such an observer was
formulated by R. Carroll and D. Lindorff in 1973 in the paper [38].
Thanks to the proper redefinition of the state matrix of the system
and the introduction of additional virtual control signals into the ob-
server design the problem of estimation of both state and unknown
parameters of the plant has been solved. The subsequent propositions
of adaptive observer algorithms presented in [176, 177] and [148] en-
hanced this initial design by overcoming the need for the inclusion
of custom auxiliary input signals. While the initial study of adaptive
observers has been focused on linear systems only, the later research
extended their applicability to certain classes of nonlinear plants. In
1988 in work [22] G. Bastin and M. R. Gevers proposed the stable
adaptive observer for nonlinear systems which can be represented in a
specific observable form. The conditions for the existence of the trans-
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formation into such an observable form have been then formulated
by R. Marino in [190]. A different structure of the adaptive observer
has been also given by the group of G. Besancon in [29] and the group
of R. Ortega in [216]. In the work [189] the robustness of the observer
to the unmodelled dynamics has been guaranteed by employing the
parameter projection to confine them to some predefined set. Some
attempts to formulate the unified theory of the adaptive observers for
nonlinear systems have been presented in [28, 49].

Over half of a century of development of adaptive control methods
resulted in the appearance of multiple approaches outside of the
mainstream of this field. Among these, advances in the subjects of
pattern recognition [304] and reinforcement learning [281] have been
made. In recent years, a growing interest in the methods of adaptive
control based on machine learning can be noticed [130, 131, 166]. While
these problems are outside of the scope of interest of this dissertation
and are not described here in more detail, some insights on the latest
advances in these fields can be found in recent papers [26, 85]. In
Fig. 3.4 the timeline of selected results in the mainstream development
of the adaptive control methods is presented.

2019 Lyapunov function _ 2020 —x—

for MRAC control

2010 4—

MODERN RESEARCH
Maturity of the field. Fragmented re-

2003 First strict Lyapunov search without a single dominant focus

function by Mazenc =\~

1988 Adaptive observer _ ,]?9,0,?
for nonlinear systems ROBUST SYSTEMS
Studies focused on the methods of enhanc-

ing the robustness of adaptive systems
1979 MRAC method - 1980 7
STABLE SYSTEMS

1973 Adaptive observer proposed - - - - - - Investigations on stability prop-
erties of adaptive systems

1970 4
1965 First resultson SPR ~
and PE conditions
INITIAL DEVELOPEMENT
1960 —§—  First results on adaptive control until its
1958 MIT rule and STR methods - - - - - - vulnerability to instability has been found

Figure 3.4: The timeline of adaptive control development. Research periods
according to divisions presented in the literature.
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In order to introduce the cornerstone ideas of adaptive control
one can recall some standard algorithms as presented in numerous
textbooks on the subject [15, 122, 150, 206, 255]. To this end, consider
the dynamic system in the canonical controllable form given by

where x € R™ is a state of the system, u € R is an input signal,
b € R\ {0} stand for the input gain and © € R™ is a vector of un-
known parameters. Matrices A,, and b, are as denoted in Section 1.5.
Notably, such a system is consistent with hitherto discussed (2.21)
with P (t,x) = xT. The standard MRAC algorithm can be employed to
solve the problem of closed-loop control of plant (3.4). To simplify the
analysis, assume that the general structure of the plant and the input
gain b are known. The reference model can be defined as

q= (An + bnel—) q+bnbv, (3-5)

where q = [q1 ... qn]T € R™ stands for a state of the reference
model and 6, € IR™ is a vector of parameters chosen by the designer to
guarantee the stability of the reference system and ensure its desired
dynamics. Signal v is some new control input of the reference system
which can be chosen to satisfy the needs of the designer. Within the
MRAC approach, the controller is designed in such a way, that the state
of the nominal plant (3.4) asymptotically converges to the reference
state (3.5). Thus, the control law is proposed in the form of

u=dbox+v, (3.6)

where ¢ € R' ™ is a matrix of adjustable coefficients. Defining the
tracking error as = q — X, the adaptation law is designed to ensure
that g converges to the origin for any initial conditions of ¢, and is
given by

$ =Tb Pax", (3.7)

where I' € R™™™ is a positive definite matrix of adaptation gains
and P € R™*™ is a positive definite matrix satisfying the Lyapunov
equation (AT +6,b1)"P+P(A,, +b,0]) = —Q with Q € R™*™
being some arbitrarily chosen positive definite matrix. The adaptation
law thus directly adjusts the parameter of the control law in the explicit
adaptation scheme. Estimates @ € R* of the true parameters of the
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system can be obtained due to the notion, that in the steady state the
nominal plant follows the reference system if

(An + bneT) +bnbcb = (An +bn911~_) . (38)

By substituting the unknown parameters with their estimated values
it follows that the estimate & € R™ of the plant parameters is obtained
as

0=0,—bod, (3-9)

what allows recovery of the parameter estimates from the adjustable
elements of ¢ and the parameters of the designed reference system.
The graphical illustration of the MRAC approach as presented here is
given in Fig. 3.5.

Real plant
reference Tllnabl\f controller output
input Nominal value
Controller >
Plant
Adaptation [« y |
controller Law O
parameters
reference
.| Reference state
"| Model

Adaptation scheme

Figure 3.5: The graphical illustration of the MRAC adaptive control method.

Simulation 3.1. The numerical simulation of the system working within
the MRAC approach is conducted to illustrate the performance of the method.
To this end, a third-order system (n = 3) is considered with b = 1. The
unknown parameters of the plant are chosen as © = [—1 3 3] " and the
reference model is designed with 6, = [—1 -3 —3}T which yields the
stable state matrix of (3.5) with eigenvalues located at A = —1. The reference
input is designed as v = —0]x, + X with reference trajectory x.(t)
designed as in (2.34) with x,(t) = sin(%‘t) + % sin(%‘t). Such a choice of
reference input guarantees that the state q of the reference model follows the
desired reference trajectory. The MRAC algorithm is designed according to
(3.6) and (3.7) with Q = 1, and T" = 0.81,. The initial conditions are all

set to zero. The results of the simulation are given in Fig. 3.6.

The plots show that successful identification and control are achieved
by the MRAC algorithm. The tracking errors converge to the origin
and the estimated parameters evolve toward the values of their real
counterparts. Notably, even though the initial value of 8 is chosen cor-
rectly due to the setting 0,1 = 07 and $(0) = 01 xn, the estimate drifts
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Figure 3.6: Time responses of the third order system under the MRAC con-
troller.

away from this value in the first stage of the simulation. Nonetheless,
in the limit the estimate returns to its starting value. The stability
analysis of the MRAC method is presented in many textbooks on
adaptive control with various approaches employed. The study using
a strict Lyapunov function has been recently published in [171].

An alternative approach can be also embraced if only the task of
parameter identification is considered. In such a situation a standard
gradient algorithm, which is also a basis of the MIT rule, can be
considered if the derivative of the state is available for measurement
or can be otherwise obtained. Namely, consider the dynamics of the
last state variable x,, of system (3.4) which are expressed by

Xn =xT0+bu. (3.10)

If the entire state of the plant is available, estimate q of %,, can be
calculated as

q=x"80+bu. (3.11)

It is clear, that if the plant parameters are known and 6 = 0, then
Xn = q at any time instant. Else, the estimation error § can be defined
as

q:xn—q:xT<9—é). (3.12)
By attempting to minimize the expression §2 the following adaptation
law can be proposed to adjust the values of the parameter estimates

A 1 d 2 A
0=—T—g>=Txx" (0-0) =Txg :
T3 = Txx ( ) X4 (3.13)

in a manner similar to (3.7).
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Simulation 3.2. The third order plant withb =1and 6 = [—1 3 S}T
is considered. A nonadaptive feedback controller is incorporated into the
simulation to generate a control law that ensures that the state of the plant
follows the reference trajectory x.(t) as given in Sim. 3.1. The adaptation
gain is chosen as T = 0.051,, The simulation results of the employment of
the presented gradient scheme are given in Fig. 3.7.

T ] ; |
5 )1 -0 [
0 - 02
0 =03 1
-5 i
| | | | | | | |
0 25 50 75 t[s] 0 25 50 75 t[s]

Figure 3.7: Time responses of the third order system under the gradient
identification scheme.

The presented results show that the gradient method is capable of
successful identification of the parameters of the plant if the derivatives
of the state are available for measurement. Several methods enabling
the application of the gradient adaptation if this condition is not
satisfied have also been presented in the literature, e. g. [255]. Notably,
the gradient identification based on the measurable derivative of the
state displays a comparable convergence to the MRAC method despite
the significantly lower adaptation gains employed.

Similarly to the MRAC method, numerous proofs of the stability of
the gradient approach have been published in the literature. Lately,
in paper [231] the author of this dissertation has presented a new
study based on the Lyapunov approach and the results of the group of
A. Loria presented in [171]. This analysis is recalled here as a basis for
the investigations presented in the later parts of this work. To this end,
consider first the following assumptions imposed on the evolution of
the state of the plant.

Assumption 3.1. Let the evolution of the plant be such, that

x(t)] < xm (3.14)

for any time instant t € R and some positive constant xpm € R.
Assumption 3.2. Let the evolution of the plant be such, that

t+Tpg
J x(T)xT (1) dt > pl, (3.15)
t

for any time instant t € R and some positive constants p, Tpg € R .

Assumption 3.2 is essential here and constitutes the necessary condi-
tions for the successful identification of the parameters of the plant. It
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requires system (3.10) to satisfy the persistency of excitation condition
as formulated by (3.3). On the contrary, Assumption 3.1 is introduced
due to the embraced analysis method and could be omitted if different
approach is chosen. Consider also the following corollary formulated
on the basis of [171, 194] that establishes some properties of the sys-
tems satisfying the assumptions given above.

Corollary 3.1. If Assumptions 3.1 and 3.2 hold, then there exists matrix

o
M(t,x) = J e "x(1)xT (1) dt € R™™ (3.16)
t
satisfying
pe™ E v 2 < vTMY < 33y V]2 (3.17)

for any vector v € R™. The time derivative of matrix M(t,x) is given as

%M(t,x) = M(t,x) —x(t)xT (). (3.18)

Corollary 3.1 states that if the system satisfies the PE condition then
some persistently excited matrix can be defined in the form of an
integral accumulating the temporary effects of the system excitation.
Notably, due to the PE condition, this matrix is ensured to be positive
definite. Moreover, if the state of the plant is bounded, this integral is
also bounded for any time instant. By taking advantage of this notion,
the following stability properties of the system can be concluded.

Lemma 3.1. If Assumptions 3.1 and 3.2 hold, then the identification law
(3.13) guarantees global exponential convergence of the parameter estimates
@ to the real parameters © of plant (3.10) if the adaptation gains are chosen
small enough.

Proof. Define the parameter identification error = © — @ and compute the
error dynamics to obtain

0 =-TxxT8. (3.19)
Recall Corollary 3.1 and consider a scalar function

- 1. ~ o~ ~
Viz1(0) = zeTr—‘ 0 —8"M(t,x)0. (3.20)

Under Assumptions 3.1 and 3.2 function Vi3.1(0) satisfies

2
7

~ 1 -
Viza(6) > (ZY’V[] —X;zvl) 19| (3.21)
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where ym = ||T|| € R Function Vi 3.1(0) is thus positive for any choice
of adaptation gains satisfying ym < 1x3,. Calculating its time derivative
yields

Viza=—0'xxT0+20"MIPxxTO—8"MO+0"xxTd  (3.22)
with the arquments of M(t,x) omitted for brevity. This is rewritten as

Vi1 =08 2MIxxT —M) 8. (3.23)
Thus, the following bound of Vi 3.1 is established

Viz1 < (2ymxiy — pe ) HéHZ (3-24)

Hence, Vi 3.1(0) is negative definite if ynm < %x{f e "E. Thus Vi31(0)
is strictly positive definite with strictly negative definite derivative which
proves a global exponential convergence of © to the origin.

While Lemma 3.1 is more restrictive than the theorems given in the
literature (as some limitation on the choice of T" is imposed, which
is not necessary according to other theoretical results) and its proof
closely follows the path of [171], according to the author’s best knowl-
edge, it has not been given in the literature in this form before [231]
and is a cornerstone of the analysis conducted in further parts of this

paper.
3.2 PARAMETER IDENTIFYING ESO

The methods of adaptive control aim to actively obtain some infor-
mation on the uncertain dynamics of the plant and incorporate it
into the control scheme, leading to improvement in the control qual-
ity. Similarly, the ADRC paradigm postulates the control input to be
computed based on online estimation of the disturbance affecting the
uncertain plant. Thus, a notion of a certain connection between the
ADRC approach and adaptive control schemes arises intuitively. In
the 2010s this idea gained the interest of the scientific community and
sparked the research on methods of combining the merits of ADRC
and adaptive schemes. Initially, these efforts have been focused on the
methods of direct adaptation able to adjust the controller parameters
on the basis of the performance of the closed-loop system. Apparently,
one of the first results on this problem was published in 2009 in the
work [56] by Q. Dong and Q. Li. The authors employed the fuzzy
algorithm to online tune the nonlinear ADRC controller. Other results
on this subject include [313] where the adaptive scheme is employed
to increase the robustness of the ADRC method to the measurement
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noise or [241] with tuning adaptation used to enhance the flexibility
of the linear ADRC approach.

Possibly the first notion of employing the combination of the ADRC
method and indirect adaptive scheme was made in 2009 by S. Li and
Z. Liu in work [162] where an additional disturbance observer is in-
corporated into the control algorithm to online estimate the input gain
of the plant. The method was verified by the experimental control of a
permanent-magnet motor, but no analytical study of the stability of
the system was given. In the work [325] the switching functions were
used in an adaptation law for a specific case of adaptive control of
DC motors. The authors proposed the use of a projection operator to
ensure the boundedness of the parameter estimates in the presence
of the peaking phenomenon. Recently, a similar method has been
employed in [54] to solve the control task for electro-hydraulic ser-
vomechanisms. In both works, only the convergence of the tracking
errors and parameter estimation errors to some boundary of the origin
was proved. The use of extremum seeking optimization scheme has
been presented in [185, 186] where it was used to seek for the value of
input gain estimate minimizing a certain cost function. The algorithm
was designed in the discrete domain and only an empirical evaluation
of its performance was given. Importantly, in all of these methods, the
identification and adaptation schemes have been designed on the basis
of the tracking error and the disturbance estimate produced by the
ESO has not been directly incorporated into the adaptation procedure.
Possibly the first method employing the estimated disturbance in the
adaptation scheme was proposed in 2012 by C. Huang and L. Guo
in the paper [111]. The authors took advantage of the disturbance
estimate in the gradient adaptation scheme, but the ESO itself was not
adaptively adjusted and thus only a convergence to some boundary
of the origin was established. Additionally, only the input gain of the
plant was identified in the proposed solution, which was also a case
in the recent [299], where the sign projection of the gradient of some
cost function is used to extract the input gain estimate from the total
disturbance estimated by the observer. The adaptation procedure was
extended to a larger set of parameters in [126], but the structure of
the ESO was still not adaptive and asymptotic convergence was not
achieved. An alternative approach based on the least squares algorithm
has been proposed in [175, 219] which also led to the boundedness of
the tracking and identification errors only. In the recent work [183] the
results concerning the design of the RESO algorithm as presented in
[181, 275] and Section 2.4.2 have been extended and adaptation scheme
has been incorporated to identify the frequency of the disturbance in
the specific case of a system with harmonic disturbance.
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The novel solution to the problem of adaptive control within the
ADRC paradigm has been recently proposed by the author of this dis-
sertation in [231] and [232]. In these papers, new Parameter Identifying
Extended State Observer (PIESO) and Parameter Identifying Distur-
bance Rejection Control (PIDRC) methods were proposed to enable
the identification of the parameters of the plant and incorporate them
into the control scheme, respectively. The proposed approach is based
on the notion, that if the nominal model of the plant is represented
in a specific form, the total disturbance in the ADRC scheme can be
perceived as a measure of the modeling error. Thus, the output of the
disturbance observer can be used directly in the gradient adaptation
law to online identify the parameters of the plant, which in turn leads
to a decrease in the modeling error constituting the only disturbance
affecting the plant. As the result, the amplitude of the total disturbance
continuously decreases and the performance of the entire closed-loop
system is improved. The asymptotic convergence of the tracking, es-
timation, and identification errors can then be proved under certain
conditions and assumptions. The applicability of the methods in the
practical scenarios was verified in [229, 230]. A detailed description
and study of these methods are given in this and subsequent sections.

Consider first the problem of the state estimation and parameter
identification of the dynamic system in the presence of parametric
uncertainty of the dynamics of the plant. Specificaly, let the dynamic
system in the following form be defined,

X =A.x+b, (bu+(t,x)0),
o (3-25)

Y =CrX,
where x = [x1 xn]T € R™ is a state of the plant, b € R is
an input gain, u € R represents a control input, and y € R stand
for the output. The term P(t,x) = [P1(t,x) ... Yi(t,x)] € R*¥
stands for some dynamics of the plant with a known structure and
0= [91 Gk]T € R® represents unknown constant parameters.
Matrices A, by, and ¢y, are as given in Section 1.5.

Remark 3.1. Notably, the input gain of the considered plant is defined as
b € R and thus b = 0 is a feasible choice of this parameter. If the real value
of the input gain is unknown, parameter b may be assumed equal to zero
and the actual input gain may be included in unknown vector © with control
signal w incorporated into known regressor P (t,x).

The following assumptions are made concerning the dynamics of
the plant.
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Assumption 3.3. Let P (t,x) be Lipschitz with respect to its second argu-
ment, i.e. let

[Pt xa) =Pt xp)]| < WL [[xa — x| (3.26)
for some constant \py € Ry and any xq,Xp, € R™.

Assumption 3.4. Let the system evolve in such a way that

LI

m ) <Pbm (3-27)

max([[p(t,x)]|,

for some constant \pap € Ry and any t.
Assumption 3.5. Let the system evolve in such a way that regressor P (t,x)

satisfies

t+Tpg
J BT, x (1)) (T, x(7)) dt > ui (3.28)

t

for some constants w, Tpg € Ry and all t > 0.

Corollary 3.2. If Assumptions 3.4 and 3.5 hold, then there exists matrix

Mit,x) = J YT (1, x (1)l x(1) dr € R% (3.29)
t
satisfying
e T (v 2 < vTMy < 2, v]2 (3.30)

for any vector v € R¥. The time derivative of matrix M(t,x) is given as

%M(t,X) = M(t,x) = T (t,x(t) W (t,x(t). (3-31)

The presented assumptions come from the combination of the prop-
erties of the ADRC and adaptive algorithms. Assumption 3.3 is rem-
iniscent of Assumption 2.1 and requires the regressor of the plant
to change slowly enough. This feature ensures that some bound on
the system dynamics can be imposed in the presence of the transient
estimation errors. Assumptions 3.4 and 3.5 are the generalizations of
Assumption 3.1 and 3.2 as used in the analysis of the gradient method
identification. Similarly, Corollary 3.2 generalizes the notions of Corol-
lary 3.1 and introduces the definition of the persistently excited matrix
for the general linearly parametrized system. Notably, while these
assumptions impose some restrictions on the evolution of the state of
the plant, they can be easily verified and satisfied by a proper design
of the experiment, as only the tasks of identification and estimation,
and not of control, are considered here. To facilitate the design of the
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proposed PIESO observer two distinct cases are considered. Namely,
the separate scenarios of a plant with the regressor dependent on time
only, and thus denoted as {(t), and of the system with regressor given
by P (t,x) and explicitly depending on both time and momentary state
of the plant, are discussed in detail.

3.2.1 State independent regressor

Consider a simplified version of the nominal system (3.25) given by
X =Anx+by (bu+(t)0) (3.32)

with regressor P (t) = [11)1 (t) ... Ibk(t)] e R!xk being a function
of time only. Such a definition of the system implies that the exact
value of P (t) is known at any time instant and can be explicitly used
in the design of the controller and identification procedure. In order
to estimate the state and the parameters of the system, the following
extended dynamics are considered

X =Anx+by, (bu+1|)(t)é+5> ,

b= 4 (o0 (0-9))

where 6 = [91 o 0k } T € R* stands for some estimate of parame-
ters 0, and & = (t) (9 — é) € R is the total disturbance correspond-
ing to the modeling error due to the imperfect parameter estimation.

(3-33)

Clearly, if 0 = 0, then 6 = 0 for any time instant. On the contrary,
if the value of 0 is not known, then § directly corresponds to the
modeling error which can serve as a basis of the adaptation law remi-
niscent of (3.12). Model (3.33) can be used to synthesize the adaptive
PIESO algorithm. By introducing the extended state in the form of
z = [xT 6]T =lz1 ... zm]T € R™ with m = n+ 1, dynamics
(3.33) are expressed as

d

Z2=Amz+dm <bu+1b(t)é> erma (xp(t) (e— é)) . (3-39)

For the system formulated in such a way, the PIESO is proposed as
2= Azt dp (but H(t)8) +1(z1 —21) (3:35)
with the parameter adaptation law given by

0 =TT (t)2m, (3.36)
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where 2 = [21 im]T € R™ is the extended state estimate,
l=[l; ...ln]| € R are positive observer gains chosen to ensure
the stability of the observer and T' € R¥*¥ is a positive definite matrix
of adaptation gains. The detailed scheme of the considered system
and algorithm is given in Fig. 3.8.

o | e 3
= E*O—* *@ L1

Plant

-

Extendeg State Observer

b E« w(t) t

1 [0 2O
m 2m n
l* li li]
r 3]
— T (t)2m

Adaptation Law

Figure 3.8: The detailed graphical illustration of the considered PIESO ob-
server with regressor independent of state. The adaptation law
extending the conventional ESO is visible.

Denote the estimation and identification errors in the forms of
z =z—%2and 6 = 0 — 0. Applying the proposed PIESO observer
given by (3.35) and (3.36) to the considered dynamic plant expressed
by (3.34) yields the error dynamics

Z=HZ+bnp(t)0+ b ()T (YT ()b Z—PT(t)P(1)0),
0 =TT ((t)d +TPT(1)b]Z,
(3-37)
where H = A, —lc] with ¢, as defined in Section 1.5. To facilitate
further analysis, consider the tuning parameters of the PIESO observer

chosen according to the bandwidth parametrization presented in
Section 2.1. Namely, let 1 gains be taken as

1'1'. = Iiw})/ ie {1/m}/ (338)
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where w, € R} is a new positive tuning parameter. Define also scaled
estimation errors Z as in Section 2.2 by denoting

Zi = wgl_izi/ ie {]/ m} (339)
Equivalently, these scalings can be expressed as
l=wl®,', z=00,3 (3.40)

with @, = diag(w™ !, wM2,...,1) € R™*™ being a scaling opera-

tor dependent on the chosen bandwidth w,. Employing these scaled
errors yields the closed-loop system dynamics of the form

Z2=woHZ+bm(t)0 +bm(t)T (YT ()b z—PT(t)P(1)0),
0 =-TYT()Pp(t)d+TPpT(t)b] 2

(3-41)
with H = A, —le], and explicitly given by
—,; 1 0 .-+ 0]
-, 0 1 .0
H=| : ; (3-42)
~1ln 0 0 1
l—lm 0 0 .-+ O

The following assumption is made concerning the choice of tuning
parameters of the observer.

Assumption 3.6. Let the scaled observer gains 1 be chosen such that matrix
H is Hurwitz.

The satisfaction of Assumption 3.6 implies that there exists a pos-
itive definite matrix P € R™*™ gsuch that H'P + PH = —I,,,. The
properties of the proposed PIESO observer are summarized by the
following theorem.

Theorem 3.1. For system (3.32) satisfying Assumptions 3.3, 3.4 and 3.5,
observer (3.35) with adaptation law (3.36) guarantees a global exponential
convergence of errors Z and O to the origin under the tuning proposed by
Assumption 3.6 for we chosen high enough and T chosen with a norm small
enough.

Proof. Recalling Assumptions 3.4 and 3.5 with Corollary 3.2, the following
function can be considered for the system with the time-dependent regressor

N e .
V3.1(2,0) = zzTPz +0' <2r—1 — M(t)) 0. (3.43)
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Clearly, function Vs 1(z,0) satisfies
oAy ] 2 (Vo1 2 Yal2
Va1(2,8) > 3pm 2+ (vl v ) 9] 649

with pm = Amin(P) € Ry where Amin(+) stand for the smallest eigenvalue of
a matrix. Function V3.1(z,0) is thus positive for any choice of T" satisfying
M < %LI)KAZ. The time derivative of V3.1 (2, 0) is given by

Vig =27 (pbmwrwb; _ ;w> 2407 (2MIpTp— M) 8
+Z (Pomp — PorpTp T + by p — 2b, pT’M) 6

(3-45)

with arquments of \p(t) and M(t) omitted for brevity. By taking advantage
of the Young’s inequality, it is concluded that the following is satisfied,

. 1 1
V31 < 3 < — Wo +2pMmWbR Y™ + g(PMll)M +Pm +YMPMbig

2 ~
+2ymibis ) ) 12117 + (5 + 200y — e ™) [8])°
(3.46)

for any € € Ry with ppm = ||P|| € Ry By choosing T such that ypm <
T e TP and setting ¢ > % (e~ TPE — Zd)?\AyM)_] the negativity of
the second term is guaranteed. Negative definiteness of entire V31(2,0) is
then ensured by choosing w, high enough.

While Theorem 3.1 states that to ensure the stability of the system
the adaptation gains I" have to be chosen smaller than some specific
threshold value dependent on the dynamics of 1(t), this proof closely
follows that of Lemma 3.1 which is known to be overly conservative.
Thus, it seems justified to believe that this limitation on I' may be
alleviated with a better-suited proof. If this is the case, it could be
expected that only a requirement concerning the value of w, would be
formulated depending on the characteristics of P (t). The evaluation
of the performance and applicability of the proposed scheme is done
in a numerical simulation.

Simulation 3.3. Consider a third-order plant with dynamics as given
by 332) withmn = 3,b =1, = [cos(3t) sin’(t) 1] and 8 =
[—1 3 3 } T, The adaptive PIESO observer is designed according to (3.35)
and (3.36) with ' = 0.213 and w, = 100. Similarily to Sim. 3.7, the control
signal is generated using an additional nonadaptive controller. Notably, in
the case of a system with a regressor independent of the state, the choice of
control signal does not impact the process of parameter identification. Zero
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initial conditions are chosen for the state, estimates, and identified parameters.
The results of the simulation are given in Fig. 3.9.

25

Figure 3.9: Time responses of the third order system with time-dependent
regressor under the proposed PIESO observer. Results of conven-
tional ESO with I' = 03 shown in transparent plots of Z and Zz.

The conducted trial shows the effectiveness of the proposed ap-
proach in the task of state estimation and parameter identification.
The parameter estimates converge to the correct values which reduces
the total disturbance to zero asyptotically. The resultant asymptotic
convergence of the state estimation errors, not achievable in the case
of the standard ESO algorithm, is shown. Moreover, the eigenvalues of
M (t) and evolution of function V3 1(Z, ) with its derivative are also
given to support the earlier theoretical analysis. It is confirmed that
function V3 1(Z, 0) satisfies the conditions of the Lyapunov approach
in the considered scenario and the properties of M(t) are consistent
with the expected characteristics.

Simulation 3.4. Consider the settings as in Sim. 3.3. In Fig. 3.10 the results
of simulation with different values of T are given for comparison.

The change in the parameter identification speed due to differently
chosen adaptation gain is visible. Notably, the relation between the
value of adaptation gain and the convergence rate is not a straight-
forward one, and an increase in the adaptation gain does not always
lead to improvement in the identification performance. As discussed
in [205], this is a general property of the adaptation schemes with
parameter adaptation law in the form reminiscent of (3.19), which is
also a case in the PIESO approach. Thus, there exists some I with a
finite norm guaranteeing the highest convergence speed [217].
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@) T = 0.021; (b)T =2I;

Figure 3.10: Time responses of the third order system with time-dependent
regressor under the proposed PIESO observer with different
adaptation gains.

3.2.2  State dependent regressor

The algorithm proposed in Section 3.2.1 offers a simple and intuitive
solution to the problem of simultaneous estimation of the state and
parameters of the system. Yet, its applicability is limited only to the
systems with exactly known regressor which can be evaluated without
taking into account the state of the plant. despite lack of measurabil-
ity of the state of the plant. Such systems are rarely featured in the
practical considerations, as the majority of real-life applications are
characterized by functions explicitly dependent on the state of the
plant. To overcome this limitation, an enhanced algorithm is formu-
lated for a wider class of dynamic systems. To this end, consider once
again the system given by (3.25) with regressor explicitly depending
on both time and the state of the plant, and expressed by

X = Anx + by (bu+$(t,x)0). (3-47)

Note that (3.47) becomes a standard linear time-invariant system
commonly considered in the literature on parameter identification and
discussed in Section 3.1 if P(t,x) = xT. Thus, the proposed observer
can be applied to the LTI system if its state x remains bounded during
the evolution to ensure that Assumption 3.4 holds. By denoting the
extended state z = [xT 5] T e R™, the dynamics of the system are
expressed as

X =AnX+ by (bu+1p(t,x)é +5) ,

5= (wie (0-2)), o
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where 6 € R* denotes some estimate of the unknown parameters
and & = P(t,x)(0 — ) € R is a total disturbance corresponding to
the modeling error. Note, that the total disturbance is here defined
using plant state x, which is in general unknown and unavailable for
measurement. The dynamics of the extended state are given by

z=Anz+dn <bu +(t, /\nz)é) (3.49)
+ bm% (1|)(t,/\nz) (e - é)) ,

where A,z = x as defined in Section 1.5. The adaptive PIESO for such
a system is proposed as

2= Anz+dp (but bt An2)d) +1(z1 —21), (3-50)

which does not require knowledge of state x to evaluate the momen-
tary value of the regressor. The parameter adaptation law is formulated
as

0 =Proj(t,0,0), T=TYPT(t, An2)2m, (3.51)

where T € R¥ is an internal adaptation law. The term Proj(r, 9,0)
stands for a projection operator [150, 154, 325] which satisfies

o'r! (Proj('r, 9,0) —T) >0 (3.52)

and © € @, with ® being some predefined convex set chosen to
contain the real values of 8. Throughout the rest of this dissertation,
the second and third arguments of Proj(t, 8, ®) will be omitted for
brevity.

Remark 3.2. Numerous propositions of Proj(t, 8, ®) operator are given
in literature [323], with one of the most common choices being elementwise
operator defined as

0 T>0A0
Proj;(1,0,0) =<0 1 <0Ab;

Ti otherwise

Si/

>
< =4, (3-53)

with a convex set defined as ®@ = {6 : 0; € (—d,%),i =1,...,k},
Vi € Ry fori e {1,...,k} being some positive constants and adaptation
gains chosen as T = diag(y1,...,v«). Yet, the analysis presented further
does not assume any specific choice of Proj(t, 8, ©) operator.
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Corollary 3.3. It follows from (3.52) and the definition of the projection
operator, that there exists a constant Op € R such that

max(HG—é

éH) < Om (3-54)

7

for any t. Thus, it also holds that |6 — éHz <|o—6
HProj(’t, é,@))H < HTHfor any .

Om. Moreover,

Remark 3.3. Note that bound Oy imposed on the identification error || —
éH according to Corollary 3.3 holds even if 8(0) ¢ @. In such a case, bound
Om does not come directly from the definition of set ® but accomodates also
the initial errors of the elements of @ outside of the set ® which are not
allowed to grow larger due to the action of the projection operator. Thus, the
estimation error remains bounded and further analysis holds in full.

The incorporation of the projection operator in the proposed scheme
is crucial, due to the possible impact of the transient state estimation
errors on the dynamics of the parameter estimates. Thus, it is used to
disable the adaptation if the temporary estimation errors cause the
drift of the parameter estimates. Once the quality of the regressor
evaluation is recovered in the steady state, the adaptation is restarted
and proper operation of the algorithm is allowed to proceed. The
graphical scheme of the proposed algorithm in the case of a system
with regressor being a function of the state of the plant is given in
Fig. 3.11.

In order to investigate the stability and performance of the consid-
ered scheme define the estimation and identification errors Z =z — 2,
0 = 0 — 8 with the dynamics expressed as

2=Hz+dn (Wt Anz)—P(t,An2)) 0+ bmi(t, Anz)0
— b (t, Anz) Proj(T),
0 = — Proj(T),

o= (@70 AR2 9T (4 ARz)

+PT(t, /\nz)) (W(t, Anz)0 —Zm),

(3-55)
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. — J
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Figure 3.11: The detailed graphical illustration of the considered PIESO ob-
server with regressor dependent on the state. The adaptation
law with the projection operator is visible.

where H = A, —lcT. Recalling the scaled observer gains 1, such that
1= wg‘d)g] 1, and the scaled estimation errors Z = @, 2, the dynamics
of the closed-loop system take the form of

z= woﬂz+ Wwodm (q)(t//\nz) _q)(t//\nz)) é
+bm(t, Anz)0 — by (t, Anz) Proj(t),
0 = — Proj(T),

(3.56)
o= (700 AR - 9T, A2)

+97(t, /\nZ)) (W(t, Anz)0 —z1),

with H = A,, —lcT. By taking advantage of Assumption 3.6, the
properties of the PIESO observer designed for the plant with regressor
being a function of time and state are summarized by the following
theorem.

Theorem 3.2. For system (3.47) satisfying Assumptions 3.3, 3.4 and 3.5,
observer (3.50) with adaptation law (3.51) guarantees a global asymptotic
convergence of errors Z and O to the origin under the tuning proposed by
Assumption 3.6 for w, chosen high enough and T chosen with a norm small
enough.
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Proof. The stability of the analysis of the proposed method is conducted in
two distinct steps. First, under the notion of the boundedness of identifica-
tion errors guaranteed by the projection operator, the boundedness of state
estimates is established. Next, this notion is used to conclude an asymp-
totic convergence of both identification and estimation errors to the origin.
Consider the auxiliary function V3 ,(z) given by

0T 18 —2zTPbn(t, Anz)8,  (357)
which satisfies

v o] _ T/ 4 1 112
V3,(2) > 5 (Pm —epm¥m) HZHZ + E(Yl\/ll - EPM‘bM) HGH
(3-58)

forany e € Ry. Fu?ction V3 ,(2) is positive jjor the choice of T satisfying
Ym < e(pmbzy) with e < pm(pmbm) . The time derivative of this
function along the trajectories of the system is given by

: 1 N\ oA =
Vi = — 5wz 2+ wez Pdm (q) —1p> 6 — 8" Proj(t)
— wo® YT PHz — wod pTbT Pdm (q) _ \i)) )
— 8" YTbI Pbpd+ 0" Tb] Pbp Proj(t),
(3-59)

where P = P(t, Anz), and Pp = P(t, An2) are denoted for brevity. By
adding and subtrackting o'r! Proj(t), recalling Corollary 3.2 and as-
sumptions imposed on the system, the following bound is imposed on this
derivative,

. 1 _ -
V3, < (zwo + we n+HOPM¢L9M+wo | ](GMU)L (3-60)

+ 9M1D;2\4PMYMII)L>> I1Z]|* + Om <11)%/IPM'YM
—n+1]0

+Um +wobmpmhm + we OMbmpmUL

+we ™ o (1|)3MPMYM11)L +1|)L11)M>) Izl

+0% (11)12\4PM +1|)4MPMYM),

where hyy = ||H|| € Ry and w*11%2 is a piecewise exponentiation opera-

tor as defined in Section 1.5 and by equation (2.52). Terms w0 g
—n|—1 . . . . .

Wo are thus nonincreasing in w,. Hence, there exists wo high enough

to ensure negativeness of V3 ,(2) for ||z|| large enough. As a result, the

convergence of Z to some boundary of the origin is achieved and it can be

concluded that there exist zap, T, € Ry such, that ||2|| < zm for any t > T..
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Importantly, while the precise value of zn1 depends on the chosen value of
Wo, by denoting

1 _ Cnl—
o — <_2wo+wc*‘“'°prLem+wo“ "(omwr  (3.61)

+ GMIP%APMYMﬂ)L)) 1212 +0m <1|)13\APMYM
—n+1]0
+bm + wobmpmhm + we OImbmpmyL
+wo ™ o (IP?\APMYMIIJL +11)L1|)M>) 1Z]]
+0%1 (1~|)12\APM + ll)iAPMYJ\/L),
and thus
\./;2 < VM, (362)

it can be shown that

) 1 _ _
Iim vym =—zwg ||Z||2 + woOmUPmpmhm |IZ]] - (3.63)
wo—r00 2

It follows that

1i§00 zm = 20mbmpmhm (3.64)

Wo

and zn remains bounded with increase of wo. Notably, function (3.57) does
not employ matrix M(t, Anz) and thus the formulated conclusions hold also
if Assumption 3.5 is not satisfied.

Having established the notion of boundedness of z, the convergence of the
errors for t > T, can be investigated. To this end, consider the function

V32(z,0) = %zTPZ +8' <;r—1 — M(t, /\nz)> 0, (3.65)
which satisfies the bound expressed as
s oAy | 2 (1o 2\ 1al12
V32(2,0) > Epm 1Z]” + EYM —Pm HGH . (3-66)

Function V3 3(z,0) is hence positive definite for any choice of T such that
M < %1]){/12. The time derivative of this function is given by

V3o = — %wosz + woz™Pdn, (11) —1I)> 0 +2TPb,p0
— 2TPb 1 Proj(t) — 6 ' T~ Proj(t) + 26 ' M Proj(t)
—8"M8 + 8" pTyd.
(3.67)
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By adding and subtracting the term 0'r 't and recalling Corollary 3.3,
Assumption 3.4 and (3.52), it is inferred that

. 1 _
V32 < (— 7Wo + PR ym + we nHlOPMII)LGM
o™t (leb%/Lll)LYMeM +pmbmbrymzm

1
+OmUL +29MII);2\A1|)LYM> + 7 (PMII)M +PMmYM¥U

+ 203y + wo ™ oMb 2V yMm +m)
AN _ e\ 1x2
#m) ) 121+ (e 4 2vacida + 5) 9]
(3.68)

for any ¢ € R, By setting T such that ym < pe™ "™ and choosing
¢ small enough with w, high enough the entire expression is made neg-
ative definite. The intermediate calculations are presented in more detail
in Appendix A.2. On the basis of V32(Z,0) it is concluded that once the
estimation errors converge below some arbitrary threshold zy, further expo-
nential convergence of the estimation and identification errors to the origin is
guaranteed.

The stability analysis of the proposed method in the presented
form has a straightforward interpretation. As the adaptation law is
formulated on the basis of the state and disturbance estimates, in the
first stage it is ensured that for any initial values these converge to
some neighborhood of their true values if w, is chosen high enough.
The second part ensures that due to this boundedness property, the
adaptation law is able to successfully drive all errors to the origin.
Thus, the presented analysis shows that the proposed adaptation
scheme does not disrupt the well-known property of boundedness of
errors in the ESO observer, and additionally improves the performance
of the algorithm. In order to evaluate the practical efficiency of the
PIESO observer in the system with the regressor being a function of
the state of the plant, a numerical simulation is conducted.

Simulation 3.5. Consider a linear time-invariant plant of the third or-
der with the dynamics expressed by (3.47) with b = 1 and P = xT and
o=[-13 S}T. Note that such a system is conforming with the plant
employed in the simulations of the MRAC scheme and gradient identification
in Section 3.1. The adaptive PIESO observer is designed according to (3.50)
and (3.51) with w, = 100, I = 0.0513. The projection operator in the form
given in Remark 3.2 is employed with &1 = 100 for 1 € {1, 2, 3}. Importantly,
the boundary imposed by the projection operator is here chosen significantly
greater than the real values of the parameters of the plant, to visualize that
only a very limited knowledge about the system dynamics is necessary to
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design the PIESO observer. Once again the additional nonadaptive controller
is incorporated into the system to ensure that the state of the plant follows
the reference trajectory given by (2.34) with x,(t) = sin(%‘t) + % sin(%”t).
The zero initial conditions for all variables are chosen. The results of the
simulation are given in Fig. 3.12.

=-Z1 [

0 25 50 75 t[s] 0 25 50 75 t[s]

Figure 3.12: Time responses of the third order system with state-dependent
regressor under the proposed PIESO observer. Results of con-
ventional ESO with I' = 03 shown in transparent plots of Z and

Z.

The obtained results resemble the outcomes of Sim. 3.3 where a
case of a system with regressor independent of the state was inves-
tigated. The convergence of the estimation errors to the origin, as
well as parameter estimates to their nominal values, is visible on the
plots. Notably, the evolution of the disturbance estimate and parame-
ter estimates are reminiscent of the results of gradient identification
presented in Section 3.1 as the adaptive scheme of PIESO is based on
the underlying gradient approach. Thus, the relatively high speed of
identification, as compared with the MRAC method, is maintained
in the proposed observer. The evolution of function V3(Z, 0) con-
firms the results of the analytical investigation. The auxiliary function
V3 ,(Z) is omitted in the plots as during the trials it was observed that
it serves its purposes only in some extreme cases of very large initial
estimation errors. In all other cases, function V3 >(Zz, 0) satisfies the
conditions of Lyapunov function on its own throughout the entire
simulation horizon.

Notably, the plots given in Fig. 3.12 does not show the impact of
the projection operator, as the estimation errors are small enough to
avoid the drift of the parameter estimates. To explicitly visualize the
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effect of the incorporation of the projection operator, the simulation
is repeated with different initial values of the state estimates to trig-
ger the appearance of the peaking phenomenon and generate larger
identification errors in the first time instants.

Simulation 3.6. Consider the settings as in Sim. 3.5 with initial val-
ues of state estimates changed. Namely, the initial conditions are set as
2(0)=[10 10 10 10]7,8(0)=[0 0 0]" and the projection limit
is changed to 9y = 10 for i € (1,2,3). The results of the simulation are
presented in Fig. 3.13.

20 10 - H
-0,
0 5L -6, |
=05 =
-20 | = 3
| | | | O L | | | |
0 25 50 75 t[s] 0 5 50 75 t[s]

Figure 3.13: Time responses of the third order system with state-dependent
regressor and significant initial estimation errors under the pro-
posed PIESO observer.

The initial increase in the disturbance estimate and the momentary
growth of the parameter estimates are visible. Due to the action of
the projection operator, the boundedness of the parameter estimates is
guaranteed what results in the boundedness of the entire total distur-
bance. This allows the PIESO to efficiently estimate the disturbance
despite the presence of the peaking effect and enables it to successfully
drive all the errors to the origin.

3.2.3 Alternative systems

The adaptive PIESO observer as proposed in Sections 3.2.1 and 3.2.2 is
nominally designed for systems expressed by (3.25). Nonetheless, the
algorithm is applicable also to several classes of dynamic systems not
directly conforming to this model. Specifically, the considered method
can be successfully employed to estimate the state and parameters of
the disturbed systems with disturbances which can be incorporated
into the structure of (3.25) or nonlinear plants transformable into the
form of (3.25) by the means of a state transformation. In this section,
two specific cases of such systems are discussed and a tutorial on the
applicability of the PIESO observer in these scenarios is given. Namely,
the plant with harmonic disturbance reminiscent of that considered
in Section 2.4.2 and the two—mass—spring flexible mechanical system
are presented. In both cases, a significant parametric uncertainty is
assumed. For each of the plants, a suitable transformation that brings
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the system to the form feasible for PIESO application is given and the
observer synthesis is performed. The performance of the algorithm in
these scenarios is validated by the means of numerical simulations.

Consider the plant with harmonic disturbance as discussed in Sec-
tion 2.4.2 with dynamics given by

X = AnX+by (bu+d) (3-69)

with the disturbing term d = —bd}, where d}, represents the harmonic
disturbance expressed by

dn = ayp sin(27tfpt), (370)

with a, € R and f, € Ry being the amplitude and frequency of the
harmonic function. Following the approach presented in [275] where
internal model principle has been employed, the term dj, is equiva-
lently expressed as a response of the unforced dynamic oscillatory
system in the form of

dn + (Zﬂfh)z dy, =0. (3.71)
The time derivative of the dynamics of this disturbance is given as
(3) 248
dy” + (2mfn)” dn = 0. (3.72)

By taking advantage of such a reformulation of disturbance dy,, the
dynamics of the entire plant are rewritten as

q=Ani3q+[bL 01 ] "u—byi32nf) dnizq  (3.73)

with q = [XT dn  dn ah]T e R"*3. Notably it can be further
expressed as

q=An3q+[bl 0 ,]Tu+bni3p(q)e (3.74)

with P(q) = dn.3q and © = —(anh)z what closely resembles the
nominal system (3.25) and allows application of the PIESO observer
to estimate the state and unknown parameter of the system.

The solution to this problem has been initially proposed in [183]. The
modification of the Resonant ESO observer formulated in [181, 275]
and presented in Section 2.4.2 has been proposed by incorporating an
adaptive frequency estimator [108, 255] to online identify the frequency
of oscillations on the basis of total disturbance estimate produced
by ESO. Here an alternative approach to this task is given by taking
advantage of the proposed PIESO observer following the results shown
in [231]. Treating ¢ as a nominal state of the transformed system, the
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state extension is defined as z = [T §] T e R™ with m =n+4 and
dynamics given by

£=Amz+[bL 0] ;] ut+dnd(An;32)0 (3.75)
d N
+bm (W(Anis2) (0-9)).

The adaptive observer for the considered system is formulated as
2=Amz+[bl 0 ] utdmnb(Ani32)6. (3.76)

Due to the explicit dependence of the regressor on the extended state
z, the adaptation law is formulated according to (3.51) as

0 =Proj(t,0,0), T=TY"(An38)2m. (3-77)

Since the considered plant is relatively simple, the internal adaptation
rule T can be explicitly expressed as T = —yZ, 22 wherey € R is
a scalar positive adaptation gain.

Simulation 3.7. The algorithm is implemented according to the presented ap-
proach and the performance of the method is validated in simulation. Namely,
a second order plant consistent with the one discussed in Section 2.4.2 is
considered, withn =2,b = %, i = 7.46 and ay, = 0.6. The observer is
tuned with w, = 50 and the adaptation gain is set to 'y = 10. For the sake
of the experiment, an additional nonadaptive controller is incorporated into
the system to generate the control signal u. The results of the simulation are
given in Fig. 3.14.

Figure 3.14: Time responses of the second order system with harmonic dis-
turbance under the proposed PIESO observer.

It can be seen that the proposed adaptation method successfully
identifies the unknown parameter of the plant, with the parameter
estimate converging to the value of 6 ~ —(anh)z ~ —2199.6, which
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results also in the vanishing of the state estimation errors Z and
the estimate Zg of the total disturbance affecting the plant. Due to
the choice of high adaptation gain v, fast and efficient identification
is achieved. Moreover, the estimate 23 of the harmonic disturbance
converges to the expected form of the sine wave of amplitude equal to
bayp = 0.02 as the estimation progresses. The presented results show
that under the proposed PIESO observer the state, parameters, and
disturbance estimation is achieved despite the unknown amplitude
and frequency of the harmonic disturbance affecting the plant.

The application of the proposed PIESO algorithm is also possible for
a class of dynamic systems transformable into the nominal structure
(3.25) by a static state transformation. As an example, a simple two—
mass-spring system can be considered [305]. Such a plant consists of
two masses connected by a flexible spring, with the input signals in the
form of two forces acting upon the objects. The schematic view of the
considered system is given in Fig. 3.15 where forces Fq,F, € R are the
controllable inputs of the system. Taking into account characteristics

//////////////////////////////////////////////////////////////////////////////
//////////////////////////////////////////////////////////////////////////////

Figure 3.15: The schematic view of the two—mass—spring system.

of some compliant mechanical systems, it is usually assumed that the
output of the system is represented by the position of only one of the
masses and only one of the input forces is directly available for control.
The considered plant is thus an underactuated fourth-order dynamic
system with a single input and a single output. In the forthcoming
analysis, it is assumed that the position of the first mass, denoted by
&1, is a measurable output of the system.

The general dynamics of the two—mass—spring system are expressed

by
mivy =k(& — &) +Fy,
mivy = k(& — &)+ Fy, (3.78)
Yy = E,],

where &7,&; € R and vq,v; € R are positions and velocities of two

masses, mj, my € R, are masses of each of the connected objects and
k € Ry is a stiffness coefficient of the spring. By defining the state of
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the system as x = [&1 vi & vy ] T e R™ withn = 4, the following
state—space representation is obtained

X1 =X2,

k 1
X2 = — (x3—x1)+ —Fy,
mq myq

. (3-79)
X3 = X4,
k 1
X4 = — (x1 —x3)+ —F>.
mp mp

The dynamics of the system in such a form are not suitable for a
direct application of the PIESO observer. In order to transform the
system into a feasible form, the static state transformation q = T(x) is
proposed on the basis of [274, 282] in the form of

q1 = X1, q2 = X2,

k
k

q4 - (X4 _XZ)/
ma

with the inverse transformation given by

X1 =1, X2 =q2,
my
X3 =dq1+ 7 93 (3.81)

mj
X4 = (2 + Tq4

Application of the considered transformation to the dynamics of the
nominal system (3.79) yields

q1 = q2,
WP
q2 =493 s 1,
. (3.82)
q3 - q4/
1 1 k k
q4:—k(+> q3——2F1+ F>.
my my mj mim;

The transformed dynamics are rewritten in the compact form resem-
bling (3.25) as

. 1
4 =Anq+_—[b] 01,1 ] F1+bnip(t, q)0 (3.83)

with P(t,q) = [q 3 K Fz] and the new vector of transformed
parameters given by 6 = [—k(mi] + mLZ) —mi% m1km2 "
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The specific properties of the algorithm depends directly on the
availability of the system inputs. It can be noted that the inverse trans-
formation x = T~'(q) given by (3.81), which enables the recovery of
the original state coordinates x from the transformed state ¢, requires
knowledge of the term ' only. It also follows from (3.83) that if
the control input F; is used, then the knowledge of m; parameter is
necessary to synthesize the observer and recover the estimates of the
original state of the system. Alternatively, if F; is considered as an
input of the plant, then the observer can be synthesized without any
known parameter, but the structure of J(t,x) enables the identifica-
tion of only two lumped parameters of the system and at least one of
the nominal parameters of the plant has to be nonetheless known in
advance in order to recover the state estimates of the original plant.
Finally, if both control inputs are available and measurable, the re-
gressor makes it possible to successfully identify of all three lumped
parameters. However, the synthesis of the observer itself still requires
the knowledge of m; parameter present in the input path of Fy force,
and thus the redundancy in the design of the system appears. The
design of the observer and the adaptation law is here given in its most
general form, assuming that both F; and F, are available for control.
The synthesis of the algorithm for chosen simplified scenarios with
only one input signal avaiable follows trivially and is omitted here.

On the basis of (3.83) the extended state can be designed as z =
[qT §] T € R™, with m = n+1. The dynamics of the extended state
are given as

1 R
z=Amnz+ . (] 0I ,]Fi +dmb(t,Anz)0 (3.84)

+ bm% (ll)(t,/\nz) (e - é)) ,

what is reminiscent of (3.49). According to the established approach
to the PIESO design, an adaptive observer is proposed in the form of

1

Z=Amz+—[b] 05, ]F+ A (t, An2)0 +1(z1 —21)
1
(3.85)
with adaptation law designed as
0 =Proj(1,0,0), T=TPT(t,Ant)2m. (3.86)

The requirement of knowledge of m; parameter is clearly visible
in equation (3.85), where it is required to properly synthesize the
observer. Forces F1 and F, are here treated as a part of regressor
P(t, Anz) and are used in the identification procedure.
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Simulation 3.8. The simulation results of the application of the discussed
scheme to two—mass—spring system in three different scenarios are obtained.

1. Only Fy is available for control and chosen as Fy = J sin(%t). The
observer is tuned with T = 1.51.

2. Only F, is available for control and chosen as F, = 1 sin(3t). The

observer is tuned with T = 1.51.

3. Both Fy and F, available for control and chosen as F; = %sin(%t),

Fy = % sinz(%t) to ensure satisfaction of PE condition. The observer
is tuned with T = 31

In all cases the observer bandwidth is set to wo = 50, nominal parameters
of the plant are chosen as m; = 1kg, mp = 1.5kg, k = 0.1 N/m, and
parameter my is assumed to be known. In the first and second scenarios,
only parameters m, and k are identified. The third scenario enables the
identification of three parameters of the linearized system and thus all three
coefficients of the nominal system are also estimated. The produced results are
given in Fig. 3.16—3.18. In each trial the observer is designed according to
(3.85)—(3.86), the estimates of transformed state q and lumped parameters ©
are obtained, and then the values of the nominal parameters k, mj, m, and
the original state x of the plant are recovered according to (3.81) and (3.83).

1073
4 ! — - H
-Z1 =2Z)
20 -2y =2y
0 =7 Z5
P 1
0 25 50 75 t[s]
T T =l
-0,
0.2 - -6, [

0 25 50 75 t[s]

Figure 3.16: Time responses of the two-mass-system with only F; available.

In the plots the error of the transformed state estimation Z =z — 2,
the nominal state estimation X = x — T(A£), the parameter identifi-
cation @ = 0 — @, and the estimates of the physical coefficients of the
nominal system iy, Mh;, k are given. It can be seen, that in all cases
the estimation and identification errors converge to the origin, and
the estimates of the physical parameters converge toward their real
values. Notably, if only one control input is available the number of
identified parameters is limited and only two of them can be success-
fully estimated. Moreover, from the definition of parameter vector 6
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Figure 3.18: Time responses of the two-mass-system with both F; and F,
available.

in (3.83) it may be noted that

my 91
-y
010>
M2 =92 _"09,0:" (3.87)
3 Y2U3
070
k=
(03 —02)

The values of physical parameters of the nominal system thus cannot
be recovered for some combinations of the momentary values of the
identified parameters © for which denominators of expressions in
(3.87) approaches zero. While the employed approach ensures that
the parameter estimates converge to their correct values, these un-
feasible values of the parameters may be reached in the transient
states and the recovery of the nominal parameters and state of the
nominal system may be impossible in such time instants. Due to this
phenomenon, the presented scheme may not be suitable for use in
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real-time tasks. To mitigate this effect the use of a differently defined
projection operator may be considered to disable adaptation if the
parameters approach some of the unfeasible values. The numerical
trials presented in Fig. 3.16—3.18 are given here as a proof of concept
and thus such modifications are not incorporated into the observa-
tion method. The initial conditions of the parameter estimates were
instead carefully chosen to ensure the flawless recovery of the physical
parameters of the plant.

3.3 PARAMETER IDENTIFYING DRC

The PIESO observer proposed in the preceding section constituted
a tailored solution to the problem of state estimation and parameter
identification of the systems with unknown parameters. Nonetheless,
in the practical scenarios, the problem of adaptive control in the
presence of parametric uncertainty is often considered and the means
of application of the proposed methods to the task of closed-loop
control are thus required. To this end, a new adaptive ADRC scheme
named Parameter Identifying Disturbance Rejection Control (PIDRC)
is designed by combining the PIESO observer with a conventional
ADRC control law enhanced by the disturbance model evaluated using
the identified parameters of the plant. Due to the proven capability of
the algorithm to asymplotically estimate the disturbance impacting
the plant, the performance of such a controller is ultimately improved
and the asymptotic convergence of the estimation, identification, and
tracking errors is achieved.

In order to facilitate the controller design, consider the nominal
system as given by (3.25) and expressed by

.88
y=clx, (3.88)

where x = [x7 ... xn]T € R™ represents a state of the plant,
b € R\ {0} is a known input gain, u € R stands for a control input,
and y € R represent the output of the plant. The term P (t,x) =
[1])1 (t,x) ... wk(t,x)] e Rk represents some dynamics of the
plant with a known structure and 0 = [0; ... Gk]T € R¥ are
unknown constant parameters of the system. Matrices A,,, by and ¢,
are as given in Section 1.5. Reminiscent of the procedure of Section 2.2,

the problem of simultaneous state estimation, parameter identification
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and tracking reference trajectory x.(t) by state x of the plant is defined,
with

xr:[xﬂ xm]Tz[xgo)(t) xgn_])(t)]TelR“,
(3.89)

where x.(t) € R is some function of time chosen freely by the designer.
The application of PIESO observer requires the nominal plant to
satisfy some assumptions, defined on the basis of the character of
the regressor and state of the plant as Assumption 3.3-3.5. If the
problem of closed-loop control is considered, the satisfaction of some
of them cannot be verified in advance, as the evolution of the state
of the system is initially unknown. Thus, following the approach of
Section 2.2, the set of similar assumptions is defined on the basis of
the reference trajectory. Namely, assume that the nominal plant is such
that Assumption 3.3 holds and the reference trajectory satisfies what
follows.

Assumption 3.7. Let reference trajectory X, (t) be such that

itl)(t,xr)

max( [P (t,x)||, m

) <bm (3-90)

for some constant Py € Ry and any t > 0.

Assumption 3.8. Let the reference trajectory x.(t) be such that regressor
P (t,x,) evaluated on the reference trajectory satisfies

t+Tpg
| W e (o) v > (391
t

for some constants u, Tpg € Ry and all t > 0.

Corollary 3.4. If Assumptions 3.7 and 3.8 hold, then there exists matrix

]

M(t,x,) =J YT (1, % (1)) (1,30 (1)) dT € RS5 (3.92)

t
satisfying
pe” T V]2 <VTMY < Py [Iv)1* (3.93)

for any vector v € R¥. The time derivative of matrix M(t,x.) is given as

MUt x) = MUt x0) 9T (b x (E)(t xr(1). (3.94)

Reminiscent of the approach embraced in the PIESO design, multi-
ple variants of the controller are proposed depending on the specific
characteristics of the plant or properties of the system. Namely, the
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simple solution similar to that of Section 3.2.1 is presented for the
systems with regressor being a known function of time only. For the
more sophisticated systems with disturbance directly depending on
the state of the system, two distinct methods are proposed, with the
regressor evaluated either on the estimated state or reference trajectory.
For each of the proposed approaches, a suitable stability analysis is
presented and validation is conducted through simulation trials.

3.3.1 State independent regressor

In order to introduce the fundamental principles of the PIDRC design,
the simplified system with regressor independent of the state of the
plant is first considered. The dynamics of such a system are expressed

by
X =Anx+ by (bu+1(t)0), (3-95)

where P (t) = [1],)1 (t) ... 1|)k(t)] € R** is a function of time only.
By treating the modeling uncertainty as a separate state variable, the
dynamics of the plant are rewritten as

x=Anx+by, (bu+1p(t)é+6) ,

= & (0 (o-9)),

where & = (t) (9 — é) € R is a total disturbance in the system and
@ € R¥ stands for an estimate of the unknown parameters 6 of the
nominal plant. The state extension of such a system is intuitively
achieved by defining z = [xT 6}T =lz1 ... zm]T € R™, where
m = n + 1, with the dynamics given by

(3-96)

2= Azt dn (but (00) b L (W(1) (0-0)). Gop)

Following the procedure presented in the previous sections, the PIESO
observer for this system is designed as

5= Amz+dm (bu—i—ll)(t)é) 1z —21) (3.98)

with the parameter adaptation law given by

O =TT (t)2m, (3.99)

T ¢ R™ stands for the estimates of the

extended state z, 1= [1; ... 1] Te R¥ defines the observer gains
and T' € R**¥ is a positive definite matrix of adaptation gains. To

where 2 = [21 2m]
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enable the algorithm to drive the state of the plant along the desired
reference trajectory, the estimated model of the plant is incorporated
into the standard ADRC controller given by (2.32). Namely, the control
law is proposed as

u=>b" <v —P(1)0 — 2m) (3.100)
with the internal control law v designed as

v=kT (x; — An2) + %, (3.101)
The controller is here designed in accordance with the general princi-
ple of the proposed adaptive ADRC scheme. In the initial time instants,
the estimate of the total disturbance is a major factor of the control law,
as the quality of the estimated model of the plant may be insufficient
to ensure the proper operation of the plant. As the adaptation pro-
gresses, the total disturbance is expected to vanish and the dynamics
of the plant evaluated using the identified parameters are instead used
to compensate for the impact of the nominal modeling uncertainty.
The control law (3.100) thus ultimately converges to the form suitable
for a conventional non-adaptive feedback controller. The graphical
visualization if the proposed control scheme is presented in Fig. 3.19.

) Control law H P(t) ‘Ht
Xrn

Xr1 u Xn X1
N e o P

Plant

Xrn

~ t
b i—» 0 [+
Zm 50
nllinSe
n | 2] 1o
1 4 3
Extended State Observer

. TYT(t)2m

Adaptation Law

Figure 3.19: The detailed graphical illustration of the considered PIDRC
controller with regressor dependent on the state.
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Following the analysis approach presented in the previous sections,
denote the tracking, estimation, and identification errors as X = x, —x,
2 =z—%,and 6 = 0 — 6, respectively. The dynamics of these errors
under the proposed control scheme are given by

X

Gx — Wz,
HZ + b (t)0 + bnp(F (T (1T 2T (1)(1)6),
0 =-TYT()P(t)8 +TPpT(t)b] 2,

z

(3.102)

where G = A, —bykT, H=A,, —lc] and W = b, kTA,, + b, b] .
By applying the standard bandwidth parametrization of the controller
and observer gains, as given in Section 2.1, the algorithm is tuned
with

L = Tiwé, ie {1,m},

_ . .10
K =kjot ™1, 5 e{l,n} (3.103)

with w¢, w, € Ry being the bandwidths of the controller and observer.
The scaled tracking and estimation errors are then formulated as

Zi = wQ‘*iZi, ie {],m},

. .10

7_‘]' = (1)27]7(3', j€e {],Tl}, (3 4)
which is equivalent to

l=wl'd, ', k=w.Dk,

_ i 3 . (3-105)

Z=®,z, X =D
with the scaling matrices @, = diag(wglq, wn=2,...,1) € Rmxm
and @ = diag(w>~ !, wl2,...,1) € R™*™ being expressed in terms

of the chosen bandwidths w,, w.. Substituting (3.102) to (3.105) yields
the dynamics of the scaled errors given by

xR
Il

weGX — by (I‘chcpc/\ncpg1 + bTTn) z,
= woHZ+ b (1) + b (VT (T (DL Z— T (HY(1)0),
0 =-TYT(P(t)d+TPT(t)b] 2

N

(3.106)
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withG=A, bk, A=A, — lc! , and explicitly given by

- 1 0 -0

) _ 0o 1 0

L 0 1 .0

Fl: . . . , G:

] 0o 0 1

1, 0 0 1 Rk .
—Tn 0 0 0

(3.107)

Assumption 3.9. Let the scaled control and observer gains k, 1 be chosen
such that matrices G, H are Hurwitz.

If Assumption 3.9 is satisfied then there exist positive definite ma-
trices R € R™*™ and P € R™*™ guch that G'R+RG = —I,, and
H'P + PH = —1,,,. By taking advantage of this notion, the properties
of the presented PIDRC controller are expressed by the following
theorem.

Theorem 3.3. For system (3.95) satisfying Assumptions 3.3, 3.7 and 3.8, the
control law (3.100) with observer (3.98) and adaptation law (3.99) guarantees
a global exponential convergence of errors X, 2 and © to the origin under the
tuning proposed by Assumption 3.9 for w, and w. chosen high enough and
I" chosen with a norm small enough.

Proof. Following the footsteps of the PIESO analysis, recall Assumptions 3.7
and 3.8 with Corollary 3.4 and consider the following function

V33(%,2,0) = LRz + %ZTPZ +a' <;r—‘ — M(t)) 9,

2
(3.108)
which satisfies the inequality
_ . = 1 _n2 ] _n2 1 - 2 ~12
V33(%,2,0) > Srm K]+ 5pm 1217+ ( 570 — 04 ) 6]
(3.109)

With Tm = Amin(R) € Ry and yapm = HFH € R.. The considered function
is thus positive definite for any adaptation gains T satisfying ym < %U,)KAZ
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The time derivative of function V3 3 along the trajectories of the system is
given by

. 1 .
Vi3 = — Ewca‘cTic—icTRbn (kTwCCDC/\n(I’S] +bl1> z
] ~
+2z7 <—2w0 + Pbmth)TbL> z+0" <2MF1I)T¢

- M) 8127 (bmq) — 26 hTM — Pb T T
+Pbm )é

(3.110)
with arquments of P (t) and M (t) omitted for brevity. By taking advantage of

properties of M(t) matrix and invoking the Young's inequality, the following
bound of V33(%,2,0) can be defined,

. -] Tll]
V33 < 7 <—wc +1™m (kM <wC> + 1)) ||7_<||2 + <— e 7
Wo

1 ~ 1
+ 20t ym + 28) HGHZ +3 ( — Wo +2pMmbRYM

we \ ™ 1
+T™ kM< ) +1 JFE(U)M+211’13(AYM

wo
3 2\ 122
+PM1|)MYM+PM11)M> [1Z]]
(3.111)

for any ¢ € Ry with vy = |[R]| € Ry, km = ||k|| € Ry and pm =
|P|| € Ry By choosing we > 1 (km(%)nH +1), ym < Tue” et
and ¢ < 3 (ue=TPE — 2% ym), the entire expression is made negative
definite for w, chosen high enough. Function V33(X,Z2, 0) thus satisfies
the conditions of Lyapunov theorem and its existence implies the asymptotic

convergence of the tracking, estimation and identification errors to the origin.

The stability analysis presented here relies strongly on the earlier
results obtained for the PIESO observer, yielding similar conclusions
concerning the proper tuning of the controller. It is shown that if the
bandwidths of the controller and observer are set high enough, prefer-
ably with w, significantly larger than w, to suppress the impact of
transient state estimation errors on the control law, and the adaptation
gain is chosen small enough, the stability of the closed-loop system is
ensured and all errors converge to the origin despite initial modeling
uncertainty present in the system. To better evaluate the performance
of the proposed solution a numerical simulation is conducted.

Simulation 3.9. The third order system with dynamics conforming to
(3.95) and n = 3,b = 1, = [cos(3t) sin3(t) 1], as well as 0 =
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[—1 3 3] T, is considered. The PIDRC control scheme is designed for such
a system following (3.98)—(3.100) with T = 0.213, w, = 100 and w, =
1. The reference trajectory is chosen as (3.89) with x,(t) = sin(%ﬂt) +
%sin(%nt). While the choice of a reference trajectory does not impact the
ability of the observer to estimate the parameters of the plant, in the closed-loop
control scheme it directly impacts the tracking procedure and state estimation.
The results of the conducted simulation are given in Fig. 3.20. The choice of
wc = 1 implies that scaled tracking errors X = X and are thus omitted in the
plots.

[ T T ] —
=Z1 =-Z1
1k _227 =-Z
-23 —Z3ﬂd
-7 -24
0 Zaif

2 "o
-92
0 =65 |

0 25 5 75 t[s]

0k
-10 | | | |

0 25 5 75 t[s]

Figure 3.20: Time responses of the third order system with time-dependent
regressor under the proposed PIDRC controller. Results of con-
ventional ADRC with I' = 03 shown in transparent plots of X, Z
and z.

The presented results confirm the findings of the theoretical analysis.
Convergence of the tracking, estimation, and identification errors to the
origin is visible. Similarily, the vanishing of the total disturbance can
be observed, which indicates the correct progress of the identification
procedure. Eigenvalues of M(t) and the evolution of V3 3(%, z, 0) are
also shown to further reinforce the analytical results. Notably, due
to the character of the regressor, the identification of the parameters
is here independent of the tracking of the reference trajectory, and
the evolution of the parameters is the same as in shown in Fig. 3.9. It
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follows that the speed of the adaptation of the PIDRC controller can
also be adjusted by a proper choice of I' matrix, as demonstrated in
Fig. 3.10.

3.3.2 Adaptation based on the reference state

As is the case with the task of parameter identification using PIESO
observer, in the problem of closed-loop trajectory tracking, the PIDRC
controller in the proposed form utilizing the regressor expressed as a
function of time only is not suitable for application in the majority of
practical scenarios. The need for a controller in a more universal form,
applicable to a general system given by (3.88), thus arises. Recall the
considered nominal system given by (3.88) as

X =Anx+b, (bu+(t,x)0). (3.112)

Following the approach embraced in the analysis of Section 2.2, the
dynamics of the systems are reformulated to incorporate the reference
trajectory and isolate the impacts of the tracking and estimation error
as

X = A x+by (bu—i— (W(t, Anz) —P(t, X)) (e . é)

+(t, Anz)0 + 6>, (3.113)

b= & (o1t (0-9)).

where & = w(t,xr)(e — é) is the total disturbance of the system
with 1 being a function of state. The dynamics of the extended state
z=[xT 6]T € R™ take the form of

Z2=Anz+dn <bu—|— (P(t, Anz) —P(t, %)) (G — é) (3.114)

—i—ll)(t,Anz)é) n bm% (tl)(t,xr) (e _ é)) .

In order to synthesize the observer and the controller for such a
system some evaluation of the unknown state of the plant is necessary
to calculate the momentary value of the regressor. The proposed
standalone PIESO designed for the identification task utilizes the state
estimate produced by the observer to solve this issue. Alternatively,
as the task of closed-loop control is considered here, the reference
trajectory may be employed by taking advantage of the expectation
that state of the plant indeed converges to this reference signal. Thus,
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two distinct solutions to the problem of PIDRC design in the presence
of regressor being a function of state arise.

Consider first the approach employing the reference trajectory to
synthesize the observer and controller. Incorporation of the reference
signal into the PIESO observer designed for a system with state-
dependent regressor yields

t=An2+dn (bu—l—lb(t,xr)é) +1(z1 —24) (3.115)

with 2 = [2; ... 2m]T € R™ being the state estimate produced
by the observer. Notably, the observer in the proposed form can be
synthesized and implemented on the basis of available and known
signals. The parameter adaptation law is then proposed as

0 = Proj(t,0,0), T=TyT(t,Xr)2m, (3.116)

where Proj(-) satisfies (3.52) and thus Remarks 3.2 and 3.3, as well
as Corollary 3.3, still hold. Finally, the control law is synthesized by
taking advantage of the regressor evaluated on the reference trajectory
and takes the form of

u=>b" (V_Ip(tzxr)é_im> (3-117)
with
v=kKT (x; — An2) +x™, (3.118)

The graphical illustration of the considered method is presented in
Fig. 3.21.

The application of the PIDRC method in the presented form to the
system with the regressor being a function of the state of the plant
leads to the dynamics of tracking, estimation, and identification errors
in the form of

Xx=GXx—Wz—b, (P(t,Anz) —WP(t,x;))0,

zZ=Hz+dm (W(t,Anz) —P(t,x,)) 0 +bm<1i)(t/xr)é
(X)) Proj(T)), (3.119)

0= — Proj(T),

=Ty T (t,x: )P (t,x:)0 —TPT(t,x,)b] 2.
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Figure 3.21: The detailed graphical illustration of the considered PIDRC
controller with regressor dependent on the state and algorithm
synthesized on the basis of the reference trajectory.

Embracing the tuning method of bandwidth parametrization given
by (3.103) and recalling the definition of the scaled tracking and
estimation errors in the form of (3.104) yields

%= w.GX— by, (ETchpcAnqng‘ + b;) Z— by <1p(t,/\nz)
—p(txn))e,

2= WoHZ + Wodm ({1, Anz) —H(t,x,)) 8 + by (h(t,x,)0
—P(t,x,) Proj(7)),

0= — Proj(),

=TV (t,x:)P(t,x:)0 —TPT(t,x,)b] Z.

(3.120)

with G and H as given by (3.107). The following theorem summarizes
the properties of the proposed solution.

Theorem 3.4. For system (3.112) satisfying Assumptions 3.3, 3.7 and 3.8,
the control law (3.117) with observer (3.115) and adaptation law (3.116)
guarantees a global exponential convergence of errors %, z and © to the origin
under the tuning proposed by Assumption 3.9 for w, and w. chosen high
enough and T chosen with a norm small enough.
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Proof. Consider the function given by

V3.4(%,2,0) = %wOXTRfc + %ZTPZ +07 (;r—‘ — M(t,xr)> 0.

(3.121)

Function in such a form satisfies

—_—

_ _ 1 _ 1T _ <12
V34(%,2,0) > 7WoTm I%]1> + 5Pm I1Z]* + <2YN[1 _wlz\/l) 16l

(3.122)
and is thus positive definite for any T satisfying ym < %IPKAZ By taking

advantage of the dynamics of the scaled errors (3.120), the time derivative of
V3.4(%,2,0) is obtained as

Vig= — %wcwochi— woX Rb, (RTwcd)c/\nd)g‘ +b§1) z
— WoX"Rb, (P —P,) 0 — %woiTi
+woz"Pdm (W —1P,)0+2TPb, (ﬂ%é — 1, Proj(T))
—8' T Proj(t) + 26 ' M Proj(t) —8 ' M8 + 8 T, 0
(3.123)
withp = P(t, Anz) and . =P (t,x,.) denoted for brevity. By adding and

subtracting the term OT 't and recalling (3.52) the following inequality is
established,

' 1 n|1
V34 < (— 7Wo (1 — €7 (TMkM <wc> +T™m
Wo

+ ™! OPMﬂ)LeM)) +PMmYMm¥E, +

(PMll’M

2¢;

3 3 2\ o2 1
+PMYM¢M+21|)MYM+II)M> 1ZII” + wo | — 5

2%e
—n+1/0 1 we\™
+ we TMll)Lelvl-f—T ™ | km | — +1
€1 Wo
+ wZ“*“’prLeM)) %1% + <— ue™ " + 24t vm
1 =12
+3e2) 9]

(3.124)

for any e1,e2 € R,.. More details of the presented calculations are given
in Appendix A.2. Derivative V3.4(%, 2, 0) is negative definite if T is chosen
to satisfy ym < sue” Py, setting e < 3 (ne” TP — 20} yam) and e
small enough, and finally tuning w. and w, high enough. Thus positive
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definite V3 4(%, 2, ) with negative definite derivative implies the convergence
of all errors to the origin.

The presented analysis consists of a single Lyapunov function used
as a basis for the proof of the error convergence in the closed-loop
system. Despite the presence of the regressor in the form of function
of the state of the plant, the use of two separate functions, as in
Theorem 3.2, is not necessary. The proposition of the PIDRC controller
based on the reference trajectory is thus of significant importance
from the theoretical perspective, as the complete proof of stability is
obtained using the standard Lyapunov approach and the exponential
converge of the errors is established. This notion justifies a separate
proposition of two distinct synthesis methods of the PIESO controller
for the plants with a state-dependent regressor. The performance of
the considered approach is validated in simulation.

Simulation 3.10. Consider a third-order system in the form of (3.112). The
investigated plant is characterized by b = 1, =xT and® = [-1 3 3]".
The PIDRC controller is designed with according to (3.115)—(3.117) with
I' = 0.05I3, wo = 100 and w. = 1. The projection operator is designed
as in Remark 3.2 with 9; = 100 for i € {1,2,3}. The reference trajectory
is chosen as (3.89) with x,(t) = sin(3%t) + J sin(37t). The results of the
simulation are given in Fig. 3.22.

The presented results are in line with the conclusions of Theo-
rem 3.4. The convergence of all errors to the origin is visible and
proper identification of the unknown parameters is performed. Evolu-
tion of V3.4(%,z,0) and its derivative also conform to the expectations
formed on the basis of the results of analytical investigations. Similar-
ily, as in Fig. 3.12, the choice of projection operator does not impact
the results of the simulation, as the transient values of @ are within
bounds imposed by the projection operator throughout the entire
simulation. Had the initial errors or character of the system been dif-
ferent, the projection operator would suppress the exceeding growth
of the parameters estimates as shown for the case of PIESO observer
in Fig. 3.13.

3.3.3 Adaptation based on the estimated state

The controller in the form proposed in the previous section is designed
with the adaptation procedure based on the reference trajectory. Thus,
its operation is dependent on the capability of the conventional ADRC
incorporated into the controller to drive the state of the system close
enough to the reference trajectory where the adaptation law becomes
suitable for a real system. Alternatively, the focus may be given only
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Figure 3.22: Time responses of the third order system with state-dependent
regressor under the proposed PIDRC controller designed on the
basis of the reference trajectory. Results of conventional ADRC
with I' = 03 shown in transparent plots of %, Z and Z.

to the abilities of the ESO observer and the adaptation law can be de-
signed employing the estimates of the system. Thus, the performance
of ESO in producing the estimates close enough to the real state of
the plant becomes crucial in the operation of the algorithm. To this
end, by taking into consideration the nominal system (3.112) with an
extended state (3.114), the observer is designed incorporating the state
estimates as a basis of the regressor evaluation as

5—Anz+dnm <bu Tt /\ni)é) Fl(z—21) (3.125)

with 2 = [2; ... 2m]T € R™ being the state estimate produced
by the observer. By taking advantage of this approach, the parameter
adaptation law is synthesized as

A

0 =Proj(t,0,0), T=TyPT(t, An2)em (3.126)

157



158

PARAMETER IDENTIFYING ADRC

with Proj(-) satisfying (3.52) and Remarks 3.2 and 3.3. The control law
is formulated in the same manner, as

u=>b"! (v —P(t,An2)0 — 2m) (3.127)
with
v=kT (xy —An2) + xpﬂ. (3.128)

The graphical illustration of the considered method is presented in
Fig. 3.23.
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Figure 3.23: The detailed graphical illustration of the considered PIDRC
controller with regressor dependent on the state.

The closed-loop system with the proposed PIDRC controller de-
signed on the basis of the state estimates is characterized by the track-
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ing, estimation, and adaptation errors with the dynamics expressed
by
%= Gx— Wz — b (9t Anz) ~h(t,x,)) &
+ (Pt Anz) = B(t, An2)) 0),

2= Hz+ din ((W(4An2) = (6,%,)) 8+ (W[t Apz)

0= — Proj(T),

T= F( (VT (L Ar2) =T (t, Anz)) + (W (L, Anz) =T (t, 1))

+1bT(t,xT)> (W(t,x+)0—bl 2).
(3-129)

Embracing the tuning method of bandwidth parametrization given
by (3.103) and recalling the definition of the scaled tracking and
estimation errors in the form of (3.104) yields

% = w.Gx—b, (ETwC(I)C/\n(I)O_] n b;) Z—bn<(1|)(t,/\nz)
—p(tx:))8+ ([t Anz) = P(t, An2)) 8),

z=woHz + wodm((lp(tz Anz) —P(t, %)) 0+ (ll)(t//\nz)
W, Ang) é) b ((t,x0)8 — (L, %) Proj(t)),

0= — Proj(T),

o= 1 (0710 AR) = 9T Anz)) + (971, AR2) - 9T 0x,)

ST ) (b(tx0)0 - b2
(3.130)

with G and H as given by (3.107). The following theorem summarizes
the properties of the proposed solution.

Theorem 3.5. For system (3.112) satisfying Assumptions 3.3, 3.7 and 3.8,
the control law (3.127) with observer (3.125) and adaptation law (3.126)
guarantees a global asymptotic convergence of errors X, Z and © to the origin
under the tuning proposed by Assumption 3.9 for we and w. chosen high
enough and T chosen with a norm small enough.

Proof. Similarily to the approach employed in the analysis of Theorem 3.2
on the PIESO observer synthesized on the basis of the state estimate, proof
of the considered theorem is carried in two distinct steps. Initially, taking
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advantage of the properties of the projection operator, the boundedness of the
tracking and estimation errors is established. Then, this notion is embraced to
proof the convergence of all errors to the origin. Consider first the auxiliary
function

1 1 1 <
V3s5(X,2) = EwochRfc + EZTPZ + EGTF_] 0 (3.131)
_ZTPbmlp(t/xr)é/

which satisfies

oo ] 2 ] ]
Vis(®2) 2 sworm [X]* + 5 (pm —e (pmba)) [2* (G.132)

1T/ ¢ 1 5112
+3 (vl = torcind ) 0]

forany e € Ry. Thus, V3 5(X, Z) is positive for any choice of T satisfying

Ym < a(p;\/pxl),z\/[)*1 with ¢ < pm(lebM)q. The time derivative of
V; 5 (X, ) takes the form of

. 1 _
Vis = = 3WcwoX 'R — woX TRy (KT we@cAn @G + ], ) 2

— woXRb, ((xp —,) 0+ (11) —11)> é) — %wosz
+ WozTPdyn ((1]) )0+ (11) - ﬁ)) é)

— 8T Proj(t) — w0 b] PHZ

— wo® WIBLPdm (W —1,) 8+ (b —1)8)

—8"pIbl Pby, (1,6 — ., Proj(t))
(3-133)

and satisfies

- 1 _ 1 we\™!
Vis < wo (— 7 We +rmbLOmwe nrio 7 (TMkM <wc>
(o]

—n4100 _
+rm A+ pmbLOmwe | >> %1%

1 we \ ™!
+ <—wo (1 —s(erM <c) +T™m

2 Wo
+PM1|)L9ch_n+1O>) + " mbom

+we ™! <9M11)L + GMPMYMlsz\AlPL)) HE
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—n4100 —n41/0
+ <wc | MWL Om + we | (SMPMYMlel)%/L

i wm)) Il 2] + (woeMprMhM T BMpMYMb

oMU + wo 0k bmpmbt + wo ™ (R

+vaM¢L¢%Ae%A)) 2] + we ™1 <woemmpm

+ 03,01 dm +PMYM¢L¢13\4912\4> %[ +PMmYMWA O
(3-134)

for any ¢ € Ry with hy = ||H|| € Ry. By setting e, w and finally
wo high enough, this expression is made negative definite for ||x|| and ||z ||
large enough. It is inferred, that X and Z converge to some neighborhood
of the origin, and there exist some constants xyp, zm, Txz € Ry, such that
|%|| < xm and ||2|| < zm for any t > Tx,. Similarily as in the proof of
Theorem 3.2, it can be shown that xy, and zy, remain bounded with the
growth of we and w. and thus the proper tuning of the algorithm is not
hindered.

By taking advantage of the established notion of the boundedness of the
tracking and estimation errors, the convergence of all errors in the considered
system can be proved. To this end, consider the function in the form of

V35(%,2,0) = %woiTRfc + %zTPz +8' <;F1 — M(t,xr)) 0.

(3-135)

The proposed function satisfies

—_—

o _ 1 _ 1 %112
V35(%,2,0) > sworm [X]|* + 3pm [|2]* + (zm —wﬁ) (Ell

(3-136)

and is positive definite for any T satisfying ym < %Ll){/lz Calculation of the
time derivative of this function yields

. 1 »
Vis = — EwcwoiTi— woXRby, (kTwCCI)c/\n(IT1 +bll> 2

— 20 "M Proj(t) + 8", 8.
(3-137)
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This can be further transformed by adding and subtracting the term 0T 't
and recalling the property given by (3.52) to obtain

. 1 _ 1
V35 < (wo < —5We +aw™! lo@MTMﬂ)L + Zer (TM

we\ ™! _
+1mkm <wC> +wcn+”0PM9M11)L>>

o

1 _ _
+ EGM <wc e IOTMIPL +we O (PMYMlbLIPzZ\A

1 —n
+r + ZII’zZ\AYMlPL)) + % (wc i <9M¢L11’M

1
+26MVM¢?\A¢L>>2> H?ZHZ + <2wo (— 1+ ¢ (T‘M

n|1
+rmkm ((?) + e ™ lOPMGMﬂ)L))

[¢]

—n+1[0

-
+ We pl\/leMll)L‘f‘wcTL |

OXMPMlel’MlPL

o™t (pM'YMlbLll)lz\/[eM +zmpmymbmbL

+0mUL +29M1|)12\4YM11)L> +PMYMbig

1 _ _
+ 7 <wc o ‘OeMerpL + ™! © (PMYMIIJUI);ZV[@M

1
+0mr + 29M11)12\AYM¢L)> + 76s (PMYMll)?vl

+pmUM +bm + 2ymbi + wp ™ (eMlelbL

2
+wMyM¢%wQ)>H2F+<—uémm+hww%

1 1 ~ 112
+2m+2%>wu

(3-138)

for any €1,¢2,e3 € Ry. More detailed calculations are shown in Ap-
pendix A.2. The first terms of the expressions associated with squares of
|%|| and ||z|| are negative for €1 and ratio of w. and wq small enough with
we high enough. The coefficient of the square of || || is negative for €, €3
and T small enough. Finally, the negative definiteness of the entire function
is guaranteed by choosing w, high enough. Thus, the errors in the system
exponentially converge to the origin once the tracking and estimation errors
reach the neighborhood of the origin which is ensured by the earlier analysis.

In order to verify the characteristics of the proposed PIDRC con-
troller designed on the basis of the state estimates, the numerical
simulation is conducted.

Simulation 3.11. The third order system is considered with the dynamics
given by (3.112) and b =1,p =xT,0 = [-1 3 3}T. The controller is
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synthesized according to (3.125)—(3.127) and tuned with T’ = 0.0513, w, =
100, we = 1. The projection operator is incorporated according to Remark 3.2
with ¥; = 100 for i € {1,2,3}. The reference trajectory to be tracked is
chosen as (3.89) with x,(t) = sin(%‘t) + % sin(%”t). The obtained results
are given in Fig. 3.24.

Figure 3.24: Time responses of the third order system with state-dependent
regressor under the proposed PIDRC controller designed on
the basis of state estimates. Results of conventional ADRC with
I' = 03 shown in transparent plots of %, Z and Z.

The results of the simulation show the effectiveness of the proposed
control scheme in the task of reference trajectory tracking in the
presence of parametric uncertainty of the plant. The convergence of the
tracking, estimation, and identification errors to the origin is achieved,
with the evolution of the signals resembling that presented in Fig. 3.22.
Importantly, this similarity is not guaranteed in all cases and the
advised choice of the controller based either on the reference trajectory
or estimated state depends on the properties of the considered system.
In the plots only the evolution of V3 (%, z,0) is given, as the analysis
of the auxiliary function V3 , (X, Z) appears to be required only in some
specific cases of exceedingly large transient estimation and tracking
error, which is not a case in the considered scenario.
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3.4 EXPERIMENTAL VALIDATION

The PIESO and PIDRC algorithms proposed in the proceeding section
constitute a novel solution to the problem of adaptive control and
state estimation in the presence of parametric uncertainty of the plant.
Thanks to their straightforward interpretation and intuitive design
they may be easily applied to a wide variety of practical problems.
Yet, presented analysis and numerical trials on simplified systems
unveiled only the theoretical properties of these methods and rigorous
experimental verification of their performance in real-life scenarios is
necessary. To this end, the application of the considered algorithms to
two distinct mobile robotic systems is studied. At first, the results of
the identification of the dynamic model of the hovercraft platform are
presented on the basis of findings reported in [229]. It is shown that
the proposed PIESO observer is capable of successful identification of
the entire set of parameters of the strongly underactuated dynamic
system. In the second part of this section, the series of experiments on
both identification and adaptive control of the two-wheeled mobile
robot is presented following the results of [230]. Notably, both exam-
ples discussed in this section do not strictly conform to the nominal
structure of the system considered in Section 3.2 and 3.3, and thus the
presented results unveil some flexibility of the proposed algorithms
as highlighted already in Section 3.2.3.

3.4.1 Identification of the hovercraft system

The hovercraft is a type of mobile vehicle utilizing an air cushion
to reduce the friction between the vehicle and the ground, and the
propeller providing the thrusting force. Such systems are inherently
characterized by high inertia of movement and are highly underactu-
ated as the direction and magnitude of the thrust generated by the
propeller are usually the only control signals of the device. Some of
the earliest results on the automated control of hovercraft vehicles
have been reported in [66, 235] and considered the problem of position
stabilization only. These solutions either required full knowledge of
the dynamics of the system or assumed a simplified model without
any parameters, thus limiting the performance of the controller. In
the papers [267-269] the advantage has been taken of the property of
the differential flatness to solve the problem of the trajectory tracking
of the discussed plant. Solutions employing the traversal functions
were also reported in [25, 94, 202]. Many of these methods refer to
the simplified model of the hovercraft which may hinder their appli-
cation in real-life scenarios. Recently, attempts to lift this limitation
by incorporating parameter identification schemes into the control
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algorithms have been made. The solution employing the Kalman filter
used to online estimate the parameters of the plant and combined
with the input-output decoupling algorithm was presented in [37].
The assumption was made that the velocities of the platform are mea-
surable and the hovercraft was modeled as a first-order system with
parametric uncertainty. The control schemes with incorporated adap-
tation algorithms have also been reported in [125, 311] with the focus
given mainly to the identification of the friction effect. Following the
ADRC paradigm, the controllers utilizing the extended state observer
to estimate the impact of the unmodeled dynamics without explicit
identification of the model of the vehicle have been proposed in [201,
301].

An alternative solution to the problem of the control of the hover-
craft can be proposed by utilizing the PIESO observer to estimate the
parameters of the system and subsequently employ them in one of the
nonadaptive model-based controllers suitable for the dynamics of the
hovercraft system. Such an application of the adaptive observer in the
task of parameter identification is covered in this section. To this end,
consider the experimental testbed consisting of the remotely controlled
hovercraft model. The discussed vehicle employs two separate pro-
pellers to generate lift and thrust forces, with the latter coupled with a
simple rudder used to control the direction of the vehicle movement.
The detailed description of the considered plant is given in Section 4.1
and the schematic view of the system is shown in Fig. 3.25. Consider

Y

X

Figure 3.25: Scheme of the kinematics of the hovercraft robot

the dynamics of the hovercraft system expressed by the following
non-affine system,

q=R(op)x,

% = —Dx + b(ug s + c(x) (3.139)
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with the rotation matrix R(¢) € R3*3 is given by

cos(p) —sin(¢p) O
R(p) = |sin(¢) —cos(e) O (3.140)
0 0 1

and used to transform the velocities of the hovercraft between the body
frame and the inertial frame. Theterm q =[x y o] T € R3 corre-
sponds to the position and orientation of the hovercraft in the inertial
frame,x =[v w 1] T € R3 stands for the linear and angular velocity
of the platform in the local coordinate system, and u = [u1 1y } Te
R? are input signals representing the orientation of the rudder and
the control signal of the propeller correspondingly. Damping matrix
D = diag(3y, T, %) € R3*3 represents the friction forces and aero-
dynamic drag impacting the moving hovercraft with o, 0y, 0 € Ry
being the damping coefficients in each direction of the local coordi-
nate system and m, ] € R, standing for the mass and inertia of the
robot. The term b = [% cos(uq) %
describes the input gains in each of degrees of freedom with re-
spect to the orientation of the rudder and b € R representing the
scaling between the input signal u, and the thrusting force gener-
ated by the propeller. Constant a € R, is a distance between the
propeller and the center of the mass of the hovercraft. Moreover,
c(x) = [wr —vr O}T € IR3 stands for the nonlinear couplings due
to the centifugal effects.

The problem of the parameter identification of system (3.139) is
considered under an assumption that all of the physical parameters,

sin(uq) —?asin(m)]T e R3

namely oy, 0y, 0r,m, ], a and b, are unknown, but the local velocities
x of the system are available for direct measurement. In order to
design the adaptive PIESO observer, the dynamics of the system are
rewritten following the footsteps of [37] to obtain

x =W¥(u,x)0 + c(x) (3.141)

with ¥(u,x) € R3*° being new regressor of the system and 0 € R®
standing for the lumped parameters of the plant. Specifically, taking
advantage of dynamics (3.139), expressions ¥(u,x) and © are given as

—v 0 0 cos(uj)uy 0
Yux)=[0 —w 0 sin(uj)uy 0 (3.142)
0 0 - 0 —sin(uy)us

and

9:[% Sw & boab| (3-143)
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The system expressed by (3.141) can be interpreted as the composi-
tion of three distinct first-order systems governing movement in each
degree of freedom coupled by the impact of c¢(x) matrix. Notably, the
dimension of © is lower than the number of unknown physical pa-
rameters and thus only the estimation of the accumulated parameters
is considered and the recovery of the full set of coefficients of the
nominal system is not possible. Parameters m and a are nonetheless
relatively easy to measure in practical scenarios and an advantage may
be taken of this notion to calculate the values of physical parameters
on the basis of produced estimates.

In order to design a suitable PIESO observer, the dynamics of the
system are further transformed into

x =W¥(u,x)0 + c(x) + 8,

&= % (‘P(u,x) (e —é)) )

where 8 € R® is the estimate of the unknown parameters and § =
Y(u) (9 — é) € R3 is the total disturbance in each degree of freedom.
Importantly, as the velocities of the platform and the control signals
are assumed to be known or measurable, the terms W(u) and c(x) are

(3.144)

known and can be evaluated at any time instant. The design procedure
for the system with the regressor being the function of time is thus
followed. Namely, extended state is defined as z = [xT 8T | T eRS
and the adaptive observer is designed in the form of

N

=Yl +ecx)+8+1 (x—%),
. . (3-145)
=1 (x—%)

with 2 = [&T &' ] T eR® being an estimate of the extended state of

the systemand 1= [1; 1] Te R? representing gains of the observer.
The dependence of W(u,x) on x is ommited in the observer definition
and subsequent analysis, as the hovercraft velocities are assumed to
be measurable and thus do not impact the identification procedure.
The structure of the observer may also be viewed as a combination
of three separate observers designed for each degree of freedom. The
adaptation law for the parameter estimation is synthesized as

0 =TvT(u)d (3.146)
with adaptation gains chosed for simplicity as T' = yI5 € R3*>, where

v € R is some positive gain coefficient.

Remark 3.4. Notably, the structure of regressor W(u) leads to inherent
redundancy of the identifier, as parameter 04 is identified through both the
first and the second element of the total disturbance 8. In some practical
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scenarios, it may be advised to modify the adaptation law and employ only
one of these signals. Such a procedure may improve the performance of the
algorithm, e. g. when the velocity measurement of one of the axes is expected
to be of lower quality. Nonetheless, in the experiments presented here, the
conventional form of the PIESO as given by (3.145) and (3.146) is employed.

To verify the feasibility of the proposed PIESO observer for the hov-
ercraft system with three degrees of freedom, a numerical simulation
is first conducted.

Simulation 3.12. Consider the system with dynamics given by (3.139) with
the physical parameters chosen as o, = 0.5kg/s, o0, = 0.6kg m?/s, 0, =
0.7kg/s,m =1kg,] =2kgm?,a =0.5mand b = 1 to yield

8=1[05 06 035 1 025]". (3.147)

The PIESO observer is implemented according to the presented approach
and is tuned with L = [20 100]" and v = 10. The control signals of the

robot are chosen as u = [sin(0.0] mit)  0.6sin(0.037t) ]T. The results of the
simulation are given in Fig. 3.26.

103
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Figure 3.26: Time responses of simulation of the hovercraft identification
using PIESO observer.

The trajectories of the extended state estimation errors, the dis-
turbance estimates, the control signals, and the parameter estimates
are presented. It is shown that both the estimation errors and the
disturbance estimates itself converge to the origin as the simulation
progresses. The convergence of the parameter estimates to their nom-
inal values, as given by (3.147), is also visible. Notably, despite the
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simplicity of the chosen control signals all of the parameters are cor-
rectly identified and their real values are recovered. Due to the low
frequency of the employed control inputs only moderate level of sys-
tem excitation is achieved and the adaptation procedure is relatively
slow in spite of the high values of the chosen adaptation gains. The
higher speed of the adaptation can be obtained by choosing the control
signals of the higher frequencies. Moreover, the use of control signals
with a greater number of distinct frequencies, e. g. in the form of a
sum of multiple sine waves, tends to lead to smoother trajectories of
the parameter and disturbance estimates, which may have significant
importance in some of the practical scenarios.

Following the presented numerical trials, the experimental evalua-
tion of the proposed algorithm is conducted.

Experiment 3.1. The experiment with a laboratory-scale hovercraft model
is conducted and the identification procedure is carried out. Due to the
character of the robot, the control signals are generated live during the
experiment by the operator through the keyboard input. It is thus ensured
that the movement of the robot is rich enough to satisfy the PE condition
while simultaneously collisions with any external obstacles are avoided in
the limited space of the laboratory. Throughout the trial, the velocities of the
robot are measured according to the method outlined in Section 4.1 making
it possible to implement the identification algorithm in the form given by
(3.145) and (3.146). The results of the experiment are illustrated in Fig. 3.27.

| | | |

|
0 100 200 300 400 t[s]

0 100 200 300 400 t[s] 0 100 200 300 400 t[s]
o[ T T - T - 1A ]
= 91 - 92 - 93 M
1+ -é4 -é5 ol
N~
0 ]
| | | | |

0 100 200 300 400 t[s]

Figure 3.27: Time responses of the experiment of the hovercraft identification
using PIESO observer.

The presented plots show that the parameter estimates of the system
converge to the neighborhood of some constant values in the real-life
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scenario. Namely, the parameters in the final time instant take the
values of

0 ~ [0.2289 0.6751 0.8333 0.6543 1.6287]". (3.148)

Notably, the presented plots unveil the presence of significant noise in
the measured velocities of the robot which were obtained numerically
from the position measurements of the motion capture system. In the
result, the estimates of the total disturbance do not converge to the
origin in the considered trial but are characterized by the presence of
some nonzero noise disturbing the estimated values. The successful
identification of the parameters is nonetheless achieved. Although
the true parameters of the system are unknown, some preliminary
investigations imply that 2 = 04 ~ 0.7 and <* = 0; ~ 0.48. It can be
noted that the PIESO observer produced a very similar value of the
parameter associated with the input gain. The quality of the friction
force estimation is significantly lower, which may be explained by the
differences between the effects of the real friction phenomenon im-
pacting the vehicle and the strongly simplified model of the damping
forces assumed in the observer synthesis. Moreover, the real hovercraft
robot is subject to numerous external disturbances affecting the quality
of obtained parameter estimates.

In order to verify the correctness of the obtained results, an ad-
ditional trial is performed and its results are compared with the
simulations of dynamics (3.139) with parameters (3.148).

Simulation 3.13. Several time instants are chosen from the experimental
data and the measured configurations of the robot are employed as the initial
conditions in the simulations of the hovercraft model. The input signals in
the simulation are also consistent with those from the experimental trial. In
Fig. 3.28 the comparison of trajectories on (X,Y) plane obtained from the
experiment and simulation is given.

The similarity of the overall character of the movement in simulation
and experiment is shown. Although the trajectories of the experimental
hovercraft and its numerical counterpart tend to diverge in all cases
due to the open loop integration in the simulated model, the quality of
identification may be deemed good enough in the short time horizon.
Specifically, the distance traversed in both cases is roughly the same
in all trials which signifies the correctness of the input gain of the
propeller estimation. More significant differences are observed in the
rotational movement of the platform, as the simulated hovercraft tend
to display higher rotational inertia. This effect may be associated with
a lower quality of the identification of damping forces which limit the
free rotations of the real vehicle.
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Figure 3.28: Comparison of simulation and experiment with the hovercraft
robot. The arrows show the momentary orientation of the robot.
Each plot covers 10 s of experiment and simulation.

Further verification of the obtained results is performed by re-
peating the identification procedure with a different approach em-
braced. To this end, an alternative identification scheme designed on
the basis of the Kalman filter and presented initially in [37] is em-
ployed. The same data as used in PIESO identification is used and
new parameter estimates are generated. The Kalman filter is tuned
empirically with covariance matrices chosen as R = I3-1072 and
Q = diag(Is - 1072,15 - 10~%). The evolution of the state and param-
eter estimates is given in Fig. 3.29. The similarity of the character of

-5
—10
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Figure 3.29: Time responses of the experiment of the hovercraft identification
using Kalman filter.

the evolution of the parameter estimates in the results of the PIESO
observer and Kalman filter approaches is visible. Specifically, the iden-
tification performed with a Kalman filter results in the final estimates
given by

OKalman ~ [0.2002 0.6536 1.0657 0.6268 1.9845]". (3.149)
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Both methods thus result in similar values of the parameter estimates
and the efficiency of the proposed method is confirmed. The difference
between the methods is more clearly visible in the parameters associ-
ated with the rotational movement of the hovercraft. This is a result
of the fact that the hovercraft is an underactuated system and thus it
is inherently characterized by higher difficulty in the identification of
parameters associated with certain degrees of freedom.

3.4.2 Identification of the wheeled mobile robot

The exhaustive experimental validation of the proposed scheme is
conducted employing a two-wheeled mobile MTracker 3 robot. The
considered vehicle is equipped with a low-level TI TMS 320F28335
microcontroller and wireless CC2500 radio module. The control algo-
rithms are implemented in the onboard controller which is responsible
for the generation of control signals to track the desired reference
velocities defined using the remote PC computer. The PWM signals
produced by the microcontroller are fed into H-bridges driving two DC
motors, coupled with 14 : 1 planetary gearheads and pulse encoders
with 512 pulses per turn, enabling measurement of the momentary
velocities of the wheels of the robot. Additionally, a 12-bit A/C con-
verter is installed to measure the currents of each motor [145, 332].
The photo of the employed robot is given in Fig. 3.30

Figure 3.30: Photo of the MTracker 3 robot used in the experiments.

The kinematics of the considered robot are consistent with the
unicycle kinematics given by

q = R(e)x (3-150)

T

with ¢ = [x y ¢] € R3 being the coordinates of the robot in

the inertial frame and x = [v 7] T e R? representing the linear and
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rotation velocities of the robot in a local coordinate system. Matrix
R(p) e R3*? is given by

cos(@) O
R(e) = |sin(¢) 0]. (3-151)
0 1

The schematic view of the robot with such kinematics is presented in
Fig. 3.31.

Figure 3.31: Scheme of the kinematics of the unicycle robot

Velocities x are directly dependent on the velocities of each wheel
of the mobile robot and, under an assumption of lack of wheel slip
during the motion of the robot, are expressed as

x=T Tpw, (3.152)

where w = [wR wr } T € R? are velocities of the right and left wheel
of the robot, p € R, is the wheel radius, and matrix T € R%*? is
given by

1 la
T= [1 2 ] (3.153)
2

where a € R, is the distance between the two wheels. The dynamics
of the platform are considered taking into account movements on the
2D plane only. It is assumed that the center of the mass of the robot
is placed on its axis of symmetry but does not lie on the axis of the
wheels of the robot. Such an offset of the center of mass is caused by
the position of the onboard battery which is installed behind the axis
of the wheels in the MTracker 3 robot. The dynamics of the platform
are thus expressed by

Mx + C(x)x =F (3.154)
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with mass matrix M € R?*2 and Coriollis matrix C(x) € R?*? given
by

MayT 0

0 0 —may
M — [T(‘)‘ Fma| €= [ ma 1, (3.155)

where a, € R is an offset of the center of mass from the axis of the
wheels. Moreover, F = [Fv Fr ] T € R? are the driving forces acting
upon the robot in the linear and rotational degrees of freedom. These
are generated by the motors coupled with the wheels of the robot and
derived as

F=TTF, (3.156)

with Fy, = [Fr  Fr | T e R2 being forces produced by the motors in
the point of contact of the wheels with the ground. Finally, forces F,
are given by

Fo=p ' (buy — ow — orsgn(w) — J, ), (3.157)

where 0 € R} is a coefficient of lumped viscous friction and elec-
tromagnetic induction, o¢ € R stand for a coefficient of Coloumb
friction, and J, € Ry represent the inertia of the wheel, gearhead
and the motor with respect to the axis of rotation. The term sgn(-)
stand for the element-wise signum operator. The terms b € R and
u, = [ug uL]T € R? are the input gain coefficient and control
signals of the motors driving the right and left wheel correspondingly.
By considering the geometrical properties of the robot, the control
inputs of the system are transformed as

u=p "TTu, (3.158)

withu = [u\, Ur } T eRr? standing for the new virtual control signals
in each of degrees of freedom. While only u,, are realizable at the
level of the actuators, the transformed inputs u enable formulation of
the dynamics of the robot in a more refined form.

Taking advantage of the presented properties of the considered
robot, the substitution of (3.157) and (3.152) into (3.156) yields

F=TTp " (buy, —oTp 'x—orsgn(Tx) — JoTp '%). (3.159)

Further substitution of this expression into (3.154), together with
recalling of (3.158), produces

1

x =N~ (bu— p%TTTx - %Tngn(Tx) _ C(x)x) (3.160)
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with M = M +J,T'Tp~2 = diag(m,]) € R?**? and m = m +
%]w,j = J+maZ + %]w- As parameters p and a correspond to
the easily measurable physical dimensions of the robot, it can be
assumed that they are known, and dynamics (3.160) are thus linear
in all unknown parameters. The proposed PIESO and PIDRC algo-
rithms are applicable as viable solution to the problems of parameter
identification and adaptive control of such a system.

In order to employ the PIESO observer in the parameter identifica-
tion scheme, dynamics (3.160) are rewritten by taking advantage of
the diagonal structure of matrix M as

x=W¥(x,u)0 (3.161)
with
-
x5 gty e ow

and regressor P (x, u) € R?*8 given by

Wi u) — u —%v V13(x) 12 0 0 0 0
o o0 0 0 w —£5r Pox) —mv
(3-163)

with elements 7 3(x) and VP 7(x) given by {1 3(x) = —%(sgn(v +

51) +sgn(v — %r)) and P, 7(x) = —%(sgn(v + $1) —sgn(v — %r)).
Notably, the obtained formula of parametrized dynamics of the plant
may be interpreted as a combination of two dynamic systems re-
sembling (3.25) and (3.141). To facilitate the design of the adaptive
observer, the dynamics are further rewritten as

x=¥(xu)b+8,

&= % (‘lf(x,u) (e—é))

with 8 € R® standing for the estimate of the parameters of the robot
and § = ¥(x,u)(0 —0) € R? representing the total disturbance
affecting the linear and rotational movements of the robot. Although
both x and u are measurable in the considered scenario, the more

(3.164)

general scheme for regressor dependent on unmeasurable state is
employed here to better investigate the properties of the discussed
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methods. The adaptive observer is thus synthesized on the basis state
extension z = [xT §7]" € R® as

R=YERUO0+8+1; (x—=%),
. ) (3.165)
2T

where 2 = [&T b }T € R® is the estimate of the extended state of
the system and 1 = [11 1, ] T e IKZF are the positive observer gains.

The parameter adaptation is conducted through
0 = Proj(T¥T (%, u)8) (3.166)

with adaptation gains chosen as I' = diag(y1,...,vs) € R8%3 and the
projection operator defined as in Remark 3.2.

The preliminary verification of the considered scheme is conducted
through simulational studies of the system.

Simulation 3.14. The kinematics and dynamics of the mobile robot are im-
plemented according to (3.150), (3.160), (3.156) and (3.157). The parameters
corresponding to the dimensions of the robot are chosen as a = 0.148 m,
p = 0.025m, m = 1.25kg according to the roughly known properties of
the real robot. Remaining parameters are chosen as b = 0.097 Nm/A, | =
0.03 kg m2, Jo = 10~ kg m2, ay = —01m, 0 =4-10"*Nm? s/rad,
and o¢ = 0.01 N m. The accumulated parameters © take thus a form of

ez[o.oas 25478104 0.0064 —0.0796 (3.167)

.
21085 0.0087 0.2174 —2.7171} .

An additional non-adaptive controller is designed for the velocities of the
wheels with the reference signal given as W, = [wr(t, 0) w(t,0.05t) } T
with

wr(t, d) =12sin(0.6t + ) + 3sin(1.2t + ) (3.168)
+24sin(3t+ ¢) + 2.4sin(4.2t + ¢).

For such a system the adaptive PIESO is implemented according to (3.165)
and (3.166) with observer and adaptation gains tuned empirically as 1 =
[40 400]" and T = diag(5-10-2,5-1076,5-10~,5-1072,2.5-102,5-
1074,5-1073,1). The boundary imposed by the projection parameter is cho-
sen as ¥y = 100 for i € {1,...,8}. The results of the simulation are given in

Fig. 3.32.

The obtained results are consistent with the earlier conclusions.
Namely, the convergence of the disturbance estimates to the origin,
as well as the evolution of the parameters of the system toward their
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Figure 3.32: Time responses of the simulation of the unicycle robot identifica-
tion using PIESO observer.

correct values, is seen. A significant improvement in the quality of the
state estimation is also observed despite the presence of coupling be-
tween the dynamics of the systems representing linear and rotational
movements of the vehicle. The correct estimation of the parameters of
the system is achieved and their final values correspond to the param-
eters derived from the physical properties of the modeled plant. The
existence of a constant ratio between the parameters of both subsys-
tems is also visible here. Specifically, according to the parametrization
given in (3.161) it holds that

04

J_0_0_6

i i (3-169)

The presented relation can be later used to verify the results of the
experimental trials.

Following the numerical trial, the experimental verification of the
considered algorithm is conducted.

Experiment 3.2. The experiment with mobile MTracker 3 robot is conducted.
All settings of the experiments are the same as in Sim. 3.14, including
the control signals, structure of the observer, and employed estimates of
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dimensions a and p of the robot. Only the tuning of the adaptation law is
chosen differently and is given by T = diag(5-1074,1-107°,2.5-1074,5..
1074,25-1071,1-107%,4-1072,1). The results of the experimental run
are given in Fig. 3.32.

| ] ] J | | | |
0 5 10 15 t[min] o 5 10 15 t[min]

Figure 3.33: Time responses of the experiment of the unicycle robot identifi-
cation using PIESO observer.

The presented plots confirm the usefulness of the considered scheme
in the practical scenario of identification of dynamic parameters of the
wheeled robot. Specifically, all of the parameter estimates converge
toward some constant values with roughly the same ratios between
the corresponding parameters in both dynamic subsystems. The final
values of the obtained parameter estimates are given by

0~ [0.0606 859.10~% 0.0184 —0.0087 (3.170)

-
16.1363 0.1759 4.8587 —2.7931}

The ratio of i is approximately calculated as J ~ 0.0038, 92 ~ 0.0049,

93 ~ 0.0038, 94 ~ 0.0031. The similarity of the values calculated on
the basis of each pair of corresponding parameters implies the effec-
tiveness of the conducted identification procedure. Resembling the
results of the experimental identification of the hovercraft system, the
state and disturbance estimates are heavily noised due to the charac-
ter of the experimental setup, but a diminishing of the disturbance
estimate with identification progress is observed. Notably, the state of
the system constitutes a measurable output of the plant, and thus the



3.4 EXPERIMENTAL VALIDATION

resultant quality of the state estimation is not of crucial importance in
the conducted experiment.

Further verification of the obtained parameters is conducted by a
method similar to one employed in Section 3.4.1.

Simulation 3.15. The experimental measurements of the robot are compared
with the trajectories produced by the simulation of the system modeled with
the parameters equal (3.170). The initial conditions in each simulation are
set equal to configuration of the real robot at chosen time instants and
control signals recorded during the experiments are used to calculate the
movements of the modeled robot. The results of such a comparison, in the
form of trajectories on (X,Y) plane, are given in Fig. 3.34.

y[m] x x T y[m] T T

= experiment

H ="simulation . = -

2.1 |- . 1 =
1.9 1 | 1 0.8 1 | 1
-1.8 1.4 x[m] 1.4 1.2 x[m]
y[m] B — y[m] — T
0.9 |- N 1.3 | -
0.8 . . . 0.8 . . .
-1.4 -1.2 x[m] -2.2 -1.9 x[m]

Figure 3.34: Comparison of simulation and experiment with MTracker 3
robot. Each plot covers 5 s of experiment and simulation.

The presented plots show a similarity between the trajectories of
the real and simulated robot modeled on the basis of the identified
parameters. Despite the presence of some errors in the recovery of the
movements of the robot, the general character of the movements is
correctly maintained implying that the obtained parameters roughly
correspond to the real properties of the robot.

3.4.3 Adaptive control of the wheeled mobile robot

The adaptive PIDRC controller for the considered wheeled mobile
robot can be designed by taking advantage of the transformed dynam-
ics of the system as derived in the previous section. The discussed
control scheme is thus applied to the problem of wheels velocity
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control in the presence of dynamic uncertainties. Various structures
of such controllers are commonly employed in the design of mo-
bile robots to separate the low-level task of drive control from the
higher-level problems of trajectory tracking, path planning, or obstacle
avoidance.

In order to design the PIDRC controller for the MTracker 3 robot,
dynamics (3.161) are further transformed into the form reminiscent of
(3.88) by removing the control signals from the regressor of the plant
and assuming that the input gains are known in advance. Thus, the
dynamics of the robot are rewritten as

x =Bu+Y¥(x)o, (3.171)

where B = diag(2, %) € R?*? and ¥(x) € R?*® are the input gain
matrix and the reduced regressor of the system. Matrix ¥(x) is ex-

pressed by
—2v Pia(x) 20 0 0
Yx)=| * ’ :
(x) [ 50 0 i daak —n| O

with elements 7, (x) and VP, 5(x) given by P (x) = —%(sgn(v +

51) +sgn(v — %r)) and VP 5(x) = —%(sgn(\/ + 91) —sgn(v — %r))
analogously to (3.161). The reduced parameter vector takes the form
of

0=|g % T ¢ g m{”r €R°. (3-173)
Once again, the parametrized system is interpretable as two intercon-
nected dynamic systems corresponding to each degree of freedom of
the robot. The PIDRC controller is then independently designed for
each subsystem. Following the method presented in Section 3.3, the
parametrized system is extended to incorporate the modeling error as
a disturbance variable, yielding

X = Bu+¥(x)— ¥(x,) (e — é) FW(x)0+5,
d (3.174)

-4 (o (0-9)

with z = [xT §7]" € R” being the extended state of the system and
@ € R® standing for the estimate of the parameters of the plant. The
term x, stand for the reference trajectories of the linear and rotational
velocities of the robot. The control algorithm is synthesized in two
versions, employing both the reference trajectory and the estimated
state of the plant as the basis of the regressor evaluation.

8
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In order to design the PIDRC algorithm on the basis of the reference
trajectory, the adaptive observer is synthesized for the extended system

(3-174) as
(3-175)

with2 = [T 8" ] TeRr? being the estimate of the extended state and

1=[1 1] Te R% standing for the gains of the adaptive observer.
The adaptation law is synthesized as

0= Proj(t,0,0), T=T¥T(x,)8 (3.176)

with the projection operator as given in Remark 3.2 and adaptation
gains I' = diag(vy1,...,ve) € R®*®. The control laws for each degree
of freedom of the robot are given by

u=B"" (k (xr—ﬁ)+xr—‘1’(xr)é—8), (3-177)

where k € R is a positive controller gain.

Alternatively, the PIDRC controller employing the state estimates
to evaluate the regressor is also designed. To this end, the observer is
defined on the basis of (3.174) as

X =Bu+¥([&)O+8+1L (x—%),
5 R (3.178)
=1 (x—%)
with the adaptation law taking the form of
6= Proj(t,0,®), T=T¥T(%)s. (3.179)
Finally, the control law is synthesized as
u=B" (k (Xr —R) +%r —W(R)O — 8) : (3.180)

Both algorithms are thus designed under the assumption of measura-
bility of the state of the system, but this measurable state is not directly
used in the regressor evaluation or the control law design.

The initial verification of the designed controller is conducted by
making use of the numerical simulation of the system with parameters

given by (3.167).

Simulation 3.16. Two controllers are implemented according to (3.175)—
(3.177) and (3.178)—(3.180). In both cases the reference signals are chosen
by making use of property (3.152) as X, = T~ ' pw, with the reference
wheels velocity given by wy = [wy(t,0) w+(t,0.05t) ]T with w,(t, $)
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as expressed by (3.168). Both controllers are tuned with k = 1 and the
parameters of the observer are the same as in the test of the PIESO observer
and are given by 1 = [40 400]" and T = diag(5-1076,5-107%,5-
1072,5-1074,5-1073,1). The projection operator is implemented with
9y = 100 for i € {1,...,6}. The results of the simulations are given in
Fig. 3.35 for the reference-based controller and in Fig. 3.36 for the controller
synthesized using the state estimates.
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Figure 3.35: Time responses of the simulation of the unicycle robot adap-
tive control using PIDRC controller synthesized on the basis
of reference state. The results obtained for conventional ADRC
controller are given in transparent plots of X and Z.

The strong similarity between results produced with both methods is
visible. In both cases, a significant improvement of the tracking quality
in comparison with conventional nonadaptive ADRC is achieved and
the convergence of the parameter estimates toward their correct values
is shown. The tracking performance is increased and a significant
improvement in the state estimation is achieved. In the plots, the
vanishing of the total disturbance and its estimate due to the progress
of the adaptation procedure is also visible. Notably, the character of
the evolution of the signals in both cases is strongly similar, implying
that they can be used interchangeably in many practical scenarios.
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Figure 3.36: Time responses of the simulation of the unicycle robot adap-
tive control using PIDRC controller synthesized on the basis of
estimated state. The results obtained for conventional ADRC
controller given in transparent plots of X and Z.

Moreover, as the same tuning is employed in the task of the closed-
loop adaptive control and the open-loop parameter identification, the
considered method is shown to be easily tuned and deployed.

Further validation of the PIDRC approach to the task of adaptive
control is carried out by the practical experiment.

Experiment 3.3. The algorithms are implemented in the low-level controller
unit of the MTracker 3 robot. The controller thus generates the input signals
for the motors of the wheels and takes advantage of the measured velocities of
the robot. The control signals for each motor are calculated from the linear
and rotational controls produced by the controller according to (3.158). In
the experiments the controller gain is chosen as k = 7.5 and the observer
is tuned with 1 = [5 6.25]T. The adaptation gains are chosen as y =
diag(4-107%,1-1076,2.1074,2-1075,2-1074,1) in the scenario with
the estimate-based approach, and y = diag(4 - 1078,2-1076,2-1074,2-
1075,4-107%,2). Some of the parameters are thus finely tuned to ensure
satisfactory performance in both scenarios. In the synthesis of the controller,
the input gains of the system are chosen as B = diag(0.06, 13.85) according
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to the best known estimates of these parameters at the time of experiment. The
results of the experiment are given in Fig. 3.37 and Fig. 3.38 for the algorithm
synthesized using the reference and estimated trajectory, correspondingly.

0.4 =6, [

0.2 1 -6s5 |

0 - e b

—0.2 | | ] ™
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Figure 3.37: Time responses of the experiment of the unicycle robot adaptive
control using PIDRC algorithm synthesized on the basis of the
reference state.

The results of the experiments are in line with the output of the
numerical simulations. The estimates of the unknown parameters
converge to some constant values and the tracking error decrease due
to the adaptive action. The final values of the obtained parameter
estimates are given by

é:[0.00ZZ 0.0027 —0.0134 0.4910 0.4880 —15.1318]T
(3.181)

in the experiment employing the controller based on the reference
trajectory and

é:[0.00B 0.0048 —0.0144 0.4863 0.6304 —25.1758}T
(3.182)

in the experiment with the controller utilizing the estimated state.
The obtained parameter estimates thus differ from (3.170) — not only
due to the different definition of ® which does not include the input
gains, but also due to different values obtained of the corresponding
parameters. Noticeably, the control signals generated by the adap-
tive PIDRC controller differ from these produced by the nonadaptive
control law used in the experiments shown in Fig. 3.33 despite the
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Figure 3.38: Time responses of the experiment of the unicycle robot adaptive
control using PIDRC algorithm synthesized on the basis of the
estimated state.

same reference trajectory employed in all trials. Thus, the degree
of excitation differs between the trials and the quality of identifica-
tion may not be maintained. Moreover, the values of the input gains
assumed in the controller synthesis are not consistent with these ob-
tained through the PIESO experimental trial, as these were not yet
known at the time of the PIDRC experiment. In order to evaluate the
quality of the identified parameters, the ratio of L is calculated as

91 ~ 0.0045, 92 ~ 0.0056, 63 ~ 0.0009 for the results produced by the

reference-based PIDRC and 91 % 0.0047, 92 ~0.0076, 92 ~ 0.0006 for
the algorithm based on the estlmated state It can be concluded that
the overall quality of parameters estimation is decreased, especially in
terms of the identification of 63 and 65, in the considered experiments
in comparison with the results obtained during experimental valida-
tion of the PIESO algorithm. Nonetheless, the identified parameters

enable successful improvement of the tracking quality in comparison
with the nonadaptive ADRC algorithm.

The results of the experimental validations of the PIESO and PIDRC
algorithms presented in this section confirm that the proposed meth-
ods can be successfully applied to the problems of parameter iden-
tification and adaptive control in practical scenarios. Application of
the proposed schemes to two distinct systems, corresponding to the
dynamics of the underactuated hovercraft and the wheeled mobile
robot, is presented. In both cases, the procedure of the parameter iden-
tification is conducted by taking advantage of the PIESO observer and
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the problem of adaptive control of the wheeled robot is solved through
the PIDRC controller. It is shown that the identification of the plant
parameters is achieved with a satisfactory quality despite the presence
of the measurement noised and unmodeled dynamics inherent to the
real systems. The experiments with the wheeled robot shown also that
the tracking quality achieved with the PIDRC controller is significantly
improved in comparison with the nonadaptive ADRC method.
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Perhaps the facts, or data, are more convincing than mere articulation of ideas.

— J. Han, 2009 [102]

Throughout the research concluded by this dissertation, multiple
testbed systems have been used to investigate the considered prob-
lems and verify proposed solutions and theorems. Specifically, the
astronomic telescope mount has been used to investigate the impact of
the input gain uncertainty on the performance of the ADRC schemes,
and the hovercraft and wheeled mobile robot have been employed to
verify the applicability of the proposed PIESO and PIDRC methods in
practical scenarios. The author of this dissertation has been directly in-
volved in the development of the two formers of these. In this chapter,
some details on the structure and construction of these systems are
given.

4.1 HOVERCRAFT SYSTEM

The custom hovercraft system has been employed to investigate the
properties of PIESO and PIDRC algorithms in experimental settings.
The considered device is based on the remote Mk. 1 Sirius 600 hov-
ercraft model produced by Palaform Ltd [218] modified to better fit
the needs of scientific research. The standard model consists of the
vacuum-formed hull made of 1 mm thick high-impact polystyrene
and a rubber skirt used to form an air cushion beneath the vehicle.
The model has the dimensions of 60 cm length by 30 cm width and
20 cm height. The vehicle is equipped with a two-bladed propeller
made of resin polymer with a diameter of 17.8 cm providing thrusting
force and a smaller propeller of diameter 10.2 cm generating a lifting
force. The propellers of the hovercraft are mounted on two brushless
motors delivered with electronic speed controllers (ESC). A motor
with a single-direction controller is employed to drive the lift propeller
and bi-directional motor is used as a source of thrust force. The use of
a controller able to drive the thrust motor in both directions, together
with a properly shaped propeller, enables the hovercraft to move both
forward and backward. The direction of movement is moreover con-
trolled by the incorporated rudder placed behind the thrusting fan and
consisting of two polystyrene plates rotating around the vertical pivots
mounted parallelly to the plane of the propeller and perpendicularly
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to the ground. The orientation of the rudder is controlled by a single
modeling micro servo with 180° range of motion. In order to power
all of the motors, a three-cell lithium-ion polymer battery with the
output voltage of 11.1V is recommended. The standard assembly of
the Sirius 600 hovercraft employs a modeling four-channel radio re-
ceiver coupled with a manual remote controller to generate the control
signals for the rudder servo and speed controllers of the lift and thrust
motors. The assembled model with motors, radio receiver, and battery
pack has a total weight of approximately 1kg and achieves maximum
velocities of 4 m/s on water and up to 5.5m/s on flat solid surfaces.
For the purposes of the experimental research, the hovercraft has
been modified to enable the implementation of the control and identifi-
cation algorithms and acquiring of the experimental data. Specifically,
the control of the hovercraft was adjusted to enable the generation of
the control signals on the remote PC computer using the Matlab soft-
ware [192]. Wireless communication through the Wi-Fi protocol was
thus incorporated. To this end, the suggested radio receiver is replaced
with ESP32-DEVKITC-32D module based on the ESP32-WROOM-32D
microcontroller unit (MCU) capable of Wi-Fi networking [63] and
compatible with Arduino core [9]. The module is powered directly
from the speed controller of one of the motors by taking advantage of
the battery eliminator circuit (BEC) providing a constant voltage of 5V
and thanks to the voltage stabilizer incorporated into ESP32 module
allowing input voltage up to 12 V. The direct control of the motors of
the hovercraft is carried out through the PWM outputs of the MCU by
taking advantage of the ESP32Servo library [104]. Three independent
PWM channels are used to produce the control signals for the rudder
servo and speed controllers of the lift and thrust propeller motors. The
wiring diagram of the onboard electronics is given in Fig. 4.1.
Dedicated custom software is deployed on the ESP32 microcon-
troller. At the startup of the system, the arming procedure of the ESC
is performed by issuing a series of specific PWM signals to each of
the controllers to ensure their proper initialization. The rudder servo
is restored to the default position. In order to enable the wireless
control of the robot, the Wi-Fi protocol is enabled. The MCU works as
a Wi-Fi access point (AP) hosting its own network with a predefined
SSID identifier and hardcoded password. Alternatively, the controller
can be switched into non-AP mode and automatically connect to the
given network on the launch of the system. Usage of the robot in the
laboratory environment is thus strongly simplified and the device
can be made available for experiments immediately after startup. The
onboard button is configured to allow emergency stop of the motors.
Once the configuration procedure is completed, the hovercraft enters
the operation mode and awaits control commands from the exter-
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Figure 4.1: Scheme of the wiring of the onboard electronics of the hovercraft

nal source. The input signals of the system are defined as messages
containing three 32-bit floating point numbers corresponding to the
desired settings of the ESC of the motors and the servo of the rudder.
The ESC control signals are initially scaled in the range from —1 to 1
to confine the most used controls within this set. Nonetheless, inputs
of other values are accepted by lift and thrust motors resulting in
higher speeds of the propellers. The control input of the rudder servo
is scaled to correspond to the position of the rudder in the range of
—JT to J.

The control software is developed in the Matlab environment to
enable easy prototyping and testing of control solutions. The custom
class is implemented to facilitate the operation of the system. Dis-
tinct member functions are incorporated to establish the connection
between the PC computer and the hovercraft MCU unit. Moreover, a
separate class is proposed enabling direct reading of the measurement
data of the hovercraft from the OptiTrack vision system [209]. To this
end, a set of markers is mounted on the body of the hovercraft, and
the geometric properties of the vehicle are defined in the OptiTrack
environment. The combination of wireless communication with the
robot and data acquisition based on the vision system results in a
robust system suitable for experimental research. The entire system
is capable of operating with the frequency of the main control and
measurement loop equal to approximately 50 Hz. The photo of the
modified hovercraft with the custom control unit and motion capture
markers is given in Fig. 4.2.
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Customized Sirius hovercraft, own photo

Figure 4.2: Photo of the customized Mk. 1 Sirius 600 hovercraft.

The dynamics and kinematics of the hovercraft system can be mod-
eled according to [37] in the form presented in Section 3.4.1 as

q=R(o)x,

X = WWo + c(x), 41)

where g = [x y (p]T € R3 is the position and orientation of the
system in the global coordinate system, and x = [v w r]T € R3
stands for the linear and angular velocity of the platform in the local
frame. The terms R(¢) € R3*3, W(u) € R3*> and ¢(x) € R3 are given
by

cos(¢) —sin(@) 0 wr
R((P): Sln((P) _COS((p) 0 , C(X): —vr|,
0 0 1 0 )
4.2
—v 0 0 cos(uij)uy 0
q’(u/ X) = 0 —-w 0 Sll’l(LL] )uz 0 ,
0 0 -—r 0 —sin(ug)uy
and
-
o=|x % F & P (4-3)

with m € R} standing for the mass of the hovercraft, ] € R repre-
senting the inertia of the vehicle, oy, 0y, 0+ € R, being coefficients
of friction forces and aerodynamic drag in each degree of freedom.
The term a € IR stand for the offset of the propeller from the center of
mass and b stand for some ratio between the input of the ESC of the
thrust motor and the force generated by the rotating propeller. Signals
uy € (—%7{, %71) and u, € R represent the orientation of the rudder
and the control signal of the thrust propeller. The input of the lift
motor is omitted in this representation and is assumed to be constant.

The dynamic parameters are thus indirectly dependent on the chosen
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speed of the lift propeller. Throughout all of the experiments presented
within this work, the lift motor is set to the constant input of ujs = 1.5
corresponding to the PWM signal of pulses with the width of 1.75ms.
According to the identification procedure and results presented in
Section 3.4.1, the remaining parameters of the robot are given by

0~ [02289 0.6751 0.8333 0.6543 1.6287]" (4.4)

under the assumption of the constant lift motor speed.

In order to visualize some of the basic dynamics properties of the
robot, a series of short experiments are conducted and the measured
data is acquired.

Experiment 4.1. The hovercraft mobile robot is employed in the series of
basic illustratory experiments. Firstly, short positive and negative pulses
are issued to the thrusting propeller with the rudded fixed in the default
position. Then, forward pulses are issued to the thrusting propeller with
varying orientation of the rudder. The results are given in Fig. 4.3.

The presented trajectories of the robot unveil certain dynamic char-
acteristics of the system. The high inertia of the vehicle in linear
movement is visible with the nonzero velocity of the robot lasting
significantly long after the vanishing of the thrust input signal. The
presence of some disturbing force generating sideway and rotational
movements is also visible. This force is caused by the imperfect assem-
bly of the skirt of the hovercraft and can be mitigated by the choice
of a smaller lift input signal. The lack of symmetry of the thrusting
propeller is also shown by the plots, as linear velocities of similar
magnitudes are achieved by strongly differing positive and negative
input signals. Simultaneously, the efficiency of the rudder as the mean
of changing the orientation and direction of movement of the robot is
visible and changes in the orientation of the hovercraft corresponding
to the momentary position of the rudder are achieved.

4.2 ASTRONOMIC TELESCOPE MOUNT

The research summarized in the first part of this dissertation has been
mainly conducted using the robotic astronomic telescope mounts de-
veloped by a research team at Poznan University of Technology. The
advances in the development of this equipment have been reported
in [143, 151] and recently in [21, 147]. The device consists of an altaz-
imuth robotic mount capable of carrying the astronomic telescopes
with diameters of 0.5m or a collection of smaller observation tools.
The exemplary configuration of the considered system is given in
Fig. 4.4. Two axes of the mount are directly driven by independent
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Figure 4.3: Results of the basic hovercraft experiments

permanent magnet synchronous motors (PMSM) coupled with high-
precision encoders enabling measurement of the momentary position
of the telescope. The control signals for the motors are generated by a

microcontroller implementing the main control loop and basic safety

procedures. The dynamics of a single mechanical axis are vaguely

modeled as

1
x=Ayx+by <]u—|— d(t,x)) ,

(4.5)

where x = [(p w } T € R? is a state with ¢, w € R being the momen-
tary orientation and rotational velocity of the axis. The term d(t,x)
accumulates all disturbing phenomenons including friction forces,

coupling between the axes, or the force of the gravitation in the case
of the horizontal axis. Review of some effects represented by d(t,x) is
given in Section 2.4. The term u € R is the control variable of the plant
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Robotic telescope mount, own photo

Figure 4.4: Photo of the exemplary configuration of the developed telescope
mount.

corresponding to the desired torque to be produced by the motor of
the axis.

The control of the developed system is based on the modular compo-
sition of computing units with varying tasks and capabilities. Namely,
the low-level control of the system is realized using a STM32H743Z12
microcontroller unit (MCU) [276], while the high-level communication
with the user is made available by Raspberry Pi 4 microcomputer host-
ing Linux operating system and capable of Ethernet communication
[72] which serves as a mediator between the user and the controller of
the telescope. The algorithm implemented in the MCU incorporates
separated current and position control loops, designed using PI and
ADRC methods correspondingly, both working with a frequency of
10 kHz. Thanks to the cascade approach of the control of the system
the current loop ensures that the motors provide desired torque to
each axis. The position loop is designed under such an assumption
in the form of the ADRC controller. A combination of the measure-
ments conducted by taking advantage of high-resolution encoders
with disturbance rejection capabilities of the ADRC scheme ensures
high precision of operation despite significant friction forces affecting
the axes in slow movements necessary during the astronomic observa-
tions. Extension of the employed controllers by various compensation
modules has been considered, including a friction compensation mod-
ule or ripple torque compensation, as well as the inclusion of fractional
feedback exponents into the controller and observer schemes.

In order to provide the reference trajectory for the control algorithms,
the trajectory generator module is implemented. Specifically, the sam-
pled trajectory supplied by the user of the system is interpolated to
obtain the desired signal with sufficient frequency. The interpolation
algorithm is designed on the basis of 6th order polynomials used to
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recover the sampled signal of frequency 1Hz. Thus, the generated
trajectory is guaranteed to be at least twice differentiable with values
of position and velocity conforming to the samples defined by the user
and the acceleration calculated to ensure its continuity at any time
instant. Each segment of the recovered trajectory is calculated using
information about the reference position in four consecutive samples
and velocity in two samples, as well as the acceleration of the previ-
ously generated segment. Additionally, to ensure a smooth transition
of the telescope from its initial configuration to the desired trajectory,
a transient path is generated at the beginning of each observation.

To facilitate the delivery of sampled trajectory from the client-side
PC computer and other data exchange with the controller of the plant,
a custom communication protocol has been devised. In the early
versions of the system, a prototype scheme resembling the Modbus
protocol has been employed. This approach enabled the exchange
of predefined commands to read or write data to the controller or
trigger the execution of certain functions implemented locally on
the MCU. The communication scheme has been later replaced by a
more sophisticated proposition named AST Communication Module
(ASTCom) implemented in the form of a programming library [224].
The considered package provides an interface for fast serialization
and data exchange between multiple devices taking advantage of
the WebSocket protocol. The serialization itself is performed using
a custom format similar to the well-known MessagePack standard
enhanced with several extensions to accommodate features of the
proposed scheme. Mainly, the possibility to dynamically configure the
set of exchanged data at run-time is introduced.

The basis of the ASTCom library design is the system of variable
and class registration, which allows the library to discover each and
every desired variable declared in the code of the telescope controller.
To this end, a conceptual ASTVariable is defined as any variable
or class that can be serialized by the ASTCom library. Serialization
procedures for multiple basic types (e. g. integer, float, string, array,
etc.) are predefined by the library itself. Moreover, ASTVariable can
also represent a function with an arbitrary signature. In order to
enable serialization of custom-defined classes, the special macro is
declared which, when included in the class definition, declares a set of
functions used to serialize and deserialize all variables of the chosen
class. The types of variables and the proper way of their processing are
discovered automatically by the library. Thus, once a class is defined,
a call to a single function automatically serializes the entire content
of its object, including any member objects that were implemented
taking advantage of the aforementioned macro. A globally accessible
Collection class is then defined, which can be called to recursively scan
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and register any object of the ASTVariable type. During this process,
information about the name, type, and address of data in physical
memory and addresses of serializing and deserializing functions of
the object is stored in the memory of the Collection singleton. Thanks
to the recursiveness of this operation, it is sufficient to register only
the top-level object, provided that all member objects are also of the
ASTVariable type. Thus, if any change in the structure of the software
is made, there is no requirement for any additional modifications
outside the affected classes, as their proper registration is automatically
ensured by the top-level class. It is of major significance that all of
these operations are performed either at compile time or on the device
startup and do not slow down its further operations. Once the initial
registration of objects is performed, the current state of any signal in
the telescope can be easily obtained by invoking the Collection object
with the name and type of the required variable.

In order to make use of the proposed approach, two separate mod-
ules are implemented — the Endpoint module, to be employed on the
board of the telescope, and the Client module, run in each of the client
applications. Both modules are derived from the single Interface class.
These two are then used to establish communication between various
devices in the ASTCom network. To this end, a series of hard-coded
ASTCommands is defined and used to exchange basic commands be-
tween devices. These are in nature similar to functions of the Modbus
protocol and are first used to establish a formal connection between
the nodes, during which version compatibility is verified and access
rights are granted through password verification. Each connection
is represented by both parties by a separate Connection class object,
which stores all information necessary to carry on the communication.
Notably, multiple Client devices can be simultaneously connected to a
single Endpoint and their number can be limited by the Endpoint to
reduce the performance impact. Once the connection is defined, the
Client uses proper ASTCommands to query the Endpoint device and
request it to define new ASTMessages — virtual structures consisting
of several ASTVariables with a unique ID number assigned. Once the
Endpoint receives such a request, it queries the Collection for desired
entries and copies pointers to serialization functions. Hence, once the
ASTMessage is defined in the Endpoint, it is directly available for use,
and no additional overhead is created beside a brief configuration
of the messages, which can be done before the proper start of oper-
ation of the telescope system. On the Client side, the newly defined
ASTMessage is also bound to a chosen locally defined variable of the
same type. It is noteworthy that as the serialization procedures of the
basic types are hard-coded into the library, the Client device is not
required to have counterparts of the defined data in its source code, as
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they can always be built in the runtime from objects of basic types. On
both sides, defined ASTMessages are stored in the MessageRegister
class object, with a notion that the Endpoint defines a single register
used by all connections, while the Clients assign separate storage for
each connection. The process of ASTMessage definition can be seen
as the creation of a bond between the local and remote variables on
two devices. In the case of an ASTMessage containing ASTVariables
representing the function, the bond is made between the function on
one device and variables used as its arguments on the other. Such mes-
sages containing references to a function can be transferred only in one
direction, as arguments can only be written to functions. A graphical
scheme showing an example of this binding is given in Fig. 4.5.

Endpoint’s memory Message register Client’s memory
class AxisController ID 1026 double varl; ‘
double desiredPosition; Wt ------ K
double refPosition; 'l ::::‘\ﬁ double var2; ‘
void setPositionTask(int); & | N
void reset(); K .

0 int var3; ‘
ID 1027
class ServoController P EEEEEEE ~\*{ void fun(int);
int pos; ]
float tau;
ID 1028 |  float var4; |
= N —— fle

Figure 4.5: Example of variable binding in ASTCom. Function reset() is
called without any argument and the remote variable int pos is
used to invoke a local callback function. Variables float tau and
float var4 can be transferred in both directions.

Two modes of data exchange are supported by the ASTCom li-
brary — the private channel communication used to transfer data
between two devices and the stream channel used by the Endpoint
to broadcast large amounts of data to all connected clients. All of
the aforementioned ASTCommands are also sent through the private
channel. Importantly, the ASTCom library does not define the precise
transport layer of the channels, and thus the communication can be
carried out using several media, including Websocket, TCP/IP, or SPI
communication with both channels supported by a single connec-
tion or separated between two independent routes, e.g. two separate
Websocket connections. The Client can request to exchange the data
through one of these communication channels. In the case of the
private channel, the Client requests a single exchange of data of a
chosen ASTMessage in the desired direction — the data can be both
read from or written to the telescope. Once the command is carried
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out, the values of the bound variables are identical on both devices.

If the considered ASTMessage contains AST Variables representing
the function, it is remotely invoked, which can be used to control the
behavior of the telescope controller.

While the private channel is designed mainly to control the telescope
by the user or the supervisor, the stream channel is intended for the
constant acquisition of information about the state of the device. To
this end, the Client may request the Endpoint to start recording chosen
ASTMessages with a desired frequency. Currently, on the considered
setup of the telescope controller, the recording with a frequency up
to T0kHz is possible. The Endpoint executes such a command, by
cyclically serializing the value of requested variables into a local
predefined buffer. Once a certain volume of data is acquired, the data
is flushed and sent to all connected Clients, which receive the packets
containing the amassed record of the state of the telescope in the
previous time instants. Importantly, Clients may bind the received data
to some custom callback functions and this way process each sample
of data separately upon arrival. Thus, a significant amount of data can
be exchanged between devices to allow constant monitoring of the
telescope performance. The proposed approach was first implemented
in C++ code, as this is the language of the main controller of the
telescope. To enable support of various client applications, the Client
class with all necessary dependencies was later ported into JavaScript
(using LLVM/Clang-based Emscripten compiler [329, 330]), pure C
and C# (using p/invoke feature).

The practical performance of the developed robotic telescope mount
is illustrated by the following experiments.

Experiment 4.2. The automatic robotic telescope mount is employed in
the series of experimental trials. At first, the problem of tracking an object
in geostationary orbit, corresponding to the set-point stabilization of the
telescope, is considered. Then, the task of sidereal object tracking, representing
the problem of tracking the slowly varying trajectory, is investigated. Finally,
tracking of a fast artificial satellite in the low Earth orbit is studied. The
results of all trials are given in Fig. 4.6.

The results of the experiments show some basic properties of the
considered system. Specifically, the high precision of the controller in

the tasks of set-point stabilization and trajectory tracking is visible.

It can be noted, that the horizontal axis is characterized by higher
tracking precision in comparison with the vertical axis of the mount.
This difference is caused by significantly greater mass and inertia of
the vertical axis, as well as the presence of noticeably stronger friction
effects affecting rotations of the vertical axis. While the quality of
tracking slightly decreases with an increase in the reference velocity,
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(b) Sidereal tracking

1075

(c) Satellite tracking

Figure 4.6: Results of the telescope experiments. Input torques and tracking
errors in vertical and horizontal axes of the mount are given.

errors smaller than a single arcsecond are nonetheless achieved in
every scenario. Simultaneously, the high efficiency of the measurement
and data acquisition system is shown by the presented plots with a
high density and precision of the acquired data.



SUMMARY

We strongly believe that non-trivial theory supported by good experimental work

may add a new value to robot control.

— K. Koztowski, 2017 [144]

In the hereby submitted dissertation, the results of research on the
problem of modeling uncertainties in the control schemes designed
within the Active Disturbance Rejection Paradigm have been conferred.
The presented considerations have been divided into two distinct
research directions.

In the first part of the work, covered mainly by Chapter 2, the
properties of the existing ADRC control schemes have been reported.
Specifically, in Section 2.2 a detailed analytical investigation into the
impact of the presence of the parametric uncertainties has been pre-
sented. Through a novel reformulation of the dynamics of the plant,
a uniform analysis for different types of modeling errors has been
achieved. On the basis of obtained results, a series of theorems out-
lining the stability properties of the closed-loop systems under the
ADRC control have been formulated highlighting a gradual growth
of the stability requirements with an increase in the complexity of
the system and extent of present uncertainty. In Section 2.3, by taking
advantage of the numerical calculations, the presented results have
been extended to cover the problem of input gain uncertainty in more
detail. It has been shown that the modeling error of the constant input
gain may in some cases violate the theoretical boundaries defined in
the literature without loss of stability. Especially, it has been found,
that the theoretical stability conditions of the uncertain systems under
the ADRC control are imposed mainly by the requirement of the state
estimation and not of the disturbance rejection. Thus, it has been
shown that if the state of the system is known, the ADRC can be
successfully applied to the systems subject to relatively significant
uncertainty of the input gain. It has also been shown that the ADRC
is not capable of compensating for the disturbances caused by the
presence of certain cascade dynamics due to which the order of the
system is higher than assumed during the synthesis of the algorithm.
As a summary of these considerations, in Section 2.4 results of the
application of the ADRC control to some practical problems have been
presented and discussed.

In Chapter 3, which constitutes the second part of this work, the
solution to some of the issues associated with the presence of model-
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ing uncertainties has been proposed. Namely, in Section 3.2 the new
PIESO identification scheme for the dynamic systems with unknown
constant parameters has been formulated on the basis of the ADRC
method. It has been shown that the proper redefinition of the dy-
namics of the plant enables online estimation of the modeling error
which can be subsequently employed in the adaptation method. By
taking advantage of this new approach, the adaptive controller called
PIDRC has been proposed in Section 3.3. Through a detailed analysis,
it has been proved that under certain assumptions these novel tools
guarantee asymptotic convergence of the estimation, identification,
and tracking errors in the systems for which only a convergence to
the neighborhood of the origin is ensured by the conventional ADRC
control. The numerical simulations employing both of the proposed
schemes have been reported as a verification of the theoretical results.
In Section 3.4, the results of experimental trials taking advantage of
the considered methods have been reported. Specifically, the solutions
to the problems of identification of the hovercraft system and adap-
tive control of the wheeled mobile robot, have been presented. The
obtained results confirmed the effectiveness and usefulness of the
devised methods in practical applications.

The studies reported in this dissertation constitute a starting point
for further research. New results may be obtained in both directions
discussed in Chapters 2 and 3. Concerning the stability properties
of the established ADRC methods, the analytical confirmation of the
conjectures stated on the basis of numerical or experimental trials
awaits to be formulated. Specifically, analytical studies of the feasible
range of the input gain uncertainty can be conducted. New methods
of performance improvement or model-free control may also be con-
sidered following the notion, that an increase in input gain modeling
error in the EADRC does not necessarily imply a decrease in the effec-
tiveness of the controller. The methods of PIESO and PIDRC presented
in this work are formulated only in their basic and standard formes.
Thus, numerous improvements in their structures can be considered
in future research. Most notably, the means of ensuring the stability
of the adaptive systems without the use of the projection operator
may be investigated. The problem of input gain identification in the
closed-loop scheme is also to be studied. Finally, various approaches
to improvement of the overall performance of the presented methods
can be considered. The proposed algorithms are at their core based on
the well-known and standard methods of adaptive control and thus
new extensions of these methods may possibly be easily transferable
also to more general problems.



APPENDIX

A.1 DRIFT TERMS AND CONTROL SIGNAL DERIVATIVES

Recall the error dynamics (2.37) featuring the terms 1(t, An2), d(t,x)
and v. By embracing the notation P =P(t,An2),d = d(t,Anz), and
taking advantage of the chain rule, the terms 1(t, An2), d(t,x) are
rewritten as

5 o .o
= 7,\/\ 24—7,
¥ (A2 ot (A1)
d=-2% Az Y |
T (Anz) YT at”

By recalling explicit formula of % as given by (2.27), the first expression
of (A.1) is expressed by

i 0P , . 51
+1lc,, (2 z)) + T

Substituting the control signal from (2.32) yields

P
3 (An2)

N

. d
An<Am2+dmv—dm5+1c; (z—i)) +a—‘f.

(A.3)

b=

Further substituting v from (2.33) yields

o
3 (An2)

An <Am2 FdmkT (% — An2) +dmx™  (Ayg)

—dmbd+1el (z—i)) +%—T.

By rewriting § = bl 2 and 2 = z — % the following is obtained,

5 o 5
P = a(/\ll.:_i)/\n (Amz + dka (XT —X+ A“Z) + de$n)
e 1) o
—dmblz+ (dmbl —Am +1lc] )2 ) + s

(A.5)
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By noticing that AyAym = AnAn +brb] and Andy = by, the
expression given in (A.5) is rewritten as
P = o AnAnz +bnkT (% +Anz) + boxl™ (A.6)
0 (Anz)
5

+ (AnAn + Anlel) z) + a—‘f
Adding and subtrackting expression A, X, and recalling on the basis
of (2.34) that X, = Apx, + bnx!™ yields

A np
P a(An2)<( An +bnkT) X +%, (A7)
: L)
+ (bnk An — ATLATL + Anlcm) Z)+ H

At last, recalling G = A,, — b, kT the final form of

o

A )
b= S0 (A8)

AL ( (Anlel, —GAL) Z2—Gx +xr> -

is obtained, which is consistent with the expression given in (2.39).
The explicit form of d(t, Anz) is obtained by substituting z from
(2.27) into (A.1). Such a substitution yields

: od .
R d od
—(tx,) (6 -9) ) +bmdt6> + o
Substituting u from (2.32) leads to
d= aid/\ Amz+dm(v—8—1(t,An2)0
R d od
+ (L Anz)8 —h(t,x,) (0 0) > + bmdté) + 5
(A.10)
Substituting v as given by (2.33) yields
d= -9 A (Anztdo (KT —An2) +x™ 5 (A1)
- a (/\nz) n m m T n T .

—W(t, An2)0 + (L, Anz)0 —P(t,x,) (e _ é) )
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Further rewriting § = b} 2 and 2 = z — % gives

: d
d= % A Azt dn (K 5 —Anz+ ALZ) +x™
0 (Anz)
— bl z4+blz—P(t, An2)0 +P(t,Anz)0
. d od
—W(tx,) (e _ e) ) +bmdt6> + 5
(A.12)

Recalling that AnAm = AnApn + bn,b!,Andn = by, and moreover
Anby =0y, yields

. od 5
1= 3 An2) <An/\nz + bk’ (X =X+ AnZ) + b (Au13)

+b,blz4+b, < —P(t, An2)0 +P(t, Anz)0

(%) (e _ é) )) + %.

Once again adding and subtrackting A,x, and noticing that x, =

Anxy + bnxgn) enables to express (A.13) as

__od (. N . o
d= a(/\nz)<( An+brkT) % +% + (bnkTAL +b,b] ) 2

A A ad

b ((t, An2)8 —b(t,x:) (0 8) —w(t, An2)8) ) + 2

(A.14)

Finally, recalling G = A, — by kT and W = b,,kTA,, + b, bl yields

od

d=3 (Anz)

(WZ— GX + X +bn <1l)(t,/\nz)6 (A.15)

—P(t,x;) (9 — é) —Il)(t,/\ni)é>) + %

what corresponds to the expression in (2.39).
In order to obtain an explicit formula of v consider first the term v
and, by recalling that 2 = z — Z rewrite it on the basis of (2.33) as

v=kT (X +Anz) +xM. (A.16)
The derivative of this expression is thus given by

V=K% + kT Ank +x\™. (A.17)
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Substituting X and Z from (2.37) yields
v=KkT (G)"c —~Wz+b, (w(t,xr) (e — é) +1(t,An2)0
—P(t, /\nz)9> ) +kTA, <Hz +dm (1])(t, Anz)0
~b(tx,) (6-8) d)(t,Ani)é’) +bm (ti)(t,xr) (e-9)
- (g - 1) (11)(’(, An2)0 —v) +d(t, /\nz)>> +xlm,
(A.18)
By taking advantage of the notion that A, dy, = by and Aby =0y,
this is simplified to
v=XkT (ch —~ Wz +by, <1p(t,xr) (e - é) +P(t, An2)® (A.19)
—P(t, /\nz)9> ) + kT </\nH2 +bn <11)(t, Anz)0

—(t,x,) (e _ é) w(t,/\ni)é>> Fxlm),

The terms multiplied by k"b,, reduce themselves and thus the expres-
sion

v =KkKTGX+ kT (AnH—W)z +x\™ (A.20)

is obtained and corresponds to (2.38).

A.2 LYAPUNOV FUNCTION DERIVATIVES FOR PIESO AND PIDRC

Consider stability analysis of the PIESO scheme designed for the
system with the regressor being a function of time and state of the
system and presented in Section 3.2.2. Recall the auxiliary function

(3-57) given by

1

Vi, (z) = %ZTPi + zéTr” 0 —zTPb P(t, Anz)b. (A.21)

The derivative of this function is analytically calculated as

Viy(2)=2zTP2+0' T '0—0"p bl P2—2zTPb,p0  (A.22)
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with P = P (t, A z) denoted for brevity. Substituting z and 0 from
(3.56) yields
Vi, = woz PHZ + woz Pdmm (q) —11)) 0+ 2TPb, 10
— 2TPb 1P Proj(t) — 0 ' T~ Proj(t) — w0 ' Tb] PHZ
— wo8 YTbT Pdy, (q) _ ﬁ)) 8- 8"pTb! Pb )8
+6"PpTb] Pb1p Proj(t) — 2 Pb )0
+ ZTPbm Proj(T)
(A.23)

with {p = P (t, An2). The terms ZTPb,, 0 and ZTPb,, Proj(T) are
reduced in the obtained expression. This is a crucial observation, as
the latter of these do not yield the quadratic upper bound and thus
its reduction is necessary to ensure the negativeness of the entire
expression. By adding and subtracting 8'r ', and substituting
from (3.56) the following is obtained,

Vip=— %wosz‘F woz'Pdy, (11) —li)) 6—8'r! (Proj('r)
—) =8 (b ") ws 8w W+ 8" ('
—le)bLz+ 0" PpTbl z— w,0 P b] PHzZ
—wo® YTbT Pdy, (q) —ﬁ)) 8- 8"PpTb! Pb )8
+0"pTb] P Proj(T).

(A-24)

Recalling the properties of the projection operator given by (3.52) and
Corollary 3.3 enables to establish the upper bound of (A.24) as
. 1 _ _ .
Via < = 5o 2l + wo 12l v [ — b om
| — || wmORi + Ot [ —w | 211+ Onnon 121
+ woOMmUPmpmhm [1Z]] + woOMmPMPM Hﬂ) —li)H Om

+ 0 Pm + O mPMbMm [|Proj(T)] -
(A.25)

The Lipschitz property of the regressor established by Assumption 3.3
implies that
[ —w| < Ig—xl1vr = [Anz] b = [An0, 2] w0

<|JAns! | Izl (A.26)
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Moreover, recalling T from (3.56),

I1Proj() | < vav ||t — || wn 8[| +vmwia 8] (A.27)

v b= Iz +vmbm 21

By taking advantage of these properties, the bound of V3, is expressed
as

o 1 _ _
Vi, < — Ewo ||ZH2 + WoPm H/\n(DO]

+ HAqu)o_]

12117 wiem
|12l b6k + O [ An @y
+0mbm (2] + woOmbmpmhm |IZ]]

+ WoO WMPM H/\nd>§1 ‘ 12l b + 034 bR PMm

=12
bz

|12l ¥r + 03 biiPmym

=112
KT

+ O biupmyi [ An @

+OMmURPMYM H/\nq)g1
+O0mbipmyYm |12 -
(A.28)

Importantly, Ancbg‘ H = wg“'*‘ and wOH/\nd)g1 H = wg‘””o, and
are thus nonincreasing in w,. Grouping the terms yields

. 1 _ e
V3, < (zwo + O b Om + wo ™ ](GMU)L (A.29)

+ 9M1D;2\4PMYMII)L>> I1Z]|1Z + Om <11)%/[PM'YM
—n+1]0

+bm + wobmpmhm + we OIMmbmpmUL

+wo ™ o (1|)3MPMYM11)L +1|)L11)M>) Izl

+0% (11)12\4PM +1|)4MPMYM),

what is consistent with the results presented in (3.60).
Consider the function established in (3.65) and given by

L e i
Vs2(z,8) = 32TPz + 6" <2r—‘ —M(t, /\nz)> 8. (A.30)

Its time derivative along the trajectories of the system takes the form
of

V32(2,0) =2TP2+08'T'6—06'M6 —26"Mb. (A31)
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Substituting %,0 from (3.56) and M given by Corollary 3.2 yields
Vi = woz PHZ + woz Pd;, (q) - xi)) 0+ 2TPbnd (A32)
— 2TPb 1 Proj(t) — 6 ' T Proj(t) — ' M@
— 8" T Ppd + 20" M Proj(1).
Adding and subtracting 0'T 't and substituting T from (3.56) gives
: 1 N\ A -
Vo= = 5oz 2+ woz Pdm (q) —q)) 0+ 2TPb 0
— ZTPbmtp Proj(t) — 8 ' T~ (Proj(t) — )

( ) 6— T¢T¢é+éT(ﬁ)T—¢T)sz
+0 YTl z—6"MO—6"pTyd +26" M Proj(T).
(A-33)

The terms éTll)le)é reduce each other and by recalling Corollary 3.3
it follows that

. 1 A ~
Vaz < = 5o 1217 + wo 12l P || — b | Ona + 2] paaona |8
11zl pan [Proj(e)| + (18] || — || wamenm
O R R I M e

+26]| Wi [IProj(T)] -
(A.34)

By recalling the norm of the projected adaptation law and the Lipschitz
property of the regressor, it follows that

. 1 _
Vir < — 5Wo I1Z]1% + wopm H/\n(I)O !

121 wiem
2l pmymwia [8] + ympmm [An @
+pmRayam 1217+ [[8]] [An @S | 21w wmOm

211 W+ [[8]] W 12 — e ™= 18]
’ Izl e [[8]] + 2 avm |16

b2 + 28] wRava 121l
(A.35)

+ 12l P [[8]] + prbdivm [An @

+OMm HAnopg‘

+ 200 vm [An @y

4 2ymOMb, H/\nd)g‘

Recall H/\nd)o_] H =wqy " and wOHA (O3 1H = n+”0 . Consider
also that HZH < zm, as implied by the analysis of the auxiliary func-
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tion, enables the establishment of the quadratic bound of the term
yMlej)MH/\nd)o_] H HZHglj)L. Grouping the expressions then yields

. 1 _
V32 < (— 7Wo +pmbiYm +pron+1 ‘Oll)LeM

—n|—1

+ wo <PM1|)12\AYM11)L9M +yYmpmbmzmPr

+OmbL +2YM9M1P12\A¢L>> IZI|* + <PMYMII’13\A
+pmbm + O + 203 ym + wo ! (zeMlb%/ﬂ/Mll’L

#enadn) ) [0 121+ (e + 20davaa ) 0]
(A.36)

Invoking the Young's inequality gives

. 1 _
V32 < (— 7 Wo + P Ym + We n+1loplvl‘\l)Lervl
o™t (leb%AwLYMeM +pmbmbrymzm

1
+OmUL +29MII);2\A1|)LYM> + Z(‘PM‘bM +PmYMm¥u
+ 203y + wo oMb (203 ym + bm)
2\ _ EN |1 x112
#m) ) 121+ (e 4 2vacida + 5) 9]
(A-37)

for any ¢ € R4, what is consistent with (3.68).

In order to investigate the derivation of the Lyapunov function for
the reference-based PIDRC scheme as presented in Section 3.3.2, recall
function (3.121) expressed by

- -~ ] =T _ 1_T _ ~T ] 71 ~
V34(%,2,0) = Zwox Rx + EZ Pz+ 0 EF — M(t,x,) | O.
(A.38)

The derivative of the function is given by

V34(%,2,0) = woxTRX+2TP2+8'T 16— 8"M8 — 20" Ma.
3
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Substituting X, z and 0 from (3.120), as well as M from Corollary 3.4
yields
Via = wewoXRGX — woxRb, (TJ(DCwC/\nq)g‘ +bl1> z
— WoXTRby (W —,) 0 + wozTPHZ + woz Pdm <1b
_ q)r) 0+ 2 TPbmp, 0 — ZTPb 1P, Proj(T)
—8'r " Proj(t) —8 ' M8 + 8 I8 + 28" M Proj(t)
(A.40)

with P = P(t,x;) denoted for brevity. By adding and subtracting
0'r ', and substituting T from (3.120), it follows that

1 _
— EwcwoiTi — WoX"Rby, (de)cwc/\nd)g‘ + bL) z

— WoX"Rb, (P —P,) 0 — %wOZTi +woz™Pd,y (q)

\./3,4 =

_ q)r) 0 +zTPbmp, 8 — ZTPb 1P, Proj(T)
—0'T ! (Proj(t) —t) — 0", 0+ 0 pIbl 2
—0"MB+0" YT, 0 + 20" M Proj().

(A.41)

The terms éTq)Ilpré reduce each other. By recalling the properties of
the projection operator given by (3.52) and Corollary 3.3 yields

. 1 _
V34 < — Ewcwo ||>'<H2 + wo |IX]| (erM Hd)cwc/\n(l)o1

i, _ 1 _
) 121+ o %I e [ =] 83 — S0 |21
+ wo 12l Pt b — o8 + 12l Pratbna [ 8]

+ |12l pra Proj() + [|8]| wav 2] — e ™= 18|
+218] W} [IProj()]
(A.42)

Once again recalling T from (3.120) implies
IProj(t)| < ymws [|8[] +vmm 12 (A43)

Moreover, due to the Lipschitz property of the regressor

[ =, < = xell = %] W < @

I%Iwe (Aga)
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It follows that

V34 <

Notably,

|

_ 1 -
) [2] 4+ wo K] ra @5 || 0w — 5 wo 1211

+ wo |12 v || @5 || Ikl wron + 12 P 8]

1 _
— Swewo K1+ wo K] (rakn | @ccweAn @]

+ 1z pmbMYMbEL 18] +pmbiYm HZHZ
+ 18] wan [zl — e 18| + 2wjvm [|6]*
+2]|6]| wriymbm |12l -
(A.45)

o | = we ™% and |{<I)cwc/\n(Dg1 | = (w—)n“. These

c
Wo

terms are thus nonincreasing in w. and in the ratio &= correspond-
]

ingly. Grouping of the terms yields

V34 <

2

n|1
_ w
+rmwe ™! O¢L9M> %1% + wo <TMkM (wc>

(o]

1 1
<—wo +pM1|)]2\/[YM> 12| + wo < ~ 5We

™ o) 21 5] + (+ e

FPMYMUBIL UM + 2¢%YM> 2]l ||6]]

+ (—ue ™+ 29 kvm) 1817
(A.46)

The following expression corresponding to (3.124) is obtained for any
e1,€2 € Ry by invoking the Young’s inequality,

V34 <

(— —Wpo (1 — €] (TMkM <C> +T™M
2 Wo
—n+1)0 > 1
+ we PMWUWLOM +pMYMwm+E Pmbm

3 3 2\ 5112 1
FPMYMUR 20y +Om) ) 2]+ wo | — e

+ We n+1OTM1])L9M+2€]<TM (kM (c?) +])
o

+we ™! OPMﬂ)LeM)) 1% + <— pe™ F 4 2 ym

1 =12
+252> 18|
(A.47)
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At last, consider the analysis presented in Section 3.3.3 to investi-
gate the properties of PIDRC controller designed on the basis of the
estimated state. Recall the auxiliary function (3.131) and given by

14 ~

Vis(%,2) = ; oXTRX + ;zTPz+— r-'e (A.48)
—2TPb P (t,x,)0.

I\)

The time derivative of this function takes the form of

Vis(%,2) = woX TRX+2TP2+0'T'0 —2TPb(t,x,)0
—2TPbp(t,x,)0 — 8 pTbT P2,
(A-49)

Substituting z,x and 0 from (3.130) yields

Vi = wewoXTRGX — woX TRb, (RTchDCAnq)g‘ +b§1> z
— WoX TRy (P —P,) & — woxTRby (q) —ﬁ)) 6
F woz TPHZ + woz Pdm (W —,) 8 + wozTPdm (q)
—li))é +2TPbumtp, 8 — ZTPbm, Proj(T)
— 8" T Proj(t) + Z"Pb 1, Proj(t) — 2T Pb 1, 0
— wo@ " PIbT PHZ — wo® P bT Pdy (p —p,) 0
~woBTHIbL P (W —1h) 0 8" hI b POLh, 0

+ 0" PTb,PbT p, Proj(t).
(A.50)
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The terms ZTPb ¥, Proj(t) and ZTPb,,1,.0 are reduced in the ob-
tained formula. Adding and subtracting term 0T "1, and substitut-
ing T from (3.130) yields

. 1 _
Vis = = 3WcwoXk 'R — woX TRy (KT we@cAn @G + ], ) 2

— WoX Ry (1 — 1h,) 8 — WX Rby, (h—1) 0

—_

 WozTZ 4+ WozTPAm (W —,) 0 + woz Pdm (q)
—11)) 8—08"r" (Proj(t) — 1) — 8" (ﬁﬂ —¢T) V.0
+8" (B —wT)bLz—08" (W' —]) ¥,

+07 (T -y bl z—0 Pl 0+0 PIb] 2
—wod PIbT PHZ — wod I bT Pdy (b —,) 8
~ o0 WTbL Pl () 00 hbnPbLD, 0
+ 0" b,, PbT 1, Proj(T).

N

(A.51)

Recalling the properties of the projection operator and boundedness
of the parameter estimates and identification errors gives

Vel 1 - - —
Vis < = 5weo %I + o %] (rmkn |[we@eAn @y

1) 121+ o 1% T b — . 83

1
O — 5o 2]

+ wo [%] o [0 =
o |21 P 1 — ]| Bt + wo 12l v [0 — b En
|| — | om0 + Ot [ w121
+ [ — W, [ MmO + O [ — .|| [1Z]]
+0mUm 12|l + woOMmPmPMmhm ||Z]]
+ wobmpm [ — ]| 834 + WodmPMm Hll’ — II)H 031
+ 0% WRepm + O P IProj(T)]| -
(A.52)

By taking advantage of the explicit formula of T, it is concluded that

IProj(e) | < yaa [ — || e [[8]] + v [ — w121

+ym W =W, | Oa ||0]] +vm b — b, || |12
+ymi 18] +vmbm |12l
(A.53)
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It follows also from the Lipschitz property of the regressor that

o =l < I =l = %l < |05 | 1%l w1,

[&—w| <lig=xlvr = Anzlwe < [ A | 2] e
(A.54)

Embracing these notions yields

. 1 ~ ~ B
Vis < = 3wedo %] + o %] (tvkm |[c0c @A @y

) 12l + worm [ @[ IRI2 wiem

1] s 1 i,
+ wo &l [[An @3 | 12l wiom — Swo 2]

2
+ wo |12l P || @ | 1%l w0
+ wopm [An @S| 2P bi0m
+{|An s | Izl wrwmeds + o [An@l|[wr 22
|| oc | 1=l wiwmRo + o ||| Il w2

+O0mUMm 12|l + woOMmUPmPMmhm ||Z]]
+ wotmpm @2 | 1% Wik

12l Wi 03 + 8% Rapm
[zl e
+OMOPMYM An®§WﬂmHﬂV

%Il e

+ Onbiepvywe || @2 | 1%l W l12]+ 63 kipmym

+ wobMPM H/\nd>;‘

+ 03U PMYM |[An D]

+ 03,0 PMYM || @]

+ oMb pMmYm |12 -
(A.55)



214

APPENDIX
Taking advantage of the notion that H(I);] | = wz e O WA, D! | =
(sz)nﬁ, An@y! H = w;™ " and on/\n<D31 H — w0 the
bound of Vj 5 (%, z) is reformulated by grouping the suitable terms as

. 1 _ 1
Vis Swo ( 7WetTMWe “”"wLeM) I%]|% + ( S,

—n+1o —nl-1
+pmwo Oprom +Omws™ T

+9M¢12\4PMYMwon11PL> s

we \ ™ _
+ (wo (TMkM (wc) + ™M+ PMWe n+1|011)L9M)
(o]

—n+100 —n+100
+TMWo YrOm +Omwe P

_ 110 _ _
oMb pmymw: ! m) 21l %

+ (w; MmO, + BMUM + WoBMUMPMEM
+ompmws " 1034 + 03 bR PmyYMws ™ L
+9M11)13\4PMYM> I1z]| + <wc_n+101|)L1l’Melz\A

+ wobmpmwe V0 03,

—n+1]0 _
+0x 0 PMYMwe | 1J)L) %] + 0%, Wi PMYM

+0RVRPM.
(A.56)



A.2 LYAPUNOV FUNCTION DERIVATIVES FOR PIESO AND PIDRC 215
Finally, invoking the Young’s inequality yields

. 1 _ 1 nl1
V;-5 < Wo ( - Ewc +TMULOM W, e + Z <TMkM (u)z>

—n+100 _
+rm A PmbrOmwe T | >> HXHZ

+ (—wo (1—a<erM (C> +T™m
2 Wo
+PM¢L9chnHO>) + " b om

+ g™ (Bmun +9MvaM¢mL)) 2]

—n+100 —n+100
+ (wc | TMULOM 4+ we | <9MPMYM1|)L11)12\4

+eMwL)) =1l 2]+ <woeMprMhM T OMPMYMbs

oMU+ wo 00 bmpmr + wo ™ (0w

+pMYM¢L¢?\/{e%/[)> 2] + we ™ (woe%/[q’MlebL

+ 0% b m + PMYMIDL1D?\49%A> %] + PMmYMWMOIA
(A.57)

what corresponds to the formula of (3.134) and enabled concluding
about the boundedness of the tracking and estimation errors.
Consider the function given by (3.135) in the form of

V35(%,2,0) = %wOXTRi + %zTPz +0" <;F1 — M(t,xr)> 0.

(A.58)

The derivative along the trajectories of the system is expressed by

V3s5(%,2,0) = woXTRX+2TP2+0'T'6 -8 M8 (A.59)
—26"Mab.
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Substituting x, %,0 from (3.130) and M from Corollary 3.4 yields
V35 = WewoXRGX — woXx"Rb,, (RTwC(I)CAnd)O_] —i—bll) z
— WX Ry (1 — 1h,) 8 — W% Rby, (b — 1) 6
+ woZ"PHZ + wo2™Pd (P —P,) 0
+ wozTPd,, (q) —143) 0+zTPb 1,0
— 2TPb ), Proj(t) — 8 ' T Proj(t) — 6' M8
+8 PpTp,8 +20" M Proj(t).
(A.60)

By adding and subtracting the term 8T "1, and then substituting T
from (3.130) leads to

. 1 _
Vi = — Ewcwochfc— woX'Rb,, (kTwccl)c/\ncDg‘ +b;> z
— WX Rby (1 —1,) 8 — woXTRby (b 1) 8

- %wOZTZ + woZTPdm (II) _q)r) é
+ wozTPdm (q, —11)) 0 +2TPb1p, 0
— 2TPb 1, Proj(t) —8' T (Proj(t) — 1)
0T (BT wT)w,848" (b wT) Lz
—0" (WT ), 6+8" (VT —w])blz
— 0PI, 0+0" P z— 0" MO+ 8 Ty, B
+20" M Proj(1).
(A.61)
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The terms éTtl)I 1,0 reduce each other. Recalling the characteristics
of the projection operator and the boundedness of the identification
errors yields

. 1 B _ —
Vis < = 3weo I%]|% + wo %] (erM chcpc/\ncpo‘

+rM)|zn+amuﬂhm4mp—u»ueM

1
O — 5o |12/

+ o %] T |9 =
+ wo 2l pa 1 — b, | On + wo 121 v || — b | B
1zl paana [|8]] + 121l Pt [Proj ) |
18] b —w ]| wana +om [ — w12
+ (16w — o wmBm + 8w b — .| |12l
18] lzl] — e 8]
+2([8]| Wi [IProj().

(A.62)
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By recalling the explicit formula of ||Proj(t)|| and taking advantage of
the Lipschitz property of the regressor, it is concluded that

. 1 _ _ —
Vi35 < — Ewcwo ||X”2 + Wo HXH (TMkM chq)c/\nq)o]

—l—rM) |1Z]] + woTm H(Dg‘

]2 1O

1l s 1 i,
+ wo ¥l T [An @5 || 2 Wi om — 5o 12117

2
+ wo 12l pm | @2 1%l wiem
+ wopm || An @3 | 121 wrom
1zl pmm (18] + prbdivm [An @y 1217 w100

=13
bz

+ 12l pmdivm || @ | 1%l wiem

+pmbmMYMm H/\nd)g]

+l21? promaye || @[ 1%L+ 2l Py 18]

FontRevan 207+ 8] [ An @y | 2] rbmOn
[ 1211 + (8] | @2 %l wewmOnm

Il 2]+ 18] wna 2] — e~ 8]

izl 8]

+0Mm HAnmg‘ ot

+Om H(D;1 ‘

+20M R vYm [ An @]
+ 203 M [ An @y ‘wL Iz))?
+20mwivm [ @2 | Ikl 18]
+20mbhvm [ @0 || IRl v 1z)

+ 20k ym 18] + 218 wRevm Izl

(A.63)

An advantage is now taken for the notion that HZH < zm and H)ZH <
xm to establish quadratic bounds on the terms pabmym H/\ncDg‘ HI])L HZH3
and HZHZlel)MyMHd)C_] H H)ZHlj)L. Moreover, the norms of the scal-
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ing matrices are expressed in terms of conditional exponentiation
operators and the terms are grouped accordingly to obtain

. 1 - :
Vs < ( FWeWo + WoTrMWe s 0¢L9M> %1%+ < 5 Wo
P10m + PrmbIymws ™ O

n+1[0
xmWr

—n+1]0
TPMWo

T
+PM11)MYMwon| Yrzm + pmPmymwe

—n|—1
+PM¢%AYM+GM(UOM P
—nl|—1 _ we
+20MbR Y MWy m) Iz)1* + (wo (erM°

o

+T™ +Pchn+1o¢L9M> +rmwe 0% B
+pmbiymwe TP oM + By O,
+20nermes ™0 ) 2] 9]+ (b
FpmyYmMbi + 0o ™ WL bMOM + b

+20Mm R yMws T L +21|)?\4YM) (AN
el (de)MeM + zeMtb?\wMtbL> 18]]Il

- (— pe™ 1T +2¢?{AYM> 8]1°.
(A.64)
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At last, invoking the Young’s inequality yields

. 1 _ 1
V35 < (wo < —5We +aw™! |09MTMII)L + Zer (TM

n|1
w _
+1mkm <wc> + we n+”0PM9M11)L>>

(o]

1 _ _
+ EGM (wc e IOTMlPL +we M0 (PMYMll’Lll’zz\A

1 n
+Ur + le)zZ\AYMll)L)) + %, (wc o <9M¢L¢M

:
+29MYM1|)72’\411)L>>2> I%]1* + <2wo (—1 + €1 (TM

n|1
+rmkm (Z))C) +we ™ lOPMGMﬂ)L))

[e]

—n+1[0

+1]
+ Wwe

pmOMUL + 0 T PxmpmymbMmbL
+ ™! (pM'YMlbLII)%AeM +zmpmYMmbmbr

+0OmbL +29M1|)12\AYM11)L> +PMYMbig

1 _ _
+ 7 <wc o ‘OBMT'MIPL +aw™! © (PMYMII)Lll)yzvleM

1
+OmUr +29M¢12\AYM1PL>> + 76s (PMYMH’?\A

+pmUM +bm +2ymbi + wp ™ (GMU)Mﬂ)L

2
+%mwa%wQ)>H2F+<—uémm+hmw%

1 1 ~ 112
+2Q+2%>wu

(A.65)

for any €1, €3, €3 € Ry what is consistent with the results of (3.138).
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