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Kurzfassung

Bei den meisten regelungstechnischen Verfahren handelt es sich um modellbasierte Me-
thoden, die eine prizise mathematische Beschreibung des betrachteten dynamischen Sys-
tems voraussetzen. Die modellbasierte Regelung erlaubt es steuerbare Eigenvorgénge im
System so zu beeinflussen, dass ein gewiinschtes, vorgegebenes Systemverhalten erzielt
wird. Allerdings ist die Modellbildung der meisten technischen Systeme komplex und es
ist schwierig und zeitaufwéndig oder sogar unmoglich eine exakte Beschreibung vorzuneh-
men. Zu den Schwierigkeiten bei der Modellbildung zéhlen unter anderem: Systempara-
meter, die nicht genau identifiziert werden kénnen oder zeitvariant sind; Systemvorgénge,
die real existieren jedoch beim Modellbildungsprozess nicht beriicksichtigt werden; Inter-
aktionen mit der Umgebung, wie sie sich bei modernen regelungstechnischen Systemen
wie bspw. Robotern ergeben und die zur Folge haben, dass unbekannte duflere Eingédnge
auf das zu beschreibende System wirken. Aufgrund der erlduterten Komplexitit der Mo-
dellbildung existiert im Allgemeinen eine Diskrepanz zwischen der modellierten und der
tatsdchlichen Dynamik des Systems. Um die regelungstechnischen Ziele trotz vorhandener
Modelldiskrepanz garantiert einhalten zu kénnen wird vom Regler die Eigenschaft der Ro-
bustheit gefordert. Der Sliding-Mode-Regler ist eine regelungstechnische Methode, welche
eine derartige Robustheit aufweist. Mittels des Sliding-Mode-Reglers kann eine Invarianz
der Systemdynamik gegeniiber Stérungen im Eingangskanal erreicht werden. Als Folge
wird trotz Modelldiskrepanz die gewiinschte Systemdynamik garantiert erzielt. Jedoch be-
sitzt der Sliding-Mode-Regler trotz seiner Robustheit einige Nachteile, die im Folgenden
néher erlautert werden:

e Die konventionelle Sliding-Mode-Regelung fiihrt zu einem hochfrequentem Schalt-
vorgang im Signal der Stellgréfe, welcher als Rattern bezeichnet wird. Das Rattern
kann eine Beschidigung des zu regelnden Systems zur Folge haben, woraus sich
in praktischer Konsequenz die Nichtausfiihrbarkeit des Reglers ergibt. Die Verwen-
dung von Sliding-Mode-Reglern héherer Ordnung erlaubt eine effektive Abmilderung
des Ratterns. Allerdings werden dazu typischerweise zusétzliche Zeitableitungen des
Messsignals benotigt, welche die Sensitivitdt des regelungstechnischen Ansatzes ge-
geniiber Messrauschen erhohen. Adaptive Sliding-Mode-Regler eignen sich ebenfalls,
um eine Dédmpfung des Ratterns zu erzielen. Jedoch kann das Rattern nur bis zu
einem gewissen Grad gedampft werden, da andernfalls die regelungstechnischen Ziele
nicht garantiert eingehalten werden koénnen.

e Die Beriicksichtigung von Nebenbedingungen im Rahmen der Sliding-Mode-Regelung
ist komplex, da hierfiir der Sliding-Mode-Regler an sich modifiziert werden muss. Die
Nebenbedingungen kénnen nicht durch Aufschalten bereits bekannter regelungstech-
nischer Ansétze wie bspw. dem Invarianz-Regler (Wolff and Buss, 2004) oder dem
Reference-Governor Ansatz (Bemporad, 1998) erzwungen werden. Die genannten
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Methoden versagen, da sie auf Systeme mit Modellunsicherheit, von der typischer-
weise bei der Sliding-Mode-Regelung ausgegangen wird, nicht angewandt werden
koénnen. Sliding-Mode-Regler, die eine Beriicksichtigung von Nebenbedingungen er-
lauben, existieren zwar, allerdings wird tiblicherweise von Nebenbedingung ausge-
gangen, die zeitlich unverdnderlich sind. Als Folge ist das Anwendungsfeld dieser
Regler limitiert. Ein weiteres Problem ist, dass die meisten sliding-mode-basierten
Regler eine Berticksichtigung von Nebenbedingungen nur theoretisch zulassen. In
der Praxis fithrt ein Grofiteil der entworfenen Verfahren zum Auftreten des Ratterns
und ist deshalb unausfithrbar. Eine nachtrigliche Approximation des Reglergesetzes
erlaubt zwar eine Dampfung des Ratterns, fiihrt jedoch dazu, dass die Einhaltung
der Nebenbedingungen nicht mehr garantiert werden kann.

Beobachterbasierte Verfahren finden vielfiltig Anwendung im Rahmen der Uberwachung
und Regelung dynamischer Systeme. Typischerweise handelt es sich dabei um modellbasier-
te Methoden, welche eine exakte Modellbeschreibung voraussetzen. Die Gestaltungsprin-
zipien der Sliding-Mode-Regelung kénnen auch zum Entwurf von Beobachtern verwendet
werden. Die Robustheit der daraus resultierenden sogenannten Sliding-Mode-Beobachter
ist jedoch bei weitem nicht so umfassend wie jene der Sliding-Mode-Regler. Entwurfsver-
fahren fir Sliding-Mode-Beobachter, die eine Modellunsicherheit erlauben, existieren fiir
spezielle Klassen von Systemen. Dies sind insbesondere spezielle lineare Systeme mit un-
bekannten Eingéngen und nichtlineare Systeme in Regelungsnormalform. Dariiber hinaus
existieren Sliding-Mode-Beobachter fiir weitere Systemklassen, die meisten setzten jedoch
eine exakte Modellbeschreibung voraus.

Auf Grundlage der zuvor beschriebenen Nachteile und Limitierungen der Sliding-
Mode-Regelung und Beobachtung werden folgenden Thematiken innerhalb dieser Arbeit
behandelt.

Betrachtet wird ein nichtlinearer Ansatz zur Zustandsschitzung, welcher unter dem
Namen Smooth-Variable-Structure-Filter (SVSF) bekannt ist. Das SVSF basiert einer-
seits auf dem Préadiktor-Korrektor Schema des Kalman Filters und nutzt andererseits
bekannte Gestaltungsprinzipien der Sliding-Mode-Regelung und Beobachtung. Das Filter
ist anwendbar auf nichtlineare Systeme fiir die keine exakte Modellbeschreibung vorliegt.
Die Genauigkeit der Zustandsschétzung héngt stark von der Wahl der Filterparameter ab,
welche durch den Anwender vorgegeben werden. In dieser Arbeit wird das SVSF in eine
neuartige, dquivalente Beschreibung tiberfiihrt, die Aufschluss dartiber gibt, wie das Verhal-
ten des Filters tiber die Filterparameter beeinflusst werden kann. Anhand der 4quivalenten
Beschreibung wird eine Gleichung zur Berechnung der Schéatzfehlerkovarianzmatrix herge-
leitet. Die Berechnung der Schétzfehlerkovarianzmatrix erlaubt es eine neue Filter-Verstér-
kungsmatrix zu bestimmen, um den mittleren, quadratischen Schétzfehler zu minimieren.
Wird die neue Verstiarkungsmatrix auf auf das SVSF angewandt, ergibt sich ein Algorith-
mus der identisch zu dem des erweiterten Kalman Filters (EKF) ist. Um die Robustheit
des SVSFs weitergehend zu untersuchen wird ein kombinierter Schétzansatz formuliert.
Der kombinierte Schétzansatz basiert auf einer Gewichtung der Verstarkungsmatrizen
des SVSFs und des EKFs. Zur Optimierung der eingefithrten Gewichtungsfaktoren und
der Filterparameter wird ein Optimierungsschema entworfen. Das Optimierungsschema
bedarf weder Experimenten am realen System noch Kenntnis iiber eine exakte Modell-
beschreibung. Dariiber hinaus ist das vorgeschlagene Optimierungsschema nicht auf die
betrachteten Filterverfahren beschrankt. Es kann grundséatzlich auf alle modellbasierten

v



Kurzfassung

Filterverfahren angewandt werden fiir die keine exakte Modellbeschreibung vorliegt. Um
die Schitzgenauigkeit des kombinierten Ansatzes mit dem des SVSFs zu vergleichen, wird
ein Anwendungsbeispiel mit einer nichtlinearen Dynamik betrachtet. Das exakte Verhal-
ten des Systems wird als nicht bekannt angenommen. Zur Losung der Schatzaufgabe steht
lediglich ein nominelles Systemmodell zur Verfiigung, das vom realen Systemverhalten ab-
weicht. Die Filterparameter der beiden Schétzverfahren werden anhand des entworfenen
Optimierungsschemas bestimmt. Fiir das bei der Untersuchung verwendete System zeigt
sich, dass der kombinierte Ansatz dem SVSF hinsichtlich der Schitzgenauigkeit tiberlegen
ist. Bei Betrachtung der optimierten Filterparameter zeigt sich, dass die Robustheit des
kombinierten Ansatzes weitestgehend von der Verstarkungsmatrix des EKFs ausgeht. Als
Folge verhalt sich der kombinierte Ansatz strukturell &hnlich zum EKF. Er weist jedoch
eine parametrierte Verstdrkungsmatrix auf, die iiber das entwickelte Optimierungsschema
angepasst wurde. Mittels dieser Anpassung wird eine gesteigerte Robustheit gegeniiber der
vorliegenden Modellunsicherheit erreicht, aus welcher sich die verbesserte Schétzleistung
des Filters ergibt.

Ferner wird in dieser Arbeit ein modifizierter Ansatz zur adaptiven Sliding-Mode-
Regelung entworfen. Der Ansatz hat zum Ziel den Effekt des Ratterns starker abzumil-
dern als dies bei konventionellen adaptiven Sliding-Mode-Verfahren der Fall ist. Dafiir
wird ein daten-basierter, adaptiver Sliding-Mode-Regler entwickelt. Dieser ist auf nichtli-
nearer Systeme mit hinreichend trager Dynamik anwendbar. Ein- und Ausgangsdaten des
Systems werden verwendet, um ein lokales, lineares Abbild des Systems zu identifizieren.
Das Systemabbild dient der Vorhersage zukiinftigen Systemverhaltens. Die Systemidenti-
fikation findet rekursiv mittels eines Kalman Filters statt. Dabei wird das lokale Abbild
des Systems in jedem Zeitschritt, also online, iiber die empfangenen Daten aktualisiert.
Basierend auf der Vorhersagefdhigkeit des lokalen Systemabbildes wird ein Optimierungs-
problem formuliert. Ziel der Optimierung ist es die quadratische Regelabweichung und die
Stellgréflenenergie zu minimieren. Die sich aus dem Optimierungsproblem ergebene opti-
male StellgréBe wird nachfolgend als Optimalregler bezeichnet. Der Optimalregler wird mit
einem adaptiven Sliding-Mode-Regler erster Ordnung kombiniert. Im Zusammenhang mit
dem verwendeten Sliding-Mode-Regler wird eine Gleitebene definiert, auf welcher die Re-
gelabweichung asymptotisch stabil konvergiert. Durch die Verwendung von Gewichtungs-
funktionen wird sichergestellt, dass die Systemzusténde immer wieder hinreichend genau
an die Gleitebene herangefiihrt werden, falls sie den Bereich um die Gleitebene verlassen
sollten. Daraus folgt, dass die Beschréanktheit des Regelfehlers garantiert werden kann.
In der direkten Umgebung um die Gleitebene wird die Reglerverstarkung des adaptiven
Sliding-Mode-Reglers abgesenkt und der Optimalregler dominiert die Stellgréfie. Als Folge
davon kann das Rattern stark vermindert werden. Eine Sollwert-Regelung eines nichtlinea-
ren Systems wird betrachtet, um den datenbasierten Ansatz mit einem konventionellen,
adaptiven Sliding-Mode-Regler zu vergleichen. Im Gegensatz zum konventionellen Regler
erreicht der daten-basierte Ansatz eine stationére Sollwertfolge, ohne dass merkliches Rat-
tern auftritt. Bezogen auf das betrachtete System lassen sich die genannten Ergebnisse
ohne konkretes Wissen iiber die Systemparameter erzielen.

Abschliefend beschéaftigt sich diese Arbeit mit der Berlicksichtigung von Nebenbe-
dingungen im Rahmen der Sliding-Mode-Regelung. In diesem Zusammenhang wird ein
Sliding-Mode-Regler entworfen, der sich zur Regelung spezieller nichtlinearer Systeme un-
ter Nebenbedingungen eignet. Betrachtet wird die Klasse der nichtlinearen Systeme mit
einem relativen Grad zwei. Die Nebenbedingungen sind beztiglich der ersten Zeitableitung
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der RegelgroBe formuliert. Erschwerend wird angenommen, dass sich die Nebenbeding-
ungen im Laufe der Zeit verdndern konnen. Der zur Losung des Problems entworfene
regelungstechnische Ansatz basiert auf einer Verkniipfung zweier untergeordneter Sliding-
Mode-Regler. Im Gegensatz zu den bisher existierenden Verfahren wird der Schaltvorgang
zwischen den beiden untergeordneten Reglern so gestaltet, dass keine Diskontinuitaten
im Signal der Stellgroe auftreten. Dariiber hinaus lasst sich mit dem entworfenen Regler
eine Abmilderung des Ratterns erzielen, ohne dass es zu einer Verletzung der formulierten
Nebenbedingungen kommt. Da es sich bei dem vorgestellten Ansatz um eine Sliding-Mode-
Regelung handelt, ist keine exakte Modellbeschreibung erforderlich. Der entworfene Regler
garantiert die Konvergenz des Regelfehlers. Die Regelabweichung erreicht innerhalb end-
licher Zeit ein Fehlerintervall, in welchem der Regelfehler nach oben und unten beschréankt
ist. Die Grenzwerte des Fehlerintervalls lassen sich iiber die gewéhlten Reglerparameter
bestimmen. Zuséatzlich kann die Konvergenz zeitlich quantifiziert werden. Es ist moglich
anzugeben wie lange es maximal dauert bis sich der Regelfehler innerhalb des spezifizierten
Fehlerintervalls befindet. Der entwickelte Ansatz eignet sich insbesondere fiir Anwendun-
gen bei denen sich die Nebenbedingungen zur Laufzeit &ndern. Aus diesem Grund wird eine
Punkt zu Punkt Regelung eines Roboter Endeffektors betrachtet. Dabei éndern sich die
erlaubten Winkelgeschwindigkeiten der Roboterarme zur Laufzeit. Erschwerend soll der
Roboter eine Pick-and-Place Aufgabe 16sen. Eine Traglast mit einer unbekannten Masse
soll aufgenommen und zu einem anderen Wegpunkt transportiert werden. Die Traglast
fungiert als Stérung, die vom Regler ausgeregelt werden muss. Bevor die gestellte Aufgabe
praktisch gelost wird, kann das Verhalten des Reglers auf Basis der entwickelten Theo-
rie vorhergesagt werden. So kann der auftretende stationére Regelfehler vorab bestimmt
werden und die maximale Zeitdauer kann angegeben werden, die der Regler zur Vollen-
dung der gestellten Aufgabe benétigt. Die ermittelten theoretischen Ergebnisse lassen sich
anhand einer Simulation validieren. Da sich der vorgestellte Regler gut fiir die Regelung
von Robotern mit beschrankten Winkelgeschwindigkeiten eignet, wird ferner ein Konzept
zur sicheren Mensch-Roboter-Kooperation entworfen. Dieses Konzept garantiert, dass die
Geschwindigkeit des Roboters einen Sollwert nicht iiberschreitet, wenn der Mensch mit
dem Roboter in Kontakt ist. Das vorgestellte Konzept zur Mensch-Roboter-Kooperation
wird anhand eines entworfenen Szenarios getestet. Die theoretisch erreichbaren Ergebnisse
werden Uber eine Simulation abgesichert.
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Abstract

Most control approaches are model-based methods and require a precise mathematical
description of the considered dynamical system. System modeling offers the advantage
that the controllable system dynamics can be affected by control in such a way that some
given desired dynamics is achieved. However, most technical systems are complex and
it is difficult and time-consuming to describe them exactly or it may even be impossible.
Challenges that arise in system modeling can be for instance: parameters that are not
precisely known or that vary in time, dynamics that exist but are unmodeled, or espe-
cially for modern control systems interactions with the environment that lead to unknown
exogenous inputs. Consequently, it is common that a discrepancy between the modeled
dynamics and the true dynamics exists. The applied controller is required to be robust in
the sense that the control goals are also guaranteed to be achieved in presence of the model
discrepancy. Sliding mode control (SMC) is such a robust control method. It can make
the system dynamics invariant to disturbances that appear in the input channel so that
the desired dynamics are still achieved. However, besides its strong robustness properties
sliding mode control also has some disadvantages:

e Conventional sliding mode control leads to a high frequent switching effect in the
input signal denoted as chattering making the controller inapplicable in practice.
Higher order SMC approaches may effectively mitigate the chattering but typically
require higher order time derivatives of the measured signal. As a consequence, the
whole approach becomes more sensitive to noise. Adaptive SMC approaches have
been developed to reduce the chattering as well. However, chattering reduction can
only be achieved to a certain extend as otherwise the control goals may not be
achieved anymore.

e The handling of constraints in the context of sliding mode control is not straight
forward as due to the model uncertainty standard add-on control approaches like
the invariance control method (Wolff and Buss, 2004) or the reference governor ap-
proach (Bemporad, 1998) can not be applied directly. Constrained SMC approaches
exist but they typically only consider box constraints with time-invariant bounds
which limits the field of applications. Another problem is that most of the existing
constrained SMC approaches only solve the constrained control problem in theory
but are not applicable in practice due to chattering. Approximation techniques are
required to be applied to mitigate the chattering. However, as the approximation
techniques modify the original control laws it can not be guaranteed anymore that
the constraints remain satisfied in general.

State estimation approaches are widely applied in the field of control and system monitor-
ing. Typically, the estimation approaches are model-based methods and require a precise
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system description to be known. Design principles of sliding mode control can also be ap-
plied to design state estimation approaches leading to the so-called sliding mode observers.
However, in contrast to the SMCs the robustness of the sliding mode observers (SMOs)
is much more restricted. General design concepts for SMO approaches that can handle
model uncertainty only exist for specific classes of linear systems with unknown inputs and
for nonlinear systems in companion form. There exist SMO approaches for other classes
of systems as well, but most of them require a precise model description.

Based on the aforementioned limitations and problems of sliding mode control and
observation the following topics are discussed within this thesis.

A nonlinear state estimation approach denoted as smooth variable structure filter
(SVSF) is considered. The SVSF combines the predictor corrector scheme of the Kalman
filter with design elements known from sliding mode control and observation. It is appli-
cable to nonlinear systems and can handle model uncertainty. However, the estimation
performance of the SVSF highly depends on the choice of some tuning parameters. In this
thesis a reformulation of the SVSF is stated which gives an easy interpretation on how the
tuning parameters affect the behavior of the filter. An equation to determine the error
covariance of the reformulated filter is derived. Based on the error covariance a new filter
gain is determined which minimizes the mean squared estimation error. If the new gain is
applied to the reformulated filter it can be shown that the obtained estimation algorithm
equals the one of the extended Kalman filter (EKF). To further investigate the robustness
of the SVSF a combined estimation approach is formulated. The combined approach is
equal to the reformulated SVSF but has a combined gain consisting of a weighted sum of
the SVSF and the EKF gains. To optimize the filter parameters and weighting factors a
parameter optimization scheme is proposed. The scheme neither requires any experiments
on the real system to be conducted nor does it require the true system description to be
known. The optimization scheme is generic in the sense that it can be applied to optimize
any model-based state estimation approach that has to deal with an imprecise system
description. The performance of the proposed combined estimation approach is compared
with the one of the SVSF. A nonlinear system is simulated and the system description is
assumed to be unknown. Both, the parameters of the combined approach and the ones of
SVSF are optimized using the proposed scheme. For the considered system the combined
approach outperforms the SVSF. Further, from the optimized parameters it can be seen
that the robustness of the combined approach is mainly achieved by the EKF gain. That
means that the combined approach behaves structural similar to the EKF but with a pa-
rameterized gain that is optimized by the proposed optimization scheme to handle model
uncertainty.

Further, adaptive sliding mode control is considered in this thesis. The ability of adap-
tive sliding mode control to mitigate the chattering effect is improved. Therefore, a new
data-driven adaptive SMC for nonlinear systems is designed. The system description is not
necessarily required to be explicitly known but the dynamics are assumed to be sufficiently
slow. Input- and output-data of the system is applied to train a linear local model that
predicts the future system behavior. The local model is trained by a Kalman filter which
allows to update the model at each time step based on the incoming data of the system.
Using the prediction capabilities of the local model an optimization problem is formulated
to minimize the squared control error and the input energy. The optimal control input is
determined and combined with a first order adaptive sliding mode controller. Weighting
functions are introduced to guarantee reaching of a subspace around the sliding manifold
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from which follows that the tracking error is bounded. In the vicinity of the sliding sur-
face the gain of the sliding mode controller is scaled down. As a consequence, the control
law is dominated by the optimal control input and the chattering effect can be effectively
mitigated. Set point tracking of a nonlinear system is considered to compare the proposed
data-driven approach with a conventional first order adaptive SMC. In contrast to the
conventional adaptive SMC the developed approach achieves stationary accurate tracking
without noticeable chattering. For the considered specific system the control results of the
proposed method are achieved even without concrete knowledge of the system parameters.

Finally, the development of a constrained sliding mode controller is considered in this
thesis. The approach is applicable to nonlinear relative degree two systems and assumes
the first time derivative of the control variable to be constrained. The bounds of the con-
straints may explicitly depend on time. The controller is designed based on a combination
of two SMC sub-controllers. In contrast to the existing approaches a smooth transition
between the sub-controllers is achieved and chattering mitigation is considered in such
a way that it does not lead to constraint violation. As the developed method is based
on sliding mode control design it can handle model uncertainty. The proposed approach
guarantees convergence of the tracking error with respect to a domain that can be spec-
ified based on the controller parameters. In addition, a maximum time period can be
stated after which convergence of the tracking error is guaranteed to be achieved. As the
proposed controller allows to update the constraints online it is tested on a robotic system
with time-dependent velocity constraints. The angular velocities change online dependent
on the distance between the end effector and the waypoints. Moreover, the robot has to
accomplish a pick and place problem in which an unknown payload is considered. The
payload servers as a disturbance and is required to be rejected by the controller. Based
on the developed theory about the proposed controller the tracking error bounds can be
determined beforehand. The maximum time period that is required to accomplish the
pick and place problem can also be stated in advance. The results have been successfully
confirmed by simulation. As the proposed controller is well suited for velocity constraint
control of robotic systems a safety concept for human-robot collaboration tasks is devel-
oped in addition. The proposed concept guarantees that the robot velocity is restricted
to a desired value in the moment when the human and the robot are in contact with each
other. A scenario of human robot interaction is considered to test the developed concept.
The theoretical controller performance is confirmed by the simulation results.
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1 Introduction

Most technical systems cannot be modeled perfectly. There may be discrepancies between
the modeled and the actual system arising from e.g. parametric variations, unmodeled
dynamics, or unknown disturbances. As the uncertainties cannot be quantified exactly
it is typically stated that they arise within some known bounds. For this known bounds
the controller is required to be robust meaning that the closed loop system should still
be stable and the control goals should still be achieved. Sliding mode control (SMC) is
a control method that exactly provides this kind of robustness. It is well established and
can be applied to linear as well as nonlinear systems. Generally, the design of a sliding
mode controller is characterized by two main steps.

First, a sliding manifold is designed within the state space. The sliding manifold
defines a system mode “the sliding mode” in which desired dynamics such as state conver-
gence are achieved. Consequently, in sliding mode the states slide on the manifold towards
the origin of the state space. In addition, if the system is in sliding mode it is insensitive
to so-called matched uncertainties leading to great robustness.

The second design step is the derivation of the reaching law. The reaching law defines
the control input and guarantees that the sliding manifold is reached within finite-time.
The time period of reaching is denoted as reaching phase. In conventional SMC design the
reaching law is discontinuous and SMC can be regarded as a special type of variable struc-
ture control. The discontinuity of the reaching law leads to a high frequent switching of the
control input denoted as chattering. The chattering is the major drawback of conventional
sliding mode control. However, chattering can be effectively attenuated without the loss
of control accuracy by means of higher order sliding mode control (HOSMC). Higher order
SMC may be interpreted as the design of several sliding manifolds. The sliding mode is
then defined by the intersection of these manifolds and the reaching law forces the states
towards the intersection so that the sliding mode becomes active in finite-time. Based on
HOSMC design convergence of the system states or tracking error can also be achieved in
finite-time for any well-defined relative degree of the system. In conventional SMC design
this can only be achieved for relative degree one systems without the use of nonlinear
sliding manifolds. However, application of HOSMC approaches requires higher order time
derivatives of the so-called sliding variable to be known. In theory the higher order time
derivatives can be perfectly determined by means of sliding mode differentiators but only
if the measured signal is noise-free.

For many control methods such as for state feedback controllers or exact input-output
linearization approaches the system states are required to be known. Also for sliding mode
controllers knowledge of the system states may be required or advantageous. For example
for the sliding mode controller design of linear systems the system states are required to
be known to achieve state stability as the sliding variable has to be defined with respect
to the system states. In addition, for uncertain systems the bounds of the uncertainty
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can be reduced if the system dynamics is partially known including knowledge of the
states. To avoid measuring of all the states an observer is typically applied to estimate
the system states. As SMC is a robust control approach the observer has to be robust
too meaning that the states are required to be estimated without exact knowledge of the
system dynamics. This can be achieved by sliding mode observation (SMO) approaches
at least for some classes of systems. Typically, SMO approaches do not consider effects of
measurement or process noise and are described with respect to deterministic systems. A
problem of SMO approaches is that their robustness against model uncertainty is much
more restricted as it is the case for the SMC approaches. Sliding mode observers that can
handle model uncertainty exist for specific linear systems with unknown inputs. In this
case the SMO has a structure similar to the Luenberger observer but with an additional
discontinuous feedback of the output estimation error. This kind of SMO approaches also
allows to estimate the unknown input itself making it attractive for fault detection, local-
ization, and monitoring. For nonlinear systems robust SMO methods also only exist for
special system classes e.g. for nonlinear systems in companion form. There exist SMO
approaches for other types of systems as well but most of them require a precise model
description.

1.1 Motivation and Problem Statement

This thesis considers contributions to sliding mode control and observation. In particular
three main topics are discussed.

The first topic is about a sliding mode observation approach for nonlinear uncertain
systems known as the smooth variable structure filter (SVSF). The SVSF approach can be
considered as a sliding mode observer formulated with respect to discrete-time stochastic
systems. The filter makes use of the boundary layer concept known from sliding mode
control. The boundary layer is introduced to reduce the negative impact of measurement
noise on the estimation performance of the SVSF. From the literature it is known that the
SVSF has the ability to achieve improved estimation performance in comparison to the
Kalman filter if the system description is imprecise. However, the improved performance
can only be achieved if some filter parameters of the SVSF approach are properly tuned.
In contrast to the Kalman filter the SVSF approach does not propagate the error covari-
ance. An attempt to analytically minimize the SVSFs mean squared error (MSE) with
respect to the filter parameters has been undertaken in Gadsden et al. (2011b). Therefore,
a model to propagate the error covariance of the SVSF is proposed in Gadsden and Habibi
(2010) which is then used to find the filter parameters that minimize the MSE. The ap-
proach cannot be considered to be consistent. The propagation of the error covariance as
proposed in Gadsden and Habibi (2010) assumes the system dynamics to be linear and
precisely known which clearly contradicts the claim of the SVSF to be a robust estimation
approach for nonlinear systems. In addition, the gain of the SVSF is stochastic as it feeds
back the output estimation error which is a stochastic process. However, the estimation
error model proposed in Gadsden and Habibi (2010) is only mathematically correct if the
gain is assumed to be deterministic. In contrast to the aforementioned parametric opti-
mization a structural optimization of the SVSF approach is proposed by Gadsden et al.
(2011a). The formulated strategy considers a simple switching between the SVSF and the
Kalman filter gain. The Kalman filter gain is applied when the assumed system model
fits well to the true system dynamics. In this case the Kalman filter is known to achieve a
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minimization of the MSE. However, if there is a discrepancy between the assumed model
and the true system behavior the SVSF gain is applied because it is considered to be
more robust. The switching of the gains is induced by a condition that is formulated with
respect to the optimized SVSF parameters. As a result the switching is also affected by
the inconsistencies of the SVSF parameter optimization approach of Gadsden and Habibi
(2010).

However, from a principal point of view it makes sense to optimize the SVSF parame-
ters as the filter has not been derived based on a minimization of the MSE. Consequently,
the following goals are formulated with respect to this thesis:

o Investigation of the effects of the SVSF parameters on the filters estimation perfor-
mance

e Derivation of an error model for the SVSF that is applicable to nonlinear systems
with imprecise model description

e Development of a parameter optimization process for the SVSF that does not require
the true estimation error to be known

The second topic discussed in this thesis is related to chattering attenuation. As
already mentioned higher order sliding mode control can be applied to effectively mitigate
chattering. However, HOSMC approaches require higher order time derivatives of the
sliding variable to be known. Typically, control approaches that rely on higher order time
derivatives are undesired because the estimation of the related time derivatives may be very
sensitive to measurement noise. First order conventional SMC does not rely on any time
derivatives of the sliding variable. With regards to these conventional SMC approaches
several adaptive gain methods have been proposed in the past fifteen years (e. g. Plestan et
al., 2010; Edwards and Shtessel, 2016). The goal of the adaptation strategies is to adjust
the controller gain online making it large enough to guarantee reaching of the sliding
surface but not too large to keep the chattering effect small. The main problem of the
adaptive gain approaches is that in the moment when the sliding manifold is reached and
the chattering occurs the SMC gain cannot be reduced to a value close to zero. This
cannot be achieved because the gain has at least to be chosen sufficient large to keep
the system on the sliding manifold. As a consequence the chattering effect cannot be
effectively mitigated by the existing adaptation strategies. This motivates the idea to
combine adaptive SMC with another control method able to take over control in the
vicinity of the sliding manifold so that the chattering can be avoided entirely. Adaptive
SMC has the advantage that it does not require a precise model description. Only the
relative degree of the system and the sign of the appearing Lie derivatives have to be known.
In addition, the so-called uncertainty bounds must be assumed to be finite. As adaptive
SMC does not require a complete system description it makes sense to combine it with
another control method for which the same holds true. This is obviously the case for model-
free control approaches. Commonly, two types of model-free controllers exist. Those with
given structure of the controller and those which formulate a generic controller based on a
local system description. The local system description allows to predict the future system
behavior. As a consequence, predictive control approaches can be formulated leading to
minimization of the squared control error and the control input energy. In the literature,
combination of MPC and SMC have already been considered. But to the best knowledge
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of the author MPC has not been combined with adaptive SMC approaches before. This
thesis especially focuses on a combined model-free predictive control and adaptive SMC
approach that requires a minimal amount of system knowledge and allows mitigation of
the chattering effect. Therefore, the following goals are formulated with respect to this
thesis:

e Development of a data-driven control approach that in combination with an adaptive
SMC allows control of nonlinear systems and mitigation of the chattering effect

o Establishment of a local system description that is capable to predict the future
behavior of a class of nonlinear uncertain systems

e Formulation of a framework that combines predictive control and adaptive SMC

e Guarantee of tracking error boundedness for the proposed control approach

The third and last topic considered in this thesis is about constrained sliding mode
control. Generally, the most frequently used constrained control method is MPC. Even if
the system description is not precisely known robust MPC approaches such as tube MPC
(Langson et al., 2004) or min-max MPC (Raimondo et al., 2009) can be applied. However,
MPC relies on a prediction of the system behavior which might not fit well to every kind
of application. For instance, in scenarios in which human and robot interact with each
other it is not only required to predict the future behavior of the robot but also the future
behavior of the human. This interacting scenarios are safety critical meaning that the
correctness of the prediction of the human behavior must be guaranteed. As this is hard
to achieve in practice MPC might be considered to be unsuited. In contrast to that sliding
mode control does not rely on a prediction of the system behavior. In addition, the inherent
robustness property of SMC guarantees the constraints to be satisfied even in case of model
uncertainties. In comparison to MPC constrained SMC is typically less computationally
expensive as it is not the solution of any optimization problem. Consequently, SMC may
be considered to be of particular interest especially for constrained control of safety critical
systems that involve the behavior of humans. In the literature a wide variety of constrained
SMC approaches can be found. There exist approaches based on e. g. combined controllers
(Richter, 2011; Incremona et al., 2016; Song et al., 2016; Jaskula and Le$niewski, 2020),
parameter selection strategies (Bartoszewicz and Nowacka-Leverton, 2010; Pietrala et al.,
2018; Pietrala and Jaskula, 2019), positively robust invariant sets (Richter et al., 2007),
reference governor control strategies (Garelli et al., 2011), and prescribed performance
functions (Liu and Yang, 2017). Except for the reference governor approach of Garelli
et al. (2011) all aforementioned control strategies lead to discontinuous control laws that
generate chattering making the approaches inapplicable in practice. Smoothing of the
control laws based on the introduction of a smoothing boundary layer may be considered.
However, approximating the control laws may lead to constraint violations as stated in e. g.
Incremona et al. (2016). In addition, most constrained SMC approaches are restricted to
box constraints with constant bounds. However, constant bounds are undesired and limit
the filed of applications. For instance, in human-robot interaction it is important to limit
the robot velocity online dependent on the distance between the human and the robot. In
summary, the following goals are formulated with respect to this thesis:

¢ Development of a constrained sliding mode control approach for nonlinear systems
such as robots
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o Achievement of constrained control under the influence of disturbances and model
uncertainties

e Achievement of chattering mitigation without constraint violation

e Guarantee of control error convergence and analysis of control error dynamics and
control error bounds

1.2 Thesis Organization

This thesis is organized as follows.

In Chapter 2 the fundamentals of sliding mode control and observation are explained.
The requirements and design principles for conventional sliding mode control are discussed
for both, linear and nonlinear systems. The concept of integral sliding mode control is
introduced. Explanation is given about how integral sliding mode control servers as a
framework to combine SMC with other control methods. The chattering effect is dis-
cussed and basic techniques for chattering mitigation are explained. Higher order SMC
approaches are described with their ability to achieve finite-time convergence for systems
with generic relative degree. In addition, their application with respect to chattering mit-
igation is explained. Nonlinear sliding manifolds are introduced to achieve fast finite-time
convergence for conventional SMC approaches. Adaptive SMC methods are considered
as a relatively new approach for chattering mitigation. The basic theory of sliding mode
observers is introduced as well. Design principles for linear and nonlinear systems are
considered. In addition, differentiation based on sliding mode differentiators is discussed.

In Chapter 3 an estimation approach for nonlinear uncertain systems is described.
The approach is based on a combination of the smooth variable structure filter and the
Kalman filter. First, the SVSF is introduced. A reformulation of the SVSF is stated
and it is analyzed how the tuning parameters affect the behavior of the filter. The error
covariance matrix of the reformulated filter is determined and serves to calculate a new
filter gain that minimizes the MSE. Applying the new gain to the reformulated filter gives
a connection between the SVSF and the Kalman filter. A combined filtering approach is
formulated using elements from both, the SVSF and the Kalman filter. An optimization
scheme is proposed to optimize the tuning parameters of the considered filters. A nonlin-
ear chemical plant is considered to compare the estimation performance of the combined
approach with the one of the SVSF and the Kalman filter.

In Chapter 4 an approach for chattering mitigated control of uncertain nonlinear sys-
tems with slow dynamics is discussed. First, a data driven model-free controller is designed.
Therefore, local system dynamics are recursively identified based on a Kalman filter. The
identified dynamics is used to design a model-free predictive controller. The obtained pre-
dictive controller is tested on an uncertain nonlinear multi-input multi-output three-tank
water system to solve both, an unconstrained and a constrained set-point tracking prob-
lem. Subsequently, the predictive controller is combined with an adaptive SMC. Therefore,
additional assumptions are formulated. The chattering mitigated control approach is for-
mulated and its properties are studied. Finally, set-point tracking of a nonlinear uncertain
chemical plant is considered to compare the control performance of the proposed method
with the one of a conventional adaptive SMC.

In Chapter 5 a constrained SMC for uncertain nonlinear relative degree two systems
is developed. First, a literature review about constrained SMC is given. A well-known
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recent approach from the literature is studied. The controller is able to handle box con-
straints but it is inapplicable in practice due to chattering. After the literature review the
constrained control problem that is considered in this thesis is specified. Assumptions are
made required for the design of the proposed constrained controller. Possible implemen-
tation issues such as chattering or switching effects are avoided during the design process
of the controller. The mathematical properties of the developed SMC are analyzed. The
dynamics of the tracking error are studied and error bounds are given. Admissible values
for the controller parameters are stated guaranteeing the constraints to be satisfied and
the chattering to be mitigated. The proposed approach is applied to a multi-input multi-
output nonlinear robotic system. A pick and place problem with an unknown payload
and velocity constraints is considered. The constrained control problem can be solved by
the developed controller. In addition to the control method a safety concept for human-
robot collaborations tasks is proposed. The concept is described and its properties are
mathematically analyzed. In particular, safety margins with reduced angular velocities
are designed to guarantee the robot velocity to be restricted when human and robot are
in contact with each other. The developed concept and its theory are validated by simu-
lation.

In Chapter 6 a summary of the developed methods is given. The main design steps of
the approaches are described. Scientific results are highlighted and remaining limitations
are discussed. In addition, explanation about possible future works is given.



2 Theoretical Background of
Sliding Mode Control and Observation

In this chapter the fundamentals of sliding mode control (SMC) and sliding mode ob-
servation (SMO) are introduced. A general review about the most important controller
and observer design methods is given. Linear systems as well as nonlinear systems are
considered. Bounded but unknown uncertainties are assumed to be present. Design prin-
ciples are introduced to achieve finite-time convergence of tracking or estimation errors in
presence of disturbances.

2.1 Sliding Mode Control

In the following the design of sliding mode controllers for linear and nonlinear systems is
discussed. The control task can be divided into two main design steps. First, the sliding
surface which characterizes the sliding mode is required to be designed. In the following
approaches are introduced to design linear sliding surfaces with asymptotic convergence or
nonlinear sliding surfaces with finite-time convergence. The second part of the controller
design defines the control law. The control law is designed in such a way that it guarantees
the sliding surface to be reached after a finite period of time called the reaching phase. As
a consequence, after the reaching phase the sliding mode is guaranteed to become active.
Related to the reaching of the sliding surface two main design principles are introduced
known as the unit vector and the relay control approaches. These two control methods are
conventional first order design approaches which are characterized by a discontinuous con-
trol law. Both control methods guarantee the sliding surface to be reached in finite-time
but generate a high frequent switching effect in the input signal known as chattering. To
make the controller applicable the chattering is required to be attenuated. Therefore, ap-
proximation techniques, adaptive control approaches as well as higher order sliding mode
controllers are introduced with their ability to mitigate the chattering.

Further, additional design methods of sliding mode control are considered. In partic-
ular, integral sliding mode control is applied to eliminate the reaching phase so that the
sliding mode is active from the beginning. Integral SMC is also shown to offer a suitable
framework to combine SMC with other control methods.

2.1.1 Linear Systems

A brief introduction to sliding mode control of linear systems is given as follows. A linear
time-invariant system

& = Az + Bu + B¢, (2.1)
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with states € R™, inputs v € R™, and uncertainties £ € R™ is considered. The state x is
assumed as known. The unknown uncertainties may comprise e. g. unmodeled dynamics,
nonlinear terms, or unknown inputs. As £ acts in the same input channel as u it is called
a matched uncertainty. Let

o=2S8z=0 (2.2)

define a sliding mode of system (2.1) where S € R™*" describes a set of hyperplanes. If
(2.2) holds then x evolves on the intersection of the hyperplanes and system (2.1) is said
to be in a sliding mode. The intersection of hyperplanes defined by (2.2) is also denoted as
the sliding surface. The goal is to design the sliding surface in such a way that x converges
to zero i. e. x slides towards the origin of the state space if it moves along the intersection
of the hyperplanes. When the system is in sliding mode the behavior of x is characterized
by the so-called sliding dynamics.

In the following it is assumed that (2.2) holds i.e. the system is assumed to be in
sliding mode. According to Shtessel et al. (2014, Chap. 2.2.1) the design of the sliding
surface which defines the sliding dynamics is discussed. The desired sliding dynamics can
be achieved by a proper choice of the matrix S. Consider a state transformation

z="T, (2.3)

where T' € R™"*" solves
TB = L%] , (2.4)

with By € R™ ™ being nonsingular. The transformation matrix T is assumed to be
obtained from a QL decomposition which is described as follows. As B is a n by m matrix
with n > m its QL decomposition is given by

B=Q m , (2.5)

with @ € R™™ being an orthogonal matrix and L € R™*™ being a lower triangular matrix.
Consequently, if By of (2.4) is chosen lower triangular then an orthogonal transformation
matrix T = Q7 can be obtained from the QL decomposition of B. Based on (2.4) the
system can be transformed as

# Ay Ap| |z 0 0
. = - - + ~ + D, bl 26
[22‘| [Am A22] 29 By “ By ¢ (26)
R'/_/ —f_/ v v
P A z B B
with
A=TATY, B=TB, (2.7)

and partitions z1 € R(™=™) and 2z, € R™. A system with an input matrix of the form of
B is said to be in regular form. Applying the state transformation on (2.2) yields

oc=8TT,=582= [51 52} {le zQT}T =0, (2.8)
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with §; € R™*(=m) and Sy € R™>™, Matrix S and its submatrices Si, S which
characterize the sliding mode are yet undefined. Let S5 be chosen nonsingular then

zZ9 = —le, M = 55151 (2.9)
can be obtained from (2.8). Substituting (2.9) in (2.6) yields the sliding dynamics
2':1 = (All - AlgM)Zl. (210)

Equations (2.9) and (2.10) describe the dynamics when system (2.1) is in sliding mode.
These dynamics are of reduced order as (2.9) has no dynamics and (2.10) has dynamics
of order n — m which is less then n. From (2.9) and (2.10) it can be detected that the
matched uncertainty £ does not affect the reduced order system. This holds true in general
as long as the uncertainty is a matched uncertainty. The invariance of the reduced order
system with respect to the matched uncertainty is the main robustness feature of SMC
and often denoted as invariance property.

To achieve convergence of the transformed states the reduced order system must be
made asymptotically stable based on the choice of matrix M. It can be shown that
the matrix pair (Ay;, Ayp) is fully controllable if and only if (A, B) is fully controllable
(Edwards and Spurgeon, 1998, Proposition 3.3). As the transformation between (2.1) and
(2.6) preserves controllability it follows that (Aj;, Ay) is fully controllable if and only if
(A, B) is fully controllable. Using pole placement a matrix M can be determined to make
the dynamics of (2.10) asymptotically stable. It follows that z; converges to zero and from
(2.9) it follows that z9 also converges to zero. Consequently, from transformation (2.3) with
nonsingular T it follows that the original states = converge to zero. According to (2.9)
submatrix S; can be obtained from M and any nonsingular matrix Sp. Consequently, S
and thus the sliding mode (2.2) is completely defined. Regarding the choice of the desired
eigenvalues it may be required to make the dynamics of (2.10) not only asymptotically
stable but also to achieve desired locations of the eigenvalues that are least sensitive to
parameter perturbations AAy;, AAjs of matrices Aj; and Ajs. This design goal can be
realized by choosing orthogonal eigenvectors denoted as eigenstructure assignment. For
details see e.g. Edwards and Spurgeon (1998, Chap. 4.2.1). Classic LQR approaches
can also be applied to design the sliding manifold. It is shown in Shtessel et al. (2014,
Chap. 2.2.3) that the minimization problem

J= %/too TQrdt,  Q=0, Q=07 2.11)
related to the original states x can be reformulated as a standard LQR design problem
J = %/:o Q2 + v Quudt, Q=Qn — Q12Q5 Q15, (2.12)
with virtual control input
v =23+ Qoy Qa1 (2.13)
subject to the dynamics
5= Az + Apv, A=A — A1,Q5Q%, (2.14)
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The time instant ¢; denotes the time when the sliding surface is reached and the trans-
formed weighting matrix and its submatrices are given by

T A _ 6:211 6:212
TQTT = Q = [Qm sz] . (2.15)

The solution of this standard LQR problem is
v = —Qoy A1y Pz, (2.16)

where P is obtained from the Ricatti equation. Substituting (2.16) in (2.13) and comparing
the resulting equation with (2.9) determines M and finally the sliding mode. The LQR
design requires (A, A13) to be completely controllable (Edwards and Spurgeon, 1998,
Chap. 4.2.2). Based on Edwards and Spurgeon (1998, Proposition 3.3) it can be shown
that the matrix pair (A, A1) is completely controllable if and only if (A, B) is completely
controllable.

So far it has been assumed that (2.2) holds and system (2.1) is in sliding mode. In
the following a control law is derived that forces the system to be in sliding mode and
to remain in there. From a geometrical point of view the states x are forced to move
towards the sliding surface based on a suitable control law u. Following Shtessel et al.
(2014, Chap. 2.4.1) a control law

U= U + Uy (2.17)

comprised by linear and nonlinear terms is studied. The linear term is given by state

feedback
u = —(SB)"}H(SA - TSz, (2.18)
and requires SB to be nonsingular. From transformation (2.3) it is known that
SB=STT'TB =SB =5,B, (2.19)

holds. As By is the lower triangular matrix of the QL decomposition and S, was required
to be chosen nonsingular it follows

det{SB} = det{SQBQ} = det{SQ}det{BQ} £ 0. (2.20)

Matrix T € R™*™ of (2.18) can be any stable matrix i.e. the real part of any eigenvalue
of Y is less than zero. The effect of control input (2.18) can be further understood by
considering the dynamics of o. Derivating (2.1) with respected to time and substituting
(2.2) yields

o =8t =S5Ax + SBu+ SB¢. (2.21)
Substituting (2.17) in (2.21) leads to
6 =8t ="Sx+ SBuy +SB¢ =Yoo + SBu,; + SB¢. (2.22)

Consequently, if the uncertainty ¢ and the nonlinear term w,; are assumed zero then the
linear part of the control law drives the states towards the sliding manifold with dynamics

10
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dependent on the chosen eigenvalues of T. The rejection of the uncertainty is achieved by
the nonlinear term u,,; of the control law which is given as

unt = —(SB) " ksd (P2, 0), (2.23)
with
¢(P, o) = { e i IPoll 20 (2.24)
0 else.
The static gain ks is chosen as
ks 2 [|SBllEy + 7, (2.25)

with v > 0 being a controller parameter and £y; being an upper bound of the uncertainty
¢ according to

1€l < & (2.26)
Matrix P, € R™*™ ig obtained from the Lyapunov equation
TP+ PYT =1, (2.27)

and is symmetric as well as positive definite. Due to the definition (2.24) the controller
(2.23) is denoted as unit vector approach and was first published by Ryan and Corless
(1984). Referring to Edwards and Spurgeon (1998, Chap. 3.6.1) it will be shown that the
control law (2.17) guarantees finite-time stability of o. Let

V = ol Pyo, (2.28)
be a Lyapunov function candidate. Derivating (2.28) with respect to time leads to
V =6TPyo+ T Pyo. (2.29)
Substituting (2.23) in (2.22) gives
6 ="Yo —ksp(Ps,0)+ SBE, (2.30)

and substituting (2.30) in (2.29) yields

V =0"(YTP, + P,Y)o + 20" P,SBE — 2k5%, (2.31)
for 0 # 0. Based on the Euclidean norm
o' P}oc = o' Pl Pyo = | Paol?, (2.32)
and equation (2.27) expression (2.29) can be rewritten as
V = —olo + 20T P,SBE¢ — 2k|| Pao||. (2.33)

11
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Applying the submultiplicative Frobenius norm leads to

V < —0lo 4 2||cT B||||SB||éas — 2ks|| Paol],
= —olo +2||Pyo||(|SB|[éar — ks), (2.34)

and substituting (2.25) in (2.34) yields

V < —oTo — 2| Pyoly = —oTo — 20/ (P ?0)T Py(PY ), (2.35)
1/2 .
where P,’” is defined as
P, = P/2pl2. (2.36)

As Py is symmetric the statement

VAmin P2} (P20)T (PY?0) < A/ (PY20)T Py(P)20) (2.37)
holds which in combination with (2.35) leads to

1% < _2'7\/)‘mzn{PQ}(PQUQU)T(P;/QU) - _2'7\/ )‘mzn{PQ}\/v (238)

Integrating (2.38) gives

1
Y Amln{P2}

which shows that o is finite-time stable with respect to zero.

Up until now state stability of system (2.1) has been considered. It was shown how
the states x can be made asymptotically stable even in presence of an uncertainty. In the
following reference tracking is considered. A common way to achieve reference tracking is
to apply integral control. Following Edwards and Spurgeon (1998, Chap. 4.4.2) the linear
time-invariant system (2.1) with m inputs u € R™ is assumed to have m control variables
yr € R™ according to

(V(t)1/2 - V(to)l/Q) =t —t, (2.39)

yr = Cra. (2.40)

System (2.1), (2.40) is transformed into regular form leading to

Z1 Ay Al |z 0 0
1) (A 4 . Ule 2.41
2 A z B B
yr = Crz, (2.42)
with
A=TATT, B=1TB8, c,=cC17, (2.43)

and states z; € R 2z ¢ R™ and z € R™ Let w € R™ be the reference variable
which is assumed to converge to a desired constant set-point w. € R™. Signal w can be
generated based on

w = dw — dw,, (2.44)

12
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with design matrix ® chosen asymptotically stable so that the error dynamics
W — e = ¢(w — w,), (2.45)

converge to zero asymptotically. An integral state p € R™ is introduced as

p=[w=y. (2.46)
and system (2.41)—(2.42) is augmented according to
gl |0 =Chl |1 0 0 I
z]_[o A] J“L[B]““L[B $Flo| v (247)
¢ A ¢ B B N

where ¢ € R™t7) denotes the augmented state being defined as

_ M
. .
The augmented system (2.47) is partitioned as
{1 A Al [a B B Ny
. = * % —|— * u + * + w, 2.49
[CQ Agl AQQ CQ BQ BQ 5 N2 ( )
with (; € R™ and (o € R™ defined as
G = M . G=a (2.50)
21
Comparing (2.49) with (2.41) and (2.47) yields the identities
* 0 _C’r,l _ér,Q * I
An | A2 - - By N
A A,Zi = 0 All A12 ) é = ) N = 0 )
= = 2 — 2 —
e 0 A ‘ Ao 0
(2.51)
where C_'T,l and C\'ng are defined by
Coz=[Cry Cpo [22] . (2.52)
Let
c=8C= S S lﬂ =0, (2.53)
©)

with § € R™*("+7) define a sliding mode of the augmented system (2.49), where Sy €
R™>™ is chosen nonsingular. It is assumed that the system is in sliding mode so that

Co = —M(, M = S;'8y, (2.54)

13



Ch. 2. Theoretical Background of Sliding Mode Control and Observation

holds. Substituting (2.54) in (2.49) and considering the identities (2.51) yields the dynam-
ics of (7 according to

¢ = (A — ApM)G + Nyw. (2.55)

It can be shown (Edwards and Spurgeon, 1998, Lemma 4.1) that the matrix pair (zzin, zzilg)
is fully controllable if system (2.41) has no invariant zeros at the origin and its matrix pair
(A, B) is fully controllable. Regarding invariance of the state transformation it follows that
the matrix pair (/111, /112) is fully controllable if system (2.1), (2.40) has no invariant zeros
at the origin and (A, B) is fully controllable. Based on e.g. pole placement the dynamics
of (2.55) are made asymptotically stable which defines M and according to (2.54) the yet
undefined matrix S;. From (2.45) it is known that lim; o, w(t) = w, holds. Consequently,
as the dynamics of (2.55) are asymptotically stable it is lim; oo (1 (t) = 0 and from (2.54)
it follows that lim; o ég(t) = 0 holds. As (3 and (, define the augmented state ¢ it can
be concluded that limy . ¢(t) = 0 holds. Considering (2.47) with lim;_,o () = 0 shows
that limy— oo ¥r(t) = w. must hold true. Consequently, set-point tracking is achieved and
the state z is stable as well as its pendant x. To reach the designed sliding mode the
control law

u=—(8B) 7" (SAC — Yo + SiNww + koo (P2, 0)) , (2.56)

is proposed based on the unit vector approach. The quantities ¢(-), T, and P, are defined
as before. The sliding variable o is defined based on (2.53) and the static gain is chosen
as

ks > 18282 [Cur + 7, (2.57)
with v > 0 being a controller parameter. Derivating (2.53) with respect to time yields
6 =8¢ =SAC + SBu+ SBE+ SNw,  SB =SBy, SN=SN.. (258
Substituting (2.56) in (2.58) leads to
6 ="o — kep(Ps,0) + SyBsE. (2.59)

As (2.30) and (2.59) only differ by SB¢ and S3Bs( it is straight forward to show that
control law (2.56) guarantees finite-time stability of o.

So far it has been assumed that the state vector z of the dynamical system (2.1) is
known. Under certain conditions it is also possible to achieve stabilization of system (2.1)
based on output feedback control. Instead of x the outputs

y=Cu, (2.60)

with y € RP are required to be known and are feed back to the system. From classic
output feedback control u = —Kvy it is known that if system (2.1), (2.60) is completely
controllable and observable and if it satisfies the dimensional requirement

m+p+1>n, (2.61)
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then the eigenvalues of the closed loop system matrix A — BKC can be placed arbitrarily
(Edwards and Spurgeon, 1998, Chap. 2). Similar restrictions have to be made to design a
sliding mode

o= SCx =Sy, (2.62)

based on the outputs y so that it induces arbitrary desired dynamics of z (Edwards and
Spurgeon, 1998, Chap. 5.3 & 5.4). The strategy suggested in Edwards and Spurgeon (1998)
to design the sliding surface and the related control law involves two state transformations.
For details see e.g. Edwards and Spurgeon (1998). Instead of measuring all states of x it
is also possible to estimate the states by an observer. However, the states are required to
be estimated in presence of the uncertainty £. Sliding mode observers can be applied to
solve such kind of estimation problems. If the linear system equals a chain of integrators
high-gain observers can also be applied to estimate the states in presence of uncertainties
(Khalil, 2002, Chap. 14.5). In addition, applications of PI-observers can be found in e.g.
Hu et al. (2013); Softker et al. (1995) to estimate the states as well as uncertainties.

Up to now the disturbance £ has been assumed to be a matched uncertainty. Consider
a linear time-invariant system

&= Ax + Bu+ f, (2.63)

with states x € R, inputs u € R™, and an uncertainty term f € R™. Following Shtessel
et al. (2014, Chap. 2.4.2) system (2.63) can be transformed into regular form which yields
the dynamics

4 = Anz + Az + fu, (2.64)
2o = Ao121 + Aazo + Bou+ fin, (2.65)
in transformed and partitioned coordinates z. The transformed uncertainty f = T'f can

be partitioned into the two terms f, and f,. If the system is in sliding mode it follows
from (2.8) and (2.9) that the dynamics are

2 = (A1 — AaM)z + fu, (2.66)
zZ9 = —MZl, (267)

where (2.66) denotes the reduced order dynamics. The unmatched uncertainty £, is the
input of the reduced order system whereas the matched uncertainty f,, does not appear
at all. The effect of f, on z; depends on the design of the matrix A;; — A12M. Even in
presence of the unmatched uncertainty the stability of z; can still be guaranteed. Therefore,
the uncertainty f, has to satisfy several conditions and the matrix M is required to be
suitably designed. For details see e.g. Shtessel et al. (2014, Chap. 2.4.2).

2.1.2  Nonlinear Systems

Consider a nonlinear input-affine square system of the form

= f(2)+)_gi(@)u = f(z) + g(2)u, (2.68)
i=1
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Yr1 hi(z)

g hQZ(m) , (2.69)

with states x € R", inputs u € R™, and control variables 3. € R™. According to the
definition of Isidori et al. (1995, Chap. 5.1) system (2.68)—(2.69) is assumed to have a
well-defined vector of relative degree (rq1,...,7). Further, the total relative degree r is
assumed to satisfy r = ry + --- + r,, < n. Based on the made assumptions it is stated by
Isidori et al. (1995, Proposition 5.1.2) that a diffeomorphism

Oz — lﬂ , (2.70)
n
is guaranteed to exist that transforms system (2.68)—(2.69) into the form
Yr1 cg cjl; 42; cj% c% @;71 cél
S O L o 3 O b I S R
7o I IS N < B [ I < L) B < ]G
-1 T
o1
2
T
“| = al¢,m) + B¢ )y, (2.72)
‘m
T’m_
n=q(¢n) +p(¢ 0, (2.73)
with the transformed states n and (. Here state ( is specified by
C; ¢
¢ |G
c=1.1, <¢=7], (2.74)
¢ G

and vector a(¢,n) and matrix B((,n) are defined based on the Lie derivatives of the system
according to

LY hy L, L?’ihl LgQL}Ifhl ... LgmL?*ihl
L2 hy Ly L2 hy Ly, L2 'hg ... L, L2 'hy

a= |17, B=| " i o (2.75)
Ly him Loy Ly ' Ly Ly oo Ly, Ly hiy

The assumption of the vector of relative degree to be well-defined implies that matrix
B((,n) is invertible (Isidori et al., 1995, Chap. 5.1). Following Slotine and Li (1991,
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Chap. 7.4) a vector

co=1| .1, (2.76)

of sliding variables is defined based on the polynomials

d
m:(@+Ayf%% A >0, 1<i<m. (2.77)

In (2.77) quantity e; denotes the tracking error
€ = Yri — Wi, (2.78)

of control variable y,; related to a reference w;(t) that may depend on time. Choosing \;
as A\; > 0 makes the polynomial in (2.77) Hurwitz. Derivating o of (2.77) with respect to
time yields

o Yri
ot

0; = + 0i(e;) = C;Z + o0i(e;), (2.79)
so that due to Cfn from (2.72) the input u appears in ¢;. The term p;(e;) is assumed as
known as it only depends on the known design parameter \; and the time derivatives of
e;. The time derivatives of e; can be determined based on high-gain observers or sliding
mode differentiators. The sliding mode of the nonlinear system is defined as

01

02
o=| "] =0 (2.80)

Om

Consequently, if the system is in sliding mode o; = 0 holds and due to the Hurwitz
polynomial asymptotic convergence of the tracking error is achieved. Stabilization can be
enforced by choosing the reference values and its time derivatives as w;(t) = 0, w;(t) = 0,
w;(t) =0, ---. To force the system on the sliding surface a Lyapunov function candidate
Vi = 0.5012 is considered. If

i > 0, (2.81)

0;0;

Hi

< —ZLoyl,
< ij
holds for o; # 0 then V; is a Lyapunov function. Condition (2.81) is also referred to as
reachability condition (Shtessel et al., 2014, Chap. 1). Dividing (2.81) by |o;| # 0 leads to
an equivalent expression of the reachability according to
i

\/5’
In the following it is shown that finite-time convergence of the sliding variable can be
guaranteed if the reachability condition is satisfied. Integrating (2.81) leads to

sgn(o;)o; < i > 0. (2.82)

oits)] = loi(t)| = =S5 (tr = 1), tr =1, (2.83)

V2
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so that the sliding surface can be reached in finite-time i.e. |o;(tf)| equals zero after the
finite time interval

loi(®)[vV2

tp—t=
d 14i

(2.84)

Following Slotine and Li (1991, Chap. 7.4) it is assumed that the system is not accurately
known. In particular, the true values of a and B are unknown. Instead known quantities
@ and B are introduced which describe the nominal system behavior. Uncertainty bounds
are defined according to

la; — a;| < a;m, (2.85)
B = (I, + A)B, (2.86)

where A = (A;;) € R™*™ is a m by m matrix with elements A;; being bounded as
|A2J| < Dij, D;; < 1. (2.87)

The matrix D = (D;;) € R™*™ defined by the elements D;; is assumed to have a maximum
eigenvalue less than one i. e.

)\mam{D} < 1. (2.88)

In addition, it is assumed that B is invertible and a; pr is finite. Consider a control law of
the form

u=—B7Yd+ o+ Ik, 0)), (2.89)

where

T
o= |orler) ea(ea) oo omlem)] (2.90)

is known and ¥(k, o) is defined as

T
ﬂ(k,a):{kzlsgn(al) kosgn(og2) ... kmsgn(am)} , (2.91)

based on a set of controller gains k; € R with j = 1...m. As (2.91) defines a vector
of switching functions controller (2.89) is denoted as relay control approach. It is an
alternative sliding mode control approach to the already introduced unit vector method.
Substituting (2.89) in (2.72) yields

Crl

CTQ =a— (I;n,+A) x(d+o0+3Ik, o)), (2.92)

GZ
and substituting (2.92) in (2.79) leads to

m

m
o; = a; — a; — ki(1 4+ Ay)sgn(o;) Z ij(a; + 05) Z kjAijsgn(o;). (2.93)
J#i
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Substituting (2.93) in the reachability condition (2.82) and rearranging gives

(1 4+ Ay)k; > sgn(o;)(a; Z Ajj(a; + o5)sgn(oy)
]:1
i
- Z kjAijsgn(oj)sgn(o;) + —= (2.94)
V2
J#z

A lower bound of the left side of (2.94) and an upper bound of the right side of (2.94) can
be obtained according to

Hi 1<i<m

(1 — D)k >a,M+ZD,jyaj+g]\+Zk:DU+\/§ <i<m,

Jj=1 Jj=1,
J#i

(2.95)

where 0 < |Aj;| < Dy < 1 from (2.87) has been used to obtain the bound on the left side
and the controller gains k; have been assumed to be non-negative. The m equations of
(2.95) can also be written as

(Im, — D)k = 2, (2.96)

with k € R™ being the vector of controller gains and z € R™ being defined by the entries

m .
Zi:aLM—i-ZDij‘dj—i-Qj‘-i-u—\/_, 1< <m. (2.97)
J=1 2

According to the Frobenius-Perron Theorem (see Slotine and Li, 1991) equation (2.96) has
a solution with non-negative elements of k if the entries of z are non-negative (which is
the case) and the largest eigenvalue of matrix D is less than one (which is also the case
by assumption). Consequently, the previously made assumption about the non-negative
gains k; is indeed true.

As the sliding surface is reached in finite-time and the sliding dynamics are asymptot-
ically stable due to the Hurwitz polynomials it follows stability of the transformed state
¢. If internal dynamics according to (2.73) exist it is required to prove stability of the
transformed state 7 in addition.

So far the considered nonlinear system has been assumed to be input-affine. Consider
a nonlinear non-input-affine system

T = f(x,u), (2.98)
e = h(2), (2.99)

with states £ € R"™, inputs u € R™, and control variables ¥, € R™. According to e.g.

Bartolini and Punta (2012, 2010) system (2.98) can be made input-affine by introducing
the augmented state

xa:[xT uT} , (2.100)
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and a virtual control input v = 4. In terms of the augmented state the dynamics of the
nonlinear system can be written as

T f(z,u) 0
u}zz [ 0 ] +—[Ln114 (2.101)

Yr = B(xa)’ (2'102)

which is an input-affine system with respect to the virtual control input v € R™. Con-
sequently, v can be determined based on the design principles of input-affine systems.
Finally, the control input w is obtained by solving the differential equation

U =. (2.103)
Choosing the relay control approach
v=—B7Y(a+ o+ 9k, 0)), (2.104)

with ¥ being defined by (2.91) shows that the right hand side of (2.103) will be discon-
tinuous as it depends on the signum function. An ordinary differential equation with
discontinuous right hand side can not be interpreted in the classical way as Lipschitz
continuity is not satisfied which guarantees existence and uniqueness of the solution. A
common way in the field of SMC to treat that kind of problems is to apply the method
of Fillipov (Filippov, 2013) which defines an average solution at the point of discontinuity.
Alternatively, the signum function can be approximated by a saturation function which
makes the right hand side of the differential equation continuous.

2.1.3 Integral Sliding Mode Control

Integral sliding mode control (ISMC) is a control approach that offers a framework to
combine SMC with other control methods such as state feedback, optimal control, MPC
etc. In addition ISMC has the ability to eliminate the reaching phase i.e. the phase in
which the sliding surface is reached is eliminated so that the system is in sliding mode
from the beginning. Elimination of the reaching phase is relevant as the dynamics of the
system are invariant to matched uncertainties in sliding mode but not in the reaching
phase. The concept of ISMC was first proposed by Utkin and Shi (1996). In the following
explanation is given based on Utkin and Shi (1996); Shtessel et al. (2014). Consider a
nonlinear input-affine system

&= f(z) +g(z)u+g(x)E, (2.105)

with states x € R™, inputs v € R™, and matched uncertainties £ € R". Assume some
nominal control input ug to be given that leads to desired dynamics of (2.105) in absence
of the uncertainties. In case of nonlinear systems uy may be a feedback linearization or
backstepping approach that is designed to achieve desired closed loop dynamics

io = f(z0) + g(wo)uo, (2.106)
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of the nonlinear system. As the desired dynamics (2.106) are only achieved in absence of
the uncertainty a SMC control input ugas¢ is introduced to compensate the effect of €. A
combined control input

U = Ug + USMC, (2.107)
is considered where ugp;c is yet undefined. In addition a sliding mode

o(t) = G(z(t) — x(to)) + Gz(t) = 0, (2.108)
() = — /t " Fla) + g(@)uo dr, (2.109)

with sliding variable ¢ € R™ and a design matrix G € R™*™ is defined. According to
(2.108) the initial state x(ty) of the system is required to be known to appropriately define
o. In the context of ISMC the sliding mode (2.108) does not define the desired system
dynamics. The sliding mode is only required to compensate the effect of the uncertainty.
This compensation can be achieved by any matrix G for which Gg(z) is nonsingular. Let

usme = (Gg(@)) ™ (To = kep(P, 7)), (2.110)
with
p(o) = { troy i 1Pl 20, (2.111)
0 else,

define the unit vector control input. Matrix P, is obtained from the Lyapunov equation
TP+ P YT =1, (2.112)

where T € R™*™ is an asymptotically stable matrix. The scalar gain kg is assumed to
satisfy

ks 2 [Gg@)llg) +~ v >0. (2.113)

Similarly to the proof of Section 2.1.1 it can be shown that finite-time stability of ¢ can
be achieved based on the combined control law

U = Ug + UsMC- (2.114)

However, from the definition of the sliding mode according to (2.108) it can be seen that
no reaching phase exists as o(ty) = 0 holds. It follows that the states are on the sliding
surface at the beginning. As control input (2.114) provides convergence of o with respect
to the origin the states remain exactly on the sliding surface thereafter. Consequently,
control input (2.114) can be thought to be an input for which

(1) = 0, (2.115)
holds. Substituting (2.105) in the time derivative of (2.108) leads to
6 = G(f(@) + g(@) (w0 + usarc +€)) = G(f(x) + g(x)uo),
= Gg(x)(uspmc +§) = 0. (2.116)

As Gg(z) is nonsingular by assumption it follows ugpyc(t) = —£(t). Consequently, by
applying control law (2.107) the desired dynamics (2.106) are achieved because the SMC
cancel out the uncertainty term.
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2.1.4 Chattering

The previously introduced unit vector and relay SMC approaches guarantee finite-time
convergence of the sliding variable ¢ with respect to zero. Consequently, the states reach
the sliding surface in finite-time and remain on it. However, in practice stability of o
can only be achieved with respect to a domain but not with respect to zero. The main
reason for that is the sampling of the input signal when the SMC law is implemented
on a microcontroller. The input will in general not be reduced at the moment when the
state trajectory reaches the sliding surface. Instead, the input will be applied too long so
that the states are pushed beyond the surface. As a consequence a high frequent zigzag
motion across the sliding surface is induced. In particular, the sliding variable ¢ switches
across the sliding surface with a high frequency. The resulting problem is that the control
law which directly depends on o induces discontinuous switchings in the signal of the
control inputs. This effect of high frequent switching in the input signal is denoted as
chattering. Chattering is undesired because it may lead to e.g. wear, material stress or
damage, excitation of unwanted dynamics, heat losses in electric power converters, etc.
(Utkin, 2011). A common way to mitigate chattering is to approximate the control law by
some smooth approximation that makes the control input continuous. Let

Lo g | P 0
u = _k5¢(P270-)7 ¢(P7 U) = [ P2all ” QUH 7& )
0 else,

(2.117)
be a controller designed based on the unit vector approach, where ks > 0 denotes some
static controller gain, o € R™ is the sliding variable and P, € R™*™ is a symmetric
positive definite matrix. Following (Edwards and Spurgeon, 1998, Chap. 3.7) a so-called
smoothing boundary layer

52
B= {x eR": o(z)T Pyo(z) < E} , (2.118)
with size § > 0 is introduced, where the sliding variable o(z) is naturally defined in terms
of the states x € R™. Within the layer the control input is scaled down linearly according
to

P
u=—k=>  |Pol <5, (2.119)
whereas the control input
P
u=—ksoor, Pl >, (2.120)
| P2o]l

is applied as usual if the states are outside of the layer. From the approximation (2.119),
(2.120) it follows that finite-time stability of o can still be achieved but with respect to
the domain B of the boundary layer. By scaling down the control input it is intended to
avoid that the states cross the sliding surface which would induce a switch of the control
input. A very similar approximation can be formulated for the relay SMC approach. For
details see e.g. Slotine and Li (1991).
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2.1.5 Higher Order Sliding Mode Control

The aforementioned unit vector and relay SMC approaches are first order sliding mode
controllers. That means that the control input appears in the first time derivative of the
sliding variable. For instance consider a nonlinear SISO system

&= f(z)+g(z)u,
Yr = h(z), (2.121)

with z € R, u € R, 3, € R and well defined relative degree two i.e. r = 2. Considering
first order SMC design the sliding variable ¢ € R is defined as

o =¢é+ e, A >0, (2.122)

according to (2.77), where e = y, — w denotes the tracking error with respect to reference
w. As the system has relative degree two it follows that the input appears in the first time
derivative of o if o is defined as in (2.122). By first order SMC design o can be driven to
zero in finite-time. It follows that the tracking error e converges asymptotically to zero
as defined by the Hurwitz polynomial of (2.122). However, it would be more advanced to
define a sliding variable according to

o=e, (2.123)

so that by enforcing ¢ = 0 convergence of the tracking error can even be achieved in
finite-time. As the system has relative degree two it follows that the input appears in the
second time derivative of ¢ if o is defined as in (2.123). Derivating (2.123) two times with
respect to time yields

& = Lth(z) — i + LyLyh(z)u = ¥(z,w) + I'(z)u. (2.124)
Assume the bounds
U (z,w)| < Uy, 0<Ty, <T'(x) <Ty, (2.125)

to be finite. A control law that enforces ¢ = 0 and ¢ = 0 in finite-time is called a
second order sliding mode controller. As shown in Levant (2003) it is always possible to
formulate a second order SMC based on (2.124). More generally, a controller that ensures

co=6=6=--=0"'t/6t""! =0 in finite-time is named 7-th order sliding mode
controller. Based on

0o d"w _

S L'sh(x) — e + LyLY Yhiz)u = U (z,w) + T'(z)u, (2.126)

with finite uncertainty bounds
|U(z,w)| < Uy, 0<Ty,, <T'(x) <Ty, (2.127)

it is always possible to formulate a r-th order SMC. A framework to design generic r-th
order SMCs for nonlinear input-affine SISO systems is proposed by Levant (2003). The
controller has the form

u=—a xsgn(e.(0,6,...,6™ ta/st" 1), a >0, (2.128)
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where @, is a function dependent on the order r of the SMC and the time derivatives of o.
Another framework for the design of generic r-th order SMCs has been derived by Dinuzzo
and Ferrara (2009). The approach of Dinuzzo and Ferrara (2009) solves an optimization
problem that guarantees minimization of the sliding variable in the reaching phase under
the influence of worst case disturbances.

Following Levant (2003) higher order sliding mode control (HOSMC) can also be
applied to attenuate chattering. For instance, assume o should be driven to zero in finite-
time based on (2.126). Consider (2.126) to be derivated [ > 1 times with respect to time.
Consequently, an r + [ order description

r+1 1
((55757’—; =V (z,u,w) +I'(x)v, v= ((55—;, (2.129)
with virtual control input v can be obtained, where W(z,u,w) may depend on the time
derivatives of u up to the order of I — 1. Assuming the uncertainty bounds

|U (2, u,w)| < Wy, 0<T,, <T(x) <Ty, (2.130)
to be finite a SMC of order r 4+ [ can be formulated according to

ol

= U=ax sgn(pyqi(o,a, ..., 6 T g /o=ty a>0. (2.131)

Based on the virtual control input v the SMC (2.131) drives o and its corresponding time
derivatives to zero in finite-time. The right hand side of (2.131) is discontinuous and the
differential equation has to be interpreted in the sense of Filippov. However, as the time-
derivative d'u/dt! is defined the input signal u obtained from (2.131) is time-continuous
for I = 1 and even smooth for [ > 1. This is in contrast to the discontinuous signal given
by (2.128). Consequently, the chattering is attenuated.

A drawback of the family of HOSMCs proposed by Levant (2003) is that for a r-th
order SMC all time derivatives of ¢ up to the order of » — 1 are required to be known.
In theory these time derivatives can be exactly determined by an (r — 1)-th order sliding
mode differentiator but only under the assumption that the measured signal is noise-free.
Typically the noise is amplified with every increasing order of the time derivative which
can have a negative effect on the performance of the applied controller. A framework for
the design of generic r-th order sliding mode differentiators has also been proposed by
Levant (2003).

A popular HOSMC is the so-called supertwisting approach proposed by Levant (1993).
The supertwisting approach is a second order SMC developed based on a first order de-
scription

o =Y(z,w)+T'(x)u, U (z,w) < WUy, 0<Ty, <I(z)<TIpy. (2.132)
It generates a time-continuous control input

u=—Mo|"? x sgn(o) + uq, A >0, (2.133)
1 = —a % sgn(o), a>0, (2.134)

with attenuated chattering. The design parameters A and « have to be chosen sufficient
large to achieve finite-time convergence of o and ¢ (Shtessel et al., 2014; Levant, 1993).
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Although the supertwisting approach is a second order SMC it does not require any time-
derivative of o to be known. Like for the first order relay and unit vector SMC approaches
the sliding variable o of the supertwisting approach can be defined based on the polynomial
d r—1
o=(—=+A)""e A >0, (2.135)
dt
which allows reference tracking of systems with any order of relative degree r. The advan-
tage of applying the supertwisting method instead of the first order unit vector or relay
approaches is that the chattering is reduced without any loss of the control accuracy.

2.1.6  Nonlinear Sliding Manifolds

Besides higher order SMCs conventional first order relay or unit vector SMC approaches
can provide finite-time convergence of the tracking error as well if they are combined
with a class of nonlinear sliding manifolds named terminal sliding modes (TSM). Instead
of asymptotic convergence known from linear sliding modes the nonlinear TSMs provide
finite-time convergence improving e. g. the tracking performance of the closed loop system.
Terminal sliding modes were introduced by Venkataraman and Gulati (1992). In addition,
the approach described by Zhihong et al. (1994) is also often cited as an initial contribution
to the field of TSM control. In Yu and Zhihong (2002) a sliding manifold with a linear
and a nonlinear term has been proposed. The new method is denoted as fast terminal
sliding mode (FTSM) control approach. In comparison to the TSM the convergence rate
of the FTSM is increased for large tracking errors. A brief introduction to FTSM control
is given as follows using the reformulation of the sliding manifolds from Yu et al. (2005).
A nonlinear input-affine SISO system

&= f(z)+ g(x)u, (2.136)
yr = h(z), (2.137)

with states x € R", input u € R, and control variable y, € R is considered. The system
is assumed to have a well-defined relative degree of two. According to Yu et al. (2005) a
FTSM is defined as

o = é+ ae + [le|"sgn(e) =0, a>0, >0 0<~vy<l, (2.138)
e =1y, —w, (2.139)

where e denotes the tracking error with respect to reference w(t) and quantities «, 3, 7y
are tuning parameters that affect the error convergence. As the system has relative degree
two it follows that the input u appears in the first time derivative of ¢ given by

o= L%h(:ﬂ) + LyLih(z)u — i + aé + yBéle] ™! = ¥ (x, w) + T'(z)u. (2.140)
The uncertainty bounds
|U(z,w)| < Uy, 0<Ty, <T'(x) <Ty, (2.141)

are assumed to be finite. Based on (2.140) a first-order SMC can be design to drive o to
zero in finite-time. After the sliding manifold has been reached the dynamics induced by
the FTSM lead to finite-time convergence of the tracking error. More specifically (2.138)
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can be solved for e which does not require any interpretation in the sense of Fillipov as all
terms are continuous. Let tg be the time instant at which the sliding manifold is reached
i.e. o(tg) = 0 then the tracking error decreases as

_a(ll— 5 (1n<o‘|e(t)|;_v + ﬁ) - 1%%#)) —t—ty=T7,  (2.142)

over the time interval 7 (Yu and Zhihong, 2002).

Originally, TSMs have been proposed for relative degree two systems. However, using
a chain of interconnected TSMs as proposed by Yu and Zhihong (2002) it becomes possible
to achieve finite-time convergence of the tracking error for any systems with relative degree
r greater two. Following Yu and Zhihong (2002) the chain has to be selected as

og = e+ ape + ,30’6‘%,
o1 = 69+ arog + Bi|ool™,

o9 = 01 + ooy + Palor|"?,

0; = 0i—1 + o1 + Biloi—1 |, (2.143)

with ¢ = r — 2 and relative degree r > 2. The tuning parameters that affect the error
convergence may be chosen as
r—j—1 . .

0<a; 0<8B, Tj<’yj<1, 0<j<i. (2.144)
The control law is designed based on a conventional first order SMC that drives o; to zero
in finite-time. When the sliding mode o; = 0 is reached the remaining sliding variables
o; with 0 < j < ¢ — 1 decrease to zero successively. Finally, when o9 = 0 is achieved the
tracking error is forced to decrease to zero in finite-time.

The TSM as well as the FTSM approach may lead to singularities. In particular, if in
(2.140) the expressions e = 0 and é # 0 are assumed to hold then ¢ is undefined and no
control input can be determined. A terminal sliding mode control approach that avoids
this singularities is the nonsingular terminal sliding mode control method of Feng et al.
(2002).

2.1.7 Adaptive Sliding Mode Control

Typically, in the field of sliding mode control the uncertainty bounds of the system are
assumed unknown but finite. In this case convergence of the sliding variable can be
achieved by choosing the gain of the SMC sufficient large. The SMC gain is usually chosen
conservatively meaning that the uncertainty bounds are overestimated. Consequently, the
selected gain is too large in the sense that convergence could also be achieved by a smaller
gain. In practice that makes a difference because the chattering effect associated with the
larger gain is also larger. This motivates the idea of an adaptive controller gain being
sufficient large to achieve convergence of the sliding variable but not too large. Following
Utkin and Poznyak (2013a) the existing gain adaptation strategies can be divided into two
main categories: sigma based adaptive sliding mode control approaches and equivalent
control based adaptive sliding mode control approaches.
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The first sigma based adaptive SMC approach was proposed by Huang et al. (2008).
It is a first order relay control approach for input-affine nonlinear SISO systems that
guarantees finite-time convergence of the sliding variable by adaptively increasing the
controller gain. Consider the first order description

o=V +4Tu, (2.145)
with finite but unknown uncertainty bounds
U] < Wy, 0<T,, <|T| <. (2.146)

From first order SMC design it is known that finite-time convergence of ¢ can be achieved
by a relay controller

u= —k x sgn(o) (2.147)

with a sufficient large gain i.e. k > Wy;/T',,. However, the uncertainty bounds are
unknown and defining the gain based on trial and error may lead to too large controller
gains. Instead Huang et al. (2008) proposes to adapt the gain according to

k= —keo|,  ka>0, (2.148)

where k, is user-defined. It can be proven that adapting the gain based on (2.148) guar-
antees finite-time convergence of o. However, applying (2.148) can easily lead to too large
controller gains because in the moment when |o| already decreases and the gain is suffi-
cient large it is still increased. Another drawback is that the gain can never be decreased.

Two first order SMCs based on the sigma adaptation scheme have been proposed by
Plestan et al. (2010). These controllers have the ability to reduce the controller gain.
However, in the simulation results depicted in Plestan et al. (2010) a noticeable amount
of chattering is still present. In Obeid et al. (2018) the sigma adaption scheme is applied
to guarantee that the sliding variable converges to a domain specified by the user. Once
the domain has been reached the SMC gain is adapted based on control barrier functions
(CBF). The adaptation based on CBFs guarantees the sliding variable to remain bounded
with respect to a specified tunable domain. The approach achieves enhanced chattering
mitigation in comparison to the method of Plestan et al. (2010).

An adaptive SMC approach based on the equivalent control method has been pro-
posed by Edwards and Shtessel (2016). It can be applied to nonlinear input-affine MIMO
systems that have a first order description of the form

&=V +Tu, (2.149)

with o € R™. It is required that I' = I,;, holds which typically can only be achieved based
on model knowledge of the considered system. The bounds

1) < Car, 0] < W, (2.150)

are required to be finite but may be unknown. The main idea of the adaptive equivalent
control based approaches is to first estimate the equivalent control input. The equivalent
control input is the input that keeps the system in sliding mode. In sliding mode it is
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o = 0 and to keep the system in sliding mode ¢ = 0 is required to hold. Consequently,
the equivalent control input is

Ueg = —, (2.151)

according to (2.149). However, ¥ is not known. But it is known that the unit vector
approach

u = —(k(t) + n)ﬁ, k(t) >0, n>0, (2.152)
with sufficient large gain (k(t) + 1) keeps the system in sliding mode. Assume the system
to be in sliding mode and the gain of the unit vector control law to be sufficient large to
keep the system in there. Under this conditions an estimation ., € R™ of the equivalent
control input can be obtained from a bank of low pass filters of the form

0 .
T 1<i<m. (2.153)
o]l

It is proven in Utkin (1992, Lemma of Chap. 2.4) that under the assumption that the
system is in sliding mode the estimation error |; ¢q — i ¢q| can be made arbitrary small by
choosing the time constant 7; > 0 sufficient small. Following Edwards and Shtessel (2016)
safety margins are introduced to guarantee

Ti'ﬁi,eq + 'ai,eq = _(k(t) + 77)

1, 1, . €
S laegll +e> —laeq] = 5 > llueqll (2.154)

to hold. The parameters o € ]0,1[ and € > 0 are user-defined. Based on (2.154) and the
adaptive gain k(t) the quantity

5(6) = k(1) — —leq(t)]| ~ (2155)

is introduced that indicates if the gain should be reduced or increased. Consequently, the
gain is adapted according to

k(t) = —p(t) x sgn(8(t)). (2.156)

In (2.156) the gain p(t) > 0 is also adaptive and further specified in Edwards and Shtessel
(2016). The approach proposed by Edwards and Shtessel (2016) guarantees that the
adaptive gain is finite-time stable with respect to the domain

1

k(1) = ~llaeg (O] = - (2.157)

[Nl e

It follows from (2.154) that
k(t) > llueqll = 1%, (2.158)

holds true. Consequently, the gain is larger than the uncertainty term and it is guaranteed
that the sliding mode remains established by applying the unit vector control input (2.152).
The adaptation law of Edwards and Shtessel (2016) can also be applied to tune the gain of
the supertwisting approach as well as the gain of a family of higher order SMCs. However,
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in these cases not all controller parameters can be tuned by adaptation. At least one
gain parameter is still required to be selected by the user which can be chosen too large.
Another first order adaptive SMC based on the equivalent control method is proposed by
Utkin and Poznyak (2013b). The approach is applicable to nonlinear input-affine SISO
systems. Prior to the application of the controller a minimal gain value has to be selected
by the user. During the runtime of the controller the approach has the ability to reduce the
controller gain to the predefined minimal value but only if for that gain value the sliding
mode is still guaranteed to remain established. The approach requires knowledge about
the uncertainty bounds. The proposed method is also applied to adapt the parameters of
the supertwisting approach. Again the problem appears that only one controller parameter
is adapted and another parameter is required to be selected sufficient large by the user.

Gain adaptation of the twisting and the supertwisting approach has been subject to
several contributions in the past. For instance in Shtessel et al. (2012) a law for the
adaptation of both controller gains of the supertwisting approach is proposed. It can be
guaranteed that the sliding variable and its time derivative converge towards a domain
after a finite-time. However, the bounds of this domain remain imprecise and are not
known. In addition the gains are known to remain bounded but it is not clear if minimal
values are achieved for them.

2.2 Sliding Mode Observation

Sliding mode controllers have been shown to provide strong robustness features making
them attractive for the control of linear and nonlinear uncertain systems. However, some
of the considered approaches directly depend on the system states and others may benefit
from the knowledge of those states. For example, in the field of linear systems the sliding
surface is typically designed within the state space. As a consequence, the sliding variable
directly depends on the system states and the state stability may only be achieved based
on the knowledge of those states. For the control of nonlinear systems knowledge of the
systems states may also be advantageous. Partial or nominal knowledge about the input-
output dynamics can help to reduce the uncertainty bounds. As a result, the required
controller gains can be decreased so that the occurring chattering is less severe. However, to
state some nominal input-output dynamics knowledge about the system states is required.

In the following sliding mode observer design concepts are presented. The review of the
approaches can be divided into two main sections: methods applicable to linear systems
and methods applicable to nonlinear systems.

2.2.1 Linear Systems

A linear time-invariant system

& = Ax + Bu+ ME, (2.159)
y=Cz, (2.160)

with unknown states x € R™, unknown uncertainties £ € R?, known inputs u € R™, and
known measurements y € RP is considered. In the following, & denotes the estimation of
state x and §j denotes the estimation of the system outputs y. Further, the state estimation
error is denoted by & = Z — z and the output estimation error is denoted by § = § — y.
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Assume the matrix pair (A, C) to be observable and the uncertainty to be zero i.e.
¢ = 0. According to Shtessel et al. (2014, Chap. 3.2) an observer

i = A + Bu+ G, (2.161)

is considered, where v € RP defines a discontinuous feedback of the output estimation
error according to

vi = p % sgn(¥i), Ui = Ui — Yi- (2.162)

The switching gain 0 < p € R and the matrix G are design parameters. The observer
stated in (2.161) is denoted as Utkin observer. Its structure is identical to that of the
classical Luenberger observer except for the discontinuous feedback. Under the premise
of observability and sufficient boundedness of the initial estimation error Z(¢y) as well as
proper design of p and G it can be shown that the Utkin observer guarantees finite-time
convergence of the output estimation error (¢) and asymptotic convergence of the state
estimation error Z(¢). For the design procedure see e.g. Shtessel et al. (2014, Chap. 3.2).
According to Edwards and Spurgeon (1998, Chap. 6.2.4) the Walcott-Zak observer
is introduced as follows. The Walcott-Zak observer is an estimation approach that can
handle model uncertainty. Let the input shaping matrix M of system (2.159) be equal
to B so that the uncertainty is matched. Furthermore, let p > m hold for the number
of measurements and inputs. Assume the matrix pair (A,C) to be observable and the
matrices B and C to have full rank. In addition, let the uncertainty be bounded as

€]l < & (2.163)
The observer
t=Ai+ Bu—Gj+ P 1CTFTy, (2.164)

with discontinuous feedback

—prELif ||Fyg
o { ek, if | Pyl # 0, (2.165)

0, else,

of the output estimation error 4 is denoted as Walcott-Zak observer. The scalar 0 < p € R
and matrices G, P, and F' are design parameters. As the system is observable G can be
designed so that Ag = A — GC' has eigenvalues with real parts smaller zero. It follows that
some symmetric P > 0 can be found from the Lyapunov equation

AgP + PAY = —Q, (2.166)
with @ > 0 being a symmetric design matrix. Related to P and F' the constraint
CTFT = PB, (2.167)
has to be achieved. The switching gain has to be chosen sufficient large i. e.

p=8m+m, (2.168)
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with 0 < 7 € R being user-defined. Under the made assumptions it can be shown that the
output estimation error ¢ converges to zero in finite-time and that the state estimation er-
ror I is quadratically stable (Edwards and Spurgeon, 1998, Chap. 6.2.4). The Walcott-Zak
observer is a robust estimation approach with strong finite-time convergence. However, it
requires the constraint (2.167) to be satisfied which is nontrivial and restrictive.

A more generic and well-established observer for linear uncertain system has been
developed by Edwards and Spurgeon (1994). In the following explanation is given accord-
ing to Edwards and Spurgeon (1994), Edwards and Spurgeon (1998), and Edwards et al.
(2000). For the dynamic system (2.159)—(2.160) assume M and C' to have full rank and
assume

g<p<n, (2.169)

to hold. Let the uncertainty be unmatched but bounded according to

11 < & (2.170)

Consider an observer of the form
& = A# + Bu — Gij + Gy, (2.171)

with

_ Py . ~
. { plIM gy, it [|P2g] # 0. -~

0, else,

like the Walcott-Zak observer. It is proven in Edwards et al. (2000, Proposition 1) that
an observer of the form (2.171)—(2.172) with converging state estimation error in presence
of bounded disturbances £ exists if and only if

rank{CM} = q, (2.173)
holds and the invariant zeros
Zy= {zo € C | rank{P(z0)} < min{n + rank{M},n + rank{C}}}, (2.174)

defined by

2l — 4 _M] , (2.175)

P(Z):l —-c 0

are all on the negative conjugate complex plane i.e. Zy C C_. In the following it is
assumed that (2.173) and Z; C C_ hold true. Under the made assumptions it can be
guaranteed that a state transformation z — Tz exists which brings the observer (2.171)—
(2.172) into a special canonical form. For the exact definition of 7' and how to achieve it
numerically see e.g. Edwards and Spurgeon (1998, Chap. 6.3.1). Let

(2.176)

A — TAT—l — |:’é:111 *’{112‘|

A21 A22
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with Aj; € R=p)x(n=p) - 4, € RO=P)XP A, € RPX("P) Ayy € RP*P be the transformed
system matrix. Assume G and G, to be defined by

A 0
G=T"'. "2 | = G,=T7" , 2.177
l [Am - As,22‘| I, ( )

where /_13722 € RP*P is any matrix whose eigenvalues have real parts smaller zero. Further,
let P» be the solution of the Lyapunov equation

AgoPy + P ALy = —Q, (2.178)

with symmetric Q > 0 being user-defined and let the switching gain be chosen sufficient
large according to

p=&m+, (2.179)

where 0 < 7 € R is user-defined. Then for the observer (2.171)-(2.172) it can be proven that
the output estimation error § is finite-time stable and the state estimation error & converges
quadratically (Edwards and Spurgeon, 1998, Proposition 6.1 and Corollary 6.1). The
observer developed by Edwards and Spurgeon (1994) can also be applied to estimate the
unknown uncertainties themselves. An estimation f of the uncertainties can be achieved
by a smoothed version

Py

= —p|M||(MTM)" M
[ P23l + 6

(2.180)

of the output error feedback v, where 0 < § € R denotes a tuning parameter. It can be
shown that & — & holds by choosing ¢ arbitrary small i.e. § — 0.

2.2.2  Nonlinear Systems

Sliding mode observers for different classes of nonlinear systems are discussed as follows.
Consider a nonlinear system

(5"1‘1

otm

= f(z,u), (2.181)
in companion form which is characterized by the definition
v= o Sm /ot Pai /ot ... 6" lay /6t (2.182)

of the state vector x € R™. The inputs u € R™ as well as the states are assumed unknown
except for the first state which is assumed to be measured according to

Y =xi. (2.183)

Due to the definition of the vector (2.182) the state estimation problem is in fact a dif-
ferentiation problem. Consequently, a higher order sliding mode differentiator (HOSMD)
can be applied to solve the problem. The differentiation approach proposed by Levant
(2003) will be considered as follows. A suitable parameter tuning of the differentiator is
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further described in Levant (2009). For system (2.181) it is assumed that f: R” xR™ — R
is unknown but has a known Lipschitz constant L > 0 i.e.

Vit |f(t2) = F(t)] < Lits — ta]. (2.184)

Then differentiation can be achieved according to

20 = =M LY D 2 — o Dson (2 — y) + 21, (2.185)
2 = —)\n_lLl/"]zl — é’o]("—l)/"sgn(zl — 20) + 22, (2.186)
Zn_1 = —)\1L1/2‘2’n_1 — 2n_2]1/28gn(zn_1 — 7;n—2) + Zn, (2.187)
Zn = —AoLsgn(z, — Zn-1), (2.188)

where z; converges to §'xy/dt' in finite-time if the parameters 0 < )\; € R are suitably
chosen. The parameters can be selected iteratively. Starting with n = 1 the parameters
Ao and A\ are tuned then for n = 2 the parameters g, A1 remain unchanged while A\ has
to be selected sufficient large. In the next step Ag, A1, A2 remain unchanged and Ag is
selected sufficient large. The procedure is repeated up to the desired value of n. A suitable
choice of parameters guaranteeing convergence always exists.

Sliding mode differentiators can also be applied to a wider class of nonlinear systems.
Consider a nonlinear input-affine system

&= f(z)+ g(x)u, (2.189)
yr = h(z), (2.190)

with states x € R”, input v € R, and control variable g, € R. Assume the system to have
relative degree r = n. Then ®: z — { with

C1 h(z)
C2 Lyh(z)

¢ = = , , (2.191)

G @)

defines a diffeomorphism (Isidori et al., 1995, Proposition 4.1.3). In the new coordinates
the system is in companion form with dynamics

01
otm

= a(¢) + b(¢)u, (2.192)
where

Y =G, (2.193)

is assumed to be measured. The companion form is achieved as » = n holds from which
follows that no internal dynamics exist. Consequently, all transformed states { can be
estimated by a sliding mode differentiator.

In the following a sliding mode observer for nonlinear systems in so-called triangular
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input form is considered. The observer has originally been proposed by Barbot et al. (1996).
The given explanation refers to Barbot et al. (2002, Chap. 4). Consider a nonlinear system

z = f(x) + g(z,u), (2.194)
yr = h(x), (2.195)

with states x € R™, input v € R, and control variable y,. € R. The system is required to
be input-to-state stable in finite-time, which is described as that the state cannot grow
unbounded in finite-time if w is bounded. It is assumed that g(z,0) = 0 holds for all
x € R™ Let ®: x — ¢ with

1 h(z)
Co Lyh(z)
C=1.|= : , (2.196)
Co| L} 'h(2)
define a state transformation. The Jacobian

[/STNN/GY G

o1 dxro " Ozn

9% 090G 9%

o1 Oxo T OTn (2 197)

o1 Oxre " Ozn

is assumed nonsingular so that ® is a diffeomorphism. The resulting dynamics are

G [ erncu
G2 (3 +b2(Csu)
= : , (2.198)
{1 Cn + bn—1(C, w)
G| [a(Q) A+ ba(Gou)
with
oL h(x)
a(Gu) = Lih(z),  bi(Gu) = TQ(%U)- (2.199)

Further, it is required to assume that b; only depends on u and (i, (s, ... (; so that (2.198)
can be written in so-called triangular input form

i C:1 ] Co + b1(C1,u)
G2 (3 + b2(C1, G2, u)
| = : , (2.200)
é.-n.fl Cn+bn71(<—15<—2,"'><ﬂ,715u)
3! a(C) + bn (¢, u) ]
where
y =G, (2.201)
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is assumed to be measured to achieve estimation of state (. The sliding mode observer

Cil i R Go+ bi(y, u) + Aisgn(y — E1)A

G2 3+ b2(y, G2, u) + Aasgn(Ca — C2)

S : , (2.202)

Cne Cn +bn-1(Y,Cos -+ Gty 0) + Anasgn(Gnon — CAn—Al)
En _a’(ya C2’ cee Cn) + bn(y, C2a ceey Cn; 'LL) + Ansgn(Cn - Cn)_
with

o =G+ Misgn(y — C1), (2.203)
Cs = {3+ dosgn(G — Ga), (2.204)
gn = En + )\nsgn(an—l - CAn—l)a (2.205)

is proposed by Barbot et al. (1996). Under the made assumptions it can be guaranteed
that a set of tuning parameters 0 < \; € R exists for which fl converges to (; in finite-
time (Barbot et al., 2002, Theorem 50). Although the observer cannot handle model
uncertainty it has the advantage that it only requires the first state to be measured which
is also derivative-free.

2.3 Summary

In this chapter the basics of sliding mode control and sliding mode observation are in-
troduced. With regards to sliding mode control definitions and explanations about the
reaching and sliding phase are given. The design of sliding surfaces as well as control laws
is considered. At the moment when the states reach the sliding surface the system is said
to be in sliding mode. The dynamics in sliding mode are named the sliding dynamics. The
sliding dynamics are of reduced order and are defined based on the design of the sliding sur-
face. For linear MIMO systems well-known methods such as pole placement can be applied
to design the sliding surface. This allows to achieve asymptotic convergence of the states if
the underlying system is controllable. To achieve reference tracking an augmented system
description with an integral state can be considered. For nonlinear MIMO systems a state
transformation based on the vector of relative degree can be applied. The transformation
serves as a basis to design the sliding surface to achieve either state stabilization or refer-
ence tracking. For linear as well as nonlinear systems the sliding dynamics are shown to be
unaffected by matched uncertainties. This invariance is a strong property of sliding mode
control and leads to its great robustness. The unit-vector and relay control approaches
are introduced which guarantee that the sliding surface is reached in finite-time. The
concept of integral sliding mode control allows to eliminate the reaching phase so that the
states are on the sliding surface from the beginning. Furthermore, integral SMC provides
a framework to combine sliding mode controllers with other control methods such as state
feedback, MPC, etc. Chattering is introduced as an undesired effect resulting from the
discontinuous switching of conventional first order sliding mode controllers. A boundary
layer based approximation technique is presented which provides a trade-off between con-
trol accuracy and chattering mitigation. The concept of higher order sliding mode control
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is introduced to design control laws that are continuous in time so that the chattering
is highly attenuated. Higher order SMCs also give the possibility to achieve finite-time
stabilization of systems with relative degree greater one. Similarly, finite-time convergence
of the tracking error can be guaranteed. Nonlinear sliding manifolds have been presented
with their ability to improve the closed loop behavior so that faster error convergence and
stabilization can be achieved. The interconnection of nonlinear sliding manifolds allows
finite-time convergence of systems with relative degree greater one even if conventional
first order SMCs are applied. Adaptive SMC approaches are introduced with their ability
to reduce the chattering. Sliding mode-based observation of linear and nonlinear systems
is considered. The observers are typically designed based on a discontinuous feedback of
the output estimation error. For linear systems general methods exist to estimate the
state in presence of uncertainties. However, requirements related to e.g. invariant zeros
have to be satisfied. Besides the states also the uncertainties themselves can be estimated
which is denoted as unknown input estimation. States of nonlinear systems in companion
form can be observed using sliding mode differentiators. These estimators only require
Lipschitz continuity but not any model knowledge.
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3 Combined Smooth Variable Structure and
Kalman Filter Estimation Approach

State estimation plays an important role in the field of control. System states are required
to be known for the calculation of commonly used controllers such as state feedback, exact
input-output linearization approaches, equivalent control methods, or backstepping control
approaches. Noise reduction of measured signals is desirable to improve the performance of
controllers under real conditions. Unknown input estimation is beneficial for the rejection
of disturbances that may affect the system behavior. In addition, model-based filtering
approaches are useful for system monitoring in order to detect and localize faults.

As discussed in Section 2.2 sliding mode observers can be applied to achieve both state
as well as unknown input estimation. However, SMO approaches are typically formulated
with respect to deterministic systems. Measurement and process noise are not considered
in the design process. High switching gains generally have a negative impact on the noise
sensitivity of sliding mode differentiators (Levant and Yu, 2018; Levant, 2003). However,
higher gains are required to achieve error convergence of the differentiator if noise with high
amplitudes is present or if the Lipschitz constant of the underlying signal is large. Related
to stochastic systems a relatively large variety of estimation approaches exists. Unknown
input estimation approaches for linear systems may be divided into two main categories:
the minimum variance unbiased and the augmented state Kalman filtering approaches.
Minimum variance unbiased filtering approaches (Kitanidis, 1987; Gillijns and De Moor,
2007) are characterized by the fact that the dynamics of the unknown input is not modeled.
Instead the unknown input is directly estimated from the innovation process of the filter.
In the field of augmented state filtering (Anderson and Moore, 1979; Hmida et al., 2012)
the dynamics of the unknown input is assumed as piece-wise constant and integrated into
the system description. Standard Kalman filtering is applied to estimate the augmented
state including the unknown input. In Ding et al. (2020) it has been recently proven
that minimum variance unbiased filtering is actually a special case of augmented state
Kalman filtering. Apart from unknown input estimation approaches several other robust
filtering methods exist. In case of known uncertainty bounds a so-called robust Kalman
filter (Dong and You, 2006) can be applied to estimate the states of a linear uncertain
system. In the field of H, filtering robustness is achieved by minimizing the effect of
the worst possible disturbance on the estimation error (Hassibi et al., 1999). Multiple-
model approaches (Blom and Bar-Shalom, 1988) are a powerful tool for state estimation
of uncertain systems as well. In combination with particle filters the multiple model
approach can also be applied to nonlinear systems (Martino et al., 2017).

The smooth variable structure filter (SVSF) introduced in Habibi (2007) is claimed to
be a robust estimation approach for the state estimation of uncertain nonlinear systems.
It is formulated in discrete-time domain and explicitly considers measurement noise. The
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SVSF follows the predictor-corrector scheme of the Kalman filter but also shows elements
that are typical for sliding mode observers and sliding mode control. For instance, the
SVSF discontinuously feds back the output estimation error which is common for sliding
mode observers. In addition, the smoothing boundary layer concept is applied to the
SVSF but not to mitigate the chattering rather to mitigate the negative impact of the
measurement noise on the estimation performance of the filter.

In the following the working principle of the SVSF approach is explained in accordance
to Habibi (2007). Based on the discontinuous feedback of the output error the estimated
state trajectory is driven into a region around the true state trajectory called existence
subspace. Due to measurement noise which is typically assumed to be white the estimated
state trajectory shows a zigzag like motion characterized by high frequent switches when it
reaches the existence subspace. This behavior of high frequent switches induced by noise
is denoted as chattering although it differs from chattering known in the field of SMC.
The chattering may be attenuated by introducing a smoothing boundary layer in which
the hard switching of the filter gain is approximated by a saturation function. This may
lead to improved estimation performance of the filter but depends on the selected width
of the introduced boundary layer.

A serious limitation of the SVSF approach is that all system states have to be measured
and the measurement model is required to be linear. However, at least in the field of
object tracking it is possible to bypass the limitation. Although nonlinear measurement
models are common in tracking a linear measurement model can be achieved by applying
a measurement conversion (see e.g. Longbin et al., 1998) and measurements of the object
velocities can also be derived from the measured positions. An advantage of the SVSF
approach is that neither measurement noise nor process noise covariances are required to be
known. But as already mentioned the performance of the SVSF approach depends on the
width of the introduced smoothing boundary layer. This width is a tuning parameter and
has to be selected by the user. In Gadsden and Habibi (2010); Gadsden et al. (2011b) an
optimization of the smoothing boundary layer width is considered. First, an estimation
error model for the SVSF has been proposed in Gadsden and Habibi (2010) and later
in Gadsden et al. (2011b) this error model is applied to minimized the estimation error
with respect to the boundary layer width. As a consequence, optimal values for the
tuning parameters are achieved in theory. However, the derived estimation error model
is equivalent to the one of the Kalman filter. It is therefore only applicable to linear
systems and requires exact model knowledge including a precise descriptions of the system
dynamics and the noise covariances. This clearly contradicts the claim of the SVSF to
be a robust estimation approach for nonlinear uncertain systems. Nevertheless, at least a
maximum a posteriori estimation of the noise covariances can be obtained and is discussed
in Tian et al. (2019). The requirement of the system dynamics to be precisely known and
linear remains.

Combinations of the SVSF with the extended Kalman filter, the unscented Kalman
filter, the cubature Kalman filter, and the particle filter have been studied in Al-Shabi et
al. (2013); Gadsden et al. (2011a, 2014a). To combine the SVSF with the aforementioned
filters the uncertainty of the system is estimated online based on a calculation of an optimal
smoothing boundary layer width. In case of a large width (large uncertainty) the SVSF
is applied to achieve robustness whereas in case of a small width (small uncertainty) the
Kalman filtering approaches are applied to minimize the mean squared estimation error
(MSE). However, the formulated combination of the SVSF approach and the Kalman
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filter cannot be considered to be consistent. If the Kalman filter gain is applied at the
moment when the model uncertainty is sufficient small then the calculated gain may still
be erroneous. The reason for the erroneousness is that the Kalman filter gain requires
knowledge of the error covariance which has to be updated at each time step. Assume the
model to be imprecise. Then the error covariance will be updated incorrectly. If later the
model becomes more precise and the Kalman filter gain is applied the gain may still be
far away from being optimal as the error covariance has been update incorrectly in the
previous time steps.

Further optimizations of the SVSF are studied in the literature. A SVSF that in
addition to the states also estimates modeling errors is proposed in Cao et al. (2017).
In Spiller et al. (2018) the SVSF gain is replaced by an adaptive gain with the goal to
minimize the MSE and to guarantee boundedness of the estimation error.

Several applications of the SVSF approach can be found in the literature. The filter has
been applied to estimate the states and parameters of an uncertain linear hydraulic system
in Habibi (2007). A multiple-model approach has been formulated for fault detection e. g.
to detect leakage of a hydraulic system (Gadsden et al., 2013). The state of charge and
state of health of batteries is estimated in Kim et al. (2015) and Afshari et al. (2018).
A multiple-model approach has been applied for target tracking in Gadsden et al. (2010)
and a SVSF based probabilistic data association (PDA) approach has been proposed for
tracking in cluttered environment (Attari et al., 2013). For multiple object tracking a
SVSF based joint-PDA approach has been developed by Attari et al. (2015). Online
multiple vehicle tracking on real road scenarios has been investigated in Luo et al. (2019).
Several SVSF based simultaneous localization and mapping algorithms have been proposed
e.g. Demim et al. (2016), Allam et al. (2017), Liu and Wang (2018). Training of neural
networks based on the SVSF approach has been studied in Ahmed et al. (2011) with the
goal to classify engine faults. Dual estimation of states and model parameters has been
considered in Al-Shabi and Habibi (2011) based on a combination of the bi-section method
and the SVSF. The attitudes of satellites are synchronized based on the SVSF approach
in Cao et al. (2017).

In this chapter a combination of the SVSF and the Kalman filter is proposed to
improve the estimation performance with respect to the original SVSF algorithm. First, a
reformulation of the SVSF is derived from which unique features of the filter are identified.
A new gain for the SVSF is proposed to achieve minimization of the MSE as well as
robustness with respect to modeling errors. It is shown that if the new gain is applied
to the SVSF then the obtained algorithm equals the one of the extended Kalman filter.
A combined estimation approach is formulated that makes use of the original SVSF gain
as well as the Kalman filter gain. A training scheme is developed to optimize the tuning
parameters of the proposed filter. The optimized parameters provide insights on what
contributes to the robustness of the proposed new filter: the SVSF gain, the Kalman filter
gain, or the combination of both.

Some of the results presented in this chapter are preliminary discussed in Spiller and
Soffker (2020a). This includes the proposed scheme for the optimization of the filter
parameters and the theoretical analysis that establishes the link between the SVSF and
the Kalman filter algorithm.

The chapter is structured as follows. In Section 3.1 the SVSF algorithm and its
properties are studied. A reformulation of the SVSF is stated which facilitates the analysis
of the filter. In Section 3.2 the SVSF gain is replaced by a new deterministic gain with the
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goal to minimize the MSE. Based on the derived gain a direct link to the Kalman filter
is drawn. The combination of the SVSF and the Kalman filter is proposed in Section 3.3.
The scheme that is used for the tuning of the filter parameters is described in Section 3.4.
The estimation performance of the SVSF in comparison to the novel combined filtering
approach is studied in Section 3.5. The chapter is summarized in Section 3.6.

3.1 Smooth Variable Structure Filter
Let the dynamics of a nonlinear system be described by the discrete-time model

Tpy1 = fr(zn, ug), (3.1)
Yk = Tk + Tk

with states x; € R", inputs ux € R™, and measurements y; € R”. Quantity r; denotes
the measurement noise which is assumed to be white. The measurement model (3.2) is
introduced for notational convenience. It can always be obtained from the more general
model

Y = Hzxp + 7, (3.3)

with g, 7 € R™” and H € R™™" as the SVSF approach requires H to be invertible. The
SVSF is derived in Habibi (2007). Although the requirement of H to be invertible is
not explicitly stated in Habibi (2007) it is in fact necessary because otherwise the filters
corrective switching term (Habibi, 2007, eq. (27)) may not satisfy the stability theorem
that guarantees boundedness of the estimation error (Habibi, 2007, Theorem 1). From
the full rank condition of H it follows that full state measurements are required which is
the major limitation of the SVSF approach.

Consider fk() to be a nominal possibly imprecise description of the true system dy-
namics fx(-). According to Habibi (2007) an estimation Zj, of the system states xj can be
obtained based on the following filter algorithm

U = Yk — T, (3.4)
Frrak = fol@r, ur), (3.5)
Ukt1)k = Yk+1 — Lpt 1k (3.6)

A1 = ([Grgrinl + PlTl) © sen(Frpapr), (3.7)
Tpy1 = Tpyrpk + Aes, (3.8)

where A1 is a corrective switching term. The diagonal matrix

® = diag { [¢1 by ... MT} € R™", (3.9)

is defined by the filter parameters 0 < ¢; < 1 and is denoted as convergence rate. In
Habibi (2007, Theorem 1) and more specifically in Habibi (2007, eq. (30)) it is shown that
algorithm (3.4)—(3.8) guarantees asymptotic stability of the output estimation error gy .
The output error dynamics are given by

i k1| = PilTi kel (3.10)

40



Sec. 3.1. Smooth Variable Structure Filter

where g; 11 denotes the i-th element of vector g, and 0 < ¢; < 1 is the eigenvalue
making the dynamics asymptotically stable. As the output error converges to zero the
statement

lim % — lim gy, (3.11)

k—o0 k—o00
holds true for the state estimations. If the measurement noise is bounded then (3.11)
guarantees the estimation error to be bounded too. This error boundedness can even
be achieved in presence of model uncertainties. However, from (3.11) it follows that it
is unnecessary to apply the filter at all because the state estimations converge to the
measurements and the measurements are all given. Consequently, the filter is useless.

The algorithm (3.4)—(3.8) generates a switching effect which is induced by noise and

model uncertainty. When the a posteriori output error g ,; becomes close to zero the
switching term Ay of (3.7) not necessarily converges to zero. The a priori output error
Urq1), that affects the switching gain may still significantly deviate from zero due to the

measurement noise and the model uncertainty of fk() Because of the high frequent
switching of the white noise a high frequent switching of the gain Ax,; may be induced
to push the sliding variable g, in direction of the sliding surface ¢, ,,; = 0. This effect
is denoted as chattering in Habibi (2007) and it is suggested to apply the smoothing
boundary layer concept known from SMC for its mitigation. Therefore, Habibi (2007)
proposes to modify algorithm (3.4)—(3.8) as follows

Uk = Yk — Tk, (3.12)
Tk = fo(@r ur), (3.13)
Ukt1)k = Yk+1 — Thp1fkr (3.14)

Arr1 = (|Gl + @) 0 sat(W ™ Fpqpp), (3.15)
Br1 = Eppae + Arrr, (3.16)

where sat(:) is a smooth approximation of the switching function sgn(-). The diagonal
matrix ¥ is define as

U= diag{[wl Wy ... MT} € R™", (3.17)

based on the smoothing boundary layer width ¢; > 0 € R. Let g; ;) denote the i-th
element of vector §j 1), The saturation function sat(-) is defined according to

U1,k41]k
® P2
0 U2,k 1lk 1 for % > 1,
a
Sat(‘l’flgmuk) = .w ) 2 (3) =4q —1 for ¢ <-1, (3.18)

Z for\%lgl,

0 (gnz):lk>

as it is known from the smoothing boundary layer concept of SMC. The introduced al-
gorithm (3.12)—(3.16) is called the smooth variable structure filter. As the SVSF approx-
imates the switching function by a saturation function asymptotic convergence of |7;|
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cannot be guaranteed anymore. This is to some extend desired as a zero output estima-
tion error leads to estimations of the form %, = y, = xp + 7, which deviate from the true
states by the value of the measurement noise. However, it remains unclear how to select
the boundary layer width to achieve mitigation of the noise so that the estimation perfor-
mance is improved. In Habibi (2007) it is argued that the width 1; should be bounded
from below. The width should exceed a threshold value which is defined by the assumed
uncertainty of the model and the maximum amplitude of the noise (Habibi, 2007, eq. (33)).
An upper bound of 9; is not considered in Habibi (2007). Nevertheless, assume 1; — 0o
to hold for all i € {1,...,n}. In this case A — 0 holds which can be seen from (3.15)
and (3.18). For Ay, — 0 the filter ignores the measurements i.e. Zpy1 — Tpqqp (cf. (3.13),
(3.16)). This may easily lead to unstable error dynamics due to the model uncertainty. In
several papers e.g. Luo et al. (2019); Afshari et al. (2018); Ahmed et al. (2016) the SVSF
parameters are tuned by trial and error using the root mean squared error (RMSE) of the
true states. This tuning strategy appears to be unrealistic as the true states are not avail-
able in practice. To optimize the filter parameters the error covariance of the SVSF has
been derived in (Gadsden and Habibi, 2010; Gadsden et al., 2011b). The idea is to model
the MSE of the SVSF and to propagate the error covariance similarly to the Kalman filter.
The optimal tuning parameters of the SVSF are those ones that minimize the MSE. This
optimized parameters are part of a couple of contributions (e.g. Gadsden et al., 2011a,
2013, 2014a,b). But, as already mentioned in the introductory part of this chapter there
are problems related to the error covariance derivation of the SVSF. Propagating the error
covariance requires linearity of the system and exact model knowledge which contradicts
the claim of the SVSF to be a robust estimation approach for nonlinear systems.

In the following the effect of the boundary layer width on the behavior of the SVSF is
studied. Therefore a reformulation of the SVSF is stated in Theorem 1. The reformulation
is originally derived in Spiller et al. (2018).

Theorem 1 (Reformulation of SVSF algorithm).
Assume the convergence rate of the SVSF to be zero i.e. ® = 0,x, and the initial estima-
tion to be &g € R™. Consider the following algorithm

TREkt1k = fR(ZRERS Uk), (3.19)

YRFk+1|k = Yk+1 — TRE K+ 1]k (3.20)

ERFE+1 = Ykt1 — Mt 1URE 1]k (3.21)

Apy1 = diag {ln - ‘Sat(‘l’lﬂRF,ka)‘} ; (3.22)

with initial estimation Trpo = Zo. For identical inputs Uy = {ug,u1,...,ur} and mea-

surements Vi = {yo, Y1, .., Yx} the estimations of the SVSF and its reformulation (3.19)-
(8.22) are identical i. e. Zyp—1 = TrERK—1 and T, = TRE-

Proof. For ® = 0 the switching term (3.15) can be written as

Apr = sab (U G qp) © [ p1el- (3.23)

It follows

Tha1 = Yrt1 — Tefe + 5880 G pp) © [T sl (3.24)
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for the a posteriori estimation (3.16). Let §; ;11 be the i-th element of g ;. From
the definition of saturation function (3.18) and the boundary layer widths ¢; > 0 € R it
follows

Yikt1)k \ |~ . . .
2 G i k1)l = S80(Ts k110 T o1 1l = T o1
(A

. ~ Ui kt1)k \ | -
= I8N (T g1 1) s o1 = ﬂP( 0 ) Ui kt1k (3.25)
(2
for w > 1 and
o Uikt 1)k 7 = gi,k+1|k|g‘ |
wz Z,k+1‘k wz Z,k+1|k Y
i k1) Yikt1lk || -
= Tyi,k-',-l\k =¥ i Yi k+1]k> (3.26)
1 1
for w < 1. Consequently,

sat (U G 1k) © [Trrael = 158t (0 T 1)l © Tpa o (3.27)

holds which applied to (3.24) yields

j?k+1 = Yk+1 — Ak+1gk+1‘k7 Ak+1 = dlag {]_n — ‘Sat(‘l’lgk+1k)’} . (328)
]

From the stochastic gain (3.22) and the definition of saturation function (3.18) it
can be stated that the filter relies more on the predictions & if the boundary layer
widths 1; are increased. For decreasing widths ; the filter tends to disregard the a priori
estimations and relies more on the measurements. If the output error lies outside of the
boundary layer, i. e. \glk +1] | exceeds the boundary layer width ¢);, then the filter has the
ability to completely ignore the a priori estimations. This makes sense as the predictions
may rely on an imprecise model description f (1). However, the SVSF was not designed
to minimize an estimation error criterion similar to the MSE. This motivates the idea to
combine the SVSF with the Kalman filter gain so that robustness and to some extent
minimization of the MSE can be achieved. Combinations of the SVSF with the EKF, the
UKF, the cubature Kalman filter, and the particle filter can be found in Gadsden et al.
(2014a,b, 2011a). All proposed combinations are based on the strategy to switch between
the SVSF and the Kalman filter gain. If the uncertainty of the model is considered to be
small the KF gain is applied otherwise the SVSF gain is used. To evaluate the uncertainty
of the model a time-varying boundary layer width W, is calculated. If W, exceeds a
user-defined threshold the model is considered as uncertain and the Kalman filter gain is
replaced by the SVSF gain. However, the proposed method can not be considered to be
consistent. The calculation of the Kalman filter gain is based on the error covariance which
is required to be updated at each time step. Once modeling discrepancies exist the error
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covariance matrix will be updated incorrectly. As a consequence the determined Kalman
filter gain may be for away from being optimal even if the model fits well at a considered
current time step. In addition, the calculation of the variable boundary layer width W,
also directly depends on the erroneous error covariance. Further, it is not mentioned how
the threshold value for the switching between the filter gains is determined. The threshold
appears to be tuned by trial and error based on the RMSE which is not realistic.

3.2 Relation between Smooth Variable Structure and Kalman Filter

As discussed previously the robustness of the SVSF is achieved by the introduction of
the smoothing boundary layer. The width of layer controls in the influence of the a
priori estimation on the a posteriori estimation. If the output error exceeds the boundary
layer width the a priori estimation is completely ignored. This leads to robustness as
due the model uncertainty the a priori estimation is likely to be erroneous. However, the
SVSF approach has not been derived to minimize an estimation error criterion such as the
MSE. This motivates the idea to combine the SVSF with another filtering approach that
minimizes the MSE. Therefore, the error covariance of the reformulated SVSF (3.19)—(3.22)
is studied. The stochastic gain Ay of (3.22) is replaced by a yet undefined deterministic
gain K} with the goal to minimize the MSE. This will give a direct link between the SVSF
approach and the Kalman filter. The equations of the error covariances are derived as
follows.
First, it is required to further specify the noise of the measurement model

Yk = Tk + Tk (3.29)

The noise 7, € R™ is assumed as white with mutual stochastically independent samples
described by the mean E{r;} = 0 and the covariance matrix

E{?“ﬁ“]T} = R(SU (3.30)

In (3.30) the symbol §;; denotes the Kronecker delta. The measurement noise covariance
matrix is assumed to be positive definite i.e. R > 0.

From (3.1), (3.2), and (3.19)—(3.22) it follows that the state estimation error and the
output estimation error can be determined as

Th1 = Thr1 — Bht1 = K1 Gngaje — Tkt 1 (3.31)
Tpqie = Tht1 — Bapafrs (3.32)

and
Uh1lk = Yk+1 — Trp1jk = Thg1)k + Tkt 1) (3.33)

where the yet undefined deterministic gain Ky in (3.31) replaces the stochastic gain
Ajy1 of the reformulation of the SVSF. Let the output error covariance be defined as
Skt1 = E{gkﬂ‘kgfﬂw}. From (3.33) it follows

Sp+1=F {(fkﬂ\k + 1) (Tppap + Tk+1)T} : (3.34)
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Assume the a priori error covariance to be defined as
Pose = E{F 1 n @iy p - (3.35)
Expanding (3.34) and considering (3.35) as well as R = E{rkﬂrgﬂ} yields
Sk+1 = Prpp + R+ E{rk+1££+1|k} + E{& i ) (3.36)

The value of the remaining expectations in (3.36) is studied as follows. The a priori
estimation error Zj,q is known to directly depend on the noise realizations r; with
7 €{0,1,...,k} but not on the realization ry1;. The realizations r; with j € {0,1,...,k}
and 711 are independent of each other due to the independent white noise assumption.
Realization rg41 can not have any effect on Zj ;. Both random variables are stochasti-
cally independent. It follows E{rk+13§£+1|k} = E{Tk+1}E{j£+1|k} and E{Zqrf ) =
E{Z 16 E{r}_1}. The zero-mean noise assumption i.e. E{r;} = 0 leads to

Sk+1 = P + R (3.37)
Let the a posteriori error covariance be defined as
Poy1=E {fkﬂfgﬂ} : (3.38)
Substituting (3.31) in (3.38) yields
Peyt = B{(Kyiri e — mist) e K — i)} - (3.39)

Expanding (3.39) and considering the definition of the output error covariance Sy yields
Pp1 = K1 Sk Kipy + R = B{ria G p K} — B{Ek Gt ) (3.40)

Based on (3.33) the two remaining expectations in (3.40) can be written as

E {Tk+1(j£+1|k + T%H)Klal} = RKIFEFH, (3-41)
E {Kk+1(fk+1|k + 7”k+1)7°l?+1} = K11 R, (3.42)

where E{ry 1%}, Y pr and E{Zq krgﬂ} again vanish due to the stochastic independency
of 41 and Tj ;. Finally, the a posteriori error covariance is achieved as

Pey1 = Kpy1Sk Ky + R — RKL, | — Kp iR (3.43)
The error covariance (3.43) can also be written as
Piy1 = Kp1Sen K + R
— RS, LSk Kl — Kep1Ses1 S R+ RS R — RS, LR, (3.44)
which is equivalent to
Pyot1=R— RS} R+ (K1 — RS; ) Sks1 (K — RS L))" (3.45)

Based on the derived error covariance (3.45) the filter performance is optimized as
follows. A new filter gain that minimizes the MSE is obtained from Theorem 2. In
Theorem 3 the new gain is applied to the SVSF which gives a link to the Kalman filter.
The presented connection between the SVSF and the Kalman filter is originally described
in Spiller and Soffker (20200).
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Theorem 2 (Optimal deterministic gain of reformulated SVSF).
The gain

Kiy1 = Kop i1 = RSy = R(Pey + R) 7Y (3.46)
minimizes the a posteriori MSE i. e. the trace of Pyi1 according to (3.45).

Proof. From (3.45) it is known that Ky only affects the term
i1 = (Kgg1 — RS ) Sk (K — RS )T (3.47)

Matrix Siki1 is a covariance matrix. Consequently, it is positive semi-definite. Matrix
[T, is also positive semi-definite as

0 < b(a)Sk+10" (a),  bla) 2 a(Kpi1 — RS L), (3.48)

holds for any a € R™. The minimal trace of a positive semi-definite matrix is zero. As
that zero value is achieved for K,y 41 from (3.46) it is the optimal gain. O

Theorem 3 (Relation between SVSF and KF).
The state prediction (5.19) and the correction (3.21) of the SVSF approach equal the one
of the extended Kalman filter if the switching gain Ag11 of (3.22) is replaced by the optimal

gain Kopt i1 from (3.46).

Proof. 1 The state prediction (3.19) obviously equals the one of the extended Kalman
filter. Regarding the correction step (3.21) it follows that

Tp1 = Y1 — Kopt 101k = Tk T Trr1ie — Kopt k194 1)k
= Zppapk + Un = Kopt et 1) Trr1jk = Lrr1jk + Kral kbt 1Tk 1)k (3.49)
with
Kiath+1 = In — Kopt k41, (3.50)

holds if A, of (3.22) is replaced by Kopt k+1 known from (3.46). As the introduced
Kar 11 of (3.50) equals the Kalman filter gain

Kkal,kJrl = In - Kopt,kJrl = In - R(Pk+1|k + R)717
= (Pegape + R)(Pegaje + B) ™" = R(Pya + R) 7Y
= Pei1pp(Popie + R) 7 (3.51)

step (3.49) and thus (3.21) is identical to the correction step of the Kalman filter. O

!The authors thank the anonymous reviewers of the European Control Conference 2020 for the insight-
ful comments and suggestions related to the proof of the theorem.
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3.3 Combined Estimation Approach

In this section a combination of the SVSF and the extended Kalman filter is proposed. As
mentioned before a combination of both filters has already been described in Gadsden et
al. (2014b). The approach developed by Gadsden et al. (2014b) simply switches between
the Kalman filter and the SVSF gain. To apply the Kalman filter gain the estimation
error covariance is needed to be known. For the update of the error covariance a precise
linear system description is required which makes the approach of Gadsden et al. (2014b)
insufficient for the state estimation of nonlinear uncertain systems. The combined estima-
tion approach that is described in this section is based on a weighted sum of the SVSF
and the Kalman filter gain. The error covariance that is required to calculate the Kalman
filter gain is also estimated. As a consequence the proposed approach is applicable to non-
linear uncertain systems. The filter introduces additional tuning parameters. This tuning
parameters are determined in a subsequently described parameter optimization process.

To apply the Kalman filter gain Koyt 11 of (3.46) the a priori error covariance Py q)x
has to be determined. The error covariance cannot be updated based on the Kalman
filter equations as that would require linearity of the system and full model knowledge.
Consequently, the error matrix Py itself is estimated. This avoids a wrong update of
the error covariance based on an imprecise system description. The estimation of the error
covariance is described as follows.

According to (3.37) the state error covariance Py 1s related to the output error
covariance Sg41 which motivates to estimate Py, as

Py = Sk1 — R, (3.52)
with
1 k+1
& = T
Sk+1 = 3 Yo G181
j=k—N+2
1 k+1
~ ~T ~T ~ T T
== > (FaTy i+ Eary 1) (3.53)
j=k—N+2

and 1 < N. Estimating Sj,; based on the output error U1 s common in the field
of adaptive Kalman filtering (e.g. Yang and Gao, 2006; Hide et al., 2003). Assume the
estimation error Zj1; to be constant. Let 7411 be ergodic in the sense of

k+1

1 1 T
N rj = 0, N Z Ty = R, (3'54)
j=k—N+2 j=k—N+2
then the true error covariance
Pis1pr = Sk — R, (3.55)

can be obtained from (3.53).

Additional information about Py, is obtained by considering the suboptimal gain
Ksupk+1 = Opxn. Let P,y p+1 denote the error covariance if the optimal gain Koyt 41
is applied and let Py, 141 denote the error covariance if the suboptimal gain Kgyp 41 is
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applied. Substituting Ky of (3.45) by Kb k+1 gives Poyp 1 = R. As the filter with
the optimal gain minimizes the MSE the inequality

tr{POpt7k+1} < tr{R} = tr{Psub7k+1}, (356)

can be stated. If Pyi1 ~ Pyyq)p is assumed which holds for a sufficient small sampling
time then

Proapw=CR,  (€[0,1], (3.57)

may be considered as an estimation of Py 1.

As the SVSF is a recursive estimation approach the relation of Py to its previous
value Py ;1 should be considered. For a small sampling time this can be roughly described
by

Prae = Pyt (3.58)

To find an estimation PZJFWC of Pj4 1, that fits best to the established equations (3.52),
(3.57), and (3.58) a weighted least squares (WLS) estimation problem is formulated. The
importance of the individual equations is expressed by weighting factors 0 < o, 8,7 € R
which are determined subsequently in a parameter optimization process. Based on the
vector operator “vec” the WLS problem

. A~k _
Phiilk = af)gmlngHl — Apps1lliv Pl = vec ! {PZHW} ; (3.59)
k+1|k
with
I Sky1— R
A=1,2 |I,|, bpy1 = vec (R , ¢ €[0,1],
A K
In Prik—1
al, 0 0
0 0 ~I,

and 0 < «, 3, is considered. The solution of this WLS estimation problem is

1

Ay B (Q(SkJrl — R)+BCR+ ’YPZUCA) ; (3.60)

A
Py =

which is a weighted sum of the solutions of the individual equations (3.52), (3.57), and
(3.58). Based on the substitution

_ o 2 g - v
&= , _ , — , 3.61
a+B+y a a+B+y T AT B+ (3.61)
with
a+p+7y=1, (3.62)
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the number of weighting factors is reduced by one yielding
A% _ A = _ . Ak
subject to
0<a,p, a+p3<1. (3.64)

The estimated error covariance ]5; 41k Oof (3.63) is not guaranteed to be positive semi-
definite. However, from the definition of a covariance matrix it can be shown that every
covariance matrix must be positive semi-definite. To solve the problem all negative eigen-
values of ﬁ; 41|k are replaced by non-negative ones. The resulting positive semi-definite

matrix is denoted as ]52 +1k- The post-processing step that guarantees positive semi-
definiteness is described as follows. Matrix ]32 41|k Is symmetric according to (3.63) if a

symmetric initial matrix Py is chosen which is assumed to hold. As PZ 41|k 1s symmetric
it can always be diagonalized according to

~ %
f+1 = LiaPepler, (3.65)

where Dy € R™" is a diagonal matrix with diagonal elements dj; , , ; corresponding to

the eigenvalues of matrix ]32 41k Let Dyyq € R™ " define a diagonal matrix with diagonal
elements d;; ,+1. Based on d; . 41 the diagonal elements d;; ;41 are determined according
to

- ifdr L is >0,
dijpyr = R Bkl ne(0,1]. (3.66)
N X Tigpr i df, . 0s <0,

In (3.66) the scalar 7 1 > 0 denotes the i-th diagonal element of the transformed noise
covariance Ry = L;;C 1R Lg11 and the parameter 7 is a scaling factor. The scaling factor

is optimized subsequently. The modified error covariance ]52 +1)k 1s calculated as
Pl = LigaDpa LY 3.67
k+1k = Le+1Pe+1bgqq- (3.67)

Finally, an estimation PL 41| of the state error covariance is achieved. Substituting Py 1k
of (3.46) by P; +1|k 8ives an estimation of the Kalman filter gain according to

. At B

Koptpy1 = R(Pk+1|k + R) g (3.68)

The combination of the SVSF and the Kalman filter is described as follows. Let Zj1
denote the gain of the combined approach. To some extent it should be equal to the
estimated Kalman filter gain

A

—_ AT —
Eri1 = Koprt1 = R(Ppyq + R) 7Y (3.69)

and to some extend it should also be equal to the gain of the SVSF approach

Ej+1 = diag {1n - |\I’71gk+1\k|} : (3.70)
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The SVSF gain of (3.70) is the gain Ak_l’_l of the reformulation of the SVSF according to
(3.22) for the case that all output errors lie inside the boundary layer i. e. Vi: [J; 11| < 9
Based on (3.69) and (3.70) the WLS estimation problem

ior = argminfbis = AGnly, S = vee ! {&hia (3.71)
.
with
A=1,® In ) bg1 = vec R(p]zﬂlk ' R)_l ’
I, diag {1n - ]qf—lgH”kH
W=Iha Lé” v(;n] ’

and 0 < ¢, v is formulated which has the solution

1

=
k+1 L+ v

AT — . 1~
(L <R(Pk+1k + R) 1> + v X dlag{ln - ’\If lyk+1|k‘}> . (3.72)

The number of weighting factors is reduced by one using the substitution

L v

L= U= r+v=1. .
b= b= L+ v (3.73)
As a consequence
- — AT - — . 1~
Efi1=1 (R(Pk+1|k + R) 1) +(1—1) x dlag{ln - ‘\IJ lyk+1|k‘} , (3.74)
is obtained which is subject to
0<ir<1. (3.75)

The matrix = ; of (3.74) is the gain of the combined approach. Substituting Ak_l’_l of
(3.21) by 5, gives the a posteriori estimation

k41 = Ykt+1 — EZHﬂkH\k, (3.76)

of the combined filter. As previously discussed the SVSF has the ability to completely
ignore the a priori estimations if the the output error exceeds the boundary layer width.
To implement this feature on the combined filter the a posteriori estimation of (3.76) is
slightly modified. The modification is described as follows. The function ©: ¥, g3 1, —
O, Jp41)x) € R™™ is introduced according to

_ . T 0 for | pykl > ¥is
SIS = dia {79---071 }, Y = ’ 3.77
(0 B ¢ [ ' } { L for |G gyl < ¢i- (3.77)

Modifying the a posteriori estimation as

Trr1 = Ykt1 — O, Trgaip) X Efp1 1o (3.78)
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implements the desired feature on the combined filter.

Finally, the combined estimating approach of the SVSF and the Kalman filter is

summarized as

£k+l‘k - fk(£k7uk)7

Uk1k = Yh+1 — Thi1ks
. - =
Th+1 = Yk+1 — G(q’,ymuk) X Zk+1Yk+1)k>

~ . T
G(q/ayk+1|k) = diag { [191 ‘e 7971} } )

9. — 0 for | pr1pkl > i,
T ~
L for | el < s,

(3.83)

—% — ~ — — . —1~
Ekr1 =1 <R(Pk+1|k + R) 1> + (1 —1) x diag {ln - “I’ lykJrlk‘} . (3.84)

with
T
‘I’:diag{{wl Yy ... 1%} }, 0 < 4y, 0<r<1
and
At
Pk+1\k = Lk+1Dk+1L£+1a
so that Ly, diagonalizes ]3; +1|% according to

* T p*
ki1 = Lip 1 Pry1pln+,

with
N RPN — _ — A"‘
Py = a(Sk+1 — R) + BCR+ (1 — a — B) Prjp_1,
subject to
. 1 k1 . B B
Skir=7 2. G-l 0<af a+f<l, 1<N,
j=k—N+2

and diagonal matrix Dy being obtained from

* s * 3

Aoy — i k1 if dj; 1 18 >0, 0.1

1i,k+1 — - e ik . ne ( ’ ]7
n X Tii,kJrl if diLk—‘,—l 1S S 0,

(3.85)

where dj; 41 denotes the i-th diagonal element of diagonal matrix Dy, d;k 41 denotes
the i-th diagonal element of diagonal matrix Dy, and 7 11 denotes the i-th diagonal

element of the transformed noise covariance Ry,1 = LnglRLkH.

As the proposed filter requires full state measurements a direct link between the
known output estimation error and the unknown state estimation error can be stated by

the following theorem.
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Theorem 4 (Estimation error of combined filtering approach).
The estimation error of the a posteriori estimation

Bt = Yt — Zpy Tk 1o (3.86)
EITC_H £ G(Waﬂk-f-uk) X EE_H,

of the combined filtering approach (38.79)-(3.84) is bounded by

1Z k1]l < IE] 41Tk aell + @, (3.87)

if the measurement noise is bounded by ||ry|| < a. In addition, if |; ji1)k] > i is satisfied
and the measurement noise is bounded by |r; 11| < b; then also

|Zi k1| < bs, (3.88)
holds.

Proof. Substituting (3.86) in the definition of the a posteriori error gives

~ o ,:"‘ ~ o :T ~
Tht1 = Tht1 — Ykl T S 1 Vrr1 e = Sgp1 Tt 1jk — Tht1- (3.89)

The general statement (3.87) follows by applying the triangle inequality on (3.89). The
specific statement (3.88) results from the definition of switching function (3.77) which
yields the a posteriori estimation ;11 = yix41 in case of |J; ppqx] > i (cf. (3.81)).
Then it is

Tiht1 = Tigt1 — Tikt1 = Tikt1 — Yikt1 = —Tik+1, (3.90)

which leads to (3.88). O

3.4 Parameter Optimization

The previously described combined filtering approach introduces tuning parameters that
are required to be optimized to achieve improved estimation performance. In this section a
scheme for the parameter optimization is described which is originally proposed in Spiller
and Soffker (2020b). The considered optimization scheme can be applied to optimize any
state estimator that has to deal with an imprecise model description. For the optimization
neither the true systems states are required to be know nor any experiments on the real
system have to be undertaken. A nominal system description is assumed to be available
which is not required to accurately describe the true dynamics of the system. Some a
priori knowledge is assumed to be given that describes the maximum range that the true
system parameters may vary from the known nominal values. Based on that knowledge
training models are generated. The training models consist of system parameters that
vary from the nominal values by the specified parameter ranges. The optimization can be
divided into two steps: training and test procedure. The main idea of the training process
is to simulate the true system behavior based on training models but to let the filter run
based on the nominal model. The true states of the training models are known so that the
estimation performance can be optimized with respect to those states. As a consequence,
during training the parameters of the filter are optimized to achieve improved performance
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Training Test

Simulated System Real System

_— Training Model True Behavior -_T—

Uk—1 Tk Uk—1
\4
Parameter
T P Optimization P* i
P* = argming J(P) \
v_» J(P) = S llzn — &) v
Untrained Filter Trained Filter
A
Nominal Model Ty Nominal Model
Parameters P ‘ Parameters P*

Figure 3.1: Filter parameter optimization. Training: the training is based on a specific
system description called training model which simulates model uncertainty. The training
model equals the known nominal system description but with varied system parameters
to account for the model uncertainty. The filter receives measurements from the training
model but uses the nominal model for the state estimation. The filter parameters are
optimized by comparing the filter estimates with the true states of the training model.
Test: the filter is applied to the real system, it runs with the optimized tuning parameters,
and uses the known nominal system description for the state estimation.

in presence of model discrepancy. In the test phase the filter is applied to the true system
using the optimized parameters from the training procedure. A formal description of the
optimization concept is given as follows.

A nonlinear discrete-time system of the form

1 = fr(Tr, ug) + qr, (3.91)
Yk = hi(or) + 78, (3.92)

is considered, where ¢, and r; are assumed to be noise processes with known probability
density functions p, and p,. It is assumed that a possible imprecise description of the
dynamics of (3.91) is given by f(-). In addition, it is assumed that the discrepancy between
fr(+) and fk() is not structural meaning that the discrepancy only results from different
values of the system parameters. The model fk() is denoted as the nominal system
description which has system parameters with so-called nominal values. The measurement
model hy(-) is assumed to be precisely known. For the training procedure the training
models have to be generated. Let N, be the number of system parameters and let ppom.;
denote the nominal value of parameter i. Some a priori knowledge about the amount of
model uncertainty is assumed to be available. More precisely, parameter ppom,; is known
to be varied by p; percent to account for the severity of model uncertainty that is related
to the parameter i. Let the uniform distribution

Z ~ U(a,b), (3.93)
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of a random variable Z be defined by the probability density function

bL ifb>2z>a,
—Qa

0 else.

fz(z]a,b) = { (3.94)

()

It is suggested to obtain the i-th parameter p;”’ of the j-th training model by drawing a

sample from

P9~ U (1 = 0i/100)pnom.is (1 + 05/100) Prom.i) - (3.95)

Repeating the procedure for all NV, system parameters forms one set of training parameters
which defines one training model j. The training procedure is described as follows.

Assume P to be the sequence of filter parameters that are required to be optimized.
Let ﬂ,(g ) be the inputs that are applied to training model j. Based on ﬂ,(g ) and the prob-

(4)

ability density function p, of the process noise the states z;/’ of the j-th training model

are generated. Using the known measurement model hg(-) and the probability density
function p, of the measurement noise the measurements g,(j ) of the j-th training model

)

are generated. Suppose £k|Ql(€] to be the estimations of a filter that runs based on the

nominal model but receives data Ql(j ) = (U G ), l_@,(j )} from the training model j, i. e. inputs

Uéj) = (ﬂ(()j),ﬂgj), e ,ﬂl(j)) and measurements l_/éj) = (gj(()j),gjgj), o ,g,(j)). The optimized
parameters P7 for that filter are given by
P; = argmin J;(P) = arg min ZH@?) - ikmg)(P)HQ, (3.96)
P P 7

where J; denotes the cost function. The optimization problem (3.96) can be solved by e. g.
genetic approaches.

During training several training models can be generated so that several sets of op-
timized filter parameters P}, P5,P5 ... are obtained. For the test procedure a selection
has to be made with respect to these sets. For instance, the mean or the median of the
optimized parameters can be taken into consideration to define the parameters of the filter
that is applied to the real system. Finally, an overview of the discussed filter optimization
strategy is given in Fig. 3.1.

In the following the parameter optimization of the combined estimation approach
(3.79)—(3.84) of Section 3.3 is considered. The set of tuning parameters of the combined
approach is given by

SCA = (0_4757 Z7777C7\I/7N)' (397)

Assume the optimization scheme to be applied to the SVSF and the combined estimation
approach. As both filters are related to each other a statement about the estimation
performance during the training phase can be made by the following theorem.

Theorem 5 (Training performance of combined filtering approach).
Let the parameters of the reformulated SVSE and the combined filtering approach be tuned
as illustrated in Fig. 8.1. Assume the filters to be run with the same initial state estimation

)

and same data Q,(g generated by a training model j. Suppose that the obtained solutions of
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Cas,q, Ty

A \

A& | I S CA7Q7T

Figure 3.2: Continuous stirred tank reactor (Spiller et al. IFAC2020)

1.

the optimization process (3.96) are global minima, i. e. the optimization procedure e.g. a
genetic approach finds the best possible solution for (3.96). Let Jrr ; be the global minimum
found for the reformulated SVSF approach and let Joa ; be the global minimum found for
the combined approach. Then the statement Jrr; > Joa; holds true.

Proof. The space of the tuning parameters of the reformulated SVSF is
Sprp =V (3.98)
and the tuning parameters of the combined approach are defined by the parameter space
Sca = (&, B,1,1,¢, ¥, N). (3.99)
From (3.79)—(3.84) it can be seen that for
St = (&, 3,0,1,¢, 0, N) (3.100)

the combined approach reduces to the reformulated SVSF and the parameter space Spy
lies within S¢,. O

3.5 Application to Nonlinear Uncertain System

In this section state estimation of a chemical plant is considered to evaluate the perfor-
mance of the original SVSF and the combined estimation approach (CA). In addition, the
extended Kalman filter (EKF) with tuned parameters is applied. According to Seborg et
al. (2010) and Magni et al. (2001) a chemical reaction in a continuous stirred tank reactor
(CSTR) is considered. The reactor with its inputs and outputs is visualized in Fig. 3.2.
In the reactor a species A reacts to a species B. The inlet stream is only composed of
species A whereas the effluent flow is composed of a mixture of A and B. The effluent
flow concentration of species A is denoted as C4 and the reactor temperature is denoted
as T'. The dynamics of C4 and T are described by the nonlinear time-continuous model

i1] _ | #(Cas =) = homesp (-7 (3.101)
2 a(z) + g (u+ Tege — 2)

\',-/
* fla,u)
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Table 3.1: Parameters of continuous stirred tank reactor (Magni et al. (2001))

Description Parameter Unit Nominal  Real Training
Tank volume Vv 1 100 92 [80, 120]
Feed flow rate q 1/min 100 94 (80, 120]
Feed concentration — Cuy mol/1 1 0.98 [0.8, 1.2]
Feed temperature Ty K 350 354 [280, 420]
Density P g/l 1000 953 800, 1200]
Enthalpy —-AH J/mol 5et 4.91et [4et, 6e?]
Exponential factor £ K 8750 8893 [7000, 10500]
Frequency factor ko min~! 7210  7.68¢10 [5.76e'0, 8.64¢!]
Heat transfer UA J/minK 5et 4.68e* [4et, 6e?]
Specific heat Cp J/gK 0.239 0.299 [0.191, 0.287]
Cooling temperature T K 300 300 300

Interval [a,b]: parameter for training equals a sample z drawn from uniform distribution Z ~ U(a, b).

_ 4

alz) = &

(—AH)k:OmleXp< E )

T, =
(Ty —22) + C, Rrs

where state x1 denotes C4 and state xo denotes T'. The input u = AT, is the change of
the coolant stream temperature related to a nominal value T;, .. The system parameters
are given in Table 3.1. As all considered filters are formulated in the discrete-time domain
a discretization of the considered system is performed. Based on the Euler method the
nonlinear discrete-time system

Tyl = f(:vk,uk) X Ty + g, (3.102)

is obtained, where T denotes the sampling time. The system has slow dynamics and the
sampling time is chosen as Ts = 0.1s. The measurement model is

Yk = Tk + Tk, (3.103)
where rj is assumed to be zero-mean, white Gaussian noise described by the covariance
matrix

T oz 0 _3 | mol
R=FE{rgr; } = A o, oc, =08 x10 —1, or=05[K]. (3.104)
0 o7 1
The initial state of the system is assumed to be
_10.875 [mol /1]
Ty = l 395 K] 1 . (3.105)

The considered filters are all initialized based on the measurement

Zo = yo = xo + 0, (3.106)
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Table 3.2: Training process: computational effort and achieved accuracy with respect to
the five training models (Training I, Training II, Training III, Training IV, Training V)

Iterations | Convergence | J(P*) | FLOPS | Time [min]
EKF 4189 yes 0.3755 181e7 3.59
Training I SVSF 4800 yes 0.4951 86e7 2.38
CA 7074 yes 0.3697 | 11071e7 215.18
EKF 2873 yes 0.5908 124e7 2.59
Training I SVSF 5223 yes 0.5139 94e7 2.67
CA 11045 yes 0.3659 | 20625e7 410.51
EKF 3907 yes 0.8531 169e7 3.28
Training III  SVSF 3672 yes 0.8538 | 66e7 1.74
CA 9093 yes 0.5751 | 1664e7 34.70
EKF 3296 yes 0.4280 | 142e7 2.87
Training IV SVSF 4753 yes 0.3167 86e7 2.40
CA 11542 yes 0.2018 | 21387e7 414.53
EKF 4001 yes 0.8534 | 173e7 3.45
Training V. SVSF 3578 yes 0.8538 64e7 1.78
CA 9093 yes 0.5751 | 1664e7 34.36

Based on the Genetic Algorithm of MATLAB with default parameters, Iterations: calls of
cost function, Convergence: change of cost function falls below tolerance, J(P*): minimum
value of cost function, FLOPS: floating point operations, Time: computational time, Hardware:
4xCPU@3.7GHz with 8 GB memory

with the initial error covariance
Pl=p=nr (3.107)

The Jacobian of the system which is required to be known to apply the extended Kalman
filter is stated in Appendix A.1.

3.5.1 Training Results

In the following the optimization of the tuning parameters of the SVSF, the combined es-
timation approach, and the extended Kalman filter is discussed. As previously explained,
training models are required to be generated first. These training models are obtained by
varying the values of the system parameters as follows. To account for the model uncer-
tainty of the plant a variation of 20 percent from the nominal value is considered. This
variation of 20 percent is a guess of the true model uncertainty and is assumed as a priorly
known. Following the optimization scheme the i-th parameter of the training model j is
obtained from the uniform distribution pz(]) ~ U((1—0.2)pnom,i, (140.2)pnom,i). Repeating
the step for all parameters ¢ € {1,2,...,10} forms one training model. To account for the
different combinations and variations of the system parameters five training models are
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Table 3.3: Combined approach: optimized parameters and total exceedings of the bound-
ary layer width related to the five training models (Training I, Training II, Training III,

Training IV, Training V)

Training I | Training IT | Training III | Training IV | Training V
fo! 0.194050 0.267800 0.008947 0.279587 0.008947
B 0.000121 0.000063 0.000046 0.026638 0.000046
1—a—pB| 0.805829 0.732138 0.991007 0.693775 0.991007
v 0.999999 0.999996 0.999996 0.970876 0.999996
1-17 0.000001 0.000004 0.000004 0.029124 0.000004
n 0.406164 0.070489 0.147509 0.047929 0.147509
¢ 0.782612 0.998330 0.915384 0.603115 0.915384
U1 782730 344703 361599 528841 361599
P2 338831 564855 86378 370922 86378
N 293 356 5 353 )
|of" 0/12000 0/12000 0/12000 0/12000 0/12000

* Counts the times the boundary layer width is exceeded according to (3.77) and divides it by
the maximum number of possible exceedings.

build which are denoted as Training I, Training II, and so on. For each training model the
filter parameters are optimized so that five sets of optimized parameters are obtained for
each filter. In Table 3.1 an overview of the true system parameters, the nominal system
parameters, and the parameter ranges used to build the training models is given.

The following filter parameters are optimized. For the SVSF the original filter algo-
rithm (3.12)—(3.16) is considered with the tuning parameters

Ssvsr = (o1, 92,91, 12), (3.108)

where ¢1, 2 denote the convergence rates and 1,19 the boundary layer widths of the
two system states. The parameters of the combined approach are

Sca = (a@,B,5,1,¢, 91,2, N). (3.109)
To account for the model uncertainty the extended Kalman filter is applied based on a
parametrization of the process noise covariance. Therefore, the process model (3.102) is
considered to be affected by an additive noise term according to
1 = f(xp,ug) X Ts + g + g (3.110)

The noise g is assumed to be zero-mean, white noise with covariance Q = E{qkq,{}. The
covariance @) is unknown and according to

q12

q2|’

q11

3.111
q12 ( )

Sexr = (q11, 12, ¢22), Q= [
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the elements of () are considered to be the tuning parameters of the EKF approach. The
measurement noise covariance R is known as stated in (3.104).

The optimization problem (3.96) is solved based on the “genetic algorithm” of MAT-
LAB with default settings. One iteration of the optimizer simulates the system response
of the input

. 27
U = QSIH (stk) =+ 1, (3112)

for a time span of 60 [min]. After the end of the iteration the filter parameters change
according to the optimizer and the next iteration starts. During the optimization only
one realization of measurement noise is considered so that the cost function does not
vary due to noise. The computational time required for the optimization and the achieved
estimation accuracy are shown in Table 3.2. For all training models the combined approach
achieves the best estimation performance. Compared to the EKF the SVSF approach does
not show improved estimation accuracy in general. The EKF as well as the SVSF are
computationally more efficient than the combined approach. The optimized parameters
of the combined approach are given by Table 3.3. Considering the gain

—_— — "T — — . 1~
Epp1 =1 <R(Pk+1|k + R) 1> + (1 —1) x diag {In - ‘\I’ 1yk+1k‘} , (3.113)

of the combined approach it can be stated that the second term with the prefactor 1 —7 is
of minor importance as the optimized values of 1 — ¢ are very small. As the second term
denotes the SVSF gain it can be concluded that the SVSF gain does not contribute well
to the achieved performance of the combined approach. In addition, from the last row of
Table 3.3 it can be seen that the optimized boundary layer widths are so large that the
output error never exceeds the boundary layer widths. As a consequence, the switching
function © described by (3.82)—(3.83) does not have any effect on the combined approach.
The feature of the SVSF to neglect the a priori estimation if the output error exceeds
the boundary layer width does not contribute at all to the performance of the combined
approach. The gain (3.113) of the combined approach is dominated by the first term which
is the estimated Kalman filter gain. The estimated Kalman filter gain is affected by the
estimation

: (8 3 _apt
PZ+1\1¢ = a(Skt1 — R) + BCR+ (1 —a — B) Prj_y, (3.114)

of the error covariance according to (3.85). Regarding the optimized parameters of Table
(3.3) it can be stated that the last term of (3.114) contributes most. The first term may
have a noticeable effect whereas the second one is of minor importance. Consequently,
a Kalman filter with a gain that is mostly steady-state but may have small adaption
according to (3.52) shows best results in the training process. As the gain is mostly
steady state the initial value is of great importance. The initial gain value depends on
the initial error covariance Fy. The true initial error covariance is always known if the
states are initialized based on the measurements as stated in (3.106). In that case the
initial estimation error is R and the true initial error covariance is given by (3.107). For
the sake of completeness the optimized parameters of the EKF and the SVSF are given
in Appendix A.2.
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Table 3.4: Test performance: mean u and variance o2 of the estimation error criterion
Cerror Over 100 realizations of the system response

System input Parameter set EKF SVSF CA Meas.”"
o I 0.2867 0.2738 0.1995 0.8887
Training I
o2 | 7.94e-05 | 1.42e-04 | 8.90e-05 | 3.76e-04
Training II 7 0.5086 0.2715 0.1978 0.8887
rainin
& 02 | 1.14e-04 | 1.39¢-04 | 8.99¢-05 | 3.76e-04
Step Training 111 7 0.8475 0.8090 0.1963 0.8887
up = +5K o2 | 3.35e-04 | 3.77e-04 | 7.80e-05 | 3.76e-04
o 7 0.3997 0.2361 0.1844 0.8887
Training IV
o2 | 7.78e-05 | 7.63e-05 | 7.54e-05 | 3.76e-04
o I 0.8480 0.8090 0.1963 0.8887
Training V
o2 | 3.36e-04 | 3.77e-04 | 7.80e-05 | 3.76e-04
Training I 7 0.2834 0.2566 0.1187 0.8925
raining
02 | 6.34e-05 | 1.32¢-04 | 5.03e-05 | 2.83¢-04
o 7 0.5079 0.2540 0.1210 0.8925
Training 11
o2 | 1.07e-04 | 1.29e-04 | 6.60e-05 | 2.83e-04
Step Training TIT o 0.8512 0.8121 0.1094 0.8925
up = —5K o2 | 2.57e-04 | 3.01e-04 | 3.98¢-05 | 2.83e-04
o I 0.3788 0.1980 0.1054 0.8925
Training IV
o2 | 6.88e-05 | 5.86e-05 | 4.74e-05 | 2.83e-04
Training V 7 0.8516 0.8120 0.1094 0.8925
raining
0?2 | 2.57e-04 | 3.01e-04 | 3.98¢-05 | 2.83¢-04

* . . . . . A
Meas.: Considering the measurements as state estimations i.e. & = yx

3.5.2 Test Results

In this section the SVSF, the combined estimation approach, and the EKF are applied to
the CSTR system with their previously optimized filter parameters. The considered real
system parameters that are used to simulate the true behavior of the CSTR system are
shown in Table 3.1. The step responses of the states C'4 and T are generated for each step
input that is applied to the system. In total two step inputs are considered: u = 5 [K] and
u = —5[K]. The time span of the step responses is 6 [min]. All considered filters are run
in parallel with the same inputs i.e. the same system inputs and the same measurements
which have same noise realizations. The filtering performance is evaluated based on the
mean squared estimation error according to

N,
1 N
Cerror = N § Cﬂfﬂﬁk, (3115)
S k=0
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Figure 3.3: Comparison of the estimated states for step response up = +5[K]. The
filters are run with the parameter set that achieved the best test performance according to
Table 3.4: EKF (Training I), SVSF (Training IV), CA (Training IV). Achieved estimation
performance of the shown time series: EKF (cepror = 0.2986), SVSF (Cerror = 0.2482),
CA (cerror = 0.1883), Meas. (cerror = 0.9067). (a) State estimations of C4 (b) State
estimations of T

where N denotes the number of samples that are generated within the simulated time
span of 6 [min]. To account for variations of the estimation performance due to noise the
step responses of the CSTR system are simulated 100 times. The filters are applied to
that 100 realizations and the mean p and variance o2 of the estimation error criterion
Cerror are determined. The obtained results are visualized in Table 3.4.

Considering the results for the step inputs v = 5[K| and uv = —5 [K]| separately it
can be stated that the worst estimation result of the combined approach is still better
than the best estimation result of the other filters. For both step inputs v = 5[K] and
u = —5[K] one realization of the step responses is plotted in Fig. 3.3 and 3.4. In addition,
the estimated states of the filters are visualized. Each filter is applied with the set of
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Figure 3.4: Comparison of the estimated states for step response up = —5[K]. The

filters are run with the parameter set that achieved the best test performance according to
Table 3.4: EKF (Training I), SVSF (Training IV), CA (Training IV). Achieved estimation
performance of the shown time series: EKF (cepror = 0.2888), SVSF (cerror = 0.2063),
CA (Cerror = 0.1034), Meas. (Cerror = 0.9162). (a) State estimations of C'4 (b) State
estimations of T’

optimized parameters that achieved the best estimation performance according to Table
3.4. From visual inspection of the graphs it can be seen that the deviation between the
true and the estimated states is less severe in case of the combined estimation approach
than it is for the other filters.

3.6 Summary

This chapter is about state estimation of nonlinear uncertain systems. The smooth variable
structure filter and its theory are introduced. The SVSF is an estimation approach that
can be applied to nonlinear uncertain systems. It is a nonlinear discrete-time filtering
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approach that follows the predictor-corrector scheme of the Kalman filter. The boundary
layer concept is applied to the SVSF to handle erroneousness of the a priori estimation
that may arise from the imprecise system description. It is shown in this chapter that
the a priori estimation is neglected if the output error exceeds the boundary layer width.
This feature is identified as a feature that may make the SVSF more robust in comparison
to other estimation approaches. However, the performance of the SVSF highly depends
on user-defined parameters. In addition, the SVSF does not minimize any estimation
performance criterion such as the mean squared error. Therefore, a combination of the
SVSF and the Kalman filter is proposed. First, a reformulation of the SVSF is stated.
The reformulation facilitates the design of the combined estimation approach as it gives a
direct link between the Kalman filter and the SVSF. The combined approach should unify
the robustness of the SVSF and the optimality of the Kalman filter. Therefore, the gain of
the combined approach is formulated as a weighted sum of the SVSF and the Kalman filter
gain. To apply the Kalman filter gain the error covariance is required to be known. The
error covariance can not be recursively updated at each time step as that would require a
linear precisely known system description. For that reason the error covariance itself is also
estimated. The proposed combined estimation approach introduces several new tuning
parameters like the weighting factors of the combined gain. A parameter optimization
scheme is developed that can be applied to optimize any state estimation approach that
is required to handle parametric model uncertainty. Parametric model uncertainty means
that the discrepancy of the models only arises from the system parameters and is not
structural. The proposed optimization scheme neither requires the true states of the real
system to be known nor does it require any experimental data from the real system. The
main idea of the proposed scheme is to design so-called training models from the known
uncertain model description. This uncertain system description is denoted as the nominal
model. The parameters of the nominal model are varied to determine the training models.
The training models are used to simulate model discrepancy. This discrepancy arises as the
filters make use of the nominal model but the incoming measurements are generated by the
training models. As a consequence, the filter parameters can be optimized to handle the
artificially generated model discrepancy. The developed combined estimation approach,
the SVSF, as well as the extended Kalman filter are applied to a chemical plant to evaluate
their estimation performance. All considered filters are optimized based on the proposed
scheme. The combined estimation approach achieves the best performance during the
optimization. It is also most accurate when it is applied to the real system. From the
optimized weighting factors of the combined approach it can be stated that neither the
boundary layer concept nor the SVSF gain contribute well to the achieved robustness. The
combined approach with optimal weights behaves similar to a Kalman filter with a gain
that is nearly steady-state. Only small gain adaptions may appear initiated by changes
of the output estimation error. Finally, the originally claimed superiority of the SVSF
against the Kalman filter cannot be confirmed in general. For future comparisons of the
SVSF and the Kalman filter it is recommended to also tune the parameters of the Kalman
filter in a suitable manner to achieve a fair comparison.
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4 Chattering Mitigated Control of
Uncertain Nonlinear Systems with Slow Dynamics

Chattering is known to be an undesired effect of conventional first order sliding mode
control. It describes the high frequent switching of the control input that results from the
discontinuity of the control law. Chattering mitigation has been subject to many research
contributions in the past. A simple concept is the boundary layer approach introduced
in Slotine (1984). It approximates the control law of the SMC in the near of the slid-
ing surface. As a consequence, the chattering is mitigated but also the control accuracy
is reduced. The approach requires to find a compromise between control accuracy and
chattering attenuation. Higher order SMCs which drive the sliding variable and its time
derivatives of corresponding order to zero can be applied to achieve chattering mitigation
without any loss of the control accuracy (Levant, 2003). However, higher order SMCs
require knowledge of higher order time derivatives. The time derivatives can be estimated
by means of sliding mode differentiators. But the differentiators are sensitive to measure-
ment noise which may have negative effects on the controlled system. Additionally, the
higher order SMCs of Levant (2003) are restricted to the SISO case and require tuning of
the controller gains. Another possibility to reduce chattering is the usage of exponential
power reaching laws. These reaching laws reduce the switching gain in the near of the
sliding surface so that mitigation of the chattering is achieved. The idea of the power
reaching law is introduced in Gao and Hung (1993) and improved regarding the reaching
time in Fallaha et al. (2010). Another problem appearing in practice is that the unknown
uncertainty bounds of the system are overestimated. As the switching gain depends on
these bounds the chattering effect can increase if the bounds are chosen too large. There-
fore, SMC approaches with adaptive gains are proposed (Huang et al., 2008; Plestan et al.,
2010; Obeid et al., 2018; Edwards and Shtessel, 2016). The goal is to adaptively control
the SMC gain so that the value of the gain is as small as possible but still large enough
to keep the sliding mode established.

To mitigate the chattering combinations of SMC with other control methods may be
considered. Due to its robustness sliding mode control is typically applied when the sys-
tem description is not precisely known. As a consequence, the additional controller has to
deal with model uncertainty too. Model-free control obviously does not require a precise
model description. The combination of SMC and model-free control may provide some
advantages. The SMC may dominate the control law during the reaching phase so that
boundedness of the tracking error can be guaranteed whereas the model-free controller
may dominate the control law in the near of the sliding surface so that chattering mitiga-
tion is achieved. Combinations of sliding mode and model-free control have already been
considered in the literature. In Weng and Gao (2017) the dynamics of the sliding variable
is estimated using input-output data. For the identified dynamics an equivalent control
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law can be stated which reduces the required gain of the switching function and mitigates
chattering. Also in Fei and Ding (2012) factors of the equivalent control law are adapted
online using a radial basis function neural network. Intelligent PID control is combined
with SMC in Wang et al. (2016). The PID controller is formulated with respect to a local
system description to achieve reference tracking. As a result the SMC gain can be reduced
but must be sufficient to account for the modeling errors of the local model. In Esmaeili
et al. (2019); Ren et al. (2019) a dynamic linearization of the system behavior is obtained
from input-output data to state an equivalent control law that reduces the required SMC
gain.

To avoid high control inputs of the SMC, to mitigate chattering, and to make track-
ing more efficient combinations of SMC and MPC have also been proposed. However, the
design of the MPC typically requires at least some local description of the input-output
dynamics of the system. In Garcia-Gabin et al. (2009); Miti¢ et al. (2013) the quadratic
value of the sliding variable is minimized over a considered time horizon. The obtained
solution defines a predictive controller which keeps the states on the sliding surface. To
guarantee that the sliding surface will be reached a conventional SMC with saturation
function is added. The approach of Xu and Li (2011) is based on a MPC that is designed
to reach the sliding surface. A switching gain is not required and the MPC guarantees
to reach the sliding surface even in the presence of disturbances. However, only linear
systems are considered. In Rubagotti et al. (2010) MPC is combined with integral SMC.
The integral SMC is used to eliminate matched uncertainties which simplifies the design
of a robust MPC approach.

In this chapter chattering mitigated control of nonlinear uncertain systems with suf-
ficient slow dynamics is considered. A data-driven approach is developed. Based on
input-output data of the system a linear local model is identified. The parameters of the
local model are estimated by means of a Kalman filter. This allows to identify the system
dynamics recursively and to update the local model online. The local model is used to
predict the future system behavior. An optimization problem is formulated to minimize
the squared tracking error and the input energy. The solution of the optimization prob-
lem defines a so-called receding horizon controller. As the identified dynamics are not
guaranteed to describe the true system behavior exactly the receding horizon controller is
combined with an adaptive SMC. The combined control law is designed in such a way that
boundedess of the control tracking error can be guaranteed. In addition, the model-free
controller dominates the control law in the vicinity of the sliding surface so that chatter-
ing mitigation is achieved. The focus of the proposed data-driven approach is to achieve
chattering mitigated control without concrete system knowledge. The proposed approach
makes adaptive SMC more efficient. The drawback of existing adaptive SMC strategies is
that the controller gain cannot be reduced to small values. Sufficient large controller gains
are always required to keep the system in sliding mode. However, the proposed method
allows to scale down the SMC gain to zero as the model-free controller can take over. As
a consequence, the chattering is highly reduced. The developed controller is tested on an
uncertain nonlinear systems with slow dynamics. The proposed control method achieves
accurate tracking without noticeable chattering in the stationary phase. For the consid-
ered specific system it is also shown that the control goals are achieve without knowing
any concrete value of the system parameters.

The chapter is organized as follows. In Section 4.1 the model-free receding horizon
controller is designed and as a proof of concept it is applied to a nonlinear system. The
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proposed data-driven approach that combines the receding horizon controller with an adap-
tive SMC is described in Section 4.2. The section also considers a performance evaluation
of the proposed control method.

4.1 Model-Free Control

In traditional model-based control a system model is derived based on the physical under-
standing of the underlying process. The obtained model may be imprecise due to param-
eter uncertainties, unmodeled dynamics, or changes of the operating conditions (Villagra
et al., 2012; Hou and Wang, 2013). Additionally, the modeling process may be complex,
time consuming, and expensive (Piga et al., 2017; Tanaskovic et al., 2017).

Due to increased computational capabilities data-driven controllers (DDC) are get-
ting more and more popular. According to Hou and Zhu (2013) DDC approaches can be
splitted up into two main categories.

The first category considers approaches in which a priori knowledge about the con-
troller structure is assumed to be known. Typically, the parameters of the controllers are
determined or tuned by experiment. The classical PID controller belongs to this kind
of DDC approaches as it is usually tuned by experiments based on e.g. the method of
Ziegler-Nichols. Another approach of the category is the intelligent PID (iPID) controller
proposed by Fliess and Join (2008). The iPID controller has a fixed structure that is for-
mulated based on a local system description. The parameters of the controller are required
to be tuned by experiment. In comparison to the original PID the proposed iPID shows
better tracking performance and increased robustness (Agee et al., 2015). Virtual refer-
ence control introduced in Campi et al. (2002) is another DDC approach. It can be applied
to linear SISO systems and requires a desired closed loop transfer function to be stated.
Based on input-output data the transfer function of the controller is calculated in such a
way that the desired closed loop dynamics is achieved as accurately as possible. Iterative
feedback tuning is a DDC approach proposed by Hjalmarsson et al. (1994). The goal is to
find optimal controller parameters that minimize the squared tracking error. Therefore,
the gradient of the system output with respect to the controller parameters is estimated
based on experiments. Iterative learning control is a DDC approach for repetitive control
tasks (Longman, 2000). The control task is repeated iteratively to update a sequence of
control inputs so that after repeating the task several times the control accuracy improves.
A learning rule is applied that feds back the control error to update the sequence of control
inputs. The feedback gain of the learning rule is required to be tuned by experiment.

The second class of DDC approaches is based on the strategy to first identify an ap-
proximate system description and then calculate a generic control input based on that.
Classical subspace identification approaches which determine a linear prediction equation
based on orthogonal projections belong to this group (Favoreel et al., 1999). The usage
of neural networks (Doherty et al., 1997) or support vector machines (Iplikci, 2006; Shin
et al., 2010) for the identification process is also common practice. Another strategy for
the identification is the so-called dynamic linearization method proposed by Hou and Jin
(2011). The approach continuously updates a linear prediction model based on input and
output data.

In the following sections a receding horizon controller is determined based on a data-
driven approach. In Section 4.1.1 the local dynamics of a nonlinear system are identified.
A prediction equation is formulated that describes the input and output dynamics of the
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system. In Section 4.1.2 an optimization problem is stated and a receding horizon con-
troller is determined that minimizes the squared tracking error and the input energy. In
Section 4.1.3 the receding horizon controller is tested on a nonlinear MIMO system. For
the performance evaluation a set-point tracking problem with constraints is considered.
In addition, the prediction capabilities of the identified local model are evaluated.

4.1.1 Recursive System Identification

In the following a local model is identified that describes the input and output dynamics
of a nonlinear system. The local model is assumed to be linear which simplifies the
identification process and the subsequently considered determination of the control input.
To achieve adequate approximation capabilities of the local model the nonlinear system is
required to have sufficient slow dynamics. As the local model is linear its parameters can
be identified recursively through a Kalman filter. This allows to update the local model
at every time step based on the incoming data of the system. Finally, the local model is
rewritten to form a linear prediction equation of the system dynamics. This prediction
equation is subsequently used to formulate an optimization problem from which a receding
horizon controller is obtained.

The recursive system identification that is described as follows is originally proposed
in Spiller et al. (2020).

A nonlinear discrete-time MIMO system is considered with an input-output behavior
that is described by the nonlinear autoregressive exogenous (NARX) model

yk‘-i—l:fk‘(yk:?"‘>yk‘—ny+1auk‘,"‘>uk—nu+1), 1 Sny ENa QSnU € N. (41)

In (4.1) the number of delayed outputs is denoted by n, and the number of delayed inputs
is denoted by n,. Let the outputs y; € R" and inputs u; € R™ define the argument

T
T T T T w
se= [0 o Y b e wlg ] € R (4.2)

of function f(sx). Based on the Taylor series the i-th component of y;1 can be expressed
as

Yirs1 = Yik + (5% — s6-1)" Dfix(sp-1)

1 .
+ §(Sk — Skfl)TDin,k(skfl)(sk — Skfl) + ..., 1<t <r, (4.3)
where D f; , and D? fik denote the gradient and Hessian of the i-th component of f;. Let
the considered system have sufficient slow dynamics meaning that Asp = [sx — sk_1] is
sufficient small so that the influence of the higher order terms in (4.3) can be neglected.
It follows that the dynamics are approximately described by the linearized input-output
behavior

Yk1 ~ Avgyr + AogYe—1 + -+ Any 11 kYk—n,
+ Npug + By gug—1 + Bogug—2 + -+ + By, kUk—n.,, (4.4)

with A, € R™", B;, € R™™, and Nj, € R™. The quantities A; ;, B, Ni in (4.4)
define the transfer function matrix of a linear MIMO system. As a consequence, equation
(4.4) completely describes the input-output behavior of a linear system (Isermann and
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Miinchhof, 2010, Chap. 17). The matrix polynomial (4.4) can be rewritten as a linear
neural network

_ _ =T T =T T
Yk+1 = Akyk —{—Nkuk —i—Bkuk_l + bk = [Ak Nk Bk bk:| [yk Uy Up_q 1} , (4.5)

Zk Pk
with weighting matrices
Ay, = {Al,k Ayp ... Anyﬂ,k} . Bp= [BM Bog ... Bnu,k} . N, (4.6)
iputs
T T
— T T —
Up = [yk yk—ny} , Up—q1 = {uz_l u;‘g_m} , Uk, (4.7)

and bias vector by € R". The matrix of the network weights has the dimension Z; € R™*"
with n = r(n, + 1) + m(n, + 1) + 1 and the input vector is of dimension p; € R".
A vector

(= vec(Z) (4.8)

of the unknown network parameters is obtained by applying the vector operator on the
weighting matrix Zj. The dimension of (; € R™ grows quadratically with r. Based on the
vectorization the unknown network parameters can be estimated and recursively adapted
by means of a Kalman filter. This allows online adaptation of the matrix polynomial
(4.4) so that an updated system description is available at each time step k. According to
Haykin (2001) a well-known Kalman filter-based estimation of the network parameters

A A

G = vee(Zg), (4.9)
is given as

Cht1jk = Sk (4.10)
Py = Pr + Q, (4.11)
Cor1 = Cr1fk T Krr1(Ur+1 — Hir1Copa i) (4.12)
K1 = PoypeHjer (Hipr P Hir + R) (4.13)
Piy1 = Kt RKC 4 (Inp = Kyt Hipd) Pog e (I — Kiepr Hir)7 (4.14)

where the output matrix
Hyp1 =pj @1, (4.15)

is obtained by applying the vector operator on (4.5). The output matrix is time-variant
and has to be updated at each time step based on the vector pg. The received data of the
real system

{Wr+1, 06} = {Ykt1: Yps ws U1}, (4.16)

that is required to run the Kalman filter algorithm is assumed to be noise-free. Otherwise
the measurement noise would affect the output matrix in (4.15). The Kalman filter is
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known to be the solution of a recursive WLS estimation problem (see e. g. Sorenson, 1970).
Consequently, algorithm (4.10)—(4.14) minimizes

k k—1
A= a(rg)r;liano — CSH?JO—l + > Nk — HeGillm—1 + D116 — Gill-1 (4.17)
¢ imo i=0 i=0

where A = (CA i)f:o are the Kalman filter estimations. The weighting matrices Q) = al,,, and
R = (1, with scaling factors 0 < a € R, 0 < 3 € R are considered to be design variables to
control the training process of the neural network. From the WLS problem (4.17) it can be
seen that matrix R determines how exact the network parameters are estimated so that the
predicted output fits to the received output of the true system. The matrix @ influences
the learning rate of the network i.e. the rate of change of the estimated parameters. The
estimated parameters of the network have to adapt during offline training but also online.
The online adaptation is important as the behavior of the true system may change due to
e.g. different operating conditions. The mean reason to apply the Kalman filter for the
estimation process is the possibility to recursively update the local linear model online.
It would also be possible to apply subspace identification methods. However, orthogonal
projections actually solve least squares estimation problems (see e. g. Favoreel et al., 1999).
Consequently, also from subspace identification a least squares estimation of the matrix
polynomial (4.5) would be obtained.

Based on the estimated matrix polynomial (4.5) the linear one step ahead prediction

equation
ki1 ~ Ay, + Nygw + Btig—1 + by, (4.18)
is formulated. By defining a state vector
_ 7T
T = gg a;{_l b | > (4.19)
the linear state space description
Y41 An /:112 Az Yk ]\:71
up, |~ | 0 Aoy O Ug—1| + | No| ug, (4.20)
br11 0 0 I, by 0
5,—/ v 5,—/ Hf_/
Tk+1 A Tk B
Ui = [Ir 0 ... 0} Tr, (4.21)
| S ——
c
with
A A n Bk A Ir
A= Ajg = Ajq =
D[4 = [B]. auni]
- Nil & 0 - |
Nl—[ol, A22—[S], N2—l01,
and
I, 0 0 0 I, O 0 0
0 I, 0 0 0 I, . 0 0
T = . 5 S = . . )
0 0 I, 0 0 0 I, O
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is obtained. The dimension of the state vector zy, is 7 x 1 with n = r(n, +2) + mn,. The
matrix C' is of dimension r x 7, the matrix 7" is of dimension rn, x r(n, + 1), and the
matrix S is of dimension m(n, — 1) X mn,,.

4.1.2 Predictive Control

In this section two model-free control strategies are considered. First, a LS solution
with minimal Euclidean norm is determined from the one step ahead prediction (4.18).
Second, a receding horizon controller is realized based on the identified linear state space
description (4.20)—(4.21).

Suppose 3 to be the measured system outputs and

2 = Ly, (4.22)

to be the control variables with z;, € R and L € R*". A set-point tracking problem is
considered where the reference values are denoted by 2.t . Multiplying the prediction
equation (4.18) by L yields

Zref et = LAg, + LN gy, + LByig—1 + Ly, (4.23)

with wuy being the desired control input to achieve z,.cf 11 =~ yr41. A solution uy of the
equation

Ck = Zrefk+1 — Lfikgjk — Lékﬂk_l — LlA)k = LNkuk, (4.24)

can always be found if matrix LN & € RX™ hag full row rank. However, the rank of LN &
is unknown as the matrix depends on the network weights which are estimated online.
What can be guaranteed is that at least one LS solution of (4.24) exists as the so-called
normal equation

(LN e, = (LN})" LN puy, (4.25)

always has at least one solution uy (see Kailath et al., 2000, Lemma 2.A.2 ). If LNk
does not have full column rank then an infinity amount of LS solutions exists (Kailath et
al., 2000, Lemma 2.2.3). As in control minimization of the input energy is desirable it is
suggested to choose the LS solution with minimal norm |lug||. This solution with minimal
norm can be obtained from a singular value decomposition (SVD). Let p be the rank of
LNy. It follows that the SVD of LN}, is given by

LN, = [Ul UQ} [201 8] [Vl Vz}T, (4.26)

where ¥1 € RP*P is a diagonal matrix of the form
T
%, = diag { [ } : (4.27)
with 0 < ¢; € R denoting the singular values of LNj. Matrices U; and V; have p columns.

According to Demmel (1997, Proposition 3.3) the LS solution with minimal Euclidean
norm ||-|| can be determined as

ul = ST ¢ (4.28)
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In the sequel u:,rg will be denoted as min-LS solution i.e. minimal Euclidean norm LS
solution. If the matrix LNy has full column rank then the LS solution is unique and
coincides with the min-LS solution (4.28). This follows from the fact that the SVD equals
the Moore—Penrose inverse (Demmel, 1997, Definition 3.2).

The min-LS solution is based on a one step ahead prediction of the system outputs.
However, from MPC it is known that consideration of a prediction horizon is more effective
regarding minimization of input energy and squared tracking error. Consequently, the
receding horizon control problem

o k4+np—1 k+n.—1
u = arg min 5 Z el Qeontei + Z ul Reonsuts | (4.29)
u i=k i=k
N T
TR SR S
subject to
Y1 = Ay + Nyug + Brttg—1 + by, (4.30)
B T
Yr = [?/g Ybpr - yz—ny} ) (4.31)
T
Up—1 = [ug_l yt ... u{_nu} , (4.32)
Zk = Lyk, (4.33)
€k = 2k — Zrefk (4.34)
Acu < b, (4.35)

is considered. The quantities Qcont = 0 and Reon: = 0 denote weighting matrices. The
length of the control horizon is quantified by 1 < n. € N and the length of the prediction
horizon n,, is chosen as n. < n,. Within the control horizon the input u; can be varied.
After the end of the control horizon the input is kept fixed until the end of the prediction
horizon is reached. This distinction between control and prediction horizon is made to
reduce the computational load as less control inputs are required to be determined (Wang,
2009). Equations (4.30)—(4.33) describe the assumed system dynamics according to the
identified model (4.18). The tracking error ej is defined by equation (4.34). Output
constraints yr € YVr C R” as well as input constraints uy € U C R™ are defined by
the convex polytope (4.35). Let 0 < ngonst € N denote the number of constraints then
A. € RMeonstXnem and b, € R™enst, The optimization problem (4.29) can be solved by
rewriting it as a quadratic program see e.g. Wang (2009). This is a standard problem in
linear MPC and a brief solution according to Wang (2009) is given as follows. The state
space model (4.20)—(4.21) is augmented by the reference variable according to

Tht1 A 0 Tk B
= + U- 4.36
L‘reﬁkﬂ] lo 111 L‘ref,k} M * (430

Tk+1 A Tk B

The tracking error
€ = [Lé —Il} .f'k, (4.37)
w—/
C
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is considered to be the output of the augmented model. From (4.36)—( 4.37) the prediction
equation of the tracking error

ex ¢
Ck+1 ?{12
€k+2 CA 5
er+3 | CA® Tk
Chtnp—1 Cfilny—1)
\— _/ L -
< Q
[ 0 0 0 |
CB 0 0
CAB CB 0 b
+ CA’B CAB CB ’
: Uk+np,2
~ ~ . ~ ~ ~ T/
Cfiln,—2)B Cfz(np—3)B Cfsi(n,—4)B | P
T
(4.38)
with
A" if z >0,
filz) = (4.39)
O@iiyx(aty  else,
is obtained. Substituting (4.38) in (4.29) yields the quadratic program
1.7
4 = argmin 53 Gu+d"u, (4.40)
u
subject to
Agu < b, (4.41)
with
G= MTTTQcontTM + Rconta Qcont = Inp ® Qcont,
dT = CE{ QTQCOTLtTMa Rcont = Inc & Rcont-
The matrix M is the move blocking matrix which is defined according to
a6, o ... 0 0]
Ug41 o I, ... 0 0
ak+nc72 o 0 0 Im 0 Uk+1
Upin.—1| |0 0O 0 Iy : (4.42)
Uk, 0 0 0 I, Ukt
. . v
Ty, —2 0O 0 ... 0 I, u
= M

u
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Figure 4.1: Three tank water system

To reduce the computational load the move blocking matrix keeps the system inputs
fixed if the end of the control horizon has been reached. As stated in Hiriart-Urruty and
Lemaréchal (2013, p. 291) an optimization problem is convex if its objective function is
convex and the feasibility set is a convex set. The objective function of (4.40) is convex as
G is positive semi-definite. The feasibility set is convex as (4.41) is a convex polytope. The
hard constraints of (4.41) may lead to infeasibility problems as discussed in e.g. Kerrigan
and Maciejowski (2000). If the output variables leave the admissible region caused by some
disturbance (like inaccuracy of the trained system model) then the optimization problem
is unfeasible. Even if the output variables are inside the admissible region a conflict of
constraints may appear. It could happen that the control input has to exceed its limits
to keep the output variables in the admissible region. To avoid infeasibility problems the
hard constraints are reformulated as soft constraints. Soft constraints do not guarantee
the hard constraints to be satisfied in general. However, using so-called slack variables
the hard constraints will be almost satisfied in practice. A description of the considered
optimization problem with reformulated soft constraints based on slack variables can be
found in Appendix B. From the optimized chain of control inputs

- T

% T *
uk+1 Ce uk+n071 5

T
U :[u};

the first input uj, is applied to the system. In the sequel v}, is denoted as predictive control
(PC) solution.

4.1.3 Application Example

In this section the previously discussed model-free controllers namely the PC approach
and the min-LS approach are applied to a nonlinear uncertain system with slow dynamics.
A three tank water system as shown in Fig. 4.1 is considered. According to Hou and Jin
(2011) the dynamics of the water levels in the tanks are described by

Sahi = Q1 — Q13 — Quo, (4.43)
Sahs = Q13 — Qs2, (4.44)
Sahs = Q2+ Q32 — Qao, (4.45)
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Table 4.1: Parameters of three tank water system (Hou and Jin (2011))

Parameter Symbol Value
Section of cylinders Sa 0.0154 [m?]
Section of connections Sh, 5e-5 [m?]
Maximum liquid levels - 0.6 [m]

Maximum supply flow rates Qpax 0.0001 [m?3 /s]

Outflow coefficient Y1 0.22
Outflow coefficient Y2 0.28
Outflow coefficient 3 0.27

with

Q13 = 115usgn(h1 — h3)y/2glh1 — hs|,
Q32 = Y35nsgn(hs — h2)\/2glhs — hal,
(
(

(4.46)
(4.47)
Q20 = 129n8gn(ha)y/ 29| ha|, (4.48)
(4.49)

Q10 = 12Snsgn(h1)4/29|h1],

where hqy, ho, hy are the water levels of the three tanks, Q1,Q2 are the incoming water
flows from pump 1 and 2, Q19,20 are the flows in the outflow valves of tank 1 and 2,
and @13, @32 are flows in the connecting pipes of tank 1, 2, and 3. The system parameters
are assumed as unknown and are summarized in Table 4.1. The control goal is to achieve
set-point tracking of the water levels hy and ho based on the inlet streams )1 and Q.
The input signals are restricted to

0 < Ql < Qmama 0 < Q? < Qma:}:- (450)

All levels hq, ho, hg are measured. The system is discretized based on the Euler method
with a sampling time of 1 [s], and a simulation duration of 1500 [s]. The initial water levels
are zero i.e. hi(to) = ha(tg) = h3(top) = 0 [m]. The network parameters are tuned by trial
and error based on the tracking performance of the resulting controllers. The number of
delayed network inputs is set to n, = n, = 2 and the network weights are initialized with
&0 = 133, Py = I3 x 1010, A learning rate of a = 0.001 is considered and f is chosen
as f = 0.01. The network is initially trained from ¢* = 0...5000 [s] based on the system
outputs generated by the inputs

(4.51)

0, — 0, _ ] 0-00002 cos (55t") +0.00008 if ¢* mod 333 is even,
1= &2 =
0 otherwise.

Related to the cost function of the PC approach the weighting matrices Qeont = I2 and
Reont = Io are considered.
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Table 4.2: Performance evaluation w/o constraints

Time horizon SN /N | SN, e?/N
min-LS one step 2.7332569¢-9 | 0.0032333
pPC np =10,n, =9 | 2.7643026e-9 | 0.0032186
PC np = 20,n, =19 | 2.7650868e-9 | 0.0032099
pPC np = 30,n. =29 | 2.7655725¢-9 | 0.0032064
pPC np = 40,1, = 39 | 2.7665269¢-9 | 0.0032047
PC np = 950,n, =49 | 2.7666369¢-9 | 0.0032041
pPC np = 60,1, =59 | 2.7669043e-9 | 0.0032039
PC np = 70,n, = 69 | 2.7672953e-9 | 0.0032039
pPC np = 80,n, =79 | 2.7743995¢-9 | 0.0032062
pPC np = 90,n, =89 | 2.7746371e-9 | 0.0032063

Unconstrained Control Problem
For the set-point tracking problem the reference values of h; and he are chosen as
0.15 [m] if ¢ <400 [s],

hrep1(t) =13 0.3[m]  if 400[s] < ¢ < 700s], (4.52)
0.15 [m] if 700 [s] < ¢ < 1500 s,

0.2[m] if ¢ <400][s],
~ ) 0.4[m] if 400 [s] <t < 700 [s],
hreralt) = 0.2[m] if 700 [s] < t < 1000 [s], (4.53)
5

0.05[m] if 1000[s] < ¢ < 1500 [s],

where ¢t = 0...1500 [s] denotes the simulation time.

The tracking performance of both controllers is evaluated in Table 4.2. Different
lengths of the prediction horizon are considered for the PC approach. The min-LS ap-
proach has no tuning parameters and always achieve the given result. The best tracking
performance of the PC approach is achieved if 60 or 70 time steps (60 or 70 seconds) are
chosen for the length of the prediction horizon. Due to the limited prediction capabilities
of the neural network further enhancement of the prediction horizon leads to a loss of
control accuracy. The closed loop behavior is visualized by the time series of Fig. 4.2.
The main difference between the two controllers occurs after 16.67 seconds when the set-
point switches from hycro = 0.2 [m] to hycfo = 0.05[m]. This switching instantly leads
to a relatively high tracking error of control variable hy. The predictive control approach
anticipates that a reduction of the water level k1 will improve the overall control accuracy.
Although the reduction initially induces a control error related to h; it reduces the water
level hg of the middle tank. As the amount of water in the middle tank is reduced the wa-
ter level ho can decrease more quickly so that the overall control performance is improved.
This effect is only present if the length of the prediction horizon is sufficient large. In Fig.
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Figure 4.2: Tracking performance of model-free controllers. Parameters of PC approach:
n, = 60 and n, = 59 (prediction horizon of 60 [s]). (a) Water level hy of left tank. (b)
Water level hs of middle tank. (c) Water level ho of right tank.

4.3 the control inputs of both approaches are visualized. At around 16.67 seconds when
the switching from h,cf2 = 0.2[m] to hycf2 = 0.05 [m] occurs control input @i of the PC
approach temporarily goes to zero leading to the improved overall performance.

The prediction capabilities of the network are evaluated in Fig. 4.4a. Starting from
time instant 10 [min] the network is fed with its own outputs for a considered prediction
horizon of 15 [min|. Naturally, the prediction accuracy decreases over time. To measure
the adaption of the network the change of the network weights according to

AZy = Zy — Zp_1, (4.54)

is considered. Matrix Zy as defined in (4.5) contains all network parameters. It is suggested
to apply the Frobenius norm to (4.54) to obtain a scalar value reflecting the absolute change
of the network parameters. The resulting time series ||AZg|| is visualized in Fig. 4.4b. It
can be observed that the amount of adaption decreases over time. Adaption is present
especially when set-points and control inputs change.

7



Ch. 4. Chattering Mitigated Control of Uncertain Nonlinear Systems with Slow Dynamics

x107 ‘ x10™ ‘ ;
. lL: |‘ @1 min-LS| | . 1 '1 Q> min-LS| |
=z 1 i! —=Q, PC =z !I —=Q, PC
£.081 | 5087 i
= t = L
g i I g I
s 06]) | £ 06 1\
] I| l | S
g I I“ g ‘\ 1 1
<= 0.4 | \ ] = 047 St | e
1 »
= \ | Ny Yy z i I( i
S ) N— Uy £ 02} i i
G | [ % Z B
o'k ‘ - 0 \ I E——__
0 5 10 15 20 25 0 5 10 15 20 25
Time [min] Time [min]
(a) (b)

Figure 4.3: Control inputs of model-free controllers. (a) Input flow @y of left tank. (b)
Input flow @2 of right tank.
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Figure 4.4: Performance evaluation of neural network. (a) Network predictions compared
with true system outputs. Prediction starts at 10 [min] and ends at 25 [min] so that a
prediction horizon of 15 [min] is considered. (b) Adaption of network weights exemplarily
given for the closed loop system controlled by the min-LS approach.

Constrained Control Problem

For the constrained control problem the references defined by (4.52) and (4.53) remain
the same. In addition, the water level of tank three is restricted according to

hs < 0.3 [m]. (4.55)

By modifying the output matrix C' in (4.38) the constraint can be formulated as a poly-
tope Acqj < be. The constraint is implemented as a soft-constraint using a vector of slack
variables v. Details about the implementation of the constraint can be found in Appendix
B. Minimizing the term v”v enforces the slack variables to be close to zero which guaran-
tees the constraints to be almost satisfied. The performance of the PC approach for the
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Figure 4.5: Constrained model-free control. Application of PC approach with n, = 60,
n. = 59, and weights W = Igy X w, where w > 0 is related to the minimization of the
slack variables v according to Appendix B equations (B.5)—(B.7). Minimization of v7v:
(a) Not enforced (w = 0). (b) Slightly enforced (w = 5). (c) Highly enforced (w = 100).

constrained control problem is visualized in Fig. 4.5. The figure shows that the constraint
is enforced by minimizing the term v”v. From the figure also the predictive nature of the
controller can be detected. The water levels of tanks hy and hy decrease before h3 reaches
the bound of the constraint.

4.1.4 Summary

In this section model-free control of nonlinear systems with sufficient slow dynamics is con-
sidered. A data-driven approach is proposed which identifies a local model that describes
the input-output dynamics. The system identification is achieved through a Kalman filter.
That allows to update the local model at each time step based on the incoming measure-
ments of the true system. The local model is applied to predict the future behavior of
the nonlinear system. Two controllers for set-point tracking problems are proposed. The
min-LS approach considers a one step ahead prediction of the system behavior. The goal
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is to determine a control input that generates the desired system outputs after one time
step. As such a control input is not guaranteed to exist the LS solution is considered
instead. The LS solution is guaranteed to exist and it provides the solution with the least
squared tracking error. The LS solution is not guaranteed to be unique. Therefore, the
LS solution with minimal Euclidean norm is selected to achieve minimization of the input
energy. The second proposed method is the model-free predictive controller. An optimiza-
tion problem is stated in which the system behavior is predicted over a horizon of multiple
time steps. For the considered horizon the squared tracking error and the input energy are
minimized. In addition, input and output constraints may be considered. The solution of
the optimization problem defines the predictive controller. Both proposed controllers are
applied to a nonlinear MIMO system with slow dynamics. The dynamics of the system are
completely unknown. Two set-point tracking problems are considered. One with and one
without constraints. The min-LS approach solves the set-point tracking problem without
constraints whereas the predictive controller can solve both the unconstrained and the
constrained set-point tracking problem. In comparison to the min-LS approach the pre-
dictive controller achieves better control accuracy. In addition, the prediction capabilities
of the local model are confirmed. The local model is also shown to adapt online especially
if changes of the control set-point appear.

4.2 Combined Adaptive Sliding Mode and Receding Horizon Control

In this section the previously developed model-free predictive controller is combined with
an adaptive SMC. The primary goal of the controller design is to achieve chattering mit-
igated sliding mode control. In addition, the proposed combination of the controllers
should guarantee the control tracking error to be bounded. To achieve the desired goals
a boundary layer is introduced. Outside of the boundary layer the control input of the
model-free controller is suppressed and the gain of the SMC is increased. As a result,
the states are guaranteed to be pushed towards the sliding surface. When the sliding sur-
face is approached and the states are within the boundary layer the model-free predictive
controller becomes active and the gain of the SMC is scaled down. Consequently, in the
vicinity of the sliding surface the control input is dominated by the model-free controller
which greatly mitigates the chattering effect.

The subsequently described concept is originally developed in Spiller and Soffker
(2020a).
The section is organized as follows. In Section 4.2.1 additional assumptions are made that
are required to combine the proposed model-free predictive controller with an adaptive
SMC. In Section 4.2.2 the new chattering mitigated controller is proposed. In Section
4.2.3 the developed control method is applied to a nonlinear uncertain system and its
performance with regards to chattering mitigation is studied.

4.2.1 Additional Assumptions

In addition to the requirements that are stated in Section 4.1.1 the following assumptions
are made. The nonlinear system is assumed to be input-affine according to

j i Zg;+ b(z)u, (4.56)
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Further, it is assumed that the number of inputs u € R™ equals the number of control
variables z € R™. The control variable z(t) and the tracking error e(t) are defined identical
to its discrete-time pendants i. e.

2(6) = Ly(t),  e(t) = zes(t) — (). (4.57)

For each control variable a sliding manifold is defined. Let o € R™ be a vector of sliding
variables then the sliding manifolds are defined by

ani 8112'71
o; = am,iwei + ani,LiWei + - t+ape; = 0, 1 <1< m, (4.58)
with 1 < n; € N. The coefficients a;; with j = 1,...,n; are chosen so that the dynamics

of e; are asymptotically stable. The nonlinear system (4.56) is restricted to the class of
systems for which the following holds true. It is assumed that n; of (4.58) can be chosen
so that the input u; appears in the first time derivative of o; but not the inputs u; with
j #1i. As a consequence, the dynamics of the sliding variables are of the form

P— (;c Zrefs t) + M (z,t)u, (4.59)

where M (z,t) is a diagonal matrix

my (z,t) 0 0
M (2,4) = 0 " (:x’t) 0 . (4.60)
6 0 cee My &x,t)

The quantity sgn(m;) is assumed as known and the uncertainty bounds
’Uz" < UM,i, 0< M i < \mll, (4.61)

are assumed to be finite but with unknown concrete values.

4.2.2 Chattering Mitigated Control Approach

In the following the model-free predictive controller is combined with an adaptive SMC to
guarantee boundedness of the tracking error and to achieve chattering mitigated control.
The SMC is designed in the continuous-time domain. Therefore, the predictive control
input uj is transformed into the time-continuous signal

u*(t) = ug, (4.62)
where t and k are selected from
kT, <t < (k+1)T, (4.63)
with T, denoting the sampling time. The proposed combined control input is

Ui = nz(az)u: Mi(ai) )) sgn (Ul) ’ I<i<m, (4'64)

 sgn (my (z,t
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Algorithm 1 Chattering mitigated sliding mode controller
Inputs oy, u}, ¥; > 0, k; > 0, 7; from (4.67), fi; from (4.68), k;(to) > 0

if |o;| < 1; then > If o; is inside the boundary layer then ...
ki < fi(¢;) > Reset SMC gain
ni(oi) < 7i(o;)
pi(oi) < fii(04)

else if |o;| > 1; then > If o; is outside the boundary layer then ...
ki « Ki|oil > Increase SMC gain
ni(oi) < 0 > Suppress predictive controller
wi(o;) < k;i(t) > Apply adaptive SMC gain
end if
pi(o4)

U; <— m; (UZ) u’; — msgn (O’Z)
Output wu;(t)

with weighting functions 7; (0;) € R and p; (0;) € R selected as

The weighting functions adapt online based on a boundary layer that is introduced. The
boundary layer is assumed to have a user-defined width 0 < v; € R. The adaptation of the
weighting functions is given by Algorithm 1 and is described in detail as follows. Outside
the boundary layer (|o;| > ;) the predictive control input is suppressed as 7; = 0 holds
and the SMC gain k; is continuously increased based on the dynamics

where 0 < k; € R is user-defined.

The SMC gain adaptation (4.66) is originally published by Huang et al. (2008) with
the goal to avoid an overestimation of the controller gain by the user. As a result, the
amount of chattering may be reduced. However, the approach of Huang et al. (2008) does
not allow the SMC gain to decrease, it can only be increased as stated by (4.66). As a
consequence, the controller gain may easily become too large as in the moment when |o;]
starts to decrease and to converge to zero the gain k; is still increased.

In contrast to the adaptive SMC proposed by Huang et al. (2008) the newly developed
chattering mitigated SMC allows a resetting of the controller gain to a smaller value. As
stated by Algorithm 1 the SMC gain is increased according to (4.66) as long as the sliding
variable is outside the boundary layer i.e. |o;| > ;. As outside the boundary layer the
SMC gain is continuously increased it can be guaranteed that |o;| converges towards the
domain %); in finite-time. As a consequence, the boundary layer is reached in finite-time.
Within the boundary layer the SMC gain k; is set back to a user-defined value fi;(1;) and
the weighting functions n; and p; are defined based on some utility functions 7;(0;) € R
and fi;(0;) € R. Withing the boundary layer it is desired to scale down the gain of the
SMC so that chattering mitigation is achieved when the sliding surface is approached. On
the other hand the model-free predictive controller has to be become active to take over
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control. Therefore, it is suggested that the utility functions should satisfy the conditions

. 0ni(03) . N

lim 7;(0;) =1, , lim 7;(0;) =0, 4.67
‘UH_)O??( ) Do \ail—nmn( ) (4.67)

N Ofui(o;)

| i(0;) =0, > 0, 4.68
s (o) a0 (4.68)

for |o;] € [0,;]. A family of functions satisfying (4.67) and (4.68) is e. g.
(il = lou])” (o) (11| — loi])>~*

0i(0i) = ——————— = - : 4.69
W)= oo~ U TP 09
N Ofii(oi) _

fii(oi) = €loil, Ao =, (4.70)

with 0 < p € R and 0 < £ € R being tuning parameters.
For the sake of completeness the following theorem is stated which shows that the
tracking error of the proposed control method is bounded.

Theorem 6 (Boundedness of tracking error of Algorithm 1).

Suppose |o;(t1)| > 1; to hold at time instant t1. Then a finite-time ty > t1 exists so that
loi(t2)| < t; holds true. As the sliding variable is a continuous function it follows that
|oi(t)| is bounded from above. If (4.58) is selected Hurwitz then boundedness of the sliding
variable implies boundedness of the tracking error.

Proof. The control law outside the boundary layer is given by

_ pi(o9)
sgn (mi(,1))

which is obtained from (4.64) with 7;(0;) = 0. Substituting (4.71) in (4.59) yields

u; = sgn (o) , (4.71)

o; = vi(x,t) — pi(og)|mg(x, t)|sgn(o;). (4.72)
Consider
pi(oi) > Y Ui (4.73)
= M, )

with any 0 < v € R to be satisfied by the controller gain. The right hand side of (4.73) is
known to be bounded as quantities vys; and m,,; are finite according to (4.61). Substi-
tuting (4.73) in (4.72) yields

in case of o; > 0 and

in case of o; < 0. Suppose |o(t1)| > 1; to hold at time instant ¢;. From Algorithm 1 it is
known that as long as |o;| > 1; holds the control input coincides with (4.71) and the gain
k; is continuously increased. Consequently, a finite-time instant #; > ¢; exists at which
(4.73) is satisfied. It follows that equations (4.74) and (4.75) hold true and a finite-time
instant ¢t > #; > t; can be found at which |o(t2)| < v; holds. O
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4.2.3 Application Example

In this section the performance of the previously introduced chattering mitigated sliding
mode controller (CM-SMC) is evaluated. The CM-SMC from (4.64) is compared with the
developed predictive controller (PC) from (4.40), and a conventional adaptive SMC from
the literature. The continuous stirred tank reactor (CSTR) from Section 3.5 is considered
for the performance evaluation. The dynamics of the system is given by

lxll _ |V (Cay xl)UA 0F1EX ( R”) +| va ] U, (4.76)
i) a(x) + m(Te%c - 1’2) VpCp
\.,—/
@ Faa) !
q (—AH)koxl E
= — T —_— - - -
a(zx) V( —r2) + C, S e

where state 1 € R denotes the effluent flow concentration C4 and state zo € R denotes
the reactor temperature 7. The input u € R denotes the change of the coolant stream
temperature AT, which is limited by |AT,| < 50 [K]. All states are measured according to

y=x= [xll , (4.77)

and the control goal is to achieve reference tracking of the effluent flow concentration
z2=1y = T]. (4.78)

To apply the developed controllers it first has to be checked if the CSTR system
satisfies the assumptions related to the CM-SMC and the PC approach. In the following
only the requirements of the CM-SMC approach are checked as this also guarantees the
requirements of the PC approach to be satisfied. As required, the system (4.76) is input-
affine and also the number of inputs and control variables is identical. The input-output
behavior of the CSTR system is required to be described by the NARX model (4.1).
Substituting x of (4.76) by y and applying the Euler discretization shows that the discrete-
time input-output behavior of system (4.76)—(4.77) is of the form (4.1). It is also known
that the CSTR system has slow dynamics which can be seen from the step responses in
Section 3.5. Consequently, the input-output behavior is approximately described by the
linearized model (4.4) as required. In the following it is shown that the dynamics of the
sliding variable can have the form (4.59) as it is required. The relative degree of system
(4.76)—(4.77) is two which yields the dynamics

= Lth(z) + LyLsh (z) u, (4.79)
where the Lie derivatives are
2
2 _q E
th (x) = W(CAf — x1) + z1kpexp <_—R$2>
FE —AHFEk
e ko — 21——5— 4.80
X leXp< R962> ( 0— T1 2Cy R ) +¢(3€)] ) ( )
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and
UAE E
LyL:h(x) = —kot1———— - 4.81
with
q q FEq UAFE
==——=—(Car— — ———=(Ty — — ———5 (Teqg.c — x2).
o) =y~ v (Cas =) a2y L7~ #2) = 6 g Teae = 2)
Let the sliding variable be defined as
og=¢4 e =Zrep — 2+ M2rer — 2), A >0, (4.82)
leading to
o= :Z'ref —Z4 Aéref — Az, (4.83)

with the reference signal z,.¢ assumed smooth and bounded. Substituting Z of (4.79) in
(4.83) and Z = &7 of (4.76) in (4.83) gives

o =wv(z,t)+m(z,t)u, (4.84)
with
v (.%' t) = 2ref — L%h (1‘) + Aéref — )\g(CAf — .%'1) + Akgxiexp —i (4.85)
’ f Vv Rxg ’
m(z,t) = —LgLsh (). (4.86)

Consequently, the dynamics (4.84) of the sliding variable is in the desired form (4.59).
The uncertainty bounds of v(z,t) and m(z,t) are assumed to be finite as it is required.
According to (4.64) the sign of m(z,t) is also required to be known to state the control
law of the CM-SMC approach. From (4.81) and (4.86) it follows that

UAE E
sgn (m (.’E, t)) = sgn (kﬁoxl WGXP <_R—@>> s (487)
p 2

has to be evaluated. Comparing (4.87) with the system parameters shown in Table 3.1 the
following can be stated. The flow concentration x1, the tank volume V', the density p, the
reactor temperature 2, the specific heat capacity C) are all positive. According to Seborg
et al. (2010) quantity UA is the product of heat area A and heat transfer coefficient U
which are both positive. Following Seborg et al. (2010) quantity kg is a positive prefactor of
the Arrhenius equation and F/R is the fraction of activation energy E and gas constant R
which are both positive. Consequently, without knowing any concrete system parameter
the sign of m(z,t) is known to be positive. Finally, all requirements of the CM-SMC
approach are achieved.

As the sign of m(z,t) is known it follows from (4.64) that the control law of the
CM-SMC approach can be stated as

u=n(o)u* — u(c)sgn (o). (4.88)
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The utility functions 7j(c) and ji(o) that in combination with Algorithm 1 define the
weightings 7(o) and p(o) are chosen in accordance to (4.67)—(4.68). Following (4.69)—
(4.70) the utility functions are given as

i) =W e =gl w=0s p=1 =10 (459

with v, p, and £ being determined by trial and error based on the tracking performance
of the resulting controller. In the same way the controller parameters x and k(tg) are
determined as k = 10 and k(tyg) = 20. The parameter A of (4.82) is chosen as A = 0.05 so
that the sliding dynamics are asymptotically stable.

From Theorem 6 it is known that the CM-SMC approach provides boundedness of
the tracking error. However, it is also required to show that the states x1 and z9 of the
CSTR system (4.76) remain stable. Let

D : [ﬁj = H : (4.90)

define a state transformation. According to the dynamics 2 = &7 of system (4.76) and the
definition of the control variable z = x; it is

-

In the following it will be checked if ® defines a diffeomorphism so that stability of the
transformed states z and 2 implies stability of the states x1 and xo. The stability of z
and # is guaranteed. This follows directly from (4.82) as boundedness of o is provided by
the controller as stated in Theorem 6. Consequently, it is only required to show that ®
defines a diffeomorphism which according to Slotine and Li (1991, Lemma 6.2) is the case
if the Jacobian d®/dx has full rank. The Jacobian is

o . )] . (4.91)

%(CAJC - 1‘1) - komlexp (_R_m

e _ ! ’ (4.92)
dl’ - _%xl — koeXp (_RLM) —koleLx%eXp (_Rim) ) .

and it has full rank if

E E
—kor1— e 0 4.93
0L1 RQT% €xp < R.%'Q ) 7& ) ( )

holds. It follows that the effluent flow concentration x; > 0 has to be nonzero to achieve
(4.93) and the reactor temperature xo > 0 has also to be nonzero as (4.93) is not defined
for x9 = 0. A reactor temperature of x5 = 0 [K] cannot be achieved due to physical limits.
The effluent flow concentration of species A is very unlikely to become zero as this would
mean that in the reactor the complete input flow C4¢ of species A has to react to species
B. However, 1 > 0 can be guaranteed by choosing z..; > 0 as the tracking error is
bounded.

For the simulation of the considered system the following initializations and reference
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values are considered. The initial flow concentration is C'4(t9) = 0.875[mol/l] and the
initial reactor temperature is T'(¢g) = 325 [K]. The set-points

0.80 [mol/1] if ¢t < 4 [min],

0.75[mol/1] if 4 [min] < ¢ < 8 [min],
0.70 [mol/1] if 8 [min] < ¢ < 12 [min],
0.85 [mol/1] if 12 [min]| < ¢ < 15 [min],

Zref(t) = (4.94)

define the reference values for tracking, where the simulation duration is 15 [min]. The
sampling time is chosen as Ty = 1[s].

The CM-SMC approach is compared with the adaptive SMC approach (A-SMC) of
Plestan et al. (2010). The A-SMC approach is further described in Appendix C including
the selection of the related controller parameters. The selection of the parameters of the
local linear model (neural network) that is recursively identified through the Kalman filter
is discussed as follows. The number of delayed inputs is selected as n, = 3 and the number
of delayed outputs is selected as n,, = 2 based on trial and error. The network weights are
initialized based on the estimated initial state éo = 1;3 with an initial error covariance
selected as Py = I1g x 10'°. The learning rate « is chosen as a = 0.01 and the weighting
factor § is selected as = 0.001. The network is initially trained based on the system
outputs generated by the input

w(t*) = Ai(t*) x cos (w(t)t") t* = 0...20 [min], (4.95)

where w;(t*) and A4(t*) vary according to wy(t*) € [27/3000, 27/50] and A;(t*) € [0.5,2.5].
The weighting matrices that define the receding horizon control problem (4.29) are selected
as Qeont = 1 and Reopt = 0.001. According to (4.78) the matrix L of (4.22) is L = [1 0}.
The prediction and control horizon are chosen as n, = 20 (20 seconds) and n, = 19 (19
seconds).

The performance of the controllers is evaluated based on Fig. 4.6 and Table 4.3.
From a principal point of view set-point tracking is achieved by all considered approaches.
However, the PC approach shows overshooting when the set-point switches. The CM-SMC
approach avoids the overshooting and requires least time to become stationary accurate.
Regarding the control inputs all approaches show chattering when the set-point changes.
But the PC and the CM-SMC approach are stationary accurate without noticeable chat-
tering whereas the A-SMC approach shows chattering all the time. In Fig. 4.6d the
weighting functions of the CM-SMC approach are shown for a specific time interval. It
can be seen that the switching of the set-point leads to higher activity of the SMC. The

Table 4.3: Tracking performance with respect to the reference values defined by (4.94).

CM-SMC | A-SMC | PC

[(e(t)?/Tgim)dt | 584.61 | 623.59 | 605.90
[(u(t)?/Tsim)dt | 32718 | 742.45 | 564.23

Switchings 28 257 62
Switchings: Number of switchings from sgn(u) = 1 to
sgn(u) = —1 and vice versa, Tsim = 15 [min].
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Figure 4.6: Performance evaluation of chattering mitigated SMC (CM-SMC), adaptive
SMC (A-SMC), and predictive controller (PC). (a) Tracking performance. (b) Control
inputs. (c) Tracking performance on specific time interval. (d) Weighting functions on
specific time interval.

adaptive gain of the SMC shows several peaks. As a result, the states are pushed towards
the sliding surface which reduces the tracking error in the transient phase and avoids the
overshooting. At the end of the transient phase the SMC gain decreases whereas the
receding horizon controller is scaled up. As a consequence, in the subsequently following
stationary phase no visible chattering occurs.

Although the proposed CM-SMC method is only compared with the A-SMC approach
of Plestan et al. (2010) similar results can be expected for comparisons with other adaptive
SMC approaches. In adaptive sliding mode control it is common to estimate the equivalent
control input in order to reduce the SMC gain. However, in general the equivalent control
input is not zero because some control effort is required to keep the system in sliding
mode. Consequently, the SMC gain can not be scaled down to zero by any adaptive SMC
approach. But from the conducted simulation it can be seen that the adaptive gain of the
proposed CM-SMC method can be scaled down to a value close to zero. This is possible
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because the predictive controller takes over the control action when the SMC becomes in-
active. As the SMC gain is scaled down closely to zero no noticeable chattering is present
in the stationary phase.

4.2.4 Summary

In the previous sections chattering mitigated control of uncertain nonlinear systems with
sufficient slow dynamics is considered. A model-free predictive controller is combined with
an adaptive SMC to mitigated the chattering and guarantee boundedness of the tracking
error. The activity of the predictive controller and the adaptive SMC is controlled by
weighting functions. The weighting functions adapt online based on the concept of a
boundary layer. Within the boundary layer when the sliding surfaced is approached the
model-free predictive controller dominates the control law so that chattering mitigation is
achieved. Outside the boundary layer the gain of the SMC is continuously increased so
that the states are pushed towards the sliding surface and the tracking error is guaran-
teed to be bounded. A nonlinear system with slow dynamics is considered to study the
performance of the proposed chattering mitigated control approach. For the considered
system the proposed approach can be applied without knowing any concrete values of the
system parameters. In comparison to a conventional adaptive SMC from the literature
the proposed approach shows less chattering. In particular, the proposed controller is
stationary accurate without any noticeable chattering. The mitigation of the chattering
is achieved as the predictive controller takes over the control action in the vicinity of the
sliding surface. This allows to scale down the adaptive SMC gain of the proposed approach
to very small values. As a result, the chattering problem is in fact avoided. The ability to
scale down the SMC gain to very small values makes the proposed method advantageous
in comparison to the existing adaptive SMCs from the literature. The existing adaptive
SMC approaches cannot scale down the gain to values close to zero as a minimal amount
of control action is required to keep the system in sliding mode.
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5 Constrained Control of
Uncertain Relative Degree Two Nonlinear Systems

Constrained control problems arise in many applications such as in autonomous vehicles,
process industry, traffic control, or robotics.

Model predictive control is widely applied in industry due to its ability to control
MIMO systems that are subject to constraints. In addition, MPC approaches forecasts
the future system behavior in order to minimize a defined performance index so that a
high control accuracy can be achieved (Rawlings and Mayne, 2009). However, MPC is
model-based which means that parametric or external uncertainties may have a negative
influence on the control performance. To overcome the problem so-called robust MPC
approaches have been developed. The strategy behind the min-max approaches is to mini-
mize the performance index for the worst possible sequence of the disturbance (Raimondo
et al., 2009). The method is known to be computationally demanding and due to its con-
servative selection strategy it may lead to suboptimal performance results (Bemporad et
al., 2003). Scenario optimization is another robust MPC approach (Calafiore and Fagiano,
2012; Schildbach et al., 2014). A finite number of disturbance realizations is drawn from a
known probability measure of the disturbance. The obtained finite number of realizations
forms one scenario for which the performance index is minimized. Dependent on the num-
ber of disturbance realizations it can be determined how likely it is that the solution of
the optimization problem indeed satisfies the constraints and reaches the terminal region.
Tube based MPC is another robust control strategy. It guarantees the system states to re-
main in a tube around the nominal trajectory although some disturbances may be present
(Langson et al., 2004). The method was first proposed for linear systems (Langson et al.,
2004) and later extended to nonlinear systems (e.g. Cannon et al., 2011).

Besides MPC several other constrained control approaches exist. An important ap-
proach is the invariance control method proposed by Wolff and Buss (2004). It can be
applied to nonlinear systems that are subject to constraints. The approach is based on an
exact input-output linearization. The time derivatives of the output variable form a set
of transformed states. Constraints imposed on the original states can be expressed in the
transformed state domain based on a so-called invariance function. The control strategy is
based on two control laws. The nominal controller and the invariance controller. The nom-
inal controller can be any control law guaranteeing stability of the system or convergence
of the tracking error. The invariance controller guarantees satisfaction of the constraints.
The invariance function serves as a switching condition to decide if it is required to ap-
ply the invariance controller or the nominal controller. In Kimmel and Hirche (2014) the
switching between the invariance controller and the nominal controller is formulated with
respect to an optimization problem. This ensures that the invariance controller equals the
nominal controller as close as possible. Another constrained control method is the refer-
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ence governor approach. As described in Garone et al. (2017) an asymptotically stable
closed loop system is considered as a basis for the reference governor design. It is assumed
that state or input constraints are required to be satisfied. The main idea of the reference
governor method is to modify the reference signal so that satisfaction of the constraints
can be guaranteed for all future time steps. The approach was first established for lin-
ear systems (Gilbert and Tan, 1991) and later extended to nonlinear systems (Bemporad,
1998). Control barrier functions (CBF) in combination with control Lyapunov functions
(CLF) can also be applied to enforce constraints. In Ames et al. (2014) a quadratic pro-
gram is formulated with the goal to minimize a desired performance index. In addition,
the quadratic program is subject to a CBF and a CLF. The solution of the optimization
problem gives a control input that guarantees the constraints to be satisfied. The approach
has been extended in Rauscher et al. (2016) to handle multiple constraints. In addition,
the work of Rauscher et al. (2016) provides a framework to adapt a given nominal control
input in such a way that the adapted solution guarantees the constraints to be satisfied.
Therefore, a quadratic program subject to a set of CBFs is formulated. The solution of
the optimization problem not only guarantees the constraints to be satisfied it also pro-
vides the control input that is most similar to the nominal controller. In Hsu et al. (2015)
a method for the construction of CBFs is developed. Based on the obtained CBFs it is
exemplarily shown that a constrained robot locomotion control problem can be solved.
Constrained SMC approaches can also be found in the literature. The authors in
Incremona et al. (2016) make use of a state transformation to express the constraints in
terms of the sliding variables. A combination of first order and higher order SMCs is ap-
plied to drive the sliding variables to zero without violating the constraints. The approach
provides a maximum domain of attraction for relative degree one and two systems. A con-
strained sliding mode control approach that can be applied to nonlinear relative degree
two systems and also guarantees a maximum domain of attraction is described in Ding et
al. (2018). The proposed controller requires the constraints to be stated in terms of the
sliding variables. In contrast to the approach of Incremona et al. (2016) the constrained
control method of Ding et al. (2018) is not based on a combination of sub-controllers and
therefore avoids switching effects. In Bartoszewicz and Nowacka-Leverton (2010) parame-
ters of a linear time-varying sliding surface are optimized to achieve either input saturation
or satisfaction of velocity or acceleration constraints. The considered system has relative
degree three. Another approach optimizing the parameters of a nonlinear sliding surface is
proposed in Pietrala and Jaskuta (2019). The controller can be applied to relative degree
two systems to achieve position control under velocity constraints. Sliding mode reference
conditioning (SMRC) proposed by Garelli et al. (2011) is a control strategy that is sim-
ilar to the reference governor approaches. The SMRC method is an outer loop control
approach that manipulates the reference signal of an already controlled system. By ma-
nipulating the reference signal the closed loop system is kept in a sliding mode in which
the constraints are satisfied. The constraints can be formulated with respect to the closed
loop states. Only bounds of the time derivatives of the closed loop states are required to be
known for the design of the SMRC approach. The method can also be applied to nonlinear
systems. In Richter et al. (2007) the class of linear time-invariant systems with bounded
disturbances is considered. A sliding mode controller is applied and robust positive invari-
ant (RPI) sets of the closed loop dynamics are determined. The intersection of a state
constraint set and the RPI of the closed loop dynamics is studied further. Conditions are
derived to check if this intersection itself is a RPI. In Richter (2011) output constrained
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control of linear single input systems is considered. Multiple sliding mode controllers are
combined with each other using a min-max selection strategy. The min-max selection
scheme is a multi-controller approach known from e. g. aerospace industry where it is used
for constrained turbo engine control (Litt et al., 2009). Instead of linear controllers the
approach of Richter (2011) applies SMCs within the framework. The approach proposed
in Song et al. (2016) considers robust constrained control of nonlinear systems that satisfy
the so-called conic sector constraint (ElBsat and Yaz, 2013). State feedback and SMC are
combined in order to guarantee that the quadratic norm of the output variables does not
exceed a defined threshold neither in the reaching phase nor within the sliding mode. In
Pietrala et al. (2018) a time-varying nonlinear sliding mode is designed. The parameters
of the sliding manifold are optimized to achieve velocity-constrained control of relative
degree two systems. For the consideration of input and state constraints a control scheme
that combines first order SMCs is proposed in Jaskuta and Lesniewski (2020). The ap-
proach can be applied to linear time-invariant systems with bounded disturbances. In Liu
and Yang (2017) prescribed performance functions are formulated to guarantee that the
tracking error remains within prescribed performance bounds. This also allows to satisfy
constraints that are formulated with respect to the tracking error. The contribution of
Innocenti and Falorni (1998) considers sliding mode control of linear systems. Conditions
are derived under which satisfaction of polygonal state constraints can be achieved.

In this chapter a robust constrained sliding mode control approach for nonlinear rel-
ative degree two systems is developed. The first time derivative of the control variable is
assumed to be constrained with bounds that may explicitly depend on time. The system
description may be imprecise. Only the control variable and its first time derivative are
assumed to be known. The uncertainty bounds of the system are assumed to be finite. The
developed controller is a combination of SMC sub-controllers. Discontinuities that may
result from the switching of the sub-controllers are avoided by a proper controller design.
In addition, mitigation of the chattering effect is considered. For the proposed controller it
is analytically shown that the constrained control problem can be solved. The convergence
of the tracking error is studied and error bounds dependent on the controller parameters
are stated. Chattering mitigation is achieved by introducing a boundary layer. Although
the boundary layer is applied the constraints can still be guaranteed to be satisfied if the
controller parameters are suitably chosen. In contrast to the already existing constrained
SMC approaches the proposed method has the following advantages. The considered con-
straints may have time-varying bounds, whereas most of the existing approaches deal with
box constraints. As a consequence, the application field of the proposed approach is less
limited. Most of the existing constrained SMCs are based on discontinuous control laws.
Due to the discontinuities chattering occurs and the controllers can not be applied in
practice. To mitigate the chattering the boundary layer concept may be used. However,
the boundary layer approach modifies the control law so that constraint violation may
occur. In contrast to that the proposed constrained SMC guarantees the constraints to
be satisfied also if the chattering is mitigated through the boundary layer concept. The
existing approaches that are based on combination of sub-controllers may introduce addi-
tional discontinuities that result from the switching between the control laws. Although
the proposed control strategy is also based on a combination of sub-controllers the transi-
tion between the introduced sub-controllers is guaranteed to be smooth.

A preliminary version of the proposed constrained SMC is studied in Spiller and Soffker
(2021). However, this preliminary version of the controller does not consider the nonlinear
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sliding manifold that is presented in this chapter to improve the error convergence of the
controller. In addition, the preliminary version described in Spiller and Soffker (2021) does
not consider the analysis of the relevant practical controller implementation that is given
within this chapter.

The chapter can be divided into two main sections. In Section 5.1 the new robust
constrained sliding mode control approach is introduced. This includes the introduction
of mathematical assumptions and definitions, the derivation of the control laws and the
definition of the input selection strategy as well as the mathematical analysis of the con-
troller properties, and finally the consideration of an application example. In Section 5.2
human-robot collaboration is considered as a specific application example of robust con-
strained control. Based on the introduced new constrained sliding mode control approach
a safety concept applicable in the field of human-robot collaboration is proposed. The
concept is mathematically analyzed and finally tested on a simulated robotic system.

5.1 Controller Design

In this section the new constrained sliding mode control approach is presented. First, a
detailed review of the constrained control approach of Incremona et al. (2016) is given in
Section 5.1.1. In Section 5.1.2 the constrained control problem is formulated and mathe-
matical preliminaries are introduced. The new constrained SMC is described in Section
5.1.3 and the controller properties are studied in Section 5.1.4. Constrained control of a
robotic system based on the developed approach is considered in Section 5.1.5.

5.1.1 Review of Constrained Control Approach

Among the aforementioned constrained SMC approaches the contribution of Incremona
et al. (2016) arises special interest as it provides a maximum domain of attraction for
nonlinear relative degree one and two SISO systems. In addition it is to some extent a
general approach as it can handle any constraints that may be expressed in terms of the
sliding variables. Following Incremona et al. (2016) an input-affine nonlinear system

&= f(z)+g(z)u,
Yyr = h(z), (5.1)

with states x € R”, input v € R, and control variable y, € R is considered. The relative
degree 7 is assumed to be one or two. Let the sliding variable o € R" be defined as

o1 ifr=1,
o= T T (5.2)
[01 02} = {01 dl} if r =2,
with o1 € R. An admissible region of ¢ is introduced according to
o €R: oy €|01,01]}, ifr=1,
[ o1,51]} 53

{O’ € R2: o1 € [g1,5'1] Nog € [Q’Q,&Q]}, if r=2,

with constants g1,09 < 0 and 71,62 > 0. The admissible region (5.3) describes box
constraints that are formulated with respect to the sliding variables. Following Incremona
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et al. (2016) a domain of attraction Sy C R" is defined. The subspace Sy defines all initial
values for which the sliding variables decrease to zero in finite-time without violating the
constraints. Formally Sy is given by

S ={o0=0(ty) € R": o(t,00) € [g,0] No(t*,00) =0}, t* > ty, (5.4)

where o(t,00) is the trajectory of o(t) with initial value oy, quantities g, € R" are the
bounds of the box constraints, and t; is a finite-time instant (Incremona et al., 2016).

For the relative degree one case the dynamics of the sliding variable o1 = y, — w is
given by

o1 = Lsh(z) + Lyh(x)u —w = V(z,w) + I'(z)u, (5.5)
where w denotes the reference value. The uncertainty bounds
U(z,w) < Uy, 0<T,, <T(z) <Ty, (5.6)

are assumed to be finite. The controller design is trivial and leads to a conventional

first-order SMC
u=—a x sgn(oy), (5.7)

which drives o1 to zero in finite-time for sufficient large gains o > \IIM I oi1(ty) € [o1,01]
holds initially then the controller naturally avoids constraint Vlolatlon because satisfying
the reachability condition implies that 61 < 0 holds in case of 01 > 0 and that 6; > 0
holds in case of o1 < 0. Consequently, the achieved domain of attraction is maximal.

The controller for the relative degree two case is studied as follows. The controller is
described based on Incremona et al. (2016) although a very similar controller has already
been proposed before in Rubagotti et al. (2010). The dynamics of the sliding variable
01 =y, — w is given by

b1 =069 = L?ch(x) + LgL¢h(x)u — 0 = ¥(z,w) + I'(x)u, (5.8)
where the uncertainty bounds
U(z,w) < Uy, 0<Ty, <T'(x) <Ty, (5.9)
are assumed finite. The control law is stated as

0'2|0’2| .
f 1
o ) if (01,02) € S, (5.10)

—a X sgn(og) if (01,02) & Sp, (5.11)

y — —o X sgn(01 +

with a > \PM being sufficient large and «; being defined as oy = I';,a — ¥y (Incremona
et al. 2016) As proven in Dinuzzo and Ferrara (2009) control law (5.10) is a second order
SMC meaning that if the sliding variables remain in the admissible region S, and (5.10)
is active all the time then o7 and oy reach the sliding surface

o9|og|

o1+ 20

=0, (5.12)
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Figure 5.1: Visualization of space 0 € S C R2. (a) Box constraints of admissible region
o2|o2] _

Sy and sliding surface o1 + 537+ = 0 according to (5.12). (b) Regions of S defining & as
stated by (5.21).

in finite-time. Further, after the sliding surface has been reached the variables o1 and o9
slide on the sliding surface towards the origin and become zero in finite-time. The sliding
manifold (5.12) is visualized in Fig. 5.1 (a). If the sliding variables do not remain within
the admissible region Sy, it follows that the control law (5.11) becomes active to push o9
back towards the bounds o9 and o9 of the admissible region. The closed loop dynamics of
o1 and o9 are studied as follows. Defining ap, = I'yra+ W)y and substituting (5.10)—(5.11)
in (5.8) yields

ool e{r e R:0< 2z < Uy Vo <z<at, (5.13)

as u = a, u = —a, or v = 0 may be applied. According to (5.8) and (5.10)—(5.11) the
following cases

S) = {(01,02) € R%: (01,09) € Sy Aoy > —03’52‘}, (5.14)
l

Sy = {(01,02) €R%: (01,09) €Sy Aoy < —U;’g?‘ } (5.15)
I
2, i)
83 ={(01,02) €R: (01,02) €Sy Ao = — 20, I (5.16)
Si={(01,02) €R?: (01,02) & S Aoz = 0}, (5.17)
S5 = {(01,02) € R*: (01,09) &€ Sy Aoz < 0}, (5.18)
So = {(01,02) € R?: (01,02) € S A0 < 02}, (5.19)

can be defined as shown in Fig. 5.1 (b) to further evaluate the dynamics &2 of (5.8).
Considering the different cases the closed loop dynamics

O"l = 09, (520)
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Ut if (01,02) € Sy USs,
oo =< U™ if (0'1,0'2) € S U Sg, (5.21)
v if (0'1,0'2) € 83U Sy,

o <UT <ap, —ap<U <—qoq, —Ty <U° <0y,

are achieved. Based on the system dynamics (5.20)—(5.21) the phase portrait of o1 and
o9 can be analyzed. For instance, assume o; and oy to remain in S; during a time
interval [t1,t2] then the right hand side of the differential equation (5.21) equals U~ which
is continuous and allows integration. Studying the phase portrait requires the relation
between o1 and o2 to be known. Consequently,

(50’1 = 0'257f, (522)
Soo = U4t (5.23)
is considered which leads to
o
oy = U—2_50'2. (5.24)
Integration of (5.24) yields
1 2 /4% 2 * 1 2 (4% 2
—Q—Oq(UQ(tl) - 02(’51)) < oi(ty) —o1(t1) < —E(%(tl) - UZ(tl))a (5.25)

for oo(t) > 0 with ¢ € [t1,t]] where t; < ] <t and

1 1
5o (7B(t2) = o3(15)) < 01(t2) — 91 (85) < —5 - (0B (12) — 3(13)). (5.26)
for o9(t) < 0 with t € [t5,t2] where t; < t5 < to. Let
Ul(tl) 25'1 —&22/(2041), Ug(tl) :5'2, (5.27)

be the initial values of the sliding variables then the resulting trajectory o(t,o(t1)) lies
between the bounds shown in Fig. 5.2 (a).

It can be seen that the trajectory may reach the sliding surface or the bound g9 of the
constraints. If the sliding surface is reached directly then o slides towards the origin and
becomes zero. If the bound is reached and slightly exceeded afterwards then control law
(5.11) is activated and o moves alongside of the bound in direction of the sliding surface.
So finally also in this case the sliding surface is reached and o becomes zero. Similar
results regarding convergence and achievement of constraints can be obtained for region
S,. For instance, if the trajectories of S; shown in Fig. 5.2 (a) are reflected on the o1 and
o9 axis then possible trajectories of region S are obtained.

Regarding the shape of the trajectories shown in Fig. 5.2 (a) it can be seen that if
the initial point (5.27) would be shifted to the right then the trajectory may violate the
constraints. Consequently, the admissible region does not coincide with the domain of
attraction. In fact it is shown in Incremona et al. (2016, Theorem 2) that the domain
of attraction Sy has the shape shown in Fig. 5.2 (b) which is also the maximum obtain-
able domain of attraction. In Incremona et al. (2016, Theorem 2) it is as well formally
proven that o(t) converges to zero in finite-time if o(ty) € Sy holds for the initial value.
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Figure 5.2: (a) Evolving trajectories of region &; with specific initial value (5.27) on the
bound 3. (b) Visualization of domain of attraction S; which is also a positive invariant
set.

It is also shown that S; is a positive invariant set meaning that if o(t9) € Sy holds then
o(t,o(ty)) € St holds for the trajectory and the constraints are never violated.

In summary the considered constrained control approach provides a maximum do-
main of attraction and finite-time convergence of the sliding variables. It can handle any
constraints formulated in terms of the sliding variables. However, the approach also has
disadvantages. For instance, consider the initial values o1 (ty) < o1 and o3(tp) = 0. Then
control law (5.11) is applied as € S holds. Control law (5.11) forces oa(t) to remain
zero. As o9 = &1 = 0 holds it follows that o remains smaller g1 and never converges to
zero. Another drawback of the consider approach is that the control laws (5.10) and (5.11)
themselves are discontinuous and in addition switching between the control laws takes
place when entering or leaving the admissible region. From a practical point of view such
a controller is inapplicable as it induces chattering in the input signal. The chattering
may be attenuated by introducing a smoothing boundary layer. However, in this case
achievement of constrained control cannot be guaranteed anymore which is also explicitly
stated in Incremona et al. (2016, Remark 3). Another disadvantage of the approach pro-
posed by Incremona et al. (2016) is that the bounds of the constraints are required to
be static. This widely limits the field of applications. For instance, consider a relative
degree two mechanical system that should be controlled with respect to some position.
Then constraints could be formulated with respect to position and velocity. However, the
approach of Incremona et al. (2016) does not allow the velocity constraints to be updated
online based on a distance to some obstacle for example.

5.1.2 Problem Formulation and Assumptions

In the following the class of nonlinear input-affine systems

&= f(z)+g(x)u, (5.28)
Yyr = h(z), (5.29)
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with states x € R", control variable y, € R, and control input 4 € R is considered. The
control goal is to achieve set-point tracking according to

lim y,(t) = w, (5.30)

t—o00

in compliance with constraints that are defined by the upper bound

i Yo () =sadrt) <ley(t),  se, =41, e (t) >0, (5.31)
and the lower bound

2t Yoo (t) = $err(t) Sley(t),  Sep = =1, ley(t) >0, (5.32)

of the constrained variable ¢,(t). The reference variable w € R is assumed constant and
the bounds 0 < I, (t) € R of the constraints may depend on time. The only accessible,
measured quantity is the control variable y, and its first order time derivative g,.. The
system (5.28)—(5.29) is assumed to have a relative degree of two. Consequently, the input
appears in the second time derivative of the control variable according to

ir = L3h(x) + LgLgh(x)u = ¥(z) + T'(z)u. (5.33)
The uncertainty bounds
|U ()] < Wy, 0<Ty <T(z) <Typy, (5.34)

are assumed to be finite.

In the following mathematical definitions are introduced which later on play an im-
portant role for the design of the controller. A sliding manifold related to the each of the
constraints is defined as

e, (t) = =ne,(t) + ye,(t) =0, (5.35)
with 7, (t) € R being a continuous function and 7, ., € R being a constant chosen as
VE: 0 < Ny < Me, () < e, (2). (5.36)

Related to the lower bound 7, ., of the auxiliary function 7,,(t) the constant 7,, € R is
introduced according to

0 < N, < MIN{Npn ey, Pimes }- (5.37)

The auxiliary function 7, (t) is assumed to be continuously differentiable with 7, (¢) satis-
fying the condition

0 < max {[ies (O], Iy ()]} < 1, (5.38)
where 7ps € R is assumed to be a finite constant. A nonlinear sliding manifold

o, = —é, — ae, — Ble.|["sgn(e,) =0, 0<vy<1, (5.39)
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with tuning parameters 0 < o € R, 0 < § € R, and v € R is introduced. The sliding mani-
fold (5.39) defines a so-called terminal sliding mode which provides finite-time convergence
of the tracking error

er =W — Yp. (5.40)

The sliding manifold (5.39) is originally developed by Yu and Zhihong (2002). More details
about terminal sliding modes including the concept proposed by Yu and Zhihong (2002)
can be found in the introductory Section 2.1.6. In order to solve the constrained control
problem it is further assumed that factor a of (5.39) satisfies

a=" 1 10 >0,  pa>0, (5.41)
Tim
where u, € R is a user-defined parameter. In the subsequently discussed analysis of the
developed controller it will be shown that (5.41) is a sufficient condition ensuring the
convergence of sliding variable o,. Finally, it is assumed that y, = h(x) and y, = L¢h(z)
are continuous functions so that o, and o, are continuous.

5.1.3 Controller Design and Implementation Issues

In the following the proposed constrained controller is derived in a bottom-up manner.
That means that the controller is first stated as a combination of SMC sub-controllers
and afterwards it is analytically shown that the proposed control method can solve the
constrained control problem. The main idea that motivates the design of the proposed
controller can be understood as follows. The controller consists of two SMC sub-controllers.
The first SMC is designed to guarantee reaching of the sliding manifold o, = 0 that is
defined based on (5.39). The terminal sliding mode that is induced by o, = 0 provides fast
finite-time convergence of the tracking error. The second SMC guarantees reaching of the
additional sliding manifold 0., = 0 defined by (5.35). The sliding manifold o., = 0 is used
to avoid constraint violation. Therefore, the manifold ., = 0 is placed in the admissible
region below the bound [, (¢) of the constraint. If the constrained variable lays inside the
admissible region but is going to violate one of the bounds the second SMC becomes active
to force the constrained variable towards the manifold 0., = 0. As the manifold 0., = 0
lays below the bound [, (t) it follows that the violation of the constraint is avoided.

The challenges that are related to the proposed controller design are: the derivation of
control laws that guarantee reaching of the introduced sliding manifolds, the achievement
of smooth transition between the SMC sub-controllers, the mitigation of chattering, the
handling of the time-variant bounds, and the analysis of the controller performance.

In the following the two SMC sub-controllers are designed. In particular it is required
to derive the control laws that guarantee reaching of the introduced sliding manifolds
o, = 0 and o, = 0. The control law that guarantees reaching of the manifold o, = 0 is
denoted as u, and is studied first. A Lyapunov function candidate V;. = 0.5¢2 is considered
to reach o, = 0 in finite-time. Consequently, it has to be shown that V} = 6,0, < —%\ar]

with g, > 0 holds true for o, # 0. Derivating (5.39) with respect to time yields
& = Gr + i + Brygele 1, (5.42)
and substituting (5.33) in (5.42) gives
& = U+ Tu, + agy + Bygele| " (5.43)

100



Sec. 5.1. Controller Design

Substituting (5.42) in V; leads to the reachability condition

6.0, = Vo, + Tu,0, + a0, + ﬁwy’r|er|y_1ar < ——|o., iy >0, (5.44)

of the sliding surface o, = 0. Dividing (5.44) by 0 > —|o,| and T" > 0 yields

e+ Vav2  at Byle Nt

_ > ] 5.45
sgn(oy)u, > T,\/2 T Yyrsgn(or), ( )
which is solved by
-1
—sgn(o,) (L2 g etBle g 1) if sgn(o,) > 0, 5.1
Uy = . 5.46
—sgn(o,) “*;j%ﬂ — O‘Jrﬁ%‘;;w [vr] ) if ¢,sgn(o,) < 0.

In the following the control law ., is derived which guarantees reaching of the manifold
oc; = 0. A Lyapunov function candidate V,, = 0.5021_ is considered and the structure of
the control law is assumed to be

Ue; = Uy — S¢;ke;sgn(oe;). (5.47)

Derivating (5.35) with respect to time and substituting (5.31)—(5.33) into the time deriva-
tive leads to

e, = —Tles + 56,0 + 5, (5.48)

Multiplying (5.48) by o, yields the reachability condition

O¢,0c; = 06,5,V 4 0¢;Se;Ttie; — 0¢;Me; < _Ha fe; > 0. (5.49)

Oc; |y
— \/5’ Cz‘

Dividing (5.49) by |o.,| and —T" < 0 and considering the uncertainty bounds gives

Me; + \IJM\/i 770'
- NS Up, > ———— — —'5§ ). 5.50
Sgn(acz)sczucz - Fm\/i P bgIl(O-Cz) ( )

Substituting the controller structure (5.47) in (5.50) leads to the condition

4+ U 2 e,
ke, > po t Yurv2 @sgn(aci) + s¢;8gn(0c, )ur, (5.51)

D2 r

which is required to be satisfied by the controller gain. From (5.51) the control law

Ue; = Uy — S¢ke;sgn(oe;), (5.52)
with gain
e, + \I’M\/E |770| o+ ,87|6T|’y_1 .
k. == ? S ) _ 5.53
c; Fm\/i + T, + Sclﬁgn(acl)ur + T, |yr|’ ( )
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Algorithm 2 Ideal constrained sliding mode controller
Inputs o, (t) from (5.35), o,(t) from (5.39), y,(t) from (5.29), 7, (t) from (5.36), p,
from (5.44), pe, from (5.49), a from (5.41), 5, v both from (5.39), T'y,, Tar, Uy all
from (5.34)
if Ve;: se, 9 < 1, then > Inside admissible region and distant from bounds
if y,sgn(o,) > 0 then

—1 .
u < —sgn (o) X (“T;f:\”/%ﬂ  etBlec? ’yr’)

I'm
else
_ prt V2 atByler Y7
- —sguloy) x (L el
end if

else if dc;: s., 9, > 1., then > Outside admissible region or approaching a bound

. pe, +prV/2 [7c, | a+pByler |71 .
U <= —sesgn(og;) X < rva T Tm T B e (4

end if
Output u(t)

is obtained. The additional term +%§;”_1ny] becomes relevant for the subsequently
discussed controller analysis. By substituting (5.53) in (5.52) it can be shown that control
law (5.52) is equivalent to

A UMV2 T 7=t
Ke; + M\/_ |77€z| o+ 57|6T| |yr|> ] (554)

Up, = —Se,88N(0.. ) X +
Cj clg(cl) ( Fm\/i Fm Fm

However, to achieve smooth transitions between the control laws w, and u., it is desirable
to have control law u,, in the form of (5.52) which will be further discussed.

An ideal version of the proposed controller that does not consider any smoothness of
the input signal is described by Algorithm 2. It is a simple switching between the control
laws (5.46) and (5.54) of the SMC sub-controllers. If the constrained variables are inside
the admissible region and in sufficient distance to the bounds then the control law (5.46)
is applied to achieve reference tracking. If the constrained variable violates a bound or
lays inside the admissible region but is approaching a bound too closely then control law
(5.54) is applied to enforce the constraints. However, Algorithm 2 can not be applied in
practice. Due to the discontinuous control laws and the discontinuous switching between
the sub-controllers chattering is generated which makes the whole approach infeasible.

To avoid the problem of discontinuities smoothing boundary layers are introduced as
follows. Therefore, the smooth approximation

f >1
sat(a) = sen(a) forfa] 2 1, (5.55)
a for |a] < 1,

of the signum function is defined. The smooth approximation (5.55) is applied to the
reaching laws (5.46) and (5.52) to replace the signum function. Consequently, an approx-
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Algorithm 3 Practical implementation of constrained sliding mode controller
Inputs o, (t) from (5.35), o,(t) from (5.39), y,(t) from (5.29), 7, (t) from (5.36), p,
from (5.44), pe, from (5.49), a from (5.41), 5, v both from (5.39), T'y,, Tar, Uy all
from (5.34), €;; >0, ¢, >0

if y,sgn(o,) > 0 then

uy < —sat(Z) x (“TJ“I’M\/E + 0‘+5’1ﬁ::|7_1 |yr|)

I'mV2
else
. U2 +Bvler| Y71 -
0 ¢ moni(2) x (L - Rl
end if
if Ve;: se, 9 < 1, then > Inside admissible region and distant from bounds
U 4— Uy

else if dc¢;: s, yr > e, then > Outside admissible region or approaching a bound

U 4= uy — sc;sat (‘:C> X < ;qj}f + T mcl' + 8¢;sat ( > uy + 70&57'6” Iy'r|>

end if
Output u(t)

imation
—sat(ge) x (epan® o BRIl | )it gsen(oy) > 0, (5.56)
uf = o 5.56
—sat(2e) x (sPapd2 _ axBlal g | ) if gsgn(o,) <O,

of the reaching law u, is obtained by substituting sgn(c;) of (5.46) with sat(Z) and an
approximation

O¢,

* %k . Ci
Up, = Uy, — S¢;Satb

€¢;

FUVE [ . o
y (ucz +Uarv2 il + so5at <‘:_c> uH%,yr‘) . (5.57)
Ci

Pm\/5 Fm Fm

of the reaching law w,, is obtained by substituting sgn(o,,) of (5.52) with sat(%). In
(5.56) the parameter 0 < ¢, € R defines the width of the smoothing boundar}; layer
that is introduced with respect to the sliding surface o, = 0 and in (5.57) the parameter
0 < €; € R defines the width of the smoothing boundary layer that is introduced with
respect to the sliding surface o., = 0. Based on the approximated reaching laws u; and
uy, a practical controller implementation is formulated that avoids the problem of the
discontinuities. The practical controller implementation is described by Algorithm 3. In
the following it is shown that the practical controller implementation provides a smooth
transition between the SMC sub-controllers. First, the conditions Ve¢;: s¢; 9, < 1. and
deit se,yr > e, are studied that according to Algorithm 3 induce the switching of the
sub-controllers. From (5.31), (5.32), and (5.35) it follows that statement Ve;: se,¢r < 7,
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Figure 5.3: Control input selection dependent on constrained variable g,.(t).

is equivalent to V¢;: 0., < 0 and statement dc¢;: s., 9, > 10, is equivalent to dc¢;: o, > 0.
According to Algorithm 3 the switch between the sub-controllers (5.56) and (5.57) occurs
if o, changes from zero to a positive value or vice versa. Let 0., — 04 denote that o,
approaches 0 from the right hand side. In case of 0., — 04 it follows from (5.57) that

u: — uy holds. Consequently, the transition between the control laws is smooth. In

ci
addition, the chattering effect occurring around the sliding surfaces o, = 0 and 0., = 0
can be mitigated by choosing the boundary layer widths €, and €., properly.

Finally, a graphical illustration of the practical controller implementation is given by
Fig. 5.3. It can be seen that the control input equals w;(¢) if the constrained variable is in
the region between the auxiliary functions 7., (¢) and 7, (t). In this region the constraints
are satisfied so that u}(t) is applied to achieve reference tracking. If the constrained
variable leaves the region between 7., (t) and n.,(t) then the control input switches to
uy (). The switch of the control input guarantees the constraints to remain satisfied if
the auxiliary function 7, (t) is properly chosen. That can be understood as follows. First,
the sliding surfaces o¢,(t) = 9.(t) — 1e,(t) = 0 and o, (t) = —y-(t) — ne,(t) = 0 are
considered. Both surfaces are illustrated in Fig. 5.3 by the graphs 7., (t) and —n.,(t).
From the controller design it is known that the control input w,,(¢) guarantees reaching
of the sliding manifold o, (t) = 0. Consequently, if u., (¢) would be applied it can be
guaranteed that ¢, (¢) is pushed towards the graph 7., (¢) and if u.,(t) would be applied
it can be guaranteed that ¢,(t) is pushed towards the graph —,,(¢). Both graphs 7., (t)
and —1,,(t) are located inside the admissible region defined by the bounds of I, () and
ley(t). As a result, constraint violation can be avoided by applying input wu,(t). The
remaining problem is that the practical controller implementation generates the control
input uy, (¢) instead of the desired input u,, (t). Nevertheless, satisfaction of the constraints
can still be guaranteed if the auxiliary function is properly chosen. Assume the auxiliary
function 7,,(t) > 0 to be chosen in sufficient distance to the bound I.(t) > 0 so that
0c;(t) = S¢;Ur(t) — me;(t) > €., holds in case of s.,Ur(t) = l.,(t). As o, (t) > €. holds
for the considered case it follows from the smooth approximation (5.55) that sat(o, /€c,)
and sgn(o., /€., ) are identical. The boundary layer width €., is always positive leading
to sgn(oe,/€c;) = sgn(oe,). Finally, as sat(oc,/e;) = sgn(o.,) holds the control inputs

u} (t) and wuc,(t) equal each other in case of s.,yr(t) = I, (t) and the constraint violation

Cq
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is avoided.

5.1.4 Controller Analysis

In the following it is shown that the proposed control method can solve the constrained
control problem. The mathematical properties of the proposed approach are discussed.
That includes the analysis of the tracking error convergence as well as the study on how
the tuning parameters affect the controller performance. The ideal controller (Algorithm
2) is a special case of the practical controller implementation (Algorithm 3) which can
be seen by choosing the boundary layer widths €, > 0 and €., > 0 arbitrary small. As
a consequence, Algorithm 3 is discussed subsequently as it is the more general approach
and the method that is relevant in practice.

The main results of this section are summarized as follows. In Theorem 8 it is proven
that the constraints can be guaranteed to be satisfied if the auxiliary function 7, is suitably
chosen. The condition that the auxiliary function has to met is given by the inequality
(5.61). In Theorem 12 the convergence of the sliding variable o, is studied. It can be
guaranteed that |o,| converges to a domain that depends on the boundary layer widths
¢ and €.,. The domain is specified by the inequality (5.95). The convergence of |o,| with
respect to the specified domain can be achieved in finite time. A maximum time interval
that is required for the convergence is given by (5.97). In Theorem 14 the convergence of
the tracking error e, is proven. The tracking error is shown to be bounded after a finite
time. The error bounds can be determined by solving the nonlinear equation (5.119).
The bounds depend on several controller parameters such as the tuning parameters of the
sliding manifold o, = 0 and the smoothing boundary layer widths €, and €.,. A maximum
time interval after which the tracking error is guaranteed to be within the specified bounds
is given by (5.121). In Corollary 15 the domain of attraction is discussed. The considered
domain of attraction is specified by (5.141). It is shown that the proposed control method
provides the maximum possible domain of attraction.

In the following the theorems and the corollary as well as required lemmata are stated.

Lemma 7.
Consider control of system (5.28)-(5.29) based on Algorithm 3. There exists some finite-
time ty so that o, is upper bounded by the smoothing boundary layer width €., i. e.

0 (t) < €y, (5.58)
holds fort > t;.
Proof. From Algorithm 3 it is known that if
Oc; = —Ne; + SiYr 2> €¢; >0, (5.59)

holds then the control input equals (5.57) which in fact equals (5.52) as sat(o,/€ec;) =
sgn(oe,) holds due to (5.59) and (5.55). As control input (5.52) satisfies the reachability
condition (5.49) it follows that

oc,(t) < e, (5.60)

holds for ¢ > ¢y with ¢y being some finite-time instant. O
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Theorem 8 (Achievement of constraints related to Algorithm 3).
Consider control of system (5.28)—-(5.29) based on Algorithm 3. Let the auziliary function
ne,; (t) be chosen as

€e; < e (t) — ney (1), (5.61)

with bound l.,(t) > 0 and smoothing boundary layer width €., > 0. There exists some
finite-time t; so that the constraints are satisfied fort >ty i.e.

- lcz (t) S yr(t) S lcl (t)’ (562)
holds for t > ty. If Ve;: oc,(to) < €, holds true for the initial time instant to then ty = to.

Proof. From Lemma 7 it is known that

Oc; = —Ne; (1) + Se,9r (1) < €y, (5.63)
holds for ¢ > t; with ¢; being finite. Substituting (5.61) in (5.63) leads to s.,y,(t) < I, (t)
from which (5.62) follows. O

Lemma 9.

Consider control of system (5.28)-(5.29) based on Algorithm 3 with ., chosen as i, > fiy.
Let 0,(t) > €, > 0 hold fort € [t1,t2] where €, > 0 is the user-defined smoothing boundary
layer width. It follows that o,(t) decreases to €, in finite-time according to

or(t) < Kk — ot —t), (5.64)
k= max{o(t1),00(t) + 00y (t) ), Tes(t) = =G (h) = mea (1),

Hr

0 = min { \/57/1'(177771} ;
with t € [tl,tg].

Proof. 1t will be shown that for the possible control inputs v = u;, u = ug,,
the sliding variable o, > €. > 0 decreases to €, in finite-time.

Step 1: Consideration of control input u = w) according to (5.56). From the reach-
ability condition (5.44) and the definition of the smooth approximation (5.55) it follows
that

ok
and u = uy,

. My
or < ——, 5.65
PS5 (5.65)
holds in case of o, > e¢,.
Step 2: Consideration of control input
* * UCI *
u = u} = uy — sat (—) x kX, (5.66)
€cy
with
Hey + \I]M\/E |77€1| Oc¢; «, ot /87|6r|,y_1 .
kX = + +sat | — |up + ————— ) 5.67
c1 ( T,\/2 T, €or T T, |9 ( )
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according to (5.57). The saturation function sat(o¢, /€., ) is bounded as

0 < sat <&> <1, (5.68)
€cy
because 0., > 0 holds if u = w is applied. Input w; is part of (5.66) and (5.67). As
u = uy, is only applied if o,y = —7¢ + ¢ > 0 holds it follows that g. > 0 holds and
according to (5.56) quantity w} is

Uprv/2 71
u*:_ﬂr‘i‘ M\/__Oé‘f‘/@'}"er‘ 9| < 0, (5.69)

' L2 T

in case of o, > ¢ > 0 and g, > 0. Substituting (5.69) in (5.67) and considering (5.68)
yields

0< “I‘jl :}2‘ + |17Z‘:L| <k, (5.70)
m

in case of pic, > pr > 0. As k} is non-negative and due to (5.68) it follows u, < u; from
(5.66). For o, > 0 the reachability condition

G = U+ Tu+ agy + Byinler /! < —%, 1y > 0, (5.71)
known from (5.44) is satisfied if inequality
a2 71

u b
- Tny/2 r '

holds. As stated in Step 1 the reachability condition is satisfied for u = u; if o, > €, holds.
As u’ < u; holds it is

e+ V2 a4 ﬁv\er\”fly.

ro<ur < 5.73
uc1 — u?" — Pm\/i P T ( )

and the reachability condition is also satisfied for u = ug, . Consequently,
o < — (5.74)

=T
holds.

Step 3: Consideration of control input u = u}, according to (5.57).

Case I:

It is first studied the behavior of o, if input u(t) = w},(t) is applied on some time
interval ¢ € [t1,%2) but not at time instant 5. As u = u, is applied if and only if 0., > 0
holds it is o.,(t) > 0 and o, (t2) = 0. Consequently, o.,(t*) > 0 with ¢t* € [t1,t2] holds.
According to (5.39) and (5.40) it is

or(t*) = r(t) — aer(t7) — Bler(t")|sgn(er (7)), (5.75)

for t* € [t1,ta]. As 0¢,(t*) = —ney (t*) — 9(t*) > 0 holds it follows from (5.36) and (5.37)
that

yr(t*) < _nCQ(t*) < —m <0, m > 0, (576)
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holds. As o,(t*) > 0 and ¢,(t*) < 0 hold it can be seen from (5.75) that e,(t*) < 0 holds.
Consequently, equation (5.75) is

or(t*) = 9 (t") — e (t*) + Bler ()], (5.77)
for t* € [t1,t2]. From (5.77), (5.76), and e, = w — y, it follows that

0 (t") < —1ey (1) — aw + ayy(t1) + Bler (t1)[
t* t*
+ [ e+ [ pp e 619
1 1
holds for any time t* € [t1,t2], where 73, |e;|Y~! is the time derivative of Ble,|” in case
of e, < 0. Consider a to be a positive constant
a=" 4, (5.79)
TIm

as stated in (5.41). From (5.76) and (5.38) it follows that inequality
a=M + fo = 762(75)
TIm Yr(t)

holds. Substituting o > 0 from (5.80) in (5.78), considering ¥, (t*) < —n,, < 0 from (5.76),
and considering that 5, v are positive leads to

+ Lo Mo >0, (580)

or () < —aw + ay,(t1) + Bler ()" = ney (1) = palim (87— t1). (5.81)

Adding 9, (t1) — yr(t1) to (5.81) and considering the definition of o, according to (5.77)
yields

Ur(t*) < yr(tl) - aer(tl) + /Bler(tl)’ﬂ/ - yr(tl) - 7762(t1) - Manm(t* - tl)a
= or(t1) = 9r(t1) = Nex (1) = pan (" —t1),  Halim > 0, (5.82)

for t* € [tl, tQ].
Case II:

It is now studied the behavior of o, if input wu(t) = w},(t) is applied on some time
interval t € (t1,t2) but not at time instants ¢; and to. It follows that o, (t) > 0, ., (t1) = 0,
Oc,(t2) = 0, and o, (t*) > 0 with t* € [t1,t2] hold. According to (5.39) it is

or(t") = r(t) — aer(t7) — Bler(t7)|sgn(er (7)), (5.83)

for t* € [t1,t2]. As ¢, (t*) = =1, (t*) — yr(t*) > 0 holds it follows from (5.35), (5.36), and
(5.37) that

Jr(t") < =0, (1) < =1 <0, 1 >0, (5.84)

holds. Considering 9, (t*) < 0 and o(t*) > 0 it can be seen from (5.83) that e,(t*) < 0
holds which leads to

op(t") = gr(t") — aer(t%) + Ble(t7)]". (5.85)
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From (5.84), (5.85), and e, = w — y, it follows that

or(t*) < =1y (t*) — qw + ey, (t1) + Bler(t1)]”
+ t ayy(T)dr + t ’yﬂy'r(T)\er(T)P*ldT, (5.86)
t

t1 1

holds for any time ¢* € [t, t3]. Substituting

a=M + po = 762(75)
m r (1)

in (5.86) and considering 3, (t*) < —n,,, < 0 as well as § > 0, v > 0 leads to

+ U, e > 0, (5.87)

or(t) < —aw + ay,(t1) + Bler(t)]” = ne (1) = panm(t* = 1) (5.88)

As ¢, (t1) = =1, (t1) — yr(t1) = 0 holds it follows —n,, (1) = 9»(t1). Replacing —n, (t1)
by 9,(t1) in (5.88) and considering the definition of o, from (5.85) yields

or(t) < op(t1) — panm(t* = t1), taTm > 0, (5.89)

for t* € [tl, tg].

Step 4: Occurrence of Case I and Case II of Step 3. It will be shown that Case I
of Step 3 can only occur if u = u, is applied first, meaning that once input v = w; or
u = uy, has been applied Case I of Step 3 can not occur anymore.

According to Algorithm 3 input u = u; or u = u, are only applied if 0., = =7, =9, <
0 holds. Consider u = uy or u = ug, to be applied before the input switches to u = u,.
That means that there exists a time instant t; with o¢,(t1) = =7, (t1) — 9 (t1) = 0 just
before o, switches to a positive number inducing the switch of the input to u = uy,. As
0c,(t1) = 0 holds it is Case II that has to be considered and not Case I which would
require o, (t1) > 0.

Step 5: Rate of decrease. Let u., > p, and o0,(t) > €, > 0 hold for some interval
t € [t1,t2]. From (5.65), (5.74), (5.82), (5.89), and Step 4 it follows that o, (t) decreases
to €, in finite-time according to

O-r(t) <k-— Q(t - tl)a (590)
k= max{o,(t1), 0, (1) = Gr(t1) = mea(t1) .
0 = min {%aﬂanm} ’
with t € [tl,tQ]. |

Lemma 10.

Consider control of system (5.28)-(5.29) based on Algorithm 3 with pi., chosen as fic, > fr.
Let o,(t) < —e, < 0 hold fort € [t1,t2] where €, > 0 is the user-defined smoothing boundary
layer width. It follows that o,(t) increases to —e, in finite-time according to

Ur(t) > K+ Q(t - tl)? (591)
p=min{o,(t1),0r(t) =00 () ], 0e(t) = Grltr) = ey (00),
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Hr

0= min{ﬂwanm} ;
with t € [tl,tz].

Proof. The proof can be found in Appendix D. It is similar to the proof of Lemma 9. [

Lemma 11.
Consider control of system (5.28)-(5.29) based on Algorithm 3. Let

Vt: max{ac1 (t),00, (t)} <, (5.92)
Oc; (t) = yr(t) — TNey (t)’ Ocy (t) = _yr(t) — Tea (t)’ (5'93)

hold fort >ty and let pe, > p, hold. Then |o.(t)| is finite-time stable with respect to the
domain €, + ¢ with €, > 0 being the user-defined smoothing boundary layer width. More
specifically o, (t*)| decreases as

0, (9] < |on(t1)] = o(t* — t1), g:mm{g%MWm}, (5.94)

Zf ’O’r(t*)’ > €.+ C with tr e [tl,tg] and t1 > tf.

Proof. Let condition (5.92) hold for ¢ > t;. It follows from Lemma 9 and 10 that a finite-
time instant tyo > t; exists for which |o,(tf2)| = €. holds. Then according to Lemma 9
and 10 and condition (5.92) it follows that |o,(¢)| is captured within the domain €, + ¢ for
t > tyo. Sliding variable |o,.(t)| is finite-time stable with respect to the domain €, + ¢ for
>ty m

Theorem 12 (Boundedness of sliding variable related to Algorithm 3).
Consider control of system (5.28)—-(5.29) based on Algorithm 3. Let the controller param-
eters be chosen as pi., > pr. There exists a finite-time instant ty so that

lor(t)] < € + €, €c,M = max{ec,, €cy }s (5.95)

holds for t > ty with €, ¢€c,€c, > 0 being the user-defined smoothing boundary layers.
Assume

|0 ()] > € + €c,m, (5.96)

to hold at some time instant t*. Further assume |o,(t*)| < oy pr and o, (t*) < €, to hold
at t*. It can be stated that (5.95) is achieved for t; =t* + 7 at the latest with

Or, M — (Er + Ec,M) Hr

fw
T= , = min , . 5.97
) 0 { NG uanm} (5.97)

IfVe;: oc,(to) < €, holds initially then t* = 1.

Proof. From Lemma 7 it is known that

e, (t) < €c;s (5.98)
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holds for ¢ > t* with t* being some finite-time instant. Following Lemma 11 the upper
bound of o, as stated in (5.92) can be defined based on (5.98) which leads to

¢ = €c,m = max{ec,, €cy }- (5.99)

It follows from Lemma 11 that |o,| remains in the domain €, + €. s after a finite-time.
The statement (5.97) about 7 is achieved by rearranging (5.94). O

Lemma 13.
Assume the constraints to be satisfied according to Theorem 8 1. e.

- lCQ (t) < yr(t) < lm (t)’ (5'100)

holds for t > ty. Let the sliding variable o, be bounded as |o(t)| < opar fort > ty. For
t > ty the tracking error |e.(t)| is finite-time stable with respect to a domain e, > 0.
The domain is obtained as the solution of

aer s + Bel y = orar + % (5.101)

with «, B, and v known from the sliding manifold (5.39) where « is chosen as stated in
(5.41). Quantity pe may be selected as

0 < fte < V2. (5.102)
More specifically |e,(t)| decreases as

de-®)] . pe (5.103)

b — V2
fort >ty if |e,(t)| > ermr holds.

Proof. Let some function V(t) be defined as V(t) = |e,(t)]. To make |e,(¢)| finite-time
stable it is desired to achieve

V = sgn (er) ér < _%a
for e, # 0. Based on the definition of the sliding variable o, from (5.39) it can be stated
that

fie > 0, (5.104)

—Yr =€ = —0p — Q€ — /8|6T|’ysgn(er)’ (5105)
holds. Substituting (5.105) in (5.104) gives

afer| + Bles|” = aer + Ble,|” > L& — oy, (5.106)

V2

for e, > 0 and

aler| + Bler = —ae, + Bles [T > PS4 q,. (5.107)

V2
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for e, < 0. As
He He _ He > He

+ o
\/5 }

hold true, the equations (5.106) and (5.107) can be achieved for all |e,| > e, pr With e, ps
being the solution of

+o,, (5.108)

alernr| + Blern = L5 + o (5.109)

V2

As a result |e,| is finite-time stable with respect to the domain e, p;.

The rate of decrease according to (5.104) is restricted as it depends on the constrained
variable é, = —g,. The bounds of the constrained variable are given by (5.100).

The largest and smallest values of 7, that are obtainable in presence of the constraints
can be seen if o, is rearranged according to

Oc; + e, = Sithr < le;- (5.110)

As stated in the proof of Theorem 8 satisfaction of the constraints (5.100) is achieved by
enforcing

oc,;(t) < e, (5.111)

to hold for ¢ > ty. Consequently, in presence of the constraints the maximum value o,
can have is €, > 0. Quantity 7., is known to be lower bounded by 7, as stated in (5.36)
and (5.37), so that the values of g, that surely can be achieved may be in the range of

8ilr = Oc; + Me; < €c; + M- (5.112)

However, from Algorithm 3 it is known that ¢, is only not constrained by the controller if
it is in the range of —n,,(t) < ¢,(t) < n, (t). Consequently,

Ur € [—a,+al,  a S, nm <min{ne (), 0, (1)}, (5.113)

describes a range of values of ¢, = —é, that can be achieved by (5.104) for sure as for
that specific range the values of ¢, are guaranteed to be not constrained by the controller.
Rewriting (5.104) as

— sgn(e, ) < —%, (5.114)

it follows that u can be selected as stated in (5.102). Consequently, the rate of decrease
is suitably described by (5.103). O

Theorem 14 (Convergence of tracking error related to Algorithm 3).
Consider control of system (5.28)-(5.29) based on Algorithm 3. Let

Vet oc,(to) < €, (5.115)
and

| (to)| < o m1, (5.116)
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hold initially and let 1., be selected as
€c; < le;(t) — me, (2). (5.117)

Further assume pi., to be chosen as p., > p,. There exists a finite-time ty for which the
tracking error |e,| remains in the domain e, pr i. e.

ler(t)] < erar, (5.118)

holds for t > ty. The domain e, s is given by the solution of

aer v + ﬂeZM =€ + €M+ He 0 < pte < nmV'2, (5.119)

Nk

where €.\ is related to the smoothing boundary layer widths according to

€c,M = Max{ec,, €c, }- (5.120)
The time instant ty is achieved at
ty=to+ 71+ 72, (5.121)
T = IrM (Z + GC’M), 0 = min {%, Maﬁm} , (5.122)
T2 = (€r, M+ — er7M)\/_e§7 (5.123)
at the latest where e, pr+ solves
oer pr+ + 563,1\/1* =€ +em + le(to+ 1), (5.124)
with l. being defined by
lo(t) = max{li(t),l2(t)}. (5.125)

If l.(to + 1) is not known beforehand e, p« can also be obtained as the solution of
aer \+ + ,BezyM* =€ +€eem + U, Vi 1e(t) < L. (5.126)
In addition to the constraints defined by l., the inequality
19 ()] < € + €c.mr + aernr + Be] (5.127)
holds fort > t;.

Proof. As (5.115), (5.116), and g, > p, hold Theorem 12 can be applied from which
follows that

o7 ()] < € + e, (5.128)

is achieved for t > ¢y + 7 at the latest with 71 as stated in (5.122). Due to (5.115) and
(5.117) it follows from Theorem 8 that the constraints are satisfied from the beginning i. e.

- lCQ (t) < yr(t) < lm (t)’ (5'129)
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holds for t > tg. It follows from Lemma 13 that for ¢t > ¢y + 71 the tracking error |e,(¢)] is
finite-time stable with respect to the domain e, s given by the solution of (5.119).
In the following it is shown that |e,(t9 4+ 71)| is bounded as

ler(to +11)| < ernrv, (5.130)

where e, p» may be taken as the solution of any of the two equations: (5.124) or (5.126).
Consider o, to be rearranged as

—aey(to + 11) — Bler(to + 1) sgn(er(to + 1)) = or(to + 1) — Yr(to + 71), (5.131)
according to its definition stated in (5.39). Multiplying (5.131) by minus one gives
ae,(to+ 1) + Bleq(to + m1)|"sgn(er(to + 1)) = —or(to + 71) + yr(to + 11)- (5.132)
From (5.131) statement
—aep(to + 71) — Bley(to + 1) sgn(er (to + 1)) < € + €cnr + |9 (to + 71)], (5.133)
and from (5.132) statement
aer(to + 1) + Bler(to + 1) "sgnler(to + 11)) < € + €c.nmr + |Ur(to + 1), (5.134)

may be concluded, where |0, (tg + 71)| < € + € s is known to hold due to (5.128). Con-
sidering (5.133) for e, < 0 and (5.134) for e, > 0 both times yields

aler(to +71)| + Bler(to + )" < & +ecm + |9 (to + 71 (5.135)

Consequently, |e,(to + 71)| is bounded as stated in (5.130).

It was already shown that |e,(t)| is finite-time stable with respect to the domain e, ps
for t > ty + 1. In the following a time span 7o is specified so that (5.118) holds for
t >ty + 11 + ™2 at the latest. With the result of (5.130) the missing time span 75 can be
determined. From Lemma 13 it follows that 75 is obtained as

V2 V2
T = (e, M+ — €r01) m > (ler(to + 71)| — ernr) —, (5.136)
e e

by integrating (5.103).
The remaining statement (5.127) follows by rearranging o, according to

Ur(t) = op(t) + e, (t) + Bler(t)|"sgn(e,(t)). (5.137)

Applying the triangle inequality on (5.137) and considering that e, (t) is bounded by e, as
for t >ty yields

|9 ()] = o (t) + aer(t) + Bler(t)"sgn(e, ()| < € + ecnr + aernr + ey, (5.138)

with t > ;. O
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Corollary 15 (Domain of attraction related to Algorithm 3).
Let

Vei: oc,(to) < €, (5.139)
hold initially and let 1., be selected as

€e; <l () —me,(t). (5.140)
Suppose i, to be chosen as pic; > pr. Consider a domain of attraction to be specified as

Sr={Vo: —la(t) < 9:(t, D) < Ui(t) A |Jw =y (t%,D0)] < ernr}, (5.141)
Yo = {yr0,Ur0},

where yro = yr(to), Yro = Yr(to) denote initial values and y.(t,D), Ur(t,Jo) denote
trajectories initiated by those initial values. Further, t* is specified as t* > ty with ty being
a finite-time instant and e, pr is defined by the solution of

aer v + ﬂeZM =€ +em+ %, 0< e < nm\/i, (5.142)

€c,M = max{ec,, €c, }-

Consider system (5.28)-(5.29) to be controlled based on Algorithm 3. A mazimum possible
domain of attraction according to (5.141) is achieved.

Proof. The desired goal

—la(t) < 9, (t, Do) < i(t), lw — yr(t*,y0)| <erM, (5.143)

can be achieved by satisfying the constraints (Theorem 8) and reaching the domain e, ps
of the tracking error in finite-time (Theorem 14). From Theorem 8 and 14 it is known that
the only restrictions that are made with respect to y, o, ¥ro are (5.115)—(5.117) which can
be reformulated as

Vt, ¢ Oc; (to) = =T, (to) + Sciyr(to) <€ < lci (t) — Ne; (t)7 (5'144)
based on (5.35) and
|or(to)] = |9 (t0) — a(w — yr(to)) — Blw — yr(to)["sgn(w — yr(to))| < ormr,  (5.145)

based on (5.39). Related to (5.145) it is required that some finite o, s > 0 exists that
solves the inequality. Such a o, can always be found as |o,(to)| is just the initial value

of |o,| which is always finite. Consequently, y,o and .o are not restricted by (5.145).
Considering (5.144) it follows

sir(to) <le,(to) & —ley(to) < gr(to) < ley (to)- (5.146)

Consequently, only 7, (to) is restricted. But it is restricted to the maximal possible domain.
O
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Figure 5.4: Two-link robot with rotary joints. The joint angles are denoted by ¢; and
q2, the link length are given by d; and do, the input torques are symbolized by 7 and 7o,
and the unknown payload is denoted as F},. The input torques are highlighted in blue and
the unknown payload is shown in red.

5.1.5 Application Example

In this section the proposed constrained controller is applied to a robotic system. The
robot is a two-link robot with rotary joints as shown in Fig. 5.4. The goal is to achieve
velocity-constrained point to point control of the robot. In particular, the end effector
should be driven to different way points while the angular velocities of the joints are
restricted. As shown in Siciliano et al. (2010) the dynamics of the considered two-link
robot can be derived based on Lagrange equations of the second kind. Following Siciliano
et al. (2010, Chap. 7) the dynamic equation

B(q)i+C(q:4)q + foi + fssgn(q) + g(q) = 7+ £(q, Fy), (5.147)

is obtained where B(q) describes the moments of inertia, C(g,¢) accounts for the cen-

trifugal and Coriolis effects, f, and fs represent coefficients of static and viscous friction

torques, g(q) are the moments generated by earth gravity, 7 are the actuator torques, and

€(q, Fy) are the moments generated by an external force F, applied to the end effector.
The related terms are given by

b1 + bacos(gz2) b3 + bacos(ga) : : @i G1+q2

B(q) - bg + b4COS((]2) b5 1 ) C(Q7Q) - _clsln(QZ) l_ql 0 1 5

g(q) — [QICOS(QI) +g2COS(QI + C]2)] , ff(q) — qu+ fssgn((j),

gacos(q1 + q2)

dycos(q1) + dacos(q1 + q2)
dacos(q1 + g2)

)

§(q7Fy):Fy[

in detail. The model parameters are summarized in Table 5.1. The joint angles, angular
velocities, and actuator torques are defined as

_ @ . |@ |
R
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Table 5.1: Parameters of two-link robot according to Siciliano et al. (2010)

by 1315 [kgm?/rad] by 6.0 [kgm?/rad]
b3 13.0 [kgm?/rad] by 3.0 [kgm?/rad]
bs 112.0 [kgm?/rad] c1 3.0 [kgm?/rad?]
g1 309.0 [kgm?/s?] g2 98.1 [kgm?/s?]
fo 02 [kgm?(srad)™l] | fs 04 [kgm?/s?]
di 06 [m] dy 04 [m]

and the position of the end effector in the Cartesian domain is given by

Tea dycos(q1) + dacos(q1 + ¢2)
hea(q) = = . ) . 5.149
(@) lyca] [dlsln((h) + dasin(q1 + ¢2) ( )

The control goal is to move the end effector from an initial waypoint A (WP-A) to
a waypoint C (WP-C) via an interim waypoint B (WP-B). During the movement the
angular velocities of the joints are restricted. In addition a pick and place problem is
considered. At WP-B a payload of 80 [kg] is picked up simulated by an external force
F, = 80[kg] x 9.81[m/s?. The goal is to move the robot to WP-C while carrying the
payload. The external force is unknown to the controller same as the friction coefficients
fv and fs of the robot.

The Cartesian coordinates of the waypoints and their corresponding joint angles are
shown in Table 5.2. The initial angular velocities of the links are zero i.e. §1(to) = g2(to) =
0[rad/s]. The constraints of the angular velocities depend on time and are introduced as
follows. Let [, ;j define the i-th constraint of the angular velocity ¢; i.e.

ey (5.150)

—lesj < G5

The bound [, ; of the constraints is given by a quadratic function

l.. (Q) = gbcmj(%’) if gbci’j(qj) < Ce (5.151)
ci,j\4j Ce if chi,j(qj) > Ce,

e.j(05) = ac(wj — qj)° +be,  0<be<c, i,je{l,2},
where w; denotes the reference angle of joint angle ¢; in radiant. Consequently, the bound

le;,j > 0 decreases quadratically dependent on the tracking error w; — ¢;. Based on c. an
upper limit and based on b. a lower limit of [, ; is defined. For the considered example

Table 5.2: Reference values in Cartesian coordinates (Zcq,Yecq) and joint angles (wq, ws)

| Cealm) yealm] wi[]  wn[?]
WP-A | 0.900 0.100  26.511 —51.318
WP-B | —0.700 0.500 168.873 —62.720
WP-C | 0.100 0.400 117.562 —136.817
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the constants ac, b., ¢, in (5.151) are given as a, = 0.6 [1/(srad)], b. = 10 x 27/360 [rad /s],
and ¢, = 70 x 27 /360 [rad/s].

To achieve the desired control goals the actuator torques 7 have to be suitably selected.
Therefore, the following MIMO controller

7 =C(q,9)4+ 9(q) + B(q)v, (5.152)

with auxiliary control inputs
T
V= [ul yz} , (5.153)
is introduced. Substituting (5.152) in (5.147) gives the input-output dynamics
q'l == \Ill(q7q.7Fy)+F1V17 Pl - 17 (5154)
and
C.'I.Q = \II2(Q7 q,Fy) + F2V25 FQ = 1’ (5155)

where V1 and Ws denote uncertainties related to the unknown friction terms fs, f,, and
the unknown external disturbance £. The input-output dynamics (5.154) and (5.155) have
both a relative degree of two with respect to the control variable ¢; and the introduced
auxiliary control input v;. The uncertainty bound W, ; defined by

|\I’]| < \I’M,j, J € {1’2}’ (5156)

is assumed to be finite. According to (5.154)-(5.155) quantity I'; equals one. As a conse-
quence, suitable values of the bounds I'y, ; and I'y; ; defined by

0< Fm,j < Pj =1< FMJ‘, j e {1,2}, (5157)

are known and can be selected based on (5.157). As the input-output dynamics have rela-
tive degree two and the uncertainty bounds are finite the proposed constrained controller
can be applied. The proposed controller guarantees that set-point tracking of ¢; can be
achieved while constraints are imposed on the angular velocity ¢;. Consequently, the pro-
posed constrained controller solves the constrained control problem by applying suitable
control inputs v;. The auxiliary control inputs v; that the constrained controller provides
are defined by Algorithm 3. To apply the algorithm the following auxiliary functions and
sliding variables are introduced. According to (5.36) the auxiliary functions 7, ;(t) are
stated as

VE: 0 < Mmye;j < Wci,j(t) < lcivj(t)7 (5-158)
and the quantities 7, ; and 7y ; related to the auxiliary functions are defined by
0 < Ny < MID{Nm.c1 4> Mmyea,i b (5.159)

and

0 < masx {1y (O], Wi ()]} < ar. (5.160)
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In accordance to (5.35) the sliding variable related to the sliding surface o, j = 0 is defined
as

Ocij = ~MNeij T Seidss (5.161)

and based on (5.39) the sliding variable related to the sliding surface o, ; = 0 is introduced
as

orj = dj = ajer; — Bjler;[Vsgn(er)- (5.162)
In (5.162) the quantities a; and e, ; are defined by

-
Qj = At; + Hajs €rj = W5 — gj. (5.163)

nmvj
The quantities 5; > 0 and 0 < 7; < 1 are tuning parameters of the sliding surface o, ; = 0
and the parameter p, ; > 0 is user-defined. Following Algorithm 3 the auxiliary control

inputs are given by

vit) = uy ;(t) if Vi: o, j(t) <0, (5.164)
j g, (t) if 3i: o, ;(t) >0,
with u ; and wu, ; being defined as
] r,'+\Ij ,'\/5 i+857; T,"inl . 3 3
. —sat(i—m%) x £ er jlt’/% + & B’R}'jjj‘ 1451 ) - if ¢;sgn(oy, ;) >0,
Urg = Orj urj+\ifMj\/5 ajt+Bivilerg ! . i G
—sat(?’j) X ’Fm,j\/’i - Tar, 1451 ) if ¢;sgn(o, ;) <0,
and

O s

* % CiyJ
Ue, 5 = Upj — S¢;8at | —
Eciy.]

. 71
P + U V2 | [l Oeig \ + @+ Bvlers 7t
X + T Fsesat | = g o+ T l4;1 | -
Cpnjv/2 m,j €ciyj m.j

The smoothing boundary layer widths €, ; and €., ; may be chosen greater zero same as
the tuning-parameters p, ; and fi; ;.

In the following a valid selection of the controller parameters is discussed. The auxil-
iary function 7., ;(t) has to be greater zero and smaller than I., ;(t) and is chosen as

ncmj(t) = lci,j (t) — €¢;,95 (5.165)

where it is assumed that the smoothing boundary layer width e, ; > 0 is sufficient small
so that I, j(t) > b. = 0.1745 > €, ; holds. The choice of the upper bound 7y ; defined by
(5.160) is discussed next. Based on (5.151) the time derivative of ., ; is obtained as

. i |¢Z7|’ if(ﬁi,'gca
’ncmj’ = ’lcmj’ = { 0 ol elsec / ¢ (5.166)
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Table 5.3: Controller parameters related to control input v; (parameterization of both

controllers identical)

Hr.5 75 He;,5 75 Ha,j 35 ,3]‘ 5 Y4 0.8 €r.j 0.007
€y 0007 | mary 194 | oy 0166 | Uy 10 | Tpry 1 [Ty 1
where |gz.50i,j| is given by
L P il =2 j 167
e il = | da; 4l = | — 2ac(w;j — q;j)4;| = 2ac|w; — g;|lg;]- (5.167)

According to (5.151) the terms |w; — ¢;| and |g;| of (5.167) become maximal for

c. — b
max{|w; — g;|} = Ca <
C

max{|¢;|} = ce. (5.168)

By substituting (5.168) in (5.167) it follows that the upper bound 7y,; can be selected in
accordance to

—b
Co = P —1.9368 < i

Q¢

Vi, t: |1, ;(t)] < 2acc. (5.169)
The choice of the lower bound 7, ; defined by (5.159) is discussed as follows. From (5.151)
it is known that the auxiliary function 7, ; is bounded as

Vii my <0.1745 = be — €c, 5 < leyj = €cij = Tey s

(5.170)

so that 7, j can be obtained from (5.170). The parameter «; is chosen based on (5.163). As
stated in (5.157) the uncertainty bounds I',, ; and I'yz; are known to be I'y, j = I'pr 5 = 1.
The uncertainty bound Wy ; is assumed to be finite. In the field of sliding mode control it
is typically to assume that the uncertainty bounds are finite (Shtessel et al., 2014). Based
on that assumption the bound W), ; can be increased by trial and error until the controller
provides the desired convergence. For the considered example 0 m,; = 10 is assumed to
be a suitable choice of Wj; ;. In a post-processing step it will be shown by simulation that
U M,j is indeed a sufficient upper bound of |¥;(q,q, F})|. The remaining controller param-
eters Ly j, fe;j> May Bjs V5 are chosen based on Theorem 14 to achieve desired convergence
of the tracking error. Finally, the controller parameters are summarized in Table 5.3.

In the following it is shown that for the chosen controller parameters it can be guar-
anteed that the constrained point to point robot control problem is solved. Moreover,
the bounds of the tracking error can be quantified and a maximum time interval that
is required for the error convergence can be stated as well. This allows to determine a
maximum time interval that the controller requires to solve the control problem without
conducting any simulation at all. The following proposition considers the movement of the
end effector from WP-A to WP-B. The remaining tracking error of the end effector with
respect to WP-B is determined and the maximum time interval is stated that is required
to guarantee that the tracking error will be in the given bounds.

Proposition 16.
Consider the robot to be initially located at WP-A with the configuration stated in Table 5.2
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and with zero angular velocities. The control goal is to move the end effector from WP-A
to WP-B without violation of the constraints. Let the bounds l., ; be given by (5.151) with
a. = 0.6[1/(srad)], b = 10 x 27/360 [rad/s], c. = 70 x 27w /360 [rad/s], let the auziliary
functions 1, ; be defined as stated in (5.165), and let the controller parameters be chosen
as shown in Table 5.3 assuming that \TIMJ is sufficient large to be an upper bound of |¥;|.
By applying the MIMO controller (5.152) the following can be stated:

o The reference angle w; = 168.873 [°] of WP-B is reached after 34.2[s| at the latest
with a remaining tracking error in the range of £0.0122 [°].

o The reference angle wy = —62.720 [°] of WP-B is reached after 14.3 [s] at the latest
with a remaining tracking error in the range of £0.0122 [°].

o The constraints defined by (5.151) are never violated and after 34.2 [s] the angular
velocities are bounded as |¢;| < 1.71[°/s].

Proof.
Consideration of tracking performance: The initial values of the sliding variables are
bounded as

lor1(to)] = g1 (to) — arer1(to) — Bileri(to)|sgn(er1(to))| < 127 £ oppr1,  (5.171)
and
|0r2(to)| = |da(to) — asera(to) — Balera(to)|sgn(era(to))] < 11 £ oppro.  (5.172)
Based on Theorem 14 stability of the tracking error with respect to the domain
leri(t)] < ernrj, (5.173)

can be achieved for t > ¢, and t;; = to + 71 ; + 72,; being finite. Let p.; be chosen as
tej = Nm,j v/2/100 it follows from Theorem 14 that er M,; is given by the solution of

aerns + Bienng = erg + e + li;%, 0 < frej < V2, (5.174)

€c,M,j = max{ec, j, €cy i}

which yields e, ar,; = 0.0122[°] for j = 1 and j = 2. The time period 71 ; can be calculated
as
OrM,j = (€ + €chj)

. Hr,j
T . = s [ n —, > y 5 5175
v 0, o {\/5 ““J"m’]} (5:175)

leading to 71,1 = 21.86 [s] and 712 = 1.90[s]. Time period 73 ; is given by

V2
T2 = (erprj — €rg)—, (5.176)
He,j

where e, p+ ; is obtained from

ajer a5+ 5jez,]M*7j =€+ €M+ Iy (5.177)

121



Ch. 5. Constrained Control of Uncertain Relative Degree Two Nonlinear Systems

From (5.151) it is known that I5; = 70 x 27/360 [rad/s] holds. Then e, ps+ ; is obtained as
er M+ = 1.2321[°] and 1y is T j = 12.31[s].

Achievement of constrained control: As the initial angular velocities are zero it is o, j(t9) <
0. According to (5.165) the auxiliary function is chosen as

Meij = leij = €eie (5.178)

It follows from Theorem 8 that the constraints are always satisfied. The statement |g;| <
1.711[°/s] is obtained from (5.127) of Theorem 14 which states

145 (D)] < €rj + €carj + ajernns + Biely ;= 1.7034°/s], (5.179)
fort >ty ;. O

In Proposition 16 the movement of the end effector from WP-A to WP-B is consid-
ered. In the next proposition the movement from WP-B to WP-C is studied. The initial
conditions of the robot at WP-B are defined by the results of Proposition 16. In partic-
ular, the error bound provided by Proposition 16 defines the initial location of the end
effector around WP-B and the bounds of the constrained variable provided by Proposition
16 define the initial values of the angular velocities.

Proposition 17.
Consider the robot to be initially located in the near of WP-B according to

|168.873 [°] — q1(to)| < 0.0122]°], | — 62.750 [°] — g2(to)| < 0.0122[°]. (5.180)
Let the initial angular velocities be bounded as
l4;(to)] < 1.71[°/s]. (5.181)

The control goal is to move the end effector from WP-B to WP-C without violation of
the constraints. Let the bounds l., ; be given by (5.151) with a. = 0.6[1/(srad)], b. =
10 x 27/360 [rad /s, c¢. = 70 x 2m/360 [rad/s], let the auziliary functions n., ; be defined
as stated in (5.165), and let the controller parameters be chosen as shown in Table 5.3
assuming that \TIMJ is sufficient large to be an upper bound of |¥;|. By applying the MIMO
controller (5.152) the following can be stated:

o The reference angle w; = 117.562 [°] of WP-C' is reached after 20.5[s] at the latest
with a remaining tracking error in the range of £0.0122 [°].

o The reference angle wy = —136.817 [°] of WP-C is reached after 24.0 [s] at the latest
with a remaining tracking error in the range of £0.0122 [°].

o The constraints defined by (5.151) are never violated and after 24.0[s] the angular
velocities are bounded as |¢;| < 1.71[°/s].

Proof.
Consideration of tracking performance: According to Table 5.2 the initial tracking errors
are bounded as

ler1(to)] < |117.562[°] — 168.873 [°]| + 0.0122 [°] = 0.8958 [rad], (5.182)
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lera(to)] < | — 136.817 [°] — 62.720 [°)| + 0.0122 [°] = 1.2934 [rad], (5.183)
leading to

o1 (t0)] < [d1(to)| + calera(to)| + Buler(to)|™ < 47 = opar 1, (5.184)

|or2(t0)| < lda(to)| + azlera(to)| + Balera(to)|? < 67 2 oy ar . (5.185)

Then according to Theorem 14
leri ()] < erny, (5.186)

can be achieved for t > tg + 71 ; + T2 ; with pe; = nm,j\/i/m(), erm,; = 0.0122[°], 71 =
8.1[s], 12 =11.6[s], and 7 ; = 12.4[s].
Achievement of constrained control: From Theorem 8 it is known that

Ocp,j(to) = =M, j(to) + 5¢,45(t0) < ec, js (5.187)

has to hold to guarantee the constraints to be always satisfied. From (5.151) and (5.165)
it follows that

2w
nci,l(t(]) Z 37% [rad/s] — €¢;,15

2 2
= a(([117.562 — 168.873| - 0.0122)% frad])” + be = €c, 1, (5.188)
27
Ne; 2(to) > 67% [rad/s| — €, 2,
27 2
= a.((| - 136.817 — 62.720| - 0.0122) 5 [rad])” + be — €c, 2, (5.189)

holds. Multiplying (5.188) and (5.189) by minus one and adding s.,qi(fo) respectively
Sciq2(t0) yields

. 27 .

Uci,l(to) = _nci,l(to) + Scifh(to) < —37% [rad/s] + €1+ Sciq1(t0)7 (5.190)
. 2m .

Uci,Z(tO) = _nci,Z(tO) + SciQQ(tQ) < —67% [rad/s] + €2+ SciQQ(tQ). (5.191)

According to (5.181) it is known that [¢;(to)] < 1.71[°/s] holds so that from (5.190) and
(5.191) it can be concluded that (5.187) is achieved.

The remaining statement that |¢;| is bounded by 1.71 [°/s] after 24 [s] is obtained from
(5.127) of Theorem 14 stating

14;(t)| < €rj+ €cnry+ ajernr+ ,Bje;YfM’j = 1.7034[°/s], (5.192)
for t >ty ;. O

By considering the results of Propositions 16 and 17 it can be guaranteed that the
constrained robot control problem is solved in finite time. From Proposition 16 it fol-
lows that the movement of the end effector from WP-A to WP-B takes a maximum of
34.2 [s]. The remaining tracking error with respect to WP-B is in the range of £0.0122 [°].
Considering the end effector to be located around WP-B with an error of £0.0122[°] it
follows from Proposition 17 that the end effector reaches WP-C within 24.0 [s]. After the
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Figure 5.5: Trajectory of the end effector in the Cartesian domain and visualization of
the robot configuration (joint angles) at the waypoints. (a) At WP-A. (b) At WP-B. (b)
At WP-C.

24.0 [s] the tracking error with respect to WP-C is also guaranteed to be in the range of
+0.0122 [°]. Finally, the constrained control problem is considered as a whole. Based on
the stated results it follows that the movement of the end effector from the initial WP-A
to WP-C takes at most 58.2 [s]. The final tracking error with respect to WP-C is in the
range of £0.0122 [°]. The propositions 16 and 17 also guarantee that the constraints are
never violated, neither during the movement from WP-A to WP-C, nor after WP-C has
been reached with the stated accuracy.

The control problem has been shown to be solved. However, it is also required to
guarantee that the system remains stable. Therefore, the following proposition is stated.

Proposition 18.
Consider the robotic system (5.147) to be controlled by the proposed MIMO controller

(5.152). Assume the initial angular velocities of the system to be bounded as

0c;,j(to) < €cyj- (5.193)
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Figure 5.6: Controller performance during movement from WP-A to WP-B. Time series
of joint angles and angular velocities. Visualization of tracking performance, constrained
variables, and effect of the payload. (a) First joint. (b) Second joint.

Let the bounds l., ; be given by (5.151) with a. = 0.6 [1/(srad)], b = 10 x 27/360 [rad /s,
ce = 70 x 27 /360 [rad/s|, let the auxiliary functions 1., ; be defined as stated in (5.165),
and let the controller parameters be chosen as shown in Table 5.8 assuming that @MJ‘
is sufficient large to be an upper bound of |¥;|. Then the closed loop system is always

state-stable.

Proof. The states of the system are: q1, ¢o2, ¢1, ¢go. From Theorem 14 it follows that the
tracking error is bounded which yields boundedness of states ¢; and ¢2. From Theorem 8
it follows that the constraints are always satisfied meaning that the constrained variables
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Figure 5.7: Controller performance during movement from WP-B to WP-C. Time series
of joint angles and angular velocities. Visualization of tracking performance, constrained
variables, and effect of the payload. (a) First joint. (b) Second joint.
¢1 and ¢o remain within finite bounds. U

In the following a simulation is conducted to confirm the results provided by the
Propositions 16 and 17. Therefore, the closed loop robotic system is discretized based
on the Euler method and simulated with a sampling time of 0.1 [ms]. The simulation
is performed as follows. The reference angles only change from WP-B to WP-C if the
tracking errors of both joint angles related to WP-B reach the domain of +0.0122 [°]. The
simulation only terminates if the tracking errors of both joint angles related to WP-C
reach the domain of +0.0122 [°].
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Figure 5.8: Further controller performance evaluation. (a) Visualization of input torques
and rejection effect related to the payload. (b) Proof that W, ; is indeed an upper bound
of |\I’]|

The simulation results are visualized by the Fig. 5.5-5.8. In Fig. 5.5 the trajectory of
the end effector is shown in the Cartesian domain. It can be seen that the point to point
control problem is solved from a principal point of view. In addition, it can be observed
that the robot configurations at the waypoints correspond to the desired joint angles of
Table 5.2. In Fig. 5.6 the movement of the end effector from WP-A to WP-B is considered.
The angles ¢; and ¢o of the first and second joint are shown as well as the corresponding
angular velocities ¢; and ¢s. In addition, the bounds of the constraints are visualized and
the desired domain |w; —g;| < 0.0122 [°] of the tracking error is shown that can be achieve
according to Proposition 16. From Fig. 5.6 it can be seen that the tracking error bounds
are reached within 5 [s] for both joints. That confirms the results of Proposition 16 which
states that the tracking error convergence is guaranteed to be achieved after a maximum
of 34.2[s]. It can also be seen from Fig. 5.6 that during the movement from WP-A to
WP-B the constraints are never violated. In Fig. 5.7 the movement of the end effector
from WP-B to WP-C is visualized. Again, the angles ¢; and g¢o of the first and second
joint and their corresponding angular velocities ¢; and ¢y are illustrated. The bounds of
the constraints are shown as well as the domain |w; —¢;| < 0.0122 [°] of the tracking error
that is desired to be achieved according to Proposition 17. It can be seen from Fig. 5.7
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that WP-C is reached with the desired accuracy after 4 [s] at the latest. That confirms the
results of Proposition 17 which guarantees that the convergence of the tracking error is
achieved within 24 [s]. From Fig. 5.7 it can also be observed that the constraints are never
violated while the end effector moves to WP-C and remains there. The input torques 7|
and 79 that are generated by the proposed constrained controller are shown in Fig. 5.8a.
The chattering is well attenuated but some peaks of the control input can be observed.
From Fig. 5.8a also a rejection effect can be detected which occurs in the moment when
the payload is applied to the robot for the first time. In Fig. 5.8b it is confirmed that the
assumed upper bound ¥ um,; of the uncertainty term |V;| is indeed chosen sufficient large.
As shown by Fig. 5.8b the unknown payload mainly contributes to the uncertainty term.

Finally, the simulation results confirm that the proposed constrained controller solves
the desired control problem. For an uncertain nonlinear MIMO system constrained control
is achieved with bounds that depend on time. The controller is shown to provide the
desired tracking error convergence. The control goals are achieved also in presence of an
unknown exogenous disturbance.

5.1.6  Summary

In the previous sections a robust control approach for constrained control of nonlinear
relative degree two systems is proposed. The developed controller is a combination of
two SMC sub-controllers. Based on these sub-controllers reaching of two sliding manifolds
is achieved. One sliding manifold is formulated for the tracking error convergence. The
other sliding manifold avoids the constraint violation. A control algorithm is stated that
defines the conditions for the input selection of the SMC sub-controllers. The algorithm
guarantees that the transition between the control inputs of the sub-controllers is smooth.
In addition, the chattering effect can be mitigated by adapting some tuning parameters
of the controller. The proposed controller assumes the first time derivative of the control
variable to be constrained. The bounds of the constraints may be time-varying. The
developed approach is robust as the model description of the nonlinear system is allowed
to be imprecise. Only finite uncertainty bounds are assumed. For the proposed controller
it is analytically proven that the constrained control problem can be solved. Moreover,
tracking error bounds are stated that dependent on the controller parameters. Finite-
time convergence of the tracking error with respect to those bounds is guaranteed. A
maximum time interval can be determined after which the convergence is achieved. A
condition dependent on the tuning parameters is formulated which guarantees that the
constraints are always satisfied. The condition is only slightly restrictive. The controller
is tested on a nonlinear MIMO robotic system. A constrained point to point control
problem is considered in which the robot is disturbed by an unknown payload that is
applied to the end effector. It is analytically shown that the proposed controller solves the
constrained robot control problem. Moreover, the tracking error bounds can be quantified
and a maximum time interval can be stated after which the control problem is guaranteed
to be solved. The analytical results are confirmed by simulation.

5.2 Safe Robot Control in Human-Robot Collaboration Tasks

Human-robot interaction and collaboration appears in an increasing amount of applica-
tions. This includes the field of healthcare, service, and assistance (Yu et al., 2015; Su et
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al., 2018) as well as the domain of manufacturing (Zanchettin et al., 2015; Robla-Gémez
et al., 2017). In industry robots typically take over repetitive or dangerous tasks. In the
past the workspace of the robot was clearly separated from that of humans. However,
an increasing demand of shared workspaces in which humans and robots collaborate with
each other can be expected for the future (Robla-Gémez et al., 2017). In assembly lines
skillful operations undertaken by humans may be directly supported by the capabilities
of robots to increase flexibility and efficiency (Robla-Gémez et al., 2017; Ceriani et al.,
2015).

Human-robot collaboration requires shared workspaces or even physical contact be-
tween robots and humans. In order to avoid injuries the robot velocity is typically re-
stricted dependent on the distance between the robot and the human (Zanchettin et al.,
2015). However, the robot should still be able to efficiently complete desired control tasks
(Kimmel and Hirche, 2017). Trajectory planning is an approach that offers the ability to
achieve desired goals subject to constraints. But in the field of human-robot collaboration
this kind of path planning methods may be considered to be unsafe as they require a
prediction of the human behavior (Mainprice and Berenson, 2013). Instead of planning a
collision-free trajectory the approach of Zanchettin et al. (2015) calculates the maximal
velocity along a predefined nominal path for which the robot is still able to stop without
colliding with the human. To improve safety in shared workspaces Faroni et al. (2019)
formulates an optimization problem in which the distance between the human and the
robot is maximized. However, this kind of spatial separation may be undesired for the col-
laboration of humans and robots. So-called dynamic windowing approaches are proposed
in e.g. Wilkie et al. (2009); Saranrittichai et al. (2013). They assume the velocities of the
obstacles to be known and to remain constant. Based on that assumption suitable robot
velocities are determined that do not lead to collisions in the future. Another class of
robot control approaches are the reactive control methods that generate repulsive forces
that are applied to the robot. Among this methods the potential field method may be
most known which is originally described in Khatib (1986). The potential field method
generates repulsive forces dependent on how the robot and the obstacles are located to
each other. The forces are applied to the robot to avoid collisions. In addition to the
original approach proposed by Khatib (1986) various extensions can be found (e.g. Ceri-
ani et al., 2015). In the field of human-robot collaboration physical contact between the
human and the robot may even be desired. Therefore, the approach proposed by Magrini
et al. (2015) locates the contact point between the human and the robot and regulates the
contact forces. Generally, the application of lightweight robots is desirable in the field of
human-robot collaboration as it leads to reduced severity of collisions (Bauer et al., 2016).
In addition, elastic actuators and compliant materials are developed to further increase
safety (Yu et al., 2015).

Restricting the workspace or velocity of the robot does only guarantee safety if the for-
mulated constraints are enforced by control. Model predictive control (MPC) is a powerful
constrained control method. But in the context of human-robot collaboration the human
behavior is required to be predicted which may be considered to be unsafe. However,
contributions in which MPC approaches are applied for human related tasks can be found.
In Matschek et al. (2020) a MPC is applied to achieve constrained robot assisted surgery.
The human behavior i. e. its breathing is predicted by Gaussian processes. Bipedal robots
carrying objects together with humans are considered in Agravante et al. (2019). A MPC
is applied to stabilize the robot. The distance between the foot center points of the robot
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and the contact point of the resulting ground contact forces is minimized. As a result the
vertical stability of the robot is enhanced. In addition, constraints are enforced to keep
the contact points of the ground contact forces in an admissible region. Forces resulting
from the human-robot interaction are predicted using the model of an inverted pendulum.
Constrained robot control approaches that do not rely on the prediction of the human
behavior can also be found in a wide variety. In Kimmel and Hirche (2017) impedance
control is applied as a compliant nominal controller to achieve reference tracking of the
robot end effector. Geometrical constraints are formulated to avoid collisions with body
parts of the human e.g. the hands. The constraints are enforced by means of invariance
control. However, as the robot evades from the human the approach impedes contact
which may be unfavorable in human-robot collaboration scenarios. An approach enforcing
the end effector to remain in a bounding box so that it can be touched by the human
from outside is proposed in Kimmel et al. (2012). Again invariance control is applied to
enforce the constraints. A similar approach with bounding box constraints can be found in
Rauscher et al. (2016). The constraints are enforced by means of control barrier functions.
Control of a bipedal robot that evades from dynamic obstacles is considered in Agrawal
and Sreenath (2017). The obstacles are described by ellipses and constraint satisfaction is
achieved using control barrier functions. A three level robot control scheme is proposed in
Solanes et al. (2018). The first level consists of a sliding mode controller that enforces the
constraints. A possible constraint is e.g. to keep the orientation of an object admissible
so that it can be transported together by human and robot. The second level is an admit-
tance controller (see Landi et al., 2017) which defines how the robot should move if it is
pushed by the human. The third level can be applied if the robot is a so-called redundant
robot. In this case the controller allows to bring the robot into a more safe configuration
which is more distant from the obstacles. Only one of the three control levels can be
applied at once. The active control law is selected based on a task prioritization scheme.

In the following a safe robot control concept is introduced. The approach is designed
to handle safety critical situations in which humans and robots interact with each other.
The proposed approach is exemplarily designed for a two-link robot with rotatory joints.
It may be extended to different classes of robots. The human is described as a circular
scalable obstacle in a two-dimensional plane. The safety concept is based on three geomet-
rical zones: a stop zone, a safety disk, and an outer zone. The stop zone is a geometrical
construction that moves with the robot. The borders of the stop zone are guaranteed to
have a distance to the links, the joints, and the end effector of the robot that is greater
than a user-defined value. If the obstacle enters the stop zone the controller aims to keep
the robot at its current position to avoid severe collisions. The safety disk is a geometrical
zone that is equal to the work space of the robot plus a safety margin. If the obstacle is
within the safety disk then the absolute angular velocities of the robot are restricted to a
minimum value. The outer zone lays outside of the safety disk. It is a zone in which the
upper bounds of the absolute angular velocities are gradually increased or decreased. If
the obstacle moves towards the robot the bounds are decreased if it moves away from the
robot the bounds are increased. The constraints that are formulated based on the three
introduced geometrical zones are enforced by applying the proposed constrained controller
of Section 5.1.3 (Algorithm 3). For that controller the tracking error bounds and the re-
quired time for the tracking error convergence are studied in Section 5.1.4. Based on that
results it can be guaranteed that the absolute velocity of any point on the robot does not
exceed a user-defined value at the moment when the robot and the obstacle collide with
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each other. Consequently, the proposed concept offers a strategy to design the maximum
velocity of the robot during a collision.

The new aspect of the proposed safety concept with regards to the literature is the ro-
bustness that is provided by the applied constrained sliding mode controller. The proposed
safety concept explicitly makes use of the developed Algorithm 3 of Section 5.1.3. Algo-
rithm 3 provides capabilities to solve the desired control problem as it can handle model
uncertainty and allows to consider constraints with time-varying bounds. In contrast to
that most of the existing human-robot control concepts do not provide any robustness
at all. For instance, the aforementioned concepts that are developed by Kimmel and
Hirche (2017) and Kimmel et al. (2012) are not robust. In both approaches the invariance
controller is applied which is a constrained control method but not a robust one as it
requires exact model knowledge. Also the constrained robot control concepts proposed
by Rauscher et al. (2016); Agrawal and Sreenath (2017) are not robust. The applied con-
strained controller that is formulated based on control barrier functions requires an exact
model description.

The section is organized as follows. In Section 5.2.1 the proposed concept for safe
human-robot collaboration is mathematically described. The geometrical zones are intro-
duces, the control algorithm is stated, and the mathematical properties of the proposed
method are studied. In Section 5.2.2 a specific scenario of human-robot interaction is
simulated to test the developed safety concept.

5.2.1 Safety Concept

In this section the concept of safe human-robot interaction is introduced. The considered
robot is assumed to be the two link robot known from the application example of Section
5.1.5. The concept is described with respect to a two-dimensional plane (z,7) € X C R?
with coordinates x and y. The coordinates are formulated with respect to the coordinate
system that is visualized in Fig. 5.9 (a). The origin of the coordinate system is located
at the center point of the first joint of the robot. The human is described by a circular

obstacle
0 ={(@,y) € R? | /(z — 20c)? + (5 — Yoc)? < 1o}, (5.194)
with center point
Poc = [xoc] ) (5.195)
Yoc

and scalable radius r, > 0. Every point (z,,y,) € O is considered to be part of the
obstacle. The velocity of the obstacles center is assumed to be bounded according to

. T /. .
Poc = [QOC] s Voc = xgc + ygc < Voc,M 5 (5'196)
oc

with the upper bound v, ys assumed as known. The geometrical zones of the safety concept
are visualized in Fig. 5.9 (b). There are three zones: the outer zone, the safety disk, and
the stop zone. The outer zone is a geometrical zone that is described by a circular contour
graph. Within the outer zone the allowed absolute joint velocities gradually decrease if the
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Figure 5.9: (a) Definition of coordinates x and y. The origin of the coordinate system is
located at the first joint .J; of the two-link robot. (b) Visualization of safety concept with
contour graph, safety disk, and stop zone.

obstacle approaches the robot. The admissible absolute velocities decrease until a circular
region denoted as safety disk is reached. The safety disk is defined as a circle

D= {(z,y) € R?| /22 +y2 < dy +dy + b}, b>0, (5.197)

where dy and dy are the lengths of the first and second link of the robot and b is a tuning
parameter. Consequently, the safety disk is comprised of the working area of the robot
plus a safety distance. In accordance to (5.150) the time-varying bounds of the angular
velocities of the robot are denoted by [, ;. Dependent on the position of the obstacle in
the two-dimensional plane the bound I, ; is given as

llowa if Poc € D,
le,j =4 ¢ if poc ¢ DN < lhighs (5.198)
lhigha if Poc ¢ DA (b > lhigha

¢:llow+m<\/xgc+ygc_dl_d2_b>7 m>07 lhigh>07 llow>0-

In (5.198) quantity Ihigh denotes the maximum possible bound and quantity /;,,, denotes
the minimal possible bound. From (5.198) it follows that within the safety disk D the
bound of the allowed absolute joint velocities is always restricted to the minimal value
liow- In addition, it can be concluded from (5.198) that in the outer zone the allowed
absolute velocities may gradually increase, but not beyond the value defined by l3;45,. The
stop zone is a geometrical construction that moves with the robot. The structure of the
stop zone is visualized in Fig. 5.10. Formally, the stop zone

S=5USUSUS,USs, (5.199)
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Figure 5.10: Definition of stop zone. The stop zone is the union of the shown geometric
figures. The Euclidean distance between any point on the edge of the stop zone and any

point on the robot is at least b.

is defined by the union of five geometric figures. The geometric figure

S ={(z,y) e R? [ /22 +y2 < b},

describes a circle around the first joint. The rectangle

Sy ={(z,y) € R? | Ay AAg},

. cos(q1) —sin(q1)
Ar: l ] lsm qll)] +8 [cos(qll) ] ’

Ay: 0 <oy <di, -b< B <,

has its longitudinal axis aligned with the first link. The circle

83 = {(x,y) € B? | /(x — dicos(q1))? + (y — disin(q1))? < b},
is related to a circular area around the second joint. The rectangle

Sy = {(z,y) € R? | A3 A Ay},

x cos(q1) cos(q1 + q2) —sin(q1 + g2)
As: =d . + « . +
’ L 1me] > Lsin(qy +a2)| 77| cos(ar + a2)
Ay 0 <ag <dy, —-b<B<b,

has its longitudinal axis aligned with the second link. The circle

85 = {(x,y) € R2 | A5}a
A5: \/a < b7

with

a = (z — dicos(q1) — dacos(q1 + ¢2))* + (y — disin(q1) — dosin(qr + g2))?,

(5.200)

(5.201)
(5.202)

(5.203)

(5.204)

(5.205)
(5.206)

(5.207)

(5.208)
(5.20)

(5.210)
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Algorithm 4 Stopping of robot
Inputs IsOutside.bool, w7, w;
if IsOutside.bool =1 and p,. € S then
IsOutside.bool < 0
W} 4 wj
W < qj
end if
if IsOutside.bool =0 and p,. ¢ S then
IsOutside.bool < 1
wj Wy
end if
Output w;
It is assumed that po(to) ¢ S and IsOutside.bool(to) = 1 hold initially.

describes a circular area around the end effector. Within the stop zone the bounds of
the constraints are set to the minimum value [j,,,. This follows from (5.198) as the stop
zone is part of the safety disk D. Consequently, the goal of the stop zone is not to alter
the bounds of the constraints. Instead, the stop zone aims to keep the robot fixed at its
current position. This is achieved by redefining the set points w; of the joint angles. The
strategy is described by Algorithm 4. If the obstacles center enters the stop zone the set
points w; are set to the current values g; of the joint angles. The original set points are
stored in a variable denoted as w. If the obstacles center leaves the stop zone the set
points w; are reset to the values w; so that the robot can continue with the initial set
point tracking task. The stop zone has a design parameter b. As shown by Fig. 5.10 the
stop zone can be scaled up based on b. The borders of the stop zone are guaranteed to
have a distance to the links, the joints, and the end effector of the robot that is greater
than b. This allows to slow down the robot to a desired velocity when it collides with the
obstacle. Finally, the robot is formally defined. The robot is composed of all points R
given by

R = {(1’, ) S R? ‘ (A@ VAN A7) V (Ag VAN Ag)} (5211)
2] cos(q1)
As: = . , 5.212
6 _y_ g Sln((h)} ( )
Az 0<ay <d, (5.213)
_x_ cos cos(q1 + ¢2)
Ag: 214
® Y| [Sln ] [Sin(éh +q2) (5.214)
Ayt 0<as<ds, (5.215)

that are located on link one or two.

From Section 5.1.5 it is known that the MIMO controller (5.152) can be applied
to achieved constrained control of the considered robot. The auxiliary inputs v; of the
MIMO controller are defined based on (5.164). The sliding surfaces o, ; = 0, 0, ; = 0, the
uncertainty bounds Wy ;, Iy 5, I'yy j, the smoothing boundary layer widths e, ;, €, j, the

134



Sec. 5.2. Safe Robot Control in Human-Robot Collaboration Tasks

controller parameters fi,,, fic, ;, j, Bj, 7; and the tracking errors e, ; are all defined in
accordance to Section 5.1.5. The auxiliary function 7., ; and its describing quantities 7, ;
and 7y ; are defined as stated in (5.158)—(5.160). The auxiliary function 7., ; is selected
as

Neiyj = lcz‘,j — €ci,90 €cij > 0, (5-216)

where the bound [, ; of the constraints is defined by (5.198). In the following the quantities
Nm,; and 77; are determined that are required to be known to selected the controller
parameter «; as stated by (5.163). Derivating (5.216) with respect to time and considering
(5.198) yields

’ncmj’ = ’lcmj’ = { 0 elseoc "9 (5.217)
with
; 09 . o9 . m , _
9 = e o Gy Vol = | gy e+ o)l (5:218)
ocC ocC
m
(5.219)

< HpocHHpocH = meocH'
Ve T Yoe

Regarding (5.219) it is known that the obstacle velocity is bounded as ||poc|| = voe < Voe, M-
Consequently, the controller parameter 7,s,; is required to be selected as

Vi, i: ’ﬁci7j(t)’ < MVUoe, M < 7'7]\/[7]'. (5.220)

For the controller parameter 7, ; it follows from (5.198) and (5.216) that 7, ; has to be
selected as

Vt,i: 0 < Mm,j < liow — €c;.j < nci,j(t)- (5.221)

In the following the mathematical properties of the proposed safety concept are studied.
The subsequently stated theorem guarantees the constraints to be always satisfied if the
auxiliary function 7., ; is chosen in accordance to (5.216).

Theorem 19 (Achievement of constrained robot control).

Consider a two link robot as shown in Fig. 5.4 with dynamics described by (5.147). Let O
define a circular obstacle as stated in (5.194). Assume the robotic system to be controlled
by the MIMO controller (5.152) whose auxiliary inputs v are defined based on Algorithm
3. Consider the bounds l., j of the constraints to be defined by a circular contour graph as
stated in (5.198). Assume the set point of the robot to be shifted as defined by Algorithm
4 if the obstacles center enters or leaves the stopping zone. Let the auxiliary function 1., ;
be selected as stated in (5.216) and assume

Vi, j: 0c;(to) < €ci s (5.222)
to hold initially. Then the constraints are always satisfied i. e.
—ley,j (1) < G5(t) < ey 5(2), (5.223)

holds for t > tg.
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Proof.

Step 1: Consider a change of the set point to occur at some time instant ¢t*. It will
be shown that if the constraints are satisfied up until t* they will remain satisfied after
the change of the set point. From definition (5.197) it follows that the stop zone is a
subset of the safety disk. Assuming the constraints to be satisfied up until ¢* it follows
|4;(t*)| < ljo from the definition of the contour graph (5.198). Following (5.216), (5.198)
the auxiliary function is

Neyi () = liow — €ci s (5.224)
at t*. Substituting (5.224) into the definition of o, ; according to
Ocij = ~MNeij T Sei,i5 (5.225)
and considering |¢;(t*)| < liow yields
O j (") = €cij = liow + 5¢1.jG5 < €cij — liow + liow = €cy.j- (5.226)

It follows from Theorem 8 that the constraints remain satisfied after the change of the set
point.

Step 2: By applying Theorem 8 it follows that the constraints are satisfied from
beginning starting with the initial time instant fy3. So the constraints are indeed satisfied
up until possible changes of the set points appear. O

The main result of the mathematical analysis is stated by the next theorem. It is
shown that the maximum velocity of the robot during a possible collision with the obstacle
can be designed based on the proposed safety concept. Therefore, the scaling parameter
b of the stop zone has to be selected sufficiently large so that the inequality (5.228) is
satisfied. The inequality is mainly affected by the time interval 7 that describes how fast
the tracking error convergence of the controller can be realized. In case of a collision the
velocity of the robot is guaranteed to be upper bounded by the value that is stated in
(5.229). If the obstacle leaves the stop zone without entering it again the tracking error
converges in finite-time. In particular, the angle g; is guaranteed to reach its initial set
point w; in finite-time with a precision that is described by equation (5.239).

Theorem 20 (Boundedness of robot velocity at time of collision and tracking error con-
vergence).

Consider a two link robot as shown in Fig. 5.4 with dynamics described by (5.147). As-
sume the robotic system to be controlled by the MIMO controller (5.152) whose auxiliary
inputs v are defined based on Algorithm 3. Consider the bounds of the constraints to be
defined by a circular contour graph as stated in (5.198). Let 1., ; be selected as stated in
(5.216) and let the controller parameters satisfy (5.220) and (5.221). Assume p., to be
chosen as fic; > . Further assume

Vi, j: 0c;i(to) < €ci s (5.227)

to hold initially. Let an obstacle O with radius r, be defined based on (5.194) and let the
velocity of the obstacles center be bounded as vVoe < Voe, M With Voe pr assumed as known.

Consider the stopping zone S to be defined according to (5.199) and let (x,,y,) € R define
all points on the robot, where R is given by (5.211). Assume the set point of the robot to
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be shifted as defined by Algorithm /J if the obstacles center enters or leaves the stopping
zone. If the scaling parameter b of the stopping zone satisfies

b > (Voe,m + liow(d1 + 2d2)) T + 70, (5.228)
then the velocity v, (z,,y,) of any point (z,,y,) € R on the robot is bounded by
Ur(xm yr) < QM(dl + 2d2)7 (5229)

in the moment when (x,,y,) collides with the obstacle i.e. (x,,y.) € O. In (5.229)
quantity gy > 0 is a design value that defines the controller parameters according to

2€rj + 2€c,m 5 + M—ﬂ] < qm; 0 < e < N, V2, (5.230)
€e,M,j = max{ec, ;}. (5.231)
Time span
7 = max{r ;} + max{ry,;}, (5.232)
J J
s obtained from
llow_(erj+€ch) i Mg
L= ’ —, | = min —=, la,jNm,j 5.233
L,j 0; Qj /2 Ha,jThm,j ( )
and
V2
T2 = (erprj — €rg)—, (5.234)
Meh]
where e, pr+ j solves
ajer e + Bieg e ; = €rj + €earj + low, (5.235)
and e, 15 solves
Qjerag + Bielh s = enj + ey + oL (5.236)

V2
In addition the following holds. Let the obstacles center enter the stopping zone at
time instant t* and assume the center to remain in the stop zone at least until t* + 7 then

or (T, yr) < Gur(dy + 2da), (5.237)
and
1451 < dur, (5.238)

hold until the center leaves the stop zone again.

If it is known that the obstacle will leave the stop zone without entering it again then
the convergence of the tracking error can be guaranteed. The angular velocity q; reaches
its initial reference value w; after a a finite-time th with an accuracy of

wj(t) — q;(t)] < ernry,  t>1 (5.239)

The upper bound e, nr; of (5.239) is obtained from (5.256).
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Proof.

Outline: First, an outline of the proof is given. Consider the obstacles center to enter
the stopping zone so that the set point of the robot is shifted according to Algorithm 4. At
that moment the obstacles center is located at the edge of the stopping zone. The definition
of the stopping zone guarantees that the distance between any point on the robot and the
edge of the stopping zone is at least b. Based on Theorem 14 it is possible to determine
the time span 7 that is required to bound the angular velocities as |g;| < ¢as. During
time span 7 the points on the robot may move no more than the distance lj,,,(d1 + 2d2)7
in direction of the obstacle and the obstacle may move no more than vy p7 towards the
robot. The stopping zone can be scaled up based on parameter b. Consequently, choosing
bas b > (Voe,m + liow(di +2d2))T + r, guarantees that a collision of the obstacle with any
point on the robot may only occur after 7 when the angular velocities are guaranteed to
be bounded by the desired value of ¢,;. The proof is discussed in detail as follows.

Step 1: The time span 7 after which the angular velocities are bounded by qas
is determined. From Theorem 19 it is known that the constraints are always satisfied.
Consider the obstacles center to enter the stopping zone at some time instant ¢t*. The
obstacles center is located at the edge of the stopping zone at t*. According to Algorithm
4 the set point is shifted. The angular velocities are known to be bounded as |¢;| < ljou
because the stopping zone is a subset of the safety disk which has the velocity bound [j,,,.
It follows that

o ()] = 145 (%) — ajer; () — Biler; (%) sgn(er; ()] = [4; ()] < liow,  (5.240)

holds due to the shifted set point and the bounded angular velocity. Substituting (5.119)
in (5.127) it follows from Theorem 14 that

4O < dars du >0, (5.241)

can be achieved for ¢t > t* + 7 if
2€r; + 2€c0,5 + % < qm, 0 < tej < NmjV?2, (5.242)
€c,n,j = max{ec,}, (5.243)

holds. Following Theorem 14 time span 7 can be calculated according to

T =max{r ; + 72}, (5.244)
J

where 711 ; is

llow_(erj+Ech) . Hor 5
T = : et i = min ¢ —2=, i I 5.245
L, 0; 05 /2 Ha,jThm,j ( )

due to the bound (5.240) and 72 ; is

V2

Meh]

725 = (€rMj = €r1j) (5.246)

Assume the obstacles center to remain in the stopping zone after time instant t*. Then it
is

lCJ(t* + 7'17]') = max {lcl,j(t* + ’7'1,]'), lcg,j(t* + Tl,j)} < llowa (5247)
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and according to (5.124) it follows that e, as+ ; of (5.246) can be obtained from
ajerars g + Bieyhye j = €rj + ety + liow- (5.248)
Quantity e, ps ; of (5.246) is the solution of

ajer g+ Bieh ;= €rj+ e+ /i;% (5.249)

as stated in (5.119).
Step 2: The required size of the scaling parameter b of the stop zone is determined.
Assume the angular velocities to be bounded as

ME (5.250)

The velocity v, (2,1, ,yr, ) of any point (2, ,,yr;,) on link one of the robot is given by

Or (T gy Yrty) =\ E7 0, T U2 (5.251)

with
Tri| gy S g <0y <y, (5.252)
Yy sin(q1)
Substituting
1, = —a1gisin(qr), (5.253)
Yray = c1qicos(qu), (5.254)

in (5.251) and considering (5.250) yields
Ur (T gy, Yry) = calqy| < 012 < di Q2. (5.255)

The velocity v, (zy,1,, Yr,) of any point (2,,,¥r1,) on link two of the robot is given by

Ur (Tt Yrta) = \/E7 1 + Uity (5.256)

with
Tria| _ g, |o0sla)| o, eos(ar+ ) 0<as < ds. (5.257)
Yrls sin(q1) sin(q1 + q2) |’ -
From
Ty, = —di1qisin(q1) — a2(g1 + g2)sin(q1 + q2), (5.258)
Urio = digicos(q1) + a2(g1 + d2)cos(q1 + q2), (5.259)
and the angle addition and subtraction theorems it follows
@2 4+ g2 = d2g? + a3(d1 + go)* + 2d1and (41 + d2)cos(qa), (5.260)
< dii + 03(qr + 42)” + 2d1aa(jal” + |qulga), (5.261)
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which leads to
@2 4 92 < dIQ? + 40307 + 4d1 00 = Q% (dy + 2a9)? < Q(dy + 2d2)?, (5.262)

if (5.250) is considered. Substituting (5.262) in (5.256) gives

UT($T7127yT712) = ,/.%.'72%2 + y.z,b S (dl + ng)Q (5263)

Consequently, from (5.255) and (5.263) it follows that the velocity v, (x,,y,) of any point
(zy,yr) € R on the robot is bounded as

(X, yr) < (dy + 2d2)Q. (5.264)

From the definition of the stop zone according to (5.199) and Fig. 5.10 it is known that
the Euclidean distance between any point on the edge of the stop zone and any point
(zr,yr) € R on the robot is at least b. At time t* the obstacles center appears at the
edge of the stop zone and the angular velocities are bounded by |¢;| < ljo as long as the
obstacles center remains in the stop zone. It follows from (5.264) that during the time span
7 the maximum distance that any point (z,,y,) may move towards the obstacles center
is (dy + 2d2)ljoy 7. The maximum distance that the obstacles center may move towards a
point on the robot is v, a7 as the obstacles center velocity is known to be bounded as
Voe < Uoe,m- Consequently, if the scaling parameter satisfies (5.228) a collision between
the obstacle and the robot can occur at time instant t* + 7 at the earliest. As after the
time span 7 the angular velocities are bounded by ¢as it follows from (5.264) that the
velocity of the robot is bounded as stated in (5.229) if it collides with the obstacle.

Step 3: Achievement of tracking error convergence if the path of the robot is not
blocked. In this case it follows from (5.118) and (5.119) of Theorem 14 that

lw; () — q;(t)| < ernr g, (5.265)

holds. The upper bound e, as,; of (5.265) is obtained from (5.249). The convergence of the
tracking error described by (5.265) is achieved in finite-time as stated by Theorem 14. [

5.2.2 Application Example

In this section the previously introduced safe robot control concept is applied. A scenario is
considered in which human and robot interact with each other. The scenario is illustrated
by Fig. 5.11. The end effector of the robot moves from a waypoint A (WP-A) to a waypoint
B (WP-B). An obstacle is initially located in the outer zone. The obstacle moves towards
the safety disk. When the obstacle has reached the safety disk the end effector of the
robot is still on its movement from WP-A to WP-B. As the robot continues moving the
obstacle will enter the stop zone. This forces the robot to stop. After a short period of
time the obstacle continues its movement. It leaves the safety disk and clears the path
of the robot. The robot continues its movement and finally reaches WP-B. To show that
the proposed safety concept is robust against model uncertainties an unknown payload is
applied to the end effector of the robot. The payload is active all along and it is described
by the external force Fy, = 9.81 [m/ s?] x 80 [kg]. The circular obstacle is assumed to have
a radius 7, = 0.5 [m] and a velocity v,. that is bounded as v, < 1[m/s]. The values of the
waypoints are defined in Table 5.4. The parameters of the contour graph (5.198) are given
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Figure 5.11: Visualization of considered scenario between obstacle and robot. The robot
moves from WP-A to WP-B while the obstacle enters and leaves the safety disk.

as lpigh = 30[°/s], ljow = 10[°/s], and m = 0.15 [rad m/s]. The controller parameters are
selected as follows. The auxiliary function 7, is chosen as stated in (5.216). According to
(5.220) quantity nz,; is obtained from

Vt, i |e, 5 (t)] < muge,pr = 0.1500 < a5, (5.266)
and according to (5.221) parameter 7, ; is selected based on
Vt, i 0 <My < 01735 = ljoy — €c;.5 < Ne, (1), (5.267)

The boundary layer width e, ; in (5.267) is €., ; = 0.001. The uncertainty bound Wy ;
is assumed to be 10 and it is confirmed by simulation that for ¥ Mm,; = 10 quantity ||
is indeed upper bounded by 0 M,j- The scaling parameter of the stop zone is chosen as
b= 1.75[m]. The selected controller parameters are summarized in Table 5.5.

Based on the controller parameters and the Theorems 19 and 20 a proposition is
stated as follows. The proposition guarantees that the velocity constraints of the robot
are always satisfied for the considered scenario. In addition, if the robot collides with the
obstacle the velocity of the robot is restricted to 0.011 [m/s]. If the robot and the obstacle
do not collide but the obstacle is at least for 1 [s] in the stop zone then the velocity of robot
is also restricted to 0.011 [m/s] until the obstacle leaves the stop zone again. Regarding
the tracking error convergence it can be guaranteed that WP-B is reached in finite-time
with an accuracy in the range of £0.0024 [°].

Table 5.4: Reference values in Cartesian coordinates (Zcq,Ycq) and joint angles (wq, ws)

| e ] yea[m]  wi] ws[]
WP-A | 0.900 0.100 26.511 —51.318
WP-B | —0.700 —0.100 153.714  92.388
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Table 5.5: Controller parameters related to control input v; (parameterization of both

controllers identical)
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Proposition 21.

Consider a two link robot as shown in Fig. 5.4 with dynamics described by (5.147). Assume
the robotic system to be controlled by the MIMO controller (5.152) whose auziliary inputs
v are defined based on Algorithm 3. Consider the bounds of the constraints to be defined
by a circular contour graph as stated in (5.198) with lpigh = 30[°/s], ljow = 10[°/s], and
m = 0.15 [rad m/s]. Let the auziliary function n., ; be defined as stated in (5.216). Assume
the controller parameters to be chosen as stated in Table 5.5 and assume V; to be bounded
as |V,| < \i’M,j. Further assume the initial angular velocities of the robot to be zero. Let
the obstacle be defined as O based on (5.194) with radius r, = 0.5 [m] and let (z,,y,) € O
be a point lying within the bounds of the obstacle. Assume the velocity of the obstacles
center to be bounded as vy < 1[m/s]. Consider (z,,y,) € R to be any point on the links
of the robot and let v, (x,,y,) be the velocity of any of that points. Consider the stop zone
S to be defined according to (5.199) with scaling parameter b = 1.75[m]. Assume the set
point of the robot to be shifted as defined by Algorithm 4 if the obstacles center enters or
leaves the stopping zone. Then the following can be stated:

o The constraints defined by contour graph (5.198) are never violated.

o If there exists a point (x,,y,) on the robot that coincides with the obstacle, i.e
(xr,yr) € O, then the robots velocity on that point is bounded as vy(z,,y,) <
0.011 [m/s] and the angular velocities are bounded as |¢;| < 0.43[°/s].

o If the obstacle center enters the stop zone and remains in there for at least 1[s] then
the robots velocity on any point (x,,y,) is bounded as v, (x,,y,) < 0.011[m/s] and
the angular velocities are bounded as |g;| < 0.43[°/s] until the obstacles center leaves
the stop zone again.

o The angular velocities q; are guaranteed to converge to the initial set points w; with
an accuracy of |w;(t) — q;(t)| < 0.0024 [°] after t > tT where t1 is finite.

Proof. Theorem 19 can be applied as the auxiliary function 7., ; is chosen according to
(5.216) and due to
Vi, j: Ucivj(to) = _ncivj(to) + Sciqj(to) <0 < €, €cij > 0, Uci,j(to) >0,
which is satisfied as the initial angular velocities are zero. It follows from the theorem that
the constraints are never violated.
The remaining statements are obtained from Theorem 20. Based on the controller
parameters of Table 5.5 it follows from (5.230) that ¢as may be selected as

He,j

V2

2max{e, ;} + 2max{e.;} + = gyp = 0.424°/¢], (5.268)
J J
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Figure 5.12: (a) Obstacles center enters stop zone. (b) Obstacles center leaves stop zone.

with p ; chosen as pe j = nm,jv/2/50. Equation (5.229) gives
vp(Tr, yr) < qrr(dy + 2d2) = 0.0104 [m/s], (5.269)
and (5.232) leads to

7 = max{7y j} + max{m ;} = 0.9944 [s]. (5.270)
J J

The selection of the scaling parameter b is sufficient as (5.228) yields
b=1.75[m] > 1.7374 [m] = (Voe,ps + liow (d1 + 2d2)) T + 1,. (5.271)

The convergence of the tracking error is studied as follows. From the description of the
considered scenario according to Fig. 5.11 it is known that the obstacle finally leaves the
stop zone. As e, ar,; of (5.265) equals 0.0024 [°] it follows that the tracking error is bounded
by

lw;(t) — qj(t)] < 0.0024°], >, (5.272)
after a finite-time ¢T. O

In the following the stated results of Proposition 21 are confirmed by simulation. The
closed loop system is simulated using the Euler method with a sampling time of 0.05 [ms].
The robot is located at WP-A initially with zero angular velocities. The simulation ter-
minates if the robot reaches the reference angles of WP-B with an error in the range of
40.0024°. The simulation results are discussed as follows. In Fig. 5.12 two specific situ-
ations are depicted namely when the obstacles center enters the stop zone and when the
obstacles center leaves the stop zone. The figure shows that the robot is stopped while
the obstacle moves across the stop zone. In Fig. 5.13 the joint angles ¢; and gs and their
corresponding velocities ¢; and ¢o are visualized. It can be seen that the constraints are
never violated. With regards to the tracking performance the figure shows that the set
point changes to the current value of the joint angles when the obstacle enters the stop
zone. As long as the obstacle remains in the stop zone the robot is kept fixed by the
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Figure 5.13: Visualization of bounds, constrained variables, set points, and control
variables. (a) First joint. (b) Second joint.

controller. When the obstacle leaves the stop zone the set point switches back to its initial
value and the robot continues moving. Finally, the end effector reaches WP-B. In Fig.
5.14 the maximum velocity of the robot is visualized. Formally, the maximum velocity of

any point (z,,y,) € R on the robot is given by
max{v, (2, yr) }. (5.273)

Zr,Yr

Based on (5.264) an upper bound v, a(t) of (5.273) can be stated as

lan(0).0r () < mae (oo (8 :(0)),
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< max{|ga(t)], [g2(t)[}(d1 + 2d2) < vp,01(t)- (5.274)

The upper bound v, p(t) of (5.274) is depicted in Fig. 5.14. It can be seen that the
maximum velocity of the robot is below 0.011 [m/s] if the obstacle stays in the stop zone
for at least 1[s]. The velocity remains bounded by 0.011 [m/s] until the obstacle leaves
the stop zone again. In Fig. 5.15 (a) the control inputs are visualized. The chattering is
well attenuated but the changes of the set points induce some peaks in the control signals.
In Fig. 5.15 (b) the disturbance term |¥;| is shown to be indeed upper bounded by the
assumed value ¥ wm,; = 10 of the uncertainty bound. Finally, all statements of Proposition
21 are confirmed by the simulation results.
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5.2.3 Summary

In the previous sections a safety concept for human-robot interaction is proposed. The
concept is exemplarily designed for a two-link robot with rotary joints. The human is
described by a scalable circular obstacle in a two-dimensional plane. The proposed strat-
egy is based on three geometrical zones. These zones guarantee that the joint velocities
decrease if the robot is approached by the obstacle. Within the working area of the robot
the admissible velocities are restricted to a minimum value. Moreover, in the vicinity of
the robot a stop zone is defined. If the obstacle is located within the stop zone the robot
is forced to stop. The proposed concept can be applied to design the maximum velocity of
the robot that occurs during a collision with the obstacle. The robot does not evade from
the obstacle. Consequently, the developed strategy allows any kind of interaction between
human and robot and guarantees that the appearing robot velocities are uncritical. The
main advantage of the suggested method with regards to the literature is the ability to
handle model uncertainty. The velocity constraints are guaranteed to be satisfied as long
as the uncertainty bounds are chosen sufficiently large which can be achieved by exper-
imental tuning. The proposed concept is tested on a specific scenario of human-robot
interaction. Model uncertainty is simulated by a applying an unknown exogenous payload
to the end effector. Based on the chosen controller parameters concrete bounds for the
robot velocity can be determined. The simulation results confirm that the robot velocity
is indeed bounded by the values that are provided through the theory.
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6 Conclusions and Perspectives

This thesis considers three main contributions to sliding mode control and observation: An
optimization of the smooth variable structure filter, a chattering mitigated adaptive sliding
mode control approach, and a constrained sliding mode controller for nonlinear uncertain
systems. The novelties of the three approaches are summarized as follows. The achieve-
ments in terms of the formulated goals of Section 1.1 are highlighted and a perspective on
possible future works is given.

6.1 Summary and Conclusions

The smooth variable structure filter is a state estimation approach for discrete-time non-
linear systems. It follows the predictor corrector scheme of the Kalman filter and utilizes
elements known from sliding mode control and observation. The smooth variable structure
filter can handle model uncertainty but its performance highly depends on the width of the
smoothing boundary layer which is a tuning parameter. In this thesis a novel reformulation
of the SVSF approach is stated. The reformulation gives insights on how the smoothing
boundary layer width affects the behavior of the filter. If the output estimation error
exceeds the width of the boundary layer the filter ignores the a priori estimation. This
behavior of the filter seems to be reasonable as the a priori estimation can be imprecise
due to the uncertainty of the model. The SVSF does not minimize any estimation per-
formance criterion like the Kalman filter does. To improve the estimation performance of
the SVSF a new filter gain is derived that minimizes the MSE. Therefore, the a posteriori
error covariance of the reformulated filter is determined. The original filter gain is replaced
by a gain that minimizes the MSE. The filter with the optimized gain is shown to behave
equally to the extended Kalman filter. To achieve a compromise between robustness and
minimization of the MSE a combination of the smooth variable structure and the Kalman
filter is proposed. In addition, a parameter optimization scheme is developed to optimize
the tuning parameters of the original SVSF and the new combined estimation approach.
The optimization scheme neither requires any data from the true system to be known
nor does it require any knowledge about the true system description. In the optimization
scheme a training process is considered. Within the training the parameters of the known
nominal system description are varied to simulate model uncertainty. As the true states of
the simulated system are known the estimation performance of the filter can be optimized
under the influence of model uncertainty. This finally leads to a robustification of the
filter. For the combined estimation approach it can be guaranteed that the performance
in the training process is at least as good as the one of the original SVSF. The proposed
combined estimation approach is tested on an uncertain nonlinear system. Its estimation
performance is compared to the one of original SVSF. The parameters of the combined
approach and the SVSF are optimized based on the proposed scheme. The results clearly
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show that the state estimations of the combined approach are more precise than the ones
of the SVSF. From the optimized parameters it can be concluded that at least for the
considered example the SVSF gain does not contribute well to the robust estimation per-
formance of the combined approach. Instead the combined approach behaves similar to a
parameterized Kalman filter that is optimized to handle model uncertainty.

In adaptive sliding mode control the controller gain is adaptively adjusted to reduce
the chattering effect. As pointed out in this thesis all adaptive SMC approaches suffer
from the problem that the controller gain can not be effectively reduced on the sliding
surface. This is the case because on the sliding surface the so-called equivalent control
input is required to be applied to keep the system in sliding mode. As the controller
gain can not be effectively reduced on the sliding surface a remaining chattering effect is
present. To overcome the problem a data-driven adaptive SMC approach is developed in
this thesis. The suggested approach is based on a model-free controller and an adaptive
SMC. The model-free controller is active on the sliding surface to avoid the chattering and
the adaptive SMC is active otherwise to guarantee boundedness of the tracking error. The
model-free controller is a predictive controller that is formulated based on a local linear
system description. The local system description is identified through a Kalman filter and
describes the system behavior in the near future. Based on the incoming measurements
of the system the Kalman filter keeps the local model up-to-date. To achieve a suitable
prediction performance of the local model the true system is required to have sufficient
slow dynamics. The predictive controller is obtained by solving a standard linear MPC
problem. A nonlinear MIMO three tank water system is considered to test the predic-
tive controller and the prediction capabilities of the local model. The dynamics of the
system are assumed unknown. Set-point tracking as well as handling of constraints can
be achieved by the proposed model-free controller. The new chattering mitigated slid-
ing mode control approach is formulated by combining the model-free controller with an
adaptive SMC. Weighting functions are introduced to achieve chattering mitigation and
boundedness of the tracking error. The new data-driven adaptive SMC is tested on a
nonlinear chemical plant. The approach is stationary accurate with no noticeable amount
of chattering.

Constrained control approaches can be found in a wide variety of applications. Slid-
ing mode based methods offer the ability to handle model uncertainty. The provided
robustness is especially interesting for safety-critical systems that consider for example
the interaction of humans and robots. The application field of the existing constrained
SMCs is rather limited. Often the constrained control problem is only solved in theory but
the stated controllers are infeasible in practice due to chattering. Most of the approaches
only consider box-constraints so that the bounds of the constraints can not be updated
online. In this thesis a new constrained sliding mode control approach for nonlinear rel-
ative degree two systems is developed. The first time derivative of the control variable
is assumed to be constrained and the upper and lower bounds may explicitly depend on
time. An accurate system description is not required only finite uncertainty bounds are
assumed. The suggested approach is based on a combination of two SMC sub-controllers.
The sub-controllers guarantee reaching of two sliding manifolds. One manifold is designed
to achieve set point tracking the other manifold avoids constraint violation. Smooth tran-
sitions between the sub-controllers are guaranteed. Chattering mitigation can be achieved
without violating the constraints. For the proposed controller it is analytically proven
that the constrained control problem can be solved. Sufficient conditions related to the
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controller parameters are derived to guarantee convergence of the tracking error and satis-
faction of the constraints. Moreover, the tracking error bounds are stated and a maximum
time is determined after which convergence with respect to the bounds is achieved. The
developed approach is applied to a robotic systems. A point to point robot control prob-
lem subject to velocity constraints is considered. The robot is disturbed by an unknown
payload that is applied to the end effector. Based on the developed theory and the selected
controller parameters concrete values for the tracking error bounds are stated. A specific
time interval is determined after which the considered control problem is guaranteed to
be solved. The theoretical results are confirmed by simulation. Further, the developed
constrained controller is applied within a proposed concept for safe human-robot interac-
tion. The safety concept is exemplarily designed for a two-link robot with rotary joints.
A scaleable circular obstacle in a two-dimensional plane is used to describe the human.
Three geometrical zones are defined that restrict the velocity of the robot. Physical con-
tact between the robot and the human is allowed by the concept. The maximum velocity
of the robot that occurs during a possible collision with the obstacle is a design value.
Consequently, the concept can be applied for any human-robot interaction and guarantees
that the appearing velocities are uncritical. In contrast to existing safety concepts the pro-
posed strategy is robust. As the developed constrained SMC is applied within the stated
concept robustness against model uncertainty is achieved. This is of special interest in
safety critical applications. A specific scenario of human-robot interaction is considered to
validate the proposed concept. To simulate model uncertainty an unknown external pay-
load is applied to the end effector. Based on the selected controller parameters a specific
velocity can be determined that is not exceeded by the robot in case of a collision. The
theoretical results are confirmed by simulation.

6.2 Perspectives

The smooth variable structure filter does not show general superiority when the system
description is imprecise. The combined estimation approach that is formulated in this
thesis achieves a better estimation performance although it primarily behaves like an op-
timized Kalman filter. In addition, the application field of the SVSF approach is limited
as it requires full state measurements. As a consequence, it seems to be more promising
to further improve the ability of the Kalman filter to handle model uncertainty. For linear
systems many methods already exist like the robust Kalman filtering approach of Dong
and You (2006). In case of linear observable systems it is even possible to estimate the
whole state space description and the Kalman filter gain from input-output data (Qin,
2006). The challenge is to achieve a robustification of the Kalman filter in case of non-
linear uncertain systems. An optimal Kalman filter gain can be determined if the error
covariance is known. The estimation of the error covariance that is described in this thesis
is based on the assumption of full state measurements. However, the estimation strategy
could be modified to handle systems for which the states are not measured entirely. The
error covariance could be simply parameterized and the introduced parameters may be
optimized based on the optimization scheme that is proposed in this thesis.

The developed data-driven adaptive SMC approach of this thesis can indeed mitigate
the chattering effect. However, the formulated approach is only applicable to nonlinear
systems with sufficient slow dynamics. In addition, no mathematical analysis of the model-
free predictive controller which is part of the proposed control concept is provided. The
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convergence of the model-free predictive controller is not guaranteed. To make the pro-
posed approach applicable to a wider class of systems nonlinear neural networks could
be used for the system identification. Nonlinear networks can provide enhance prediction
capabilities but may lead to nonlinear non-convex optimization problems that are hard to
solve. However, so-called input convex nonlinear networks exist (Amos et al., 2017). This
networks lead to convex optimization problems which facilitate the design of the model-
free predictive controller.

Although the developed constrained sliding mode control approach is formulated with
respect to single input relative degree two systems it can be applied to MIMO systems as
well. This is the case if the system is fully actuated like it is for the robotic MIMO system
that is considered in this thesis. Also other mechanical systems such as autonomous un-
derwater vehicles are commonly fully actuated and have a relative degree of two related
to position control. However, it may still be advantageous to reformulate the proposed
constrained controller for nonlinear MIMO systems. This can be achieved by applying
the sliding mode control concept of Slotine and Li (1991, Chap. 7.4) that is described in
Section 2.1.2. The advantage of the reformulation of the controller would be that a further
degree of model uncertainty could be considered.
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A Simulation Study of Section 3.5

A.1 Jacobian of Discrete-time CSTR System

The Jacobian of the time-continuous system

1| _ [filzw)] _
)] s
E
filz,u) = %(CAf —x1) — koz1exp <_R—$2> ,
q (—AH)/{)le E UA
rz,u)==(Tr—x3) + ———exp | ——— | + U+ Teg e — T2),
f2( ) V( f 2) pCp p ]%1_2 Vpcp( q, 2)
is given by
ooon] | —keo(-g)  —hegew (<4
J(z) = 0B 0B | = | (zaH)k (_L) (~AH)koz1 E _L) _ g _ UA |
dx1  Ox2 oCp XP 7 Ry pCpaiR P\ 7 Ray V T VG,
so that the Jacobian of the discrete-time system
Try1 = fog, up) X Ts + zy, (A2)
fa(zg,ur)
with sampling time T is obtained as
0
Jd(xk) = ﬁ = J(.%'k) X Ty + Is. (A3)
oxy,

A.2 Optimized Parameters of EKF and SVSF
The optimized parameters of the extended Kalman filter and the smooth variable structure

filter are shown in Table A.1. The parameters correspond to the training process described
by Table 3.2.
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Table A.1: Optimized parameters of EKF and SVSF

168

Training I | Training II | Training III | Training IV | Training V

q11 | 0.4857705 | 0.4896970 18.365799 0.1054488 18.410656

EKF g2 | -0.000100 | 0.0000347 0.0000360 0.0000460 0.0000472

q22 | 0.0112983 | 777.61160 143.88359 369.08842 246.75960

1 | 4.0112549 | 4.0348145 0.0635671 6.0151829 0.0635484

SVSF o | 6.4780212 | 6.1078125 1.2476379 3.2376635 1.2476431
@1 | 0.9999891 | 0.9999695 0 0.9999843 0
@2 | 0.9999389 | 0.7109375 0.0002407 0.9999542 0




B Quadratic Program with Soft-Constraints

In the following the hard constraints of a quadratic program are reformulated as soft-
constraints. This is a well-known procedure. Explanation can be found in e.g. Mikulas
(2013). Consider the quadratic program

1
arg min guTGu +d"u, (B.1)
u

with hard constraints
Acu S bc, (B2)

and 0 X G e R™ ™M A, € RP*™ d e R™ ueR™, b. € RP. The constraints are rewritten
as soft-constraints

Acu < b+, (B.3)

based on a vector of slack variables (v;) = v € RP. To enforce the constraints minimization
of the slack variables |v;| with ¢ = 1,...,p is desired. Therefore, the cost function is
modified as

1 1
arg min guTGu + dTu + §I/TWV, (B.4)

U, v

with the additional weighting matrix 0 < W € RP*P. The modified cost function can be
rewritten as a quadratic program

1 e »
arg min i Ga + d i, (B.5)
subject to
Aca S bc, (B6)
with
- U ~ G 0 ~ d ~
u_H, G_[O W], d_M, AC_[AC —In}, (B.7)

Then the constraints defined by (B.2) are almost satisfied for increasing weights of .
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C Adaptive Sliding Mode Controller of Plestan

In Plestan et al. (2010) an adaptive SMC is proposed that has the ability to decrease the
controller gain in the near of the sliding surface. The controller is described by Algorithm
5. Outside the boundary layer the SMC gain is continuously increased to guarantee finite-
time convergence of the sliding variable. Inside the boundary layer the gain is reset. This
resetting is based on an estimation of the equivalent control input i.e. an estimation
of the input that is required to keep o on the sliding surface. The estimation of the
equivalent control input is achieved based on a low-pass filtering of the switching term
sgn(o). The filtered signal v, is multiplied with ko. The equivalent control input is given
by the statement kyy, + k3.

In Section 4.2.3 the A-SMC approach is compared with the model-free predictive
controller (PC) and the chattering mitigated sliding mode controller (CM-SMC). The
controller parameters of A-SMC are tuned by visual inspection of the chattering effect
and the tracking performance. The following values are chosen: €; = 1, k; = 10, k3 = 2,
71 = 100, ka—_snc(to) = 20, and 7, (tp) = 0.

Algorithm 5 Adaptive SMC (A-SMC) of Plestan et al. (2010)
Input O'(t), €1 >0,7 >0, ]_ﬁ > 0, ]%3 >0, kA—SMC’(tO) >0, ’yl(to)

if [o] <€ then ) > If o is inside the boundary layer . ..
ka—syo(t) < ko|yi| + ks > Reset SMC gain
with

kg  ka_smo(t”)
t* directly after t*~ so that |o(t*)| < €1 and |o(t*7)| > e

7191 + 71 < sgn(o)

else if |o| > ¢; then > If o is outside the boundary layer ...
ka_smc « kilo| > Increase SMC gain
end if

u < —ka_smc X sgn (o)
Output u(t)
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D Proof of Lemma 10

*

Proof. 1t will be shown that for the possible control inputs v = u;, u = ug,,

the sliding variable o, < —¢, increases to —e, < 0 in finite-time.

Step 1: Consideration of control input u = w) according to (5.56). From the reach-
ability condition (5.44) and the definition of the smooth approximation (5.55) it follows
that

_ *
and u = uy,

o > L (D.1)

holds in case of o, < —¢,.
Step 2: Consideration of control input

u = u,, = u, + sat <&> x kg, (D.2)

€co

with

€co

Uav2 |7 -1
k:;kQ = (MCQ + M\/_ + |7762| — sat <&> u: + ot IBI?/|6T| |yr|) ) (D3)
m

according to (5.57). The saturation function is bounded as

0 < sat <&> <1, (D.4)

€co

because 0., > 0 holds if u = v}, is applied. Input u; is part of (D.2) and (D.3). As u = u},
is only applied if 0., = =7, — ¥ > 0 holds it follows that 3, < 0 holds and u; is

ut = Uy + \I’M\/i 4 o+ 5’7|€r|’y_1
" T2 Ty,

in case of o, < —¢,. Substituting (D.5) in (D.3) and considering (D.4) yields

9| >0, (D.5)

0< Heg — [or + |7702| S k:* (D.6)

= Fm\/i Fm o)

in case of fic, > pr. From (D.2) it follows wj, > ;. The reachability condition

Hr

Nk

o =V +Tu+ ay, + ﬁ’yyr]erﬂ_l > >0, (D.7)
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known from (5.44) is satisfied if inequality

pr+UuV2  at Ble "
u 2 - Yr,
Lnv2 r

holds. As stated in Step 1 the reachability condition is satisfied for v = w if o, < —e,
holds. As uy, > uy holds it is

(D.8)

oo Bt UMV a+m|er|v—1y

> D.9
uCQ — ur - Fm\/i F T ( )
and the reachability condition is also satisfied for u = u,. Consequently,
. Mo
or > —, D.10
P27 (D.10)

holds.

Step 3: Consider application of control input v = w;, according to (5.57).
Case I:

It is first studied the behavior of o, if input u(t) = w}, (t) is applied on some time
interval ¢ € [t1,12) but not at instant to. As u(t) = u}, (¢) is applied at time instants ¢ but
not at instant ¢ it follows that o, (t) > 0 and o, (t2) = 0 hold. Consequently, o., (t*) > 0
with ¢* € [t1,t2] holds. According to (5.39) it is

or(t") = 9, (t") — ae(t7) — Ble(t7)|sgn(er (t7)), (D.11)

for t* € [t1,t2]. As ¢ (t*) = =1, (t*) + 9 (t*) > 0 holds it follows from (5.35), (5.36) and
(5.37) that

Ir(t) 2 0e, () > 1 >0, 1 >0, (D.12)

holds. As 0,(t*) < 0 and y,(t*) > 0 hold it can be seen from (D.11) that e,(t*) > 0 holds.
Consequently, equation (D.11) can be simplified as
02 () = 40 (t) — aer (%) — Bles ()], (D.13)
From (D.13), (D.12), and e, = w — y, it follows that
or(t") 2 ne, (1) — aw + ayr(t1) — Bler(t1)[”
+ [ anmar+ [ sl an ©1a)

holds for any time ¢* € [t,t2]. Substituting

o = 77_M +MO{ 2 _ncl(t)
T r(t)

in (D.14) and considering ¢, (t*) > 1y, > 0 as well as § > 0, v > 0 leads to

tHay o >0, (D.15)

or(t") = —aw + ay,(t1) = Bler ()" + 1, (1) + pratim (8" — t1). (D.16)
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Adding 9, (t1) — 9»(t1) to (D.16) and considering the definition of o, according to (5.39)
yields

UT(t*) > yr(tl) - aer(tl) - /Bler(tl)’ﬂ/ - yr(tl) + Ney (tl) + Manm(t* - tl)v
= Ur(tl) - yr(tl) + Ney (tl) + ﬂanm(t* - t1)7 Hallm > 0, (D-17)
for t* € [tl, tQ].
Case II:
It is now studied the behavior of o, if input u(t) = w} (¢) is applied on some time

interval t € (t1,t2) but not at time instants ¢; and t9. It follows that o, (t) > 0, o, (t1) = 0,
0c, (t2) = 0, and o, (t*) > 0 with t* € [¢1, t2] hold. According to (5.39) it is

or (") = gr(t) — aer(t?) = Ble,(t)"sen(e (1)), (D.18)
for t* € [t1,t2]. As o¢, (1) = —ne, (t*) + y-(t*) > 0 holds it follows from (5.35), (5.36), and
(5.37) that

Yr(t*) > ne, (T°) > 0y, > 0, Nm > 0, (D.19)

holds. Considering ¢,(t*) > 0 and o,(t*) < 0 it can be seen from (D.18) that e,(t*) > 0
holds which leads to

or(t*) = yr(t*) — aer (t°) — Bler (7). (D.20)
From (D.19), (D.20), and e, = w — y, it follows that

Ur(t*) Z Ney (t*) —aw + ayr(tl) - /Bler(tl)’ﬂ/
" apmdr+ [ ABn@le @ dn, (D21
t

t1 1

holds for any time ¢* € [t, t2]. Substituting

. S (1
Oé:n_M‘FMaZ_n.q—()_{_,ua’ Ha > 0, (D22)
Mm Yr(t)

in (D.21) and considering ¢, (t*) > 1, > 0 as well as § > 0, v > 0 leads to
or(t") = —aw + ayy(t1) — Bler ()7 + e, (t1) + paiim (T — t1). (D.23)

As 0., (t1) = —ne, (t1) + Ur(t1) = 0 holds it follows 7., (t1) = ¥,(t1). Replacing 7., (t1) =
¥r(t1) in (D.23) and considering the definition of o, from (5.39) yields

O'r(t*) > O'r(tl) + ,uanm(t* - tl)a Halm > 0, (D-24)

for t* € [tl, tg].

Step 4: Occurrence of Case I and Case II of Step 3. It will be shown that Case I
of Step 3 can only occur if u = uy, is applied first, meaning that once input u = u; or
u = uy, has been applied Case I of Step 3 can not occur anymore.

According to Algorithm 3 input u = uy or u = u}, are only applied if o.; = —7¢, +7 <
0 holds. Consider u = uy or u = uy, to be applied before the input switches to u = u, .
That means that there exists a time instant ¢; with o., (t1) = —n¢, (t1) + 9 (t1) = 0 just
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before 0., switches to a positive number inducing the switch of the input to u = uy . As
0c, (t1) = 0 holds it follows 7., (t1) = ¥»(t1) (Case II) and not n,, (t1) < ¢»(¢t1) (Case I).

Step 5: Rate of decrease. Let p., > p, and o,(t) < —¢, hold for some interval
t € [t1,t2]. From (D.1), (D.10), (D.17), (D.24), and Step 4 it follows that o,(t) increases
to —¢, < 0 in finite time according to

or(t) <k + ot —t), (D.25)
k= min{o,(t1), 00 (t1) = Gr(tr) + 0, (1)
@Zmin{%,uanm},
with ¢t € [tl,tQ]. |
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